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The prevention of cancer is one of the key objectives of the International Agency for Research on
Cancer (IARC). This may be achieved by avoiding
exposures to known cancer-causing agents, by
increasing host defences through immunization or
chemoprevention or by modifying lifestyle. The
aim of the IARC Monographs programme is to evaluate carcinogenic risks of human exposure to
chemical, physical and biological agents, providing a scientific basis for national or international
decisions on avoidance of exposures. The aim of
the series of IARC Handbooks of Cancer Prevention is
to evaluate scientific information on agents and
interventions that may reduce the incidence of or
mortality from cancer. This preamble is divided
into two parts. The first addresses the general
scope, objectives and structure of the Handbooks.
The second describes the procedures for evaluating
cancer-preventive agents.

I 1i(SIiT
Scope
Cancer-preventive strategies embrace chemical,
immunological, dietary and behavioural interventions that may retard, block or reverse carcinogenic processes or reduce underlying risk factors.
The term 'chemoprevention' is used to refer to
interventions with pharmaceuticals, vitamins,
minerals and other chemicals to reduce cancer
incidence. The IARC Handbooks address the efficacy, safety and mechanisms of cancer-preventive
strategies and the adequacy of the available data,
including those on timing, dose, duration and
indications for use.
Preventive strategies can be applied across a
continuum of: (1) the general population; (2)
subgroups with particular predisposing host or
environmental risk factors, including genetic
susceptibility to cancer; (3) persons with precancerous lesions; and (4) cancer patients at risk for
second primary tumours. Use of the same strategies

-

-

I

r

or agents in the treatment of cancer patients to
control the growth, metastasis and recurrence of
tumours is considered to be patient management,
not prevention, although data from clinical trials
may be relevant when making a Handbooks evaluation.
Objective

The objective of the Handbooks programme is the
preparation of critical reviews and evaluations of
evidence for cancer-prevention and other relevant
properties of a wide range of potential cancer-preventive agents and strategies by international working
groups of experts. The resulting Handbooks may
also indicate where additional research is needed.
The Handbooks may assist national and international authorities in devising programmes of health
promotion and cancer prevention and in making
benefit—risk assessments. The evaluations of IARC
working groups are scientific judgements about the
available evidence for cancer-preventive efficacy
and safety. No recommendation is given with
regard to national and international regulation or
legislation, which are the responsibility of individual
governments and/or other international authorities. No recommendations for specific research trials
are made.
IARC Working Groups

Reviews and evaluations are formulated by international working groups of experts convened by the
IARC. The tasks of each group are: (1) to ascertain
that all appropriate data have been collected; (2) to
select the data relevant for the evaluation on the
basis of scientific merit; (3) to prepare accurate
summaries of the data to enable the reader to follow
the reasoning of the Working Group; (4) to evaluate
the significance of the available data from human
studies and experimental models on cancer-preventive activity, carcinogenicity and other beneficial
and adverse effects; and (5) to evaluate data relevant
to the understanding of mechanisms of action.

IARC Handbooks of Cancer Prevention

Working Group participants who contributed
to the considerations and evaluations within a
particular Handbook are listed, with their addresses,
at the beginning of each publication. Each participant serves as an individual scientist and not as a
representative of any organization, government or
industry. In addition, scientists nominated by
national and international agencies, industrial
associations and consumer and/or environmental
organizations may be invited as' observers. IARC
staff involved in the preparation of the Handbooks
are listed.
Working procedures

Approximately 13 months before a working group
meets, the topics of the Handbook are announced,
and participants are selected by IARC staff in
consultation with other experts. Subsequently, relevant clinical, experimental and human data are
collected by the IARC from all available sources of
published information. Representatives of producer or consumer associations may assist in the
preparation of sections on production and use, as
appropriate.
About eight months before the meeting, the
material collected is sent to meeting participants to
prepare sections for the first drafts of the Handbooks.
These are then compiled by IARC staff and sent,
before the meeting, to all participants of the Working
Group for review. There is an opportunity to return
the compiled specialized sections of the draft to
the experts, inviting preliminary comments, before
the complete first-draft document is distributed to
all members of the Working Group.
Data for Handbooks
The Handbooks do not necessarily cite all of the

literature on the agent or strategy being evaluated.
Only those data considered by the Working Group
to be relevant to making the evaluation are included.
In principle, meeting abstracts and other reports
that do not provide sufficient detail upon which to
base an assessment of their quality are not considered.
With regard to data from toxicological, epidemiological and experimental studies and from clinical trials, only reports that have been published or

accepted for publication in the openly available
scientific literature are reviewed by the Working
Group. In certain instances, government agency
reports that have undergone peer review and are
widely available are considered. Exceptions may
be made on an ad-hoc basis to include unpublished reports that are in their final form and publicly available, if their inclusion is considered
pertinent to making a final evaluation. In the sections on chemical and physical properties, on production, on use, on analysis and on human exposure, unpublished sources of information may be
used.
The available studies are summarized by the
Working Group, with particular regard to the
qualitative aspects discussed below. In general,
numerical findings are indicated as they appear in
the original report; units are converted when necessary for easier comparison. The Working Goup
may conduct additional analyses of the published
data and use them in their assesment of the
evidence; the results of such supplementary analyses are given in square brackets. When an important aspect of a study, directly impinging on
its interpretation, should be brought to the attention of the reader, a comment is given in square
brackets.
Criteria for selection of topics for evaluation

Agents, classes of agents and interventions to be
evaluated in the Handbooks are selected on the
basis of one or more of the following criteria.
• The available evidence suggests potential for
significantly reducing the incidence of cancers.
• There is a substantial body of human, experimental, clinical and/or mechanistic data suitable for evaluation.
• The agent is in widespread use and of putative
protective value, but of uncertain efficacy and
safety.
• The agent shows exceptional promise in experimental studies but has not been used in humans.
• The agent is available for further studies of
human use.
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Evaluation of cancer-preventive agents

A wide range of findings must be taken into
account before a particular agent can be recognized as preventing cancer. On the basis of experience from the IARC Monographs programme, a
systematized approach to data presentation is
adopted for Handbooks evaluations.

LChemical and physical
characteristics of the agent
The Chemical Abstracts Services Registry Number, the
latest Chemical Abstracts Primary Name, the
IUPAC Systematic Name and other definitive
information (such as genus and species of plants) are
given as appropriate. Information on chemical and
physical properties and, in particular, data
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relevant to identification, occurrence and biological
activity are included. A description of technical
products of chemicals includes trade names,
relevant specifications and available information
on composition and impurities. Some of the trade
names given may be those of mixtures in which
the agent being evaluated is only one of the ingredients.

2.

Occurrence, production, use,
analysis and human exposure

2.1 Occurrence

Information on the occurrence of an agent or mixture in the environment is obtained from data
derived from the monitoring and surveillance of
levels in occupational environments, air, water,
soil, foods and animal and human tissues. When
available, data on the generation, persistence and
bioaccumulation of the agent are included. For
mixtures, information is given about all agents
present.
2.2 Production

The dates of first synthesis and of first commercial
production of a chemical or mixture are provided;
for agents that do not occur naturally, this information may allow a reasonable estimate to be
made of the date before which no human use of,
or exposure to, the agent could have occurred. The
dates of first reported occurrence of an exposure
are also provided. In addition, methods of
synthesis used in past and present commercial
production and methods of production that may
give rise to different impurities are described.
2.3 Use

Data on production, international trade and uses
and applications are obtained for representative
regions. Some identified uses may not be
current or major applications, and the coverage
is not necessarily comprehensive. In the case of
drugs, mention of their therapeutic applications
does not necessarily represent current practice, nor
does it imply judgement as to their therapeutic
efficacy.

I

2.4 Analysis

An overview of current methods of analysis or
detection is presented. Methods for monitoring
human exposure are also given, when available.
2.5

Human exposure

Human uses of, or exposure to, the agent are
described. If an agent is used as a prescribed or
over-the-counter pharmaceutical product, then
the type of person receiving the product in terms
of health status, age, sex and medical condition
being treated are described. For nonpharmaceutical agents, particularly those taken because of cultural traditions, the characteristics of use or exposure and the relevant populations are described. In
all cases, quantitative data, such as dose-response
relationships, are considered to be of special
importance.

3.

Metabolism, kinetics and genetic
variation

In evaluating the potential utility of a suspected
cancer-preventive agent or strategy, a number of
different properties, in addition to direct effects
upon cancer incidence, are described and weighed.
Furthermore, as many of the data leading to an
evaluation are expected to come from studies in
experimental animals, information that facilitates
interspecies extrapolation is particularly important; this includes metabolic, kinetic and genetic
data. Whenever possible, quantitative data,
including information on dose, duration and
potency, are considered.
Information is given on absorption, distribution (including placental transfer), metabolism
and excretion in humans and experimental animals. Kinetic properties within the target species
may affect the interpretation and extrapolation of
dose-response relationships, such as blood concentrations, protein binding, tissue concentrations, plasma half-lives and elimination rates.
Comparative information on the relationship between use or exposure and the dose that reaches
the target site may be of particular importance for
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extrapolation between species. Studies that indicate the metabolic pathways and fate of the agent
in humans and experimental animals are summarized, and data on humans and experimental animais are compared when possible. Observations
are made on inter-individual variations and relevant metabolic polymorphisms. Data indicating
long-term accumulation in human tissues are
included. Physiologically based pharmacokinetic
models and their parameter values are relevant
and are included whenever they are available.
Information on the fate of the compound within
tissues and cells (transport, role of cellular receptors, compartmentalization, binding to macromolecules) is given.
Genotyping will be used increasingly, not only
to identify subpopulations at increased or
decreased risk for cancers but also to characterize
variation in the biotransformation of, and responses to, cancer-preventive agents.
This subsection can include effects of the compound on gene expression, enzyme induction or
inhibition, or pro-oxidant status, when such data
are not described elsewhere. It covers data obtained in humans and experimental animais, with
particular attention to effects of long-term use and
exposure.
1IN] I]'I4YL
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Human studies

Types of study considered. Human data are derived
from experimental and non-experimental study
designs and are focused on cancer, precancer or
intermediate biological end-points. The experimental designs include randomized controlled triais
and short-term experimental studies; non-experimental designs include cohort, case-control and
cross-sectional studies.
Cohort and case-control studies relate individual use of, or exposure to, the agents under study
to the occurrence of cancer in individuals and
provide an estimate of relative risk (ratio of incidence or mortality in those exposed to incidence
or mortality in those not exposed) as the main
measure of association. Cohort and case-control

studies follow an observational approach, in
which the use of, or exposure to, the agent is not
controlled by the investigator.
Intervention studies are experimental in design
- that is, the use of, or exposure to, the agent is
assigned by the investigator. The intervention
study or clinical trial is the design that can provide
the strongest and most direct evidence of a protective or preventive effect; however, for practical and
ethical reasons, such studies are limited to
observation of the effects among specifically
defined study subjects of interventions of 10 years
or fewer, which is relatively short when compared
with the overall lifespan.
Intervention studies may be undertaken in individuals or communities and may or may not
involve randomization to use or exposure. The
differences between these designs is important in
relation to analytical methods and interpretation of
findings.
In addition, information can be obtained from
reports of correlation (ecological) studies and case
series; however, limitations inherent in these
approaches usually mean that such studies carry
limited weight in the evaluation of a preventive
effect.
Quality of studies considered. The Handbooks are
not intended to summarize all published studies. It
is important that the Working Group consider the
following aspects: (1) the relevance of the study;
(2) the appropriateness of the design and analysis
to the question being asked; (3) the adequacy and
completeness of the presentation of the data; and
(4) the degree to which chance, bias and confounding may have affected the results.
Studies that are judged to be inadequate or
irrelevant to the evaluation are generally omitted.
They may be mentioned briefly, particularly when
the information is considered to be a useful
supplement to that in other reports or when it
provides the only data available. Their inclusion
does not imply acceptance of the adequacy of the
study design, nor of the analysis and interpretation of the results, and their limitations are
outlined.
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Assessment of the cancer-preventive effect at
different doses and durations. The Working Group

gives special attention to quantitative assessment
of the preventive effect of the agent under study,
by assessing data from studies at different doses.
The Working Group also addresses issues of timing
and duration of use or exposure. Such quantitative
assessment is important to clarify the circumstances under which a preventive effect can be
achieved, as well as the dose at which a toxic effect
has been shown.
Criteria for a cancer-preventive effect. After summa-

rizing and assessing the individual studies, the
Working Group makes a judgement concerning
the evidence that the agent in question prevents
cancer in humans. In making their judgement, the
Working Group considers several criteria for each
relevant cancer site.
Evidence of protection derived from intervention
studies of good quality is particularly informative.
Evidence of a substantial and significant reduction
in risk, including a dose-response relationship, is
more likely to indicate a real effect. Nevertheless, a
small effect, or an effect without a dose-response
relationship, does not imply lack of real benefit
and may be important for public health if the cancer
is common.
Evidence is frequently available frOm different
types of study and is evaluated as a whole.
Findings that are replicated in several studies of the
same design or using different approaches are more
likely to provide evidence of a true protective effect
than isolated observations from single studies.
The Working Group evaluates possible explanations for inconsistencies across studies, including
differences in use of, or exposure to, the agent,
differences in the underlying, risk of cancer
and metabolism and genetic differences in the
population.
The results of studies judged to be of high quality are given more weight. Note is taken of both
the applicability of preventive action to several
cancers and of possible differences in activity,
including contradictory findings, across cancer
sites.
z10

Data from human studies (as well as from experimental models) that suggest plausible mechanisms
for a cancer-preventive effect are important in
assessing the overall evidence.
The Working Group may also determine
whether, on aggregate, the evidence from human
studies is consistent with a lack of preventive effect.
4.2

Experimental models

4.2.1 Experimental animals

Animal models are an important component of
research into cancer prevention. They provide a
means of identifying effective compounds, of carrying out fundamental investigations into their
mechanisms of action, of determining how they
can be used optimally, of evaluating toxicity and,
ultimately, of providing an information base for
developing intervention trials in humans. Models
that permit evaluation of the effects of cancer-preventive agents on the occurrence of cancer in most
major organ sites are available. Major groups of
animal models include: those in which cancer is
produced by the administration of chemical or
physical carcinogens; those involving genetically
engineered animals; and those in which tumours
develop spontaneously. Most cancer-preventive
agents investigated in such studies can be placed
into one of three categories: compounds that
prevent molecules from reaching or reacting with
critical target sites (blocking agents); compounds
that decrease the sensitivity of target tissues to carcinogenic stimuli; and compounds that prevent
evolution of the neoplastic process (suppressing
agents). There is increasing interest in the use of
combinations of agents as a means of improving
efficacy and minimizing toxicity. Animal models
are useful in evaluating such combinations. The
development of optimal strategies for human
intervention trials can be facilitated by the use of
animal models that mimic the neoplastic process
in humans.
Specific factors to be considered in such experiments are: (1) the temporal requirements of
administration of the cancer-preventive agents;
(2) dose-response effects; (3) the site-specificity of

Preamble to the tARO Handbooks of Cancer Prevention

cancer-preventive activity; and (4) the number and
structural diversity of carcinogens whose activity
can be reduced by the agent being evaluated.
An important variable in the evaluation of the
cancer-preventive response is the time and the
duration of administration of the agent in relation
to any carcinogenic treatment, or in transgenic or
other experimental models in which no carcinogen is administered. Furthermore, concurrent
administration of a cancer-preventive agent may
result in a decreased incidence of tumours in a
given organ and an increase in another organ of
the same animal. Thus, in these experiments it is
important that multiple organs be examined.
For all these studies, the nature and extent of
impurities or contaminants present in the cancerpreventive agent or agents being evaluated are
given when available. For experimental studies of
mixtures, consideration is given to the possibility
of changes in the physicochemical properties of
the test substance during collection, storage,
extraction, concentration and delivery. Chemical
and toxicological interactions of the components
of mixtures may result in nonlinear dose-response
relationships.
As certain components of commonly used diets
of experimental animals are themselves known to
have cancer-preventive activity, particular consideration should be given to the interaction between
the diet and the apparent effect of the agent being
studied. Likewise, restriction of diet may be important. The appropriateness of the diet given relative
to the composition of human diets may be commented on by the Working Group.
Qualitative aspects. An assessment of the experi-

mental prevention of cancer involves several
considerations of qualitative importance, including: (1) the experimental conditions under which
the test was performed (route and schedule of
exposure, species, strain, sex and age of animals
studied, duration of the exposure, and duration of
the study); (2) the consistency of the results, for
example across species and target organ(s); (3) the
stage or stages of the neoplastic process, from
preneoplastic lesions and benign tumours to

malignant neoplasms, studied and (4) the possible
role of modifying factors.
Considerations of importance to the Working
Group in the interpretation and evaluation of a
particular study include: (1) how clearly the agent
was defined and, in the case of mixtures, how
adequately the sample composition was reported;
(2) the composition of the diet and the stability of
the agent in the diet; (3) whether the source, strain
and quality of the animals was reported; (4)
whether the dose and schedule of treatment with
the known carcinogen were appropriate in assays
of combined treatment; (5) whether the doses of
the cancer-preventive agent were adequately
monitored; (6) whether the agent(s) was absorbed,
as shown by blood concentrations; (7) whether the
survival of treated animals was similar to that of
controls; (8) whether the body and organ weights
of treated animals were similar to those of controls; (9) whether there were adequate numbers of
animals, of appropriate age, per group; (10)
whether animals of each sex were used, if appropriate; (11) whether animals were allocated randomly to groups; (12)whether appropriate respective controls were used; (13) whether the duration
of the experiment was adequate; (14) whether
there was adequate statistical analysis; and (15)
whether the data were adequately reported. If
available, recent data on the incidence of specific
tumours in historical controls, as well as in concurrent controls, are taken into account in the
evaluation of tumour response.
Quantitative aspects. The probability that tumours

will occur may depend on the species, sex, strain
and age of the animals, the dose of carcinogen
(if any), the dose of the agent and the route and
duration of exposure. A decreased incidence
and/or decreased multiplicity of neoplasms in
adequately designed studies provides evidence of a
cancer-preventive effect. A dose-related decrease in
incidence and/or multiplicity further strengthens
this association.
Statistical analysis. Major factors considered in the

statistical analysis by the Working Group include
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the adequacy of the data for each treatment group:
(1) the initial and - final effective numbers of
animals studied and the survival rate; (2) body
weights; and (3) tumour incidence and multiplicity. The statistical methods used should be clearly
stated and should be the generally accepted techniques refined for this purpose. In particular, the
statistical methods should be appropriate for the
characteristics of the expected data distribution
and should account for interactions in multifactorial studies. Consideration is given as to whether
the appropriate adjustment was made for differences in survival.
42.2 Intermediate biomarkers

Other types of study include experiments in which
the end-point is not cancer but a defined preneoplastic lesion or tumour-related, intermediate biomarker.
The observation of effects on the occurrence of
lesions presumed to be preneoplastic or the emergence of benign or malignant tumours may aid in
assessing the mode of action of the presumed
cancer-preventive agent. Particular attention is
given to assessing the reversibility of these lesions
and their predictive value in relation to cancer
development.
4.2.3 In-vitro models

Cell systems in vitro contribute to the early identification of potential cancer-preventive agents and
to elucidation of mechanisms of cancer prevention. A number of assays in prokaryotic and
eukaryotic systems are used for this purpose.
Evaluation of the results of such assays includes
consideration of: (1) the nature of the cell type
used; (2) whether primary cell cultures or cell lines
(tumorigenic or nontumorigenic) were studied;
(3) the appropriateness of controls; (4) whether
toxic effects were considered in the outcome;
(5) whether the data were appropriately summated
and analysed; (6) whether appropriate quality
controls were used; (7) whether appropriate concentration ranges were used; (8) whether adequate
12

numbers of independent measurements were
made per group; and (9) the relevance of the endpoints, including inhibition of mutagenesis, morphological transformation, anchorage-independent
growth, cell-cell communication, calcium tolerance and differentiation.
4.3

Mechanisms of cancer prevention

Data on mechanisms can be derived from both
human studies and experimental models. For a
rational implementation - of cancer-preventive
measures, it is essential not only to assess protective
end-points but also to understand the mechanisms
by which the agents exert their anticarcinogenic
action. Information on the mechanisms of cancerpreventive activity can be inferred from relationships between chemical structure and biological
activity, from analysis of interactions between
agents and specific molecular targets, from studies
of specific end-points in vitro, from studies of
the inhibition of tumorigenesis in vivo, from the
effects of modulating intermediate biomarkers,
and from human studies. Therefore, the Working
Group takes account of data on mechanisms
in making the final evaluation of cancer prevention.
Several classifications of mechanisms have been
proposed, as have several systems for evaluating
them. Cancer-preventive agents may act at several
distinct levels. Their action may be: (1) extracellular, for example, inhibiting the uptake or endogenous formation of carcinogens, or forming
complexes with, diluting and/or deactivating
carcinogens; (2) intracellular, for example, trapping carcinogens in non-target cells, modifying
transmembrane transport, modulating metabolism, blocking reactive molecules, inhibiting cell
replication or modulating gene expression or DNA
metabolism; or (3) at the level of the cell, tissue or
organism, for example, affecting cell differentiation, intercellular communication, proteases,
signal transduction, growth factors, cell adhesion
molecules, angiogenesis, interactions with the
extracellular matrix, hormonal status and the
immune system.
Many cancer-preventive agents are known or
suspected to act by several mechanisms, which
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may operate in a coordinated manner and allow
them a broader spectrum of anticarcinogenic activity.
Therefore, multiple mechanisms of action are
taken into account in the evaluation of cancerprevention.
Beneficial interactions, generally resulting
from exposure to inhibitors that work through
complementary mechanisms, are exploited in
combined cancer-prevention. Because organisms
are naturally exposed not only to mixtures of
carcinogenic agents but also to mixtures of protective agents, it is also important to understand
the mechanisms of interactions between
inhibitors.

k
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This section contains mainly background information on preventive activity; use is described in
Section 2.3. An expanded description is given,
when appropriate, of the efficacy of the agent in
the maintenance of a normal healthy state and the
treatment of particular diseases. Information on
the mechanisms involved in these activities is
described. Reviews, rather than individual studies,
may be cited as references.
The physiological functions of agents such as
vitamins and micronutrients can be described
briefly, with reference to reviews. Data on the
therapeutic effects of drugs approved for clinical
use are summarized.
iIiI.I[)i1!I1

Some agents may have both carcinogenic and
anticarcinogenic activities. If the agent has been
evaluated within the IARC Monographs on the
Evaluation of Carcinogenic Risks to Humans, that
evaluation is accepted, unless significant new data
have appeared that may lead the Working Group to
reconsider the evidence. When a re-evaluation is
necessary or when no carcinogenic evaluation has
been made, the procedures described in the
Preamble to the IARC Monographs on the Evaluation
of Carcinogenic Risks to Humans are adopted as
guidelines.

'III _______
Toxic effects are of particular importance in the
case of agents that may be used widely over long
periods in healthy populations. Data are given on
acute and chronic toxic effects, such as organ toxicity, increased cell proliferation, immunotoxicity
and adverse endocrine effects. If the agent occurs
naturally or has been in clinical use previously,
the doses and durations used in cancer-prevention
trials are compared with intakes from the diet, in
the case of vitamins, and previous clinical exposure, in the case of drugs already approved for
human use. When extensive data are available,
only summaries are presented; if adequate reviews
are available, reference may be made to these. If
there are no relevant reviews, the evaluation is
made on the basis of the same criteria as are
applied to epidemiological studies of cancer.
Differences in response as a consequence of
species, sex, age and genetic variability are presented when the information is available.
Data demonstrating the presence or absence of
adverse effects in humans are included; equally,
lack of data on specific adverse effects is stated
clearly.
Findings in human and experimental studies
are presented sequentially under the headings
'Adverse effects', 'Reproductive and developmental
effects' and 'Genetic and related effects'.
The section 'Adverse effects' includes information on immunotoxicity, neurotoxicity, cardiotoxicity, haematological effects and toxicity to other
target organs. Specific case reports in humans and
any previous clinical data are noted. Other biochemical effects thought to be relevant to adverse
effects are mentioned.
The section on 'Reproductive and developmental effects' includes effects on fertility, teratogenicity, foetotoxicity and embryotoxicity. Information from nonmammalian systems and in vitro
are presented only if they have clear mechanistic
significance.
The section 'Genetic and related effects' includes
results from studies in mammalian and nonmammalian systems in vivo and in vitro. Information on
13
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whether DNA damage occurs via direct interaction
with the agent or via indirect mechanisms (e.g.
generation of free radicals) is included, as is information on other genetic effects such as mutation,
recombination, chromosomal damage, aneuploidy,
cell immortalization and transformation, and effects
on cell-cell communication. The presence and
toxicological significance of cellular receptors for
the cancer-preventive agent are described.
The adequacy of epidemiological studies of
toxic effects, including reproductive outcomes and
genetic and related effects in humans, is evaluated
by the same criteria as are applied to epidemiological studies of cancer. For each of these studies, the
adequacy of the reporting of sample characterization is considered and, where necessary, commented upon. The available data are interpreted
critically according to the end-points used. The
doses and concentrations used are given, and, for
experiments in vitro, mention is made of whether
the presence of an exogenous metabolic system
affected the observations. For studies in vivo, the
route of administration and the formulation in
which the agent was administered are included.
The dosing regimens, including the duration of
treatment, are also given. Genetic data are given as
listings of test systems, data and references; bar
graphs (activity profiles) and corresponding summary tables with detailed information on the
preparation of genetic activity profiles are given in
appendices. Genetic and other activity in humans
and experimental mammals is regarded as being of
greater relevance than that in other organisms.
The in-vitro experiments providing these data must
be carefully evaluated, since there are many trivial
reasons why a response to one agent may be modified by the addition of another.
Structure-activity relationships that may be
relevant to the evaluation of the toxicity of an
agent are described.
Studies on the interaction of the suspected
cancer-preventive agent with toxic and subtoxic
doses of other substances are described, the objective being to determine whether there is inhibition
or enhancement, additivity, synergism or potentiation of toxic effects over an extended dose range.
14

Biochemical investigations that may have a
bearing on the mechanisms of toxicity and cancerprevention are described. These are carefully evaluated for their relevance and the appropriateness
of the results.
8.

Summary of data

In this section, the relevant human and experimental
data are summarized. Inadequate studies are generally not summarized; such studies, if cited, are
identified in the preceding text.
8.1

Chemistry, occurrence and human
exposure

Human exposure to an agent is summarized on
the basis of elements that may include production,
use, occurrence in the environment and determinations in human tissues and body fluids.
Quantitative data are summarized when available.
8.2

Metabolism and kinetic properties

Data on metabolism and kinetic properties in
humans and in experimental animals are given
when these are considered relevant to the possible
mechanisms of cancer-preventive, carcinogenic and.
toxic activity.
8.3

Cancer-preventive effects

8.3.1 Human studies

The results of relevant studies are summarized,
including case reports and correlation studies when
considered important.
8.3.2 Experimental studies

Data relevant to an evaluation of cancerpreventive activity in experimental models are
summarized. For each animal species and route
of administration, it is stated whether a change
in the incidence of neoplasms or preneoplastic
lesions was observed, and the tumour sites are
indicated. Negative findings are also summarized.
Dose- response relationships and other quantitative data may be given when available.
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8.3.3 Mechanism of cancer-prevention
Data relevant to the mechanisms of cancer-preventive activity are summarized.
8.4

Other beneficial effects

When beneficial effects other than cancer prevention have been identified, the relevant data are
summarized.
8.5

.i

*i*i

During the evaluation process, it is likely that
opportunities for further research will be identified. These are clearly stated, with the understanding that the areas are recommended for future
investigation. It is made clear that these research
opportunities are identified in general terms on
the basis of the data currently available.

Carcinogenic effects

Normally, the agent will have been reviewed and
evaluated within the IARC Monographs programme, and that summary is used with the inclusion of more recent data, if appropriate.
8.5.1 Human studies
The results of epidemiological studies that are
considered to be pertinent to an assessment of
human carcinogenicity are summarized. When
relevant, case reports and correlation studies are
also summarized.
8.5.2 Experimental animals
Data relevant to an evaluation of carcinogenic
effects in animal models are summarized. For each
animal species and route of administration, it is
stated whether a change in the incidence of neoplasms or preneoplastic lesions was observed, and
the tumour sites are indicated. Negative findings
are also summarized. Dose—response relationships
and other quantitative data may be mentioned
when available.
8.6

:f4..]ii1iiI]III FTI

Toxic effects

Adverse effects in humans are summarized,
together with data on general toxicological effects
and cytotoxicity, receptor binding aid hormonal
and immunological effects. The results of investigations on the reproductive, genetic and related
effects are summarized. Toxic effects are summarized
for whole animals, cultured mammalian cells and
non-mammalian systems. When available, data
for humans and for animals are compared.
Structure—activity relationships are mentioned
when relevant to toxicity.

Evaluations of the strength of the evidence for
cancer-preventive activity and carcinogenic effects
from studies in humans and experimental models
are made, using standard terms. These terms may
also be applied to other beneficial and adverse
effects, when indicated. When appropriate, reference is made to specific organs and populations.
It is recognized that the criteria for these evaluation categories, described below, cannot encompass all factors that may be relevant to an evaluation of cancer-preventive activity. In considering
all the relevant scientific data, the Working Group
may assign the agent or other intervention to a
higher or lower category than a strict interpretation of these criteria would indicate.
10.1 Cancer-preventive activity

The evaluation categories refer to the strength of
the evidence that an agent prevents cancer. The
evaluations may change as new information
becomes available.
Evaluations are inevitably limited to the cancer
sites, conditions and levels of exposure and length
of observation covered by the available studies.
An evaluation of degree of evidence, whether
for a single agent or a mixture, is limited to the
materials tested, as defined physically, chemically
or biologically. When the agents evaluated are
considered by the Working Group to be sufficiently closely related,, they may be grouped for the
purpose of a single evaluation of degree of evidence.
Information on mechanisms of action is taken
into account when evaluating the strength of
15
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evidence in humans and in experimental animals,
as well as in assessing the consistency of results
between studies in humans and experimental
models.
10.1.1 Cancer-preventive activity in humans

The evidence relevant to cancer prevention in
humans is classified into one of the following
categories.
e

10. 1.2 Cancer-preventive activity in experimental
animals

Evidence for cancer prevention in experimental
animals is classified into one of the following
categories.
e

The Working Group considers that a causal
relationship has been established between the
agent and a decreased incidence and/or multiplicity of neoplasms.

Sufficient evidence of cancer-preventive activity

The Working Group considers that a causal
relationship has been established between use
of the agent and the prevention of human cancer in studies in which chance, bias and confounding could be ruled out with reasonable
confidence.

• Limited evidence of cancer-preventive activity

The data suggest a cancer-preventive effect but
are limited for making a definitive evaluation
because, for example, the evidence of cancer
prevention is restricted to a single experiment,
the agent decreases the incidence and/or multiplicity only of benign neoplasms or lesions of
uncertain neoplastic potential or there is conflicting evidence.

Limited evidence of cancer-preventive activity

e

The data suggest a reduced risk for cancer with
use of the agent but are limited for making a
definitive evaluation either because chance,
bias or confounding could not be ruled out
with reasonable confidence or because the data
are restricted to intermediary biomarkers of uncertain validity in the putative pathway to cancer.
e

e

Inadequate evidence of cancer-preventive activity

Evidence suggesting lack of cancer-preventive activity

Several adequate studies of use or exposure are
mutually consistent in not showing a preventive effect.
The strength of the evidence for any carcinogenic
effect is assessed in parallel.
Both cancer-preventive activity and carcinogenic effects are identified and, when appropriate,
tabulated by organ site. The evaluation also cites
the population subgroups concerned, specifying
age, sex, genetic or - environmental predisposing
risk factors and the relevance of precancerous
lesions.
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Inadequate evidence of cancer-preventive activity

The studies cannot be interpreted as showing
either the presence or absence of a preventive
effect because of major qualitative or quantitative limitations (unresolved questions regarding
the adequacy of the design, conduct or interpretation of the study), or no data on cancer
prevention in experimental animals are available.

The available studies are of insufficient quality,
consistency or statistical power to permit a conclusion regarding a cancer-preventive effect of
the agent, or no data on the prevention of cancer in humans are available.
e

Sufficient evidence of cancer-preventive activity

o

Evidence suggesting lack of cancer-preventive activity

Adequate evidence from conclusive studies in
several models shows that, within the limits of
the tests used, the agent does not prevent cancer.
10.2 Overall evaluation

Finally, the body of evidence is considered as a
whole, and summary statements are made that
encompass the effects of the agents in humans
with regard to cancer-preventive activity, carcinogenic effects and other beneficial and adverse
effects, as appropriate.
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In much of the scientific literature on nuti

Introduction and definitions

tion, 'vitamin A' is used as a generic term referring to both preformed vitamin A (largely alltrans-retinol and its esters) and some of the
carotenoids. This Handbook, the third in the
IARC series of Handbooks of Cancer Prevention,
focuses on the cancer-preventive effects of the
preformed vitamin A compounds, principally
retinol and retinyl esters. Volume 2 of the series
reviewed the carotenoids (IARC, 1998) and the
forthcoming Volume 4 will review in detail
retinoic acid, metabolites of retinol and related
synthetic retinoid compounds. The full scientific terminology, common abbreviated names
and relevant general terms used to describe
both individual compounds and broad classes
of vitamin A compounds are summarized in
Table 1.
Compounds in the vitamin A, or retinol,
family, as defined by the International Union
of Pure and Applied Chemistry/International
Union of Biology (IUPAC-IUB) Joint Commission

L
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on Biochemical Nomenclature, belong to a
class derived from four isoprenoid units joined
in a head-to-tail manner to produce a monocyclic parent having five carbon—carbon double
bonds and a functional group at the acyclic terminus. The parent compound in preformed vitamin A, from which retinal and retinyl esters
are derived, is all-trans-retinol (hereinafter
referred to as retinol). The structures, physical
properties and sources of retinol, retinyl esters,
retinal and retinoic acid are listed in Section 1
of this Handbook.
Many of the significant discoveries in chemistry and biology that have led to our understanding of the critical roles in nutrition played
by retinol, retinal, retinoic acid and their analogues, have been thoroughly reviewed (Moore,
1957; Tee, 1992; Blomhoff, 1994; Sporn et al.,
1994). In 1913, McCollum and Davies as well
as, independently, Osborne and Mendel identified a lipid-soluble dietary factor needed for the
growth of rats. It was later termed 'fat-soluble
X. In 1931, Karrer and co-workers determined

Table 1. Nomenclature of vitamin A compounds
Common abbreviated

Included in class known as:

Full name

names

'Preformed vitamin A'

All-trans-retinol

Retinol

Yes

Yes

All-trans-retinol palmitate

Retinyl palmitate

Yes

Yes

All-trans-retinol acetate

Retinyl acetatea

Yes

Yes

Provitamin A carotenoids b

'Vitamin A precursors'

Yes

All-trans-retinal

Retinal, retinaldehydec

All-trans-retinoic acid

Retinoic acid

9-cis-Retinoic acid

9-cis-Retinoic acid

'Total vitamin A'

Yes

Other natural metabolites
Retinoidd
Synthetic retinoidse
a Retinyl

acetate is a usable form of preformed vitamin A, but it is found in only small amounts in the diet.
that are metabolized to retinol in vivo. In the diet, these are largely x- and 3-carotene and 3-cryptoxanthin.
cThe term retinaldehyde is used in this volume only if confusion could occur with the adjective 'retinal' relating to the retina of the eye.
dA member of the vitamin A family the structure of which is related to those of retinol, retinal or retinoic acid or their derivatives,
eA synthetic retinoid having structural modifications not found in natural compounds. Generally, this term is used in reference to analogues of
retinoic acid and its double-bond isomers. These compounds will be covered in detail in Volume 4 of the IARC Handbook series.

b Carotenoids
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the structure of retinol, and soon thereafter the
structure of -carotene. In 1937, retinol was
first crystallized from fish liver oil, from which
the first crystalline esters were also isolated five
years later. In 1946, Van Dorp and Arens synthesized retinoic acid and in 1947 the Isler
group reported a commercially feasible synthesis of retinol. In 1950, Karrer and Eugster synthesized 3-carotene. Synthetic retinol serves as
the precursor for the retinyl esters used widely
in vitamin A supplements and in food fortificants. These early developments have been
summarized by Moore (1957).
Both plants and animals are sources of vitamin A for humans. Plants contain carotenoids,
some of which are provitamin A compounds,
but they contain no preformed vitamin A. Over
600 naturally occurring carotenoids have been
identified, but only about 10 are major sources
of vitamin A (Olson, 1994). Animal products
contain vitamin A predominantly in the form
of retinyl esters, but also as retinol and, in small
amounts, as provitamin A carotenoids originating from plants consumed by the animals. Both
synthetic and natural vitamin A and
carotenoids are also found in pharmaceuticals
and cosmetics. Section 2 of this Handbook covers the major sources of vitamin A.
Because of the low water-solubility of
retinol, retinal and retinoic acid, the retinoidbinding proteins play an important role in providing a source of stable, solubilized retinoids
for target tissues. Specific binding proteins
selectively compartmentalize and regulate
retinol levels. The nuclear retinoic acid receptor
proteins function as transcription factors, permitting the retinoids to act as hormones that
modulate the activity of retinoid-responsive
genes. The binding proteins are therefore
thought both to regulate the metabolic transformations of vitamin A and to prevent toxic
effects that could be caused by high levels of
unbound retinoids. The distribution of retinoids
in tissues and their metabolic transformations,
functions and characteristics are further
described in Section3 of this Handbook.

n

Vitamin A in human nutrition and cancer
In 1922, Mori observed corneal and conjunctival keratinization and interference with tear

production in vitamin A-deficient rats. In 1925,
Wolbach and Howe observed metaplastic
changes in gastrointestinal, genitourinary,
ocular and respiratory epithelia (replacement of
columnar and transitional cells by squamous,
keratinized cells) in animals deprived of vitamin
A. These changes were morphologically similar
to, but distinct from, certain pre-neoplastic
lesions (reviewed by Shapiro, 1986). The observation of inhibitory action of vitamin A on the
induction of tumours of the forestomach and
cervix (Chu & Malmgren, 1965) and of bronchotracheal tumours (Saffiotti et al., 1967) stimulated much interest in the relationship
between vitamin A-dependent cell differentiation and cancer. In the next 15 years, the interactive roles of retinoids in the chemoprevention
of carcinogenesis were carefully explored (Sporn
& Roberts, 1983). Subsequently, the roles of
retinoic acid and its 9-cis isomer in controlling
cell differentiation, growth and reproduction
were established (reviewed in Gudas et al., 1994;
Mangelsdorf et al., 1994; Blomhoff, 1994).
Several reviews on cancer prevention studies
using vitamin A in cell culture, in animals and in
man have been published in recent years (Hong
& Itri, 1994; Moon et al., 1994; Alberts & Garcia,
1995; Kelloff et al., 1996; Minna & Mangelsdorf,
1997; Sankaranarayanan et al., 1997).
'Chemoprevention' is a term that has been
widely used to describe intentional chemical
interference with the process of carcinogenesis
by inducing a variety of biological mechanisms.
Chemoprevention can be achieved by preventing the onset of carcinogenesis by protecting
against initiation or by arresting or reversing
stages of carcinogenesis at various steps in the
processes of promotion and progression. The
use of agents to prevent cancer in healthy individuals falls within the framework of 'primary
prevention'. Chemoprevention used to arrest
or reverse carcinogenesis in individuals who
have been identified as having a pre-malignant
lesion falls within the framework of 'secondary
prevention' (the prevention of disease at a preclinical stage). 'Tertiary prevention', defined as
the prevention of complications (recurrence,
invasion, metastases) among people already
diagnosed with symptomatic disease, is best
regarded in the context of clinical management
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of the cancer patient. Tertiary prevention is not
considered in this Handbook.
The discoveries that have enhanced our
understanding of the various phases in the
multi-step process of carcinogenesis have also
led to the current understanding that preventive agents may act in different ways at different stages of progression. Hence, potential cancer-preventive agents, such as vitamin A,
appear to be useful for either primary or secondary cancer prevention, or for both.
Potential chemopreventive agents could be useful among individuals at average cancer risk, or
among those at high cancer risk due to other
behavioural or genetic factors (e.g., smokers or
carriers of cancer-relevant genetic mutations).
Section 4 reviews human observational and
intervention studies using primary and secondary prevention strategies among subjects at
various levels of cancer risk, as well as animal
experimental studies.
Vitamin A deficiency is clearly, a continuing
public health problem in many areas of the
world (Sommer & West, 1996). Because vitamin
A deficiency can lead to increased risk for many
health problems including infection and blindness, programmes to supplement and fortify
foods for undernourished populations continue
to be an important public health priority.
The public health problem of vitamin A deficiency and the potential role of vitamin A in
cancer prevention are two important but distinctly different issues. The implications and
inferences that can be drawn from epidemiological observational studies and from the limited set of intervention studies using supplements of preformed vitamin A are-"reviewed in
Section 4.
Dietary factors are thought to have a major
causative role in cancer induction. Though the
contribution of diet to cancer risk probably
varies across populations, it has been estimated
that in the United States possibly one third of
all cancer deaths may be attributable to nutritional factors (Doll & Peto, 1981). A consistent
finding for many cancer sites has been that
diets with a high proportion of fruits and vegetables, and hence high levels of carotenoids,
are associated with lower cancer risk (IARC,
.1998). This Handbook focuses more specifically

on the evidence for a protective effect of preformed vitamin A.

Issues in research on vitamin A
Knowledge of the effects of vitamin A and its
molecular mechanisms of action is continually
expanding. Thus, over the past several decades,
as methods and understanding have advanced,
findings from older studies need to be viewed
in their historical context. As in other areas of
cancer prevention research, studies of vitamin
A have been carried out usinga wide variety of
methods, including animal experiments in vitro
and in vivo, observational human studies, and,
ultimately, intervention trials in humans. Thus,
it has been a formidable challenge to compare
and contrast findings across different study
designs and settings to produce a coherent evaluation of the overall potential of vitamin A as a
cancer-preventive agent in human populations.
Nonetheless, the Working Group has conducted such an evaluation, first summarizing the
convergent and divergent data in support of
the general conclusions (Section 8), and finally
producing an overall evaluation of the cancerpreventive potential of vitamin A (Section 10).
These summaries and conclusions afforded the
Working Group the opportunity to identify
research areas critical for the advancement of
cancer prevention that could lead to implementation of successful prophylactic treatments. Thus, future research should be directed
to areas listed in Section 9 that the Working
Group considered of high priority.
An important limitation of the use of preformed vitamin A in cancer prevention in
humans is the toxicity that is seen at high
doses. Toxic effects are seen in various organs,
including the skin, circulation (e.g., hypertriglyceridaemia), liver, nervous system and
bones (see Section 7). Some aspects of toxicity
could be explained by overwhelming of the
binding capacity of cellular and extracellular
binding proteins by excess vitamin A or
retinoids, which would result in the presence of
unbound ('free') vitamin A, which might interact differently with receptors or other sites of
retinoid action. Of particular concern regarding
the widespread ingestion of preformed vitamin
A supplements is the apparent sensitivity of the
19

IARC Handbooks of Cancer Prevention

developing embryo to teratogenesis by daily
supplemental retinyl palmitate at 25 000 lU per
day or possibly less (Nau et al., 1994). Such
effects have prompted the development of literally thousands of synthetic retinoids
designed to have more specific beneficial properties, but with lower toxic potential. The cancer-preventive potential of these synthetic
retinoids will be covered in detail in Volume 4
of the IARC Handbook series. An active retinoid
without teratogenic potential is yet to be identified, which suggests that retinoid receptors
may play important roles in aspects of both the
desired activity and the teratogenicity and
reproductive toxicity.
One of the particular challenges in interpreting the effects of vitamin A on cancer is that
studies have been performed at widely differing
levels of vitamin A nutritive status. Obviously,
experimental studies in humans maintained in
a vitamin A-deficient state cannot be ethically
justified. Therefore, studies have been performed in animals. For instance, several studies
have indicated greater effects with supplementation in animals that were first fed vitamin Adeficient diets than in animals on normal diets.
In animal studies, it is also possible to test the
effects of vitamin A at high doses, where toxicity is often seen, whereas this type of research
in human populations is also not justifiable.
A striking feature of vitamin A physiology is
the elaborate mechanism of homeostatic control of circulating concentrations of plasma
retinol across a broad range of intakes of preformed vitamin A and provitamin A. Therefore,
much of the human observational and experimental work, which has been carried oùtwithin this homeostatically controlled range, may
not be comparable to animal experimental
studies with vitamin A at levels of deprivation
or excess. Also related to the phenomenon of
homeostasis is the limitation of the use of
serum retinol levels as a measure of vitamin A
status (see Section 2). Circulating retinol concentrations remain fairly constant until liver
reserves fall to very low levels (below 0.07
mmol/g) (Olson, 1994), and factors other than
intake, especially infection, infestation, malnutrition and acute stress, can affect circulating
retinol levels (Section 5.2), thus limiting the

me

value of plasma levels in other than long-term
prospective studies. Vitamin A status can now
be estimated by the relative dose-response and
the modified relative dose-response tests,
which have been widely used to assess vitamin
A deficiency states. A more precise method of
estimating total body stores, namely the isotope dilution method using deuterated retinol
(Olson, 1994), has not been widely used, as it is
technically demanding.

Purposes of this Handbook
The review and commentary in this Handbook
is intended for use by researchers, clinicians,
educators, and public health policy makers
interested in cancer prevention and nutrition.
This handbook is intended to provide a comprehensive review of the relevant information
in the published scientific literature available to
the Working Group on the role of vitamin A in
cancer prevention. The focus of this critical
review and commentary is on retinol and the
retinyl esters. Some scientific literature in this
field overlaps with reports dealing with vitamin
A metabolites, vitamin A precursors and total
dietary vitamin A (which is a combination of
preformed vitamin A and its precursors), so
information from this wide range of research is
included in the current review when it was
deemed relevant to our understanding of the
observed effects of retinol or retinyl esters on
cancer development. The observed effects of
preformed vitamin A in cell and organ culture,
in animal models and in human dietary observational epidemiological studies and intervention studies are reviewed. Based on this review,
the Working Group offers recommendations
for future research on the use of vitamin A in
cancer prevention (Section 9) and an overall
evaluation of the strength of the evidence for a
role of vitamin A for cancer prevention in
humans (Section 10).
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LChemical and physic
characteristics
i
The general characteristics of retinol, retinyl
acetate, retinyl palmitate and fl-retinal have
been obtained from the following: Beilstein
(Boit, 1966); Directory of Chemical Producers
(MDL Information Systems, 1998); Kirk-Othmer
Encyclopedia of Chemical Technology, 4th ed.
(Kroschwitz, 1998); Keiloff et al. (1994a);
Martindale. The Extra Pharmacopoeia (Reynolds,
1989); The Merck Index, 12th ed. (Budavari,
1996); and the Physicians'Desk Reference (1997).

1. 1.2 Structural and molecular formulae and
relative molecular mass
J

__L

20H

11

C20H300.

Relative molecular mass: 286.46
1.1.3 Physical and chemical properties
Description

Retinol
1.1.1 Name

1.1

Pale yellow prisms

Chemical Abstracts Services Registry Number
68-26-8

Melting-point
62-64°C (yellow prisms from ethyl formate,
petroleum ether, propylene oxide)

Chemical Abstracts Primary Name
Retinol
IUPAC Systematic Name
(Ail-E) -3, 7-Dimethyl-9- (2,6, 6-trimethyl- 1 -cyclohexen- 1 -yl)-2, 4,6, 8-nonatetraen- 1-01
Synonyms
Ali-trans-retinol; anti-infective vitamin; antixerophthalmic vitamin; 15-apo-13-caroten-1 5-ol;
axerol; axerophthol; axerophtholum; biosterol;
(E) -3, 7-dimethyl-9- (2,6, 6-trimethylcyclohexenyl) -2,4,6, 8-nonatetraenol; (E) -3, 7-dimethyl9-(2, 6, 6-trimethylcyclohexen- 1 -yl)-2, 4,6,8nonatetraenol; fat-soluble A (obsolete); (E)-9hydroxy-3, 7-dimethyl-9'- (2,6, 6-trimethylcyclohexenyl)- 1,3,5, 7-nonatetraene; lard factor;
oleovitamin A; ophthalamin (obsolete); transretinol; 2-trans,4-trans,6- trans, 8-trans-retinol;
vitamin A; vitamin Al; vitamin A1 alcohol; vitamin A alcohol; vitaminum A.

Solubility
Soluble in most organic solvents (acetone, chloroform, dimethyl sulfoxide, ether, ethanol,
hexane, isopropanol, methanol) and in fats and
mineral oils (2.5 mol/L) (Boit, 1966); practically
insoluble in water (0.06 pmol/L) (Szuts &
Harosi, 1991) and glycerol.
Spectroscopy
Double-bond isomers of retinol do not show
differences in their infrared spectra, which are
briefly mentioned in the review by Frickel
(1984) and more extensively covered in that by
Isler et al. (1971). The ultraviolet (UV) absorption spectrum in ethanol has 2max at 325 nm;
E 1CM = 1835 (Tee, 1992). Retinol exhibits
yellow-green fluorescence at 510 nm after excitation at 327 nm and at 470 nm after excitation
at 325 nm. The infrared (IR) and proton
magnetic resonance ('H-NMR) spectra of
retinol can be found in the relevant Aldrich Library
volumes (Pouchert, 1985; Pouchert & Behnke,
1993).
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Stability
Photo-induced bond isomerization from trans
to cis gives the other known retinol isomers: 11cis (neo b), 13-cis (neo a), 9,13-di-cis (iso b), 9cis (iso a), and 11,13-di-cis (neo c) (Tee, 1992).
Particularly in oil solution, retinol can be protected from isomerization by preventing exposure to UV and sunlight. Bond isomerization
can also be caused by heat and iodine. High levels of illumination can induce polymerization.'
Retinol is sensitive to oxygen and is optimally
stored at below 4°C under an inert gas (argon or
nitrogen) or in the presence of an antioxidant,
such as butylated hydroxytoluene. Heat and
trace metals accelerate retinol decomposition
by oxygen and light (Kroschwitz, 1998). Retinol
is unstable to acids, which cause bond rearrangement to retrovitamin A, isomerization, and
dehydration to anhydrovitamin A; sometimes
followed by solvent addition; it is also unstable
to alkali in the presence of oxygen (Tee, 1992).
Unlike the palmitate ester, the alcohol and its
acetate can bind strongly to polyvinyl chloride
in plastics used for administration.
1:1.4 Technical products

Commercial preparations of retinol may contain antioxidants (low levels of butylated
hydroxyanisole and butylated hydroxytoluene,
dispersants and antimicrobial agents when
diluted with edible oils or solid dispersants
(Polysorbate 20). One international unit (TU) of
vitamin A is defined as 0.3 ig of pure all-transretinol.
The major producers of vitamin A are BASF
AG (Germany), BASF Corp. (USA), BASF
Mexicana (Mexico), Bayer AG (Germany),
Gaveteco S.A.I.C.I. e I. (Argentina), HoffmannLa Roche AG (Germany) and Rhone-Poulenc
Animal Nutrition (France).

(E)-9-Acetoyl-3, 7-dimethyl-9- (2,6, 6-trimethylcyclohexenyl)-2,4, 6, 8-nonatetraenol
Synonyms
Acetic acid (E) -3, 7-dimethyl-9-(2, 6, 6-trimethylester;
cyclohexenyl) -2,4,6,8 -non atetraenyl
acetic acid retinyl ester; all-trans-retinyl acetate;
all-trans-retinol acetate; Q-acetoxy-all-transretinol; 0-acetyl-all-trans-retinol; retinyl
acetate; 2- trans, 4- trans, 6-trans,8-trans-retino.l
acetate; 2- trans, 4- trans, 6-trans,8-trans-retinyl
acetate; vitamin A acetate.
1.2.2 Structural and molecular formulae and
relative molecular mass
CH2000CH3

C22H3202

Relative molecular mass: 328.5
1.2.3 Physical and chemical properties

Description
Pale yellow prisms or yellow supercooled, viscous
liquid
Melting point
57-58°C
Solubility
Soluble in most organic solvents (acetone,
chloroform, ethanol, isopropanol) and in fats
and oils (750 g/100 mL); insoluble in water and
glycerol.

1.2.1 Name

Spectroscopy
UV-visible: kmax 326 nm (in ethanol);
E'1 cm 1550.

Chemical Abstracts Services Registry Number
127-47-9

Fluorescence
Emission max at 470 nm for excitation at 325 nm

Chemical Abstracts Primary Name
Retinol acetate
IUPAC Systematic Name

Stability
More stable than retinol. For stability in
crystalline form and in solution, see Guerrant

1.2
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Retinyl acetate

Vitamin A

et al. (1948); for stability to hydrolysis in
ethanolic sodium hydroxide at 400 and 60°C,
see Isler et al. (1949). Store at below 4°C.

1.3.2 Structural and molecular formulae and
relative molecular mass

1.2.4 Technical products

Activity is based on high-performance liquid
chromatographic comparison with the international standard. The international unit (TU)
was defined by the WHO Expert Committee on
Biological Standardization as the activity
of 0.344 ig of pure all-trans-retinyl acetate.
Synthetic material may be sold dispersed in a
corn starch--gelatin matrix (Sigma, USA) or
in gelatin, sucrose, peanut oil, and calcium
phosphate-containing butylated hydroxyanisole and butylated hydroxytoluene (USB,
USA), and in pure form (2 800 000 IU/g, Sigma).
Major producers are BASF AG (Germany),
F. Hoffman-La Roche AG (Germany) and Roche
AG (Switzerland). In one pharmaceutical source
(Materna prenatal tablets; Lederle, USA), retinyl
acetate is combined with 13-carotene and
vitamins D, E, B11 B21 B6, B12, biotin, pantothenic acid and minerals.
Retinyl palmitate
1.3
1.3.1 Name

Chemical Abstracts Services Registry Number
79-81-2
Chemical Abstracts Primary Name
Retinol hexadecanoate
IUPAC Systematic Name

(E)-3, 7 -Dimethyl-9-O-palmitoyl-9-(2, 6,6-trimethylcyclohexenyl)-2,4, 6,8-nonatetraenol
Synonyms
Palmitic acid (E)-3, 7 -dimethyl-9-(2, 6, 6-trimethylcyclohexenyl)-2,4, 6,8-nonatetraenyl ester; palmitic acid retinyl ester; O-palmitoyl-all-transretinol; O-palmitoyl-retinol; O-palmitoyl-retinol;
retinyl palmitate; 2-trans,4-trans, 6-trans, 8-transretinyl palmitate; 2-trans,4-trans, 6-trcins, 8-transretinol palmitate; trans-refinol palmitate; transretinyl palmitate; vitamin A palmitate.

CH200(0)(CH2)14CH3

C36H6002

Relative molecular mass: 524.8

Description
Yellow, crystalline or amorphous powder,
n ° 1.5558 (Tee, 1992)
Melting-point
27-29°C (Tee, 1992)
Solubility
Soluble in most organic solvents (ethanol, isopropanol, chloroform, acetone) and in fats and
oils insoluble in water and glycerol.
Spectroscopy
UV-visible: Xmax 325-328 nm (in ethanol);
E101"cm940-975
Fluorescence
Emission Xm at 470 nm for excitation at 325 nm
Stability
More stable than retinol to oxidation in air; rate
of hydrolysis in ethanolic sodium hydroxide
was reported by Isler et al. (1949). Store at
below 4°C.
1.3.4 Technical products

One TU of vitamin A is contained in 0.55 pg
of pure all-trans-retinyl palmitate. Major
producers of retinyl palmitate are BASF AG
(Germany), BASF Mexicana, S.A. de C.V.
(Mexico), F. Hoffman-La Roche AG (Switzerland) and Piramal Health-care Limited (India).
A pharmaceutical source is Aquasol A (capsules or the parental form is water-miscible by
solubilization in polysorbate 80; Carlson
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Laboratories, USA). Retinyl palmitate is also
available in a corn starch-gelatin matrix containing butylated hydroxyanisole and butylated
hydroxytoluene, in a water-dispersible starchgelatin matrix containing butylated hydroxyanisole and butylated hydroxytoluene, in a
mixture of acacia, lactose, coconut oil, butylated hydroxytoluene, sodium benzoate, sorbic
acid, and silicon dioxide, or in corn oil (USB,
USA).

petroleum ether and oils; virtually insoluble in
water.

1.4
Retinal
124.1 Name

Stability
Sensitive to light and oxygen. Store under an
inert gas (argon or nitrogen) at < 4°C.

Chemical Abstracts Service Registry Number
116-31-4
Chemical Abstracts Primary Name
Retinal
IUPAC Systematic Name
(All-E) -3, 7-Dimethyl-2-(2, 6, 6-trimethyl-1-cyclohexen- l -yl)2, 4,6, 8-nonatetraenol

Synonyms
All-trans-retinal, axerophthal, retinaldehyde,
retinene, vitamin A aldehyde
1.4.2 Structural and molecular formulae and
relative molecular mass
CHO

C20H280

Spectroscopy
JR (Rockley et al., 1986); NMR (Patel, 1969)
UV-visible
max 383 urn (E 4.288 x 10 in ethanol);
max
368 nm (E 4.88 x 104 in hexane) (Hubbard et al.,
1971)

Commercial sources
Retinal can be obtained from the following
suppliers: Sigma (USA), Crescent Chemical Co.
(USA), Nacalia Tesque, Inc. (Japan) and Kanto
Chemicals Co. (Japan).
1.5
Retinoic acid
1.521 Name

Chemical Abstracts Services Registry Number
302-79-4
Chemical Abstracts Primary Name
Retinoic acid
IUPAC Systematic Name
All-trans-retinoic acid

Synonyms
(All-E)-3, 7-dimethyl-9-(2,2,6-trimethylcyclohexenyl)nona-2, 4,6, 8-tetraenoic acid, trans-retinoic
acid, tretinoin, vitamin A acid, vitamin Al acid.

Relative molecular mass 284.4
1.4.3 Physical and chemical properties

1.5.2 Structural and molecular formulae and
relative molecular mass
COOH

Description
Orange crystals (from petroleum ether)
Melting point
64-65°C
Solubility
Soluble in ethanol, chloroform, cyclohexane,

C20H2802

Relative molecular-mass 300.45
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Description
Yellow crystals
Melting-point
180-482°C (Tee, 1992).
Solubility
Soluble in most organic solvents,, fats, and oils;
low solubility in water (0.21 pmol/L) (Szuts &
Haros!, 1991)
Spectroscopy
UV-visible: Xmax 350 (ethanol), E I m1510 (Tee,
1992).
Stability
Unstable to light, oxygen and heat, but less so
than retinol. Store under inert gas at below 4°C
or in the presence of an antioxidant.

2.

Occurrence, Production, Use,
Analysis and Human Exposure

2.1 Occurrence
The primary source .of vitamin A is the precursor
compounds, the carotenoids. There are more than
600 naturally occurring carotenoids, but ônly
50-60 of them possess vitamin A activity, producing
at least one intact molecule of retinol or retinoic
acid when metabolized, and only about 10 of
them have nutritional relevance (Pfander, 1987).
The second important dietary source of vitamin A is retinyl esters, which are found in foods
of animal origin. Retinyl esters are derivatives
of retinol with fatty acids. The most important
dietary retinyl ester is retinyl palmitate, with
smaller amounts of retinyl oleate and retinyl
stearate (Ong, 1994).
In several developing countries, synthetic
vitamin A, often in the form of palmityl ester,
is added to commonly consumed foods.
Monosodium glutamate has been used as a
vehicle in Indonesia (Muhilal et al., 1988) and
the Philippines, while vitamin A is added to
sugar in several central American countries
(Mejia & Arroyave, 1982), and ghee is used in
Pakistan. However, while food fortification may

be a short-term measure to cope with inadequacy of dietary intake, more sustainable measures must involve promoting the consumption of locally grown fruit and vegetables and
improving social conditions.
In the developed world, synthetic vitamin A
and carotenoids are added to a small number of
foods such as dairy products and are also found
in pharmaceuticals and cosmetics for oncological
and dermatological use. 13 -Carotene and other
carotenoids are also used extensively as food
colourants (IARC, 1998).
2.2 Production

Retinol can be synthesized chemically. Early
developments have been described by Moore
(1957) and more recent approaches by Frickel
(1984) and by Dawson &. Hobbs (1994). Several
pharmaceutical companies supply retinol with
99% purity. Provitamin A carotenoids may be
converted to vitamin A by central cleavage to
yield one or two molecules of retinal. This conversion is catalysed by a 15,15'-dioxygenase
enzyme that is found in the intestinal mucosa,
liver and other tissues (Devery & Milborrow,
1994; Nagao et al., 1996). Retinal is then
reduced by an aldehyde reductase to retinol.
Eccentric cleavage of carotenoids yields f3-apocarotenals with different chain lengths, which
then may be shortened by 13 -oxidation to
retinol. In addition, there is evidence that
retinoic acid may be formed directly from such
carotenoids as 13 -carotene by a still undefined
pathway (Wang et al., 1992).
Preformed vitamin A is found in the diet primarily in the form of retinyl esters. Retinol is
formed in the intestine by hydrolysis of the
long-chain retinyl esters catalysed by a brush
border retinyl hydrolase and a non-specific
pancreatic hydrolase (Blaner & Olson, 1994)
(see. Section 3.2.2).
2.3

Use and application

Vitamin A is an essential micronutrient for
animals and man. Humans obtain their dietary
supply from foods of both animal and plant
origin, but the more dependent they are on
plant sources, the more difficult it is to meet
metabolic needs. Dietary requirements for
vitamin A have been investigated by many
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workers and their findings have been reviewed public health -problem in all countries by the
in various reports and by both national and year 2000 through a combination of suppleinternational bodies (Olson, 1987; FAQ/WHO, mentation, food fortification and nutrition
1988; National Research Council, 1989). There educatiOn.
The following dosages are recommended by
are some wide differences between countries in
WHO
and UNICEF for alleviating vitamin Athe amounts of vitamin A considered essential
to meet dietary requirements (McLaren, 1994), deficiency disorders in children in areas of high
but most countries have generally adopted risk (McLaren & Frigg, 1997).
the arguments discussed in the FAQ/WHO
(1988) handbook. Requirements for infants are Subject
Oral dose (lU)
generally arrived at from the amount of
200 000 every 3-6 months
vitamin A in breast milk (340-400 mg/day) Children 1-6 years
and as children get progressively older, this Infants 6-11 months
100 000 every 3-6 months
amount is increased to allow for growth.
200 000 once (within 3
In adults, requirements are based on the catab- Lactating mothers
months
of delivery)
olism of total body vitamin A, with allowances
for body size and storage. These calculations
In cases where xerophthalmia has been
give figures of 700 mg/day for men and
600 mg/day for women. In addition, about diagnosed. orin children with measles in mar400 mg/day must be added during lactation. ginally vitamin A-deficient populations, the
Despite the abundance of carotenoids in supplemention would be as shown below.
vegetables and fruits, more than 200 million
children worldwide suffer from various degrees
Dose (lU)
of vitamin A deficiency. Therefore, vitamin A is Time of administration
> 1 year old
<1 year old
used as a supplement or in fortification of a after diagnosis
large number of processed foods. In terms of Immediately
200 000
100 000
the degree of public health importance of vitamin Next day
200 000
100 000
A deficiency, the World Health Organization 2-4 weeks later
200 000
100 000
(WHO) categorizes countries into those
that have clinical or subclinical vitamin A defiThe well documented effects of retinoic acid
ciency and those that have no vitamin A deficiency-related problems (McLaren '& Frigg, and synthetic retinoids on several dermatologi1997). The group with subclinical problems is cal disorders (for review, see Vahlquist, 1994)
further subclassified as having severe, moderate led to the development of commercial ointor mild vitamin A deficiency, based on preva- ments containing retinyl esters. Several prelence of low serum retinol levels in children scription drugs containing retinoic acid and its
(WHO, 1996). Vitamin A- and retinol-deficient 13-cis-isomer are available for treating acne and
states such as xerophthalmia and night-blindness photo-ageing skin. Vitamin A is also used in
can be reversed by treatment with vitamin A topical non-prescription cosmetics for improve(retinyl acetate or palmitate) from either animal ment of appearance of wrinkles. The effect of
or synthetic sources (Tee, 1992). In subclinically these topical preparations is limited to the skin
vitamin A-deficient populations, supplementa- and does not contribute substantially to the vittion during measles infection will reduce mor- amin A status of the body.
tality, morbidity and the length of hospital stay
(Barclay et al., 1987; Hussey & Klein, 1990). 2.4 Human exposure
The WHO, United Nations Children's Fund Preformed vitamin A in the diet is obtained
(UNICEF), the United States Agency for from vertebrate animal sources rich in retinyl
International Development, and many other esters (tissues such as liver, kidney, dairy prodnational and non-governmental organizations ucts and eggs). Liver and fish oils are the richaim to eliminate vitamin A deficiency as a est dietary sources of preformed vitamin A and
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concern has been expressed by some authorities about potentially teratogenic effects of liver
consumption during pregnancy (Eckhoff &
Nau, 1990b). However, for many populations
worldwide, these foods are used only sparingly.
Hence, plant provitamin A carotenoids are usually the major food source of vitamin A.
Unfortunately, poor bioavailability of carotenoids in vegetables restricts their usefulness,
because the cellulose walls of plant cells are not
easily broken down (de Pee & West, 1996). In
contrast, carotenoids in fruits are more
bioavailable. Fruits such as mangoes and pawpaw are good sources of vitamin A, but their
consumption may be restricted to short seasonal periods. Volume 2 of the IARC Handbooks of
Cancer Prevention treats this subject in depth.
The average daily dietary intake of vitamin A in
the United. States is about 2.25 mg of retinol
equivalents, of which 47% is derived from
fruits and vegetables; 27% from fats, oils and
dairy products and 27% from meat, fish and
eggs. Provitamin A carotenoids provide about
50% of this intake (Tee, 1992).
The vitamin A activity of 13 -carotene and
other provitamin A carotenoids has been
arbitrarily defined as one-sixth and one-twelfth
of that of retinol. Calculation of vitamin A
intakes is generally satisfactory if retinol or
13 -carotène is in the main food constituents, but
this is often not the case. Calculations of vitamin A intakes are made more difficult by variability in the way data are presented in food
composition tables, some of which combine
provitamin A carotenoids and retinol as vitamin A, while others separate them (Tee, 199).
The dietary intake of vitamin A in different
populations in the world, varies greatly. In addition, intake data outside the industrialized
world are incomplete, particularly where vitamin
A deficiency is a problem. The incompleteness
of food composition tables for carotenoids in
foods also makes accurate measurements of total
vitamin A intake difficult and complicates the
design of supplementation programmes
(McLaren & Frigg, 1997). Substantial amounts of
vitamin A may also be taken as single or multivitamin supplements. These usually contain
vitamin A in the range of 3000 to 10 000 lU. In
a study by Willett et al. (1983), supplementation

of well nourished adults with j3-carotene
(30 mg daily for 16 weeks) increased the plasma
levels of 13-carotene but not the plasma retinol
levels. Also, a daily retinyl ester supplement
(25 000 lU) did not increase the plasma retinol
levels, illustrating the fact that plasma retinol
concentration is under homeostatic control
(see Section 3.1).

25
Analysis
Measurement of plasma retinol is probably the
most common method used to assess vitamin A
status. As mentioned above however, the concentration of plasma retinol is homeostatically
controlled over most of the range found in
human subjects, so that interpreting status
from low plasma values can be difficult.
In many developing countries, plasma
retinol levels are lower than those seen in the
western world, particularly in environments
where viral and bacterial infections and
parasite infestations are common (Thurnham,
1997). The WHO (1996) has suggested that
serum levels of 0.7 mmol/L indicate a
high risk of vitamin A deficiency. There is
evidence that concurrent infection lowers
concentrations of circulating retinol by suppressing the synthesis of retinol-binding protein (RBP) in the liver (Rosales & Ross, 1996).
Frequent infections also contribute to poor vitamin A status by reducing intake and increasing
the potential excretion of retinol in urine
(Stephensen et al., 1994).
The concentration of plasma carotenoids
also gives information on vitamin A status. The
concentration of plasma 13 -carotene depends on
dietary intake and availability of preformed vitamin A in the diet. Based on currently available
data, the higher the vitamin A intake, the lower
the conversion of provitamin A carotenoids to
retinol. Levels of non-provitamin A carotenoids
like lutein also provide information on
vegetable intake. The presence of lutein in the
plasma indicates that green vegetables are
consumed, implying that 13 -carotene, even if
undetectable in the plasma (Thurnham et al.,
1997), is present in the diet. It is therefore
advisable to measure several markers of vitamin
A status and some of the more useful methods
currently being used are described below. In the
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following descriptions, the terms plasma and
serum are used interchangeably.
2.5.1 Functional methods
2.5.1.1 Night-blindness

This method of assessment involves an
ophthalmological instrument, the dark adaptometer, which measures the speed of adaptation of the eye to low light conditions. However, the method is not suitable for field conditions and night-blindness is usually assessed by
interviews of the patients and guardians as well
as careful observation of the ability of children
to see in dim light (Sommer et al., 1980). This
method is suitable for the assessment of early
signs of moderate to severe vitamin A deficiency.
At the community level, it is useful to enquire
if there is a local word for night-blindness. A
positive response is highly indicative that the
community has or recently had a vitamin Adeficiency problem.
2.5.1.2 Conjunctival impression cytology
(Wittpenn et al., 1986)

This method involves assessing the morphological appearance of cells from the eye epithelium
obtained by pressing a small piece of filter
paper onto the conjunctiva. Normally, conjunctival cells resemble epithelial cells and the
number of mucin-producing gobIèt cells is
high. In the vitamin A-deficient state, the conjunctival epithelium becomes flattened in
appearance and the number of goblet cells is
dramatically reduced (WHO, 1996). It has been
suggested that this method should be the one
for assessing marginal vitamin A deficiency in
children (Olson, 1994a). Unfortunately, it is
labour-intensive, assessment is dependent on
individual skills and the two-month delay for
the reading to normalize following treatment
of children who previously had low liver reserves
of vitamin A and plasma retinol (< 0.7 mol/L)
reduces its efficiency in monitoring changes in
status (Amédée-Manesme et al., 1988).
2.5.2 Biochemical methods
2.5.2.1 Relative dose response (RDR) (Underwood,
1990a,b)

This method is based on release of apo-RBP (i.e.
unbound protein, as opposed to holo-RBP, the

retinol-bound protein) from the liver to the
serum. In individuals with low vitamin A status,
apo-RBP accumulates in the liver. Some apoRBP is released after administration of an oral
dose of vitamin A (for example, as retinyl
acetate in oil). First, baseline serum retinol (A0)
in a blood sample is measured by high-performance liquid chromatography (HPLC). Five
hours after an oral dose of 450-1000 pg retinyl
acetate, a second sample is analysed for serum
retinol (A5). An RDR value is calculated from
RDR = (A5 A0) X 100/A5. A value over 20% is
a positive indication of vitamin A inadequacy,
which indicates a low vitamin A concentration
in the liver (:~ 0.07 pmol/g vitamin A) (McLaren
& Frigg, 1997).
-

2.5.2.2 Modified relative dose response (MRDR)
(Tanumihardjo et al., 1990a)

This method is based on the administration of
a single oral dose of 0.53 mmol of 3,4-didehydroretinyl acetate and subsequent analysis of a
blood sample 4-6 h later for both 3,4-didehydroretinol and retinol. Vitamin A status is
determined by the ratio between 3,4-didehydroretinol and retinol as follows:
MRDR = 3,4-didehydroretinol/retinol
MRDR is considered to be normal when the
ratio is below 0.06 (McLaren & Frigg, 1997).
At .a population level, the WHO has classified countries as mildly, moderately or severely
deficient, based on a prevalence of vitamin A
deficiency, as measured by any of these three
tests, of < 20%, > 20-30% and > 30%, respectively.
2.5.2.3 Serum retinol

Serum concentrations of retinol can be measured directly by HPLC of an organic solvent
extract of a serum sample using reversed-phase
chromatography on a C18 column and detection by UV absorption at 326 nm (Frolik &
Olson, 1984; Catignani & Bien, 1983; Barua et
al., 1993). Since retinol concentrations in serum
are, under homeostatic control, the values are
useful indicators of status only when concentrations are very high or very low.
Measurements of serum retinol are most useful
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at the population level for the assessment
of intervention programmes in vitamin A-deficient populations. The concentration of retinol
in well nourished adults is 1.8-3.2 pmol/L.
The median and range (5-95%) are lower in
women (e.g., 1.8 pmo1/L; 1.2-2.8 imo1/L) than
in men (2.2; 1.4-3.2) (Gregory et al., 1990). The
WHO suggests that a serum retinol level of
<0.7 timol!L in 10% of a population is indicative of a public health problem (WHO, 1996).
The validity of measurements of plasma
components is critically dependent on stability
during storage. In general, the stability of
retinol and its esters is very good when plasma
or serum samples are stored in sealed containers
at -70 °C. Carotenoids are somewhat less stable
than retinoids under similar storage conditions.
The stability of retinyl esters in lipoproteins has
not been carefully studied. With regard to
short-term storage, when serum was left stored
overnight at 4°E in the dark, retinol and
ct-tocopherol concentrations were unchanged,
whereas carotenoid concentrations decreased by
an average of 5% (Key et al., 1996). To
maximize stability for long-term storage at
-700c, serum samples should be prepared as
soon as conveniently possible after blood is
drawn. The gas space above the sample should
be kept as small as possible, and the tube
should be hermetically sealed. Degassing the
samples before storage is helpful, and filling the
gas space, preferably with argon or with oxygen-free nitrogen, is recommended but not
essential. Several aliquots of each sample
should be prepared to avoid the adverse effects
of repeated freezing and thawing at a later time.
2.5.2.4 Vitamin A in food

Determinations of native or supplemental vitamin A in food in the form of provitamin A
carotene and retinyl esters are usually performed by reversed-phase high-performance liquid
chromatography on a c18 column. Foods may
or may not have been saponified before the
preparation of an organic extract. J3-carotene and
other carotenoids are detected by UV absorption at 450 nm and retinol and its esters at
326 nm (Furr et al., 1992). Data in food composition tables on food analyses of retinol and
provitamin A carotenoids should be interpreted

with care. Values for preformed vitamin A, the
form found in foods of animal origin, are usually more accurate than data on carotenoids in
vegetable foods. In addition, preformed vitamin
A is better and more predictably absorbed than
provitamin A sources. Absorption of the latter
can vary appreciably depending on food preparation and cooking methods: chopping, heating
and the presence of oil tend to increase bioavailability. The methodology used to assess vitamin
A status using dietary enquiry methods and
food composition tables is described in Section 4.
2.5.2.5 Milk analysis

Human milk contains retinyl esters and provitamin A carotenoids (Canfield et al., 1997;
Khachik et al., 1997) in amounts which reflect
the vitamin A status of the mother. Therefore,
milk analysis provides a non-invasive method
of assessing vitamin A status. This analysis
includes a saponification step before organic
extraction. The extract is then analysed as for
serum analysis. A retinol concentration below
1.05 jimol/L in milk is considered by the WHO
to reflect vitamin A deficiency and a public
health problem is considered to occur when more
than 25% of the lactating female population has
lower milk levels (McLaren & Frigg, 1997).

3.

Metabolism, kinetics, tissue
distribution, and inter- and intr
species variation

Much of our knowledge about metabolism and
function of vitamin A has been derived from
experimental studies with animals, particularly
rats (see Section 3.2). In this handbook, recent
research studies and current reviews are emphasized. The older literature can be accessed via
the reviews cited.
3.1
Human studies
3.1.1 Introduction

Vitamin A is an essential nutrient for humans
and other vertebrates (Blomhoff,. 1994a; Olson,
1994b; Ross, 1998). carotenoids that contain at
least one unsubstituted 13-ionone ring serve as
precursors of vitamin A (Blomhoff, 1994;
Olson, 1994b; Olson, 1998; Ross, 1998).
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Vitamin A is well absorbed by the intestine,
transported from the intestine to the liver and
other organs in chylomicra, and stored largely
in the liver as retinyl esters. Vitamin A functions in vision, cell differentiation, and embryonic development. Many other physiological
processes, including growth, reproduction and
the immune response, are dependent upon
these cellular functions of vitamin A.
3.1.2 Absorption

Preformed vitamin A is present mainly as
retinyl esters in the diet. In the small intestine,
the esters are hydrolysed by esterases in pancreatic juice and in the brush border of intestinal
mucosal cells. Free retinol is incorporated into
lipid micelles in the gut lumen and taken up by
absorptive epithelial cells of the intestine
(Blomhoff, 1994a; Olson, 1994b; Ong, 1994;
Ross, 1998). A specific transporter for retinol,
identified in rats, may also exist in human
intestinal cells (Ong, 1994). Within intestinal
cells, retinol, probably as a complex with cellular retinol-binding protein type II (CRBP-II), is
re-esterified by transfer of a fatty acid from the
a-position of phosphatidyl choline (Ong,
1994). Vitamin A, mainly as retinyl ester, is
then incorporated into chylomicra and released
into the lymph (Blomhoff, 1994a; Olson,
1994b; Ross, 1998). By analogy with other
species, provitamin A carotenoids are mainly
cleaved oxidatively to one or two molecules of
retinal, which is then enzymically reduced to
retinol in intestinal cells (Devery & Milborrow,
1994; Nagao et al., 1996; Olson, 1998). A minor
portion of provitamin A carotenoids can be oxidized asymmetrically to 3-apocarotenals, by
both chemical and enzymatic routes (Krinsky et
al., 1993) Under conventional dietary conditions, most absorbed f3-carotene is cleaved to
vitamin A in the upper part of the human intestine (Parker, 1996), although the liver and other
organs also possess this capacity. As 13-carotene
intake increases, the efficiency of absorption is
reduced.
• The absorption of preformed vitamin A in
healthy humans is quite efficient (60-90%) in
the presence of an adequate amount of dietary
fat (Blomhoff, 1994a; Olson, 1994b; Ross,
1998). The efficiency of intestinal absorption of
32

retinyl esters from supplement preparations,
however, depends on the matrix or carrier present, the rate of release of vitamin A from the
preparation, and the types and amounts of solubilizers and stabilizers. The daily dose of
retinyl ester that induces signs of toxicity also
depends on the nature of the formulation.
Intestinal infections reduce the absorption efficiency to only a minor extent (Tanumihardj o et
al., 1996). In the absence of bile, as in cholestasis and related disorders, however, vitamin A
absorption is markedly reduced (AmédéeManesme et al., 1988).
Even at doses of vitamin A as high
as 200 000 lU (60 mg) in oil, the absorption
efficiency is over 50% in healthy humans
(Sommer & West, 1996), in contrast to many
other nutrients. Indeed, such doses prevent
the appearance of signs of vitamin A deficiency
in vitamin A-depleted children for periods
of up to six months (Underwood & Arthur,
1996).
3.1.3 Transport

Apart from chylomicra, vitamin A is transported
in human plasma primarily as all-trans-retinol
on a specific binding protein, retinol-binding
protein (RBP) (Goodman, 1984; Blomhoff,
1994a; Olson, 1994b; Soprano & Blaner, 1994;
Ross, 1998). The amino acid sequence and
three-dimensional structure of human RBP are
known (Goodman, 1984; Soprano & Blaner,
1994; Newcomer, 1995). Its molecular weight
is 21 kDa, and it contains a 13 -barrel as an internal binding-pocket for retinol. RBP is synthesized primarily in parenchymal cells of the
liver but also in other organs (Blomhoff,
1994a; Olson, 1994b; Soprano & Blaner, 1994;
Ross, 1998). The plasma concentration of the
1:1 retinol—RBP complex (holo-RBP) is finely
regulated. As a consequence, liver reserves of
vitamin A can vary from relatively high (1
pmol/g) to relatively low (0.07 jtmol/g) concentrations without an appreciable change in
the plasma concentration (Blomhoff, 1994a;
Olson, 1994b; Ross, 1998). The regulatory
mechanism, although not fully clarified, seems
to depend on three factors: (a) the rate of release
of retinol from stored retinyl ester in liver cells,
(b) the release of holo-RBP from liver cells, and
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(c) feedback inhibition of the releasing mechanisms by retinoic acid and other products of
metabolism (Blomhoff, 1994a; Olson, 1994b;
Ross, 1998). Thus, a dose of retinoic acid lowers
plasma retinol level markedly, but in a transient
manner, in humans (Barua et al., 1997). Furthermore, an analogue, N-(4-hydroxy-phenyl)retinamide (4-HPR), which is being studied as a
preventive drug for breast cancer and other
cancers, inhibits the release of holo-RBP from
liver cells and, as a consequerie, markedly
lowers plasma retinol in humans (Formelli et
al., 1996). In the plasma, holo-RBP is present as
a 1:1 complex with tetrameric transthyretin,
the binding protein for thyroxine (Blomhoff,
1994a; Olson, 1994b; Ross, 1998).
The plasma concentration of retinol in
young children is approximately 60% of that
in adults. The level increases during adolescence,
however, to reach adult values (Pilch, 1985).
Mean values for a healthy population are
given in Table 1. Adult males show 12-18%
higher values than adult females (Pilch, 1985;
Gregory et cil., 1990). Steady-state plasma concentrations of retinol may well be affected by
genetic factors as well.
Other forms of vitamin A found in human
plasma include all-trans-retinyl ester, all-transretinoic acid, 13-cis-retinoic acid, all-trans-4oxoretinoic acid, 13-cis-4-oxoretinoic acid, alltrans-retinyl 3-glucuronide all- trans -retinoyl
3-glucuronide and 13-cis-retinoyl 3-glucuronide
(Blaner & Olson, 1994; Barua, 1997). The

Table 1. Mean concentrations of serum vitamin A (retinol + retinyl esters) (pg/dL) in
humans as a function of agea
Age (years) Percentiles

3-5
6-11
12-17
18-44
45-74
a

10

50

90

24.0
27.0
32.0
37.0
42.1

35.0
36.1
44.0
54.0
60.0

49.1
49.0
59.0
75.1
85.0

Values for all races and both sexes, United States population
(Pilch, 1985).

plasma concentration of all-trans-retinol in
healthy adults is about 2 p.mol/L, of retinyl ester
usually <0.2 p.mol!L (10% that of retinol), and
that of the other forms approximately 2-20
nmol/L (0.1-1% that of retinol) (Blaner &
Olson, 1994; Formelli etal., 1996; Barua, 1997).
Retinyl esters are found in chylomicra, in chylomicron remnants and in low-density lipoproteins, whereas retinoic acid forms a complex
with albumin. The retinoid glucuronides,
although much more water-soluble than vitamin A, are nonetheless bound to plasma proteins (Blaner & Olson, 1994; Formelli et al.,
1996; Barua, 1997). Lipoprotein lipase hydrolyses triglycerides present in chylomicra, thereby
converting them to chylomicron remnants.
Chylomicron remnants, which retain the retinyl
esters, are mainly taken up by parenchymal
cells of the liver, although other tissues can also
remove them from the circulation (Blaner &
Olson, 1994).
3.1.3.1 Factors affecting plasma retinoid
concentrations

Plasma retinol levels are homeostatically
controlled. In vitamin A-sufficient persons,
therefore, daily intakes of vitamin A of up to
25 000 lU have little or no effect on steady-state
serum retinol concentrations (Willett et al.,
1983). In some studies with vitamin A-sufficient subjects, however, retinol supplements
induced significant, but small, increases in
serum retinol concentrations. For example, in a
baseline survey of smokers and asbestos workers of both genders, subjects who routinely
used commercial supplements of vitamin A
(usually 5000 lU/day) showed slightly higher
(8%) plasma retinol concentrations than those
who did not (Goodman et al., 1996). Similarly,
women with low initial serum retinol concentrations who received daily supplements of
10 000 lU showed a significant 9% increase
(p<0.02) in plasma retinol within four weeks
(Willett et al., 1984a). Subjects receiving larger
oral supplements of vitamin A (17 000-50 000
TU) daily for 5 or 20 days also showed some
increase in plasma retinol levels, but more
marked increases in the plasma concentrations
of retinyl esters, all-trans- and 13-cis-retinoic

33

IARC Handbooks of Cancer Prevention

acid and all -trans- and 13-cis-4-oxoretinoic acid
(Eckhoff & Nau, 1990a; Buss etal., 1994). Supplements caused more marked increases in plasma
retinoids than the same amount of vitamin A
present in calf liver (Buss et al., 1994). This is
clearly reflected in the data of Arnhold et al.
(1996) (see Table 2), from human volunteers

consuming a liver meal. The vitamin A was
taken up and metabolized very differently to
the vitamin provided in a supplement, in
particular with regard to its metabolism to
all-trans-retinoic acid (see for comparison Table
3) (Eckhoff & Nau, 1990a).

Table 2. Plasma retinoids following consumption of fried turkey liver by healthy male
volunteersa
Following liver consumption
Retinoid

AUG024 h
(ng x h/mL)

Cend
(ng/mL)

Cmax
(ng/mL)

(h)

641 ± 99

800 ± 105*

9

16822 ± 1982

Retinyl palmitate''

32.2 ±19.1

3540 ± 1736*

4

21114 ± 7952

14-Hydroxy-4,14-retroretinol

C

3.7 ± 0.9

4

61.7 ± 9.0

All-trans-retinoic acid

0.8 ± 0.2

2.0 ± 0.5*

2

19.7 ± 1.7

All-trans-4-oxoretinoic acid

C

10

14.7 ± 6.4

1 3-cis-retinoic acid

1.1 ± 0.2

0.8 ± 0.2
21.5 ± 43*

4

204 ± 35.3

13-cis-4-oxoretinoic acid

2.4 ± 0.6

32.1 ± 49*

10

435 ± 68.5

9-cis-retinoic acid

NDd

2.7 ± 1.1

4

10.7 ± 3.4

9,13-di-cis-retinoic acid

NDd

17.1 ± 5.8

4

68.2 ± 21.6

Retinol

Tmax

a Values are means ± SD for Cend Cmax and AUCO24h; medians for Tmax (n = 10).
Retinyl palmitate data calculated with n = 9 due to one outlier (Cmax = 14106 ng/mL, and AUG0 24h = 104 858 ng x h/mL).

b

Endogenously detectable in three samples only; 1.3 ± 0.2 ng/mL (for 14-Hydroxy-4,14-retroretinol), and 0.6 ± 0.3 ng/mL (for
all-trans-4-oxo retinoic acid).
ci
Not detectable; detection limit; 0.3 ng/mL (for 9-cis-retinoic acid), and 0.5 ng/mL (for 9,13-di-cis-retinoic acid).
* Significantly higher than C
end (P< 0.001, Student's t-test for paired data).
From Arnhold et aL (1996)

Table 3. Retinoic acid concentrations in human plasma following ingestion of a retinyl
palmitate supplement
Concentration (ng/mL plasma, mean ± SD)
Sample

na

13-cis-4-oxo-RA

13-cis-RA

All-trans-RA

Normal plasma

10

3.68 ± 0.99

1.63 ± 0.85

1.32 ± 0.46

9.75 ± 2.18 cd

3.92 ± 1.40c

Max. plasma conc. after 833 lU

5

7.60 ± 1.45

b,c

vitamin AIka body weiaht
a Number of subjects
b

Highest concentration measured until 6 h after dosing.

Different versus normal plasma p < 0.01 (Student's t-test).
d Different versus maximum of all-trans-retinoic acid at p < 0.01 (Student's t-test).

C

From Eckhoff and Nau (1 990a)
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When the vitamin A status is poor, however,
serum retinol concentrations are decreased. In
such cases, daily doses of vitamin A can
markedly increase serum retinol concentrations.
For example, retinol concentrations increased
20% as a result of supplementation in a
Chinese study (Thurnham et al., 1988) and 13%
in an Indian study (Jyothirmayi et ai., 1996).
Cigarette smoking was associated inversely
with plasma concentrations of carotenoids, and
to a lesser degree with plasma levels-of vitamins C
and E, but was positively associated with plasma
retinol in Afro-American women (Pamuk et ai.,
1994). In keeping with this finding, cigarette
smoke degraded the carotenoids and a-tocopherol in human plasma to a greater extent
than retinol (Handelman et al., 1996). Plasma
retinol concentrations were positively associated
with alcohol use and physical activity and negatively associated with ingestion of soy products in male Japanese smokers (Kitamura et al.,
1997). Adipose tissue concentrations of vitamin
A were also positively associated with alcohol
and with smoking, but negatively associated
with body mass index in European men and
women (Virtanen et al., 1996). Plasma
a-tocopherol concentrations generally are not
depressed by long-term interventions with
3-carotene and vitamin A (Goodman et al.,
1994).
Diseases also influence plasma retinol
concentrations. Values are generally lower in
cases of cancer, liver disease, protein-calorie
malnutrition and infections and are generally
higher in many, but not in all, kidney disorders
(Goodman et ai., 1994; Soprano & Blaner, 1994;
Olmedilla et al., 1996).
3.1.4 Uptake by tissues
Chylomicron remnants contain two apolipoproteins, B48 and E, for which specific receptors exist on the surfaces of parenchymal cells
of human liver. Whether such receptors are present on cells of other human tissues is less clear.
The uptake of chylomicron remnants is by
receptor-mediated endocytosis (Blaner &
Olson, 1994; Blomhoff, 1994a; Olson, 1994b;
Ross, 1998).
The uptake by tissues of retinol from holoRBP may proceed by one of two mechanisms:

(a) interaction with a receptor for RBP on the
surface of target cells, or (b) dissociation of
holo-RBP followed by interaction of free retinol
with the membranes of target cells (Blaner &
Olson, 1994). The case for a specific receptor
has best been shown with bovine retinal pigment epithelial cells, but less convincingly with
other tissues, whereas the rate of dissociation of
holo-RBP accords with physiological rates of
uptake. It is quite possible that both mechanisms occur under different physiological conditions (Blaner & Olson, 1994).
3.1.5 Tissue distribution
All tissues of the human body contain vitamin
A. Its distribution in various tissues of generally
healthy subjects in Iowa, United States, dying
of various causes is shown in Table 4 (Raica et
al., 1972). The liver clearly is the major storage
organ for vitamin A, although fat and muscle
contain significant total amounts, albeit at
much lower concentrations. The plasma contains <1% of the total vitamin A in the body of
a well nourished adult. Other organs examined
contain much smaller amounts. Both the concentrations of vitamin A in tissues and the total
amount present in the body vary widely
between individuals. The total amount of
vitamin A in the body of well nourished individuals (a mean of about 260 mg; Table 4) is
catabolized at a slow rate (0.5%/day). Thus,
signs of vitamin A deficiency in well nourished
persons who ingest a diet very low in total
vitamin A appear only after a year or more
(Sauberlich et ai., 1974).
Nonetheless, different European groups
show different concentrations of total retinol
(retinol + retinyl esters) in various tissues. For
example, middle-aged Norwegian men showed
the highest (2.3 jig total retinol/g fatty acids)
and middle-aged Spanish women the lowest
(0.9 jig/g) mean concentrations of total retinol
in adipose tissue biopsies obtained from the
buttocks in a study of 1025 subjects in nine
European countries (Virtanen et ai., 1996). Men
tended to show higher mean adipose tissue values
than women, except in the Netherlands.
Different adipose tissue sites show different
mean levels of total retinol. Thus, the mean
concentrations of total retinol in breast adipose

35

IARC Handbooks of Cancer Prevention

tissue, while higher than those in buttocks,
were essentially the same between premenopausal and postmenopausal women and between
those with cancer and those with benign breast
disease (Zhu et al., 1995). Mean values in fat
were approximately 29 ± 9 mg (SD) of vitamin
A/g wet weight, lower than the liver concentration but higher than that of other tissues studied (Table 4). Human colonic epithelial cells
contain a mean concentration of 16 ng total
retinol/107 cells, similar concentrations of various carotenoids and much higher concentrations of vitamin F (Nair et al., 1996). The
denser, less mature colonic cells contained
most of these nutrients. On average, 109 cells
are equivalent to 1 g wet weight of tissue. Thus,
the mean total retinol concentration would be
1.6 jig/g tissue. Lung tissue of cancer patients
contains mean total retinol. concentrations of
0.15 jig/g, 60-fold higher oc-tocopherol concentrations, and approximately two-fold higher
carotenoid concentrations (Redlich et al.,
1996). Lung tissue concentrations of total
retinol correlated with total retinol levels in
bronchoalveolar lavage cells but not with

serum values. Mean total retinol concentrations in these cancer patients tended to be
lower than those found (0.91 ig/g) in presumably normal lung samples obtained at autopsy
(Table 4). The retinoic acid concentration in
human prostate carcinoma cells was reduced
5-8-fold relative to normal prostatic cells,
whereas the retinol concentrations were the
same (Pasquali et al., 1996).
3.1.6 Metabolism

Within the human intestinal mucosa, retinal is
readily reduced to retinol by retinal reductase
and other similar enzymes. Thus, retinol is the
merging point for vitamin A derived both from
provitamin A carotenoids and directly from the
diet. Because observations in humans are fully
consistent with those from other animal
species (see Section 3.2), these transformations
are only briefly summarized here.
Retinol can be oxidized reversibly to retinal
and then further, but irreversibly, to retinoic
acid in essentially all organs (Blaner & Olson,
1994). Retinol and retinoic acid, by reaction
with uridine diphosphoglucuronic acid, form

Table 4. The distribution of vitamin A (retinol and retinyl esters) in tissues of adult
humans
Tissue

Mean vitamin A
( g/g)a

Tissue % of body
weightb

Mean total amount
(mg)c

Liver
Fat
Muscle
Serum
Lung
Heart
Kidney
Spleen
Pancreas
Testes
Adrenal
Thyroid
Prostate

149.00 ± 132.00
1.46 ± 1.55
0.35 ± 0.26
0.57 ± 0.22d
0.91 ± 1.89
1.08 ± 1.92
0.71 ± 0.61
0.89 ± 0.88
0.52 ± 0.28
1.14± 1.23
1.26 ± 0.98
0.43 ± 0.33
0.32 ± 0.31

2.30
18.80
42.80
4.90
0.73
0.42
0.41
0.25
0.16
0.04
0.02
0.04
0.02

232.44
18.69
10.18
1.90
0.46
0.31
0.20
. 0.15
0.06
0.03
0.02
0.01
<0.01

a

% of total amount

87.90
7.07
3.85
0.72
0.17
0.12
0.08
0.06
0.02
0.01
<0.01
<0.01
<0.01

Mean values ± SD for tissues are taken from Raica et al. (1972).
Long, 1961. Major organs not analysed include bone (11-15%), stomach and intestine (6-10%), skin (7%) and brain
(2%).
C
Based on a reference body weight of 68 kg.
d Mean value ±SD, in mg/mi, for adults of both sexes, 18-74 years.
b From
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retinyl f3-glucuronide and retinoyl -glucuronide, respectively, in the liver, intestine,
and other organs (Blaner & Olson, 1994; Barua,
1997). As already indicated, retinoic acid and
these two glucuronides are present in low concentrations in human blood (Blaner & Olson,
1994; Formelli et al., 1996; Barua, 1997).
Retinol is esterified by transfer of a fatty acid
from the cr-position of phosphatidyl choline
to yield retinyl esters, most notably in the
intestinal mucosa, liver and retinal pigment
epithelial (RPE) cells of the eye, but also in
other tissues. The major esters formed are
palmitate and stearate, with smaller amounts
of oleate and of polyunsaturated fatty acids
(Blaner & Olson, 1994). In the intestine,
retinyl esters are incorporated into chylomicra, in the liver into vitamin A-containing
globules of parenchymal cells and stellate
cells, and in RPE cells into lipid aggregates.
Stellate cells, the major storage cells for vitamin A, have been found in many organs of
several species (Wake, 1994).
Retinoic acid can be hydroxylated at the
C-4, C-16 and C-18 positions, as well as
elsewhere, converted to the 5,6-epoxide, and
cleaved at various points in its conjugated chain
to form a variety of oxidation products. 4Hydroxyretinoic acid can be oxidized
irreversibly to its 4-oxo derivative. In humans,
these oxidation products may also have some
biological activity (Blaner & Olson, 1994).
The rate of catabolism of administered
retinoic acid has been reported to vary with the
presence of some types of carcinoma of the
lung. After a large oral dose (45 mg/m2) of
retinoic acid in lipid-rich solution (Ensure®), for
example, patients with squamous or large-cell
carcinoma were six times more likely to have
an area under the concentration-time curve
(AUC) greater than 250 ng-h/mL (RR, 5.93; 95%
CI, 1.3-27.2) than controls free of cancer. In
contrast, these AUG values were inversely
associated with adenocarcinomas of the lung
(RR, 0.12; 95% CI, 0.02-0.65) (Rigas et al.,
1996). The most likely explanation for such differences in retinoic acid catabolism is the activity of cytochrome P450 (GYP) enzymes, which
are involved in the 4-hydroxylation of retinoic
acid and retinol, as well as in the activation and

subsequent inactivation of carcinogens (Leo et
al., 1989; Rigas et al., 1996). The conversion of
retinol and retinoic acid to their 4-hydroxy
metabolites in human liver is catalysed by the
CYP2C8 isozyme (Leo et al., 1989).
In RPE cells, a physiologically important
enzyme, retinyl ester isomerohydrolase, converts all-trans-retinyl ester to 11-cis-retinol and
a free fatty acid (Rando, 1994). Thereafter,
1 1-cis-retinol can either be esterified in the RPE
or oxidized to 11-cis-retinal. The latter is transported on a specific protein, the interphotoreceptor retinol-binding protein (IRBP), across
the inter-photoreceptor space to the outer
segment of rods and cones, where it combines
with opsin to form rhodopsin in the rod cells
and three types of iodopsins in cone cells
(Saari, 1994; Ross, 1998). All-trans-retinal, after
being released photochemically from rhodopsin and iodopsin, is reduced to retinol, which
is then ferried back to the RPE cells on IRBP.
Several specific binding proteins, termed
cellular retinol-binding proteins (CRBP) and
cellular retinoic acid-binding proteins
(CRABP), play crucial roles in the enzymatic
transformations of vitamin A within cells.
Several isoforms of each exist with different tissue distributions and actions. These retinoidbinding proteins may also play important regulatory roles in the overall metabolism of the
vitamin (Blaner & Olson, 1994; Napoli, 1996;
Ross, 1998).
3.1.7 Function
Vitamin A functions in vision, cell differentiation,
immune response and embryonic development
(Saari, 1994; Gudas et al., 1994; Semba, 1998;
Hofmann & Eichele, 1994). The function most
closely associated with cancer is cell differentiation. Most, but probably not all, actions of vitamin A in cell differentiation are induced by
retinoic acid via two classes of nuclear retinoid
receptor, RAR and RXR (Blomhoff, 1994a;
Mangelsdorf et al., 1994; Olson, 1994b;
Chambon, 1996; Ross, 1998). Each family has
three major subtypes, termed cx, P and '.
Because the distribution of each of these subtypes in different cells is different, they are presumed to have distinct cellular functions
(Blomhoff, 1994a; Olson, 1994b; Ross, 1998).

37

IARC Handbooks of Cancer Prevention

Synthetic ligands selective for each of these
nuclear receptors are already being tested in
clinical trials (Chustecka, 1998).
The nuclear retinoid receptors generally act
as heterodimers, of which the most common is
the RAR-RXR dimer. To be active, RAR must bind
retinoic acid (either the all-trans or 9-cis isomer),
whereas RXR need not. Indeed, in the presence
of either 9-cis-retinoic acid or a synthetic
analogue as a ligand for RXR, the activity of
processes dependent on the RAR-RXR dimer is
reduced in some systems but is synergistically
increased in other in-vitro and in-vivo models
(Blomhoff, 1994a; Olson, 1994b; Fimazar et al.,
1997; Ross, 1998). RXR also forms hetero-dimers
with nuclear receptors for triiodothyronine,
1 a, 25 -dihydroxy-vitamin D3 (calcitriol), peroxisome proliferator-activated receptors and others
(Blomhoff, 1994b; Mangelsdorf et al., 1994;
Olson, 1994b; Ross, 1998). Furthermore, the
ligand-bound RAR-RXR dimer can attenuate
the ability of the jun-fos dimer .to activate the
AP-1 site of the genome, thereby reducing cell
proliferation (Mangelsdorf et al., 1994). Thus, the
nuclear retinoid receptors and their ligands,
both natural and synthetic, show profound
effects on gene expression and on cell differentiation (Blomhoff, 1994b; Mangelsdorf et al.,
1994; Olson, 1994; Ross, 1998). The clinical
implications of these interactions have been
reviewed (Goss & McBurney, 1992; Jetten et al.,
1993; Lotan, 1996).
3.1.8 Excretion
Vitamin A (retinol and retinyl esters) in oil

is well absorbed (60-90%) from the human
intestine and any unabsorbed vitamin A, of
course, appears in the faeces. The absorption of
provitamin A carotenoids is less (<50%) and is
greatly affected both by their bioavailabiiity,
which can vary more than ten-fold in different
foods, and by the amount ingested (Parker,
1996; Olson, 1998). Absorbed vitamin A is
ultimately converted to a variety of inactive
products, as previously stated. In healthy individuals, a set of largely undefined products are
excreted in the urine in relatively small
amounts. During severe bacterial infections,
however, holo-RBP is excreted in the urine in
amounts that may exceed retinol intake by a

large margin (Stephensen et al., 1994). Thus,
children can be rapidly depleted of vitamin A as
a result of recurrent severe bacterial infections.
Light or moderate infestations with intestinal
parasites, such as Ascaris, do not seem to affect
vitamin A absorption much, but heavy infestations do (Tanumihardjo et al., 1996; Olson, 1995).
3.1.9 Kinetics

As noted above, ingested retinyl ester is hydrolysed in the intestinal lumen, resynthesized in
the intestinal mucosal cells, and released as a
component of. chylomicra into the lymph.
After entering the plasma, chylomicra are
degraded to chylomicron remnants that are
removed by the liver and other tissues. Retinyl
esters taken up by the liver are hydrolysed to
retinol, which is released as holo-RBP back into
the plasma. The kinetics of these processes have
been carefully investigated, both in rats and in
humans (Green & Green, 1994).
The half-life (t112) for triglyceride removal
from human chylomicra is 5-8 min (Karpe et
al., 1997). The conversion of chylomicra
(S > 400) to large chylomicron remnants
(S f 60-400), as measured by the presence of
retinyl palmitate in these fractions, is slower
(mean t = 51 mm), as expected. The kinetic
analysis is complicated, however, by the presence of pools of both Sf> 400 and Sf 60-400
species with rapid and slow turn-over. Neither
of these larger lipoproteins was detectably
converted to smaller ones (Sf 20-60), which
ostensibly are of greater concern in the formation of atherosclerotic plaques. The rate of conversion of chylomicra to large chylomicron
remnants was inversely related to low-density
lipoprotein (LDL)-cholesterol concentrations
(Karpe et al., 1997). The initial mean half-life
for the clearance of retinyl palmitate-labelled
chylomicra and chylomicron remnants was 19
min,within the range (10-53 mm) reported in
other studies (Berr, 1992). Both monoexponential (t112 19 mm) and biexponential clearance
patterns (t12 values of 19 min and 123 mm)
have been noted. Uptake rates are dose-dependent, however, and are saturable at fat intakes
of 70-100 g (Berr, 1992).
Investigation of the kinetics of orally ingested
vitamin A requires isotopically-labelled vitamin
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A to distinguish the dosed molecules from
endogenous retinol in the plasma. After a single
oral dose of 105 [mol [13 C3]retinyl palmitate in
coconut oil to fasting male adults, the plasma
level of retinyl ester reached a peak of
4.45 imol/L at a mean of 6.2 h after dosing
(Reinersdorff et al., 1996). Baseline retinyl ester
concentrations in the plasma are <0.2 imol/L.
The initial half-life for retinyl ester clearance
was approximately 1 h, followed by higher
values (slower clearance). The composition of
the plasma retinyl esters was 70% as the palmitate, 25% as the stearate, and 5% as the oleate.
The retinyl ester concentrations returned to
baseline values within 36 h. The {13 C3]retinol
concentrations in plasma rose slowly from 3 to
7 h and then tended to plateau. The appearance
of retinol probably represents the. release of
holo-RBP from the liver. In this regard, the halflife of plasma RBP in healthy male adults is
11-12 h when complexed with transthyretin
and 4 h when not complexed (Goodman,
1984). Most RBP (80-90%) is present as holoRBP in healthy adults, with 96% in the complexed state (Goodman, 1984). Later, the
[13 C3]retinol concentrations in plasma slowly
declined, probably as a result of three factors:
(a) mixing with total body reserves of vitamin
A, (b) dilution with dietary vitamin A (although
a diet low in vitamin A and fat was prescribed
in this study), and (c) irreversible loss. The
study terminated at four days (Reinersdorff et
al., 1996).
The estimated equilibration time for vitamin A
in human adults is 12-30 days (Sauberlich et al.,
1974; Furr et al., 1989; Haskell et al., 1997), whereas the estimated t112 value of liver reserves is
126-140 days (Sauberlich et al., 1974; Olson,
1987). Because the dose used (105 imol) in the
Reinersdorff et al. (1996) study was approximately
30-fold larger than the normal dietary intake,
however, the kinetics observed might differ from
those in individuals ingesting a conventional diet.
When [14 C]retinol in autologous plasma was
intravenously injected into three male adults, the
specific activity of retinol in the plasma decreased
rapidly for 20-30 days and then tended to
plateau (Green & Green, 1994). Kinetic analysis
indicated an average transit time of retinol in
serum of 5.4 h, an average recycling between

tissues and serum of 3 times, an average turnover
rate of 6.5 mg/day, and a disposal rate of 1.71
mg/day. The disposal rate (irreversible loss), however, is directly related to total body reserves. Of
the retinol turnover rate, 26% was irreversibly
utilized and 74% was recycled to the serum. In
a devised three-compartment model, the average retinol molecule has been predicted to
spend 0.86 days in the serum and 105 days in
the whole body pool before being irreversibly
lost (Green & Green, 1994). The clearance of
retinyl 'esters is slower (t172 = 57 mm) in persons
older than 50 years than in younger individuals
(t12 = 31 mm), which may explain the higher
mean fasting serum concentrations of retinyl
esters (58 nmol/L versus 38 nmol/L) in older persons (Krasinski et al., 1990a).
Labelled vitamin A has also been used to estimate total body reserves in humans by an isotope-dilution procedure. Based on reasonable
assumptions concerning intestinal absorption
efficiency, portion of the dose stored, equilibration time and catabolic rates, calculated values
of total body reserves have been shown to agree
well with measurements of vitamin A in liver
biopsy specimens (Furr et al., 1989; Haskell et
al., 1997).
3.2
Experimental models
3.2.1 Overview
3.2.1.1 Animal models

Most studies of vitamin A physiology have been
carried out in the rat. Although far less numerous, studies have also been undertaken in the
mouse, guinea-pig, rabbit, ferret, cow, pig,
monkey and several non-mammalian species
including the chicken and frog. The suitability
of any animal model for study of vitamin A
uptake, transport, storage and metabolism
depends on the physiological context of the
work. The processes of hepatic storage and
metabolism of vitamin A in man and in other
species are generally similar and, consequently,
investigations using any of these animal models provides insight relevant to the human situation. In contrast, investigations of the transfer
of vitamin A from the mother to the developing
fetus may be relevant to humans only if carried
out in higher primates, where the gross anatomy
of the placenta is similar to that of the human.
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The great majority of what is now known influence the chemopreventive actions of vitaregarding vitamin A uptake from the diet, its min A in different species.
Because most of the published information
transport in the circulation and its metabolism
and storage has come from investigations carried regarding vitamin A transport and metabolism
out in the rat. Recently, arising from the devel- has come from investigations carried out in the
opment of transgenic and knock-out mouse rat, the following review is based largely on rat
models, the mouse has become more widely data. Differences in vitamin A physiology that
have been identified between the rat and other
used for the study of vitamin A physiology.
Although vitamin A physiology in the species are highlighted as well as strain-specific
mouse seems to resemble that of the rat, sever- differences within a species.
al striking differences between: these species
have been observed. One is that mouse lung 3.2.1.2 Vitamin A metabolism and transport
contains very high concentrations of total Vitamin A transport and metabolism is highly
retinol (retinol + retinyl ester) compared to the specialized and complex. These processes
rat (see Section 3.2.6.4). In this regard, the rat involve both very specific intra- and extracelluclosely mimics the human. This difference lar vitamin A-binding proteins which bind
could raise doubts about the value of the mouse retinol, retinoic acid and retinal and specific
model to study processes in the lung that may enzymes. Vitamin A-binding proteins and
enzymes, along with their abbreviated names
be influenced by vitamin A.
It also is clear that the mouse is much more and proposed physiological functions, are listed
resistant than the rat towards developing vita- in Table 5. The vitamin A-binding proteins can
min A deficiency. Thus, for a weanling rat be classified according to whether they bind
maintained continuously on a totally vitamin retinol, retinoic acid or retinal and to whether
A-deficient diet; symptoms of vitamin A defi- they are found ultra- or extracellularly.
A simplified metabolic scheme for the
ciency are first observed after about two to
metabolism
of vitamin A from its uptake from
three months, whereas in the mouse, six
months or even much longer are required. In the diet to its activation in target cells is presome instances, mice have been maintained on sented in Figure 1.
a diet totally lacking vitamin A for two generations before symptoms of vitamin A deficiency 3.2.2 Intestinal uptake and metabolism of
dietary vitamin A
were observed. Although it seems possible that
the mouse accumulates larger body stores of Both preformed vitamin A and provitamin A
vitamin A and/or utilizes vitamin A more effi- carotenoids undergo metabolism within the
ciently, the physiological basis for this differ- intestine (Blaner & Olson, 1994). They undergo
ence in sensitivity has not been established. a series of metabolic conversions, extracellularly
The relevance of this difference in the context in the lumen of the intestine and intracellularof understanding vitamin A physiology in man ly in the intestinal mucosa, which result in the
preponderance of the dietary vitamin A being
is not clear.
Although the general processes of vitamin A converted to retinol (vitamin A alcohol). The
transport and metabolism are similar across retinol, along with other dietary lipids in the
intestinal mucosa, is packaged as retinyl ester
species, concentrations of metabolic intermediates and fluxes through metabolic pathways in nascent chylomicra. These are secreted into
the lymphatic system, and the bulk of chycan be markedly different. Thus, the concentrations of some vitamin A forms can vary sub- lomicron vitamin A is eventually taken up (as
stantially from species to species. Such varia- part of the chylomicron remnants) by the liver,
tions are thought to account for known species where the majority of the body's vitamin A
differences with respect to the teratogenic reserves are stored.
Absorption of vitamin A by the small inteseffects of vitamin A (see also Section 7.2.2.2). It
tine
is markedly influenced by the other conis possible that differences in metabolic fluxes
and intermediate concentrations can also stituents of the meal or dietary supplement. An
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Protein

Abbreviation

Proposed role(s)

1. Retinol -Extracellular
Retinol-binding protein
Interphotoreceptor retinol-binding protein

RBP
IRBP

Plasma transport of retinol
Visual process

Intracellular
2. Retinol
Cellular retinol-binding protein type I

CRBP-!

Substrate for LRAT reaction
Substrate for retinol dehydrogenases
Stimulate retinyl ester hydrolase
Facilitate cellular uptake of retinol

Cellular retinol-binding protein type Il

CRBR-Il

Substrate for intestinal retinal reductase
Substrate for intestinal LRAT uptake of retinol by the
cell

Intracellular
3. Retinoic acid
Cellular retinoic acid binding protein type!

CRABP-1

Facilitate oxidative metabolism of retinoic acid.
Delivery/inhibition of delivery of retinoic acid to nucleus

Cellular retinoic acid binding protein type Il

CRAPB-!l

Facilitate oxidative metabolism of retinoic acid
Delivery/inhibition of delivery of retinoic acid to nucleus

Retinoic acid receptor-a
Retinoic acid receptor-3
Retinoic acid receptor-7
Retinoid X receptor-a
Retinoid X receptor-n
Retinoid X receptor-7

RARa
RAR-P
RAR-7
RXR-a
RXR-f3
RXR--y

A. Vitamin A-binding proteins

.

4. Retinal - Intracellular
Cellular retinal-binding protein

.

CRAIBP

B. Enzymes
Lecithin: retinol acetyltransf erase
LRAT
Bile salt-independent retinyl ester hydrolase BSI-REH
Bile salt-dependent retinyl ester hydrolase BSD-REH
Brush border retinyl ester hydrolase
BB-REH

accompanying fat load is necessary to assure
optimal vitamin A uptake, since both bile salts
and free fatty acids are needed to emulsify vitamin A. For supplements, the matrix used to
solubilize and/or stabilize the vitamin A
can markedly influence the ability of the intestine to take up vitamin A, so that different

Regulate transcription of vitamin A responsive genes
Regulate expression of vitamin A responsive genes
Regulate expression of vitamin A responsive genes
Regulate expression of vitamin A responsive genes
Regulate expression of vitamin A responsive genes
Regulate expression of vitamin A responsive genes

Formation of the visual pigment

Catalyse retinyl ester formation
Catalyse retinyl ester hydrolysis
Catalyse retinyl ester hydrolysis
Catalyse hydrolysis of dietary retinyl ester

formulations of vitamin A have markedly different bioavailabilities which must be taken
into account in the design and evaluation of
chemoprevention trials.
A comprehensive review of the present
understanding of dietary vitamin A uptake and
metabolism is provided below. All vitamin A
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Figure 1. Simplified scheme for the transport and metabolism of retinol and retinyl esters in the digestive tract, the circulation and
the liver, and within target cells, applicable to humans and most animal models.
Details of these processes are described in the text. Not all processes, especially those indicated for target cells, necessarily occur in all cells. Abbreviations: CAR, provitamin A carotenoids (including 0-carotene); RAL, retinal; ROH, retinol; RE, retinyl esters; RA, retinoic acid; CRBP-1 and CRBP-11, cellular retinol-binding protein, types I and Il,
respectively; CRABP-I, cellular retinoic acid-binding protein; LRAT, lecithin: retinol acyltransferase; BB-REH, brush border retinyl ester hydrolase; REH, retinyl ester hydrolase;
RBP, retinol-binding protein; TIR, transthyretin; RAR, retinoic acid receptor; RXR, retinoid X recepto; RARE, retinoic acid response element.
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which enters the body must undergo these
processes. Since plasma retinol levels are tightly regulated in vitamin A-sufficient individuals,
the processes of dietary vitamin A uptake and
metabolism probably introduce more variability into the availability of vitamin A to target tissues than does the homeostatically regulated
blood retinol pathway.
3.2.2.1 Provitamin A carotenoid uptake and
metabolism
Provitamin A carotenoids like 13-carotene, acarotene and J3-cryptoxanthin are absorbed
intact by the mucosal cells of the proximal
small intestine (Blaner & Olson, 1994). Like
other neutral lipids in the diet, carotenoids are
very insoluble in aqueous environments and
must be emulsified with bile salts and free fatty
acids within the lumen of the intestine for
uptake into the mucosa (Goodman & Blaner,
1984). Within the mucosal cells, 13 -carotene is
cleaved through the action of carotene 15,15'dioxygenase (also known as the carotene cleavage enzyme) to retinal (vitamin A aldehyde)
(Blaner & Olson, 1994). This dioxygenase is
known to be cytosolic and influenced by bile
salts and vitamin A levels in the diet (van Viiet
et al., 1996). In the rat, it is located primarily in
mature jejunal enterocytes (Duszka et al.,
1996). Although this enzyme was first identified in the mid-1960s (Olson & Hayashi, 1965;
Goodman & Huang, 1965), it has never been
purified to homogeneity nor has its cDNA or
genomic clone been identified. The 13-carotene
cleavage reaction is a specific oxidation reaction through which molecular oxygen is added
across the central double bond (15,15'-double
bond) yielding retinal as the sole or preponderant product (Duszka et al., 1996; Nagao et al.,
1996). Although some studies suggest that 13carotene can undergo eccentric cleavage at any
double bond within the molecule (yielding two
of several different f3-apocarotenals), it appears
that if such cleavage occurs at all, it is not a
major pathway (Duszka et al., 1996; Nagao et
al., 1996).
Marked species differences exist with respect
to carotenoid absorption and/or metabolism
(Matsuno, 1991; van Viiet, 1996). No animal
model perfectly reflects the human situation

for 13-carotene metabolism (van Viiet, 1996).
Moreover, different commonly studied models
show different patterns of 13-carotene absorption, storage and conversion into vitamin A
(van Vliet, 1996). In man, the majority of
absorbed 13 -carotene (60-70%) is converted to
retinal and the remainder is absorbed intact
and deposited (or stored) in adipose tissue
(Olson, 1990). In addition, humans, unlike
most non-primate species, transport 13-carotene
primarily in the LDL fraction (van Viiet, 1996).
Animal models used for study of f3-carotene
uptake and metabolism include the ferret, the
preruminant calf, rodents, the rabbit, the pig
and the chicken. The ferret is a poor converter
of provitamin A carotenoids to vitamin A
(Lederman et al., 1998). Unlike humans, both
ferrets and cows have relatively high fasting
retinyl ester levels in blood (Ribaya-Mercado et
al., 1994; Lederman et al., 1998). Rodents and
chickens are very efficient carotenoid converters but they absorb intact carotenoids only
when these are provided at high doses (van
Vliet, 1996). The pig, in general, is a good
model for digestion and absorption of
carotenoids, but is not a very efficient converter of 13-carotene to vitamin A (Schweigert et al.,
1995). Moreover, the pig seems to store most of
the absorbed 13-carotene in lung and not adipose tissue and liver, two major sites of 13carotene deposition in man (Schweigert et al.,
1995). Rabbits similarly do not store carotenoids in fat (van Viiet, 1996). Because of these
interspecies differences, it is difficult to formulate from animal studies solely a unified model
for 13-carotene absorption and its metabolism to
vitamin A that is directly applicable to man.
The metabolism and conversion of carotenoids
into vitamin A is considered in more detail in
Volume 2 of the IARC Handbooks of Cancer
Prevention.
Retinal formed by carotene cleavage is
immediately reduced by a microsomal enzyme,
retinal reductase, to retinol (Blaner & Olson,
1994). Intestinal retinal reductase requires the
participation of a second cytosolic protein,
cellular retinol-binding protein, type II (CRBPII) (Ong et al., 1994). CRBP-II, which binds both
retinal and retinol, plays a central role in the
processing of dietary vitamin A within
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the mucosal cell. In the adult rat, CRBP-II is
localized solely in the enterocytes of the small
intestine and is thought to act solely in dietary
vitamin A uptake and metabolism. It is a member of a family of closely related proteins that
also includes the intracellular fatty acid-binding proteins and the intracellular retinoid-binding proteins (Ong et al., 1994). CRBP-II shows
the highest degree of sequence homology with
the widely distributed cellular retinol-binding
protein, type I (CRBP-I) but is immunologically
distinct (Ong et al., 1994). Retinal, when bound
to CRBP-II, is the preferred substrate for reduction to retinol by intestinal retinal .reductase.
Retinol formed through this pathway is metabolically indistinguishable from retinol arriving
in the diet as preformed vitamin A and, hence,
undergoes the same subsequent metabolic
events as described below for preformed
vitamin A.
3.2.2.2 Preformed vitamin A uptake and
metabolism

Preformed dietary vitamin A consists primarily
of retinyl esters and retinol. Within the lumen
of the small intestine, some of the esters may be
hydrolysed to retinol, which, along with,
the retinol arriving as such in the diet, is taken
up by the mucosal cells. Pancreatic lipases,
such as triglyceride lipase and cholesteryl
ester hydrolase (also known as carboxy ester
lipase and bile-salt-dependent retinyl ester
hydrolase) are able to hydrolyse retinyl esters in
vitro and it has been assumed that these
enzymes mediate the luminal hydrolysis
of dietary retinyl esters (Goodman & Blaner,
1984; Blaner & Olson, 1994). However, studies
in the rat have indicated that a retinyl ester
hydrolase activity intrinsic to the brush border
membrane of the small intestine plays a central
role in this process, making a quantitatively
greater contribution to the hydrolysis of dietary
retinyl ester than the pancreatic enzymes
(Rigtrup & Ong, 1992). The intrinsic brush
border retinyl ester hydrolase activity is stimulated by both trihydroxy and dihydroxy
bile salts, and preferentially hydrolyses longchain retinyl esters like retinyl palmitate. This
brush border retinyl ester hydrolase from the
rat small intestine mucosa is probably identical

im

to the brush border phospholipase B characterized earlier for this tissue (Rigtrup et ai.,
1994).
Retinol formed through the hydrolysis of
dietary retinyl esters or arriving as such in the
diet is taken up by the mucosal cells.
Unhydrolysed dietary retinyl ester is very poorly
absorbed, if at all, from the intestinal lumen.
The process of retinol uptake requires emulsification of the retinol by bile salts and free fatty
acids (Goodman & Blaner, 1984). In the rat, a
retinol transport protein within the plasma
membrane of the enterocyte facilitates retinol
uptake (Dew & Ong, 1994). Within the intestinal mucosa, all retinol is re-esterified with longchain fatty acids (primarily palmitic, with
smaller amounts of stearic, oleic and linoleic
acids) through the action of the enzyme
lecithin:retinol acyltransferase (LRAT). The. synthesized retinyl esters are packaged along with
other dietary lipids into nascent chylomicrons
and secreted into the lymphatic system for
uptake into the circulation. Intestinal LRAT
requires retinol bound to CRBP-II as a substrate
(Blaner & Olson, 1994; Ong et ai., 1994). Thus,
CRBP-II plays a central role in directing or
channelling dietary retinol to nascent chylomicra for uptake into the body. Retinal formed by
carotene cleavage is also metabolically channelled, through binding to CRBP-II, towards
retinyl ester formation and packaging in
chylomicra. No information is available concerning the biochemical processes through
which the synthesized retinyl ester is packaged
by the mucosal cells into nascent chylomicra.
LRAT has been proposed to play a key role in
directing the metabolism of retinol throughout
the body. This enzyme catalyses the transfer of
an c fatty acid from the membrane-associated
phosphatidyl choline to all-trans-retinol and
has been reported to be present in the liver, eye,
small intestine and testes (Blaner & Olson,
1994). It is not clear whether the LRAT species
in each of these tissues are distinct gene products, but it has been established that hepatic
but not intestinal LRAT is actively regulated by
vitamin A nutritional status (Randolph & Ross,
1991; Matsuura & Ross, 1993). The biochemical
characteristics of LRAT have been summarized
by Blaner & Olson (1994). In essence, LRAT
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utilizes retinol bound to CRBP-II (in intestine)
or to CRBP-I (in other tissues) as its preferred
substrate. The apparent Km values of rat intestinal and hepatic LRAT for the retinol-binding
protein complexes are in the low micromolar
range, a concentration that is physiological
(Blaner & Olson, 1994). The properties and
roles of hepatic LRAT are discussed in Section
3.2.4.2. Figure 2 provides a schematic view of
the uptake and metabolism of pro- and preformed vitamin A by the intestine.
3.2.3 Chylomicron delivery of postprandial
vitamin A
3.2.3.1 Overview
Together with triglycerides, cholesteryl esters,
phospholipids and other dietary lipids, retinyl

IA1d**IIA/'

esters are incorporated into the apolipoprotein
B-48 (apoB48)-containing chylomicra and
secreted into the lymphatic system. Once in the
general circulation, chylomicra interact with
lipoprotein lipase (LPL) bound to the luminal
surface of the vascular endothelium and rapid
lipolysis of the triglyceride occurs. LPL-catalysed hydrolysis gives rise to free fatty acids and
a smaller lipoprotein particle termed a chylomicron remnant. The free fatty acids generated
from triglyceride hydrolysis are taken up by
extrahepatic tissues, including muscle and
adipose tissue, where they are ultimately used
as substrates for energy metabolism (Cooper,
1997). The chylomicron remnants acquire
apolipoprotein E (apoE) either in the plasma
or in the space of Disse, where apoE can
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Figure 2. Simplified scheme for the uptake and metabolism of retinol and retinyl esters in the
digestive tract applicable to humans and many animal models.
However, many animal species do not take up and/or metabolize carotenoids well. Details of these processes and specific
species differences are described in the text.
For key to abbreviations, see Figure 1.
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accumulate after its secretion from hepatocytes
(Williams et al., 1985; Hamilton et al., 1990; Ji
et al., 1994, 1995). The acquisition of apoE by
the remnant particles is essential for their clearance by the liver (Cooper, 1997). The importance of apoE in chylomicron remnant clearance is underscored by the fact that apoE-deficient mice clear postprandial cholesterol very
slowly (Ishibashi et al., 1994, 1996; Mortimer et
al., 1995). These mice also show very high circulating levels of total cholesterol and retinyl
esters, even in the fasting state. Data accumulated from studies carried out over the past
35 years consistently show that approximately
75% of chylomicron retinyl ester is removed
from the circulation by the liver and the
remaining 25% by extrahepatic tissues, including skeletal muscle, adipose tissue, heart, spleen
and kidney (Goodman et al., 1965).
Most species seem to process and metabolize
dietary lipids in a similar manner. In general,
dietary vitamin A uptake and its clearance from
the circulation are not thought to be very
different in rats, mice, rabbits and humans.
However, one major exception to this generalization can become important in disease states
that lead to decreased rates of clearance
of dietary lipids. Specifically, some species,
including rodents, totally lack plasma cholesteryl ester transfer protein, which catalyses the
transfer within the circulation of cholesteryl
esters and retinyl esters from triglyceride-rich
lipoproteins like chylomicra to low-density
lipoprotein (LDL) and high-density lipoprotein
(HDL) (Tall, 1995). Thus, in both man and rabbits, which express cholesteryl ester transfer
protein, some postprandial retinyl ester is
transferred to these lipoprotein fractions if lipid
clearance is impaired as the result of either disease or experimental intervention (Goodman &
Blaner, 1984; Blaner & Olson, 1994). The
retinyl ester transferred to LDL or HDL would
then be processed as a component of these
lipoproteins. In most healthy individuals the
amount of postprandial retinyl ester transferred
by cholesteryl ester transfer protein to LDL
and/or HDL is very small. Nevertheless, this
process may be significant in some pathological
states which involve delayed plasma lipid
clearance.

3.2.3.2 Hepatic clearance

ApoE is required for uptake of chylomicron
remnants by the liver, but the exact
mechanisms involved are still unclear. Several
distinct cell surface receptors that are able to
bind apoE-containing lipoproteins may well be
involved in the uptake of chylomicron remnants by hepatocytes. Among these are the LDL
receptor (LDL-R), the LDL receptor-related protein (LRP) and the lipolysis-stimulated receptor
(LSR) (Cooper, 1997). In addition, heparin sulfate proteoglycans (HSPG), located on the surface of hepatocytes, may also be responsible for
the initial interaction of remnants with the
cells of the liver (Cooper, 1997). Roles for LPL
and hepatic lipase in hepatic uptake have also
been suggested (Shafi et al., 1994; Beisiegel et cil.,
1991).
Gene targeting of the LDL-R has provided
evidence for the involvement of the LDL-R in
chylomicron remnant clearance by hepatocytes. In a mouse strain totally lacking this
receptor (LDL-R-'-), the rate of plasma clearance
of chylomicron remnants was unaffected, but
endocytosis of the remnant by the hepatocyte
was delayed (Mortimer et al., 1995; Ishibashi et
al., 1994, 1996; Herz et al., 1995). Thus, the rate
of clearance of chylomicron remnant cholesteryl ester from the circulation was comparable
to that of wild-type mice, but uptake of chylomicron remnant lipids into the liver of LDLR 1 mice was significantly delayed (Mortimer et
al., 1995; Herz et al., 1995). In double mutant
mice totally lacking both the LDL-R and apoE,
chylomicron remnants accumulated in the circulation to levels comparable to those observed
in apoE-deficient mice carrying the wild-type
LDL-R alleles (Ishibashi et al., 1996). Overall,
these data imply that the LDL-R contributes to
hepatic uptake of chylomicron remnants, but
suggest that chylomicron remnants are also
taken up by the liver through alternative apoEdependent processes which are distinct from
the LDL-R pathway and can compensate for
absence of the LDL-R pathway.
One such alternative apoE-dependent
process may involve LRP, a 600 kDa calciumdependent multifunctional receptor protein
that is a member of the LDL-R protein family.
LRP is identical to the receptor reported to be
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the activated receptor form of the a2-macroglobulin receptor and therefore also is known
as œ2-macroglobulin receptor/LRP. It is known
to interact with various ligands that are present
in the circulation (Cooper, 1997). These include
apoE activated a2-macroglobulin, LPL, lactoferrin,' receptor-associated protein (RAP) and various serum proteases. The involvement of LRP
in chylomicron remnant metabolism is supported by studies using RAP, a 39 kDa protein
that binds to LRP in the presence of calcium
ions and upon binding suppresses binding of
other ligands to LRP (Cooper, 1997). For mice
totally deficient in RAP (RAP'j, no difference
in the rate of chylomicron remnant clearance
was observed; however, in double mutants lacking both LDL-R. and RAP, chylomicron remnants (as assessed by apoB48 concentrations)
accumulated in the circulation to high levels
(Wilinow et al., 1995). Overexpression of RAP
in mice leads to accumulation of apoB48- and
apoE-containing particles in the circulation of
LDL-R-'- mice (Willnow et ai., 1994). Thus, it
would appear that LRP, like the LDL-R, is not
essential for clearance of chylomicron remnants by the liver. However, like the LDL-R, LRP
contributes to hepatic clearance of chylomicron remnants in a manner that can be compensated for through the actions of other
receptors.
A third receptor proposed to be present on
hepatocytes, the LSR, is distinct from the LDLR and LRP and may also contribute to uptake of
chylomicron remnants by hepatocytes (Bihain
& Yen, 1992; Yen et al., 1994; Mann et ai.,
1995). The role of this protein in chylomicron
remnant clearance has been studied in. both
human and rat cells. LSR activity seems to
depend on two distinct but interacting membrane
proteins (Bihain & Yen, 1992; Yen et ai., 1994).
Free fatty acids are thought to activate the LSR
by causing a conformational shift that reveals
cryptic binding sides for apoE and apoB. LSR binds
to lipoproteins (preferentially triglyceride-rich
particles) and to RAP at high concentrations.
Unlike lipoprotein particle binding to the LDLR and LRP, binding of ligands is calcium-independent (Yen et al., 1994). Whether LSR contributes to chylomicron remnant clearance in
vivo remains to be established.

While. internalization of chylomicron remnants by hepatocytes is mediated by cell surface
receptors, initial binding of the remnant to the
surface of the hepatocyte may involve the
actions of cell-surface HSPGs, which are especially abundant in the space of Disse. Data supporting a role for HSPGs in facilitating hepatocyte removal of chylomicron remnants has
been obtained from studies in mice. Following
intravenous administration of heparinase to
mice, the, rate of removal of apoE-rich remnant
particles by the liver was greatly reduced for
both wild-type and LDL-R-1- mice (Ti et al.,
1995; Mortimer et al., 1995). It seems reasonable to speculate that remnant binding to hepatocyte HSPGs helps increase the residence time
of apoE-containing remnant particles at the cell
surface, thus allowing time for the remnant to
bind to receptors like the LDL-R and/or LRP.
In summary, apoE plays an essential role in
the uptake of chylomicron remnants by the
liver. It seems likely that initially the chylomicron remnants are sequestered in close proximity
to the hepatocytes through binding to HSPGs
in the space of Disse. Subsequently, the
remnant is able to interact with a cell surface
receptor that mediates endocytosis of the
remnant particle. Both the LDL-R and LRP
appear to be important cell surface receptors for
the uptake of chylomicron remnants. De Fana
et al. (1996), employing RAP or antibodies
against the LDL-R, have estimated that approximately 55% of chylomicron remnants are
cleared through the LDL-R-mediated pathway
and approximately 25% through the LRP-mediated pathway. Ishibashi et ai. (1996) estimated
that approximately 75% of chylomicron remnants are cleared through the LDL-R pathway.
Although the role of LSR in chylomicron remnant clearance by the liver has not been fully
established, this receptor too may contribute
substantially to the process.
3.2.3.3 Extrahepatic tissue clearance

Early work by Goodman et ai. (1965) indicated
that in rats approximately 25% of postprandial
retinyl ester is taken up by extrahepatic tissues.
Following 'intravenous injection of doses of rat
mesenteric chylomicra containing [14C]retinyl
ester, a substantial portion of the 14C-label was
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detected in skeletal muscle, depot fat, heart,
spleen and kidney. Neither the physiological
significance nor the biochemical basis for the
observation that some chylomicron or
chylomicron remnant retinyl ester is taken up
by extrahepatic tissues has been systematically
investigated until recently. It now appears that
LPL plays an important role in facilitating
uptake of postprandial vitamin A by extrahepatic tissues.
Blaner et al. (1994) established that after
most of the chylomicron triglyceride has been
hydrolysed, chylomicron retinyl esters become
substrates for LPL-catalysed hydrolysis. The
hydrolysis of chylomicron retinyl ester
enhances the uptake of chylomicron vitamin A
by cultures of murine BFC-1f3 adipocytes
(Blaner et al., 1994). This led to the hypothesis
that LPL plays an important role in vivo in facilitating clearance of dietary vitamin A by extrahepatic tissues. Study of three mouse strains
having different patterns of expression of
mouse and human LPL (wild-type mice, LPLnull mice overexpressing human LPL in skeletal
muscle and wild-type mice overexpressing
human LPL in skeletal muscle) have provided
support for this hypothesis. Mice overexpressing human LPL in skeletal muscle took up
approximately two-fold more chylomicron vitamin A than did wild-type mice. The data from
these studies and from other studies in rats are
consistent in that the level of expression of LPL
activity in skeletal muscle, adipose tissue and
heart directly correlates with the amount of
chylomicron vitamin A taken up by the tissues.
Thus, it seems that the level of LPL activity in
skeletal muscle, adipose tissue and heart is a
key determinant of the amount of postprandial
vitamin A taken up by these tissues.
Other important findings regarding the clearance of chylomicron retinyl esters have come
from studies in primates (marmosets) and rabbits (Cooper, 1997). Mahley and Hussain (1991)
reported that the bone marrow of rabbits and of
marmosets takes up substantial amounts of
chylomicra. Chylomicron uptake by rabbit bone
marrow was 50-100% of that of the liver. Unlike
rabbit liver, where LPL helps facilitate uptake of
the chylomicron and its remnant, rabbit bone
marrow takes up chylomicron retinyl ester in

the total absence of LPL activity (Hussain et al.,
1997). It is thus clear that bone marrow too
plays a dynamic role in the overall metabolism
of postprandial vitamin A.
The LXR nuclear receptor, a member of the
steroid-thyroid-retinoid superfamily of receptors, is thought to be involved in regulating
expression of a variety of genes believed to be
important in the metabolism and transport of
cholesterol and triglycerides (Janowski et al.,
1996). The ligand for LXR is proposed to be a
sterol metabolite. LXR must form a heterodimer with RXR to be active. Thus, vitamin
A may play a role, along with sterol, in regulating its own uptake and transport following a
vitamin A-containing meal.
3.24 Hepatic storage and metabolism of
vitamin A

The liver is the major organ in the body for the
storage and metabolism of vitamin A. The preponderance of the body's vitamin A reserves is
stored as retinyl esters in hepatic stellate cells
(also called Ito cells, fat-storing cells, perisinusoidal cells and lipocytes; described more fully
in Section 3.2.4.4), although other tissues
including adipose tissue, lung and kidney contain significant vitamin A stores and/or are
active in vitamin A metabolism (see Section
3.2.6) (Blaner & Olson, 1994). The processes of
vitamin A storage and metabolism in the liver
are complex and many details regarding these
processes and their regulation are still not fully
understood. Hepatic vitamin A metabolism is
mediated by enzymes such as LRAT, which
esterifies retinol with long-chain fatty acids,
and retinyl ester hydrolase, which hydrolyses
retinyl esters to retinol, and by CRBP-I (Blaner
& Olson, 1994). To meet tissue needs for vitamin
A, retinol is secreted from hepatic parenchymal
cells bound to its specific plasma transport
protein, RBP (Soprano & Blaner, 1994). Like
hepatic vitamin A storage and metabolism, the
factors and processes which regulate retinol
mobilization from the liver are not fully understood. It is clear, however, that for well nourished animals the concentrations of vitamin A
stored in liver are both species- and straindependent. Thus, hepatic vitamin A. levels are
different in rats, mice and rabbits, . the best
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studied animal models. Similarly, different
strains of rats maintained on diets providing the
same levels of vitamin A show different hepatic
vitamin A concentrations.
3.2.4.1 Hepatic processing of dietary vitamin A
Chylomicron remnants are thought to be internalized solely by hepatocytes (Cooper, 1997).
Confirming earlier work, Mortimer et al. (1995),
used confocal microscopy to show that fluorescent-labelled cholesteryl ester derivatives arriving in chylomicron remnants accumulated
solely in hepatocytes and not in other hepatic
cell types. Very shortly after endocytosis by
hepatocytes, the chylomicron remnant retinyl
esters are hydrolysed to retinol (Blaner & Olson,
1994). Harrison et al. (1995) showed that the
newly endocytosed retinyl esters co-localize
with a retinyl ester hydrolase in early endosomes.
The esters are hydrolysed to retinol at this stage
of endocytosis, before the remnant particle has

reached the lysosome (Harrison et al., 1995).
At this point in the uptake process, the metabolism of dietary vitamin A diverges from that
of dietary cholesterol. The retinol formed
by retinyl ester hydrolysis is bound to apoCRBP-I, which is found in relatively high
concentrations in hepatocytes (see Table 6).
CRBP-I-bound retinol may. be delivered to
newly synthesized apo-RB.P, leading to secretion
of holo-RBP into the circulation. The amount
of newly endocytosed retinol that is secreted
from the liver depends on the vitamin A
nutritional status of the animal, more of the
newly arrived retinol being secreted from
hepatocytes of animals with poor nutritional
status (Batres & Olson, 1987). An alternative
fate for newly absorbed retinol is storage as
retinyl ester in hepatocytes or in stellate cells
following transfer from the hepatocyte. The
mechanism through which retinol is transferred from hepatocytes to hepatic stellate cells
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Parameter

Parenchymal cells

Stellate cells

Total retinol

5.2 ± 2.4 nmolI106 cells
2.6 ± 1.2 nmol/mg protein

293 ± 107 nmol/106 cells
1558 ± 569 nmol/mg protein

RBP

6.6 ± 0.3 pmol/106 cells
0.34 ± 0.16 pmol/mg protein

0.04 ± 0.02 pmol/106 cells
0.18 ± 0.09 pmol/mg protein

CRBP-I

30.1 ± 15.8 pmol/106 cells
16.2 ± 8.2 pmol/mg protein

15.7 ± 5.9 pmol/106 cells
83.3 ± 31.8 pmol/mg protein

CRABP-1

0.37 ± 0.26 pmol/106 cells
0.19 ± 0.22 pmol/mg protein

0.58 ± 0.37 pmol/106 cells
29.3 ± 20.0 pmol/mg protein

BSD-REH

826 ± 47 pmol FFAJhI106 cells
427 ± 24 pmol FFA/h/mg protein

1152 ± 144 pmol FFA/h/106 cells
6129 ± 768 pmol FFA/ h/mg protein

BSI-REH

Not determined

10.98 ± 1.08 nmol FFA formed/h/mg protein

LRAT

158 ± 53 pmol retinyl ester formed/mm/mg
.
microsomal protein

383 ± 54 pmol retinyl ester formed/mm/mg microsomal
protein

FFA, free fatty acid
a Values are taken from Blaner et al. (1985), Blaner et al. (1990) and Friedman et al. (1993)
b One gram of rat liver is taken to consist of 108 x 106 parenchymal cells, 16 x 106 stellate cells, 19 x 106 endothelial cells, and
9 x 106 Kupffer cells. Parenchymal cells were determined to contain 1934 ± 161 mg protein/106 cells and stellate cells 188 ± 80
mg protein/106 cells (Blaner et al., 1985).
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has not been fully established. The specific
events important to hepatic vitamin A
storage and metabolism that occur in hepatocytes and stellate cells are summarized below
for each cell type, and are represented diagrammatically in Figure 3.
3.2.4.2 Vitamin A storage and metabolism in
hepatocytes

The hepatocyte is an important site of vitamin
A storage and metabolism. Hepatocytes have
relatively high concentrations of total retinol
(retinol - + retinyl ester), CRBP-I, LRAT, bile-saltstimulated and bile-salt-independent retinyl
ester hydrolases, retinol dehydrogenases and
retinal dehydrogenases, as well as other

enzymes that catalyse the oxidative, - conjugative and/or catabolic metabolism of retinoic
acid.. The cellular concentrations or specific
activities of some of these components in both
rat hepatocytes and hepatic stellate cells are
shown in Table 6.
Hepatocytes from rats fed a control diet contain total retinol concentrations of 5.2 ± 2.4 nmol
retinol per 106 hepatocytes (2.6 ± 1.2 nmol
retinol/mg hepatocyte total protein). Approximately 95-99% of this total retinol is present as
retinyl esters, primarily the esters of palmitic,
stearic, oleic and linoleic acids (Blaner et al.,
1985). It has been estimated that approximately
5-30% of the total . retinol in the livers of
rats maintained on a control diet is present in
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Figure 3. Simplified scheme for the uptake, transport, metabolism and storage of retinol and

retinyl esters in the liver, applicable to humans and most animal models.
Details of these processes are described in the text.
For key to abbreviations, see Figure 1.
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hepatocytes (Blaner et al., 1985; Batres & Olson,
1987), with the remainder in stellate cells. The
relative abundance of total retinol in hepatocytes is thought to be inversely related to the
level of hepatic stores (Batres & Olson, 1987).
Thus, as hepatic vitamin A stores decline, the
proportion of vitamin A in hepatocytes increases relative to hepatic stellate cells. Since the
hepatocyte is the site of RBP synthesis in the
liver (Soprano & Blaner, 1994), this may imply
that hepatocyte total retinol levels remain relatively constant in order to regulate circulating
retinol—RBP levels.
Chylomicron remnant retinyl esters are
hydrolysed through the action of a bile-saltindependent retinyl ester hydrolase that is present in the hepatocyte plasma membrane
(Harrison et ai., 1995). This hydrolase in rats is
identical to carboxylesterase ES-2, which was
first described as a thiol esterase (Sun et al., 1997).
The activity of rat liver bile-salt-independent
retinyl ester hydrolase in vitro is reported to be
markedly influenced by the presence of N-(4hydroxyphenyl)retinamide, all-trans-retinoic
acid or 13-cis-retinoic acid in the assay mixture
(Ritter & Smith, 1996). The enzyme was identified originally as a bile-salt-independent retinyl
ester hydrolase as opposed to the bile-salt-stimulated retinyl ester hydrolase from rat liver that
was characterized in the late 1970s. It had been
believed that the bile-salt-stimulated retinyl
ester hydrolase was the key enzyme responsible
for hydrolysis of retinyl ester before its mobilization from the liver (Goodman & Blaner,
1984; Harrison, 1993). Later work demonstrated that in rats this enzyme is identical to cholesteryl ester hydrolase (Chen et al., 1997a), a
lipid hydrolase that is expressed in both liver
and pancreas (as described in Section 3.2.2.2).
Although rat hepatocytes possess both bile-saltstimulated and bile-salt-independent retinyl
ester hydrolases, the bile-salt-stimulated
enzyme is not required for hepatic retinyl ester
hydrolysis. The physiological actions of this
enzyme in the liver are redundant with those of
other enzymes. Whether the bile-salt-independent retinyl ester hydrolase plays a unique and
irreplaceable role in retinyl ester hydrolysis
within hepatic cells remains to be demonstrated.

However, it is thought that this enzyme is
important for hydrolysing - chylomicron remnant retinyl ester and it may also be involved in
the hydrolysis of hepatocyte retinyl ester stores
to provide retinol to newly synthesized RBP.
CRBP-I concentrations in hepatocytes are
relatively high, and it has been estimated that
approximately 90% of the CRBP-I present in
the liver is localized in hepatocytes (Blaner et
al., 1985). In rat liver and testis, CRBP-I is present at concentrations in excess of those of
retinol, suggesting that all retinol present within these tissues is bound to CRBP-I (Harrison et
al., 1987). CRBP-I plays an important role in
retinol metabolism (Ong et al. 1994). HoloCRBP-I has been reported to deliver retinol to
LRAT for esterification (Ong et al., 1994) and to
provide retinol to retinol dehydrogenases
which catalyse the first of two oxidation steps
needed for formation of retinoic acid. Both
LRAT (Blaner & Olson, 1994) and several
retinol—CRBP-I-utilizing retinol dehydrogenases
(Napoli, 1996) are present in hepatocytes. In
addition, apo-CRBP-I has been reported to
enhance hepatic bile-salt-independent retinyl
ester hydrolase activity (Blaner & Olson, 1994).
It also has been postulated that holo-CRBP-I
delivers retinol to newly synthesized RBP for
secretion from the liver into the circulation
(Blaner & Olson, 1994). Finally, based on the
binding characteristics of retinol to CRBP-I, it
has been proposed that CRBP-I plays an important role in facilitating retinol uptake by cells
from the circulating retinol—RBP complex.
Thus, CRBP-I serves as an intracellular transporter of retinol, linking and facilitating the
processes of retinol uptake, metabolism and
mobilization within the hepatocyte.
Hepatic LRAT is present in both hepatocytes
and stellate cells, but its specific activity is highest
in the latter (Blaner et al., 1990; Matsuura et ai.,
1997). However, because of the large size and
the number of hepatocytes, approximately 85%
of the hepatic LRAT activity is present in hepatocytes (Blaner et al., 1990). As outlined in
Section 3.2.2.2, retinol bound to CRBP-I is the
preferred substrate for hepatic LRAT, which
shows an apparent Km of 2.2 pmol/L for
retinol—CRBP-I. LRAT has not been purified
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from any tissue or cell and its cDNA and
gene have not been cloned. Using radiation
inactivation analyses, Ross and Kempner (1993)
estimated that hepatic LRAT has a molecular
size of approximately 52 ± 10 kDa. In rats,
hepatic but not intestinal LRAT activity is regulated by vitamin A nutritional status (Randolph
& Ross, 1991). Hepatic LRAT activity falls progressively during vitamin A depletion and within eight hours after repletion of vitamin A-deficient rats with retinol, hepatic LRAT activity
starts to rise, reaching control levels within 24
hours after the start of repletion. Repletion
with retinoic acid also increased hepatic LRAT
activity in vitamin A-deficient rats, but this
effect could be abolished if hepatocytes were
pre-treated with inhibitors of gene transcription and protein synthesis. Taken together,
these data suggest that hepatic LRAT expression
is regulated by retinoic acid and consequently
vitamin A availability. This provides a convenient regulatory mechanism through which
retinol, in times of sufficient intake, can be
converted to retinyl ester for storage or, in
times of insufficient intake, can remain in the
unesterifled form to serve as a substrate for
retinoic acid synthesis.
3.2.4.3 Transfer of vitamin A between hepato-

cytes and stellate cells
For vitamin A homeostasis to be maintained,
interactions between hepatocytes and stellate cells
must be tightly regulated. However, little is
known about how hepatocytes and stellate cells
communicate or about how vitamin A is transferred between the two cell types. Blaner and
Olson (1994) reviewed mechanisms that have
been proposed to explain the movement of vitamin A between hepatocytes and stellate cells.
Although it is clear that chylomicron remnant
retinyl ester must be hydrolysed before it is
transferred from hepatocytes to stellate cells,
the specific roles of RBP, CRBP-I and/or intercellular contacts between hepatocytes and stellate
cells in the transfer process have not been
definitively established. It is widely believed that
vitamin A transfer involves the action of RBP and
bulk movement through the extracellular space,
but the possibility that movement of free retinol,
retinol-CRBP-I or retinyl ester occurs via inter-
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cellular contacts between hepatocytes and stelldte
cells has not been ruled out (Blaner & Olson, 1994).
Early studies supporting the participation of
RBP in the uptake process demonstrated that
RBP is taken up by rat stellate cells both in vivo
and in vitro (Blomhoff et al., 1988; Senoo et al.,
1993). This was taken to indicate that RBP is
important for the delivery of retinol from hepatocytes to stellate cells (Senoo et al., 1993).
Furthermore, in a perfused rat liver model,
transfer of newly absorbed • retinol between
hepatocytes and stellate cells was effectively
blocked when the animals were perfused with
antibodies against RBP (Blomhoff et al., 1988;
Senoo et al., 1990). Support for a role of RBP in
the uptake process has comefrom studies of the
transfer of RBP between co-cultured human
HepG2 hepatoma cells, which are known to
secrete RBP, and rat hepatic stellate cells. After
co-culture for 18 hours, human RBP was identified by indirect immunolabelling on the surface, in coated pits and in vesicles in the stellate
cells, suggesting movement of hepatocytesecreted human RBP to the stellate cells. The
amount of human RBP associated with the stellate cells was significantly reduced when antibodies against human RBP were added to the
culture medium (Blomhoff et al., 1988). The
intracellular pool of vitamin A within stellate
cells influences the amount of retinol that is
esterified when retinol-RBP is added to the cell
medium but not when free retinol is added
(Trøen et al., 1994). A need for RBP in intercellular transfer was not supported, however, by
the finding that while stellate cells may take up
RBP and retinol bound to RBP, thé uptake of
retinol into stellate cells does not depend on
RBP (Matsuura et al., 1993a,b). Thus, it remains
unclear whether RBP plays an essential role in the
transfer of retinol from hepatocytes to stellate cells.
3.2.4.4 Vitamin A storage and metabolism in
hepatic stellate cells
In the vitamin A-sufficient adult rat, 70-95% of
hepatic vitamin A is stored as retinyl ester in
lipid droplets of stellate cells (Blaner & Olson,
1994). Hepatic stellate cells are non-parenchymal
cells located perisinusoidally in the space of
Disse, in recesses between parenchymal cells
(Geerts et al., 1994). They comprise about 5-8%
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• of total rat liver cells, and 1% of the total liver
mass (Geerts et al., 1994) and are the major
cellular site of vitamin A storage in the body.
Approximately 99% of the vitamin A present in
stellate cells is present as retinyl ester. The lipid
droplets are located in the cytoplasm of the
stellate cells and represent the characteristic
morphological feature of these cells. They are.
larger (up to 8 im in diameter) than those in rat
parenchymal cells (up to 2.5 trn. in diameter)
(Geerts et al., 1994). The size and number of the
lipid droplets in stellate cells is markedly influenced by dietary vitamin A intake (Wake, 1980;
Kudo, 1989) and intraportal injection of retinol
(Wake, 1980).
Stellate cell lipid droplets are formed
through vacuolization of cisternae of the rough
endoplasmic reticulum and exist in membranebound and non-membrane-bound forms (Wake,
1980). There is general agreement regarding the
lipid composition of these droplets (Blaner,
1994). One study reported that the lipid, of
droplets isolated from vitamin A-sufficient rats
consisted of approximately 42% retinyl ester,
28% triglyceride, 13% total cholesterol (free
+ ester) and 4% phospholipid (Yamada et al.,
1987). The retinyl esters in the droplets
consisted of approximately 70% retinyl palmitate, 15% retinyl stearatë, 8% retinyl oleate, 4%
retinyl linoleate and smaller percentages of
other long-chain retinyl esters (Yamada et al.,
1987). A later study showed that the lipid
composition of the droplets is markedly affected in rats by dietary retinol intake, but not by
dietary triglyceride (calorie) intake (Blaner &
Olson, 1994).
The mechanism by which vitamin A regulates and maintains the lipid composition of
the lipid droplets in stellate cells is not understood. However, it has been suggested that
retinoic acid may be important (Yumoto et al.,
1989). Because retinoic acid has a sparing effect
on hepatic retinol levels, intracellular retinoic
acid may well influence hepatic retinol secretion (Shankar & DeLuca, 1988). Although the
liver contains some retinoic acid (Kurlandsky et
al., 1995), its cellular distribution has not been
determined. Because retinoic acid receptors-a,
-f3, and -y (RAR-a, -f3 and -y) and retinoid X

receptor-u. (RXR-a) are all expressed in stellate
cells (Weiner et al., 1992; Friedman et al., 1993),
retinoids may well play a role in regulating the
state of differentiation and metabolism within
stellate cells.
As seen in Table 6, stellate cells are highly
enriched in CRBP-I and the enzymes which are
able to hydrolyse (bile-salt-dependent and bilesalt-independent retinyl ester hydrolases) and
to synthesize retinyl esters (LRAT). In addition,
the stellate cells contain an intracellular binding
protein for retinoic acid, cellular retinoic acidbinding protein, type I (CRABP-I). However,
stellate cells contain very little RBP (Blaner &
Olson, 1994).
In vivo, rat liver stellate cells exhibit a dual
phenotype, that is, a quiescent phenotype in
normal healthy liver and an activated phenotype in chronically diseased liver (Geerts et al.,
1994). The quiescent phenotype is characterized by lipid droplets rich in vitamin A, a low
proliferative rate and low levels of collagen
synthesis. In contrast, the activated or myoblast-like phenotype is distinguished by loss of
vitamin A-containing lipid droplets, increased
cell proliferation and increased synthesis of collagen. The activated form predominates in liver
fibrosis (Friedman, 1993) and is observed in livers
of rats experiencing vitamin A toxicity.
Although these observations suggest a possible
link between stellate cell vitamin A storage and
liver disease, the underlying pathophysiological mechanisms remain unclear. It has been
established that retinoic acid exacerbates rat
liver fibrosis by inducing activation of latent
transforming growth factor-f3 (TGF-f3) (Okuno et
al., 1997), the major cytokine implicated in the
pathogenesis of liver fibrosis and cirrhosis
(Friedman, 1993). This action of retinoic acid
on TGF-f3 activity could be an important process
linking vitamin A toxicity and hepatic fibrosis.
In culture, stellate cells isolated from healthy
control rats rapidly lose their in vivo quiescent
phenotype and become activated. One characteristic of this activated phenotype observed in
cultured rat stellate cells is the rapid loss of
their capability to store retinyl ester (Trøen et
al., 1994). Freshly isolated rat stellate cells contain about 144 nmol retinol/mg cellular protein;
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this concentration declines to 33 nmol/mg
after two days in culture (Trøen et al., 1994) and
continues to decline until no vitamin A
remains. Therefore, the many in vitro studies
utilizing primary cultures of rat stellate cells
may not be relevant for understanding normal
hepatic vitamin A physiology, since these cells
have the activated rather than quiescent phenotype..
3.24.5 Hepatic mobilization and plasma trans-

port of retinol: retinol-binding protein
The transport of retinol from vitamin A stores
in the liver to target tissues is accomplished
exclusively by means of its specific plasma
transport protein, RBP (Goodman, 1984;
Soprano & Blaner, 1994). In the circulation, the
retinol-RBP complex is bound to another plasma
protein, transthyretin (TIER).
The liver is the major site of synthesis of
RBP, which occurs primarily in the parenchymal cells (Goodman, 1984; Soprano & Blaner,
1994). Initial immuno cyto chemical studies
indicated that RBP distribution within the liver
was restricted to the parenchymal cells.
Likewise, examination by specific and sensitive
radioimmunoassay procedures of highly purified fractions of parenchymal cells, Kupffer
cells, endothelial cells and stellate cells revealed
RBP only in the purified parenchymal cell
preparations (Blaner et al., 1985). Subsequent
investigations 'have established that RBP mRNA
is localized solely in parenchymal cells and not
in stellate cells (Yamada et al.., 1987; Weiner et
al., 1992; Friedman et al., 1993). High resolution immunoelectron microscopy similarly did
not reveal immunoreactive RBP in any hepatic
cell type other than parenchymal cells (Suhara
et al., 1990). However, after a large dose of
human RBP (corresponding to about twice the
amount of RBP present in the entire circulation
of a rat) was injected into the circulation of rats,
a very small amount of human RBP was detected by.immunohis'tochemical techniques in the
stellate cells (Senoo et al., 1990). Nevertheless,
the great majority of RBP of hepatic origin, if
not all, seems to be synthesized by parenchymal cells.
RBP secretion from the liver is a highly regulated' process that is still not fully understood.
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The factors and processes that regulate RBP
secretion are primarily localized to the endoplasmic reticulum (Goodman, 1984; Soprano &
Blaner, 1994). It seems that retinol availability
within the cell is the most critical factor regulating the secretion of RBP. In addition, other
hormonal and physiological factors probably
play roles in regulating the efflux of RBP from
cells. It has long been known, for instance, that
when retinoic acid is provided chronically in
the diet to rats, plasma retinol-RBP concentrations decline by 25-50% (Shankar & DeLuca,
1988). Recent data suggest that the retinolRBP:'IlI'R complex forms in the hepatocyte
before being secreted into the circulation
(Soprano & Blaner, 1994). However, it remains
uncertain what biochemical signals or processes
are important for regulating the transcription
of RBP, for retaining RBP within cells or
conversely, for allowing the secretion of RBP. It
is not yet known if the information needed to
bring about secretion of RBP is internal in the
RBP primary sequence or if this information
resides in some other still undescribed molecule.
In vitamin A deficiency, apo-RBP accumulates in the liver to levels which are 3-10-fold
higher. than those observed in corresponding
control livers (Goodman, 1984; Soprano &
Blaner, 1994), while liver RBP mRNA levels
show no difference between the two nutritional states (Soprano & Blaner, 1994). It is clear
that retinol-deficiency specifically inhibits the
secretion of RBP from the liver. Several biochemical studies have shown that retinol deficiency largely prevents the movement of newly
synthesized RBP from the endoplasmic reticulum to the Golgi apparatus (Suhara et al., 1990).
RBP concentrations in endoplasmic reticulum
fractions isolated from retinol-deficient rat livers
were substantially elevated over levels in similar
fractions from normal rat livers (Soprano &
Blaner, 1994). In cultured hepatocytes prepared
from retinol-deficient rats, pulse-labelled RBP
accumulated in the endoplasmic reticulum and
was not secreted into the cell medium.
Interestingly, the transit of RBP through the
endoplasmic reticulum of cultured hepatocytes
prepared from normal rats is relatively slow
compared to the transit times for albumin
and transferrin. Studies investigating the sub-
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cellular localization of plasma RBP in normal,
retinol-deficient, and retinol-repleted retinoldeficient rats using electron microscopic techniques have provided additional information
regarding the RBP secretory pathway (Suhara et
al., 1990). In the normal liver parenchymal cell,
RBP was localized in synthetic and secretory
structures, including endoplasmic reticulum,
Golgi complex and secretory vesicles. This distribution changed markedly with retinol depletion. A heavy accumulation of RBP in the endoplasmic reticulum accompanied by a marked
decrease in RBP-positive Golgi complex and
secretory vesicles was observed in the parenchymal cells of retinol-deficient rats. After
repletion of deficient rats with retinol, the RBP
from the endoplasmic reticulum appeared to
move rapidly through the Golgi complex and
the secretory vesicles to the surface of the cell.
3.2.4.6 Hepatic retinoic acid formation and
metabolism

The liver is a site for both synthesis of retinoic
acid from retinol and oxidative metabolism of
retinoic acid. This oxidative metabolism may
be activating in nature, since some retinoic acid
metabolites such as the 4-hydroxy and 4-oxo
derivatives are active in transactivation assays
(Mangelsdorf et al., 1994; Hofmann & Fichele,
1994; Gudas et al., 1994) or may be catabolic in
nature, generating products which will be eliminated from the body (Blaner & Olson, 1994).
(a) Retinoic acid formation

Many studies of the formation of retinoic acid
from retinol have been carried out using
enzyme preparations from rat liver, as described
in detail in Section 3.2.7.1. As outlined below,
hepatocytes are especially rich in both cytosolic
and membrane-bound enzymes that catalyse
the oxidation of retinol to retinal (Blaner &
Olson, 1994). In addition, hepatocytes are rich
in retinal dehydrogenases that catalyse oxidation of retinal to retinoic acid (Blaner & Olson,
1994). It is clear that many different enzymes
in the liver are able to catalyse the oxidation of
retinol or retinal in vitro, but there is as yet no
consensus regarding the physiological relevance of each of these in intact animals.

An important question for understanding
the metabolism of vitamin A within the intact
organism concerns whether retinoic acid is
specifically synthesized in some tissues for
export into the circulation to other tissues.
Although there is very little information
addressing this possibility, it is assumed by
some investigators that some of the retinoic
acid synthesized in the liver is secreted into the
circulation for delivery to other tissues.
Considering the great capacity of hepatic
enzymes to catalyse retinol and retinal oxidation in vitro, this may be reasonable, but it
remains to be established experimentally.
(b) Retinoic acid metabolism

The liver also possesses enzymatic machinery
that is able to metabolize retinoic acid.
Metabolites of all-trans-retinoic acid generated
in vivo include 13-cis-retinoic acid, 9-cis-retinoic
acid, retinoyl f -g1ucuronide, 5,6-epoxyretinoic
acid, 4-hydroxyretinoic acid, 4-oxoretinoic acid
and 3,4-didehydroretinoic acid (Blaner &
Olson, 1994). Some of these metabolites may
be active in mediating retinoic acid function,
whereas others are probably catabolic products
destined for export from the body. The formation of many of these metabolites seems to be
catalysed by enzymes of the cytochrome P450
system. Aspects of retinoic acid metabolism
and the role of the cytochrome P450 system are
described in Section 3.2.7.3.
32.5 Plasma transport of vitamin A
In the fasted state, the predominant form of
vitamin A in the circulation is retinol, bound to
RBP. It is thought that retinol accounts for more
than 99% of the vitamin A present in the circulation of fasted rats (Goodman, 1984; Soprano
& Blaner, 1994). However, low levels are also
present of all-trans-retinoic acid, 13-cis-retinoic
acid, glucuronides of both retinoic acid and
retinol, some retinyl ester bound to lipoproteins and possibly some other metabolites of
retinol and retinoic acid. The same seems to
hold for most other animal species which have
been investigated, although the relative abundance of each of the vitamin A metabolites may
vary among species. Nevertheless, these other
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forms of vitamin A in the circulation may be
important sources of vitamin A for some tissues
under some physiological and/or pathological
conditions. The different vitamin A species present in the fasting circulation are considered
separately below and in Section 7.2.
3.2.5.1 Retinol delivery to target tissues

The sole plasma transport protein for retinol is
RBP. This is a single polypeptide chain with a
molecular weight of about 21 000 and has one
binding site for one molecule of all-transretinol. In the blood, RBP circulates as a 1:1
molar complex with another serum protein,
transthyretin (formerly called prealbumin).
Studies of transthyretin-deficient mice have
demonstrated that the formation of the complex reduces the glomerular filtration and renal
catabolism of RBP. Normal levels of serum
retinol and RBP in healthy well nourished
Caucasian populations are about 2-3 . LM
(Goodman, 1984; Soprano & Blaner, 1994). The
levels are slightly lower (1-2 jiM) in the circulations of well nourished rats, mice and rabbits
(Goodman, 1984; Folman et ai., 1989; Soprano
& Blaner, 1994; Wei et al., 1995). Since essentially all retinol in the circulation is bound to
RBP, serum retinol and RBP levels are highly
correlated in well nourished humans as well as
vitamin A-sufficient rats and mice (Goodman,
1984). Erythrocytes contain only very small
amounts of vitamin.A (Bieri et ai., 1979). Treatment of humans and rats with N-(4-hydroxyphenyl)retinamide markedly lowers serum
retinol concentrations (Formelli et ciL, 1996).
Circulating levels of retinol-RBP remain very
constant except in response to extremes in vitamin A, protein, calorie and zinc nutrition, or
hormonal factors or stress or as a consequence
of some disease states (Goodman, 1984;
Soprano & Blaner, 1994) The physiological
process responsible for maintaining and regulating retinol-RBP levels in the circulation are
not well characterized. Plasma retinol-RBP levels could be maintained through regulation of
RBP synthesis and/or secretion from the hepatocyte, through regulation of retinol-RBP plasma
clearance and catabolism, or through a combination of these mechanisms. RBP synthesis and
secretion from hepatocytes is a regulated
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process that is still not fully understood
(Soprano & Blaner, 1994). Hormonal and physiological factors probably play roles in regulating the efflux of RBP from hepatocytes, but it
remains uncertain which biochemical signals
or processes are important for retaining RBP
within hepatocytes or conversely, for allowing
the secretion of RBP. Similarly, there is very little
information regarding the catabolism of RBP or
its regulation. It is believed that the kidney
plays an important role, since human patients
and rats with chronic renal failure show elevated
plasma RBP levels (Goodman, 1984). However, it
is not understood how the kidney or other
organs influence or regulate RBP turnover.
Plasma retinol homeostasis in the rat has
been extensively studied (Sundaresan, 1977;
Keilson et al., 1979; Underwood et al., 1979;
Lewis et ai., 1981, 1990; Green et al., 1985,
1987; Gerlach - & Zile, 1990, 1991), leading
to the conclusion that a feedback control
mechanism regulates mobilization and/or
release of retinol-RBP from hepatic stores. It
has been proposed that in response to peripheral
tissue needs for vitamin A, a signal is sent from
the periphery to the liver to regulate
retinol-RBP release (Vahlquist et ai., 1973;
Sundaresan, 1977; Green et ai., 1985, 1987;
Lewis et ai., 1990). Although this feedback signal
has not been identified, circulating retinoic
acid levels may provide such a signal (Sundaresan,
1977; Keilson et ai., 1979; Underwood et ai.,
1979; Lewis et al., 1981). A regulatory linkage
between plasma retinol and retinoic acid levels
is suggested by the finding that plasma retinol
levels are lower in animals receiving relatively,
high amounts of retinoic acid in the diet
(Keilson et ai., 1979; Lewis et ai., 1981; Shankar
& DeLuca, 1988). Others have suggested that
apo-RBP levels (Vahlquist et ai., 1973; Sundaresan,
1977; Green et al., 1985, 1987; Lewis et ai.,
1990) or a modified form of circulating RBP
(Keilson et ai., 1979; Underwood et ai., 1979)
may serve as such a signal. At present, though,
the identity and nature of such a signal from
the periphery to the liver remain elusive.
Even though data have been lacking, there
also have been suggestions that the magnitude
of vitamin A uptake from the diet may play
some role in influencing or possibly regulating
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plasma retinol-RBP levels (Keilson et al., 1979;
Lewis et al., 1990). Among other possibilities,
Underwood et al. (1979) suggested that the rate
of release of retinol from retinyl esters in the
liver from newly absorbed vitamin A may be
important for regulating plasma retinol levels.
Lewis et al. (1990) suggested that when RBP
synthesis is not compromised, the rate-limiting
factor for retinol secretion from the liver is the
appropriate positional availability of unesterified retinol near the intracellular site of RBP
synthesis. They also suggested that an acute
influx of a reasonable load of diet-derived vitamin A will increase hepatocyte retinol-RBP
secretion up to some saturation point at which
apo-RBP availability becomes rate-limiting.
The biochemical mechanism through which
cells take up retinol from plasma RBP is central
for understanding vitamin A metabolism and
actions within cells, but has not yet been identified. The possible existence of a cell surface
receptor for RBP has been extensively explored
(Soprano & Blaner, 1994), but only very limited
data characterizing a plasma membrane protein
implicated as an RBP receptor have appeared.
Thus, even though many cellular systems have
been characterized as having cell surface RBPbinding activity, the biochemical nature of
such a putative plasma membrane receptor
remains unclear. Other studies failed to demonstrate a cell surface receptor for RBP in isolated
cells or found that such a receptor is not necessary to ensure the cellular uptake of retinol
from RBP. Overall, the recent reports concerning this topic can be divided into two groups
based on the nature of the studies. One group
consists of reports which characterize the binding (or lack of binding) of RBP to tissue minces,
cultured cells or plasma membrane vesicles and
the uptake of retinol from RBP by them. The
second group examines retinol transfer from
RBP (or other proteins able to bind retinol) to
liposomes or isolated membrane systems. Two
opposing views have been derived from these
studies. One proposes the involvement of a cell
surface receptor for RBP in the process of internalization of retinol by cells. The other view
suggests that retinol is internalized by cells
from RBP through a non-receptor-mediated
uptake process. It is also possible that some cell

types require retinol through a cell surface
receptor whereas others do not; these two
uptake possibilities can possibly coexist within
the body.
In hypervitaminosis A (vitamin A toxicity),
it is postulated that toxicity arises due to the
inability of RBP to pick up and transport vitamin A 'leaking' from overfilled hepatic storage
sites. Essentially, the available RBP is overwhelmed with excessive vitamin A and is
unable to bind all the retinol in need of uptake
and transport. The retinol not bound to RBP
would then be free to associate with lipoproteins which non-specifically deliver it to cells
and subcellular locations that do not usually
process retinol. The retinol-containing lipoproteins would accumulate within cellular lysosomes. Here the retinol is thought to have a disrupting effect on the lysosomal membranes,
causing release of lysosomal enzymes into the
cell that could be the underlying cause of the
pathology associated with hypervitaminosis A
(Goodman, 1984).
In hypovitaminosis A (vitamin A deficiency),
plasma retinol-RBP levels drop only after
hepatic total retinol stores become depleted.
Studies in the rat indicate that RBP is synthesized by the hepatocyte normally, but, in the
absence of retinol, the apo-RBP is not secreted
from the hepatocyte (Goodman, 1984). In hypovitaminosis A, apo-RBP levels in the liver rise. If
retinol becomes available again, this RBP rapidly
binds the retinol and is immediately secreted into
the circulation for delivery to target tissues.
3.2.5.2 Plasma retinoic acid

In plasma, retinoic acid circulates bound to
albumin (Blaner & Olson, 1994). The fasting
plasma level of retinoic acid is very low, in the
range of 1-14 nmol/L in humans (about
0.2-0.7% of plasma retinol levels) (De Leenheer
et al., 1982; Eckhoff & Nau, 1990a; Arnhold et
al., 1996) and 1-7 nmol/L in rats (Cullum &
Zile, 1985; Napoli et al., 1985; Tzimas et al.,.
1995). It is not known if the retinoic acid present in the circulation arises solely from the
diet (i.e., is of intestinal origin) or if some arises through export of retinoic acid from tissues
which synthesize it from retinol. The possibility that the kidney is a site of synthesis and
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export of retinoic acid has been raised (Bhat et
al., 1988a,b); however, at present, no data are
available to support the possibility that some
tissues (except for the intestine after dietary
intake of carotenoids or retinoids) are able to
provide retinoic acid to the circulation for
delivery to other tissues.
Retinoic acid is taken up efficiently by cells.
No cell surface receptor specific for the all-trans
acid is known. Retinoic acid, although fully
ionized in aqueous solutions at pH 7.4, is
uncharged when within a lipid environment
(Noy, 1992a,b). In the uncharged state, it moves
rapidly between the outer and inner leaflets of
the plasma membrane and can thus traverse
cellular membranes and rapidly enter the cell.
The concentration of retinoic acid in the
blood can be markedly influenced by recent
uptake of vitamin A. For example, in monkeys
different vitamin A supplement formulations
had marked effects on plasma levels of retinol,
retinyl esters, all-trans-, 13-cis-, all-trans-4-oxoand 13-cis-4-oxoretinoic acid and retinyl-13-glucuronide and retinoy1-3-glucuronide. Plasma
levels of these compounds were much higher
when the vitamin A was in a Tween 20-containing aqueous preparation as compared to a
soybean oil-based vehicle (Eckhoff et al.,
1991a). The vitamin A present in a liver meal
(see Section 3.1.3.1 and Tables 2 and 3) is handled differently by humans as compared to vitamin A present in a supplement, in particular
with regard to the metabolism of all-transretinoic acid (see also Section 7.2.2).
Kurlandsky et al. (1995) explored the contribution of plasma retinoic acid to tissue pools of
this compound in chow-fed male rats, and
reported the tissue levels (Table 7). Using a
steady-state tracer kinetic approach, these
authors determined how much of the retinoic
acid in each tissue was derived from the circulation. For the liver and brain, more than 75%
was derived from the circulation (88.4% in
brain and 78.2% in liver). The seminal vesicles,
epididymis, kidney, epididymal fat, perinephric
fat, spleen and lungs derived, respectively,
23.1%, 9.6%, 33.4%, 30.2.%, 24.5%, 19.0% and
26.7% of their all-trans-retinoic acid from the
circulation. In the pancreas and eyes, only 2.3%
and 4.8%, respectively, was contributed by the

circulation. The testes did not take up any
(<1%) retinoic acid from the circulation. The
authors also reported a fractional catabolic rate
for retinoic acid in plasma of 30.4 plasma
pools/h and an absolute catabolic rate for
retinoic acid of 640 pmol/h. These rates are
very rapid compared with those of the only
other naturally occurring form of vitamin A
studied under normal physiological conditions,
all-trans-retinol (Lewis et al., 1990). Very little
9-cis- or 13-cis-retinoic acid was detected in any
of these tissues. These data demonstrate that
plasma all-trans-retinoic acid is a significant
source of all-trans-retinoic acid for some, but
not all, tissues; this suggests, by inference, that
tissues have different capacities for the conversion of retinol to retinoic acid.
In rabbits, the 13-carotene content of the diet
influences serum levels of retinoic acid (Folman
et al., 1989). In female rabbits given graded
doses of f3-carotene in their diet for nine weeks,
13 -carotene intake was associated with higher
serum concentrations of retinoic acid.
3.2.5.3 Plasma 13-cis -retinoic acid

Cullum and Zile (1985) reported that 13-cisretinoic acid is an endogenous retinoid present
in the intestinal mucosa, intestinal muscle and
Table 7. All-trans-retinoic acid concentrations in various rat tissues a,b
Tissue

All-trans-retinoic acid
(pmol/g tissue)

Liver
Brain
Testis
Seminal vesicles
Epididymis
Kidney
Pancreas
Epididymal fat
Perirenal fat
Spleen
Eyes
Plasma

11.3 ±4.7
6.8 ± 3.3
10.7±2.7
12.0 ± 7.0
4.2 ± 1.6
8.3 ± 4.0
29.3 ± 16.3
15.7 ± 12.3
12.7 ± 8.7
12.7 ± 12.0
125 ±37.3
1.8 ± 0.7c

a

From Kurlandsky et al. (1995)
Each value is given as the mean ± 1 standard deviation for
separate measurements employing eight individual 400-450 g
male Sprague-Dawley rats.
pmol/mL plasma.
b
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plasma of vitamin A-sufficient rats. When a
dose of all-trans-retinoic acid was administered
by intrajugular injection into vitamin A-depleted
rats, 13-cis-retinoic acid appeared in the plasma
and small intestine within 2 min after dosing.
The endogenous plasma concentrations
of all-trans- and 13-cis-retinoic acid in vitamin
A-sufficient rats were reported to be 9.7 and 3.0
nmol/L, respectively. The authors concluded
that 13-cis-retinoic acid is a naturally occurring
metabolite of all-trans-retinoic acid. Napoli et
al. (1985) similarly demonstrated that 13-cisretinoic acid is a naturally occurring form of
retinoic acid in rat plasma. Bhat and Jetten
(1987) demonstrated that cultures of rabbit
tracheal epithelial cells can convert all-transretinoic acid to 13-cis-retinoic acid, and Tang
and Russell (1990) confirmed that 13-cisretinoic acid is an endogenous component in
human serum. Fasting serum levels of all-transand 13-cis-retinoic acid determined in 26
human volunteers ranged from 3.7 to
6.3 nmol/L and from 3.7 to 7.2 nmol/L, respectively (Tang & Russell, 1990), levels similar to
those observed for the rat. Plasma levels of alltrans- and 13-cis-retinoic acid levels rose 1.3and 1.9-fold, respectively, above fasting levels,
in human subjects who had received a physiological dose of retinyl palmitate (Tang &
Russell, 1991). Similarly, Eckhoff et al. (1991b)
demonstrated that 13-cis-retinoic acid is an
endogenous component of human plasma and
that administration of an oral dose of retinyl
palmitate elevated plasma levels of 13-cisretinoic acid.
3.2.5.4 Plasma 9-cis-retinoic acid

The existence of 9-cis-retinoic acid in cells was
reported simultaneously by Levin et ai. (1992)
and Heyman et ai. (1992). Using a nuclear
receptor-dependent ligand-trapping technique
to identify 9-cis-retinoic acid, Levin et al. (1992)
demonstrated that this stereoisomer is an activating ligand for RXR-a in COS-1 cells. Heyman
et al. (1992) similarly reported that 9-cisretinoic acid is a ligand for the human nuclear
retinoid receptor, RXR-a and estimated that the
concentrations of 9-cis-retinoic acid in mouse
liver and kidney were 13 and 100 pmol/g tissue,

respectively. Mangelsdorf et cii. (1992) showed
that 9-cis-retinoic acid is able to transactivate
gene expression through the actions of mouse
RXR-u., RXR-13 and RXR-y.
3.2.5.5 Retinoid glucuronides

When all-trans-retinoic acid is orally administered to rats, all-trans-retinoyl 3-glucuronide is
secreted into the bile in significant amounts
(Blaner & Olson, 1994). This metabolite is synthesized from retinoic acid and uridine diphosphoglucuronic acid in the liver, intestine, kidney
and other tissues by several of the 40 or more
identified microsomal 3-glucuronyl transferases
(Genchi et ai., 1996, 1998). Of various tissues,
the intestinal mucosa seems to be the most
active in synthesizing and retaining retinoyl f3glucuronide. When 13-cis-retinoic acid is
administered, all-trans-retinoyl f3-glucuronide is
a major metabolite in rats in vivo. Isomerization
to all-trans-retinoic acid probably, but not necessarily, occurs before conjugation. The extent
of retinoyl f3-glucuronide formation from
retinoic acid, as assessed from pharmacokinetic
measurements, is dependent on both the isomer
administered and the species, although retinoyl
3-glucuronide is formed in all species studied.
Orally administered retinoyl 3-glucuronide is
hydrolysed only slowly in vivo in vitamin A-sufficient rats, but more rapidly in vitamin A-deficient rats (Kaul & Olson, 1998).
Retinol is also conjugated with glucuronic
acid in vivo and in vitro to form retinyl 3-glucuronide (Blaner & Olson, 1994). Like retinoyl
3-glucuronide, retinyl 3-glucuronide is present
in human plasma at a mean concentration of
6.8 nmol/L (Blaner & Olson, 1994). Retinyl
3-glucuronide is hydrolysed in vivo to retinol,
however, which is esterified and stored in the
liver.
3.2.5.6 Other metabolites of retinol

In 1990, Buck et ai. showed that human lymphoblastoid cells in culture are dependent for
growth on a constant supply of retinol. In the
absence of retinol, these cells perished within
days. Retinoic acid was unable to prevent cell
death. Employing sensitive trace-labelling techniques, Buck et ai. (1991a) did not detect
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retinoic acid and 3,4-didehydroretinoic acid as
metabolites of retinol in activated B lymphocytes. Nevertheless, B lymphocytes formed several other metabolites of retinol, which were
able to sustain B cell growth in the absence of
an external source of retinol (Buck et al.,
1991a). Buck et al. (1991b) found one of these
active metabolites to be optically active 14hydroxy-4,14-retro-retinol, identified as a
direct biosynthetic product of retinol in 5/2
lymphoblastoid cells. This metabolite was isolated, by reverse-phase HPLC, from cells of the
lymphoblastoid line 5/2 which were grown in
the presence of [3H]retinol-RBP complex; it was
active in sustaining the growth of cells of the
lymphoblastoid line 5/2 (and of T cell lines) in
the absence of retinol. In confirmation of their
initial studies, retinoic acid was not active in
these growth assays. Thus, in addition to the
retinoic acid pathway, a second pathway of
retinol metabolism mediates the actions of
retinoids in cellular growth and differentiation,
at least in specific cells. In mouse skin, retinol
was also converted to 14-hydroxy-4, 14-retroretinol (Sass et al., 1996).
Another metabolite of all-trans-retinol proposed to have biological activity is all-trans-4oxoretinol. Achkar et al. (1996) identified this
metabolite as being essentially involved in
maintaining F9 cell differentiation after its
induction with all-trans-retinoic acid. The possible importance of 4-oxoretinol in vivo remains
to be established.
3.2.5.7 Lipoprotein-bound retinyl ester

Low levels of retinyl ester can be found in the
very low-density lipoprotein (VLDL), LDL and
HDL plasma fractions from fasting humans
(Krasinski et al., 1990b). It is possible that this
arises through the actions of cholesteryl ester
transfer protein, which can transfer retinyl
ester between triglyceride-rich chylomicrons
and other lipoprotein fractions (Goodman &
Blaner, 1984; Krasinski et al., 1990b; Blaner &
Olson, 1994; Tall, 1995). Alternatively, human
hepatocytes may package and secrete some
retinyl ester in nascent VLDL.
In the rabbit, the liver does not secrete
retinyl ester in VLDL; all of the retinyl ester
present in the circulation appears to ultimately

arise from transfer of chylomicron retinyl ester
to other lipoprotein fractions (Thompson et al.,
1983). However, this is not the case for all
animal species. Fasting blood of some species,
especially ferrets and dogs, contains high levels
of retinyl ester in VLDL, LDL and HDL (Wilson
et al., 1987; Schweigert, 1988; Ribaya-Mercado
etal., 1994; Lederman et al., 1998). In both dogs
and ferrets, retinyl ester is the major form of
vitamin A in the fasting circulation. In dogs,
lipoprotein-bound retinyl ester in the fasting
circulation may arise from hepatic secretion of
retinyl ester in VLDL (Wilson et al., 1987).
Overall, different species show very distinct
patterns of distribution of retinyl ester in fasting blood. The level of retinyl ester present in
fasting rodent and rabbit blood closely resembles the level in fasting human blood. However,
since rodents do not express cholesteryl ester
transfer protein and since rabbits do not secrete
retinyl ester in VLDL, one must apply caution
when trying to extrapolate from these species
to man.
3.2.6 Extrahepatic vitamin A storage and
metabolism

Peripheral tissues other than the liver play
important roles in the storage and mobilization
of retinol. Four lines of evidence support this
conclusion. (a) Kinetic modelling studies (Lewis
et al., 1981, 1990; Green et al., 1985, 1987) initially suggested that, in both vitamin A-sufficient and -deficient rats, retinol is extensively
recycled among the liver, plasma, interstitial
fluid and peripheral tissues. A multicompartment model of whole-body retinoid metabolism (Green et al., 1985) provides an excellent
means for understanding the dynamics of
retinoid transport and storage in liver and
peripheral tissues. According to this model,
extrahepatic tissues of rats with normal plasma
retinol levels but with very low total liver stores
(<0.35 tmol of vitamin A), should contain 44%
of whole-body vitamin A. (b) The sole mechanism for plasma transport of retinol from the
liver to tissues is by complexing with RBP (see
Section 3.2.5.1). Although most RBP is thought
to be synthesized in the liver, Soprano et al.
(1986) have demonstrated that a variety of tissues, including the kidney, lung, heart, spleen,
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skeletal muscle and adipose tissue express RBP;
thus, these tissues may well play a role in the
recycling of retinol back to the liver. (c) Retinol
and retinyl esters as well as enzymes that are
able to esterify retinol and to hydrolyse retinyl
esters are found in most peripheral tissues.
(d) Many rat tissues, including lung, kidney and
small intestine, contain cells which morphologically and structurally resemble hepatic
stellate cells (Nagy et al., 1997)., These extrahepatic stellate-like cells contain lipid droplets
which resemble those of hepatic stellate cells
and both their size and number increase in
response to administration of excess dietary
vitamin A. Limited biochemical data suggest
that these cells contain relatively high concen-

.
-

trations of vitamin A, which increase in
response to dietary vitamin A intake (Nagy et
al., 1997), supporting a role for these 'extrahepatic stellate cells' in vitamin A storage and
metabolism.
Figure 4 represents the transport and metabolism of retinol and its metabolites within target cells.
Table 8 provides a summary of total retinol
levels reported in the literature for adipose
tissue, kidney, testis, lung, bone marrow and
eye cups for some species. For some tissues,
the range of total retinol levels reported by
different investigators is large. Presumably, this
reflects species and strain differences and
the physiological status (age, sex and dietary
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Figure 4. Simplified scheme for the transport and metabolism of retinol and retinyl esters within
target cells, applicable to humans and most animas models.
Details of these processes are described in the text. Not all processes necessarily occur in all cells. For key to abbreviations,
see Figure 1.
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Table 8. Reported total retinol levels in extrahepatic tissues for various animal species
Tissue

Species

Adipose tissue

Rat
Rabbit
Ferret

20 ± 8
8.0
34 ± 4

Tsutsumi etal. (1992)
Blaner et al. (1993)
Ribaya-Mercado et al. (1992)

Kidney

Rat
Rat
Rat
129sv mouse
Ferret

40.9
6.6
10.0
1.4 ± 0.7
87.1 ± 14.4

Bhat & Lacroix (1983)
Napoli et al. (1984)
Gerlach et al. (1989)
Wei etal. (1995)
Schweigert et al. (1995)

Testis

Rat
Rat
129sv mouse

20.3
4.2
2.8 ± 1.4

Bhat & Lacroix (1983)
Gerlach et al. (1989)
Wei etal. (1995)

Lung

Rat
Newborn rat pups
C57BL mouse

21.5
53.6
700 - 1400

Bhat & Lacroix (1983)
Shenai & Chytil (1990)
Ribaya-Mercado et al. (1992)

Bone marrow

Rabbit
Rabbit

13
2.3

Blaner etal. (1993)
Skrede et al. (1993)

Eye

Eye cup of 129sv mouse

1.9 ± 0.6

Wei etal. (1995)

Vitamin A concentration
(nmo!Ig tissue)

status) of the animals employed. A difficulty
in compiling Table 8 arose from differences in
how investigators report tissue vitamin A levels.
Some report concentration of retinol (vitamin
A) per g tissue wet weight, as given in Table 8.
However, other investigators have reported
tissue retinol levels per g tissue dry weight
or per mg tissue total protein and consequently,
it is not always possible to reconcile all
of the reported tissue vitamin A concentrations.
3.2.6.1 Adipose tissue

Vitamin A has long been known to be present
in adipose tissue (Moore, 1957). Tsutsumi et al.
(1992) reported similar retinoid levels in six
anatomically different adipose depots (inguinal,
dorsal, mesenteric, epididymal, perinephric,
and brown adipose tissue) of chow-fed rats,
averaging approximately 20 nmol retinol/g
adipose tissue. About two thirds of the retinoid
present in adipose tissue was reported to be
62
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present as retinol and the remainder as retinyl
ester. In these studies, hepatic vitamin A levels
were approximately 520 nmol/g liver. Because
adipose tissue and liver in mature rats represent
approximately 15% and 4%, respectively, of the
total body mass, the total amount of vitamin A
in adipose tissue was approximately 14% of
that in the liver. Thus, adipose tissue contributes substantially to total body retinoid
stores. Tsutsumi et al. (1992) also identified the
adipocyte (and not the stromal-vascular cells)
as the cellular site of retinoid storage in adipose
tissue. Adipocytes from the epididymal, perinephric and brown adipose depots contained
between 2 and 3 nmol retinol per 106 cells.
Primary rat hepatocytes contain between 0.35
and 1.2 nmol vitamin A per 106 cells (Blaner et
al., 1985; Yamada et al., 1987), whereas rat liver
stellate cell isolates contain 38 nmol vitamin A
per 106 cells (Yamada et al., 1987). Thus, rat
adipocytes and liver parenchymal cells contain

-

similar levels of vitamin A. From this perspective, the adipocyte should be considered as
important for retinoid storage.
Zovich et al. (1992) demonstrated that
murine BFC-113 preadipocytes during their differentiation to adipocytes take up and esterify
retinol, primarily to retinyl palmitate and
oleate. Whether retinol esterification in
adipocytes occurs via an acyl coenzyme-Adependent or -independent process (involving
the actions of LRAT) has not been defined.
However, the esterification process seems to
depend on the state of adipocyte differentiation in BFC-113 cells. This is also true for expression of RBI, which is not expressed in undifferentiated preadipocytes, but highly expressed
in BFC-113 adipocytes. LPL, which is synthesized
and secreted by BFC-113 adipocytes and
binds to the surface of these cells, is active in
hydrolysing chylomicron retinyl ester after
much of the chylomicron triglyceride has been
first hydrolysed (Blaner et ai., 1994). Therefore
LPL may play a role in facilitating uptake of
postprandial vitamin A by extrahepatic tissues.
Hormone-sensitive lipase, a cAMP-stimulated
lipase which also hydrolyses both triglycerides
and cholesteryl esters, catalyses the hydrolysis
of the retinyl esters present in BFC-1p
adipocytes (Wei et al., 1997). Hydrolysis of
adipocyte retinyl ester catalysed by hormonesensitive lipase seems to be regulated through
cAMP-signalling pathways. Taken together,
these results demonstrate that the adipocyte is
dynamically involved in vitamin A uptake, storage and metabolism.
The role of adipose tissue in retinol storage
has also been investigated in other species.
Perinephric and epididymal fat from rabbits fed
a control diet have been reported to contain 8.0
and 8.7 nmol total retinol/g tissue, respectively
(Blaner et al., 1993). For ferrets receiving control diets, subcutaneous adipose tissue is reported
to contain 21.4 ± 6.4 nmol retinyl ester and 6.8
± 3.1 nmol retinol/g tissue (Ribaya-Mercado et
ai., 1992). In ferrets receiving the same diet supplemented with 13 -carotene (80 pg/g wet
weight) for three weeks, subcutaneous adipose
tissues contained less retinyl ester (13.4 ± 2.3
nmol/g) and more retinol (20.6 ± 1.8 nmol/g)
than the control-fed ferrets (Ribaya-Mercado et
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al., 1992). The mechanistic basis for this effect
of f3-carotene on total retinol levels in ferret adipose tissue was not established.
3.2.6.2 Kidney

Bhat and Lacroix (1983) reported that retinyl
ester levels in normal rat kidney tissue are
40.9 nmol/g tissue. The retinyl esters consisted
of 94.2% palmitate, 3.8% stearate, 1.0%
linoleate and 1.0% palmitoleate. The concentration of 9-cis-retinol in rat kidney was reported
to be approximately 10% of that of all-transretinol. The kidney of vitamin A-deficient rats
given a single intraperitoneal injection of vitamin A (consisting of 53 j.ig retinol) accumulated
progressively more vitamin A as the liver was
progressively depleted (Bhat, 1997). This finding, along with the identification and localization of a retinal dehydrogenase, which is able to
oxidize either 9-cis- or all-trans-retinal to the
corresponding retinoic acid isomer in the kidney, led these investigators to propose that the
kidney is able to synthesize all-trans-retinoic
acid and 9-cis-retinoic acid from the all-transand 9-cis-retinol present in the tissue. They further proposed that the newly synthesized
retinoic acid isomers are carried from the kidney
in the blood to fill the needs of other tissues for
retinoic acid (Bhat et ai., 1988a,b; Bhat, 1997).
Napoli et ai. (1984) reported rat kidney
retinol levels of 6.6 nmol/g of tissue. Of the
total retinol localized in kidney, 74% was present
as retinyl ester, with the remainder as retinol.
In rats maintained on an a-tocopherol-free diet,
the levels of retinol remained approximately
the same (5.2 nmol retinol/g tissue), but retinyl
esters markedly decreased (2.2 nmol/g tissue or
only 30% of the total vitamin A present). A
bile-salt-dependent retinyl ester hydrolase in
normal rat kidney homogenates has a specific
activity in the range 154-180 pmol/h/mg protein (Napoli et ai., 1984; Napoli & Beck, 1984).
This hydrolase was inhibited by addition of 250
jimol/L cr-tocopherol to the assay mixture
(Napoli et ai., 1984). A microsomal bile-saltindependent retinyl ester hydrolase, which is
unable to hydrolyse cholesteryl oleate, is also
present in rat kidney (Napoli et ai., 1989).
Gerlach et ai. (1989) reported that kidney
from vitamin A-sufficient rats contains an
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average of approximately 10 nmol vitamin A/g
dry weight of tissue. Of the total vitamin A present, half each consisted of non-esterified
retinol and of various retinyl esters.
Ribaya-Mercado et ai. (1992) reported that
kidney from ferrets fed a control diet contains
87.1 ± 14.4 nmol retinyl ester!g tissue and 15.1
± 9.8 nmol retinol/g tissue. Maintaining ferrets
on the same diet supplemented with f3-carotene
(80 j'g/g diet) for three weeks led to an approximately four-fold reduction in renal retinyl
ester content and 2.3-fold increase in renal
retinol content. Kidney from five-week-old
female pigs is reported to contain 61.5 ± 11.5
nmol total retinol/g tissue (Schweigert et al., 1995).
The relative distribution of this total retinol as
retinyl ester and retinol was not reported.

retinol concentrations in isolated rat. Sertoli
cells averaged 75 ± 13 pmol/mg cellular protein.
Although both the acyl coenzyme-A-dependent and -independent retinyl ester synthase
activities are present in rat Sertoli cell microsomes, LRAT is the physiologically important
activity in the Sertoli cell (Shingleton et al.,
1989). A bile-salt-dependent retinyl ester hydrolase has also been reported to be present in
rat testis homogenates, with a specific activity
of 38-97 pmol/h!mg protein (Napoli etal., 1984).
3.2.6.4 Lung

Bhat and Lacroix (1983) reported retinyl ester
levels of 21.5 nmol vitamin A/g tissue in lungs
of vitamin A-sufficient rats. Retinyl palmitate
accounted for 62% of the total retinyl ester and
the remainder was mainly retinyl stearate (Bhat
3.2.6.3 Testis
& Lacroix, 1983). Napoli et al. (1984) reported
Rajguru et al. (1982) demonstrated by autoradio- substantially higher values; namely total vitagraphic techniques that vitamin A is primarily min A levels of 53.6 nmol/g tissue, with
localized in three cellular sites within the adult approximately 81% of the retinol present as
rat testis, namely, the macrophages of the inter- retinyl ester. The palmitate and oleate together
stitial tissue, the lipid droplets of the Sertoli accounted for 53% of lung retinyl ester (Napoli
cells, and the spermatids in association with et al., 1984).
Golgi saccules. In rats receiving a control diet,
Within 24 h of the oral administration of
the testes have been reported to contain retinyl retinol to pregnant rats, the concentrations of
ester at a concentration of 20.3 nmol/g tissue retinyl esters in the lungs of fetuses and of new(Bhat & Lacroix, 1983). Approximately 98% was born pups were significantly (1.7-7.1-fold)
retinyl palmitate, the remainder consisting of higher than in the lungs of the control group
the stearate, linoleate and palmitoleate (Bhat & (Shenai & Chytil, 1990). In untreated rats, preLacroix, 1983). Gerlach et al. (1989) reported that natal levels of retinyl ester ranged between 7
rat testis contained approximately 4.2 nmol vita- and 14 nmol/g tissue, and postnatal levels,
min A/g dry weight of tissue, retinol account- from birth to 14 days, consistently averaged
ing for approximately 50% of the total vitamin around 3.5 nmol/g tissue. In contrast, after
A (retinol + retinyl ester) present. Studies by pregnant mothers were given a single intragasChaudhary and Nelson (1985, 1986), exploring tric dose of 52 imo1 retinyl palmitate, retinyl
the metabolism of all-trans-retinyl acetate in rat ester levels in prenatal lungs ranged between 28
testes, demonstrated that non-esterified retinol and 38 nmol/g tissue. During a 14-day postnaaccounts for approximately 50% of the total tal period, however, vitamin A concentrations
vitamin A present in the testes, with the remain- continuously declined. Thus, vitamin A conder present primarily as retinyl palmitate.
centrations in fetal lung clearly are responsive
When retinol was provided to rat Sertoli cell to prenatal administration of a single large dose
cultures as [3H]retinol-RBP:YTR, retinol was of retinol to the mother.
rapidly taken up and largely converted to
Zachman et al. (19 92) reported retinyl palmiretinyl ester (Bishop & Griswold, 1987). Within tate levels in alveolar Type II cells of 21 ± 3.5
28 h after the labelled retinol was applied, 83% pmol/mg protein and 8 ± 4.2 pmol/mg protein
of the labelled retinoids found in the Sertoli in cells isolated from control and vitamin Acells was accounted for as retinyl ester (64% deficient rats, respectively. When added to a
of the ester was the palmitate). The endogenous monolayer of Type II cells, [3H]retinol was
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converted, in a time-dependent manner, to
retinyl palmitate. Interestingly, cultured Type II
cells are also able to synthesize retinoic acid
from exogenous retinol (Zachman et al., 1992).
Nagy et cii. (199 7) have reported that rat lung
contains stellate-like cells which seem to take
up and store vitamin A when rats are fed excess
vitamin A. This finding is consistent with an
earlier report of the isolation in high yield and
high purity of retinol-storing cells from rat lung
and their subsequent culture in iiitro (Okabe et
al., 1984). These isolated cells apparently
possess the overall morphology, including lipid
droplets, that is characteristic of the retinolstoring cells found in lung tissues.
Levels of total retinol in lung tissue from
three-month-old male C57BL mice fed a chow
diet range between 700 and 1400 nmol of
retinol per g tissue wet weight, compared with
liver levels of 2100-2800 nmol. In these mice,
the total retinol concentration in lung, when
normalized per g tissue weight, is between 25
and 50% of that in the liver. Since the weight of
a mouse lung is, approximately 50% of the
weight of the liver from the same animal, this
implies that lung tissue of mice contains
approximately 12.5 to 25% of the total retinol
that is present in the mouse liver. Male SpragueDawley rats three months of age maintained on
a chow diet have lung concentrations of total
retinol ranging between 7 and 17.5 nmol
retinol per g wet weight and liver levels ranging
between 350 and 1050 nmol retinol per g wet
weight. In the rat, when normalized per tissue
weight, the lung contains approximately 1 to
5% of the total retinol present in the liver
(Nagy et ai., 1997).
In ferrets receiving a control diet, retinyl
ester concentrations in lung have been reported
to be 4.3 ± 0.9 nmol/g tissue and lung retinol
levels 0.31 ± 0.15 nmol/g 'tissue (RibayaMercado et ai., 1992). Supplementation of the
diet with 3-carotene for three weeks resulted in
an approximately two-fold increase in both lung
retinyl ester and retinol concentrations.
3.2.6.5 Bone marrow

As outlined in Section 3.2.3.3, bone marrow of
rabbits and of primates takes up substantial
amounts of chylomicra. Chylomicron uptake

by rabbit bone marrow is 50-100% of that of
the liver. Rabbit bone marrow contains some
stored retinol (Blaner et ai., 1993; Skrede et al.,
1993), one report indicating a level of 13 nmol
total retinol/g tissue and another 2.3 nmol total
retinol/g tissue. These reports agree that most if
not all Of the retinol present in bone marrow is
unesterified. By comparison, rabbit perinephric
and epididymal fat were reported to contain 8.0
and 8.7 nmol total retinol/g tissue, respectively
(Blaner et al., 1993) and the mean total retinol
level for control rabbit liver (n = 3) was 429
nmol/g tissue (Skrede et ai., 1993). Interestingly, rabbit bone marrow also expresses RBP
(Blaner et ai., 1993). Thus, bone marrow may
well play a dynamic role in the overall metabolism of vitamin A.
It has been proposed that the vitamin A
stored in bone marrow is important for maintaining normal blood cell differentiation
(Twining et ai., 1996). Rats receiving a totally
vitamin A-deficient diet reached a state where
both hepatic and serum retinol concentrations
were less than 1% of those of rats fed a control
diet, but bone marrow from the vitamin A-deficient rats contained four times more retinol
than that of control-fed animals. This suggests
that bone marrow vitamin A stores are among
the last tissue stores to be mobilized in the face
of inadequate vitamin A intake. The vitamin A
sequestered in the bone marrow of vitamin Adeficient rats may be important for the survival
of the animal, since it will be needed to maintain the differentiation of myeloid cells to neutrophils.
3.2.6.6 Eye

The eye is an important site for vitamin A
metabolism and action. Retinyl ester levels in
cells of fresh retinal pigment epithelium (RPE)
from human eyes range between 3.5 and 14
nmol per 106 cells (Flood et al., 1983). This
retinyl ester consists of 11-cis-retinyl palmitate,
11-cis-retinyl stearate, all-trans-retinyl palmitate (the major component), all-trans-retinyl
stearate and all-trans-retinyl oleate. The postmortem human pigment epithelium-choroid
contains 36 ± 25 nmol vitamin A/g tissue (7.9 ±
4.5 nmol vitamin A/eye) (Blaner & Olson,
1994). Retinas contained 15.3% of the retinoid
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present in the whole pigment epitheliumchoroid complex. Most of the retinoid in the
eye was esterified (98.3% in the pigment epithelium-choroid complex; 79.3% in the retina).
The lacrimal gland contains retinyl esters
and both acyl-coenzyme A:retinol acyltransferase (ARAT) and retinyl ester hydrolase activities (Blaner & Olson, 1994). By cannulation of
the lacrimal gland ducts of rabbits and rats,
retinol was shown to be present in the tear
fluid. When microsomes prepared from rabbit
lacrimal gland were incubated with [3H]retinol
in the presence of an acyl-coenzyme A generating
system, a mixture of retinyl esters, including the
laurate, linoleate, palmitate and stearate, was
formed. In the presence of 180 imol/L
[3H]retinol and 100 imol/L palmitoyl-coenzyme A, retinyl palmitate was synthesized at
175-220 pmol/mg/min and the reaction displayed Michaelis-Menten kinetics. Thus, the
lacrimal gland seems to synthesize retinyl esters
via an acyl-coenzyme A-dependent process. A
bile-salt-independent retinyl ester hydrolase
which is present in microsomes of rat lacrimal
gland has a pH optimum of 7 and a maximum
specific activity of 1073 pmol/mg/h.
A crucial step in the visual cycle is the isomerization of all-trans- to 11-cis-retinol, which
occurs primarily, if not solely, in the RPE (Shi &
Olson, 1990; Winston & Rando, 1998). Alltrans-retinol is first acylated by LRAT, followed
by a concerted hydrolysis and isomerization
reaction to yield 11-cis-retinol (Winston &
Rando, 1998).
In addition to having a complex pattern of
vitamin A metabolism, the eye is possibly the
most sensitive organ with regard to vitamin A
availability. An early symptom of vitamin A
deficiency is night-blindness. Well nourished
patients receiving N-(4-hydroxyphenyl)retinamide
(4HPR) also display night-blindness as a sideeffect of the drug. 4HPR-induced night-blindness appears to arise from a competition
between 4HPR and retinol for apo-RBP in liver
cells, thereby markedly reducing the plasma concentration of holo-RBP (Ritter & Smith, 1996).
3.2.6.7 Other tissues and species

Many other tissues take up and store retinol. In
addition to those discussed above, Gerlach et

al. (1989) reported that trachea, intestine and
spleen of vitamin A-sufficient rats contain
retinyl esters. In the guinea-pig, Biesalski
(1990) found significant concentrations of
retinyl esters in the kidney, lung, testes, epididymis, vas deferens, trachea, nasal mucosa,
tongue and inner ear. It seems likely that other
tissues will also be found to store vitamin A.
These local stores may be used to meet both
local tissue demands as well as total body
needs.

3.2.7

Retinoic acid metabolism

Although it is generally accepted that all-transand 9-cis-retinoic acid facilitate most of the
actions of vitamin A in mammalian tissues,
other forms of vitamin A, including all-trans.3, 4-didehydroretinoic acid and 4-oxo-all-trans-retinoic acid are reported to bring about RAR
interaction with RXRs and may be important
for facilitating retinoid actions in birds and
amphibians in vivo (Hofmann & Eichele, 1994;
Mangelsdorf et al., 1994). Each of these vitamin
forms, however, must be derived from alltrans-retinol. A metabolic scheme for the formation of these active retinoid forms from alltrans-retinol is given in Figure S. The pathways
shown are for the most part hypothetical, since
data supporting some of the conversions are
extremely limited. Only the enzymatic processes responsible for the formation of all-trans-retinal from all-trans-retinol and for the oxidation
of all-trans-retinal to all-trans-retinoic acid have
been much studied. Even the processes by
which all-trans-retirioic acid is enzymatically
formed within tissues by oxidation of all-transretinol have not been unequivocally established (Duester, 1996; Napoli, 1996). The currently prevailing hypothesis is that retinol is
first oxidized to retinal, which in turn is oxidized to retinoic acid, a process analogous to
the oxidation of ethanol to acetaldehyde and on
to acetic acid. This process is represented diagramatically in Figure S.
A

3.2.7.1 Retinoic acid formation in tissues

It has long been known that the relatively nonspecific alcohol dehydrogenase of liver can
catalyse the oxidation of retinol to retinal
(Blaner & Olson, 1994;'Duester, 1996: Napoli,
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Figure 5. Hypothetical scheme for the metabolism of all-trans-retinol.
Although all of the metabolite interconversions indicated in this scheme have not been unequivocally demonstrated experimentally,
all of these transformations of vitamin A species have been postulated in the literature to take place in some living organism. The
reader should especially focus on the metabolic transformations described in the body of the text. These are the most extensively
studied transformations and involve the oxidative metabolism of retinol to retinoic acid and the oxidative and conjugative transformations of retinoic acid to more polar metabolites. Less well understood are the cis-trans isomerizations proposed in the figure.
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1996) and that aldehyde oxidase can convert
retinal to retinoic acid (Duester, 1996; Napoli,
1996). Because retinoic acid in tiny amounts
shows such potent physiological actions, however, one must question the role of abundant
enzyme systems (such as alcohol dehydrogenase, aldehyde dehydrogenase and aldehyde
oxidase), which possess relatively broad substrate specificities, in forming retinoic acid.
This issue is now a focus of much research and
debate.
(a) Oxidation of retinol

The enzymes which catalyse the formation of
retinal from retinol have not been unequivocally established. Members of two distinct families of enzymes have been proposed as being
important. Several members of the family of
cytosolic alcohol dehydrogenases catalyse
retinol oxidation in vitro (Boleda et ai., 1993;
Duester, 1996; Napoli, 1996), and much circumstantial evidence supports the idea that
some of these are importantly involved in
retinoic acid formation in vivo. Members of a
second family of enzymes, the short-chain
alcohol dehydrogenase family, have also been
proposed as being physiologically relevant for
catalysing retinol oxidation (Duester, 1996;
Napoli, 1996). The members of this enzyme
family, which are known to catalyse retinOl oxidation, are present in cells and tissues at relatively low concentrations and are associated
with membrane fractions. Several of the shortchain alcohol dehydrogenases which oxidize
retinol prefer as a substrate, over unbound
retinol, retinol bound to vitamin A-binding
proteins (CRBP-I or cellular retinal-binding protein (CRa1BP)) (Saari, 1994; Duester, 1996;
Napoli, 1996). This is unlike the cytosolic alcohol dehydrogenases, which require unbound
retinol as substrate (Duester, 1996; Napoli,
1996). It remains unclear whether all or only
some of the enzymes reported to be important
for retinoic acid formation are indeed physiologically essential.
Both class I and class IV alcohol dehydrogenases catalyse the oxidation of all-trans-retinol
to all-trans-retinal (Duester, 1996; Napoli,
1996). In developing mouse embryos, the
pattern of expression of a class IV alcohol

dehydrogenase overlaps both temporally and
spatially with the pattern of retinoic acid distribution (Ang et ai., 1996). A class IV alcohol
dehydrogenase purified from rat stomach is
able to catalyse both the oxidation of omegahydroxy fatty alcohols and of free retinol
(Boleda et al., 1993). Nevertheless, since most
retinol within a cell is bound to CRBP-I and
since class I and IV alcohol dehydrogenases
only catalyse the oxidation of free retinol, these
authors were not convinced as to whether this
class IV alcohol dehydrogenase is physiologically important for retinoic acid formation
(Duester, 1996; Napoli, 1996).
Other reports indicate that oxidation of alltrans-retinol to all-trans-retinal is catalysed by
microsomal enzymes that use all-trans-retinol
bound to CRBP-I as substrate. Napoli and colleagues have cloned and characterized three
microsomal retinol dehydrogenases from rat
liver (termed retinol dehydrogenase, type I,
type II and type III). Each of these recognizes
all-trans-retinol bound to CRBP-I as substrate
(Posch et al., 1991; Boerman & Napoli, 1995;
Chai et al., 1995,. 1996). Since most retinol
within cells is bound to CRBP-I, this substrate
specificity suggests that these enzymes are
physiologically relevant for retinol oxidation.
Sequence analysis indicates that these enzymes
are 82% identical to each other and are
members of the class of short-chain alcohol
dehydrogenases. Each requires NADP as an
electron acceptor and is expressed most prominently in liver. Retinol dehydrogenase type I is
the best studied isoform and is reported to be
present also in kidney, brain, lung and testis, but
at levels less than 1% of that in liver (Boerman
& Napoli, 1995). Retinol dehydrogenase type II
is expressed in kidney, brain, lung and testis at
levels which are 25, 81 4 and 3%, respectively,
of that observed in liver, whereas retinol
dehydrogenase type III is expressed only' in
liver. (Chai et al., 1996). Interestingly, retinol
dehydrogenase type I does not oxidize
9-cis-retinol (Posch et al., 1991; Boerman &
Napoli, 1995). The substrate specificity of the
type II and III enzymes for different retinol
isomers has not been reported (Chai et ai.,
1995, 1996). The properties of these three
enzymes suggest that they are physiologically
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involved in the oxidation of all-trans-retinol to
all-trans-retinal.
17f3- and 3a-hydroxysteroid dehydrogenases
cloned from rat and human prostate share a
high degree of primary sequence homology
with rat retinol dehydrogenase type I, suggesting
that the microsomal retinol dehydrogenases
might also use hydroxysteroids as substrates
(Biswas & Russell, 1997). Indeed, recombinant
rat retinol dehydrogenase type I and recombinant protein generated from the-newly cloned
human homologue of this enzyme both
catalyse the oxidation of 5a-androstan-3,17-diol
to dihydrotestosterone, with the same apparent
Km value 0.1 iM (Biswas & Russell, 1997) (as
compared to approximately 2 jiM for retinolCRBP-I for rat retinol dehydrogenase type I
(Boerman & Napoli, 1995)). Thus, the microsomal retinol dehydrogenases may play important roles both in the generation of active
forms of vitamin A and in the generation of
active steroids.
In ocular tissue, the interconversion of
retinol and retinal is an essential part of the
visual cycle. Several membrane-bound dehydrogenases catalyse this oxidation-reduction
process (Saari, 1994). One such enzyme, present in the rod outer segments, catalyses the
interconversion of all-trans-retinol and all-transretinal. In the eye, soluble alcohol dehydrogenases,
although present, may not play a major role in
retinoid metabolism (Saari, 1994).
In the RPE, a different membrane-bound
dehydrogenase, which is a member of the
short-chain alcohol dehydrogenase family, has
been reported to catalyse the stereospecific
interconversion of 11-cis-retinol and 11-cis-retinal (Saari, 1994). Interestingly, il-cis-retinal
bound to CRa1BP is reduced reversibly by this
RPE enzyme to 11-cis-retinol (Saari, 1994).
Simon et al. (1995) and Driessen et al. (1995)
independently described the isolation, cloning
and characterization of this stereospecific
11-cis-retinol dehydrogenase from bovine RPE.
Like the enzymes characterized by Napoli and
colleagues (Boerman & Napoli, 1995; Chai et
al., 1995, 1996), this dehydrogenase is a member of the family of short-chain alcohol dehydrogenases. However, unlike Napoli's enzymes,
it does not employ all-trans -retinol as a

substrate and requires NAD and not NADP as
an electron acceptor. The bovine 11-cis-retinol
dehydrogenase shows a 54% amino acid
sequence homology with rat liver retinol dehydrogenase type II (Chai et al., 1995, 1996).
Northern blot analysis of total RNA from
bovine RPE, liver, kidney, adrenal, lung, testis,
brain and muscle indicates that the 11-cisretinol dehydrogenase is present only in the
RPE, supporting the idea that this enzyme is
important for providing 11-cis-retinal for visual
pigment formation (Simon et al., 1995; Driessen
et al., 1995).
Edwards et al. (1992) reported that cultured
rabbit Willer cells are able to synthesize
retinoic acid from [3H]retinol. [3H]Retinoic acid
initially accumulated slowly, but by 30 mm,
retinoic acid was rapidly released into the medium.
Extracellular retinoic acid exceeded the intracellular amount after 30 min of incubation.
Thus, some cells of the vertebrate retina have
the capacity to synthesize retinoic acid from
retinol and to release retinoic acid into the
medium.
Shih and Hill (1991) have reported that an
NADPH-dependent oxidase is present in rat
liver microsomes, with an optimal pH between
8.2 and 8.7, which converts retinol to retinal.
This oxidase was induced by 3-methylcholanthrene and inhibited by citral, ketoconazole
and o-naphthoflavone, but was unaffected
by the dehydrogenase inhibitor pyrazole. This
enzyme seems to be distinct from previously
characterized cytosolic and microsomal enzymes.
(b) Oxidation of retinal

Lee et al. (1991a) explored the ability of the 13
aldehyde dehydrogenases known at the time to
be present in mouse tissues to catalyse the oxidation of all-trans-retinal to all-trans-retinoic
acid. Three of the six aldehyde dehydrogenases
present in mouse liver cytosol were able to
catalyse this oxidation. One of these, ALDH-2,
was estimated to catalyse about 95% of the oxidation of retinal to retinoic acid in the liver.
The apparent Km of ALDH-2 for all-trans-retinal
was 0.7 jiM. None of the aldehyde dehydrogenases present in the particulate fractions of
mouse liver were able to catalyse retinal oxidation significantly. Based on these data, the
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authors concluded that the enzymes responsible for retinoic acid formation from retinal are
cytosolic, NAD-linked, substrate-non-specific
dehydrogenases.
Other investigators have demonstrated that
cytosol preparations from rat kidney, testis and
lung can catalyse the oxidation of retinal to
retinoic acid (Bhat etal., 1988a,b). The enzyme
responsible seems to be an oxidase, inasmuch
as the oxidative formation of retinoic acid was
stimulated by the addition of NADPH and
blocked by inhibitors of aldehyde oxidase (Bhat
et al., 1988a). An enzymatic activity present in
rat liver cytosol catalyses the formation of
retinoic acid from retinal, showing linear kinetics with respect to protein concentration (0-2.4
mg/mL) and time (0-30 mm), a broad pH
maximum of 7.7 to 9.7, and an apparent Km of 0.25
mmol/L for all-trans-retinal (Hupert et al., 1991).
An aldehyde dehydrogenase present at high
levels in the basal forebrain of mice has been
reported to catalyse the formation of retinoic
acid (McCaffery & Dràger, 1995; Zhao et al.,
1996). This enzyme, now termed RALDH-2, is
expressed very early in embryonic development
and levels of expression decline later in development (McCaffery & Drager, 1995; Niederreither
et al., 1997). In mouse embryos, a teratogenic
dose of all-trans-retinoic acid at embryonic day
8.5 results in downregulation of expression of
this enzyme (Niederreither et al., 1997). Bhat
and Lacroix have purified and characterized a
cytosolic retinal dehydrogenase from rat kidney
which is NAD -dependent and catalyses the
oxidation of both all-trans- and 9-cis-retinal to
the corresponding retinoic acid isomer
(Labrecque et al., 1993, 1995). A similar retinal
dehydrogenase has been partially purified from
rat liver cytosol and characterized by El Akawi
and Napoli (1994). This enzyme also catalyses
the oxidation of both all-trans- and 9-cis-retinal
in an NAD -dependent manner. Presence of
CRBP-I decreases the rate of all-trans-retinoic
acid synthesis by the rat liver retinal dehydrogenase (El Akawi & Napoli, 1994). Thus, these
and other studies (Blaner & Olson, 1994) strongly
support a role for cytosolic retinal dehydrogenases in the formation of retinoic acid in vivo.
Roberts et al. (1992) reported that CYP1A2
and CYP3A6 from rabbit liver microsomes
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oxidize retinal to retinoic acid. No work exploring
the roles of cytosolic retinal dehydrogenases in
formation of retinoic acid in the rabbit has been
reported. Thus, it is possible that retinoic acid formation and metabolism in other mammalian
species may differ from that in rodents or humans.
(c) 9-cis-Retinoic acid formation
9-cis-Retinoic acid acting through RAR5 and
RXRs is an essential vitamin A form for regulating
retinoid-responsive gene activity. The genes
regulated by retinoids are very diverse and are
involved in regulating a wide array of cellular
functions. Thus, any factor which influences
9-cis-retinoic acid availability to or within a cell
will have a broad impact on retinoic acid signalling pathways and cellular responses.
There is still only very limited information
on how 9-cis-retinoid isomers are formed. For
the visual process, the isomerization of alltrans-retinoids to 1 1-cis-retinoids is catalysed by
a specific enzyme and the isomerization takes
place at the level of the retinols and not the
aldehydes (Saari, 1994). Since the first reports
in 1992 that 9-cis-retinoic acid is a ligand for
the RXRs, several studies have explored possible
pathways for 9-cis-retinoic acid formation.
Urbach and Rando (1994) reported that membranes prepared from bovine liver catalyse nonenzymatically the isomerization of all-transretinoic acid to 9-cis-retinoic acid. This isomerization depends on free sulffiydryl groups present in the microsomes and does not involve
the participation of an enzyme. Hébuterne et al.
(1995) reported that 9-cis-J3-carotene serves as a
precursor for 9-cis-retinoic acid in vivo in the rat.
The rate of cleavage of 9-cis-f3-carotene, however,
is only 6-7% of that of all-trans-n-carotene
(Nagao & Olson, 1994). Furthermore, since rats
maintained on carotenoid-free diets display
normal health, the conversion of 9-cis-f3-carotene
to 9-cis-retinoic acid cannot be an essential
pathway for formation of this retinoic acid isomer. The ability of retinal dehydrogenases in
rat kidney (Labrecque et al., 1993, 1995) and rat
liver (El Akawi & Napoli, 1994) to catalyse the
oxidation of 9-cis-retinal to 9-cis-retinoic acid
was taken to suggest that a pathway starting
with 9-cis-retinol may be important for 9-cisretinoic acid formation. The presence of 9-cis-
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retinol in rat kidney at approximately 10% of
the level of all-trans-retinol (Labrecque et al.,
1993, 1995) supports this possibility. Although
each of these reports is individually convincing,
it still is unclear whether any or all of these possibilities are important for 9-cis-retinoic acid formation in vivo.
An NAD-dependent retinol dehydrogenase
which specifically oxidizes 9-cis-retinol but not
all-trans-retinol has recently been cloned from a
human mammary tissue cDNA library and
characterized upon its expression in CHO cells
(Mertz et al., 1997). This enzyme, a member of
the short-chain alcohol dehydrogenase enzyme
family, is expressed in adult human mammary
tissue, kidney, liver and testis. Mertz et al.
(1997) proposed that this enzyme may play an
important role in the synthesis of 9-cis-retinoic
acid. Interestingly, this enzyme, termed 9-cisretinol dehydrogenase, is expressed in kidney, a
tissue which has been reported to contain significant quantities of 9-cis-retinol (Labrecque et
al., 1993, 1995). However, it remains to be
established whether this enzyme is physiologically important for generating active forms of
vitamin A like 9-cis-retinoic acid.
A second cis-retinol dehydrogenase, also a
member of the short-chain alcohol dehydrogenase family, has been described by Napoli and
colleagues (Chai etal., 1997). The cDNA for this
mouse liver enzyme, termed the cis-retinol/3ahydroxysterol short-chain dehydrogenase,
encodes a 317-amino acid-containing enzyme
which recognizes 9-cis- and 11-cis-retinol,
5a-androstan-3cx, 1 73-diol and 5a-androstan3Œ-ol-17-one as substrates. The apparent K
values for these substrates indicate that the cisretinol dehydrogenase has a greater affinity for
the sterol substrates. This mouse enzyme,
which is most similar to mouse retinol dehydrogenase isozymes types 1 and 2 (86% and 91%
homology, respectively), uses NAD as its preferred cofactor. It is expressed in liver, kidney,
small intestine, heart, RPE, brain, spleen, testis
and lung. Chai et al. (1997) proposed that this
multifunctional enzyme is important for generating both 9-cis-retinoic acid and bioactive
androgens. It is possible that this enzyme provides a link between the actions of vitamin A
and androgens.

(d) Summary

The extent to which soluble, relatively nonspecific, enzymes such as alcohol dehydrogenase,
aldehyde dehydrogenase or aldehyde oxidase
are involved in the enzymatic formation of
retinoic acid from retinol is unclear. The
oxidation of retinol to retinal is most likely
catalysed by a microsomal enzyme or enzymes,
which use retinol bound to CRBP-I as substrate.
Whether the oxidation of retinal to retinoid
acid is also CRBP-I-dependent or is catalysed
by a soluble aldehyde dehydrogenase and/or
aldehyde oxidase is still uncertain. Nonetheless,
multiple enzymatic activities clearly are involved
in the conversion of retinol to retinoic acid.
3.2.7.2 Synthesis of retinoic acid from
carotenoids within tissues

In 1988, Napoli and Race reported that cytosol
preparations from rat tissues could catalyse the
formation of retinoic acid from 3-carotene.
The rate of retinoic acid synthesis from 10
tmol/L 13-carotene ranged from 120 to 224
pmol/h/mg protein for intestinal cytosol, and
from 334 to 488 pmol/h/mg protein for
cytosols prepared from kidney, lung, testes and
liver. Retinol that was generated during
f3-carotene metabolism was determined not to
be the major substrate for retinoic acid synthesis. Retinal was not detected as a free intermediate in this process, but retinal might be tightly
bound by the enzyme. Alternatively, f3-carotene
might be oxidized to a 15,15'-enediol before
dioxygenase cleavage, by analogy with the
conversion of catechol to cis,cis-muconic acid.
Other mechanisms for producing retinoic acid
from 13-carotene without yielding retinal are
possible, but as yet no intermediates have been
characterized.
Wang et al. (1991) reported that homogenates of liver, lung, kidney and fat from monkey, ferret and rat formed retinoic acid upon
incubation with 2 imol/L 13-carotene, with a pH
optimum of 7.0. Because citral, which inhibits
the conversion of retinal to retinoic acid, did
not affect retinoic acid formation from
3-carotene or 13 -apocarotenals, Wang et al.
(1992) concluded that retinoic acid is formed
through a biochemical process that does not
involve retinal as an intermediate.
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32.7.3 Metabolism of retinoic acid

Metabolites of all-trans-retinoic acid generated
in vivo include 13-cis-retinoic acid, 9-cis-retinoic
acid, retinoyl f3-glucuronide, 5,6-epoxyretinoic
acid, 4-hydroxyretinoic acid, 4-oxoretinoic acid,
and 3,4-didehydroretinoic acid (Blaner & Olson,
1994). Some of these metabolites retain activity
in mediating retinoic acid function, whereas
others seem to be inactive catabolic products.
The cytochrome P450 system is active in
metabolizing retinoic acid. Robrts et al. (1979)
reported that the formation of polar metabolites of retinoic acid was catalysed by an activity
present in the microsomal fraction of rat intestine and liver homogenates. This activity
required NADPH and oxygen, and was strongly
inhibited by carbon monoxide. In addition, the
activity was markedly induced by retinoids, but
only to a minor extent by phenobarbital or
3-methylcholanthrene. Roberts et al. (1979)
concluded that the enzyme responsible for the
formation of polar metabolites of retinoic acid
is a member of a class of mixed function oxidases containing the cytochrome P450s. Leo et
al. (1984) reported that rats fed a diet containing a 100-fold excess of retinyl acetate, for two
to three weeks, showed an increase in hepatic
microsomal cytochrome P450 content. When
microsomes were isolated from the livers of the
treated rats, the conversion of all-trans-retinoic
acid to more polar metabolites, including 4hydroxy- and 4-oxoretinoic acid, was enhanced.
Purified rat liver CYP2C7 and CYP2B1 catalysed
the conversion of retinoic acid to polar metabolites, including 4-hydroxy-retinoic acid (Leo et
al., 1984). The isozyme CYP2C8 of human liver
microsomes oxidizes retinoic acid to 4-hydroxyretinoic acid and 4-oxoretinoic acid (Leo et cal.,
1989). Roberts et al. (1992) reported that many
rabbit liver CYP isoforms, including 2A4, 1A2,
2E1, 2E2, 2C3, 2G1 and 3A6, catalyse the
4-hydroxylation of retinoic acid, as well as of
both retinol and retinal, but not the conversion
of 4-hydroxy-retinoids to the corresponding
4-oxoretinoids. Van Wauwe et al. (1992)
showed that oral administration of a dose (40
mg/kg body weight) of liarozole, a 1-substituted
imidazole derivative which inhibits cytochrome P450 activity, enhances the endogenous plasma concentrations of retinoic acid
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from less than 1.7 nmol/L to 10-15 nmol/L.
Thus, the cytochrome P450 system seems to
play an important role in retinoic acid metabolism and homeostasis.
Novel cytochrome P45 Os of the CYP26 family
(termed P450RA from P19 cells and P450RAI
from the zebrafish), which are able to metabolize retinoic acid, were recently cloned (Fujii et
al., 1997; White et al., 1997a). One cDNA clone
(P450RA) was obtained from a subtraction
library prepared from retinoic acid-treated and
untreated murine P19 embryonic carcinoma
cells (Fujii et al., 1997). When expressed, the
murine P450RA cDNA catalysed the oxidation
of all-trans-retinoic acid to 5,8-epoxy-all-transretinoic acid. Both 13-cis- and 9-cis-retinoic acid
are also substrates for P450RA. This cytochrome
P450 is expressed in a stage- and region-specific
fashion in mouse development, but expression
does not appear to be inducible by excess
retinoic acid. In the adult mouse, P450RA is
expressed only in liver (Fujii et al., 1997). White
et al. (1997a) reported the isolation and characterization of a cDNA for cytochrome P45ORAl
expressed during gastrulation of the zebrafish.
P450RAI was expressed normally during gastrulation and in a defined pattern in epithelial cells
of the regenerating caudal fin in response to
administration of exogenous all-trans-retinoic
acid. When the cDNA for P450RAI was expressed
in COS-1 cells, all-trans-retinoic acid was rapidly
metabolized to more polar metabolites, two of
which were identified as 4-oxo-all-trans-retinoic
acid and 4-hydroxy-all-trans-retinoic acid.
P450RAI, which is induced upon retinoic acid
exposure, catalyses the oxidative metabolism of
retinoic acid. It is tempting to speculate that the
oxidative metabolism catalysed by P45ORAl and
P45 0RA is an important and common mechanism through which cells and tissues regulate
levels of this active form of vitamin A; however,
this possibility requires further studies.
Livers from aryl hydrocarbon receptor-null
(AHR-'j mice possess total retinol levels which
are approximately three-fold higher than those
of wild-type mice (Andreola et al., 1997).
In addition, AHR'- mice show a reduced
capability to oxidize retinoic acid and significantly decreased hepatic mRNA levels for both
retinal dehydrogenase types 1 and 2. Interestingly,
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expression of P450RAI was not different in AHRdeficient and wild-type mice. These results
strongly suggest that the aryl hydrocarbon
receptor plays an important role in vitamin A
homeostasis within the body. This is in keeping
with observations that mice and rats given
2,3,7, 8-tetrachlorodibenzo-p-dioxin show a rapid
decline in hepatic total retinol levels (Brouwer
et al., 1985; Chen et al., 1992a). Thus, it would
appear that there is a direct link between xenobiotic exposure and metabolism and vitamin A
metabolism and homeostasis in mice and rats.
Although the potential pathological consequences of such a link are clear, the underlying
biochemical processes and mechanisms still
need to be resolved.
A direct role for CRABP-I in the oxidative
metabolism of retinoic acid has been proposed
by Fiorella and Napoli (1991). Microsomal enzymes
of rat testes catalyse the conversion of CRABPI-bound all-trans-retinoic acid to 3,4-didehydro-,
4-hydroxy-, 4-0x0-, 1 6-hydroxy-4-oxo- and
18-hydroxy-retinoic acids. Thus, CRABP-I may
well play a direct role in the oxidative metabolism of all-trans-retinoic acid. Furthermore,
the binding of all-trans-retinoic acid to CRABP
may provide a mechanism for discriminating
metabolically between all-trans- and 13-cisretinoids.

Humans
4.1
4. 1.1 Epidemiological studies

The proportion of total vitamin A intake that is
contributed by preformed vitamin A (retinol
and its esters) varies between populations,
depending on a number of factors, including
the balance of animal and plant foods and the
prevalence of dietary supplements. In the
United States, for example, preformed vitamin
A makes up about 50% of the total dietary
intake of vitamin A (Tee, 1992). Restricting this
review to studies that separated the preformed
vitamin A and carotenoid components would
cause a number of potentially informative
investigations to be omitted. Therefore, the
Working Group chose to include studies that
reported only total vitamin A (preformed and
provitamin A) in the diet, but to present and

discuss the findings separately from studies that
specifically identified preformed vitamin A intake.
The review does not cover all studies that
have reported on associations of vitamin A
intake and cancer at any site. The Working
Group chose to include cancer sites that have
been reported in at least two studies and to
exclude studies that were based on a small
number of cases.
4.1.1.1 Methodological issues
(a) Case-control studies

Most of the studies relating vitamin A intake to
cancer in humans are case-control studies.
In these studies, individuals with cancer are
compared with persons sampled from the general population with respect to prior consumption of vitamin A, or of foods rich in vitamin A.
Advantages of such studies include efficiency
and the capacity to study multiple exposures
related to a single disease outcome. Often, studies
of this kind provide the only information that
is available. However, several methodological
problems limit the ability of case-control studies to provide strong evidence for causal relations with vitamin A intake. Biased estimates of
the relationship between vitamin A intake and
disease may result if the controls are not representative of the population which gave rise to
the cases (selection bias). For a case series at a
hospital, for example, it may be difficult to
define this underlying population, and even
more difficult to sample it randomly, although
in some instances hospital-based controls may
give unbiased estimates of effect.
It may be difficult to obtain accurate information on past diet from cases and controls. In
cancer studies, epidemiologists are usually
interested in the diet of the cases months or
years before the time the diagnosis is made.
Estimates of diet at some time in the past are
likely to be imprecise. Moreover, cases may
differ systematically from controls in the accuracy of their description of their past diet (recall
bias), particularly in view of the prominence
given to diet-cancer hypotheses in some
countries. For rapidly fatal cancers such as lung
cancer, cases may be dead or too ill to participate by the time they are contacted, and information can be obtained only from a proxy
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respondent, such as the spouse. This approach
may yield unreliable data, particularly for a
complex exposure such as dietary habits. These
and other sources of error are important when
studies are searching for small effects. In many
studies of vitamin A, for instance, relative
risks between the highest and lowest categories
of intake are expected to be small and may
be obscured by a relatively minor degree of
bias.
The usual measure of effect in case-control
studies is the odds ratio (OR; the relative odds
of exposure among cases compared with the
odds of exposure among controls). In a population-based case-control study, it can be shown
that the odds ratio is an unbiased estimate of
the measure of effect used in cohort studies (the
relative risk (RR), i.e., the ratio of the incidence
rate of the outcome among the exposed compared with the incidence rate in the unexposed). For simplicity, in this chapter, the term
relative risk is used throughout.
(b) Cohort studies

In a cohort (prospective or follow-up) study,
a group of persons whose dietary intake has
been ascertained is followed over time with
respect to disease incidence. Subsequent cases
of cancer are compared with subjects who did
not develop cancer, with respect to initial diet.
The major advantage is that diet is assessed
before the occurrence of disease, and thus
should not be influenced by it. Selection bias
should not occur, as the comparison group for
the cases is explicit (the non-cases in the
cohort). The major limitation of cohort studies
is that a very large number of people (typically
thousands or tens of thousands) must be
enrolled and followed for many years to generate enough cancer diagnoses to achieve statistical power. For relatively uncommon cancer
types or sites, a prospective study may never
accrue enough cases. In addition, most cohort
studies are limited to exposure data collected at
the beginning of the study (unless blood or
tissue samples are stored). Nonetheless, for
vitamin A and the major cancers, prospective
data are available, and generally constitute the
best available sources of non-experimental
evidence.
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(c) Nested case-control studies

A common strategy in prospective studies
using biomarkers of exposure is to employ a
nested case-control design. It is usually prphibitively expensive and wasteful of samples to
analyse all samples in a cohort. In a nested
case-control study, typically most or all of the
cases and a sample of non-cases (controls) are
analysed. The study has the advantages of a
prospective design, as the specimens providing
the exposure data were collected before the diagnosis of cancer.
4.1.1.2 Assessment of exposure
The quality of the data on vitamin A and cancer in humans depends not only on study
designs used, but also on the validity of the
measurements of vitamin A intake. In general,
intake can be measured by diet assessment
(combining information on an individual's
average intake of foods with the average vitamin A content of the foods), history of supplement use, or by measuring vitamin A (either
retinol and/or retinyl esters) in the blood or
other tissues.
(a) Diet assessment

Because certain foods (e.g., liver) are particularly rich sources of vitamin A, day-to-day variation in vitamin A intake is high. In many
countries, certain foods such as milk are fortified with preformed vitamin A, and for some
individuals, these foods account for a substantial proportion of their intake on some days.
Thus, it is particularly important to assess
intake of these foods over weeks or months,
since one or a few days of intake (obtained for
instance from 24-hour or three-day recalls)
may be highly unrepresentative of long-term
intake. Thus, many investigators use food frequency questionnaires, which generally seek to
obtain information on average intake of foods
over months or a year. The available data suggest that these instruments measure vitamin A
intake reasonably well, although the effectiveness of questionnaires varies depending on the
quality of the survey instrument, the circumstances in which information is sought and the
skills and understanding of the study participants. For instance, the correlation between

Vitamin A

total vitamin A intake estimated from a 61-item
food frequency questionnaire compared with
four weeks of diet records, in a population of
women in the United States, was r = 0.5 (p < 0.05)
(Willett et al., 1985).
Many studies, particularly earlier ones, were
not able to differentiate between preformed vitamin A (retinol and retinyl esters) and
carotenoids with vitamin A activity, and thus
reported data for total vitamin. A, not preformed vitamin A specifically.
In contrast to some nutrients such as
carotenoids (Ascherio et al., 1992), validation of
estimates of dietary intake of preformed vitamin A by comparison with serum levels is not
feasible (see Section 4.1.1.2(b)).
A further issue is potential confounding of
vitamin A by other nutrients in vitamin A-rich
foods. For instance, dairy products are major
sources of preformed vitamin A, but also have
high levels of saturated fats. Thus, an aftefactual
positive association with preformed vitamin A
may be observed at sites where cancer has a
positive relation with saturated fat. Similarly,
whenever total vitamin A intakes reflect intake
of provitamin A-rich vegetables, confounding
by other potentially anti-carcinogenic nutrients
in these vegetables is a concern.
In the evaluation of dietary intake ofretinol,
it is worth distinguishing populations, chiefly
North American ones, who have a relatively
high probability of having been taking vitamin
supplements, from other populations (e.g.,
southern Europe, Asia), where this practice is
uncommon. When the use of vitamin supplements (mostly multivitamin preparations) has
been specifically evaluated, this is mentioned
in the description of the specific studies.
(b) Biochemical markers

Although serum retinol levels are depressed
when vitamin A intake is sufficiently low to
produce clinical deficiency, over the range of
intake in generally well nourished populations
serum retinol levels are only minimally related
to vitamin A intake. For example, no material
increase in blood retinol level was observed in
a study in which 25 000 lU of preformed vitamin A (more than five times the usual dietary
intake) was taken as a daily supplement for

eight weeks (Willett et al., 1983). Similarly, large
supplements of f3-carotene had no notable
effect on blood retinol levels. Even among
women with initially low values of plasma
retinol, a daily supplement of 10 000 lU of
vitamin A (fish-liver extract) increased blood
levels only by 9%, although this was significant
(p < 0.02) (Willett et al., 1984a). Thus, serum
retinol is not a valid indicator of vitamin A
intake in vitamin A-sufficient subjects.
Case-control studies are particularly
problematic for another reason: cancer and
cancer treatment usually reduce retinol levels
from pre-treatment values. Consequently,
case-control studies that relied solely on blood
retinol measures have been omitted from this
review.
(c) Preformed vitamin A supplement use

In principle, users of preformed vitamin A supplements constitute a useful population to test
the hypothesis that preformed vitamin A intake
influences cancer risk. In practice, however,
there are major limitations to this approach. In
most populations, use of single vitamin A
supplements is relatively rare; most preformed
vitamin A supplements are taken in conjunction with other supplements, or in the form of
multivitamins. This obviously limits the interpretation of information on preformed vitamin
A supplement use. Vitamin supplements may
also be used for relatively short periods, or in
variable amounts, which further complicates
interpretation of observational studies.
Furthermore, supplement users tend to differ
from non-supplement users in their exposure
to established cancer risk factors (such as tobacco use) and socioeconomic status, suggesting
that residual confounding due to these variables
may remain even after statistical adjustment.
Patterson et al. (1997) reviewed vitamin supplement use and cancer risk in observational
studies. Of eight prospective studies examining
vitamin A supplement use and cancer at multiple
sites, the only significant inverse association
observed was for colon cancer among women,
but not men, in a cohort in California, United
States (Shibata et al., 1992). Among casecontrol studies, the upper aerodigestive tract
was the only site at which more than one study
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reported a significant inverse association of
cancer with vitamin A supplement use (see
Table 10) (Patterson et al., 1997). Patterson et al.
(1997) concluded that further observational
studies of supplement use 'appear warranted;
however, methodological problems ... impair
the ability to assess supplement use ... and cancer
risk.' Because of the low prevalence of preformed vitamin A supplement use in most of
the available studies, combined with the other
methodological concerns, the Working Group
did not systematically review the limited observational evidence relating supplement use to
cancer risk.
4.1.1.3 Vitamin A and specific cancer sites

In the following review of the evidence relating
vitamin A intake to specific cancers, studies are
included which have presented data comparing
relative risks for subjects according to categories of total and preformed vitamin A intake
(high versus low). Details of these studies are presented in Tables 9-17. Studies that presented
data only as a difference in mean vitamin A
intake or blood retinol levels for cases and controls have been largely excluded, as were studies that reported only total cancer incidence as
an endpoint.
(a) Lung cancer

The largest body of evidence on vitamin A and
a specific cancer site exists for lung cancer
(Table 9). Most of the case-control studies have
reported an inverse association between total
vitamin A intake and lung cancer, although
some notable exceptions exist (Ziegler et al.,
1984; Jain et al., 1990). In the study of Jain et al.
(1990), increased consumption of vegetables
was associated with significantly decreased risk,
but the association was strongest for vegetables
which are poor sources of vitamin A.
In general, among studies that have examined preformed vitamin A and carotenoid
intake separately, no association or only a weak
inverse association with preformed vitamin A is
evident. In contrast, most of these studies have
observed an inverse association with increased
carotenoid consumption.
Prospective data are relatively sparse, with
only four studies reporting more than 100
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cases. Bjelke (1975) reported on 36 incident
cases among 8278 Norwegian men who had
earlier completed a mailed dietary questionnaire. Kvâle et al. (1983), in the further followup of the extended cohort (168 cases), observed
a relative risk of 0.5 for high versus low intake
of total vitamin A. This inverse association was
mostly attributable to intake of carrots and
other vegetables, with some additional contribution from milk. Thus, this study is more
consistent with a beneficial effect of carotenoid
sources of vitamin. A than one of preformed
vitamin A.
Shekelle et al. (1981) reported data on the
independent associations of carotenoids and
preformed vitamin A. In 19 years of follow-up
of 2107 men, 33 cases occurred. Preformed
vitamin A intake was weakly positively associated with disease risk, but a strong inverse association was observed for carotenoid intake,
which was similar in magnitude for smokers
and non-smokers. Paganini-Hill and colleagues
(1987) observed little protective effect of total
vitamin A or preformed vitamin A, but a modest decrease in lung cancer risk among both
men and women in the upper tertile of
carotenoid intake. Knekt et al. (1991a), in a follow-up of Finnish men, observed a weak positive relationship with preformed vitamin A
among smokers. Yong et al. (1997) observed little evidence of any association with total vitamin A (based on 24-h recall estimates of dietary
intake), and a relative risk of 1.3 for high versus
low intake of preformed vitamin A.
As discussed earlier, blood retinol levels are
poor indicators of preformed vitamin A intake.
However, blood carotenoids do reflect carotenoid intake. A protective effect of being in
the highest category of blood -carotene level
or total carotenoid intake has been a remarkably consistent finding in the nested case-control studies. In none of the nested case-control
studies was a significant association with blood
retinol levels observed.
In summary, the observational studies,
including both case-control and prospective
evidence, support a protective effect of higher
intakes of foods containing carotenoids on risk
of lung cancer. The possibility that other components of carotenoid-rich foods may be
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Table 9. Studies of vitamin A intake and lung cancer
Reference, site

No. of casesa

Categoriesb

Vit.

Proxies

Adjusted for

Total vitamin AC

Preformed vitamin Cc

RR

95% Cl

RR

95% Cl

suoo.d (% cases)

p < 0.05
p, trend <0.05
p, trend <0.05
[0.5-1.1]

-

-

N
Y

O
O

Age, smoking
Unadjusted

-

-

Y

24%

Y

60e

Age, ethnicity, sex, smoking,
cholesterol intake, occupation
Age, race, residence, smoking

Case-control studies
Mettlin et al. (1979), USA
Gregor et al. (1980), UK

Three
Three

Hinds et a!, (1984), USA

292 M
78 M
22 F
364

Quartiles

[0.6]
[0.5]
[1.9]
[0.7]

Ziegler et al. (1984), USA

763 M, white

Quartiles

[1.1]1

p, trend = 0.30

[1.3]

p, trend

Byers etal. (1984), USA

427 M

Tertiles

129

-

-

N

O

Age, smoking

07d

p, trend = 0.73
p, trend = 0.07
p, trend = 0.09

Tertiles

[0.6]
[1.1]

[0.4-1.01
[0.6-2.0]

47%

Age, ethnicity, sex, smoking

-

-

[0.7-1.7]
[0.8-3.3]
[0.4-2.0]
[0.4-2.5]

Y

Quartiles
Dichotomous
Quartiles

[1.1]
[1.7]
[0.8]
[1.0]

Y

O

Age, residence, smoking

[0.7]
[0.8]

p, trend = 0.12
p, trend =0.4

-

N

O

Age, smoking

Tertiles

-

-

[0.3]

[0.1-1.2]

N

O

N
N

27%
O

Age, smoking, serum
cholesterol, triglycerides
Age, race, sex, smoking
Age, parity, education

Samet etal. (1985), USA
Wu etal. (1985), USA
Byers et al. (1987), USA
Pastorino etal. (1987), Italy

332 Anglo
125 Hispanic
220 F
296 M
154F
47F

0.11

Fontham etal. (1988), USA
Koo (1988), Hong Kong

1253
88 F, Chinese nonsmokers

Tertiles
Three

-

-

0.9
[0.4]

0.7-1.1
p, trend = 0,02

Ho etal. (1988), Singapore
Le Marchand etal. (1989),
USA
Dartigues etal. (1990) France

50 M, Chinese
230 M
102 F
106

Quartiles
Quartiles

[0.6]
[0.6]
[0.4]

[0.2-2.0]
p, trend = 0.003
p, trend = 0.14

-

-

Y

p, trend = 0.70
p, trend = 0.75

'

O
29%

Age, ethnicity, sex
Age, ethnicity, smoking

<3 330 lU

-

-

[1.1]
[1.0]
[0.2]

[0.1-0.4]

N

O

Age, residence, sex, smoking,
alcohol, occupation

Jain etal. (1990) Canada

839

Quartiles

1.2

p trend = 0.46

1.2

p, trend = 0.54

Y

34%

Age, residence, sex, smoking

Kalandidi etal. (1990) Greece

91 F non-smokers

Quartiles

-

-

1.3

0.98-1.8

N

O

Age, education, energy

Candelora et a/. (1992) USA

124 F non-smokers

Quartiles

-

-

1.2

0.6-2.4

Y

0

Age, education, energy

Table 9. (contd
No. of casesa

Reference, site

Cohort studies

Cohort size

Kvle etal. (1983), Norway
Paganini-Hill et al. (1987), USA

16713M
10473

Knekt etal. (1991a), Finland

4538 M
non-smokers
smokers

18
99

Yong etal. (1997), USA

10 068

248

Reference, site

No. of cases No. of controls

153
37M
18 F

Categoriesb

Total vitamin AC

Preformed vitamin AC

Vit.

Proxies

RR

95% Cl

RR

supp.d

(% cases)

Four

[0.6]

Tertiles

[0.9]
[0.9]

p, trend <0.04
p, trend >0.05
p, trend >0.05

N
Y

O
O

Unadjusted
Age

Y

O

Age, smoking

Y

O

Age, race, education, activity,
body mass index, family history,
energy, smoking, alcohol

95% Cl

-

-

[08]
[0.7]

p, trend >0.05
p, trend > 0.05
p, trend = 0.72
p, trend = 0.08
0.9-1.8

Tertiles
-

-

-

-

[0.7]
[1.4]

Quartiles

1.0

0.7-1.5

1.3

Categories

Blood retinol c

Adjusted for

RR

95% Cl

0.8
1.1

p, trend = 0.94
p, trend = 0.68

Age, sex, skin colour, smoking
Age, sex, race, smoking

1.5
1.4

0.3-1.3
0.2-10.0

Age, sex, residence, smoking

[0.4]
[0.7]

[0.8-8.1]
[0.3-1.7]

Prospective blood-based studies
Friedman etal. (1986), USA

Menkes et al. (1986), USA
Knekt etal. (1990), Finland
Eichholzer et al. (1996),
Switzerland

151
99
108 M
6F
87M
>60y

302

Quintiles

196

Quintiles

204
12
2173

Quintiles

Octiles

::~ 60y

Age, smoking, lipids

a Study populations include both men and women unless otherwise stated
b Number of categories used (if quantiles
not used); otherwise number of quantiles used for categorization
C

Relative risk for highest versus lowest category

d

Vitamin supplement use assessed (Y) or vitamin supplement use not assessed, or unclear if it was assessed (N)

e For cases and controls combined

Adenocarcinoma
g Squamous-cell carcinoma

h Small cell carcinoma

Adjusted for

Vitamin A

responsible for an apparent effect of carotenoids deserves further exploration. The data
support the conclusion that dietary intake of
preformed vitamin A does not influence lung
cancer risk.
(b) Upper aerodigestive tract cancer

Five case-control studies (four from the United
States and one from Australia) (Table 10) evaluated the relationship between dietary intake of
total vitamin A or preformed vitamin A and the
risk of cancer of the oral cavity and pharynx.
Two studies (McLaughlin et al., 1988; Gridley et
al., 1990) found direct associations which were
significant in males. These included the largest
investigation on the topic (831 cases and 979
controls) which yielded RRs of 1.6 in men (p,
trend = 0.007) and 1.4 (p, trend = 0.27) in
females in the highest quartile of intake
(McLaughlin et al., 1988). In one study
(Marshall et al., 1982), a significantly reduced
risk was reported for the highest tertile for vitamin A intake. The relationship between cancer
of the oesophagus and retinol intake was evaluated in eight case-control studies. Approximately two-fold elevated RRs were reported in
four investigations, including the largest from
Calvados, France (743 cases and 1975 controls)
(Tuyns et al., 1987) and another from the
United States, where adjustment for total energy
intake was possible (Graham et al., 1990a). No
study suggested risk reduction in individuals
who reported high retinol intake. For cancer of
the larynx, three case-control investigations
suggested either an elevated risk after allowance
for total energy intake (Freudenheim et al.,
1992) or no effect on risk modification
(Mackerras et al., 1988; Estève et al., 1996). The
latter was a large collaborative European study
(1147 cases and 3057 controls), where cancer of
the hypopharynx was also evaluated and an RR
of 0.6 was observed in the highest quartile for
preformed vitamin A intake.
A prospective study of postmenopausal
women in Iowa, United States, reported an RR
of 0.9, (95% Cl, 0.4-2.2) based on 33 cases
of cancer of the oral cavity, pharynx and
oesophagus (Zheng et al., 1995).
Nomura et al. (1997a) evaluated the association between serum levels of various micronu-

trients and cancer incidence in a cohort of 6832
American men of Japanese ancestry. Serum levels
were measured on average six years before the
diagnosis of cancer of the oral cavity and
pharynx (16 cases), oesophagus (28) or larynx
(23). Mean levels of retinol and total retinoids
were very similar in cancer cases and 138 controls.
Among the studies listed in Table 10, four
reported RRs for intake of vitamin A supplements and/or multivitamin preparations. These
tended to be systematically below unity. Gridley
et al. - (1992), in an expanded re-evaluation of
the study by McLaughlin et al. (1988) on 1114
cases of cancer of the oral cavity and pharynx
and 1268 controls, reported an RR of 0.4 (95%
Cl, 0.2-0.8) for 10 or more years of vitamin A
supplement use. This was seen consistently in
men and women but after adjustment for vitamin E intake (the strongest protective factor)
became 0.6 (95% CI, 0.3-1.4).

(c) Gastric cancer
Almost all the published epidemiological data
on the relationship between vitamin A and gastric cancer are from case-control studies (Table
11). Stehr et al. (1985) observed a positive association between total vitamin A intake, as
reported by next-of-kin of deceased gastric
cancer cases, and gastric cancer risk; the use of
proxy interviews increases the likelihood of
misclassification and bias in this study. Risch et
al. (1985) observed a strong inverse association
with -carotene but not preformed vitamin A;
inverse associations with f3-carotene but
not retinol have been reported by La Vecchia et
al. (1987a), You et al. (1988), Buiatti et al.
(1990), Gonzalez et al. (1994) and Hansson et al.
(1994). A strong positive association with preformed vitamin A intake was reported by
Graham et al. (1990b), along with a significant
inverse association with 13-carotene. In a study
in Milan, Italy by La Vecchia et al. (1994), preformed vitamin A intake was not associated
with cancer risk.
In a prospective study, Nomura et al. (1995)
observed essentially no relationship between
serum retinol levels and subsequent risk of gastric
cancer, but a modest inverse trend with f3carotene levels.
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Table 10. Total vitamin A and retinol intake and risk of upper aerodigestive cancers
Reference, site

Cancer site

No. of
casesa

Categoriesb

Total vitamin AC
RR 95% Cl

Preformed vitamin AC
RR

95% Cl

Vit.

Proxies

supp.d

(% cases)

Adjusted for

Case-control studies
Marshall etal. (1982),
USA

Oral cavity

425

Tertiles

0.5

p, trend <
0.05

-

-

N

O

Age, alcohol, smoking

McLaughlin et al.
(1988),
USA

Oral cavity and
pharynx

871

Quartiles

-

-

M 1.6
F 1.4

p, trend =
0.007
p, trend =
0.3

Y

o

Smoking, alcohol

Rossing et al. (1989),
USA

Pharynx

166

Quartiles

-

-

1.1

0.6-2.0

Y

52%

Age, smoking, alcohol

Gridley et al. (1990),
USA

Oral cavity and
pharynx

190

Quartiles

-

-

M 4.5
F 0.6

p, trend =
0.001
p, trend =
0.8

N

29%

Alcohol, smoking, energy

Kune et al. (1993),
Australia

Oral cavity and
pharynx

41

Tertiles

-

-

0.6

0.3-1.4

N

O

Age

Ziegler et al. (1981),
USA

Oesophagus

120

Tertiles

0.7

p, trend >
0.05

-

-

N

100%

Alcohol

Tuyns etal. (1987),
France

Oesophagus

743

4 levels

1.0

0.7— 1.6

2.1

15-3.0

N

O

Alcohol, smoking

Brown etal. (1988),
USA

Oesophagus

207 M

Tertile

-

-

1.9

1.0-3.5

N

o (diet)

Smoking, alcohol

Decarli et al. (1987),
Italy

Oesophagus

105

Three

-

-

2.3

1.1-4.5

O

Age, education, social
class, body mass index,
alcohol, smoking

Graham etal.
(1990a), USA

Oesophagus

176

Quartiles

2.1

1.1-4.0

3.0

1.6-5.8

o

Age, education,

N

alcohol, tobacco, energy

Table 10. (contd)
Reference, site

No. of
casesa

Cancer site

Categoriesb

Total vitamin AC

Preformed vitamin AC

RR

95% Cl

RR

95% Cl

Vit,

Proxies

supp.d

(% cases)

O

Adjusted for

Gao etal. (1994),
China

Oesophagus

902

Quartiles

-

-

M
0.9
F 1.3

p, trend =
0.8
p, trend =
0.1

N

Hu etal. (1994),
China

Oesophagus

196

Quartiles

-

-

1.3

0.7-2.4

Y

Tavani etal. (1994),
Italy

Oesophagus

46

Tertiles

-

-

1.1

0.5-27

Y

O

Education, age, smoking

Mackerraseta/.
(1988),
USA

Larynx

151

Tertiles

[0.8]

[0.4-1.4]

[1.1]

[0.6-2.5]

N

O

Age, smoking, alcohol

Freudenheim etal.
(1992),
USA

Larynx

250 M

Quartiles

0.6

0.3-1.04

2.8

1.4-5.6

N

O

Education, alcohol,
smoking, total energy

Estève etal.
(1996), Europe, six
regions

Larynx
Hypopharynx +
epilarynx

727 M
399 M

Five

-

-

1.0
0.6

0.7-1.4
0.4-0.9

N

O

Age, alcohol, smoking,
centre

Cohort studies

Cancer site

Cohort size

Zheng etal. (1995),
USA

Mouth,
pharynx,
oesophagus

34691

Tertiles

-

-

0.9

0.4-2.2

Y

O

Age, smoking, energy

33

a Study populations include both men and women unless otherwise stated
b Number of categories used (if quantiles not used); otherwise number of quantiles used for categorization
C

Relative risk for highest versus lowest category
dvitamin supplement use assessed (Y) or vitamin supplement use not assessed, or unclear if it was assessed (N)

Age, education, birth
place, tea, smoking,
alcohol, energy
Alcohol, smoking,
occupation

Table 11. Studies of vitamin A intake and ciastric cancer
Reference, site

No. of casesa

Categoriesb

Total vitamin A c

Preformed vitamin A

AR

95% Cl

AR

95% Cl

Vit. supp. d

Proxies

Adjusted for

(% cases)

Case—control studies
Stehr et aI. (1985), USA

111

Two

1.7

1.02-3.1

-

-

N

100

Risch etaL (1985), Canada

246
206

Per 10000 lU

-

-

0.9
0.8

0.4-1.8
p, trend 0.4

N
N

O
O

Quartiles
Four
Three
Quintiles
Quartiles

-

-

0.8

0.5-1.1

0.7-1.4
1.7-5.7
1.1-4.1
0.7-1.3
0.6-1.3

O
O

-

1.0
3,1
2.1
1.0
0.8

N
N

Hansson et al. (1994), Sweden

564
186 M
107 F
1016
338

Y
N

O
O

Gonzalez etaL (1994), Spain

354

Quartiles

-

-

1.5

p, trend = 0.1

N

O

La Vecchia et al. (1994), Italy

723

Quintiles

-

-

0.9

0.7-1.3

N

O

Prospective blood-based studies

No. of
cases

No. of
controls

Nomura etal. (1995), USA

70

302

La Vecchia et al. (1 987a), Italy
You et ail. (1988), China
Graham etal. (1990b), USA
Buiatti etal. (1990), Italy

Tertiles

Three

-

C

Sex, age
Sex, age, energy
intake
Sex,age, residence,
energy intake
Age, sex, education,
family history, body
mass index, energy

Blood retinol
RA
95% Cl

-

1.2

a Study populations include both men and women unless otherwise stated
b Number

Year of death, age,
sex, race, residence
Sex, age, residence
Sex, age, residence,
education
Sex, age, income
Sex, age, residence

of categories used (if quantiles not used); otherwise number of quantiles used for categorization

Relative risk for highest versus lowest category

dVitamin supplement use assessed (Y) or vitamin supplement use not assessed, or unclear if it was assessed (N

0.6-2.2

Age

Vitamin A

Thus, a substantial body of data suggests that
components of carotenoid-rich vegetables are
protective against gastric cancer, but no data
suggest that preformed vitamin A has such an
influence.
(d) Co/on cancer

Although many studies have examined fat and
fibre intake in relation to colon cancer risk,
relatively few have reported data on vitamin A.
McKeown-Eyssen and Bright-See (1984) reported
from an international correlation study a weak
positive relationship between preformed vitamin A intake and colon cancer mortality
(r = 0.27), after adjustment for animal fat and
cereal fibre intake; there was essentially no
association with intake of vegetables and fruits
(the main sources of carotenoids).
In a case-control study in Australia, Potter
and McMichael (1986) did not observe a
substantial protective association of preformed
vitamin A or carotenoids among either men or
women (Table 12). Lyon et al. (1987), working
in Utah, United States, observed no overall
relationship, although in sex-specific analyses,
a modest protective association with total
vitamin A intake among women was observed
(adjusted for age and energy only). In a
subsequent case-control study in Utah, West et
al. (1989) observed a significant inverse
association with higher intake of 13-carotene
after adjusting for age, obesity, crude fibre and
energy intake; no significant association was
observed for total vitamin A. Graham et al.
(1988), however, found no protective association in a study performed in New York State,
United States.
In a case-control study (Ferraroni et al.,
1994) carried out in Milan, Italy, between 1985
and 1992, high retinol intake was inversely
associated with colon cancer (RR in highest versus lowest intake quintile, 0.7; 95% Cl, 0.5-0.9)
but not rectal cancer risk (corresponding RR,
0.8; 95% Cl, 0.6-1.1).
Another large case-control study on cancer
of the colon and rectum was carried out
between 1992 and 1996 in six areas of Italy,
using a more detailed, validated food frequency
questionnaire and food composition tables
(La Vecchia et al., 1997). Intake level of retinol

was not associated with either colon or rectal
cancer.
Few prospective studies have reported data
on colon cancer. Paganini-Hill et al. (1987) did
not observe any substantial protective effect of
either preformed vitamin A or provitamin A
carotenoids. Heilbrun et al. (1989) observed a
modest non-significant inverse association
between higher intake of total vitamin A and
both colon cancer ([RR, 0.7]; p, trend = 0.1)
and rectal cancer ([RR, 0.8]; p, trend 0.4).
A similar inverse association was observed
between preformed vitamin A intake for colon
([RR=0.7]; p, trend = 0.2) but not rectal (RR,
1.0; p, trend = 0.8) cancer. Interestingly, in a
nested case-control study in Maryland, United
States, subjects in the upper quintile of serum
retinol were at reduced risk of colon cancer
[RR, 0.3; 95% Cl, 0.1-0.8] after up to nine years
of follow-up, although this observation should
not be given much weight given the limitations of serum retinol levels (Schober et al.,
1987). Nomura et al. (1985) observed higher
median levels of retinol, but somewhat lower
levels of f3-carotene among men who subsequently developed colon cancer, compared
with controls.
In summary, there is little evidence to
suggest that vitamin A is protective against
colon cancer. The data are sparse and inconsistent, however. As animal fat and fibre may be
important determinants of colon cancer, more
studies which carefully control for these are
needed.
(e) Skin cancer

A few studies have investigated the relationship of vitamin A to skin cancer. Table 13 lists
those concerned with non-melanocytic
cancers. A mix of prospective and case-control
(Middleton et al., 1986; Kune et al., 1992;
Hunter et al., 1992) studies conducted among
Caucasian populations with a wide range
of disease risk reported no effect of vitamin A
intake: although the risk estimates in the
individual studies were generally greater
than unity, in every instance, the 95% confidence interval included 1.0. In addition, two
prospective studies have reported on the relationship between pre-diagnostic levels of

Table 12. Studies of vitamin A intake and colon cancer
Reference, site

No. of casesa

Total vitamin AC

Preformed vitaminc

RA

95%

AR

95% CI

Lyon etal. (1987),
USA
West etal. (1989),
USA
Ferraroni etal. (1994),
Italy
La Vecchia etaL
(1997), Italy

Proxies
(% cases)

Adjusted for

Cohort size
6694
8006 M
No. of cases

121 M colon
99 F colon
l24M rectum
75 F rectum
246

Quintiles

-

-

1.4
1.6
0.7
1.3

0,8-2.4
0.7-3.5
0.4-1.4
0.6-3.0

N

0

Age

Four

-

-

-

N

0

112 M
119 F
828 colon
498 rectum

Four

M 1.4
F 0.7
0.7
1.5

0.3-1.8
0.6-3.9

-

-

N

O

Quintiles

-

-

0.7
0.8

0.5-0.2
0.6-1.1

N

O

1225 colon
728 rectum

Quintiles

-

-

1.1
1.0

1.0-1.2
0.9-1.1

N

O

Age, county, race,
energy
Age, body mass index,
crude fibre, energy
Age, sex, education,
family history, body
mass index, energy
Age, residence, sex,
education, activity,
energy, fibre

Tertile

[1.3]
[0.8]
[0.7]
[0.8]

p, trend > 0.05
p, trend >0.05
p, trend = 0.1
p' trend = 0.4

[1.3]
[1.0]
[0.7]
[1.0]

p, trend > 0.05
p, trend >0.05
p, trend = 0.2
p, trend = 0.8

Y

O

Age

N

O

Age
Age and alcohol

No. of cases
52 M
58F
102 colon
60 rectum
No. of controls

Quintiles

Quintiles
143
72
Schober etal. (1987),
USA, Maryland
a Study populations include both men and women unless otherwise stated
b Number of categories used (if quantiles not used); otherwise number of quantiles used for categorization

Blood retinol C
AR
95% Cl
0.1-0.8
0.3

Relative risk for highest versus lowest category
dVitamin supplement use assessed (Y) or vitamin supplement use not assessed, or unclear if it was assessed (N)

C

Vit.
supp.d

-

Case-control studies
Potter & McMichael
(1986), Australia

Cohort studies
Paganini-Hill et al.
(1987), USA
Heilbrun.etaL (1989),
USA
Prospective bloodbased studies

CategorieSb

Age, sex, residence

Ir1!K1T!TI
Reference, site

No. of
casesa

Categories'

Total vitamin AC

Preformed vitamin AC

Vit.

Proxies

supp.d

(% cases)

Adjusted for

RR

95% Cl

RR

95% Cl

1.13
0.94

p, trend

-

-

O

Age, smoking, alcohol

= 0.40

-

-

1.7

0.5-5.1

0

Smoking

-

-

1.0

0.8-1.2

O

Age, residence, body mass
index, hair colour, skin
type, history of sunburn

-

-

1.4

0.8-2.6

0

Age, smoking, sex, study
centre

Case—control studies
Middleton etal. (1986), USA
[SOC + BOO]

606 M
161 F

Tertiles

Cohort studies

Cohort
size

No. of
cases

Knekt et aL (1990), Finland
[BCC]

36265

38M
29 F

Hunter etal. (1992), USA
[BCC]

73366 F

771

Karagas etal. (1997), USA
[SCC]

1805

132

Prospective blood-based
studies

No. of
cases

No. of
controls

Quartiles

Quartiles

Blood retinol°
RR

Breslow etaL (1995), BOO
SOC
USA

32
37

32
37

Tenues

-

-

3.3
1.8

95% Cl
0.9-11.6
0.6-5.8

a Study populations include both men and women unless otherwise stated
b Number

of categories used (if quantiles not used); otherwise number of quantiles used for categorization

c Relative

risk for highest versus lowest category
dVitamin supplement use assessed (Y) or vitamin supplement use not assessed, or unclear if it was assessed (N)
SOC = squamous cell carcinoma, BOO = basal cell carcinoma

it

Y

Age, sex, race

IARC Handbooks of Cancer Prevention

retinol and melanoma (Breslow et al., 1995;
Knekt et al., 1991b), and both reported no
significant association on the basis of 30 and
10 cases, respectively. This is consistent with
the findings of a case-control study of
melanoma and dietary intake of preformed
vitamin A (Kirkpatrick et al., 1994).
(f) Breast cancer

A relatively large number of studies have
assessed the association between vitamin A and
breast cancer (Table 14). Of the six case-control
studies which have reported data for total vitamin A, all reported an inverse association
between intake and risk. Four of the case-control studies that reported on the association
with preformed vitamin A observed modest
decreases in risk with higher intake
(Katsouyanni et al., 1988; Marubini et al., 1988;
Zaridze et al., 1991; Longnecker et al., 1997),
while another seven studies found essentially
no association (La Vecchia et al., 1987b; Rohan
et al., 1988; Toniolo et al., 1989; Ingram et al.,
1991; Richardson et al., 1991; Yuan et al., 1995;
Negri et al., 1996). In a meta-analysis of 12
case-control studies by Howe et al. (1990), the
relative risk in the highest quintile for total vitamin A intake was 0.9 (p = 0.04), for f3-carotene
0.9 (p = 0.007) and for preformed vitamin A 1.0
(p = 0.52).
In summary, the case-control data for
breast cancer are compatible with a modest
inverse association with higher intakes
of vitamin A, and, as for lung cancer, this association is somewhat stronger for total vitamin
A than for preformed vitamin A.
In a follow-up of female residents of a
Californian retirement community, 123 breast
cancers occurred (Paganini-Hill et al., 1987).
The relative risk comparing the highest tertile
of total vitamin A intake with the lowest tertile
was [0.8] (p > 0.05); for preformed vitamin A
this risk was [0.7] (p > 0.05). In a follow-up
of 89 494 nurses in the United States, Hunter et
al. (1993) reported a relative risk of
0.8 (95% Cl, 0.7-1.0) for women in the highest
quintile of total vitamin A intake compared
with the lowest. The comparable relative risk
for preformed vitamin A was 0.8 (95% Cl
0.7-1.0). The association for total vitamin A

was slightly stronger among premenopausal
(RR = 0.8) than postmenopausal (RR = 0.9)
women. Rohan et al. (1993) observed suggestive evidence of an inverse association for
both total vitamin A and preformed vitamin A.
However, the studies of Graham et al. (1992),
Kushi et al. (1996a) and Verhoeven et al.
(1997), all conducted among postmenopausal
women, observed essentially no relationship
with disease risk for either total vitamin A or
preformed vitamin A.
Studies of blood retinol and breast cancer
risk are very limited. Knekt et al. (1990) reported
a non-significantly lower risk associated with
higher retinol levels at baseline.
(g) Prostate cancer
Graham et al. (1983), in a case-control study
in New York State, observed a positive
association between higher intakes of total
vitamin A and risk of prostate cancer. In a
case-control study among black men in
Washington, DC, United States, Heshmat
et al. (1985) also observed a positive association,
which was statistically significant in the subgroup of men aged 30-49 years. Kolonel et al.
(1988) reported a significantly elevated relative risk for consumption of high levels of
total vitamin A but not preformed vitamin A
among men 70 years or older in Hawaii,
United States (the findings were essentially
null for men aged < 70 years).
Most subsequent studies have not confirmed
this increased risk (Table 15). In a reanalysis of
the case-control study in Hawaii, the excess
risk was almost entirely attributable to
increased consumption of papaya (a food very
high in carotenoids, not retinol) among cases.
No elevation in risk was observed for f3-carotene
from other food sources (Le Marchand et al.,
1991). In Japan, Ohno et al. (1988) observed an
inverse association for f3-carotene, as did
Mettlin et al. (1989) in New York State, Ross
et al. (1987) in California African-Americans
(the relation was null among whites) and
Rohan et al. (1995) among Canadian men.
West et al. (1991) observed an elevation in risk
with higher intake of vitamin A for
men 68 years of age or oldèr, but not among
younger men. Talamini et al. (1992) observed

Table 14. Studies of vitamin A intake and breast cancer
Reference, site

No. of
casesa

Categoriesb

Total vitamin A°

Preformed vitamin AC

RR

95%01

RR 95% Cl

Vit.

Proxies
(% cases)

Adjusted for

supp. d

Case-control studies
Graham etal. (1982), USA

2024

Four

[0.8]

p, trend <0.05

-

-

N

o

Age

La Vecchia etal. (1987b),
Italy

1108

Three

-

-

0.9

0.7-1.1

N

O

Age, education, family history, body mass
index, reproductive factors

Katsouyanni etal. (1988),
Greece

120

Quintiles

0.5

0.3-0.8

0.6

0.4-1.0

N

O

Age, education, residence, reproductive
factors

Marubini etal. (1988), Italy

214

Quintiles

N

O

Age, energy, alcohol

1.2

0.8-1.8

N

O

Age

Toniolo etal. (1989), Italy

250

Quartiles

-

0.4-1.5

Rohan etal. (1988), Australia

-

0.7

451 Quintiles

1.2

N

O

Age, energy

Potischman et al. (1990), USA

83

Quartiles

[0.7]

[0.3-2.0]

-

p, trend >0.05

-

Y

O

Age, family history, income, body mass
index, reproductivè factors

Ingram etaL (1991), Australia

99

Quartiles

-

-

1.0

0.6-1.7

N

O

Age, residence

0.2

0,0-0.8

0.5

0.1-1.7

N

O

Age, energy, education, reproductive factors

Zaridze etal. (1991), USSR

si

81 Quartiles

Richardson etal. (1991),
France

409

Tertiles

-

-

1.5

1.0-2.1

N

O

Age, education, family history, benign breast
disease, reproductive factors

London etal. (1992), USA

313

Quintiles

-

-

0.7

0.4-1.3

Y

O

Age, energy, alcohol, body mass index,
family history, reproductive factors

Holmberg etal. (1994),
Sweden

265

Quartiles

-

-

0.7

0.4-1.0

N

O

Age, residence, energy

Yuan etal. (1995), China

834

per 1753 lU

-

-

0.9

0.6-1.2

N

O

Age, family history, reproductive factors

Quintiles

0.7

0.6-0.9

0.9

0.7-1.0

N

O

Age, centre, education, energy, alcohol,
reproductive factors

0.4

0.1-1.1

0.6

0.3-1.2

Y

O

Age, centre, body mass index, education,
benign breast disease, family history,
alcohol, reproductive factors

Negri etaL (1996), Italy

2569

Longnecker etal. (1997), USA

3543 Six

Table 14. (contd)
Reference, site

No. of
cases

Cohort
size

Categories''

Total vitamin AC

-

1H

Preformed vitamin AC

95'Yo Cl

HH

95Y0

Vit.
d

Proxies
(% cases)

Adjusted for

J

Cohort studies
Paganini-Hill etal. (1987), USA

[-4000]

123

Tertiles

[031

p, trend>
0.05

[0.7]

p, trend >0.05

Y

O

Age

Graham etal. (1992), USA

18586

344

Quintiles

1.0

0.7-1.3

0.9

0.7-1.3

Y

O

Age, education

Hunter et aI. (1993), USA

89494

1439

Quintiles

0.8

0.7-1.0

0.8

0.7-1.0

Y

O

Age, energy, fat intake,
family history, body mass
index, alcohol, benign
breast disease,
reproductive factors

Rohan etal. (1993), Canada

56837

519

Quintiles

0.8

0.6-1.2

0.8

0.6-1.2

Y

O

Age, energy, education,
family history,-benign
breast disease,
reproductive factors

Kushi et aI. (1996e), USA

34 387

879

Quintiles

0.9

0.7-1.1

1.0

0.8-1.2

Y

O

Age, energy, education,
family history, benign
breast disease, body
mass index, reproductive
factors

Verhóeven etal. (1997),
Netherlands

62573

650

Quintiles

-

-

1.2

0.8-1.8

Y

O

Age, energy, family
history, benign breast
disease, alcohol,
reproductive factors

Prospective blood-based studies

Weld etal. (1984), Guernsey
Knekt etal. (1990), Finland
a Study

78
93

No. of
controls
39
52

Blood retinol'
95% Cl
RR
Quintiles
Quintiles

-

-

.-

-

0.8

p, trend >0.05

[0.8]

[0.4-2.0]

populations include both men and women unless otherwise stated

b Number
C

No. of
cases

of categories used (if quantiles not used); otherwise number of quantiles used for categorization

Relative risk for highest versus lowest category

d Vitamin supplement use assessed (Y) or vitamin supplement use not assessed, or unclear if it was assessed (N)

Age
Age, residence, smoking

Table 15. Studies of vitamin A intake and prostate cancer
Reference, site

Case-control studies
Graham etal. (1983), USA

No. of casesa

Categoriesb

Total vitamin AC

Preformed vitamin AC

RR

95% Cl

RR

95% Cl

Vit.

Proxies

SUjJ. d

(% cases)

Adjusted for

262

Quartiles

1.8

p, trend <0.01

-

-

N

O

Age

Ross etal. (1987), USA

142 Blacks
142 Whites

Tertiles

0.8
1.0

p> 0.05
p>0.05

-

-

-

O

Age, residence,
race

Ohno etal. (1988), Japan

100

Quartiles

[0.4]

[0.2-0.8]

-

-

N

O

Age

Kolonel etal. (1988), USA

189 (<70 y)
263 (>70 y)

Quartiles

0.8
2.0

p, trend = 0.16
p, trend <0.01

0.9
1.4

p, trend = 0.82
p, trend = 0.10

Y

O

Age, ethnicity

West etal. (1991), USA

179 (<68 y)
179 (>68 y)

Quartiles

1.0
1.6

0.6-1.7
0.9-2.7

-

-

Y

O

Age, residence

Rohan etal. (1995), Canada

207

Quartiles

0.8

p, trend =.O.1

0.6

p, trend = 0.02

Y

O

Ghadirian etal. (1996), Canada

232

Quartiles

0.9

p, trend = 0.87

0.8

p, trend = 0.15

N

O

Age, energy,
family history

Talamini et aL (1992), Italy

157 (<70 y)
114(2!70y)

Tertiles

-

-

0.8
2.2

0.5-1.3
1.1-4.2

N

O

Age, residence,
education,body
mass index

Andersson et aI. (1996),
Sweden

526

Quartiles

1.3

p, trend = 0.43

1.3

p, trend = 0.10

N

O

Age, energy

•Age, energy

j

Table 15 (contd)
Reference, site

Cohort
size

No. of
cases a

Categoriesb

Total vitamin Ac

Preformed vitamin A

RR

95% Cl

RR

95% Cl

Vit.
supp. d

Proxies (%
cases)

Adjusted for

CD
CD
CI,

CD

C-)

Cohort studies

r)

Paganini-Hill et al. (1987), USA

93

Tertiles

1,4

p>O.05

[1.1]

p, trend >0.05

Y

0

Age

Quartiles

2.8
0.4
1.1

p, trend <0.05
p, trend = 0.01
p, trend = 0.47

1.7
0.9
1.3

p, trend >0.05
p, trend = 0.05
p, trend = 0.004

N

O

Y

O

Age,
smoking
Age, tomatorelated
prçducts,
vasectomy,
race

(tC
-t
-t

Hsing et al. (1990a), USA

17633

Giovannucci etal. (1995), USA

47894

78 (<75 y)
71 (>75 y)
773

Prospective blood-based
studies

No. of
cases

No. of
controls

Quintiles

Blood retinoic
RR

Hsing et al. (1990b), USA

48
55
2356

Quartiles

Reichman etal. (1990), USA

48 (<70 y)
55 (> 70 y)
84

Knekt et al. (1990), Finland

32

59

Nomura etal. (1997b), USA

142

142

a

-

-

-

-

0.3
0.4
[0.4]

Quintiles

-

-

[1.4]

[0.5-5.0]

Quartiles

-

-

0.8

0.4-1.5

Study popultions include both men and women unless otherwise stated

b Number

95% Cl

of categories used (if quantiles not used); otherwise number of quantiles used for categorization

C

Relative risk for highest versus lowest category

d

Vitamin supplement use assessed (Y) or vitamin supplement use not assessed, or unclear if it was assessed (N)

p, trend = 0.08
p, trend = 0.19
[0.2-0.8]

Age, race

Age, residence,
smoking
Age

Age

ra
ra
CD

Vitamin A

no association of preformed vitamin A intake
with cancer risk in northern Italy (RR in highest versus lowest tertile = 1.11 95% Cl, 0.8-1.6),
but a direct association emerged for men aged
70 years or more (RR, 2.2, 95% Cl, 1.1-4.2).
Andersson et al. (1996) observed a weak
positive association between retinol intake
and prostate cancer. Rohan et al. (1995)
observed a significant trend of decreasing risk
of prostate cancer with increasing intake of preformed vitamin A.
Prospective data are sparse. Paganini-Hill et
al. (1987) reported an elevation in risk for
men in the highest tertile of total vitamin A,
mainly attributable to increased supplemental
vitamin A. In a 20-year follow-up of 17 633
white men, no overall association was observed
between vitamin A intake and risk of prostate
cancer (Hsing et al., 1990a). An elevation in
risk was apparent for men aged less than
75 years, balanced by an inverse association for
men 75 years or older. Giovannucci et al. (1995)
observed a significant positive association with
retinol intake, which was stronger for men over
70 years of age.
In summary, there is no consistent evidence
that dietary vitamin A protects against prostate
cancer. Although initial studies suggesting
an adverse effect have not been consistently
confirmed, the possibility that higher intakes
may increase risk requires further investigation.
As most preformed vitamin A is derived
from foods of animal origin, the possibility
exists that other factors in animal foods may be
associated with increased risk of prostate
cancer, or there may be other confounding
factors associated with incidence or ascertainment of prostate disease.

at dietary preformed vitamin A. Studies conducted in Spain (Riboli et al., 1991), Hawaii
(Nomura et al., 1991) and Canada (Risch et al.,
1988) all showed no association with preformed
vitamin A, but a study in the Seattle area of the
United States (Bruemmer et al., 1996) showed
lower risk for those in the highest quintile of
preformed vitamin A intake.
Taken together, the observational studies do
not support the hypothesis of an association
between dietary preformed vitamin A intake
and the risk of bladder cancer.
(I) Cervical cancer
In a large case-control study, Marshall etal. (1983)
observed no relation between cervical cancer
risk and vitamin A derived from meats and
milk (presumably mainly preformed vitamin
A). In the studies of Brock et al. (1988),
Verreault et al. (1989) and Herrero et al. (1991),
little association was seen between preformed
vitamin A intake and cervical cancer risk. In
Milan, Italy, an index of retinol intake was not
associated with invasive cervical cancer risk
(La Vecchia et al., 1988a). In the studies of
Slattery et al. (1990) and Ziegler et al. (1990,
1991), the point estimates for high versus low
consumption of total vitamin A were less
than unity, but the effect was relatively
small (10-20% reduction) and not statistically
significant.
Potischman et al. (1991) analysed serum levels in the study for which Herrero et al. (1991)
reported dietary data. A weak positive relation
for serum retinol and a weak inverse relationship with 3-carotene were apparent.
Overall, the available data (Table 17) suggest
no relation between preformed vitamin A
intake and risk of cervical cancer.

(h) Bladder cancer

There have been several observational epidemiological studies on the relationship between
vitamin A intake and bladder cancer (see Table
16). A large hospital-based case-control
study indicated lower risk associated with higher
levels of total vitamin A intake (Mettlin &
Graham, 1979), but the measure of vitamin A
included both plant and animal sources.
Subsequently, four population-based casecontrol studies have looked more specifically

4.1.2 Intervention trials with cancer as an
endpoint
4.1.2.1 Primary prevention trials

In an intervention study, each subject is
allocated to one of two or more groups whose
exposure is determined by the investigators.
From a scientific point of view, the most
reliable intervention study is one in which the
allocation of exposure is carried out by
randomization. Interventions which involve
91

Table 16. Studies of vitamin A intake and bladder cancer
Reference, site

No. of casesa

Categories"

Total vitamin AC

Preformed vitamin AC

RR

95% Cl

RR

95% Cl

1.0

0.8-1.2

1.0

0.9-1.2

Vit.

Proxies
(% cases)

Adjusted for

supp. d

N

O

Age, smoking,
diabetes

Case—control studies
Risch et aI. (1988), Canada

826

lnterquartile

.

range
Nomura etal. (1991), USA

66 F
195 M

Bruemmer etal. (1996), USA

262

Riboli et aI. (1991), Spain

1.1
1.0

0.4-2.6
0.6-1.7

1.0
1.6

0.4-2.8
0.9-2.7

Y

O

Age, smoking

Quartiles

0.5

p, trend = 0.04

0.6

p, trend = 0.006

Y

O

Age, sex, county,
smoking, calories

432 M

Quartiles

-

-

1.3

p, trend = 0.30

N

O

Age, calories

Michalek etal. (1987), USA

102

Dichotomy

1.3

0.5-3.3

-

N

O

Age

Mettlin & Graham (1979),

112 F
377 M

Seven

[0.3]
[0.5]

[0.1 —1.1]
[0.3 —1.0]

-

N

O

Age

La Vecchia et al. (1989),
Italy

163

Tertiles

-

-

p, trend <0.01

N

O

Age, sex, area of
residence, social
class, smoking

Prospective blood-based
studies

No. of
cases

No. of
controls

Heizlsouer etal. (1989),

35

70

Dichotomy

-

-

[1.3]

[0.3-5.6]

Age, smoking

15

29

Per S.D.

-

-

0.6

p, trend = 0.14

Age

USA

0.4

Blood retinolc
RR
95% Cl

USA
Knekt etaL (1991b), Finland

a Study populations include both men and women unless otherwise stated
b Number
C

of categories used (if quantiles not used); otherwise number of quantiles used for categorization

Relative risk for highest versus lowest category

dVitamin supplement use assessed (Y) or vitamin supplement use not assessed, or unclear if it was assessed (N)

Table 17. Case—control studies of vitamin A intake and invasive cervical cancer
Reference, site

No. of
casesa

CategorieSb

Total vitamin AC

Preformed vitamin AC

RR

95% Cl

RR 95% Cl

% Proxies
(cases)

Adjusted for

supp. d

Vit.

Marshall eta!, (1983), USA

513

Seven

-

-

1.0

p, trend >0.05

N

O

Age

La Vecchia etal. (1988a),
Italy

392

Three

-

-

1.2

0.8-1.9

N

O

Age, education, parity, body mass
index, smoking, sexual behaviour,
contraceptive and hormone use

Verreault et al. (1989), USA

189

Quartiles

-

-

1.1

p, trend = 0.52

Y

O

Age, education, Pap smear,
energy, sexual behaviour,
contraceptive use

Slattery et al. (1990), USA

266

Quartiles

0.9

0.5-1.6

-

-

N

O

Age, education, smoking, church
attendance, sexual behaviour

Ziegler et al. (1990), USA

271

Quartiles

0.9

p, trend

-

-

Y

O

Age, centre, Pap smears,
smoking, sexual behaviour,
contraceptive use, vaginal
infections

Herrero etal. (1991),
Colombia, Costa Rica,
Mexico, Panama

748

Quartile

-

-

1.1

0.8-1.5

N

O

Age, centre, Pap smears, sexual
behavibur, pregnancies,
socioeconomc status, human
papillomavirus infection

0.5

a Study populations include both men and women unless otherwise stated
b Number of categories used (if quantiles not used); otherwise number of quantiles used for categorization
C

Relative risk for highest versus lowest category

d Vitamin

supplement use assessed (Y) or vitamin supplement use not assessed, or unclear if it was assessed (N)
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and quarterly blood measurements on a random sample) was very good (>90%) and treatment groups were highly comparable in terms
of sex, age, smoking, alcohol drinking and diet.
The study had 90% power to detect a 23%
reduction in cancer mortality during the 5.25year supplementation period. Incident cancers
and deaths were identified by several methods.
A total of 2127 deaths occurred during the
intervention period (March 1986 to May 1991).
Cancer was the leading cause of death, with
32% of the total mortality due to oesophageal
(360 deaths) and stomach (331 deaths) cancers.
Relative risks (RRs) of death and 95%
confidence intervals (CI) in participants given
retinol and zinc compared with non-users were
1.0 (95% Cl, 0.9-1.1) for all cancers, 0.9
(95% Cl, 0.8-1.2) for oesophageal cancer, and
1.0 (95% Cl, 0.8-1.3) for stomach cancer
(Table 18). Some protection was seen, however,
for stomach cancer other than cardia
(78 observed deaths, RR, 0.6; 95% Cl, 0.4-0.9).
RRs for cancer incidence (1298 new cancer
diagnoses, RR for all cancers, 1.0; 95% Cl,
0.9-1.1) were similar to the RRs for cancer
deaths. Among different intervention groups,
significantly lower cancer mortality (RR, 0.9;
95% Cl, 0.8-1.0) occurred only among participants receiving supplementation with the
combination of n-carotene, vitamin E and sele(a) Linxian trials
Two randomized chemoprevention studies nium. Blot et al. (1995) also reported age- and
were carried out in four Linxian communes, sex-specific RRs that were not significantly
north-central China, an area with one of the heterogeneous, although RRs for all cancer
world's highest rates of oesophageal cancer mortality for the retinol and zinc intervention
(Blot et al., 1993, 1995; Li et al., 1993). Among group were lower in females than in males
several dietary deficiencies common in Linxian, (0.86 and 1.07, respectively) and in participants
aged <55 years than in those aged ~!55 years
riboflavin deficiency seemed the most severe.
In the first study, a total of 29 584 healthy (0.84 and 1.03, respectively).
[The Working Group noted that the supplesubjects (55% females) aged 40-69 years were
recruited in 1985. Using a complex factorial mental dose of retinol was relatively low (i.e.,
design, the participants were randomly assigned one fifth of that in most other intervention
to seven intervention groups, which were based studies) and that the study design makes it
on four combinations of nutrients: (a) retinyl impossible to distinguish the effect of retinol
palmitate (5000 lU/day) and zinc; (b) riboflavin from that of zinc. The failure of the trial to find
and niacin; (c) vitamin C and molybdenum; (cl) a significant reduction in cancer mortality
f3-carotene (15 mg/day), vitamin E and selenium, among those given supplements of retinol and
and one placebo group. Supplemented doses other compounds could be related to the
ranged from one to two times the United States shortness of the intervention and follow-up. In
recommended daily allowance (RDA). Participant general, the applicability of the results to popucompliance (as measured by pill disappearance lations with adequate nutritional status and for

substantial dietary changes are difficult to
implement, due to problems of compliance.
Moreover, the possibility of bias is increased if
subjects in the intervention and control groups
(and also the investigators) cannot easily be
kept blind to their allocation. Interventions
using micronutrients, such as certain retinoids,
may be easier to perform if the active treatment
can be packaged in the form of an anonymous
dietary supplement. However, interventions of
this kind may not reflect accurately the effects
of micronutrients when presented in the form
of complex mixtures within foods. Issues such
as optimal dosage, minimal duration, latency
and adverse effects cannot always be resolved
in an intervention study. A single dose is usually
used to maximize study power, and the trial
may have to be stopped prematurely if early
advantageous or adverse effects are observed. For
various reasons (such as costs, patients' compliance, disclosure of early findings, emergence of
new hypotheses), most intervention trials are
restricted to a few years of treatment and/or
observation, thus hampering the evaluation of
potential long-term benefits. On the other hand,
only in an intervention trial can the effects of
synthetic compounds such as synthetic
retinoids be assessed.

Table 18. Randomized chemoprevention trials including vitamin A or retinyl esters
Reference
and country

Participants
No.

Blot et al. (1993), 29 584
(55% fem.)
China

Li et al. (1993),
China

Omenn etal.
(1996a,b), USA

3318
(56% fem.)

4060
14 254
(44% fem.)

1024
de Kierk et al.
(1998), Western (8% fem.)
Australia

Intervention(s)
Type

Average
follow-up
(years)

All cancer
No. deaths
or new cases

(95%Cl)

792 cancer
deaths

1.9
(0.9-1.1)

Healthy
adults
(40-69 yrs)

Factorial, including
group on retinol
(5000 IU/d) and zinc

5.25

Oesophageal
dysplasia
(40-69 yrs)

Multivitamin, including

6.0

retinol (10 000 IU/d)

Asbestos
workers
Heavy smokers (mean
age = 58)

RR

221 new
cases

1.0
(0.8-1.2)

Oesophagus
Stomach

Levine et al.
(1997), USA

2297
(30% fem.)

525
(29% fem.)

0.9
The combination of f3-caro(0.8-1.2) tene, vitamin E and selenium
reduced cancer risk
1.0
(0.8-1.3)

1.2
(1.0-1.3)

Lung (new
cases)

1.3

5.0

58 deaths
(cancer and
non-cancer)

0.6
(0.3-1.0)

Mesothelioma
(3 in retinol-

Mesothelioma rate in the
0.2
(0.0-0.9) retinol group was lower than
among historical controls

treated; 13 in
J3-carotenetreated

Retinol (25 000 lU/d)
Adults with
~!10 actinic kera- versus placebo
tosis (median
age = 63)

3.8

Adults with ~! 4 Retinol (25 000 IU/d)
or isotretinoin (5-10
previous skin
cancers (mean mg/d), or placebo
age = 66)

3.8

115 deaths
(cancer and
non-cancer)
526 new skin
cancers
444 new
skin cancers

1.1
(0.8-1.5)

Cutaneous

SCC
BCC

-

Cutaneous

Leukaemia
(1.0-1.6) RR, 2.2 (95% Cl 1.0-5.0)
No difference in mesotheliomas (14 in active treatment; 9 in placebo groups)

0.7
(0.2-2.3)
50% protection in mdi0.7
(0.6-1.0) viduals with ~!8 moles and
freckles
1.1
(0.9-1.3)

[-1.0]

SCC
BCC

4

Decrease of cerebrovascular
0.9
(0.7-1.2) deaths in men
1.2
(0.9-1.6)

1446 new
cases

Lung
Moon etal.
(1997), USA

Comments

4.0

and f3-carotene
(30 mg/d) versus
placebo

Asbestos wor- Retinol (25 000 l U /d)
versus 3-carotene
kers (median
age = 57)
(30 mg/d)

Oesophagus
Stomach

versus placebo

Retinol (25 000 IU/d)

Specific cancers
RR
Site
(95% Cl)

[-1.0]

Hazard ratios and
confidence intervals were
not provided in detail

RR, relative risk; Cl, confidence interval; SCC, squamous cell carcinoma; BCC, basal cell carcinoma.
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cancer sites other than oesophageal and stomach
may be limited.]
The other intervention trial in Linxian was
carried out from May 1985 through May 1991,
and included 3318 persons (56% females) aged
40-69 years, who had shown cytological evidence of oesophageal dysplasia (Li et al., 1993).
These diagnoses were derived primarily from
population-based, oesophageal balloon cytology
examinations conducted in November and
December 1983. Participants were randomly
assigned to supplements (one f3-carotene capsule
(15 mg) and two 13-vitamin, 12-mineral
tablets, including retinyl acetate, 10 000 lU) or
a matching placebo in a two-group design.
Doses were kept at less than or equal to three
times the United States RDA. Good compliance
(>90%) was confirmed as in the general population trial (Blot et al., 1993). Cancers were
identified not only through routine surveillance, but also by special cytology and
endoscopy screenings after 2.5 years and 6
years. Nearly half of all cancers were diagnosed
during cytological and endoscopic screening.
There were no significant differences between
the randomized groups at baseline with respect
to any of the subject characteristics examined
(e.g., smoking, alcohol drinking and selected
dietary habits), but individuals assigned to supplements had a 3% higher prevalence of grade
2 dysplasia.
No significant difference was observed for all
cancer mortality (87 observed deaths in the
supplement group and 89 in the placebo group,
RR, 1.0; 95% Cl, 0.7-1.3), oesophageal cancer
(38 and 44 deaths, respectively, RR, 0.8; 95%
Cl, 0.5-1.3) and stomach cancer (42 and 35
deaths, respectively, RR, 1.2, 95% Cl, 0.8-1.9)
(Table 18). In contrast with the results reported
by Blot et al. (1993), retinol-containing supplements were not associated with decreased
mortality from non-cardia stomach cancer.
Total cancer incidence was similar in the treatment and placebo groups (RR, 1.0; 95% Cl,
0.8-1.2), as was incidence for oesophageal/
gastric cardia cancer (RR, 1.0; 95% Cl, 0.8-1.2)
(Table 18). RRs of death did not vary by sex and
age group (Blot et al., 1995). [The Working
Group noted that negative findings, according
to the authors (Li et al., 1993), may have been

due to the shortness of intervention and follow-up and/or to supplementation delay if
dysplastic lesions were no longer amenable to a
benefit from nutrient supplementation. Retinol
was only one of 26 vitamins and microelements supplemented in the treatment
group. Furthermore, it was administered at a
relatively low dose (i.e., less than half of that in
other intervention trials). Finally, both studies
were carried out in a period when substantial
improvements were taking place in the general
nutritional status of the Chinese population.
This may have led to concurrent increases in
the intake of vitamins and microelements in
the placebo group, reducing the power of the
trials to identify an effect of supplementation.]
(b) CARET

Pilot studies of the Beta-Carotene and Retinol
Efficacy Trial (CARET), in the United States
between 1985 and 1988, investigated 816 men
with substantial occupational exposure to
asbestos who received a combination of 15 mg
3-carotene and 25 000 lU retinol (as palmitate)
daily or placebo (1:1) and 1029 men and women
with extensive cigarette-smoking histories who
received 30 mg f3-carotene, 25 000 lU retinol,
both, or neither (2 x 2 factorial design) (Omenn
et al., 1996a,b). In 1988, all pilot study participants in active treatment groups were converted to the CARET efficacy regimen of 30 mg
3-carotene plus 25 000 lU retinol taken daily, and
the project was expanded 10-fold, including six
study centres around the country during the
following three years (additional randomization 1:1 active/placebo). A 2 x 2 factorial design
for the efficacy trial was rejected under the
hypothesis that retinol and 3-carotene might
have a favourable effect through complementary molecular actions (Omenn et al., 1994a).
The 14 254 smokers (56% men) had a mean
age of 58 years and a mean of 49 pack-years of
cigarette smoking, 66% were current smokers
upon recruitment (mean of 24 cigarettes per day
and 48 pack-years), and 34% were former
smokers (mean of three years since quitting,
after smoking 28 cigarettes per day and 52
pack-years). The 4060 asbestos-exposed male
workers had a mean age of 57 years; 3% were
never-smokers (from the pilot study), 58% were
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former smokers and 38% were current smokers,
with a mean of 43 pack-years of smoking history
(40 pack-years for former smokers and 47 packyears for current smokers) and a mean of 10
years since quitting among the former smokers.
They had means of 35 years since first asbestos
exposure and 27-year duration of asbestos exposure on the job; approximately two thirds had
positive chest X-ray results for asbestos-related
disease. A net smoking cessation rate of 5% per
year was achieved among study participants
during the follow-up.
Up to December 1995, CARET received and
validated reports of 2420 end-points, including
1446 cancers (in 1353 participants) and 974
deaths, with a median of 3.7 years and a mean
of 4.0 years of follow-up after randomization
for all CARET participants. Histological, immunohistochemical and ultrastructural criteria were
used to diagnose the histological type of lung
neoplasms. 746 additional cancer reports,
which were not CARET end-points, were
excluded (i.e., 500 basal cell and squamous cell
skin cancers, eight cancers diagnosed before
randomization, and 238 recurrences, metastatic
presentations or non-cancers).
Based on a two-sided test for the primary
analysis, CARET had 80% power, if carried to
completion, to detect a 22% observed reduction
or 24% observed increase in lung cancer incidence. The 73 135 person-years (median, 3.7) of follow-up accrued, however, corresponded to 66%
of the total of 110 000 person-years projected,
due to discontinuation of the trial 21 months
earlier than planned.
The two randomized groups were well
matched and withdrawal percentages were virtually the same in participants assigned to active
treatment and those assigned to placebo
(15% and 14% respectively among asbestos
workers, and 20% and 19% among heavy smokers).
After five years of supplementation, serum
retinol levels were about 10% higher and serum
]3-carotene levels more than 12-fold higher in
the active-treatment group than in the placebo
group. There were no major side-effects attributable to the intervention regimen. The incidence
of lung cancer was the primary end-point.
Statistical analysis was based on stratified,
weighted log-rank statistics with relative risks

estimated by Cox regression models (Omenn et
al., 1994a).
Up to December 1995, 388 participants
(2%) were reported as new cases of lung cancer
(286 centrally reviewed, 254 fatal). The RR
for lung cancer in the active-treatment group
was 1.3 (95% Cl, 1.0-1.6), with RRs of 1.4
(95% Cl, 1.0-2.1) for asbestos workers, 1.4
(95% Cl, 1.1-1.9) for heavy smokers who were
smoking at the time of randomization, and
0.8 (95% Cl, 0.5-1.3) for former heavy smokers
(Table 18). Active treatment had no significant
effect on the risk of mesothelioma (14 cases
in the active-treatment group and 9 in the
placebo group (RR, 1.5; 95% Cl, 0.7-3.5)
and non-lung cancer (1076 new cases, 300 of
which were prostate cancers). None of several
other common cancer types showed a significant difference in incidence (urinary bladder:
RR) 1.1; 95% Cl, 0.7-1.7; breast: RR, 0.8;
95% CI, 0.6-1.1; colorectal: RR, 1.0; 95% Cl,
0.7-1.5; head and neck: RR, 1.3; 95% Cl,
0.7-2.2; lymphoma: RR, 0.9; 95% Cl, 0.4-2.0;
prostate: RR, 1.0; 95% Cl, 0.8-1.3), but a
borderline elevated RR was found for leukaemia
in the active-treatment group (26 observed,
2.2; 95% Cl, 1.0-5.0; p<0.06). The RR of death
from any cause in the active-treatment group
was 1.2 (95% Cl, 1.0-3.3) (Omenn et al.,
1996b).
There were suggestions that the excess lung
cancer risk was associated with the highest
quartile of alcohol intake (RR, 2.0; 95% CI,
1.3-3.1) and large-cell histology (RR, 1.9; 95%
CI, 1.1-3.3) (Omenn et al., 1996b).
[The Working Group noted that the CARET
trial was based on the hypothesis that a
favourable effect would come from the combination of retinyl palmitate and n-carotene. It
was, therefore, unable to distinguish the individual effects of the two agents. Early discontinuation was influenced by the unexpected
unfavourable effect of f3-carotene in the AlphaTocopherol, Beta-Carotene Cancer Prevention
Study (ATBC) in Finland (Cancer Prevention
Study Group, 1994).]
(c) Wittenoom trial

A randomized, partially single-blind chemoprevention trial was carried out between June 1990
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and May 1995 in Perth, Western Australia,
among workers who had been occupationally
exposed to blue asbestos (crocidolite) between
1943 and 1966 in a mine at Wittenoom Gorge
(Musk et al., 1998). Median duration of asbestos
exposure was short (about one year). The base
population for the study consisted of the 2695
members of the Wittenoom workers' cohort
who have been followed for the health effects
of asbestos since 1979 (de Klerk et al., 1998).
Out of the 1677 subjects who indicated interest,
1203 joined the study and 1024 (8% females)
were randomly assigned to receive either
retinyl palmitate (25 000 lU/day, n = 512) or f3carotene (30 mg/day, n = 512) (de Klerk et al.,
1998). The 996 members of the cohort not participating in the active intervention programme, but living within the catchment area
of the death and cancer registries, formed a passive reference group.
Pill-counting and measurement of plasma
3-carotene levels were performed in order to
assess compliance. Deaths and incident cases of
cancer were documented from the Western
Australian Cancer Registry and death certificates. Follow-up was complete up to May 1995.
All subjects attended the Perth Chest Clinic at
least once and 48% had four annual follow-up
visits. The two treatment groups were closely
comparable at baseline by age (median 56 and
57 years), sex, cigarette smoking (21% current
smokers, 52% ex-smokers), dietary intake and
plasma levels of f3-carotene (mean 6 mg, 0.5
jimol/L) and retinol (mean 0.7 mg, 2.6 j.imol/L),
and asbestos exposures (median 190 days of
exposure, 30 years from first exposures).
Comparison between groups was conducted by
means of Cox regression and Fisher's exact tests
in both intention-to-treat analyses and efficacy
analyses (i.e., based on treatment actually taken).
Mesothelioma was the most common cause
of death. After a median follow-up of 232 weeks
(41i2 years), the RR with retinol compared to
13 -carotene for mesothelioma was 0.2 (95% Cl,
0.1-0.9; 15 new cases, 11 deaths) (de Klerk et
al., 1998). The RR from efficacy analyses was
0.1 (95% CI, 0.0-0.8) for retinol. There was no
significant difference between the groups in
lung cancer incidence (RR, 0.7; 95% Cl, 0.2-2.3)
or other cancer mortality (RR, 1.0; 95% CI,

0.2-3.9). Total mortality was significantly lower
in the retinol group (21 deaths) than in the
13 -carotene group (37 deaths) (RR, 0.6; 95% Cl,
0.3-1.0). Compared with the passive reference
group, trial participants had significantly lower
mortality (RR, 0.6; 95% Cl, 0.5-0.9), but the
rates converged with time. The incidence of
both mesothelioma (RR, 0.8; 95% Cl, 0.4-1.6)
and lung cancer (RR, 0.7; 95% Cl, 0.3-1.4) was
non-significantly lower among active participants (Musk et al., 1998).
The investigators concluded that there is a
possibility that retinol exerts some protective
effect on mesothelioma at late stages, whereas
it is clear that there was no benefit from
13 -carotene. Since the mesothelioma rates in the
retinol-treated group were only lower than
rates before the start of the study among
'historical controls', the apparent benefit
should not be due to a risk increase in the
13 -carotene-treated group (de Klerk et al., 1998).
(d) Southwest Skin Cancer Prevention Studies

Two randomized, double-blind, controlled trials to
examine the efficacy of retinol supplementation
on the incidence of first new non-melanoma skin
cancer were conducted in Arizona, United States
(Moon et al., 1997; Levine et al., 1997).
The first included 2297 subjects (30%
females), aged 21-84 years (median 63) identified through media announcements and referral
to dermatologists in 1984-88. They were
considered to have a moderate skin cancer risk
(having a history of more than 10 actinic
keratosis and at most two cutaneous squamous
cell carcinomas (SCC5) or basal cell carcinomas
(BCCs)) (Moon et al., 1997).
All subjects were willing to limit the intake
of non-study vitamin A to no more than 10 000
lU/day and were scheduled for clinic visits one
month after randomization and then every six
months. After a single-blind three-month
placebo run-in period, the subjects were randomly allocated to receive either oral retinol
(25 000 lU/day; n = 115 7) or placebo (n = 1140).
The groups were fully comparable according to
the baseline characteristics, including an estimate of weekly sun exposure. Capsule-count
adherence and serum measurements were used
to evaluate compliance. Adverse symptoms were
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rare (1%), but cholesterol and liver enzyme values
rose for some subjects on retinol.
The study was interrupted earlier than
planned for funding reasons. There were a total
of 4332 study years of ascertainment period for
the active treatment group and 4317 for the
placebo group. Analyses of primary outcome
measures were based on the Cox proportional
hazards model, with adjustment for skin characteristics.
During a median follow-up time of 3.8 years,
526 subjects had a new skin cancer, 96% histologically confirmed. The active treatment group
showed an RR of 0.7 (95% Cl, 0.6-1.0) for cutaneous SCC (249 observed new cancers) and 1.1
(95% Cl, 0.9-1.3) for BCC (417 observed new
cancers), compared with the placebo group.
The effect of retinol on SCC risk was consistent
in different strata by age, sex, history of sun
exposure and sunburn. An especially low RR,
however, was found in individuals with a higher
number of moles and freckles (RR, 0.5; 95% Cl,
0.3-0.8). A differential (possibly lower) metabolism of retinol by basal cells compared to keratinocytes was suggested to explain the lack of
benefit in terms of BCC risk (Moon et al., 1997).
The second randomized, double-blind controlled trial (Levine et al., 1997) included highrisk subjects (i.e., those with a history of four or
more BCC or cutaneous SCC) and involved
three arms: oral retinol (25 000 lU; n = 173), isotretinoin (5-10 mg according to weight; n =
178) or placebo (n = 174) daily for three years.
Methods were similar to those of Moon et al.
(1997). Out of 719 original participants, 525
(28% females, aged 21-85 years, median age
66 years) completed the run-in period and were
randomized. Baseline characteristics, including
an estimate of weekly sun exposure, and
compliance were similar in the three groups.
Toxicity was generally modest, but side-effects
were greatest in the isotretinoin-treated group.
•A total of 125 SCCs and 319 BCCs were
diagnosed clinically and confirmed pathologically. There were no differences between those
who received the placebo and those who were
given either isotretinoin or retinol with regard
to time to the first occurrence of either BCC or
SCC. In the retinol-treated group, the cumulative probability of cutaneous SCC at 36 months
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was about 5% in the study of Moon et al.
(1997), but 28% in that of Levine et al. (1997).
[The Working Group noted that relative risks
were not reported, but similar curves of cumulative incidence were provided. However, the
cumulative proportion of participants with a
first new SCC seemed slightly higher in the
retinol group than in the placebo groups,
although not significantly so. The lack of benefit of retinol in terms of cutaneous SCC onset in
high-risk individuals contrasted with findings
from Moon et al. (1997) in moderate-risk individuals. The effects of retinoids may be more
pronounced in the early stages of cancer promotion than later. Still, the lack of beneficial
effect of retinol, compared with placebo,
among high-risk individuals is inconsistent
with the encouraging results in the companion
study on moderate-risk individuals].
(e) Conclusions from the six primary prevention trials

Overall, there is no consistent evidence that
four- to six-year supplementation of retinol
reduces the risk of any type of cancer. In the
CARET study, the risk of carcinoma of the lung
was significantly elevated in the group supplemented with retinol and n-carotene compared
with the placebo group, except for subjects who
had stopped smoking. Among asbestos miners
in the Wittenoom trial, lung cancer was less
common in the retinol group than in the
13-carotene group, but the difference was not
statistically significant. Thus it remains possible
that retinol may be less harmful than
13 -carotene or have no effect.
Mesothelioma, a rare neoplasm attributable
to asbestos exposure, was studied in the CARET
subcohort of asbestos-exposed workers and in
the Wittenoom trial. In crocidolite-exposed
workers in Australia, retinol intervention
appeared to lead to a reduction in incidence of
mesothelioma, whereas in the CARET study,
where retinol was given in combination with
3-carotene, no such reduction was seen. The
apparent prevention of mesotheliomas in the
only trial using retinol as such suggests that further studies on the effects of retinol on
mesothelioma development are warranted. The
two trials in Linxian (China) allowed evaluation of the effect of retinol, in combination
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with either zinc or 25 additional vitamins and
microelements versus placebo, especially in the
prevention of cancers of the stomach and
oesophagus. Cancers at these sites were
extremely frequent in the study population.
The two Linxian trials did not support a benefit
of retinol, even in a population where nutritional deficiencies may well have existed.
Two intervention studies from the United
States agreed in ruling out a benefit with
respect to basal cell carcinoma of the skin. For
squamous cell carcinoma, a more threatening
disease than basal cell carcinoma, a risk reduction of about 25% in moderate-risk individuals
is difficult to reconcile with the lack of benefit
in high-risk individuals. However, the details of
the end-points of the latter study have not been
published.
It is worth bearing in mind that some weaknesses are largely shared by all the six trials
above, making it difficult to draw firm conclusions. All studies were large, well designed
and carefully conducted. However, the complexity and heavy responsibilities entailed by
investigations of this size and cost led to compromises. For example, different potentially
promising agents were combined in most
studies, including the CARET study, and in the
Wittenoom trial it was not possible to include a
placebo group. All trials, except the two Linxian
trials, were interrupted or modified earlier than
initially planned. Intervention duration
therefore never exceeded six years, a period
which leaves open the issue of potential longerterm benefits of retinol were it active on
relatively early stages of carcinogenesis. Finally,
the choice of specific high-risk populations,
though needed in order to have sufficient
study power, is not without undesirable
consequences with respect to the applicability
of the trial results to the general population.
The spectrum of cancer sites and types, for
instance, was obviously heavily distorted, in
all trials, to the type(s) specifically increased in
the study populations. Thus, the results were
largely uninformative with respect to several
important cancer sites (e.g., female cancers)
and shed little light on the effects of vitamin A
on overall cancer mortality, particularly in
women.
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4.1.2.2 Prevention of second primary cancers

After epidemiological studies of vitamin A and
cancer began to emerge in the 1970s, several
clinical trials tested the efficacy of various types
of retinoids and, less frequently, vitamin A as
adjuvant therapy in patients in relation to different malignancies (Mayne & Lippman, 1997).
In a few investigations, the distinction
between second primary cancers and recurrences
was not made or was problematic. Both
end-points are therefore shown in certain
instances.
Pastorino et al. (1993) tested the adjuvant
effect of high-dose vitamin A on 307 patients
(25 females) with stage I non-small-cell lung
cancer in Milan, Italy. After curative surgery,
patients were randomized between 1985 and
1989 to either oral retinyl palmitate (300 000
lU orally daily for a minimum of 12 months;
n = 150) or no treatment (n = 157) [no placebo
was used]. After a median follow-up of
46 months, the number of patients with either
recurrence or new primary tumours was
56 (37%) in the treated group and 75 (48%) in
the untreated group (Table 19). Eighteen
patients in the treated group developed a second primary tumour, whereas 29 patients in
the control group developed 33 second primary
tumours. Onset of second primaries was significantly delayed in the treated group (p = 0.045,
log-rank test). No significant difference in
overall survival emerged. In view of the only
modest side-effects, it was suggested that
aqueous emulsified retinyl palmitate may be
less toxic than other forms of retinol. [The
Working Group noted that doses of 300 000 lU
per day showed limited toxicity, although daily
supplements as low as 25 000 lU in other
studies have produced adverse effects.]
A chemoprevention study in curatively treated
patients with oral cancer, laryngeal cancer and
lung cancer was started in June 1988 in Europe
(EUROSCAN; de Vries et al., 1991, 1993).
Treatments used were aqueous emulsified
retinyl palmitate (300 000 lU per day during one
year and half this dose during a second year),
N-acetylcysteine (600 mg during two years) or
both drugs or neither were used, in a 2 x 2
factorial design. The last patients were entered
in 1994, and the intervention period thus

Table 19. Randomized controlled cancer trials including vitamin A or retinyl esters
Reference and

Cancer patients

country

No.

Type
- -

Pastorino et al.
(1993), Italy

307
(8% female)

Stage I
lung cancer

Comments

Recurrence and/or new primary tumours Deaths

Treatment

Retinol
(300 000 IU/d)

Active
treatment

Controls

75/157
56/150
Significant delay in new primaries

Active
treatment

Controls

55/150

64/157

Median follow-up
46 months

74%

76%

At 12-month
follow-up

versus nothing
Bladder cancer High-versus lowdose multivitamin
(17% fem.)
(retinol RDA versus
40 000 lU/d)

Lamm et al.
(1994), USA

65

Meyskens etal.

Malignant
248
(38% female) melanoma
~t0.75 mm

(1994), USA

Jyothirmayi et al.
(1996), India

versus nothing)

(p<O.Ol)

Survival RR = 1.1 (95% Cl, 0.7-1.7)
Disease-free survival RR = 1.2 (95% Cl, 1.8-1.8)

Head and neck Retinol (28 500 lU/d) 11/56
106
(31% female) cancer

RDA, recommended dietary allowance.

C

Retinol (100 000

24/30

14/35

7/50

Not given

Median follow-up
>8 years

Median follow-up
3 years
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ended in 1996. In total, 2595 patients have
been included, from 81 institutes in 14 different countries. Of these, 1566 (60.4%) patients
had a head and neck cancer, while the other
1029 patients had been treated for lung cancer
(van Zandwijk et al., 1997). Of the patients
receiving retinyl palmitate, 10% interrupted
the treatment because of side-effects (mainly
dryness and itching of the skin), but no major
complication was observed. Analysis is in progress
and a first report of results is expected to appear in
1998.
Lamm et al. (1994) compared the efficacy of
two multiple vitamin regimens (i.e., RDA doses
versus high doses) in diminishing recurrences
of transitional cell carcinoma of the bladder in
West Virginia, United States. Between 1985 and
1992, 65 such patients (11 females) were thus
randomized to receive, in addition to other vitamins (111, B21 B31 B51 B6, B121 C, D3, E, folic acid)
and zinc, either 5000 (n = 30) or 40 000 lU (n =
35) of retinyl acetate daily. After 12 months of
treatment, there were 11 recurrences (37%) in
the RDA group compared with 3 (9%) in the
high-dose group (p = 0.008, Fisher's exact test).
Overall recurrence rates were 80% (24/30) and
40% (14/35), respectively, but survival rates
were similar (75% in RDA and 76% in the highdose group) (Table 19). Due to the trial design,
benefits from individual high-dose vitamins
could not be distinguished (Lamm et al., 1994).
A national cooperative group trial was conducted in the United States in patients with
early-stage cutaneous malignant melanoma
thicker than 0.75 mm, to determine if vitamin
A (100 000 lU orally daily for 18 months) can
increase disease-free or overall survival
(Meyskens et al., 1994). A total of 248 patients
were randomized to vitamin A (n = 119) or
observation (n = 121), with eight late exclusions. Median follow-up exceeded eight years.
No differences emerged between the two
groups (RR, 1.1, p = 0.71 for survival; and 1.2,
p = 0.41, for disease-free survival) (Table 19).
This held true for subset analyses by sex, type of
other therapy, and Breslow's thickness. Overall,
12% of patients who received vitamin A experienced severe toxicity.
In Trivandrum, India, Jyothirmayi et al.
(1996) evaluated in 1992-93 the effectiveness
102

of vitamin A (retinyl palmitate, 28 500 lU per
day orally for one year) in the prevention of
local relapses and second primaries of head and
neck cancer. Randomization to either vitamin A
or placebo included 106 patients. Compliance
was good, and no major side-effect was reported.
Eleven of 56 patients [19.6%] in the vitamin A
group had loco-regional recurrence compared
with 5/50 [10%] in the placebo group (non-significant difference). No second primaries were
observed in the vitamin A group as opposed to
two in the placebo group (Table 19). The number of deaths was not reported.
One nested case—control study (Day et al.,
1994) in the United States investigated the possible relationship between dietary retinol
intake and risk of second primary tumours in a
cohort of 1090 oral and pharyngeal cancer
patients. Individuals in the highest-intake quartile showed an RR of 1.6 of developing a second
primary compared with individuals in the lowest
quartile (p value of chi square for trend, 0.09).
In summary, of four randomized studies,
only the investigation of Pastorino et al. (1993)
showed a significant benefit from supplementation (i.e., a significant delay in new primary
cancer after resection of lung cancer).
4.1.3 Preneoplastic lesions and intermediate
end-points
4.1.3.1 Oral premalignancy
Stich et al. performed several studies on the frequency of micronuclei in cells scraped from the
inside of the human cheek as a measure of chromosomal breakage (Stich et al., 1982, 1984a,b,
1985, 1988a,b, 1991a,b; Stich & Rosin, 1984).
Supplementation for three months in 40
Filipino betel-quid chewers with retinol
(100 000 lU per week) and 13-carotene (300 000 lU
per week) was associated with a three-fold
decrease in the mean proportion of cells with
micronuclei. The frequency of micronucleated
buccal mucosa cells decreased from an average
of 4.2% to 1.4% (Stich et al., 1984a,b; Stich &
Rosin, 1984). [The Working Group noted that
the study was neither randomized, blinded, nor
placebo-controlled. The results were based on
comparisons made in the supplemented group
before and after the supplementation and not
between supplemented and placebo groups.]
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Stich et al. (1988a) later randomized fisherman from Kerala (betel-quid chewers) to placebo,
13-carotene (180 mg per week) or vitamin A
100 000 lU per week and 13 -carotene during six
months. After three months, the frequency of
micronucleated cells in the group receiving
vitamin A and 13 -carotene (n = 51) was significantly reduced from 4.0% to 1.2% in areas
of leukoplakia and from 4.2% to 1.2% in
normal mucosa. [The Working Group noted
that the blindness of the treatment group
assignment was compromised by yellowing
of the oral mucosa of those participants receiving 13 -carotene. The results were based on
comparisons made in the supplemented group
before and after the supplementation and
not between supplemented and placebo
groups.]
In another study (Stich et al., 1988b,
1991a,b), the same population participants
received 200 000 lU vitamin A per week (n = 21)
or placebo (n = 33) during six months. Markers
under study were the number of layers of spinous cells (decrease in 85% of the participants),
loss of polarity of basal cells (reduced from 72%
to 22%) and subepidermal lymphocytic infiltration (diminished from 66% to 5%); nuclei
with condensed chromatin disappeared from
the epidermal layer (72% to 0%). The protective
effect of the original treatment could be maintained for at least eight additional months by
administration of lower doses of vitamin A or
13 -carotene. [The Working Group noted that the
blindness of the study during follow-up and
end-point assessment was not mentioned in
the reports.]
Prasad et al. (1995) performed a study in
reverse smokers of chutta (rolled tobacco)
(n = 298). 150 subjects were randomized to
receive vitamin A (10 000-25 000 twice a week
for a year), riboflavin, zinc and selenium; 148
received placebo. Micronuclei and DNA adducts
in the exfoliated cells of the buccal mucosa
were used as markers. After 12 months, the frequency of micronuclei and the concentration
of DNA adducts among those with lesions at
baseline decreased significantly (p < 0.001) in
the supplemented group compared with the
placebo group. [The Working Group noted that
the blindness of the study during follow-up

and end-point assessment was not mentioned
in the reports. Many of the reported results
were based on comparisons made in the
supplemented group before and after the
supplementation and not between supplemented
and placebo groups. In addition, micronuclei can only be regarded as a measure of
DNA damage.]
Ramaswamy et al. (1996) studied serum
levels of vitamin A in 50 patients with oral
leukoplakias and 50 normal controls, 25 betelquid chewers and 25 non-chewers, in India.
A significant decrease in the serum level of
vitamin A in the patients with oral leukoplakia
was found, compared with the controls.
Copper et al. (1998) found no differences in
plasma levels of the major retinoids, retinol,
all-trans -retinoic acid, 13-cis-retinoic acid and
13-cis-4-oxoretinoic acid in 25 head and neck
cancer patients from those in controls without
cancer. In addition, in 10 patients from
the EUROSCAN chemoprevention trial, the
effect on retinoid levels of retinyl palmitate
(300 000 lU/day intake during one month)
was measured. The medication caused significant elevation in plasma levels of retinol
(1.2-fold), all-trans -retinoic acid (2.2-fold),
13-cis-retinoic acid (5.8-fold) and 13-cis-4oxoretinoic acid (8.9-fold). 1 3-cis-4-Oxoretinoic
acid seems a good candidate to serve as marker
to monitor compliance in future chemoprevention trials with retinol.
4.1.3.2 Reversal of oral premalignancy

Head and neck cancer (oral cancer in particular,
laryngeal cancer to a lesser extent) is preceded
by precancerous lesions in a considerable proportion of cases. Oral leukoplakia has been
regarded as a good model to study the value of
chemopreventive interventions, since the effect
is directly visible and material for analysis is
easily obtainable from the site of the disease.
Reversal of premalignant lesions is regarded as
an intermediate end-point. In many studies and
chemoprevention trials, the efficacy of chemopreventive agents (retinoids, retinol and/or
13 -carotene) in reversing oral leukoplakia has
been demonstrated (Silverman et al., 1963;
Raque et al., 1975; Koch, 1978, 1981; Stich et
al., 1982, 1984a,b, 1985, 1988a,b; Shah et al.,
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1983; Hong et al., 1986; Garewal et al., 1990;
Toma et al., 1992; Chiesa et al., 1992, 1993;
Lippman et al., 1993; Prasad et al., 1995;
Sankaranarayanan et al., 1997), but only in a
minority was retinol the chemopreventive drug
under study (Silverman et al., 1963; Stich et al.,
1984a,b, 1988a,b; Prasad et al., 1995;
Sankaranarayanan et al., 1997).
Silverman et al. (1963) were the first to
administer topical vitamin A to oral leukoplakia patients, in doses of 300 000 to 900 000
lU for 1-15 weeks, with positive responses in
43%. All patients had relapses after cessation of
treatment. The lower dose (300 000 lU) was as
effective as the dose of 900 000 lU. [The
Working Group noted the uncontrolled, open
design of the study.]
Stich and co-workers have conducted a number of studies in India with betel-quid chewers,
who have a high incidence of leukoplakia,
using vitamin A alone or vitamin A and
13-carotene together. In one study, 130 patients
were randomized to placebo (n = 35), f3-carotene 180 mg per week (n = 35), and f3-carotene
180 mg per week with vitamin A 100 000 lU per
week (n = 60) (Stich et al., 1988a). At six
months, complete responses were 3, 15 and
28%, respectively. New lesions were better suppressed in the combined treatment group (8%)
than in the 13-carotene (15%) and placebo
(21%) groups. [The Working Group noted
that the blindness of the treatment group
assignment was compromised by yellowing of
the skin of those participants receiving
13-carotene.]
In a second randomized trial (Stich et
al.,1988b), patients received placebo (n = 33) or
200 000 lU vitamin A per week (n = 21) during
six months. A 57% complete remission rate
and complete suppression of new lesions
occurred in the treatment group, compared
with a 3% remission and 21% new lesions in
the placebo arm. This study population was different from that in other trials (a vitamin A
deficiency cannot be excluded) and the lesions
may have been caused by tobacco and betelquid chewing. [The Working Group noted that
the blindness of the study during follow-up and
end-point assessment was not mentioned in
the reports.]

In the study of Prasad et al. (1995) described
in Section 4.1.3.1, complete regression of
leukoplakia occurred in 57% of subjects on supplementation and 8% on placebo. [The
Working Group noted that the blindness of the
study during follow-up and end-point assessment was not mentioned in the reports. The
reported results were based on comparisons
made in the supplemented group before and
after the supplementation and not between
supplemented and placebo groups.]
Sankaranarayanan et al. (1997) conducted a
double-blind placebo-controlled trial to evaluate the chemopreventive potential of either
retinol alone or 13-carotene alone in subjects
with oral leukoplakia in Kerala, India.
Fishermen and women with oral precancerous
lesions (n = 160) were randomized to receive
oral vitamin A (retinyl acetate 300 000 lU per
week, n = 50), or 13-carotene (360 mg per week,
n = 55) or placebo (n = 55) for 12 months. The
results were based on 43 compliant subjects on
placebo, 42 on vitamin A and 46 on 13-carotene.
The complete regression rates were: [7%] in the
placebo arm, 52% with vitamin A (p < 0.0001)
and [33%] with 13-carotene (p < 0.05). Half of
the responders with 13-carotene and two thirds
of those with vitamin A relapsed after treatment. [The Working Group noted the use of
only 'compliant' participants and the rejection
of the intention-to-treat principle.]
In conclusion, retinol seems to be active
in oral leukoplakia. Recurrences occur after
treatment. The meaning of these findings
remains unclear, in particular as to how far these
results can be extrapolated to overt oral cancer.
4.13.3 Larynx

Issing et al. (1997) performed a study of laryngeal squamous cell hyperplasia using retinyl
palmitate in a induction-phase dose of 300 000
TU daily, increasing in case of resistant lesions
and with a later maintenance phase of 150 000
lU/day. Fifteen out of 20 cases showed complete response, while in the other five patients
partial remission was seen.
4.1.3.4 Oesophagus and stomach

A randomized double-blind intervention trial
was carried out in Huixian, China, to determine
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whether combined treatment with retinol,
riboflavin and zinc could lower the prevalence
of precancerous lesions of the oesophagus.
Subjects received either retinol (50 000 lU), 200
mg riboflavin and 50 mg zinc once a week
(n = 305) or placebo (n = 305) (Mufloz et al.,
1985, 1987a). The intervention did not affect
the prevalence of oesophageal lesions; after one
year, the prevalence of oesophagitis with or
without atrophy or dysplasia was 45.3% in the
placebo group and 48.9% in the vitamin/zinc
group. Significant site-specific suppression of
micronuclei (oesophageal but not buccal) was
observed in treated subjects. However, the
plasma retinol levels increased substantially in
both treatment and placebo groups (Thurnham
et al., 1988). This may have been due to social
changes taking place in China at that time,
although there was no change in riboflavin
status in the placebo group. The data were
therefore re-analysed using logistic regression
analysis in which all data were combined and
the prevalence of oesophageal lesions was
shown to be significantly lower in those whose
retinol increased over the years (Wahrendorf et
ai., 1988). Thus, improvement in vitamin A
status may have reduced the inflammatory
lesions in the oesophagus.
Wang et al. (1994) reported on a randomized
intervention trial among 29 504 residents of
Linxian, China [Linxian General Population
Study, see also Section 4.1.2.1(a) and Blot et al.
(1993)]. A fractional factorial study design
allowed evaluation of four different combinations of nutrients: (a) retinol and zinc, (b)
riboflavin and niacin, (c) vitamin C and molybdenum, and (ci) 13-carotene, vitamin E and selenium, in seven groups including placebo. At
the end of the 5.25-year intervention, endoscopy was performed on 391. individuals. A
reduction in risk (RR, 0.38, p = 0.09) was seen
for the effect of retinol and zinc on the
prevalence of gastric cancer. Oesophageal
biopsy results showed no convincing evidence
that any of the supplement combinations
decreased the prevalence of oesophageal
dysplasia.
In a cross-sectional study of serum micronutrient levels and prevalent dysplasia, subjects
with dysplasia had lower carotene levels, but

equivalent retinol levels, to controls (Haenszel
et al., 1985). In a similar study in China, serum
levels of 13 -carotene were lower among subjects
with intestinal metaplasia or dysplasia than
among controls; retinol levels were equivalent
(Zhang et ai., 1994).
4.1.3.5 Colorectum

Nearly all colorectal cancers arise from adenomas
which are polypoid neoplasms usually present
for years before progression to invasive cancer.
Several epidemiological studies have examined
nutritional factors in colorectal adenomas (see
Potter, 1996, for review). Two case-control
studies have presented results for vitamin A. A
study in Denmark found lower risk with higher
intake of dietary vitamin A (RR, 0.7; 95% Cl,
0.4-1.1 for highest tertile) (Olsen et al., 1994).
However, a study in Spain found a similar association with total vitamin A (RR, 0.5 for highest,
quartile, p, trend < 0.05), but no association
with retinol (RR, 1.0 for highest quartile, p,
trend > 0.05) (Benito et al., 1993). This limited
evidence would support a protective role for
pre-vitamin A compounds in fruits and vegetables, but not any association specific to retinol
in colorectal adenomas.
4.1.3.6 Lung

A randomized, placebo-controlled clinical trial
of 3-carotene and retinol was conducted among
755 former asbestos workers in Texas, United
States (McLarty et al., 1995). The targeted endpoint for the intervention study was a reduction in the incidence and prevalence of sputum
atypia. The dosage of 50 mg 13-carotene per day
and 25 000 lU retinol per day on alternate days
resulted in significant increases in serum concentrations of both agents with no significant
clinical toxicity. No significant reduction in
sputum atypia was observed after treatment
compared with placebo.
4.1.3.7 Cervical dysplasia

Lambert et al. (1981) compared serum levels of
vitamin A and carotene in 14 patients with cervical intraepithelial neoplasia (CIN) with those
in 10 controls, in order to study a possible vitamin A deficiency as a causative factor in malignant transformation of cervical metaplasia. No
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significant vitamin A deficiency was found in
these patients.
Brock et al. (1988a) investigated blood and
dietary measures of vitamin A status in 117
patients with in situ cervical cancer and 196
matched controls. Neither retinol from food
nor plasma retinol was related to cancer risk.
La Vecchia et al. (1988a) analysed 392 cases
of invasive cervical cancer compared with
392 age-matched controls, and 247 cases of
CIN compared with 247 controls with normal
smears. No association emerged between any
of the food items containing vitamin A and CIN.
Cuzick et al. (1990) investigated serum
vitamin A and vitamin L levels in women aged
16-40 years, in a case-control study of CIN.
The findings showed no association between
serum vitamin A levels and cervical neoplasia.
Ziegler et al. (199 1) performed a case-control
study of 229 women with in situ cervical cancer
and 502 controls. Vitamin A intake was unrelated to the risk of in situ cervical cancer.
De Vet et al. (1991) performed a case-control
study of the effects of 13 -carotene and several
other dietary factors on the risk of cervical dysplasia. Cases (n = 257) were the participants in
a randomized trial assessing the effect of
13-carotene on cervical dysplasia, and controls
(n = 705) were sampled from the general population. An increased risk of cervical dysplasia
was observed for women with a high intake of
13-carotene, but no association was found with
the intake of retinol.
Liu et al. (1995) evaluated the effect of
human papillomavirus type 16 (HPV-16) infection and nutritional status on the course of cervical dysplasia in 206 women. HPV-16 infection
was found to be related to the progression of
cervical dysplasia, with a relative risk of 1.2.
High plasma levels of retinol were related to the
regression of cervical dysplasia, especially in
HPV-16-positive women. Compared with
women having plasma retinol levels below
0.45 pg/mL, the relative risk was 0.7 for those
with retinol levels of 0.45-0.61 ig/mL, and 0.7
for those with retinol levels above 0.61 ig/mL.
Buckley et al. (1992) found no difference in
retinol intake between American Indian
women with cervical dysplasia (n = 42) and
women with normal cervical cytology (n = 58).
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Palan et al. (1996) investigated plasma levels
of 13 -carotene, lycopene, canthaxanthin, retinol,
and a- and 'r-tocopherol. The target population
of 235 included women with histopathological
diagnosis of CIN or cervical cancer and a control
group. The mean plasma level of carotenoids as
well as that of a-tocopherol were significantly
lower in women with CIN and cervical cancer.
The mean level of 't-tocopherol was higher
among patients with CIN, while the mean plasma levels of retinol were similar among the
groups.
4.1.3.8 Systemic biomarkers

The relationships between plasma levels or
dietary intake of retinol and levels of carcinogen-DNA adducts have been investigated.
Mooney et al. (1997) evaluated DNA adducts
with polycyclic aromatic hydrocarbons by competitive ELISA with fluorescence detection in
leukocytes of 159 heavy smokers, and found an
inverse association with their plasma levels of
retinol. Wiencke et al. (1995) measured smokerelated DNA adducts by 32P-postlabelling analysis in blood mononuclear cells and lung tissue
obtained at surgery from 31 lung cancer patients.
DNA adducts in both blood and lung were
inversely related to the dietary intake of retinol.
Urinary excretion of aflatoxin B1-DNA
adducts in healthy Taiwanese males was
positively associated with plasma levels of
a- and 13-carotene, but no association of the
adducts levels with plasma levels of retinol was
found (Yu et al., 1997).
The incidence of chromosomal aberrations
in cultured lymphocytes of 109 styrene-,
formaldehyde- and phenol-exposed workers
was compared with that of 64 controls. There
was a marked increase in the incidence of the
structural chromosomal aberrations in the first
mitotic division metaphases of the occupationally exposed workers. 22 occupationally exposed
workers were selected for a trial including one
month's administration of capsules with retinyl
palmitate 100 000 lU plus 0.1 mg a-tocopherol
acetate dissolved in 0.2 mL of oil at a dose of
1-2 capsules for five days per week. The drug
combination caused a significant decrease in
occupationally induced chromosomal damage
in lymphocytes (Mierauskienè et al., 1993).
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4.1.3.9 Summary

In conclusion, studies using biomarkers as
intermediate end-points have been performed
in relation to oral leukoplakia and oesophageal
dysplasia. Although changes in expression were
found in some instances, their relevance
remains to be established.
Of the premalignant lesions, oral leukoplakia is the best studied. Studies performed in
developing countries have shown positive
results, but it remains unclear how far these
results can be extrapolated to other populations.
4.2

Experimental modes

4.2.1 Tumour induction

In the following section, studies evaluating
effects of retinol and retinyl esters on experimental carcinogenesis are described. Several
tumour models have been used to study the
effects of vitamin .A and its analogues on the
development of cancers. These have largely
used chemical carcinogens for induction of target
organ-specific cancers. For example, 7,12-dimethylbenz[a]anthracene (DMBA) and N-methylN-nitrosourea (MNU) were used for induction
of breast cancer, whereas N-[4-(5-nitro-2-furyl)2-thiazolyl]formamide (FANFT) was used for
induction of urinary bladder cancer. It should
be noted that the majority of carcinogenesis
studies are carried out at a high carcinogen concentration and the modulatory chemopreventive agents are used as pharmacological doses
rather than physiological concentrations. This
poses problems in correlating the results with
those derived from clinical trials. Secondly, the
mammary carcinogenesis studies were conducted with young animals and therefore may not
model closely the effects of vitamin A on breast
cancer in post-menopausal women.
Several further studies have been reported
evaluating effects of vitamin A and esters,
but were inadequately designed. Such studies
were not included in this section. Effects of
vitamin A and esters on the development of
spontaneous tumours are described in Section 6.
42.1.1 Lung (Table 20)
(a) Rat

Over 230 Fischer 344 rats (males and females;
15-22 rats per subgroup [not further specified])

were placed on a sernisynthetic vitamin A-free
diet (TD-69389, General Biochemicals) at three
weeks of age. One week thereafter, they were
divided into three groups which received
retinyl acetate twice weekly by gavage amounting
to weekly doses of 17.4, 174 or 1740 mg retinyl
acetate per rat. Five weeks later, the animals
were treated with two intratracheal instillations
(on consecutive days) of 3-methylcholanthrene
(MCA); the total dose amounted to 1.25, 2.5, 5
or 10 mg of carcinogen, providing four groups
of rats for each level of retinyl acetate. The
animals were killed when moribund or at
180 weeks after carcinogen treatment. Pulmonary squamous-cell cancer incidence
was higher among rats at a low dose of retinyl
acetate (17.4 mg/week/rat) in comparison
with rats given the highest retinyl acetate
supplement. This phenomenon was observed
at all four dose levels of carcinogen: 10 mg
(93% versus 66%), 5 mg (65% versus 20%), 2.5
mg (27% versus 9%) and 1.25 mg (23% versus
10%) (Nettesheim et al., 1979).
(b) Hamster

Two groups of 36 male and 36 female Syrian
golden hamsters, 12 weeks of age, were given
intratracheal instillations of benzo[a]pyrene
(BP) adsorbed onto ferric oxide particles (3 mg
BP + 3 mg ferric oxide in 0.2 ml, saline) once a
week for 10 weeks. Group 1 received no further
treatment. Group 2 received retinyl palmitate
(5000 lU in 0.1 ml, corn oil) by stomach tube
twice weekly for life starting seven days after
the last intratracheal instillation. The incidence
of respiratory tract tumours (tracheal and
bronchial squamous-cell papillomas and carcinomas combined) was 11/53 in the BP-only
group versus 1/46 in the group given BP plus
retinyl palmitate. It was suggested that retinyl
palmitate has a systemic inhibitory effect on
the development of metaplastic and benign
and malignant neoplastic lesions in the respiratory tract of BP-treated hamsters (Saffiotti et al.,
1967). [The Working Group noted that this was
a pilot study without statistical evaluation of
the data.]
In a similar experiment, the effects of intragastrically administered retinyl acetate on lung
tumour development in hamsters induced by
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Table 20. Effects of vitamin A and retinyl esters on lung tumorigenesis
Species, strain, sex, age

No, of animals

Carcinogen (dose/route)

Retinoid (dose/route)

Treatment
relative to

Preventive
efficacya

Reference

Rat, Fischer 344, male
and female, 3 weeks old

230 rats
(15-22
rats/group)

3-MCA, intratracheally 0.5
dose x 2 times (total dose,
1.3, 2.5, 5 or 12 mg/rat)

Retinyl acetate, 17.4, 174 or
1740 Ig/rat/weekgiven by
stomach tube; 0.5 dose 2
times/week for up to 180
weeks

Before and
during

Effective at all
doses of
carcinogen

Nettesheim et al. (1979)

Hamster, Syrian golden,
male and female, 12
weeks old

36 males and
36 females per
group

BP (3 mg) + ferric oxide (3
mg), intratracheal instillation
weekly for 10 weeks

5000 lU retinyl palmitate in
0.1 mL corn oil twice weekly,
intragastrically for life

After

Effective

Saffiotti etal. (1967)

Hamster, Syrian golden,
male, 12 weeks old

83
74
73

12 x 3 mg BP

Retinyl acetate 100 rig/week

After

Ineffective

Smith et al. (1 975a)

12x3 mg BP

1600 ig/week

12x3 mg BP

2400 big/week, intragastrically
for life

109
111
107

12x3 mg BP

After

Ineffective

Smith et al. (1975b)

12x3 mg BP

Retinyl acetate
100 .tg/week

12x3 mg BP

1600 lug/week

Hamster, Syrian golden,
male, 12 weeks old

2400 p.g/week for life
Abbreviations: BP, benzo[a]pyrene; MCA, 3-methyicholanthrene
a Effective implies a statistically significant inhibition
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BP adsorbed onto ferric oxide particles
(12 weekly intratracheal instillations) were
studied. One week after the last carcinogen
administration, the hamsters, which were fed a
commercial diet, were divided into three
groups receiving either 100 jig (Group 1), 1600
jig (Group 2) or 3300 jig (Group 3; later reduced
to 2400 jig) retinyl acetate intragastrically in
cotton seed oil for life [a control group not
receiving retinyl acetate was not included]. In
Group 1, 48/83 animals (58%) had benign and
malignant respiratory tract tumours combined
(72 tumours total); in Group 2, 52/74 animals
(70%) had respiratory tract tumours (70
tumours in total); in Group 3, 59/73 animals
(81%) had respiratory tract tumours (84
tumours in total). The increase in the tumour
incidence in Group 3 versus Group 1 was statistically significant (p < 0.01). However, the
incidence of squamous-cell carcinomas and
adenocarcinomas in the respiratory tract was
similar in all three groups (Smith et al., 1975a).
Similar results were obtained by Smith et al.
(1975b). Hamsters were exposed to the same
BP/ferric oxide mixture and treated with the
same retinyl acetate doses and were maintained
on a semi-synthetic diet and kept in conventional housing or in laminar flow units
(to reduce respiratory infections). The incidence of respiratory tract tumours was not
statistically significantly different between the
low- and high-dose retinyl acetate groups.
It was noted, however, that the proportions of
hamsters with stomach papillomas were
significantly reduced (p < 0.005) in the two
high-dose retinyl acetate groups (1600 jig
and 2400 jig retinyl acetate, respectively)
compared with the low-dose retinyl acetate
group (100 jig retinyl acetate), namely 25% and
26% with papillomas, respectively, compared
with 50%.
4.2.1.2 Mammary gland (Table 21)

All of the following studies were conducted in
young adult animals.
(a) Mouse

Groups of 20-30 female C3H/A mice were fed
retinyl acetate in the diet starting either at
conception, as weanlings or at three months of

age. The groups received retinyl acetate at
concentrations of either 21, 41, 83, 166 or 333
mg/kg of diet in the form of gelatin beadlets. No
significant difference in the incidence of
mammary carcinomas was found between
controls and retinyl acetate-fed mice. The incidence in experimental groups of mice varied
from 80 to 92%. The number of tumours per
mouse and the tumour latency period were also
not influenced by retinyl acetate in the diet
(Maiorana & Gullino, 1980).
Forty-day-old GR/A female mice were treated
with estrone (0.5 mg/L in the drinking-water)
and progesterone (50 mg subcutaneous pellet
made with 10 mg cholesterol). Animals were
fed either basal diet (not secified) or diet
containing retinyl acetate at a concentration of
82 mg/kg of diet in the form of beadlets for
13-14 weeks, at which,• time the study was
terminated. The incidence of mammary
tumours [not examined histologically] was
22/65 (34%) in controls compared with 37/65
(57%) (p < 0.05) in retinyl acetate-treated mice.
This enhancement of tumour development was
recorded for both nulliparous and multiparous
mice (Welsch et al., 1981).
(b) Rat

Groups of 50 female Sprague-Dawley rats were
treated with a single intragastric dose of either
2.5, 5 or 15 mg DMBA in 1 mL sesame oil.
Retinyl acetate treatment (1 or 2.5 mg/rat per
day in the form of gelatin beadlets mixed in the
diet) was initiated seven days after carcinogen
treatment for 211 days. All animals were maintained on conventional diets. There was only
8% incidence of histopathologically confirmed
mammary carcinomas in the 2.5 mg DMBA
control group of rats. At 5 and 15 mg DMBA,
the incidence of mammary carcinomas was 46
and 75%, respectively. Retinyl acetate was
ineffective at the 1 mg dose regardless of DMBA
dose; however, at 2.5 mg retinyl acetate dose,
there was a significant (p < 0.05) decrease in the
incidence of adenocarcinomas (11/50
compared with 23/50 in controls) and of adenomas (30/50 compared with 43/50 in controls) (Moon et al., 1976).
Groups of 30 female Sprague-Dawley rats, 50
days of age, were injected twice intravenously
109

Table 21. Effects of vitamin A and retinvl esters on breast tumoriaenesis
Species, strain, sex, age

No. of
animals

Carcinogen (dose/route)

Retinoid (dose/route)

Treatment relative to
carcinogen

Preventive efficacy

Reference

Mouse, C3H/A, female,
3 weeks old

Control 102,
experimental
20-30/group

Murine mammary tumour
virus positive

Retinyl acetate, 21, 41,, 83,
166 or 333 mg/kg of diet

From conception, from
weanling or from 3
months

Ineffective

Maiorana & Gullino
(1980)

Mouse, GR/A, females,
40 days old

65/group

Estrone + progesterone

Retinyl acetate, 82 mg/kg
diet for 13-14 weeks

Before, during and after

Increased tumour
incidence

Welsch etal. (198 1)

Rat, Sprague-Dawley,
females, 50 days old

50/group

DMBA: 2.5,5 or 15 mg

Retinyl acetate: I or 2.5 mg
per day in diet for 211 days

After

Ineffective at 1 mg.
Effective at 2.5 mg

Moon etal. (1976)

Rat, Sprague-Dawley,
females, 50 days old

30/group

MNU: 12.5, 25 or 50
mg/kg bw intravenous
injection x2

Retinyl acetate: 250 ppm in
the diet

Before, during and after

Effective at all
doses of carcinogen

Moon et al. (1977)

Lewis rats, females, 50
days old

20/group

DMBA: 20 mg
intragastrically at 50 days
of age

Retinyl acetate: 250 mg/kg
of diet

(a) Before and during

Effective

(b) After, 1-30 weeks

Effective

(c) After, 1-2 weeks

Effective

(d) After, 12-30 weeks

Effective

(e) Before, during and
after

Effective

Before and during

Effective

Rat, ACI, female 59-65
days old

24/group

17_-Ethinylestradiol
pellet (1 mg/pellet)

Retinyl acetate 420 IU/g
diet + 4 lU retinyl
palmitate/g diet for 25
weeks

McCormick et al.
(1980)

Holtzman (1988)

Table 21 (contd)
Species, strain, sex, age

No. of
animals

Carcinogen (dose/route)

Retinoid (dose/route)

Rat, Lew/Mai females,
50 days old

20/group

BP: 50 mg single dose
intragastrically

Retinyl acetate: 250 mg/kg
diet for up to 90 weeks

Treatment relative to
carcinogen

Preventive efficacy

Reference

(a) Before and during
(b) After and during up
to 90 weeks
(c) After and during, up
to 20 weeks
(d) After, 20-35 weeks
—2 to +90 weeks

Effective
Effective
Ineffective
Effective

McCormick et al.
(1981)

Effective
Effective

6.25 mg/wk/8 wks
Rat, Sprague-Dawley,
females, 50 days old

25/group

DMBA: 15-20 mg single
dose intragastrically

Retinyl acetate: 328 mg/kg
diet for 240 days

+1 to + 17 weeks

Effective

Thompson eta!,
(1982)

Rat, Sprague-Dawley,
females, 50 days old

30/group

MNU: 50 mg/kg bw single
dose intravenously

Retinyl acetate: 328 mg/kg
diet (duration not given)

+1 to + 17 weeks

Effective

Moon et al. (1983)

Rat, Sprague-Dawley,
females, 50 days old

30/group

DMBA: 16 mg single dose
intragastrically

Retinyl acetate: 250 mg/kg
diet

Before and during
After
Before, during and after

Ineffective
Effective
Effective

McCormick et al.
(1986)

Rat, Sprague-Dawley,
females, 50 days old

30/group

DMBA: 5 m
intragastrically,
6 times

Retinyl acetate: i.p.
injection once weekly at
350 mg/kg bw for 50 days;
250 mg/kg bw for 90 days;
and 200 mg/kg bw for 60
days until 240 days of age

Before and during

Effective

Ramesha etal. (1990)

Rat, Holtzman, female,
50 days old

20/group

DMBA: 20 mg single dose
intragastrically

Retinyl acetate 50 mg/kg
diet

Before, during and after,
up to 10 days

Ineffective

Rao etal. (1990)

Abbreviations: BP, benzo[a]pyrene; DMBA, 7,1 2-dimethylbenz[a]anthracene; MNU, N-methyl-N-nitrosourea
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with either 12.5, 25 or 50 mg/kg bw MNU. The
injections were given one week apart. Retinyl
acetate in the form of gelatin beadlets was
mixed with the Purina Lab chow diet at a concentration of O or 250 mg/kg of diet. The treatment was started one week after initiation and
continued for 175 days. Retinyl acetate inhibited
tumour incidence significantly compared with
groups treated with carcinogen alone. The incidence of mammary tumour-bearing (retinyl
acetate-treated versus untreated) was: 15/30
versus 25/30 in the high-dose MNU group, 7/30
versus 12/29 in the mid-dose MNU group and
0/30 versus 6/30 in the low-dose MNU group.
At the high dose, control rats developed 61
cancers compared with 25 cancers in the retinyl
acetate-treated group (Moon et al., 1977).
Groups of 20 female Lewis rats, 50 days of
age, were treated with 20 mg DMBA in 1 mL
sesame oil. Retinyl acetate in gelatin beadlets
was mixed with Purina Lab chow at a concentration of 250 mg/kg of diet. In relation to the
time of DMBA treatment, rats were given
retinyl acetate during weeks -2 to +1, -2 to +30,
+1 to +30, +1 to +12 or +12 to +30. The experiment was terminated at 30 weeks. The greatest
inhibition of mammary tumour yield was
observed in the group receiving retinyl acetate
for the longest time (-2 to +30 weeks);
mammary tumour multiplicity was approximately 60% of that in the controls. A similar
inhibition of 60% was also reported after a
shorter exposure to retinyl acetate of -2 to +1
week (McCormick et al., 1980). [The Working
Group noted that the mammary tumours were
not examined histologically and that data were
presented only as graphs.]
McCormick and Moon (1982) studied the
effect of delaying retinyl acetate treatment after
MNU administration. All experimental details
were the same as described by Moon et al. (1977),
except that a single injection of 25 mg/kg bw
MNU was given. Treatment with retinyl acetate
at a concentration of 328 mg/kg of diet was
initiated 1, 4, 8, 12, 16 or 20 weeks after the carcinogen treatment. The results showed that the
treatment with retinyl acetate could be delayed
for as long as 12 weeks without loss of efficacy.
Groups of 20 Lew/Mai rats, 50 days of age,
received either a single dose of 50 mg BP in
112

1 mL sesame oil intragastrically or eight weekly
doses of 6.25 mg BP. Rats were given Purina Lab
chow as control diet or a diet containing
250 mg/kg of diet retinyl acetate in the form of
gelatin beadlets. In relation to the time of BP
treatment, retinyl acetate was given during
weeks -2 to +1, +1 to +90, +1 to +20 or +20 to
+90. Animals were weighed monthly and killed
90 weeks after the carcinogen treatment. Rats
given only the single injection of BP had a 77%
incidence of mammary tumours. The incidence
in the retinyl acetate-treated groups was: -2 to
+1, 44% (p < 0.01); +1 to +90, 42% (p <0.01);
+1 to +20, 71%; and +20 to +90, 45% (p < 0.01).
There was a 67% incidence of mammary
tumours in animals given eight injections of BP
alone; retinyl acetate given from -2 to +90
weeks reduced this to 40% (p < 0.01)
(McCormick et al., 1981). [The Working Group
noted that the tumours were not evaluated
histopathologically.]
Groups of 25 Sprague-Dawley rats, 50 days
of age, received 20 mg DMBA intragastrically
and were ovariectomized at various times in
relation to carcinogen treatment. Intact and
ovariectomized animals were treated with
retinyl acetate at a concentration of 328 mg/kg
of diet. The incidence of mammary adenocarcinomas was 10/25 in ovariectomized rats
compared with 4/25 in the rats that were
ovariectomized and received retinyl acetate
treatment. Tumour multiplicity in this study
was also reduced by retinyl acetate (Thompson
et al., 1982).
Four groups of 30 female Sprague-Dawley
rats were treated with 50 mg/kg bw MNU by
intravenous injection. Rats were either kept
intact or were ovariectomized 14 days after
carcinogen treatment. Both intact and ovariectomized rats either served as separate controls
or received 1 mmol retinyl acetate/kg of diet
[328 mg/kg of diet] in the form of gelatin
beadlets. Although retinyl acetate reduced the
incidence of mammary adenocarcinomas from
80% in controls to 59% in the retinyl acetatetreated group, ovariectomy reduced the incidence to 35%. The combination of ovariectomy
and retinyl acetate resulted in a tumour incidence of less than 10%. This remarkable suppression of carcinogenesis was accompanied by
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increased latency of tumour development from
30-50 days in controls to 150 days in the combined treatment group (Moon et al., 1983). [The
Working Group noted that data were presented
only as graphs.]
McCormick et al. (1986) studied the effect of
combined treatment with retinyl acetate and
butylated hydroxytoluene (BHT) in groups of
30 female Sprague-Dawley rats treated with
16 mg of DMBA in 1 mL sesame oil at 50 days
of age. Animals were given either 250 mg
retinyl acetate/kg of diet as gelatin beadlets
alone or in combination with BHT at a concentration of 5 g/kg of diet. In relation to the time
of DMBA treatment, retinyl acetate/BHT
was given during weeks -2 to +1, +1 to + 26, or
-2 to + 26 (180 days). Body weights were not
affected in these studies. The multiplicity of
mammary carcinomas was reduced from
7.5 tumours per rat in controls to 4.97 and 4.74
following treatment with retinyl acetate
from + 1 to + 26 and from -2 to + 26 weeks,
respectively (66% and 63% of controls, respectively). The combination of BHT and retinyl
acetate was more effective than either treatment alone.
Two groups of 30 Sprague-Dawley rats,
40 days of age, were treated with 5 mg DMBA
in sesame oil per week for six weeks (total dose,
30 mg). Retinyl acetate was injected intraperitoneally once weekly at doses of 350 mg/kg bw (40
days), 250 mg/kg bw (90 days) and 200 mg/kg
bw (60 days) until the animals reached the age
of 240 days. Retinyl acetate significantly
reduced the numbers of of tumour-bearing animals from 28/28 in DMBA-treated controls to
13/28 (p < 0.001). When retinyl acetate treatment was combined with other compounds such
as sodium selenite, magnesium chloride and
ascorbic acid, the inhibitory effect of retinyl
acetate was enhanced (Ramesha et al., 1990).
Female Holtzman rats were treated with
20 mg DMBA in 0.5 mL oil. They were given
either control diet or diet mixed with retinyl
acetate (50 mg/kg of diet) alone or in combination with tamoxifen, tocopherol, aminoglutethimide, ergocryptine and/or selenium. The
chemopreventive agent in the diet was given
for 21 days beginning 10 days before carcinogen
treatment and continuing to 10 days after

carcinogen treatment. Rats were killed 180 days
after carcinogen treatment and the tumours
were examined histopathologically. Mammary
adenomas developed in 10/15 DMBA-exposed
rats and in 12/20 rats treated with DMBA plus
retinyl acetate. When retinyl acetate was given
in combination with two or more other agents,
the tumour incidence was reduced from 64% to
20-30% (p < 0.05) (Rao et al., 1990).
Two groups of female ACT rats were divided
into 24 rats per group. All animals received
AIN-16A semisynthetic diet with 4000 lU of
retinyl palmitate. The active treatment group
had its diet supplemented with 412 000 lU of
retinyl acetate per kg diet. After two weeks, subcutaneous pellets of 1 mg 17Œ-ethinylestradiol
were implanted into both groups of rats.
Animals were killed 25 weeks later. Retinyl
acetate treatment did not affect body weight.
The incidence of mammary carcinomas was
88% (21/24) in controls rats and 70% (16/23) in
the retinyl acetate-treated group (p < 0.05). The
multiplicity was reduced from 5.6 cancers per
rat in controls to 2.7 cancers per rat in the
retinyl acetate-treated group (p < 0.05) (Holtzman,
1988).
4.2.1.3 Urinary bladder (Table 22)
(a) Rat

Three groups of 40 weanling female
Sprague-Dawley rats, weighing 44 to 76 g, were
fed vitamin A-deficient diets and received
either (1) 100 lU retinyl palmitate via stomach
tube during weeks 9 and 16; (2) 5 lU retinyl
palmitate/g diet or (3) 250 lU retinyl palmitate/g diet for the first four weeks and 500 IU/g
diet thereafter. After one week, 0.188% FANFT
was added to these diets for 12 weeks and 0.1%
for the following eight weeks. At 22 weeks, the
incidences of bladder carcinomas (transitionalcell and squamous-cell) were 21/40, 17/40 and
16/40 in the three groups, respectively (Cohen
et al., 1976).
In a second experiment, two groups of 36
weanling female Sprague-Dawley rats, weighing 44 to 76 g, were fed a basal diet either with
or without added retinyl palmitate (930 up to
2500 IU/g diet). After one week on these diets,
0.1% FANFT was added to the diet for 20 weeks,
after which the rats received their respective
113
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Table 22. Chemopreventive activity of vitamin A and retinyl esters on urinary bladder
carcinogenesis
Species, strain,
sex

No. of
animals

Carcinogen, dose, route
and duration of
administration

Retirioid
(dose/route)

Treatment relative
to carcinogen

Preventive
efficacy

Reference

Rat, SpragueDawley, female,
3-4 weeks old

40/group

N-4-(5-Nitro-2-furyl)2-thiazolyl formamide in
the diet; 0.188% for 12
weeks and 0.1% for the
next 8 weeks

Retiny! palmitate,
0, 5, 250, 500
lU per g diet
for 22 weeks

Before and during

Ineffective

Cohen et al.
(1976)

Rat, SpragueDawley, female,
3-4 weeks old

36/group

N-4-(5-Nitro-2-furyl)-2thiazolyl formamide in
the diet (0.1%) for 20
weeks

Retiny! palmitate,
0, 930, 2500,
1100 lU per g
diet for 35 weeks

Before, during and Ineffective
after

Cohen et al.
(1976)

Rat, Wistar, male, 18/group
weight 165 g

N-Butyl-N-(4-hydroxybutyl)-nitrosamine via
drinking water, 0, 0.01,
0.025% for 20 weeks

Retinyl acetate,
0, 100, 200 lU
per g diet for
20 weeks

During

diets without FANFT. All rats alive at 35 weeks
were killed. Signs of hypervitaminosis A
occurred by 11 weeks in the group maintained
on 2500 IU/g diet (fed in weeks 6-13).
Therefore the concentration was reduced to
1100 IU/g diet after 13 weeks. The incidence of
transitional-cell carcinomas (2/36 in both
groups) was similar in the group fed normal
vitamin A diet and in the group on the retinyl
palmitate-supplemented diet (Cohen et al., 1976).
Nine groups of 18 male Wistar rats, weighing
approximately 165 g, were treated simultaneously with N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN) in the drinking water and/or
retinyl acetate in the diet for 20 weeks as
follows: (1) 200 lU retinyl acetate/g diet and
0.025% BBN; (2) 100 lU retinyl acetate/g diet
and 0.025% BBN; (3) 0.025% BBN; (4) 200 lU
retinyl acetate/g diet and 0.01% BBN; (5) 100
lU retinyl acetate/g diet and 0.01% BBN;
(6) 0.01% BBN; (7) 200 lU retinyl acetate/g diet;
(8) 100 lU retinyl acetate/g diet and
(9) controls, with 10 -lU of retinyl acetate in
basal diet. All surviving rats were killed after
20 weeks. Administration of 200 lU retinyl
acetate/g diet reduced the incidence of transitional cell papillomas (1/18 vs 7/16)
and carcinomas (4/16 vs 10/14) in groups
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Effective at
200 lU

Miyata etal.
(1978)

receiving 0.01% and 0.025% BBN, respectively,
compared to controls (p < 0.02) (Miyata et cil.,
1978).
42.1.4 Skin (Table 23)
(a) Mouse

Four groups of 20 or 10 female Swiss mice, 8
weeks of age, were treated as follows: (1) MCA
was applied on the shaved skin (0.1 mL/mouse
as a 0.3% solution in acetone) twice weekly for
the first five weeks and then once weekly
during the sixth to ninth weeks (14 applications); (2) MCA as in group 1 and, during the
third to fifth weeks, retinyl palmitate (6 mg/0. 1
mL acetone/mouse) was applied to the same
treated areas of the skin twice weekly (6 applications) and subsequently, once weekly during
the sixth to ninth weeks (4 applications); (3)
retinyl palmitate alone as group 2 (10 applications) and (4) acetone alone (14 applications).
From the 10th week on, no further treatment
was given until the end of the experiment at 23
weeks. Groups 1 and 2 comprised 20 mice per
group and groups-3 and 4, 10 mice per group.
The tumours were classified histopathologically.
In the group treated with MCA and retinyl
palmitate, the incidence of mice with papillomas (3/20) was lower than in mice treated with

Table 23. Chemopreventive activity of vitamin A and retinyl esters on skin carcinogenesis
Species, strain, sex

No. of
animals/group

Carcinogen, dose, route and
duration of administration

Vitamin A (dose)

Treatment relative to
carcinogen

Preventive
efficacy

Reference

Mouse, Swiss, female

20/group

MCA, 0,1 ml of 0.3% solution
in acetone, applied to the
shaved skin (14 applications)

Retinyl palmitate,
6 mg/0.1 mL in
acetone applied on the
skin

During

Effective
(papillomas)
Ineffective
(carcinomas)

Abdel-Galil etal.
(1984)

Mouse, Skh-hrl,
Hairless, female
10-12 weeks old

20/group

UVR; 280-700 nm, 5
days/week for 12 weeks

Retinyl palmitate
60 lU or 300 lU, 3
times per week by
stomach tube until
death

Before and during

Ineffective

Kelly et al. (1989)

Mouse, CD-i, female

35/group

DMBA, single topical
application of 150 nmol;
promoted twice weekly with 8
nmol TPA for 21 weeks

Retinyl palmitate, 60,
200, 700/350 lU per g
diet

During promotion with
TPA

Effective
(papillomas)

Gensler etal. (1987)

Mouse, C3H/HeN,
female, 6 weeks old

20-30/group

UVB radiation, 280-320 nm,
30 mm/day, 5 days/week from
week 18-42

Retinyl palmitate, 0,
120 lU per g diet for
45.5 weeks

Before and during

Inconclusive

Gensler et al. (1990)

Mouse, Oslo/Born inbred
hairless, female (age not
given)

44/group

UVB (280-320 nm) or UVAB
(280-380 nm) for 18 weeks

0.3-0.6 mg retinol/kg
diet or 4-6 mg/kg diet
for 78 weeks

1 month before and
during

Increased
tumour
incidence

Mikkelsen etal.
(1998)

Abbreviations: DMBA, 7,1 2-dimethylbenz[a]anthracene; MCA, 3-m ethyl chola nth rene; TPA, i2-O-tetradecanoylphorbol 13-acetate
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MCA only (9/19). The incidence of mice with
carcinomas was similar in both groups (4/20
versus 5/19). No skin tumour was seen in control groups (Abdel-Galil et al., 1984).
Four groups of 35 female CD-1 mice, 6 weeks
of age, were treated with a single topical application of 150 nmol of DMBA in 0.2 mL acetone
and, starting three weeks later, 12-0-tetradecanoylphorbol 13-acetate (TPA) (8 nmol) was
applied in 0.2 mL acetone twice weekly for 21
weeks. The control diet (AIN-76A) contained
3.9 lU retinyl palmitate/g diet. Mice were fed
diets supplemented with retinyl palmitate for
21 weeks at a level of 60, 200 or 700 IU/g diet
(the high dose was reduced to 350 lU per g of
diet after five weeks). There were 14.3 ± 2.6, 8.2
± 2.0 and 3.4 ± 1.2 papillomas per mouse in the
groups on the low, medium and high doses of
retinyl palmitate, respectively, versus 15.6 ± 2.7
in controls, corresponding to reductions of 9%,
37% (p < 0.02) and 65% (p < 0.02) (Gensler et
al., 1987).
Groups of 20 inbred, hairless (Skh-hrl)
female mice, 10-12 weeks of age, were exposed
to 280-700 nm ultraviolet light on five days per
week for 12 weeks. The initial daily exposure
was 0.53 J/cm2. Subsequent exposure times
were increased by 20% every two weeks. After
12 weeks, the exposure was increased to 1.60
J/cm2 and from that time up to 25 weeks following the start of treatment was held at that
level at a frequency of twice weekly. Retinyl
palmitate (60 or 30 lU) was dissolved in arachis
oil and administered intragastrically three
times weekly beginning two weeks before the
start of treatment and continuing until death.
All tumours were classified histopathologically.
The incidence of skin tumours (papillomas and
carcinomas) in both retinyl palmitate-treated
groups was similar to that in controls (Kelly et
al., 1989).
Groups of 20-30 female C3H/HeNCr1BR mice,
six weeks of age, were fed: (1) an AIN-76A basal
diet containing 4 lU retinyl palmitate/g diet;
(2) basal diet supplemented with 120 lU retinyl
palmitate/g diet; (3) basal diet supplemented
with 1% canthaxanthin or (4) basal diet
supplemented with 1% canthaxanthin plus
120 lU retinyl palmitate/g diet. The animals
were maintained on their respective diets for at
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least 451/2 weeks. During weeks 18-42, the
shaved dorsal skin of the animals was irradiated
with ultraviolet light (280-320 nm) for 30
minutes per day on five days per week. There
was no significant difference in tumour
incidence in irradiated mice fed retinyl palmitate (32%), canthaxanthin (36%), retinyl
palmitate plus canthaxanthin (31%) and
controls (37%). Dietary supplementation with
retinyl palmitate, however, significantly
reduced the mean skin tumour burden at four
weeks (sum of the tumour areas on each
Mouse) by 41% in comparison with controls (p
<0.008; analysis of variance of the log tumour
burden). Canthaxanthin reduced the tumour
burden per mouse by 45%, whereas canthaxanthin plus retinyl palmitate treatment resulted
in a 68% reduction in tumour burden, indicating no interaction between retinyl palmitate
and canthaxanthin (Gensler et al., 1990). [The
Working Group noted that the measurement of
skin tumour burden was rather unusual for skin
carcinogenesis studies.]
Four groups of 44 hairless female mice of
the Oslo/Bom inbred strain [age not specified]
were fed a standard laboratory diet containing
low (0.3-0.6 mg/kg diet) or high (4-6 mg/kg
diet) levels of retinol. After the mice had been
fed these diets for one month, the animals
were exposed daily to irradiation with
ultra-violet B (280-320 nm) or B and A
(280-380 nm) for 18 weeks followed by an
observation period of up to 60 weeks. After one
year, the incidence of skin squamous cell
carcinomas was 49-63% in the high-retinol
group versus 25-39% in the low-retinol group
(p < 0.003). Two months later, these figures
were 66-72% versus 50-53% for the high- and
low-retinol groups, respectively (p = 0.01)
(Mikkelsen et al., 1998).
4.2.1.5 Oesophagus and forestomach (Table 24)
(a) Mouse

Three groups of 150 male ICR/Jcl mice, four
weeks of age, were treated as follows: (1) no
treatment with carcinogen; (2) 0.2 mg BP in
0.2 mL corn oil by gavage twice a week to a
total dose of 2.0 mg and (3) 2.0 mg BP in
0.2 mL corn oil to a total dose of 20.0 mg. Each
of these groups was divided into five subgroups

Table 24. Chemoprevenfive effects of vitamin A and retinyl esters in other organs
No. of
animals

Carcinogen (dose/route)

Vitamin A (dose/route)

Treatment relative
to carcinogen

Preventive efficacy

Reference

Mouse, ICR/Jcl, male, 4
weeks old

30/group

BP in corn oil by gavage; twice
weekly to total dose of 2 mg or
20 mg

Retinyl palmitate: 5 lU, 50
lU or 200 lU/day in diet for
66 weeks

Before and during
in one group and
after in another
group

Effective at low dose
of BP on incidence of
papillomas
Ineffective at high
dose of BP

Yamada et al.
(1995)

Oesophagus

-

Rat, Sprague-Dawley,
sex and age unspecified

60/group

N-Nitroso-N-methylbenzylamine, 2,5 mg/kg bw
twice a week for weeks,
intragastrically

Retinyl acetate: 0.3 mg/kg,
2.2 mg/kg or 29.9 mg/kg in
diet for 15 weeks

Before, during
and after
carcinogen

Ineffective

Nauss et al.
(1987)

Rat, Sprague-Dawley,
male, age not given

50/group

Aflatoxin Bi in semi-synthetic
diet (0.1 mg/kg diet)

Retinyl palmitate: 5, 50 or
500 mg/day/rat in diet for
24 months

During

Colon carcinomas
developed in the
retinyl palmitate
deficient group

Newberne &
Rogers (1973)

Rat, Sprague-Dawley,
male, weanling

12/group

1,2-Dimethyihydrazine, two
injections 25 mg/kg bw three
days apart

Retinyl palmitate: 200 IU/g
diet for 12 weeks

After

Cassand eta!,
(1997)

Rat, Fischer 344, male,
6 weeks old

9 or
10/group

Azoxymethane, two
intraperitoneal injections 15
mg/kg bw one week apart

Retinyl palmitate: 0.5 or 1.0
mmol/kg diet for 5 weeks

After

Zheng et al.
(1997)

15/group

N-Nitroso-N-bis(2-hydroxypropyl)amine, 2800 mg/kg bw,
one subcutaneous injection +
0.2% thiourea in drinking-water

Retinyl acetate: 320 IU/g
diet

After

Species, strain, sex
Forestomach

Large intestine

Thyroid
Rat, Fischer 344, male

Ineffective

Mitsumori et al.
(1996)

Abbreviations: BP, benzo[a]pyrene
rt'
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of 30 mice each, which were given dietary
retinyl palmitate supplementations as follows:
(A) 50 lU/day (assumed to be an adequate vitamin A intake for ICR/Jcl mice); (B) 5 lU/day;
(C) 200 lU/day (retinyl palmitate supplementation was given during the initiation and postinitiation phases); (D) 5 lU/day, and (E)
200 lU/day. Groups D and E both received 50
TU retinyl palmitate/day during the initiation
phase and the low (5 lU) and high (200 TU)
levels during the post-initiatiôn phase. All
surviving animals were killed at 66 weeks. In
animals treated with the low dose of BP, the
incidence of forestomach papilloma-bearing
mice of the two high retinyl palmitate groups
was significantly lower (p < 0.05) in comparison
with the group given 50 lU/day (2/27, 2/27
versus 8/28), whereas the incidence of
forestomach papilloma-bearing mice in the
group given 5 lU retinyl palmitate/day was
significantly (p < 0.05) higher than in controls
fed 50 lU/day (15/26 vs 8/28). Carcinomas were
not induced with this low dose of BP. No effect
of retinyl palmitate was seen on papillomas and
carcinomas in the groups treated with a high
dose of BP (Yamada et al., 1995).
(b) Rat

Groups of 65 Sprague-Dawley rats (sex unspecified) were fed semipurified diets containing
levels of retinyl acetate which were either
adequate (2.2 mg/kg of diet), deficient
(0.30 mg/kg of diet) or high (29.9 mg/kg of
diet). After four weeks of adaptation to the
experimental diets, 60 rats per dietary group
received 2.5 mg/kg bw N-nitroso-N-methylbenzylamine (NMBA), twice a week for
five weeks. NMBA was dissolved in 10%
ethanol and administered by gavage. Five
animals in each group received vehicle only.
Fifteen weeks after the last dosè of carcinogen,
the animals were killed and the oesophagus was
evaluated for presence of neoplasms, using
routine histopathological procedures. The
incidence and multiplicity of carcinomas,
papillomas and preneoplastic lesions were
similar in all groups, indicating that dietary
retinyl acetate levels did not influence
oesophageal tumour development induced by
NMBA (Nauss et al., 1987).
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4.2.1.6 Large intestine (Table 24)
(a) Rat

Groups of 50 male Sprague-Dawley rats were
maintained on a semi-synthetic diet containing
aflatoxin B1 at 'a concentration of 0.1 mg/kg
diet. Retinyl palmitate was mixed into the diet
to provide 5, 50 or 500 mg/day per rat based on
measured food consumption. The study was
carried out for 24 months. Six colon carcinomas
developed in the retinyl palmitate-deficient
group. No such tumours were found in any of
the other groups (Newberne & Rogers, 1973).
Sprague-Dawley weanling male rats were
divided into two groups of 12 animals. Rats
were treated with 50 mg/kg 1,2-dimethyihydrazine hydrochloride (DMH) in two injections
of 25 mg/kg three days apart. Starting one week
after the last injection, rats received either semisynthetic diet as control or diet supplemented
with 200 IU/g retinyl acetate for 12 weeks.
Animals were then killed and the colon was
fixed and stained for aberrant crypts, considered
to be precursors of colon cancers. Adenocarcinomas were also removed and microscopically
identified. Retinyl acetate-treated animals
exhibited 4.2 aberrant crypts per cm2, compared
with 5.7 per cm2 in controls. The total number
of adenocarcinomas per rat decreased from 364
to 252 (p < 0.08) (Cassand et al., 1997).
Two groups of 9 or 10 male Fischer 344 rats,
six weeks of age, were treated with retinyl palmitate at concentrations of 0.5 or 1.0 mmol/kg in
AIN-76A basal diet (263 or 525 ppm) for five
weeks after prior treatment with two weekly
intraperitoneal injections of 15 mg/kg bw azoxymethane for two weeks. The numbers of preneoplastic aberrant crypt foci per rat were 51.3
± 5.38 and 36.2 ± 6.49 at the low and high
doses of retinyl acetate, respectively, whereas
the control group had 65.2 ± 5.22 aberrant
crypt foci per rat; this constitutes a 44.5%
reduction at the highest dose (p < 0.01) (Zheng
et al., 1997).
4.2.1.7 Liver
(a) Rat

In the study of Newberne and Rogers (1973)
described in Section 4.2.1.6, the number of aflatoxin 131-induced liver tumours was unaffected
by retinyl palmitate administration.

Vitamin A

4.2.1.8 Thyroid (Table 24)
(a) Rat
Four groups of male Fischer 344 rats, four weeks
of age, received a single subcutaneous injection
of 2800 mg/kg bw N-nitroso-N-bis(2-hydroxypropyl)amine (DHPN). Group 1 (5 rats),
received tap water; group 2 (5 rats) received
0.1% retinyl acetate in the diet; group 3
(15 rats) received 0.2% thiourea; and group 4
(15 rats) received thiourea plus retinyl acetate
in the diet. Animals were killed 20 weeks after
the carcinogen treatment. No thyroid tumours
were found in animals receiving DHPN and
either retinyl acetate alone or basal diet. In
animals treated with DHPN plus thiourea, the
incidence of follicular-cell tumours [exact
histology not given] was similar to that in the
group given DHPN + thiourea + retinyl acetate
(Mitsumori et al., 1996).
4.2.1.9 Other sites
(a) Mouse
Groups of 20 male CBA/J mice, six weeks of age,
were fed basal diet (Teklad) for three days
before experiment. They were then fed either
control diet or diet supplemented with
150 mg/kg of diet retinyl palmitate throughout
the experiment. All animals were inoculated
with murine sarcoma virus at three concentrations. Animals were killed 20 days after virus
inoculation. At a 1 x 10 dilution of virus (low
dose), the tumour incidence [site not specified]
was 37.5% in controls compared with 0% in
the retinyl palmitate-treated group. At higher
virus concentrations (1 x 10-2 and 1 x 10_1),
there was a 62.5% tumour incidence in controls
compared with 25% and 12.5% incidence,
respectively, in the retinyl palmitate-treated
groups. Results showed significant suppression
of virally induced sarcoma by retinyl palmitate
(p < 0.01, t-test) (Seifter et al., 1983).
Pregnant female albino rats [number unspecified] were given 75 mg/kg bw N-ethyl-N-nitrosourea by intravenous injection. The mothers
were treated with retinyl acetate (300 IU/g diet)
during the suckling phase of the offspring. The
pups were given retinyl acetate in diet. Animals
were allowed to live until natural death. Tumours
of the nervous system and kidney developed in
all offspring. Retinyl acetate did not affect the

incidence of any tumour type or the average
life span of the rats (Alexandrov et al., 1991).
4.2.2 Intermediate biomarkers
The ability of retinol, retinal, retinoic acid and
retinyl esters to modulate intermediate biomarkers was evaluated in rodents (mouse, rat,
hamster) treated with a variety of genotoxic
agents, including alkylating agents, polycyclic
aromatic hydrocarbons, aromatic amines,
mycotoxins and cytostatic agents. The investigated end-points included DNA or RNA binding,
DNA damage and clastogenic damage, as assessed
by determining the frequency of sister
chromatid exchanges, micronuclei and chromosomal aberrations. Table 25 summarizes the
outline of these studies and the results obtained.
Five studies evaluated the formation of
DNA or RNA adducts under various experimental
conditions. The ability of 14C.-labelled 2-acetylaminofluorene to bind DNA or RNA of liver
cells was not affected in Sprague-Dawley rats
given retinyl palmitate orally twice a week
according to a dose escalation schedule from
the 1st to the 12th week before intraperitoneal
injection of the carcinogen (Rondahl et al.,
1985). The formation of DNA adducts was
investigated by 32P-postlabelling analysis in
skin cells of CD-1 mice receiving topical applications of (7S, 8S) -dihydroxy- 7, 8-dihydrobenzo[a]pyrene [(+)-BP-7;8-diol] and of TPA. TPA
was administered both 24 h earlier and simultaneously with (+)-BP-7,8-diol. The topical
application of retinoic acid had no effect on the
formation of (-)-syn-BP diol epoxide adducts,
whereas it significantly decreased the formation of (-)-anti-isomer adducts, but only when
co-administered with the second TPA application (Marnett & Ji, 1994). Retinyl acetate, given
by gavage for seven days, attenuated the binding
of [3H]benzo[a]pyrene, given as a single
intraperitoneal injection, to the DNA of hepatocytes and stomach cells, but did not affect its
binding to the DNA of lung and kidney cells
(McCarthy et al., 1987). Administration of
retinyl acetate with the diet for two weeks
decreased the formation of 32P-postlabelled
DNA adducts in mammary cells of SpragueDawley rats receiving a single treatment by gavage
with 7, i2-dimethylbenz [a] anthracene (DMBA)
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Table 25 Assay of retinol, retinal, retinoic acid and retinyl esters for ability to modulate intermediate biomarkers in
animal models
o
Endpoint

Codea

Modulator (administration
schedule and tested doses)b

Genotoxic agent
(administration schedule
and tested doses)b

Animal strains and
species, and cells

Investigated
effect

D

BVP

Retinyl palmitate p.o. twice a
week for 12 weeks (0.9 to 7.2
mg/administration)

2-Acetylaminofluorene,
single i.p. injection
(0.94 mg/kg bw)

Sprague—Dawley rats,
liver cells

Binding to RNA

D

BVD

Retinyl palmitate p.o. twice a
week for 12 weeks (0.9 to 7.2
mg/administration)

2-Acetylaminofluorene,
single i.p. injection
(0.94 mg/kg bw)

Sprague—Dawley rats,
liver cells

Binding to DNA

Resultc

Inhibitory dose
(lDx)d

Reference

-

NA

Rondahl et al.
(1985)

-

NA

Rondahi et al.
(1985)

D

BVD

Retinyl acetate by gavage for 7
days (80 mg/kg bw)

[3H]BP, single i.p. injection
(2 mg/kg bw)

Sprague—Dawley rats,
hepatocytes

Binding to DNA

(+)

80 mg/kg bw
(lD27)

McCarthy et al.
(1987)

D

BVD

Retinyl acetate by gavage for 7
days (80 mg/kg bw)

[3H]BP, single Lp. injection
(2 mg/kg bw)

Sprague—Dawley rats
stomach cells

Binding to DNA

(+)

80 mg/kg bw
(1D32)

McCarthy et al.
(1987)

D

BVD

Retinyl acetate by gavage for 7
days(80 mg/kg bw)

[3H]BP, single i.p. injection
(2 mg/kg bw)

Sprague—Dawley rats,
lung cells

Binding to DNA

NA

McCarthy at al.
(1987)

D

BVD

Retinyl acetate by gavage for 7
days (80 mg/kg bw)

[3H]BP, single i.p. injection
(2 mg/kg bw)

Sprague—Dawley rats,
kidney cells

Binding to DNA

-

NA

McCarthy et al.
(1987)

D

BVD

Retinoic acid (50 itg topical)

(7S,8S)-Dihydroxy-7,8dihydrobenzo[a]pyrene,
topical (200 nmol)
+ TPA, topical (10 nmol)

CD-1 mice, skin cells

Binding to DNA
[(-) anti-BPDEdG adducts]

+

50 p.g (1D50)

Marnett & Ji (1994)

D

BVD

Retinoic acid (50 ig topical)

(7S,8S)-Dihydroxy-7,8dihydrobenzo[a]pyrene,
topical (200 nmol) + TPA,
topical (10 nmol)

CD-1 mice, skin cells

Binding to DNA
[(+)syn-BPDEdG adducts]

-

NA

Marnett & Ji (1994)

D

BVD

Retinyl acetate p.o. for 2 weeks
(328 mg/kg diet)

DMBA, single gavage'
administration (25 mg/kg
bw)

Sprague—Dawley rats,
mammary cells

Binding to DNA

(+)

328 mg/kg diet
(1D30)

Amagase et al.
(1996)
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Table 25 (contd)
Endpoint

Codea

D

BVD

D

D

D

D

D

D

DVA

DVA

DVA

DVA

DVA

DVA

Modulator (administration
schedule and tested doses)b

Genotoxic agent
(administration schedule
and tested doses)b

Animal strains and
species, and cells

Investigated
effect

Retinol by gavage for 7 days
(100 mg/kg bw/day)

Ochratoxin A single
gavage administration
(2 mg/kg bw)

Swiss mice, kidney
cells

Binding to DNA

Retinyl palmitate p.o.
for 8 weeks
(5-500 lUI9 diet)

Aflatoxin B1, single i.p.
injection (1 mg/kg bw)

Sprague—Dawley
rats, hepatocytes

Single-strand
breaks

(+)

Vitamin A [unspecified]
p.o. from day 7 of pregnancy
to day 10 post delivery
(90 lU)

DMBA, single dose by
gavage in the female
offspring (80 mg/kg bw),
and phenobarbital, single
dose by gavage 24 hours
earlier (60 mg/kg bw)

Sprague—Dawley
rats, liver cells

Single-strand
breaks

+

Vitamin A [unspecified] p.o.
from day 7 of pregnancy to
day 10 post delivery (90 lU)

DMBA, single dose by
gavage in the female
offspring (80 mg/kg bw)

Sprague—Dawley
rats, liver cells

Single-strand
breaks

(+)

Vitamin A [unspecified]
p.o. from day 7 of pregnancy
to day 10 post delivery
(90 lU)

DMBA, single dose by
gavage in the female
offspring (80 mg/kg bw),
and phenobarbital, single
dose by gavage 24 hours
earlier (60 mg/kg bw)

Sprague—Dawley
rats, mammary
gland cells

Single-strand
breaks

+

Vitamin A [unspecified] p.o.
from day 7 of pregnancy to
day 10 post delivery (90 lU)

DMBA, single dose by
gavage in the female
offspring (80 mg/kg bw)

Sprague—Dawley
rats, mammary
gland cells

Single-strand
breaks

+

Vitamin A [unspecified]
p.o. from day 7 of pregnancy
to day 10 post delivery
(90 lU)

MNu, single dose by
gavage in the female
offspring (50 mg/kg bw),
and phenobarbital, single
dose by gavage 24 hours
earlier (60 mg/kg bw)

Sprague—Dawley
rats,
liver cells

Single-strand
breaks

-

Resultc

Inhibitory dose

Reference

(lDx)d

+

100 mg/kg bw
(lD59)

Grosse et al.
(1997)

5 IU/g diet
(1D65)

(1992)

90 lU
(1D66)

(1992)

90 lU
(1D39)

(1992)

90 lU
(1D54)

(1992)

Decoudu et al.

Bolognesi et al.

Bolognesi et al.

Bolognesi et al.

j

90 lu
(1D50)

NA

Bolognesi etal.

(1992)

Bolognesi et al.

(1992)
"

Table 25 (contd)
Endpoint

Codea

D

OVA

Modulator (administration
schedule and tested doses)'

Genotoxic agent
(administration schedule
and tested doses)b

Animal strains and
species, and cells

Investigated
effect

Resultc

Vitamin A [unspecified]

MNU single dose by
gavage in the female
offspring (50 mg/kg bw),

Sprague—Dawley rats,
mammary gland cells

Single-strand
breaks

-

Aflatoxin B1, single Lp.
injection (7 mg/kg bw)

Wistar rats, hepatocytes

Single-strand
breaks

(+)

100 lU/day
(10,15)

Webster et al.
(1996)

N-Nitrosodimethylamine
single i.p. injection (10

Wistar rats, hepatocytes

Single-strand
breaks

(+)

100 lU/day
(1020)

Webster et al.
(1996)

C57BL/6J mice, bone
marrow cells

Sister chromatid
exchanges

+

20 mg/kg diet
(1070)

Qin & Huang (1986)

p.o. from day 7 of pregnancy

to day 10 post delivery
(90 lU)

D

OVA

Retinyl palmitate p.o. for 2

weeks after 9 weeks on a
vitamin A deficient diet
(50-100 lU/day)
D

OVA

Retinyl palmitate p.o. for 2
weeks (50-100 lU/day)

Inhibitory
dose (lDx)d

Reference

NA

Bolognesi etal.

(1992)

and phenobarbital, single
dose by gavage 24 hours
earlier (60 mg/kg bw)

mg/kg bw)

S

SVA

Retinyl acetate p.o. for 10
weeks (20 mg/kg diet)

Aflatoxin Bi single s.c.
injection (16-32 mg/kg
bw)

S

SVA

Retinyl acetate p.o. for 10
weeks (20 mg/kg diet)

BP single i.p. injection
(200-400 mg/kg bw)

C57BL/6J mice, bone
marrow cells

Sister chromatid
exchanges

-

NA

Qin & Huang (1986)

S

SVA

Retinyl acetate p.o.
for 10 weeks (20 mg/kg diet)

Cyclophosphamide single
i.p. injection (8-16 mg/kg
bw)

C57BL/6J mice,
bone marrow cells

Sister chromatid
exchanges

—

NA

Qin & Huang
(1986)

M

MVM

Retinyl palmitate by gavage,

Cyclophosphamide

NMRI mice,

Micronuclei

-

NA

twice a week for 7 weeks
(32 mg/kg bw)

single i.p. injection
(10-50 mg/kg bw)

bone marrow cells

Busk et al.
(1984)

M

MVM

Vitamin A [unspecified],
single oral administration
(150 lU)

BP, single oral
administration (75 mg/kg
bw) 1 hour before vitamin
A

Swiss albino mice,
bone marrow cells

Micronuclei

+

150 lU
(10100)

Rao et al.
(1986)

M

MVM

Retinyl palmitate by gavage
for 14 weeks (132 lU/kg

Aflatoxin B1 by gavage for
14 weeks (0.05 pg/kg

Micronuclei

+

132 lU/kg

Sinha & Kumari
(1994)

bw/day)

bw/day)

Swiss albino mice,
erythrocytes from bone
marrow

bw/day

(1066)

Table 25 (contd)
Endpoint

Codea

M

MVR

Modulator (administration
schedule and tested doses)'

Genotoxic agent
(administration schedule and
tested doses)b

Retinyl palmitate p.o. for 5
weeks (20 000 U/kg diet)

4-(Methylnitrosamino)-1-(3pyridyl)-1-butanone, single i.p.
injection (25-100 mg/kg bw),
followed by partial hepatectomy

Animal strains and
species, and cells

Investigated
effect

Resultc

Fischer rats,

Micronuclei

+

20,000 U/kg diet
(1D95)

Alaoui—Jamali
et al. (1991b)

Chinese hamsters,
bone marrow cells

Chromosomal
aberrations

-

NA

Renner (1985)

Inhibitory dose

Reference

(lDx)d

hepatocytes

C

CBA

Retinal, single gavage
administration (1-25 mg/kg

Busulfan (myleran), single
gavage administration (50

bw)

mg/kg bw)

C

CBA

Retinol, single gavage
administration (1-25 mg/kg
bw)

Cyclophosphamide, single
gavage administration
(20 mg/kg bw)

Chinese hamsters,
bone marrow cells

Chromosomal
aberrations

-

NA

Renner (1985)

C

CBA

Retinal, single gavage
administration (1-25 mg/kg

Thio-TEPA, single gavage
administration (10 mg/kg bw)

Chinese hamsters,
bone marrow cells

Chromosomal
aberrations

-

NA

Renner (1985)

bw)
C

CBA

Retinal, single gavage
administration
(1-25 mg/kg bw)

Methyl methanesulfonate,
single gavage administration
(40 mg/kg bw)

Chinése hamsters,
bone marrow cells

Chromosomal
aberrations

-

NA

Renner (1985)

C

CBA

Retinyl palmitate by gavage
for 14 weeks (132 lU/kg

Aflatoxin Bi by gavage for 14
weeks (0.05 pg/kg bw/day)

Swiss albino mice, bone
marrow cells

Chromosomal
aberrations

+

132 lU/kg
bw/day
(lD73)

Sinha & Kumari
(1994)

C

CBA

Retinyl palmitate by gavage

Ochratoxin by gavage for 14
days (1 pg/kg bw)

Swiss albino mice,
bane marrow cells

Chromosomal
aberrations

+

132 lU/kg

Kumari & Sinha

bw/day

(1994)

bw/day)
for 14 days
(132 lU/kg bw/day)
C

C

CCC

CCC

(1068)

Retinyl palmitate by gavage
for 14 weeks (132 lU/kg

Aflatoxin Bi by gavage for 14
weeks (0.05 pg/kg bw/day)

Swiss albino mice, primary
spermatocytes

Chromosomal
aberrations

+

bw/day)
Retinyl palmitate by gavage
for 14 days (132 lU/kg

Ochratoxin by gavage for 14
days (1 pg/kg bw)

Swiss albino mice,
primary spermatocytes

Chromosomal
aberrations

+

132 lU/kg

bw/day
(lD85)
132 lU/kg
bw/day

Sinha & Kumari
(1994)

Kumari & Sinha
(1994)

a See Appendix 2.
b Doses of compounds are as reported by the authors
C,

inhibition of the investigated end-point /D50); (+), weak inhibition of the investigated end-point :5050); -, no inhibition of the investigated end-point

d lDx, dose inhibiting the x

% of the investigated end-point; NA, not applicable.
Abbreviations: BP, benzo[a]pyrene; BPDE, benzo[a]pyrene dial epoxide; DMBA, 7,1 2-dimethylbenz[a]anthracene; MNU, N-methylnitrosourea; IPA, I 2-O-tetradecanoylphorbol 13-acetate
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24 h before killing. The levels of DNA adducts,
most of which were identified as the anti-dG
adduct, were significantly decreased in rats
receiving the retinyl acetate-supplemented diet
compared with rats fed the basal diet. Moreover, a
further significant decrease in DNA adducts was
observed following combined treatment with
retinyl acetate and either garlic (20 g/kg diet) or
garlic plus selenite (0.5 mg/kg diet) (Arnagase et
al., 1996). A single administration by gavage of
the mycotoxin ochratoxin resulted in the formation of 13 distinct DNA adducts in kidney
cells of Swiss mice, as detected by 32P-postlabelling. Pretreatment of mice with retinol by
gavage for seven days caused a significant
decrease in total adduct levels. In particular,
seven adducts were markedly decreased and
five adducts were no longer detectable, the
major adduct being the only one which was
unaffected in retinol-pretreated mice (Grosse et
al., 1997).
In a rat liver bioassay with initiation by
N-nitrosodiethylamine (DEN) and promotion
by polybrominated biphenyls, feeding 200 lU
retinyl acetate/g of diet from day 7 to day 180
(end of study) decreased the number and volume of 'y-glutamyltranspeptidase-positive foci,
compared with the group given a low dose (2
IU/g of diet). Only the difference in percentage
of volume occupied by foci between the highand low-dose groups was significant (Rezabek et
al., 1989).
In a rat liver assay for foci of hepatocellular
alterations with DEN initiation and 2-acetylaminofluorene promotion, retinyl acetate
given as an intragastric dose of 10 mg/kg bw
every other day throughout the study did not
decrease the number and mean size of '-glutamyltranspeptidase-positive foci compared
with controls (Moreno et al., 1995).
Two groups of 20 male weanling albino
Wistar rats (Cpb/WU) were given intraperitoneal injections of 30 mg/kg bw azaserine at
19 days of age. Twelve days after initiation, the
animals were fed a semisynthetic diet (AINbased) high in saturated fat (20% lard) without
(controls) or with 100 lU of retinyl acetate and
retinyl palmitate (50:50 ratio). Four months
after initiation, all animals were killed and
the number and size of acidophilic foci were
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determined. The area as % of pancreas occupied
by acidophilic focus tissue was significantly
lower (p < 0.05) in the group maintained on the
diet supplemented with retinyl acetate/retinyl
palmitate (Woutersen & van-Garderen-Hoetmer,
1988).
Administration of retinyl palmitate in the
diet significantly attenuated the induction of
DNA single-strand breaks, as assessed by alkaline
elution assay, in hepatocytes of Sprague-Dawley
rats receiving a single intraperitoneal injection
of aflatoxin B1 (Decoudu et al., 1992) and in
hepatocytes of Wistar rats receiving single
intraperitoneal injections of aflatoxin B1 and Nnitrosodimethylamine (Webster et al., 1996).
Using the same technique, vitamin A [unspecified], given to Sprague-Dawley rats during
embryonal and fetal life, gave protection
against the indùction of DNA single-strand
breaks in liver and mammary gland cells of the
female progeny treated by gavage with a single
dose of DMBA. However, no protective effect
was observed in rats treated with MNU
(Bolognesi et al., 1992).
Qin and Huang (1986) compared the ability
of retinyl acetate, given in the diet for 10 weeks,
to decrease the frequency of sister chromatid
exchanges in bone marrow cells of C57BL/6J
mice treated with either aflatoxin B1, BP or
cyclophosphamide by intraperitoneal injection. Administration of retinyl acetate yielded
a concentration of 274 pg vitamin A per g
liver, versus 38 pg/g in control mice. A protective effect was only observed towards aflatoxin
B1 (Busk et al., 1984). A lack of modulation of sister chromatid exchanges induced by
cyclophosphamide was also observed in bone
marrow cells of NMRI mice receiving retinyl
palmitate by gavage, twice a week for seven
weeks, before the intraperitoneal injection of
this cytostatic drug (Busk et al., 1984).
Conversely, oral retinyl palmitate produced a
significant decrease in micronuclei in peripheral
blood erythrocytes of Swiss albino mice
co-treated by gavage with aflatoxin B1 (Sinha &
Kumari, 1994) in bone marrow cells of Swiss
albino mice receiving BP orally (Rao et al.,
1986), and in hepatocytes of Fischer rats
receiving an intraperitoneal injection of 4-(Nnitrosomethylamino)-1-(3-pyridyl)-1-butanone
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(NNK), followed by partial hepatectomy
(Alaoui-Jamali et al., 199 lb).
In Chinese hamsters, a single administration
of retinol by gavage did not significantly affect
the increased frequency of chromosomal
aberrations induced in bone marrow cells either
by the simultaneous administration by gavage
of busulfan or cyclophosphamide, or administration by gavage of aziridine 1,1',l"-phosphinothioylidynetris (thiotepa) .2 h later, or
intraperitoneal injection of methyl methanesulfonate 6 h later (Renner, 1985). Retinyl
palmitate decreased the induction of chromosomal aberrations in bone marrow cells and
spermatocytes of Swiss albino mice co-treated
by gavage with either ochratoxin for 14 days
(Kumari & Sinha, 1994) or aflatoxin B1 for 14
weeks (Sinha & Kumari, 1994). In both studies,
retinyl palmitate also decreased the frequency
of spermatozoa showing abnormal head
morphology due to treatment with these mycotoxins.

4.2.3 In-vitro models
4.2.3.1 Modulation of cell proliferation and
differentiation

Most studies of cell proliferation and differentiation have been carried out with malignant
cells and few with normal cells or immortalized
cells. None of these cell systems is an optimal
representative of premalignant cells. Therefore,
the findings cannot be related directly to cellular processes that are modulated during
carcinogenesis or during chemoprevention.
Nonetheless, the findings point to possible
mechanisms that might mediate effects on
chemoprevention in vivo.
Vitamin A (retinol) can be converted to
several classes of active metabolites: retinoic acids
(all-trans-retinoic acid, that can be isomerized
to 9-cis-retinoic acid and 13-cis-retinoic acid),
4-oxoretinol, and two retro-retinoids, anhydroretinol and 14-hydroxy-4, 14-retro-retinol
(14-HRR). All of these metabolites exert distinct
effects on the growth, differentiation and
apoptosis of various normal and malignant
cells in culture.
Lotan and Nicolson (1977) described the
ability of retinyl acetate and retinoic acid, both
at 10 pmol/L, to inhibit the proliferation of a

large number types of untransformed, transformed and malignant rodent and human cells
in culture. The susceptible cell lines represented
many different histological tumour types such
as neuroblastoma, sarcoma, melanoma, mammary carcinoma, lymphoma, myeloma and
lymphosarcoma. The sensitivity to the
retinoids was independent of the type of
transforming agent used to derive some of the
rodent cell lines, including chemical carcinogens such as BP, MCA, DMBA, mineral oil,
polyoma virus, Abelson leukaemia virus, or
spontaneous transformation. Retinyl acetate
was usually less potent than retinoic acid.
Subsequent studies with selected cell lines
demonstrated that the growth-inhibitory
effects were dose- and time-dependent and
were reversible upon removal of the retinoid
from the medium (Lotan et al., 1978). Because
initial studies demonstrated that retinyl acetate
was less potent in inhibition of cell growth
than retinoic acid, most subsequent studies
have employed the acid metabolite. However,
this section describes only studies with retinol
and retinyl esters, typically at pharmacological
doses. The cells that have been analysed for
response to retinol addition or removal from
the growth medium include primary cultures
(e.g., epidermal keratinocytes), immortalized
cells (e.g., keratinocytes transfected with human
papillomavirus E6 or 5V40 T antigen) and
malignant cells (e.g., established tumour cell
lines). The type of effects that retinol exerted
on the cells included modulation of cell
proliferation and differentiation.
(a) Epidermal keratinocytes and squamous
carcinoma cells

Exposure of primary cultures of mouse epidermal keratinocytes to retinyl acetate inhibits cell
proliferation and suppresses squamous cell differentiation. The differentiation of cells treated
with 40 pmol/L retinyl acetate was suppressed.
Treated cells exhibited prolonged survival
despite the inhibition of proliferation, due to a
reduced rate of cell death. Such death normally
follows squamous cell differentiation in culture
(Yuspa et al., 1977). Similarly, retinol inhibited
calcium-induced stratification and terminal differentiation with keratinization in confluent
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culture of cutaneous keratinocytes from the
newborn rat. The addition of retinol to the
medium enhanced features characteristic of the
secretory epithelium, such as formation of an
extensive endoplasmic reticulum, enlargement
of the Golgi zone and an increase in the
number of vacuoles. Thus, retinol redirected
epithelial differentiation from a stratifying and
keratinizing epithelium towards a secretory
epithelium (Brown et cil., 1985).
Treatment of mouse epidermal keratinocytes
with retinyl acetate affected several parameters
presumed to be important in chemical carcinogenesis (Yuspa et al., 1977). Whereas the
activity of constitutive aryl hydrocarbon
hydroxylase (AHH) was not significantly
affected after exposure to retinyl acetate, the
level of AHH induced by BP was reduced to
20% of that in controls. Further, in the presence of retinyl acetate, binding of DMBA to
epidermal cell DNA was markedly decreased.
Retinyl acetate stimulated the outgrowth of
human epidermal keratinocytes in primary skin
cultures. Treated cultures exhibited higher
mitotic index, higher labelling index and a
larger growth fraction than control cultures. In
addition, the number of keratohyaline granules
in treated cultures decreased, indicating an
effect on the differentiation process, although
there was no evidence of mucous metaplasia
(Chopra & Flaxman, 1975). The effects of
retinol on the differentiation of various keratinocytes were defined in cellular and molecular terms by the studies of Fuchs and Green
(1981) and Green and Watt (1982), who established that endogenous retinol present in the
serum, when added to the growth medium,
affects the differentiation of cultured
keratinocytes derived from skin and from other
stratified squamous epithelia. The removal of
retinol from serum causes a reduction in cell
motility, an increase in cell adhesiveness and
inhibition of pattern formation. Further,
removal of vitamin A leads to synthesis of a 67
kDa keratin characteristic of terminally differentiating epidermis and to much reduced synthesis of the 52 kDa and 40 kDa keratins typical
of conjunctiva. The addition of retinyl acetate
to the medium restored cell motility and pattern formation and enhanced the detachment

126

of the most mature cells from the surface of the
stratified epithelium. In addition, the production of the 67 kDa keratin was prevented and
the synthesis of the 40 and 52 kDa keratins was
stimulated. The formation of cross-linked
envelopes, which occurs during the last stage of
terminal differentiation, was inhibited by the
addition of retinyl acetate.
Whereas the above studies used normal
keratinocytes in short-term culture, a few studies have used immortalized keratinocytes as a
model for premalignant cells in vitro. Two
approaches have been successful for the
immortalization technique, one using a recombinant retrovirus encoding the simian virus 40
(SV4 0) large T-antigen (Agarwal & Eckert 1990)
and the other involving transfection of various
normal human keratinocyte cell strains with
human papillomavirus type 16 (HPV-16) DNA
(Pirisi et al., 1992). The SV40-T-immortalized
human keratinocyte cells (cell line KER-1) do
not form colonies in soft agar and are nontumorigenic. The pattern of keratin gene
expression in non-immortalized and KER-1
cells is similar, except that KER-1 cells express
keratin 7 (K7), which is not expressed by nonimmortalized keratinocytes. Incubation with
retinol (0.2 or 2 pmol/L) results in a 40-fold
increase in K7 expression in KER-1 cells. The
formation of cross-linked cornified envelopes is
reduced by retinol in both non-immortalized
keratinocytes and KER-1 cells, without affecting
the level of the envelope precursor, involucrin
(Agarwal & Eckert 1990). Thus, the response of
'premalignant' keratinocytes to retinol is
similar to that of normal cells in terms of modulation of differentiation.
Comparison of normal human foreskin
keratinocytes (HKc) and four FIPV16-immortalized HKc lines revealed that all the immortalized lines were 10- to 100-fold more sensitive
than normal HKc to growth inhibition by
retinol in both clonal and mass culture growth
assays. In addition, the immortalized cell lines
were more sensitive to modulation of keratin
expression by retinol, despite a similar rate
of uptake of [3H]retinol by normal and
immortalized cells. Retinoic acid, which can be
formed from retinol in skin keratinocytes
(Siegenthaler, 1990), also inhibited the growth
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of immortalized cells preferentially and,
further, was found to reduce the expression of
the HPV-16 open reading frames of E2, ES, E6
and Fi two- to four-fold. These results suggest
that the increased sensitivity of the immortalized cell lines to growth control by retinol and
retinoic acid may be mediated by inhibition of
the expression of HPV-16 oncogene products
which are required for the maintenance of
continuous growth (Pirisi et al., 1992; Creek et
al., 1994). Retinoic acid treatment (1 nmol/L)
of normal HKc, during or immediately following transfection with HPV-16 DNA, inhibited
immortalization by about 95%. Overall, these
results point to a possible biochemical basis
for a role of dietary retinoids in chemoprevention of HPV-induced cancers (Creek et al.,
1994).
The antiproliferative and differentiationsuppressing effects of retinyl acetate have also
been demonstrated in fully malignant
epidermal keratinocyte cell lines (e.g., SCC-13),
derived from human squamous cell carcinomas
(Cime & Rice, 1983). The competence to form
cross-linked envelopes in confluent SCC-13
cell cultures, which was about 50% in medium
without retinyl acetate supplementation,
was reduced to 10% after addition of retinyl
acetate. A similar reduction was observed in
the levels of involucrin. The results suggest that
some potential differentiated character of
malignant keratinocytes may be suppressed by
vitamin A. During carcinogenesis, there is a
loss of differentiation potential, which is
apparent after the removal of vitamin A
from the medium, as the maximal degree of
differentiation attained by SCC cells is lower
than that of normal keratinocytes (Kim et al.,
1984). Still, the SCC cells respond to changes
in vitamin A levels in the medium, as shown
by the altered expression of 67-kDa and 40-kDa
keratins in SCCs from tongue and epidermis.
When the vitamin A concentration in the
medium was raised, the expression of the
40-kDa keratin increased. Conversely, a
reduction in the amount of vitamin A led to
increased expression of the 67-kDa keratin
and the cells underwent stratification and
terminal differentiation (Kim et al., 1984).

(b) Normal and malignant airway epithelial cells
Extensive studies have been carried out with
organ cultures and with normal bronchial
epithelial cells derived from rat, rabbit,
hamster, monkey and human trachea. These
have demonstrated that vitamin A is required
for the maintenance of proper differentiation in
vitro. For example, the expression of a normal
mucocilary epithelium in explants of rat
trachea required supplementation with retinyl
acetate. The explants secreted mucous glycoproteins into the medium and the production
of the mucins was dependent upon the vitamin
A status of the explant. In the absence of
vitamin A (serum-free medium), the explants
underwent a metaplastic change to a keratinizing squamous epithelium. The addition of
0.1, 2 or 10 ig retinyl acetate per mL of medium stimulated mucin synthesis within
24 hours which continued throughout the
21-day exposure period in a concentrationdependent fashion. The keratinizing squamous
epithelium began to revert to a mucus-secreting
tissue as early as 24 hours after addition of
10 ig retinyl acetate to the medium. The
response was slower with the lower vitamin
concentrations (Clark & Marchok 1979; Clark et
al., 1980) Studies with two carcinoma cell lines
(T8 and 100 WT), derived from a mucus-secreting adenocarcinoma and a keratinizing squamous cell carcinoma, respectively, revealed that
retinyl acetate added to medium at 6.6 and 33
pmol!L inhibited cell growth by 25 and 50%,
respectively. Retinyl acetate also induced
characteristics of secretory cells in the 100 WT
squamous cells and enhanced these features in
the T8 cells. This effect was evidenced by an
increase in the synthesis and secretion of
mucins and reduction of cell stratification
(Marchok et al., 1981).
Organ cultures of tracheas from hamsters fed
a vitamin A-deficient diet underwent squamous
metaplasia and keratinization. Retinyl acetate
reversed these metaplastic changes (Clarnon et
al., 1974; Newton et al., 1980). This organ culture was used to screen numerous retinoids for
reversal of keratinization. The concentration
required for 50% effectiveness (ED50) was 0.7
nmol/L for retinol and 1 nmol/L for retinyl
acetate. In contrast, retinoic acid and some
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synthetic retinoids had greater potency than
retinol (e.g., ED50 < 0.03 nmol/L) (Newton et ai.,
1980). Cigarette smoke condensate increased
cell proliferation in hamster tracheal organ culture, whereas retinol suppressed this hyperplastic effect (Rutten et al., 1988a).
Not only organ culture but also primary
epithelial cells derived from hamster trachea
have been studied for the effects of vitamin A
and found to respond to vitamin A deficiency
and supplementation in a similar fashion as in
organ culture and in vivo. Thus, hamster tracheal epithelial cells maintained in primary
culture in serum-free medium (vitamin A-deficient state) appeared squamous-like and stratified and produced a more complex keratin
pattern (keratins 5-7, 8, 14, and 17-19) than
cells cultured in vitamin A-supplemented medium,
which formed a simple cuboidal epithelium
and produced only four simple epithelial keratins (7, 8, 18 and 19) (Edmondson et ai., 1990).
Further studies in this cell system have shown
that hamster tracheal epithelial cells maintained in vitamin A-deficient medium had
decreased expression of differentiation-related
keratins (5, 6, 14 and 17) after exposure to the
carcinogen BP. In contrast, cells maintained in
medium containing 1 pmol/L retinol showed
no effect of BP on the keratin expression pattern, indicating a protective effect of vitamin A
(Edmondson & Mossman, 1991). Studies with
primary hamster tracheal epithelial cells in
serum-free, hormone-supplemented medium
showed that cigarette smoke condensate inhibited dye-coupled intercellular communication
between the epithelial cells, whereas retinol
given to the cells at pharmacological concentrations concurrently with the condensate
counteracted the inhibitory effect of cigarette
smoke condensate on intercellular communication (Rutten et al., 1988b). This observation
suggests that maintenance of gap junctional
communication by retinol may contribute to
chemopreventive activity.
Wu and his colleagues investigated the
effects of vitamin A on human and non-human
primate tracheobronchial epithelium. They
found that vitamin A inhibited the synthesis of
keratins 5, 6, 14, 16 and 17 and stimulated keratins 7, 8, 10, 13, 15, 18 and 19 (Huang et al.,
128

1994) and also increased the production of
hyaluronate (Wu & Wu, 1986). Optimal conditions for the expression of mucociliary function
(ciliogenesis or mucin secretion) were achieved
when early-passage human tracheobronchial
cells were transplanted onto tracheal grafts, not
onto plastic plates. Although cell attachment
and proliferation were stimulated when tissue
culture plates were coated with collagen gel,
the expression of mucous cell function in culture occurred only when retinol was present in
the medium (Wu et ai., 1990).
Different mechanisms mediate the effects of
retinol on the levels of differentiation markers.
Whereas the expression of a squamous cell
marker, namely small proline-rich protein gene
(spri) (An et ai., 1993) and several keratins
(Huang et al., 1994) was down-regulated posttranscriptionally by retinol, the expression of
mucin 2 (MUC2) gene was suppressed at the
level of transcription (An et al., 1994). The
effects of retinol on the growth of human tracheobronchial epithelial cells in serum-free
medium were variable, depending on the presence or absence of epidermal growth factor
(EGF). In the absence of EGF, retinol caused a
dose-dependent inhibition of growth, whereas
in the presence of EGF, retinol was slightly
growth-stimulatory (Miller et al., 1993). Further
studies suggested that the cells secreted a transforming growth factor (TGF)-u.-like mitogen in
the absence of retinol and that retinol suppressed the production of this factor (Millér et
al., 1993). Retinol also suppressed the growth of
a cell line derived from human fetal lung in collagen gel culture (Emura et ai., 1988).
Only a few studies have analysed the effects
of vitamin A on distal airway epithelial cells.
These cells exhibit extensive proliferative
capacity and have the potential to differentiate
into mucociliary or epidermoid phenotype.
Small amounts ofsemm induce undifferentiated
cells to become ciliated and non-ciliated secretory cells, whereas they differentiate into epidermoid cells in retinol-free or serum-free
medium (Kitamura et al., 1990). Shibagaki and
co-workers (1994) found that retinol enhanced
the outgrowth of epithelial cells from explants
of human peripheral lung tissue at 0.01 and 0.1
pmol/L, whereas 10 pmol/L retinol inhibited
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the growth. However, long-term growth on a
plastic surface was suppressed by retinol even at
0.1 pmol/L. The efficiency of colony formation
by these epithelial cells on a fibroblast feeder
layer was reduced by retinol at both 0.1 and 10
pmol/L. DNA synthesis was also inhibited by
retinol. These findings highlight the role of
retinol in regulating the proliferation and differentiation of tracheobronchial and distal lung
epithelial cells, which may be the basis for the
chemopreventive effects of retinyl palmitate in
vivo in animal models (Saffiotti et al., 1967) and
human patients (Pastorino et al., 1993).
Most lung cancer cell lines examined are
resistant to growth inhibition by retinoids
(Geradts et al., 1993). However, a two-day pretreatment with retinyl acetate inhibited the
migration and invasion of A549 human lung
carcinoma cells in vitro through a human
amnion basement membrane and the degradation of proline-labelled basement membrane
components by 50% at non-cytotoxic concentrations of 0.09 and 3 pg/mL, respectively. This
effect was accompanied by a significant
decrease in type IV collagenase activity without
a change in tissue transglutaminase activity.
These findings suggest that retinol may suppress the expression of invasive phenotype in
carcinoma in situ and thereby might prevent
the development of a malignant lesion from a
premalignant one (Fazely et al., 1988).
Effects of vitamin A on normal and malignant oral cavity epithelial cells have not been
investigated extensively, although animal studies have demonstrated chemopreventive effects
of retinoids (Shklar et al., 1980; moue et al.,
1993) and clinical trials have demonstrated
that premalignant lesions and second primary
tumours in the head and neck regions are prevented by 13-cis-retinoic acid (Hong et al.,
1995). Nonetheless, retinyl acetate caused a
50% reduction in the survival rate of a human
tongue cancer cell line (moue et al., 1995) and
a maxillary cancer cell line (Yamamoto et al.,
1996) in a colony-forming assay in monolayer
cell cultures at concentrations of 60 and 28
igImL, respectively. Cell cycle analysis demonstrated an increase in G0/G1 phase in the presence of vitamin A, which indicated that growth
inhibition may be the result of suppression of

DNA synthesis: Effects on squamous differentiation were noted in head and neck squamous
carcinoma cell line 1483. Cells grown in
delipidized serum depleted of endogenous
retinoids expressed keratins with molecular
weights of 67, 56, 54, 52, 48, 46 and 40 kDa
(Poddar et al., 1991). In contrast, cells grown in
medium with 10% fetal bovine serum, which
contained about 0.06 pmol/L retinol, expressed
much less 67 kDa keratin, whereas the levels of
keratins of molecular weight 46 and 48 kDa
were lower and the amounts of the 52 and the
40 kDa keratins were higher than those
expressed in cells grown in delipidized serum.
Thus, vitamin A present in serum modulated
the expression of several keratins in the 1483
cells (Poddar et al., 1991).
(c) Normal and malignant leukocytes

Retinol or retinyl acetate modulate the proliferation and differentiation of normal and malignant haematopoietic cells. Retinyl acetate
(3 pmol/L) stimulated clonal growth of
committed myeloid stem cells from normal
human bone marrow to form colonies of
granulocytes and/or macrophages in soft agar
in the presence but not in the absence of
colony-stimulating activity factor (CSF). These
retinoids potentiated the response of the stem
cells to the growth factor CSF. Interestingly, at
30 pmol/L all these retinoids inhibited colony
formation (Douer & Koeffler, 1982).
B-cells deprived of retinol in cell culture die
within days by a process that is neither classical
apoptosis nor the result of cell cycle arrest. The
cells can be rescued by physiological concentrations of retinol and retinal, but not by
retinoic acid. Retinol is not metabolized to
retinoic acid in these cells. However, it is converted into several metabolites, one of which
has the ability to sustain B-cell growth in the
absence of an external source of retinol (Buck et
al., 1990, 1991b). The active metabolite of
retinol in B-lymphocytes and other cell lines is
14-HRR and it mediates the effect of retinol on
cell growth (Buck et al., 1991 a). Thus, a distinct
retinoid signalling pathway may regulate the
growth of some cells. In addition to being an
essential cofactor for growth of B-lymphocytes
in culture, retinol is also required for activation
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of T-lymphocytes by antigen receptor-mediated
signals. 14-HRR has been implicated as the
intracellular mediator of this effect. Anhydroretinol, a retinol metabolite derivative with a
retro-structure produced in activated human Blymphocytes, reversibly inhibits retinol- and
14-HRR-dependent effects and blocks B-lymphocyte proliferation as well as activation of
resting T-lymphocytes (Buck et al., 1993).
Anhydroretinol given to T-cells in the absence
of 14-HRR induces rapid cell death which does
not require messenger RNA and protein synthesis. The data suggest that retro-retinoids act
in the cytoplasm as second messengers like
diacyl glycerol or ceramide and do not require
modulation of gene expression by nuclear
retinoid receptors (O'Connell et al., 1996).
Breitman and his collaborators have demonstrated that retinoic acid (1 iimol/L, 6 days) can
induce the differentiation of >90% of HL-60
myeloid leukaemia cells into granulocytes.
Retinol and retinyl acetate at the same concentration caused <20% of HL-60 cells to differentiate. In contrast, 0.1 pmol/L of retinoic acid
induced the differentiation of 50% of the cells
(Breitman et al., 1980). In HL-60 myeloid
leukaemia cells, retinol is metabolized to 14HRR, anhydroretinol, retinoic acid and retinyl
esters. Exogenous application of the retinol
metabolites in retinol-depleted serum-free cultures Of HL-60 allowed the identification of
unique cellular functions for each metabolite:
14-HRR is a growth factor for HL-60; anhydroretinol is a functional antagonist of 14-HRR
with growth-inhibiting activity, and retinoic
acid is a potent inducer of granulocyte differentiation accompanied by growth arrest
(Eppinger et al., 1993).
Retinol-RBP and chylomicron remnant
retinyl esters in concentrations normally found
in human plasma inhibit growth of normal
human B-lymphocytes. Physiological concentrations of retinoic acid (about 30 nmol/L) were
less active than physiological concentrations of
retinol (about 3 pmol/L). Pharmacological concentrations of retinol and retinoic acid were
more active than the concentrations normally
found in plasma. Retinol (3 pmol/L) inhibited
anti-IgM-mediated DNA synthesis by 78%.
Furthermore, cells were blocked in the mid-G1
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phase of the cell cycle. The late activation
markers (transferrin receptor expression and
actinomycin D staining at 48 hours of stimulation) were markedly inhibited. After 48 h,
retinol also reduced the interleukin-6 production that was induced either by anti-IgM or by
interleukin-4. Retinoids reduced the formation
of plaque-forming cells (i.e., 1g synthesis)
(Blomhoff et al., 1992).
(d) Untransformed and transformed fibroblasts

The anchorage-independent growth of human
fibroblasts induced by platelet-derived growth
factor (PDGF) or by basic fibroblast growth factor (bFGF) was inhibited by physiological concentrations of either retinol (0.5 pmol/L) or
retinoic acid (1.0 nmol/L), but not by anhydroretinol (0.5 pmol/L). Retinol also reduced
the frequency of anchorage-independent
growth of the human fibrosarcoma-derived cell
line, HT1080, which formed colonies in semisolid medium without added growth factors.
These results suggest that physiologically active
retinoids suppress properties associated with
transformation (Palmer et al., 1989).
Treatment of postconfluent cultures of C3H
1OT1/2 mouse fibroblasts with certain carcinogens has been shown to cause transformation
to focus-forming cells. The development of this
in-vitro cell transformation system has enabled
investigators to examine the ability of vitamin
A to intervene in such transformation. Retinyl
acetate was found to be highly active in inhibition of MCA-induced neoplastic transformation of C31-1 10T1/2 cells. When MCA-treated
cultures were treated continuously with retinyl
acetate (0.1 pglmL), or for 24 hours with 2.5
pg/mL starting seven days after MCA exposure,
or after delaying retinyl acetate treatment up to
three weeks after MCA exposure, neoplastic
transformation was inhibited by 100%, 70%
and 80% respectively (Merriman & Bertram,
1979). The efficacy of retinol and retinal in this
system was similar to that of retinyl acetate.
The ability of retinyl acetate to inhibit transformation even when added one week after the
carcinogen excluded an effect on carcinogen
metabolism, on the initiation phase of carcinogenesis or on the fixation of the carcinogenic
damage. The effect of retinyl acetate on trans-
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formation was reversible, as transformed foci
began to appear after the retinoid was removed
for three to five weeks, suggesting that, when
present, retinyl acetate suppressed the progression of preneoplastic cells to fully neoplastic
cells. Further, fully transformed cell lines
derived from cultures exposed to MCA
appeared to be resistant to growth inhibition
by retinyl acetate (0.1 pglmL) when cultured
on confluent monolayers of 10T1/2 cells, suggesting that the effect of retinyl acetate in this
system was limited to preneoplastic cells
(Merriman & Bertram, 1979; Mordan et al.,
1982). Subsequent studies have demonstrated
that retinyl acetate increased the degree of
adhesion of C3H 10T1!2 cells to a plastic substrate (Bertram, 1980) and that their ability to
communicate via gap junctions, which was
reduced by exposure to MCA, was enhanced by
retinyl acetate at the same concentrations that
inhibited neoplastic transformation (Hossain et
al., 1989). More recently, it was found that
retinoids induce the gap junctional protein
connexin 43 (Rogers et al., 1990). These observations suggest that the chemopreventive
effects of retinoids may be explained partially
by enhanced gap junctional communication.
Cultured C3H 10T1/2 cells transfected with
the plasmid pdPBV-1 harbouring bovine papillomavirus (BPV) DNA were used for assessing in
vitro the tumour-promoting and chemopreventive activities of various agents. The exposure of
such cells to extracts of areca nut (used in betel
quid), which have been linked to the high incidence of precancerous oral lesions and oral cancers in India, enhanced the formation of BPV
DNA-induced transformed foci approximately
tenfold. The addition of retinol to the areca nut
extract inhibited its tumour-promoting effect
in a dose-dependent manner, completely abolishing the promoting activity at a dose of
1 pmol/L. This effect was proposed to be one of
the mechanisms by which vitamin A intake
could reduce oral cancer incidence among
chewers of areca nut/tobacco mixtures and of
the chemopreventive effect of vitamin A
administered to betel quid chewers (Stich &
Tsang, 1989).
The transformation of C3H 10T1/2 mouse
fibroblasts was shown to be induced in density-

arrested initiated cells by PDGFs in serum and
was correlated with the mitogenic response of
the preneoplastic cells to PDGF or EGF. The
stimulation of DNA synthesis and cell division
in normal and carcinogen-treated C3H 10T1/2
fibroblasts by serum after density-dependent
growth arrest was inhibited by retinyl acetate to
the same extent that neoplastic transformation
was inhibited by this retinoid. On the basis of
these data, Mordan (1989) suggested that the
inhibition of neoplastic transformation by
retinol is the result of blocking the G0 to G1
transition in the mitotic response of initiated
cells to platelet growth factors which act as
autocrine or endogenous promoters of transformation.
(e) Mammary cancer cell lines

Several studies have demonstrated that vitamin
A can modulate the proliferation and differentiation of rat and human mammary cancer
cells. In a rat mammary cancer stem-like cell
line (Rama 25), differentiation to alveolar-like
cells is evidenced by the increase in production
of' domes (hemispheric blisters) in the cell
monolayer and the appearance of immunoreactive casein in the tissue culture medium. This
differentiation was enhanced by retinol and
retinyl acetate (0.04 to 4 jimol/L) in the presence of the hormones prolactin, hydrocortisone, insulin and 17p-estradiol. These retinoids
also caused a reduction in the rate of DNA synthesis. Pretreatment of .the Rama 25 cells with
retinyl acetate before injection into immunocompromised young female nu/nu (nude) mice
decreased the incidence of tumours compared
with injections of untreated cells. The findings
suggest that the ability of retinoids to suppress
rat mammary gland carcinogenesis may be due
to their differentiation-inducing properties and
their ability to suppress DNA synthesis
(Rudland et al., 1983). Indeed, Mehta and
Moon (1980) observed suppression of DNA synthesis in mammary cells from rats exposed to
DMBA or MNU and placed on a diet supplemented with retinyl acetate, as compared to
cells from rats exposed to the carcinogens but
fed a diet without retinyl acetate supplement.
There was no effect of retinyl acetate on DNA
synthesis in cells from rats that were not
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exposed to carcinogens, suggesting a selective
effect on initiated or transformed cells.
Inhibition of the growth of human breast
cancer cell lines by retinol has been reported by
several groups. Ueda et al. (1980) observed a
good correlation between the ability of retinol
to inhibit cell proliferation and the synthesis of
DNA (thymidine incorporation) in MCF-7
mammary carcinoma cells in culture, suggesting that suppression of DNA synthesis is the
primary cause of cell growth inhibition. Other
studies have shown that retinol inhibited the
anchorage-dependent and anchorage-independent growth of the human mammary carcinoma cell line MDA-MB-23 1. Clones resistant to
growth inhibition by retinol were isolated from
this cell line in soft agar. Because the clones
were still susceptible to growth inhibition by
all-trans- and 13-cis-retinoic acid, it is possible
that metabolism of retinol to all-trans-retinoic
acid was absent in these cells (Halter et al.,
1990).
Although in many cell systems, retinol is
metabolized to retinoic acid, which is presumed to be the ultimate mediator of the
effects of retinol on gene expression and the
changes in cell growth and differentiation that
these lead to, there are cell types that do not
metabolize retinol to retinoic acid. For example, retinoic acid inhibits the growth of 'normai' human breast epithelial cell strains ADO 74
and MCF10A and the estrogen receptor-positive (ER+) breast cancer cell lines MCF-7 and
T47D. However, these cells do not metabolize
retinol to retinoic acid, but instead form
4-oxoretinol. Interestingly, exogenous 4-oxoretinol inhibits the growth of these cells.
Further, 4-oxoretinol also inhibits the growth
of the ER- breast cancer lines MDA-MB-231,
MDA-MB-468 and BT20, although these cells
do not metabolize retinol to 4-oxoretinol
(Chen et al., 1997b). Because 4-oxoretinol has
been shown to activate nuclear retinoic acid
receptors to mediate gene transcription, it is
possible that the growth inhibitory effects of
both retinol and 4-oxoretinol are mediated by
alterations in gene expression (Achkar et al.,
1996).
Some additional clues on the mechanism of
breast cancer growth suppression by retinol
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have come from studies that showed that pretreatment of two human mammary carcinoma
cell lines (retinoid-sensitive T47D and retinoidresistant MDA-MB-468) for 48 hours with
retinol resulted in inhibition of TGFa stimulation
of growth. In the T47D cell line, the
mechanism appeared to be loss of TGFainduced stimulation of the EGF receptor
substrate, phospholipase C-g 1. Alteration of
phospholipase C-g 1 activity was not responsible
for the inhibition of cell growth seen in the
presence of retinol in the absence of TGFa
stimulation. In the MDA-MB-468 cell line,
pretreatment with retinol resulted in a decrease
in tyrosine phosphorylation of the EGF receptor
(Halter et al., 1993). Thus, retinol may interfere
with EGF receptor-mediated mitogenic signalling.
(f) Prostate cells

Mouse prostate gland exposed to MCA or
maintained in organ culture in vitamin A-deficient medium undergoes hyperplasia and
squamous metaplasia. These changes are
reversed after addition of retinol to the medium
and prevented in organ cultures exposed to
both carcinogen and vitamin A (Lasnitzki,
1955, 1962; Lasnitzki & Goodman, 1974).
Retinoic acid was more effective in this
organ culture system than retinol. In tissues,
most of the endogenous retinoic acid is formed
from retinol and could mediate the effects of
vitamin A. Support for this conclusion comes
from studies that demonstrated the ability of
liarozole, an inhibitor of cytochrome P450
enzymes, to suppress keratinization of a rat
prostate carcinoma. Further, in vivo, therapy
with liarozole increases plasma and tissue levels
of retinoic acid, which may be a contributing
factor in its retinoid-mimetic effects. In the rat
Dunning prostate cancer models, liarozole
inhibited the growth of androgen-independent
as well as androgen-dependent carcinomas
relapsing after castration. Concurrently,
changes in the pattern of cytokeratins characteristic of increased differentiation were
observed (De Coster et al., 1996). More importantly, liarozole inhibited in vitro the secretion
of type IV collagenase and invasion through
Matrigel in a Boyden chamber by the androgen-independent PC-3ML-B2 human prostatic
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carcinoma clone without inhibiting cell proliferation and cell attachment. In vivo, liarozole
treatment increased the retinoic acid levels in
tumours that developed in severe-combined
immunodeficient (SCID) mice, blocked type IV
collagenase production in established subcutaneous tumours and reduced the growth of bone
metastases of the PC-3ML-B2 cells (Stearns et
al., 1993). All of these effects are presumed to
be caused by the accumulation of retinoic acid
derived from endogenous intracellular stores of
vitamin A.
(g) Bladder cancer cells

Vitamin A deficiency in the rat has been reported to lead to rapid growth and keratinization in
vivo and in organ culture, suggesting a role for
vitamin A in the control of differentiation of
bladder epithelial cells. Indeed, retinol
increased the level of alkaline phosphatase,
which is decreased in serum-depleted medium,
but did not suppress hyperplasia (Reese &
Politano, 1981). The rat Nara Bladder Tumor
No. 2 (NBT II) cell line, established from a urinary bladder carcinoma in the Wistar rat,
underwent squamous differentiation including
the formation of keratin pearls when cultured
as multicellular aggregates. Supplements of vitamin A in the form of retinyl palmitate (1 to 10
IU/mL) to the medium prevented keratinization but did not inhibit aggregate formation.
Vitamin A also enhanced the number of cells
engaged in DNA synthesis. The inhibition of
keratinization was reversible; after vitamin A
was removed from the medium, the cells in the
aggregates resumed the process of keratinization (Toyoshima & Leighton, 1975; Tchao,
1980). The ability of retinol to prevent keratinization in six transformed rat bladder cell
lines was related to the expression of cellular
RBP (Kawamura & Hashimoto, 1980).
(h) Colon cancer cells

Retinyl palmitate at concentrations of 0.1
iimol/L and above decreased by about 80%
DNA synthesis measured by thymidine incorporation after one day of treatment of a rat
Prob colonic tumour cell line. The treatment
also induced intestinal-type alkaline phosphatase expression, and increased slightly the

proportion of floating apoptotic cells as indicated by DNA ladder formation and chromatin
condensation (Maziere et ai., 1997).
Retinol added to freshly passaged cultures of
FHC, a human colonic epithelial cell line,
inhibited proliferation in dose-dependent fashion. Polyamine content, specifically the spermidine content and the spermidine/spermine
ratio, decreased in response to culture with
retinol, suggesting that ornithine decarboxylase (ODC) was inhibited (Higuchi & Wang,
1995). The same investigators also found that
physiological concentrations of retinol stimulated the induction of NAD(P)H:quinone reduetase, a phase II detoxifying enzyme, in human
Colo205 colon carcinoma cell line (Wang &
Higuchi, 1995). These findings suggest that
anticarcinogenic effects of retinol in colon
epithelium may be mediated by induction of
detoxifying enzymes, decreased cell proliferation, enhanced differentiation and apoptosis.
Transformed ovarian cells

Studies with Chinese hamster ovary cells have
demonstrated that retinol blocks cell cycle
progression in the G1 phase of the cell cycle,
and that there is a concentration-dependent
inhibition of ODC induction. Retinol inhibited
the induction of ODC activity only when
added in the first 2-3 h of G1 progression.
Because polyamines required for normal cellular growth are produced by ODC, it was postulated that the antiproliferative properties of
retinoids are related to their ability to inhibit
ODC expression by inhibition of ODC mRNA
synthesis (Russell & Haddox, 1981). This finding may be relevant also to suppression of carcinogenesis, because ODC is increased by
tumour-promoting agents and suppressed by
retinoids in mouse skin (Verma et ai., 1979) and
in rat liver (Van Rooijen et al., 1984).
(j) Embryonal teratocarcinoma cells
Retinol induced the differentiation of several
mouse embryonal teratocarcinoma cell lines
(certain F9, OC15S1 and Nulli-SCC1) in culture,
albeit with a lower potency than retinoic acid
(Eglitis & Sherman, 1983). However, its physiological concentration is also much higher than
that of retinoic acid and therefore retinol may
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have an important function in modulating differentiation in vivo. Recently, it was found that
F9 cells metabolize retinol to 4-oxoretinol and
that the latter can activate nuclear retinoic acid
receptors to enhance transcription of specific
genes and thereby cause cell differentiation.
This constitutes a novel pathway for signalling
by retinol without metabolism to ah -trams- or 9cis-retinoic acid (Achkar et ai., 1996).

inhibition was reversible and this treatment did
not select for retinol-resistant clones (Ferrari et
ai., 1983). The inhibitory effect of retinol on
HeLa cells was correlated with inhibition of
plasma membrane NADH oxidase activity, an
activity which has been implicated in the
progress of cell proliferation (Dai et al., 1997).

(k) Miscellaneous normal and tumôur cells

There is ample evidence that the major mechanism by which retinoids, including retinol,
exert their various effects on cell growth and
differentiation is via modulation of gene
expression (DeLuca, 1991; Gudas et ai., 1994).
Nuclear retinoic acid receptors, which are
members of the steroid hormone receptor
superfamily, function as ligand-activated transacting transcription modulating factors and
have been implicated as the proximal mediators of the effects of retinoids on gene expression (Chambon, 1996; Mangelsdorf & Evans,
1995; Mangelsdorf et ai., 1994).
Retinol can regulate the transcription of
genes by serving as a precursor for metabolites
that activate nuclear retinoid receptors. There
are at least two ways by which retinol can do
this. One pathway requires the formation of all
trams- and 9-cis-retinoic acid. Both isomers can
bind to nuclear retinoic acid receptors (RAR)
a, f3 and y, whereas 9-cis-retinoic acid can also
bind to retinoid X receptors (RXR) a, f3 and y
(Chambon, 1996; Mangelsdorf & Evans, 1995;
Mangelsdorf et ai., 1994).
Evidence to support the above pathway is
described below. Studies with cultured human
keratinocytes have demonstrated that the biological activity of retinol in activation of gene
expression (determined as reduction of type I
transglutaminase and stimulation of a f3-retinoic
acid response element (RARE)3-driven reporter
gene activity) requires receptors, because dominant-negative mutant receptor cotransfection
eliminated the effects of retinol. Further,
inhibition by citral of metabolism of all-transretinol to all-trans-retinoic acid reduced
P RARE3-tk-CAT activity by 98%. These data
indicate that retinol-induced responses in
human keratinocytes are mediated by its
metabolite retinoic acid, which functions as a

Previous studies have demonstrated that
retinoic acid can induce the expression of TGFI3
in vivo in vitamin A-deficient rat tissues (Glick
et al., 1991). This finding suggested indirectly
that retinol may be involved in normal regulation of TGFf3 expression in certain tissues.
However, it was reported recently that retinol
can activate a latent form of TGFf3 in isolated
avian osteoclasts (Bonewald et al., 1997). The
effect of retinol was restricted to mature osteoclasts and was not observed in osteoclast precursors. The mechanism of activation is not
known, but it appears to be independent of the
plasmin—plasminogen activator pathway.
Because TGFI3 is a multifunctional cytokine,
which is found in many tissues in a latent form,
its activation by retinol may be an important
effect if reproduced in other cell types, especially in view of the growth inhibitory effect of
TGFf3 on many epithelial cancer cells.
Retinol inhibited the growth of three cell
lines derived from a single Shope carcinoma
and differing in their degree of differentiation.
The growth-retarding effect was reversible in
the undifferentiated subline upon removal of
retinol from medium, but the two differentiated sublines did not revert. A seven-day pretreatment of the differentiated sublines with
retinol decreased the tumorigenic potential of
the differentiated sublines, whereas the potential of the undifferentiated subline was only
slightly reduced. These results suggest that
retinol may be effective against differentiated
squamous cell carcinomas, but not against
undifferentiated tumours (Isono & Seto, 1991).
Vitamin A added to the culture medium at a
50 pmol/L concentration caused a 60% inhibition of DNA synthesis in melanoma (SK Mel
28) and cervical carcinoma (HeLa) cell lines; the
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ligand to activate nuclear retinoic acid receptors (Kurlandsky et al., 1994). Cope and Wille
(1989) reported that treatment of human
malignant keratinocytes with 30 imol/L antisense oligodeoxynucleotides corresponding to
human nuclear RAR-oc blocked the induction
of alkaline phosphatase by retinol in these cells.
It is noteworthy that there is no simple relationship between the expression of nuclear
retinoid receptors and response of cells to
growth-inhibitory effects of retinol.
Another pathway is based on the reported
ability of the retinol metabolite 4-oxoretinol at
low doses (0.1 and 1 nmol/L) to activate the
transcription of a reporter gene driven by RARE
via RARs (Achkar et al., 1996).
A nuclear receptor-independent mechanism
has also been suggested to account for the
activity of the retinol metabolite anhydroretinol, which acts without requiring synthesis of either mRNA or protein and appears to
be able to affect cell growth and differentiation by
a still unknown process (O'Connell et al., 1996).
It is of interest to note that vitamin A deficiency (Haq et al., 1991; Verma et al., 1992),
treatment with tumour promoters (Kumar et
al., 1994) and the development of premalignant and malignant lesions in vivo (Darwiche et
al., 1995; Lotan et al., 1995; Xu et al., 1994,
1997) are all associated with decreased expression of certain nuclear retinoid receptors in
vivo. The expression of these receptors can be
restored to normal levels by supplementation
with retinoic acid (Haq et al., 1991; Lotan et al.,
1995).
4.2.3.2 In-vitro inhibition of genetic and related
effects

Many studies have dealt with the antimutagenic effects of retinol, retinal, retinoic acid and
retinyl esters in short-term tests using prokaryotes
or eukaryotes under in-vitro conditions. Reviews
(Odin, 1997) and antimutagenicity profiles
have been published in recent years (Brockman
et al., 1992; Waters et al., 1990, 1996a, b). Such
profiles are presented in Figures 6-8.
The results of studies using Salmonella
typhimurium strains as targets of genotoxicity
are summarized in Table 26. One study (Okai et
al., 1996) evaluated inhibition of mutagen-

induced umu C gene expression in strain
TA1535!- pSK 1002. Retinol, retinyl acetate,
retinyl palmitate and retinoic acid inhibited
the induction of umu C gene expression by the
heterocyclic amine 3 -amino-3 , 4-dimethyl-5Hpyrido [4, 3-b]indole (Trp-P- 1). In contrast, retinol,
retinyl acetate and retinoic acid were ineffective when umu C gene expression was induced
by the direct-acting mutagens adriamycin and
mitomycin C.
A number of studies were performed with
the Ames Salmonella/microsome test. Neither
retinol nor retinoic acid affected the mutagenicity of hydrogen peroxide in strain TA104
(Han, 1992). Retinyl acetate decreased the
mutagenicity of cysteine, occurring at high,
non-physiological concentrations in strain
TA102 (Stark et al., 1994).
Vitamin A and its derivatives failed to inhibit
the mutagenicity of certain direct-acting mutagens, as shown, for example, by the inactivity
of retinyl palmitate and retinoic acid towards 4nitroquinoline 1-oxide mutagenicity in TA 100
(Camoirano et al., 1994), and of retinol towards
that of either adriamycin in TA98 (Baird &
Birnbaum, 1979), mitomycin C in TA102, irrespective of the presence of rat liver S9 fractions
(Qin & Huang, 1985), diepoxybutane in
TA1535 (Busk & Ahlborg, 1980), photoactivated
2-azido-9-fluorenone oxime in TA1538 (White
& Rock, 1981) and 4-nitro-o-phenylenediamine
in TA98 (Balbinder et al., 1983). The mutagenic
potency of the last compound was decreased in
the presence of S9 mix, and the effect was not
influenced by retinol (Balbinder et al., 1983). In
the case of N-methyl-N' -nitro-N-nitrosoguanidine (MNNG), retinol and retinal displayed
antimutagenic activity in strain TA100, which
contrasted with the lack of activity of retinoic
acid, retinyl acetate and retinyl palmitate
(Shetty et al., 1988). On the other hand, the
direct mutagenicity of nitro compounds (2nitrofluorene, 1-nitropyrene and 3-nitrofluoranthene)in TA98 was decreased by retinol and
retinoic acid and, with greater potency, by retinal and retinyl palmitate (Tang & Edenharder,
1997). Moreover, retinol significantly inhibited
the direct mutagenicity in TA100 of methylazoxymethanol, a metabolite of 1,2-dimethylhydrazine, but the effect was not dose-
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Figure 6. The anti mutagenicity profile shows the performance of retinol, retinoic acid and retinyl
esters to modulate genotoxin-induced effects in mammals in vivo.
The profile is organized using the test codes and chemical abbreviations to identify each item across the profile, and only the first
occurrence of each test code is given. In the upper panel, doses from the data in Table 25 are plotted in molar units for the genotoxins and the retinoids. In the lower panel positive values are the maximum percent inhibition of the genotoxin-induced effects,
negative values are the maximum percent enhancement of the effects, and values equal to zero indicate that no significant difference was observed relative to the induced effects. A brief description of the anti mutagenicity profile methodology and test code
definitions are given in the appendices. Abbreviations: 2-acetylaminofluorene, 2-AAF; aflatoxin B1 , AfB1; benzo[a]pyrene, BP;
(7S,8S)-dihydroxy-7,8-dihydrobenzo[a]pyrene, BP-7,8-diol; cyclophosphamide, CPA; 7,1 2-dimethylbenz[a]anthracene, 7,12-DMBA;
dimethylnitrosamine, DMNA; methyl methanesulfonate, MMS; N-methylnitrosourea, MNU; busulfan (myleran), Myl; 4-(N-nitrosomethylamino)-1 -(3-pyridyl)-1 -butanone, NNK; ochratoxin A, OA.

dependent (Tavan et ai., 1997). Retinol weakly
inhibited the direct mutagenicity in TA98 of
complex mixtures, including coal dust, diesel
emission particles, tobacco snuff and airborne
particles, as well as the S9-mediated mutagenicity of fried beef extracts (Ong et ai., 1989).
Retinol, retinal, retinoic acid, retinyl acetate
and retinyl palmitate were consistently effective in inhibiting the S9-mediated mutagenicity
of aflatoxin B1 in TA98 and TA100 (Busk &
136

Ahlborg, 1980; Raina & Gurtoo, 1985; Qin &
Huang, 1985; Bhattacharya et al., 1987). Only
in one study (Raina & Gurtoo, 1985) did
retinoic acid fail to inhibit aflatoxin B1 mutagenicity in TA100, although it was antimutagenic in TA98. Retinol, retinoic acid and retinyl
acetate were approximately equipotent in a
comparative study (Qin & Huang, 1985),
whereas in another study (Bhattacharya et al.,
1987) the potency to decrease aflatoxin B1
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Figure 7. The antimutagenicity profile displays the performance of retinol, retinal, retinoic acid,
and retinyl esters to modulate mutagen-induced effects in Salmonella typhimurium strains.
The profile is organized using the test codes and chemical abbreviations to identify each item across the profile, and only the first
occurrence of each test code and/or mutagen is given. In the upper panel, doses from the data in Table 26 are plotted in molar
units for both the mutagens and the retinoids. In the lower panel positive values are the maximum percent inhibition of the mutagen-induced effects, negative values are the maximum percent enhancement of the effects, and values equal to zero indicate that
no significant difference was observed relative to the mutagen-induced effects. A brief description of the antimutagenicity profile
methodology and test code definitions are given in the appendices. Abbreviations: 2-acetylaminofluorene, 2-AAF; 2-aminofluorene,
aflatoxin 131, AfB1; 2-azido-9-fluorenone; AFO; 6-acetoxymethylbenzo[a]pyrene, AMeBP;
2-AF; adriamycin, ADR;
benz[a]anthracene; BA; benzo-[a]pyrene, BP, cyclophosphamide, CPA; cysteine, CYS; diepoxybutane, DEB; N-nitrosodiethylamine,
DEN; 7,1 2-dimethyl-benz[a]-anthracene, DMBA, N-nitrosodimethylamine; DMNA; 2-amino-6-methylpyrido[1,2-a:3'2'-d]imidazole,
Glu-P-1; 2-amino-dipyrido[1,2,-a:3',2'-d]imidazole, Glu-P-2; hydrogen peroxide, HP; 2-amino-3-methylimidazo[4,5-Ilquinoline, 10;
methylazoxy-methanol, MAM; 3-methylcholanthrene, MCA; 6-methylbenzo[a]pyrene, MeBP; 2-amino-3,4-dimethylimidazo[4,5quinoline, MeIQ; 2-amino-3,8-dimethylimidazo[4,5-Ilquinoxaline, MelQx; mitomycin C, MMC; N-methyl-N-nitro-N-nitrosoguanidine, MNNG; N-hydroxy-2-acetoaminofluorene, N-OH-2AAF; 4-nitro-o-phenylenediamine; 4NPDA; 4-nitroquinoline 1-oxide, 4NQO; o-aminoazotoluene, OAAT; 6-hydroxybenzo[a]pyrene, OHMeBP; 3-amino-1 ,4-dimethyl-5H-pyrido[4,3-b]indole, Trp-P-1; 3amino-i -methyl-5H-pyrido[4,3-b]indole, Trp-P-2.

mutagenicity ranked as follows: retinal >
retinol and retinoic acid > retinyl acetate >
retinyl palmitate. The antimutagenic effect was
more evident when retinoic acid was added at
the start of the metabolic activation reaction

than when it was added after the reaction was
terminated by menadione, suggesting an effect
of retinoic acid on aflatoxin B1 metabolism
(Raina & Gurtoo, 1985). Inhibition of the metabolic activation of aflatoxin B1 to mutagenic
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Figure 8. The antimutagenicity profile shows the performance of retinol, retinal, retinoic acid and
retinyl esters to modulate genotoxin-induced effects in mammalian cells in vitro.
The profile is organized using test codes and chemical abbreviations to identify each item across the profile with only the initial
occurrence of each test code given. In the upper panel doses from the data in Table 27 are plotted in molar units for both the genotoxins and retinoids. In the lower panel positive values are the maximum percent inhibition of the genotoxin-induced effects, negative values are the maximum percent enhancement of the effects, and values equal to zero indicate that no significant differences
were observed relative to the induced effects. A brief description of the antimutagenicity profile methodology and test code definitions are given in the appendices. Abbreviations: aflatoxin 131, AfB1; benz{a}anthracene, BA; benzo[a]pyrene, BP; caffeine, GAFF;
cisplatin, cisPt; cyclophosphamide, CPA; N-nitrosodiethylamine, DEN; 7,1 2-dimethylbenz[a]anthracene, DMBA; N-nitrosodimethylamine, DMNA; ethyl methanesulfonate, EMS; 3-methylcholanthrene, MCA; melphalan, MEL; mitomycin C, MMC; N-methyl-N-nitroN-nitrosoguanidine, MNNG; 4-(N-nitrosomethlyamino)-1 -(3-pyridyl)-1 -butanone, NNK.

metabolites was also observed when liver S9
fractions from mice maintained on a diet
supplemented with either retinyl acetate (Qin
& Huang, 1986) or retinyl palmitate (Decoudu
et al., 1992) were used, as compared to liver S9
fractions from mice maintained on a vitamin
A-deficient diet.
Vitamin A and its derivatives were less consistently effective in decreasing the S9-mediated
mutagenicity of polycyclic aromatic hydrocar-

138

bons. Thus, in a single comparative study in
strain TA98 (Qin & Huang, 1985), retinol,
retinoic acid and retinyl acetate failed to
decrease the mutagenicity of BP, and retinol
was also ineffective towards benz[a]anthracene
and DMBA. A protective effect of retinol in this
study was observed only towards MCA. There
was no difference in the activation of BP to
mutagenic metabolites in TA98 when liver S9
fractions from mice maintained on a vitamin

Table 26. Assay of retinol, retinal, retinoic acid and retinyl esters for the ability to inhibit standard mutagen-in in-vitro systems using Salmonella typhimurium strains
End- Code a
pointa

Modulator (tested doses) b

Mutagen (tested doses) b

S. typhimurium

S9 mix

Result c

Inhibitory dose (IDX) d

Reference

strain

D

SAD

Retinol
(0.0003-300 pM)

Trp-P-1 (0.2 pg/mL)

TA15351
pSKI 002

+

+

0.12 pM (1D50)

Okai etal. (1996)

D

SAD

Retinyl acetate
(0.0003-300 pM)

Tip-P-i (0.2 pg/mL)

TAI 535/
pSK1 002

+

+

0.3 pM (lD50)

Okai etal. (1996)

D

SAD

Retinyl palmitate
(0.0003-300 pM)

Tip-P-i) (0.2 pg/mL)

TA15351
pSKI 002

+

+

60 pM (1D50)

Okai etal. (1996)

D

SAD

Retinoic acid
(0.0003-300 pM)

Tip-P-i) (0.2 pg/mL)

TA1535/
pSKi 002

+

+

0.54 pM (1D50)

Okai et al. (1996)

D

SAD

Retinol
(0.003-30 pM)

Adriamycin
(3 pg/mL)

TA1535/
pSKl 002

-

-

NA

Okai etal. (1996)

D

SAD

Retinyl acetate
(0.003-30 pM)

Adriamycin
(3 pg/mL)

TA1535/
pSK1 002

-

-

NA

Okai etal. (1996)

D

SAD

Retinoic acid
(0.003-30 pM)

Adriamycin
(3 pg/mL)

TAI 535!
pSK1 002

-

-

NA

Okai etal. (1996)

D

SAD

Retinol
(0.003-30 pM)

Mitomycin C
(0.3 pg/mL)

TA1535/
pSKl 002

-

-

NA

Okai etal. (1996)

D

SAD

Retinol acetate
(0.003-30 pM)

Mitomycin C
(0.3 pg/mL)

TA1535/
pSKI 002

-

-

NA

Okai et al. (1996)

D

SAD

Retinoic acid
(0.003-30 pM)

Mitomycin C
(0.3 pg/mL)

TAI 535/
pSKI 002

-

-

NA

Okai et al.
(1996)

G

SA4

Retinol
(0.1-1 pmol/plate)

Hydrogen peroxide
(5 pmol/plate)

TA104

-

-

NA

Han (1992)

G

SA4

Retinoic acid
(1-10 pmol/plate)

Hydrogen peroxide
(5 pmol/plate)

TA104

-

-

NA

Han (1992)

G

SA2

Retinyl acetate
(0.2-1 pmol/plate)

Cysteine
(20 pmol/plate)

TA1 02

-

+

1 pmol/plate
(1D50)

Stark et al.
(1994)

G

SA9

Retinol
(10-25 pg/plate)

Adriamycin
(5-15 pg/plate)

TA98

-

-

NA

Baird & Birnbaum
(1979)

G

SAO

Retinyl palmitate
(0.33-10 pmol/plate)

4-Nitroquinoline 1—oxide
(2 nmol/plate)

TAI 00

-

-

NA

Camoirano et al.
(1994)

Table 26 (contd)
End- Code a Modulator (tested doses) b Mutagen (tested doses) b

S. typhimurium

pointa

strain

G
G

SAG

SA2

SA2

G

5A5

G

5A8

G

G

G

G
G
G

SA9
SAG

SAG

SAG

SAG
SAG

SA9

Inhibitory dose

Reference

(lDX) d

-

-

NA

Camoirano etal. (1994)

Mitomycin C
(0.4 pg/plate)

TA102

-

-

NA

Qin & Huang
(1985)

Mitomycin C
(0.4 pg/plate)

TAI 02

+

-

NA

(2.5-40 pg/plate)

Qin & Huang
(1985)

Retinol
(8-16 pg/plate)

Diepoxybutane
(10-50 pg/plate)

TA1535

-

-

NA

Busk & Ahlborg
(1980)

Retinol

Photoactivated 2-azido-9fluorenone oxime (0.1 pM)

TAI 538

-

-

NA

White & Rock
(1981)

4-Nitro-o-phenylendiamine
(5-25 pg/plate)

TA98

-

-

NA

(5-500 pg/plate)

Retinoic acid
(0.1-0.5 pmol/plate)

MNNG

TAIGO

(13.6 nmol/plate)

Retinyl acetate
(0.1-0.5 pmol/plate)

(13.6 nmol/plate)

4-Nitroquinoline 1-oxide

Retinol

Retinol

(1-100 PM)
G

Result C

(2 TA100

Retinoic acid
(0.33-10 pmol/plate)

(2.5-40 pg/plate)
G

S9 mix

Retinol

Retinol

nmol/plate)

MNNG

Balbinder et al.
(1983)

TA100

-

+
+

0.35 pmol/plate
(1D50)

Shetty et al.

NA

Shetty etal.

(1988)

(1988)

-

MNNG
(13.6 nmol/plate)

TA100

(0.1-0.5 pmol/plate)
Retinal
(0.1-0.5 pmol/plate)

MNNG
(13.6 nmol/plate)

TA100

Retinyl palmitate
(0.1-0.5 pmol/plate)

MNNG

TAI OO

-

-

NA

(13.6 nmol/plate)

Shetty et al.
(1988)

-

+

+

0.35 pmol/plate
(lD50)

(1988)

Shetty etal.

0.14 pmol/plate
(ID50)

(1988)

Shetty etal.

2-Nitrofluorene
(unspecified dose)

TA98

-

(+)

(up to 1 pmol/plate)

I pmol/plate
(1D43)

Tang & Edenharder
(1997)

Retinol

G

SA9

Retinal
(up to 2 pmol/plate)

2-Nitrofluorene
(unspecified dose)

TA98

-

+

0.2 pmol/plate
(1D50)

Tang & Edenharder
(1997)

G

5A9

Retinoic acid
(up to 1 pmol/plate)

2-Nitropyrene
(unspecified dose)

TA98

-

(+)

I pmol/plate
(1D33)

Tang & Edenharder
(1997)

• iir!z[I11rs1
End- Code a
pointa

Modulator (tested doses) b

Mutagen (tested doses) b

S. typhimurium
strain

S9 mix

Result c

Inhibitory dose (IDX) d

Reference

G

SA9

Retinyl palmitate
(up to 2 pmol/plate)

2-Nitropyrene
(unspecified dose)

TA98

-

+

0.3 pmol/plate
(1D50)

Tang & Edenharder
(1997)

G

SA9

Retinoic acid
(up to I pmol/plate)

1-Nitropyrene
(unspecified dose)

TA98

-

(+)

1 pmol/plate
(1045)

Tang & Edenharder
(1997)

G

SA9

Retinoic acid
(up to 2 pmol/plate)

1-Nitropyrene
(unspecified dose)

TA98

-

+

0.06 pmol/plate
(1050)

Tang & Edenharder
(1997)

.

G

SA9

Retinoic acid
(up to 1 pmol/plate)

1-Nitropyrene
(unspecified dose)

TA98

-

+

I pmol/plate
(1D50)

Tang & Edenharder
(1997)

G

SA9

Retinyl palmitate
(up to 2 pmol/plate)

1-Nitropyrene
(unspecified dose)

TA98

-

+

0.06 pmol/plate
(1D50)

Tang & Edenharder
(1997)

G

SA9

Retinol
(up to I pmol/plate)

3-Nitrofluoranthene
(unspecified dose)

1A98

-

+

0.1 pmol/plate
(1050)

Tang & Edenharder
(1997)

G

SA9

Retinal
(up to 2 pmol/plate)

3-Nitrofluoranthene
(unspecified dose)

TA98

-

+

0.05 pmol/plate
(1050)

Tang & Edenharder
(1997)

G

SA9

Retinoic acid
(up to 1 pmol/plate)

3-Nitrofluoranthene
(unspecified dose)

TA98

-

+

0.6 pmol/plate
(1050)

Tang & Edenharder
(1997)

G

SA9

Retinyl palmitate
(up to 2 pmol/plate)

3-Nitrofluoranthene
(unspecified dose)

TA98

-

+

0,07 pmol/plate
(1050)

Tang & Edenharder
(1997)

G

SAO

Retinol
(1-150 pg/plate)

Methylazoxymethanol
(200 pg/plate)

TA100

-

+

5 pg/plate
(1062)

Tavan et al.
(1997)

G

SA9

Retinol
(0.21-1.72 pmol/plate)

Coal dust extract
(75 mg/plate)

TA98

-

(+)

1.72 pmol/plate
(1029)

Ong et al.
(1989)

G

SA9

Retinol
(0.21-1.72 pmol/plate)

Diesel emission particles
extract (2 mg/plate)

TA98

-

(+)

1.72 pmol/plate
(1031)

Ong et al.
(1989)

G

SA9

Retinol
(0.21-1.72 pmol/plate)

Tobacco snuff extract
(85 mg/plate)

TA98

-

(+)

1.72 pmol/plate
(1029)

Ong et al.
(1989)

Z

Table 26 (contd)
Inhibitory dose (IDX) d

Reference

(+)

3.45 pmol/plate
(lD45)

Ong etal.
(1989)

+

(+)

1.72 pmol/plate
(1D48)

Ong etal.
(1989)

TA98

+

+

16 pg/plate
(lD70)

Busk & Ahlborg
(1980)

Aflatoxin B1
(0.2 pg/plate)

TA98

+

+

0.0006
(lD55)

Raina & Gurtoo
(1985)

Retinol
(0.0002-2 pM)

Aflatoxin B1
(0.2 pg/plate)

TAI OO

+

+

0.0002 pM
(1D70)

Raina & Gurtoo
(1985)

SA9

Retinoic acid
(0.0002-2 pM)

Aflatoxin Bi
(0.2 pg/plate)

TA98

+

+

0.0002 pM
(1D55)

Raina & Gurtoo
(1985)

G

SAO

Retinoic acid
(0.0002-2 pM)

Aflatoxin B1
(0.2 pg/plate)

TAIOO

+

-

NA

Raina & Gurtoo
(1985)

G

SA9

Retinol
(2.5-40 pg/plate)

Aflatoxin Bi
(0.5 pg/plate)

TA98

+

+

10 pg/plate
(1D50)

Qin & Huang
(1985)

G

SA9

Retinoic acid
(2.5-40 pg/plate)

Aflatoxin Bi
(0.5 pg/plate)

1A98

+

+

10 pg/plate
(1D50)

Qin & Huang
(1985)

G

SAO

Retinal
(0.1-0.5 pmol/plate)

Aflatoxin B1
(1.28 nmol/plate)

lAi 00

+

+

0.1 pmol/plate
(1D90)

Bhattarcharya et
al. (1987)

G

SAO

Retinoic acid
(0.1-0.5 pmol/plate)

Aflatoxin B1
(1.28 nmol/plate)

TAI 00

+

+

0.1 pmol/plate
(lD66)

Bhattarcharya et
al. (1987)

G

SAO

Retinyl acetate
(0.1-0,5 pmol/plate)

Aflatoxin B1
(1.28 nmol/plate)

lAI 00

+

+

0,1 pmol/plate
(1D50)

Bhattarcharya et
a/. (1987)

G

SAO

Retìnyl palmitate
(0.1-0.5 pmol/plate)

Aflatoxin Bi
(1.28 nmol/plate)

lAbO

+

+

0.5 pmol/plate
(1D50)

Bhattarcharya et
al. (1987)

End- Code a
pointa

Modulator (tested doses) b

Mutagen (tested doses) b

S. typhimurium
strain

G

SA9

Retinol
(0.21-1.72 pmol/plate)

Airborne particles extract
(4mg/plate)

G

SA9

Retinol
(0.21-1.72 pmol/plate)

G

SA9

G

S9 mix

Result C

TA98

-

Fried beef extract
(750 mg/plate)

TA98

Retinol
(1.6-16 pg/plate)

Aflatoxin Bi
(0.04 pg/plate)

SA9

Retinol
(0.0002-2 pM)

G

SAO

G

Table 26 (contd)
End- Code a Modulator (tested doses) b Mutagen (tested doses)
pointa

b

S. typhimurium
strain

S9 mix

Result c

Inhibitory dose (IDX) d Reference

G

SA9

Aflatoxin Bi
Retinyl acetate
(0.1-0.4 pg/plate)
[No direct treatment - S9
from mice maintained on a
vitamin A-deficient diet or on
a retinyl acetatesupplemented diet (20 pg/g
diet) for 10 weeks]

TA98

+

(+)

NA (1D24)

Qin & Huang
(1986)

S

SA9

Aflatoxin Bi
Retinyl palmitate
(2.5-100 ng/plate)
[no direct treatment - S9
from rats maintained on a
retinyl palmitate-normal diet
(5 IU/g diet) or a retinyl
palmitate-supplemented diet
(500 IU/g diet) for 8 days]

TA98

+

+

NA (lD78)

Decoudu etal.
(1992)

G

SA9

Retinol
(27.5-136 pM)

BP
(2.75 pM)

TA98

+

+

27.5 pM
(1040)

Calle & Sullivan
(1982)

G

SA9

Retinol
(2.5-40 pg/plate)

BP
(5 pg/plate)

TA98

+

-

NA

Qin&I-luang
(1985)

G

SA9

Retinoic acid
(2.5-40 pg/plate)

BP
(5 pg/plate)

TA98

+

-

NA

Qin &Huang
(1985)

G

SA9

Retinyl acetate
(2.5-40 pg/plate)

8F
(5 pg/plate)

TA98

+

-

NA

Qin &Huang
(1985)

G

SA9

BF
Retinyl acetate
(25-100 pg/plate)
[No direct treatment—S9
from mice maintained on a
vitamin A-deficient diet or on
a retinyl acetate-supplemented diet (20 pg/g diet)
for 10 weeks]

TA98

+

-

NA

Qin &Huang
(1986)

G

SA9

Retinyl acetate
(80-800 pg/plate)

BF
(10 pg/plate)

TA98

+

(+)

800 pg/plate
(1D43)

Balansky et al.
(1994)

S

SA9

Retinyl palmitate
(40-4000 pg/plate)

BP
(1-1000 pg/plate)

TA98

+

+

400 pg/plate
(1064 with 1 pg BP)

Alzieu etal.
(1987)

Table 26 (contd)
End- Code a
pointa

Modulator (tested doses) b

S

SA9

Retinyl palmitate
BP
[No direct treatment - S9
(50 pg/plate)
from rats maintained on a
retinyl acetate-deficient diet
or on a retinyl palmitate diet
(20 lU/g diet) for 8 weeks]

S

SA9

Mutagen (tested doses) b

S. typhimurium
strain

S9 mix

Result C

TA98

+

(+)

NA (1D37)

Colin et al.
(1991)

Retinyl palmitate
BP
[No direct treatment—S9
(50 pg/plate)
from rats maintained on a
retinyl acetate-deficient diet
or S9 from rats receiving an
i.p. injection of retinyl
palmitate (750 mg/kg bw)
48 h before sacrifice]

1A98

+

(+)

NA (I D22)

Colin et al.

Inhibitory dose Reference
(l D X ) d

(1991)

G

SA9

Retinol
(2.8-140 nmol/plate)

6-Methylbenzo[a]pyre ne
(2.8 nmol/plate)

TA98

+

(+)

140 nmol/plate Bayless et al.
(lD50)
(1986)

G

SA9

Retinol
(1.3-65 nmol/plate)

6-Hydroxym ethyl benzo[a]pyrene
(1.3 nmol/plate)

1A98

+

(+)

26 nmol/plate
(1D50)

Bayless et al.
(1986)

G

SA9

Retinol
(0,6-30 nmol/plate)

6—Acetoxym ethyl benzo[a]pyrene
(0.6 nmol/plate)

TA98

-

-

NA

Bayless et al.
(1986)

G

SAO

Retinol
(2.5-40 pg/plate)

Benz[a]anthracene
(5 pg/plate)

TAI 00

+

-

NA

Qin & Huang
(1985)

G

SAO

Retinol
(2.5-40 pg/plate)

DMBA
(20 pg/plate)

TAIOU

+

-

NA

Qin & Huang (1985)

G

SAO

Retinol
(2.5-40 pg/plate)

MCA
(5 pg/plate)

TAI 00

+

+

20 pg/plate
(1D50)

Qin & Huang
(1985)

G

SA9

Retinol
(5-100 pg/plate)

2-Aminofluorene
(0.25-1 pg/plate)

TA98

+

+

10 pg/plate
(lDlOO)

Baird & Birnbaum
(1979)

Table 26 (contd)
End- Code a
pointa

Modulator (tested doses) b

Mutagen (tested doses) b

S. typhimurium
strain

S9 mix

Result e

Inhibitory dose
(l DX) d

Reference

G

SA9

Retinol
(2-100 jig/plate)

2-Aminofluorene
(0.3-0.6 jig/plate)

TA98

+

§

NA

Busk & Ahlborg
(1982a)

G

SA9

Retinol
(2-100 jig/plate)

2-Acetylaminofluorene
(2 jig/plate)

TA98

+

§

NA

Busk & Ahlborg
(1982a)

G

SA9

Retinol
(5-500 jig/plate)

2-Aminofluorene
(2.5-10 jig/plate)

TA98

+

§

NA

Balbinder et al.
(1983)

G

SA9

Retinol
(2.5-150 jig/plate)

TA98

+

#

NA

Rondahi et al.
(1985)

G

SA9

Retinol
(2.5-150 jig/plate)

N-Hydroxy-2-acetylaminofluorene (50
jig/plate)
N-Hydroxy-2-acetylaminofluorene (50
jig/plate)

TA98

-

-

NA

Rondahi et al.
(1985)

G

SAO

o-Aminoazotoluene
Retinol
(0.017-0.525 jimol/plate) (5 jig/plate)

TAI 00

+

+

0.07 jimol/plate Busk & Ahlborg
(1982b)
(1D50)

G

SAO

o-Aminoazotoluene (5
Retinyl acetate
jimol/plate)
jig/plate)
(0.017-0.525

TAI OO

+

+

0.07 jimol/plate Busk & Ahlborg
(1982b)
(1050)

G

SAO

o-Aminoazotoluene
Retinyl palmitate
(0.017-0.175 jimol/plate) (5 jig/plate)

TA100

+

(+)

0.175 jimol/plate Busk&Ahlborg
(1982b)
(1D30)

G

SAO

Retinol
(2-150 jig/plate)

o-Aminoazotoluene (7
jig/plate)

TAI 00

+
(Gerbil)

+

10 jig/plate
(1D50)

Victorin etal.
(1987)

G

SAO

Retinol
(2-150 jig/plate)

o-Aminoazotoluene
(15 jig/plate)

lAi 00

+
(Mouse)

+

50 jig/plate
(lD50)

Victorin et al.
(1987)

G

SAO

Retinol
(2-150 jig/plate)

o-Aminoazotoluene
(10 jig/plate)

TA100

+
(Hamster)

+

50 jig/plate
(1050)

Victorin et al.
(1987)

G

SAO

Retinol
(2-150 jig/plate)

o-Aminoazotoluene
(8 jig/plate)

TA100

+
(Rat)

+

150 jig/plate
(1050)

Victorin et al.
(1987)

G

SAS

Cyclophosphamide
Retinol
(0.004-0.21 jimol/plate) (400 jig/plate)

TA1535

+

+

0.105 jimol/plate Busk etal.
(1984)
(1056)

G

SA5

Cyclophosphamide
Retinyl acetate
(0.004-0.21 jimol/plate) (400 jig/plate)

TA1535

+

+

0.105 jimollplate Busk etal.
(1984)
(1070)

C—)

Table 26 (contd)
Endpointa

Code a

Modulator (tested doses) b

Mutagen (tested doses) b

S. typhimurium
strain

G

SA5

Retinyl palmitate
(0.004-0.21 pmol/plate)

Cyclophosphamide
(400 pg/plate)

G

SA5

Retinol
(2.5-40 pg/plate)

G

SA9

G

Inhibitory dose (IDX) d

Reference

(+)

0.21 pmol/plate
(lD40)

Busk etal.
(1984)

+

+

10 pg/plate
(1D50)

Qin & Huang
(1985)

TA98

+

+

25 pg/plate
(lD50)

Busk et al.
(1982)

Glu—P-2
(0.5-1 pg/plate)

TA98

+

+

20 pg/plate
(lD50)

Busk et al.
(1982)

Retiriol
(2-150 pg/plate)

Trp-P-1
(0.04-0.08 pg/plate)

TA98

+

+

20 pg/plate
(1D50)

Busk et al.
(1982)

SA9

Retinol
(2-150 pg/plate)

Trp-P-2
(0,005-0.01 pg/plate)

TA98

+

+

5 pg/plate
(1D50)

Busk et al.
(1982)

G

SA9

Retinol
(25-100 pg/plate)

IQ (0.025-0.1 pg/plate)

TA98

+

+

50 pg/plate
(1D50)

loannides et al.
(1990)

G

SA9

Retinal
(25-100 pg/plate)

IQ (0.1 pg/plate)

TA98

+

(+)

100 pg/plate
(lD50)

loannides etal.
(1990)

G

SA9

Retinol
(25-100 pg/plate)

MeIQ (0.1 pg/plate)

TA98

+

(+)

100 pg/plate
(1028)

loannides etal.
(1990)

G

SA9

Retinal
(25-100 pg/plate)

MelQ (0.1 pg/plate)

TA98

+

(+)

75 pg/plate
(1050)

loannides etal.
(1990)

G

SA9

Retinol
(25-100 pg/plate)

MelQx (0.1 pg/plate)

TA98

+

+

50 pg/plate
(1050)

loannides etal.
(1990)

S9 mix

Result o

TAI 535

+

Cyclophosphamide
(200 pg/plate)

TA1535

Retinbl
(2-150 pg/plate)

Glu—P-1
(0.0075-0.015 pg/plate)

SA9

Retinol
(2-150 pg/plate)

G

SA9

G

.riIj

ill
End— Code a

Modulator (tested doses) b

Mutagen (tested doses) b

S. typhimurium

S9 mix

Result c

Inhibitory dose

Reference

(l DX) d

strain

pointa

G

SA9

Retinal
(25-100 pg/plate)

MelQx (0.1 pg/plate)

TA98

+

(+)

G

SAO

Retinol
(5-40 pg/plate)

N-Nitrosodimethylamine
(100 pg/plate)

TA100

+

+

G

SAO

Retinol
(5-40 pg/plate)

N-Nitrosodiethylamine
(100 pg/plate)

lAi00

+

+

100 pg/plate
(lD50)
40 pg/plate
(lD90)
40 pg/plate

loannides etal. (1990)

Huang (1987)
Huang (1987)

(lD60)
Balansky et aI, (1994)

G

SA9

Retinol acetate
(80-800 pg/plate)

Cigarette smoke
(43 mL!Lair for 1-5 mm)

TA98

+

+

400 pg/plate
(1D60)

G

SA9

Retinyl palmitate
(1-10 pmol/plate)

Cigarette smoke
(18 mL/L air for 6 mm)
Cigarette smoke
(18 mL/L air for mm)

TA98

+

-

NA

TA98

+

-

NA

Camoirano etal. (1994)

Camoirano et al.

(1994)

SA9

Retinoic acid
(1-10 pmol/plate)

SA9

Retinol

+

-

NA

Wilmer & Spit (1986)

G

SA9

Cigarette smoke condensate
(100-400 pg/plate)
Cigarette smoke condensate
(100-400 pg/plate)

TA98

(0.025-0.5 pmol/plate)
Retinoic acid
(0.025-0.5 pmol/plate)

TA98

+

-

NA

Wilmer & Spit (1986)

G

SA9

Retinyl acetate
(0.025-0.5 pmol/plate)

Cigarette smoke condensate
(100-400 pg/plate)

TA98

+

-

NA

Wilmer & Spit (1986)

G

SA9

Retinol

Cigarette smoke condensate
(400 pg/plate)

TA98

+

+

400 pg/plate
(lD50)

Romert etal. (1994)

Cigarette smoke condensate
(400 pg/plate)

lAi00

+

+

100 pg/plate
(lD50)

Romert et al. (1994)

G

(50-800 pg/plate)
G

SAO

Retinol

(50-800 pg/plate)

a End-points investigated are: D, DNA damage; G, gene mutation; test codes are given in Appendix 2
b Doses of compounds are as reported by the authors
C+, inhibition of
genotoxicity (> 1D50); (+), weak inhibition of genotoxicity (< 1D50); —,no inhibition of genotoxicity; #, increase of genotoxicity; §, variable effect, depending on the
dose of retinol and on the amount of S9 fraction per plate
d Inhibitory dose (lDx), dose inhibiting the genotoxicity by x%, as indicated by the authors or inferred from their data; NA, not applicable.
Abbreviations: BP, benzo[a]pyrene; DMBA, 7,1 2-dimethylbenz[a]anthracene; MNU, N-methyl-N-nitrosourea; MCA, 3-methylcholanthrene; IQ, 2-amino-3-methyl-imidazo{4,5-tjquinoline;
MelQ, 2-amino-3,4-dimethylimidazo[4,5-quinoline; MelQx, 2-amino-3,8-dimethylimidazo{4,5-quinoxaline; Glu-P-1, 2-amino-6-methylpyrido[1,2-a:3',2'-d]imidazole;
Glu-F-2, 2-aminodipyrido[1,2-a:3',2'-d]imidazo!e; Trp-P-1, 3-amino-3,4-dimethyl-5H-pyrido[4,3-bjindole; Trp-F-2, 3-amino-1-methyl-5H-pyrido[4,3-b]indole; MNNG, N-methyl-N'nitroN-nitrosoguanidine; NNK, 4-(N-nitrosomethylamino)-1 -(3-pyridyl)-1-butanone
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A-deficient diet or a retinyl acetate-supplemented diet were used (Qin & Huang, 1986).
On the other hand, higher doses of retinol
(Calle & Sullivan, 1982), retinyl acetate
(Balansky et cil., 1994) and retinyl palmitate
(Alzieu et al., 1987) inhibited the mutagenicity
of BP in TA98. Moreover, the mutagenic potency of BP, in the presence of liver S9 fractions
from Sprague—Dawley rats maintained on a diet
lacking retinyl acetate, was higher than in the
presence of S9 either from rats maintained for
eight weeks on a retinyl acetate-sufficient diet
or from rats receiving an intraperitoneal injection of retinyl acetate 48 h before sacrifice.
(Colin et al., 1991). Retinol was weakly antimutagenic towards two S9-requiring derivatives of
BP (6-methylbenzo[a]pyrene and 6-hydroxymethylbenzo[a]pyrene), whereas it did not
affect the mutagenicity of 6-acetoxymethylbenzo[a]pyrene (Bayless et al., 1986).
Retinol and retinyl acetate inhibited the
mutagenicity of 2-aminofluorene in TA98 following metabolic activation by either rat liver
microsomes or S9 fractions (Baird & Birnbaum,
1979). Other studies showed variable effects of
retinol on the mutagenicity of 2-aminofluorene
and 2-acetylaminofluorene in TA98. In fact,
low doses of retinol even increased the mutagenicity of both aromatic amines, whereas high
doses did not affect the mutagenicity of 2acetylaminofluorene and decreased the mutagenicity of 2-aminofluorene (Busk & Ahlborg,
1982a). A similar diphasic effect was observed
in testing retinol towards 2-aminofluorene in
another laboratory (Balbinder et al., 1983). Retinol
also enhanced the mutagenicity of N-hydroxy2-acetylaminofluorene (Rondahl et al., 1985).
Retinol and retinyl acetate and, less effectively,
retinyl palmitate decreased the mutagenicity of
o-aminoazotoluene in TA100 (Busk & Ahlborg,
1982b) and of cyclophosphamide in TA1535
(Busk et al., 1984; Qin & Huang, 1985). In a further study by the same group (Victorin et al.,
1987), inhibition of of the activity of 0-aminoazotoluene by retinol was confirmed when this
azo-dye was activated with liver S9 fractions
from four rodent species (gerbil, mouse, hamster and rat).
Two studies have demonstrated that retinol
and retinal decrease the mutagenicity in TA98

of heterocyclic amines isolated from food
pyrolysates. In particular, retinol decreased the
mutagenicity of 2-amino-6-methyldipyrido[1,2-a:3',2'-d]imidazole (Glu-P-1), 2-aminodipyrido [1,2-a: 3', 2'-d] imidazole (Glu-P-2) and
3-amino-i, 4-dimethyl-5H-pyrido [4,3 -b]indole
(Trp-P-i) and, with higher efficiency, the mutagenicity of 3-amino-i -methyl-5H-pyrido [4,3 b]indole (Trp-P-2) (Busk et al., 1982). Both retinol
and retinal, when incorporated into the rat
liver S9 activation system, caused a dose-related
decrease of the mutagenicity of the aminoimidazoazaarenes 2-amino-3-methylimidazo[4,5-flquinoline (IQ), 2-amino-3,4-dimethylimidazo [4,5 t] quinoline (MeIQ) and 2-amino-3, 8-dimethylimidazo [4,5-fl quinoxaline (MeIQx). Several
parallel findings led to the conclusion that
retinol lowers IQ mutagenicity through inhibition of its cytochrome P450-dependent metabolic activation (Ioannides et al., 1990).
Retinol weakly inhibits the S9-mediated
mutagenicity of both N-nitrosodimethylamine
and N-nitrosodiethylamine in TA100 in the
presence of mouse liver S9 fractions (Huang,
1987).
Assays of the S9-mediated mutagenicity of
cigarette smoke and condensates from it have
given conflicting results. In one study, retinol,
retinoic acid and retinyl acetate did not affect
the mutagenicity of a cigarette smoke condensate
in TA98 (Wilmer & Spit, 1986). In contrast, in
another laboratory, retinol exerted protective
effects in both TA98 and TA100, although the
authors noted that occurrence of toxic effects
could not be excluded (Romert et al., 1994). The
mutagenicity of mainstream cigarette smoke in
TA98 was inhibited by retinyl acetate (Balansky
et al., 1994) but was unaffected by either retinyl
palmitate or retinoic acid (Camoirano et al.,
1994).
In the 1-10 pg/mL range, retinol attenuated
the differential toxicity of N-nitrosodimethylamine and N-nitrosopyrrolidine in the
Escherichia coli strains K-12 343/765 (uvr/rec,)
and K-12 343/753 (uvrB-/recA-). In a host-mediated assay in Swiss albino mice, administration
of retinol by gavage (250 mg/kg bw) inhibited
the differential toxicity in these two E. coli
strains. Bacteria were injected intravenously
and recovered from blood, lungs, liver, spleen,

Vitamin A

kidneys and testes of mice treated by gavage
with N-nitrosodimethylamine (80 mg/kg bw)
or from liver and spleen of mice treated by gavage with N-nitrosopyrrolidine (KnasmUller et
ai., 1992).
As summarized in Table 27, retinol, retinal,
retinoic acid and retinyl esters have been investigated for their ability to influence a variety of
genetic and related end-points in mammalian
cultured cells. Retinol inhibited the induction
of DNA single-strand breaks induced by the
nicotine-derived nitrosamine NNK in primary
rat hepatocytes (Alaoui-Jamali et ai., 1991a).
Retinol and retinoic acid did not affect the
unscheduled DNA synthesis (UDS) induced by
either ethyl methanesulfonate or 254-nm ultraviolet light in primary rat hepatocytes, but were
effective in attenuating the UDS induced by
DMBA, which requires activation to genotoxic
metabolites (Budroe et al., 1987). Retinol
increased BP-induced UDS in hamster tracheal
epithelium in organ culture. In the same
system, retinol did not significantly affect the
levels of BP diol epoxide—DNA adducts, as measured by 32P-postlabelling, but reduced the formation of DNA adducts as detected by
immunocytochemistry. The authors suggested
that, like p-carotene, retinol may protect the
respiratory epithelium by enhancing DNA
repair activity and removing DNA adducts
(Wolterbeek et ai., 1995). Retinol decreased the
formation of DNA adducts in cultured woodchuck hepatocytes treated with [3H]aflatoxin B1
(Yu et al., 1994).
Retinol and retinoic acid inhibited the
induction of mutations at the HGPRT locus in
Chinese hamster ovary cells when DMBA was
used as a mutagenic agent, in the presence of
an exogenous metabolic activation system (rat
liver S9), but not when the direct-acting mutagen ethyl methanesulfonate was used (Budroe
et ai., 1988).
The protective effects of vitamin A have been
extensively investigated in terms of the frequency of sister chromatid exchanges (SCE) in
Chinese hamster cells. In V79 cells, no effect
was produced on the SCE induced by directacting mutagens, including mitomycin C, in
the presence of retinol, retinal, retinoic acid
and retinyl acetate (Sirianni et al., 1981), or by

MNNG and ethyl methanesulfonate in the presence of retinol (Qin et al., 1985). However,
retinol significantly inhibited the metabolic
deactivation of MNNG in the presence of S9
(Qin et al., 1985). With the exception of the polycyclic aromatic hydrocarbons benz[a]anthracene, BP, DMBA and MCA, whose SCE-inducing
activity was not affected by retinol (Qin et ai.,
1985), retinol was protective towards other
genotoxic agents requiring metabolic activation. These included cyclophosphamide and
aflatoxin B1 (Sirianni et ai., 1981; Qin et al.,
1985), N-nitrosodimethylamine and N-nitrosodiethylamine (Huang, 1987), in the presence of
S9 mix, and NNK in primary rat hepatocytes
(Alaoui-Jamali et al., 1991a). A delay in the cell
cycle was also observed (Huang, 1987). In
Chinese hamster epithelial liver cells, which
retain the intrinsic capacity to metabolize carcinogens, retinol and retinoic acid weakly
inhibited the SCE-inducing activity of cyclophosphamide and DMBA (Cozzi et al., 1990).
Chromosomal aberrations in Chinese hamster V79 cells, in the presence of S9 mix, were
significantly inhibited when aflatoxin B1 and
cyclophosphamide were used as clastogenic
agents. In contrast, they were significantly
enhanced when BP and DMBA were used (Qin
et al., 1985).
The morphological transformation of OH
1OT1/2 mouse fibroblasts, pre-treated with MCA
seven days earlier, was inhibited by retinol, retinal and retinyl acetate with similar potency.
This effect was reversed when cell cultures were
further maintained in a retinoid-free medium
(Merriman & Bertram, 1979).
In human cultured cells (Table 28), preincubation with retinoic acid for two days did not
affect the formation of DNA adducts in
endometrioid IGROV1 cells, but enhanced their
formation in ovarian carcinoma NIHOVCAR
cells at various times (0, 24 or 48 h) after treatment with cisplatin. This effect was accompanied
by potentiation of cisplatin toxicity (Caliaro et
al., 1997). The mutagenic activity of polycyclic
aromatic hydrocarbons, as evaluated by selection against diphtheria toxin, was decreased by
vitamin A in human heteroploid epithelial-like
(EUE) cells. In particular, retinyl palmitate protected these cells against the mutagenicity of
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Table 27. Assay of retinol, retinal, retinoic acid and retinyl esters for ability to inhibit genetic and related
effects in cultured animal cells
Endpointa

Codea

Modulator
(tested doses)b

Genotoxic agent
(tested doses)b

Cells

Investigated
effect

D

DIA

Retinol

NNK (1-10 mM)

Primary rat hepatocytes

DNA single-strand breaks

Resultc

Inhibitory
dose (IDx)d

Reference

(+)

69.8 1iM
(1D13)

Alaoui-Jamali eta!
(1991a)

(69.8 tM)
D

URP

Retinol
(1-50 pM)

Ethyl methanesulfonate
(200 pg/mL) [1.6 mM]

Primary rat hepatocytes

Unscheduled
DNA synthesis

-

NA

Budroe et al.
(1987)

D

URP

Retinoic acid
(1-50 pM)

Ethyl methanesulfonate
(200 pg/mL) [1.6 mM]

Primary rat hepatocytes

Unscheduled
DNA synthesis

-

NA

Budroe et al.
(1987)

D

URP

Retinol
(1-50 pM)

254 nm UV light
(32 J/m3 )

Primary rat hepatocytes

Unscheduled
DNA synthesis

-

NA

Budroe et al.
(1987)

D

URP

Retinoic acid
(1-50 pM)

254 nm UV light
(32 JIm3 )

Primary rat hepatocytes

Unscheduled
DNA synthesis

-

NA

Budroe et al.
(1987)

D

URP

Retinol
(1-50 pM)

DMBA (5 pg/mL) [20 pM]

Primary rat hepatocytes

Unscheduled
DNA synthesis

+

1 pM
(1D55)

Budroe et al.
(1987)

D

URP

Retinoic acid
(1-50 pM)

DMBA (5 pg/mL) [20 pM]

Primary rat hepatocytes

Unscheduled
DNA synthesis

+

1 pM
(lD65)

Budroe et al.
(1987)

D

UIA

Retinol
(10 pM)

BP
(10 pM)

Hamster tracheal
epithelium
in organ culture

Unscheduled
DNA synthesis

#

NA

Wolterbeek
etal. (1995)

D

BID

Retinol
(10 pM)

BP
(10 pM)

Hamster tracheal
epithelium in organ culture

BPDE—DNA adducts

(+)

10 pM
(lD20)

Wolterbeek
etal. (1995)

D

BID

Retinol
(34-122 pM)

Aflatoxin Bi
(0.08-10 pM)

Woodchuck hepatocytes

DNA adducts

+

34 pM
(1D50)

Yu et al.,
(1994)

G

GCO

Retinol
(1-25 pM)

Ethyl methanesulfonate
(100 pg/mL) [810 pM]

Chinese hamster ovary
(CHO) cells

Mutation at the
HGPRT locus

-

NA

Budroe et al.
(1988)

G

GCO

Retinoic acid
(1-25 pM)

Ethyl methanesulfonate
(100 pg/mL) [810 pM]

Chinese hamster ovary
(CHO) cells

Mutation at the
HGPRT locus

-

NA

Budroe et al.
(1988)

a

1111 ti[.i.]il
Endpointa

Codea

Modulator

Genotoxic agent

G

Cells

Investigated

(tested doses)b

(tested doses)b

COO

Retinol
(1-25 pM)

DMBA (5 pg/mL) [20 pM]

Chinese hamster ovary
(CHO) cells + S9

Mutation at the
HGPRT locus

G

COO

Retinoic acid
(1-25 pM)

DMBA (5 pg/mL) [20 pM]

Chinese hamster ovary
(CHO) cells + S9

G

G9H

Retinyl acetate
(100 pg/mL)

Ethyl methanesulfonate
(100-1000 pg/mL)

S

SIC

Retinol
(1-4 pg/mL)

S

SIC

S

Resultc

Inhibitory
dose (lDx)d

Reference

+

5 pM
(1063)

Budroe et ai,
(1988)

Mutation at the
HGPRT locus

+

5 pM
(lD60)

Budroe et ai.
(1988)

Chinese hamster V79 cells

6-TG-resistance
mutation

+

100 pg/mL
(1065)

Kuroda (1990)

Mitomycin C
(0.03 pg/mL)

Chinese hamster V79 cells

Sister chromatid
exchanges

-

NA

Sirianni et ai.
(1981)

Retinal
(0.25-1 pg/mL)

Mitomycin C
(0.03 pg/mL)

Chinese hamster V79 cells

Sister chromatid
exchanges

-

NA

Sirianni et ai.
(1981)

SIC

Retinoic acid
(1-4 pg/mL)

Mitomycin C
(0.03 pg/mL)

Chinese hamster V79 cells

Sister chromatid
exchanges

-

NA

Sirianni et ai.
(1981)

S

SIC

Retinyl acetate
(1-4 pg/mL)

Mitomycin C
(0.03 pg/mL)

Chinese hamster V79 cells

Sister chromatid
exchanges

-

NA

Sirianni et ai.
(1981)

S

SIC

Retinol
(1-8 pg/mL)

Cyclophosphamide
(5 pg/mL)

Chinese hamster V79 cells
+S9

Sister chromatid
exchanges

+

8 pg/mL
(lD65)

Huang et al. (1982)

S

SIC

Retinol
(1-64 pg/mL)

Aflatoxin Bi
(0.2-0.5 pg/mL)

Chinese hamster V79 cells
+S9

Sister chromatid
exchanges

(+)

32 pg/mL
(1040)

Huang etal. (1982)

S

SIC

Retinol
(4-32 pg/mL)

N-Nitrosodimethylamine
(0.5 mg/mL)

Chinese hamster V79 cells
+S9

Sister chromatid
exchanges

+

32 pg/mL
(1D55)

Huang (1987)

S

SIC

Retinol
(17.4-139.6 11M)

NNK (20 mM)

Chinese hamster V79 cells +
primary rat hepatocytes

Sister chromatid
exchanges

+

139.6 11M
(lD55)

Alaoui-Jamali et ai.
(1991a)

S

SIC

Retinol
(4-32 pg/mL)

N-Nitrosodiethylamine
(10 mg/mL)

Chinese hamster V79 cells
+S9

Sister chromatid
exchanges

(+)

32 pg/mL
(1D44)

Huang (1987)

effect

Table 27 (contd)
Endpointa

Codea

S

SIC

S

S

S

S

S

S

S

S

S

Modulator
(tested doses)b

Genotoxic agent
(tested doses)b

Cells

Investigated
effect

Retinol

MNNG

Chinese hamster V79 cells

(2-16 pg/mL)

(0.015 pg/mL)

Sister chromatid
exchanges

Chinese hamster V79 cells

Retinol

Ethyl methanesulfonate

(2-16 pg/mL)

(250 pg/mL)

Retinol

Ethyl methanesulfonate

Chinese hamster V79 cells

(2-16 pg/mL)

(250 pg/mL)

+ S9

Retinol

Aflatoxin Bi

Chinese hamster V79 cells

(0.5-2 pg/mL)

(0.2 pg/mL)

+ S9

Retinol

Cyclophosphamide

Chinese hamster V79 cells

(0.5-2 pg/mL)

(5 pg/mL)

+ S9

Retinol

Benz[a]anthracene

Chinese hamster V79 cells

(2-16 pg/mL)

(5 pg/mL)

+ S9

Retinol

Benzo[a]pyrene

Chinese hamster V79 cells

(2-16 pg/mL)

(2 pg/mL)

+ S9

Retinol

DMBA

Chinese hamster V79 cells

(2-16 pg/mL)

(2 pg/mL)

+ S9

S

SIC

Inhibitory
dose (lDx)d

Reference

-

NA

Qin etal.(1985)

Sister chromatid
exchanges

-

NA

Qin et al.(1985)

Sister chromatid
exchanges

-

NÎA

Qin etal.(1985)

Sister chromatid
exchanges

+

0.5 pg/mL
(1056)

Qin etal.(1985)

Sister chromatid
exchanges

+

0.5 pg/mL
(1056)

Qin etal.(1985)

Sister chromatid
exchanges

-

NA

Qin et al.(1985)

Sister chromatid
exchanges

-

NA

Qin et al.(1985)

Sister chromatid
exchanges

-

NA

Qin et a/. (1985)

Retinol

3-Methylcholanthrene

Chinese hamster V79 cells

NA

Qin etal.(1985)

(5 pg/mL)

+ S9

Sister chromatid
exchanges

-

(2-16 pg/mL)
Retinol

Cyclophosphamide
(1 mM)

Chinese hamster epithelial liver
(CHEL) cells

Sister chromatid
exchanges

+

25 pM
(1050)

Cozzi et a/. (1990)

(25 pM)
S

Resultc

Retinol

DMBA

Sister chromatid
exchanges

25 pM
(1050)

Cozzi et al.(1990)

(0.078 pM)

Chinese hamster epithelial liver
(CHEL) cells

+

(25 pM)
Retinoic acid

Cyclophosphamide
(1 mM)

Chinese hamster epithelial liver
(CHEL) cells

Sister chromatid
exchanges

+

50 pM
(1050)

Cozzi etal.(1990)

(25-50 pM)

Endpointa

Codea

Modulator
(tested doses)b

Genotoxic agent
(tested doses)b

Cells

Investigated
effect

S

SIC

Retinoic acid
(25-50 pM)

DMBA
(0.078 pM)

Chinese hamster epithelial
liver (CHEL) cells

Sister chromatid
exchanges

C

CIC

Retinol
(4-32 pg/mL)

Aflatoxin Bi
(2 pg/mL)

Chinese hamster V79 cells
+ S9

C

CIC

Retinol
(4-32 pg/mL)

Cyclophosphamide
(150 pg/mL)

C

CIC

Retinol
(4-32 pg/mL)

C

CIC

T

TCM

T

T

T
a

TCM

TCM

TCM

Resulta

Inhibitory
dose (lDx)d

Reference

+

37 pM
(lD50)

Cozzi et al. (1990)

Chromosomal
aberrations

+

32 pg/mL
(lD56)

Qin et al. (1985)

Chinese hamster V79 cells
+ S9

Chromosomal
aberrations

+

16 pg/mL
(1D77)

Qin et al. (1985)

BP
(100 pg/mL)

Chinese hamster V79 cells
+ S9

Chromosomal
aberrations

#

NA

Qin etal. (1985)

Retinol
(4-32 pg/mL)

DMBA
(100 pg/mL)

Chinese hamster V79 cells
+ S9

Chromosomal
aberrations

NA

Qin etal. (1985)

Retinol
(0.05-0.5 pg/mL)

Pre-treatment with
3-methylcholanthrene
(2.5 pg/mL)

C3H 1OT1/2 mouse
fibroblasts

Cell transformation

0.05 pg/mL

Merriman &
Bertram
(1979)

Retinal
(0.05-0.5 pg/mL)

Pre-treatment with
3-methylcholanthrene
(2.5 pg/mL)

C3H lOTi /2 mouse
fibroblasts

Cell transformation

Retinyl acetate
(0.005-0.5 pg/mL)

Pre-treatment with
3-methylcholanthrene
(2.5 pg/mL)

C3H 1OT1/2 mouse
fibroblasts

Cell transformation

Retinal
(0.01-1 pM)

Areca nut extracts
(2.5-5 mg/mL)

PdPBV-1-transfected C3H
1011/2 mouse fibroblasts

Cell transformation

+

(1066)
+

0.05 pg/mL
(1D75)

+

+

0.05 pg/mL

Merriman &
Bertram
(1979)

(1067)

Merriman &
Bertram
(1979)

0.3 pM
(10100)

Stich & Tsang
(1989)

End-points investigated are: D, DNA damage; G, gene mutation; S, sister chromatid exchange; C, chromosomal aberration; T, cell transformation; test codes are given in Appendix 2
Doses of compounds are as reported by the authors
C
, inhibition of the investigated effect >050); (+), weak inhibition of the effect (:5050); -, no inhibition of the effect; #, enhancement of the effect;?, unclear effect
d Inhibitory dose (lDx), dose inhibiting x% of the investigated effect; NA, not applicable.
Abbreviations: BP, benzo[a]pyrene; DMBA, 7,1 2-dimethylbenz[a]anthracene; MNNG, N-methyl-N'nitro-N-nitrosoguanidine; NNK, 4-(N-nitrosomethylamino)-1 -(3-pyridyl)-1-butanone
b

Table 28. Assay of retinol, retinal, retinoic acid and retinyl esters for ability to inhibit genetic and related effects in
cultured human cells
Endpointa

Codea

D

Reference

#

NA

Caliaro et al.
(1997)

-

NA

Caliaro et al.
(1997)

1 pM

Rocchi et al.
(1983)

(tested doses)b

(tested doses)b

BID

Retinoic acid
(1 pM)

Cisplatin
(10 pg/mL)

Human ovarian carcinoma
NIHOVCAR cells

Pt—DNA adducts

D

BID

Retinoic acid
0 pM)

Cisplatin
(10 pg/mL)

Human endometrioid
IGROV1 cells

Pt—DNA adducts

G

GIH

Retinyl palmitate
(10 pM)

Benzo[a]pyrene
0 pM)

Human heteroploid
epithelial-like (EUE) cells

Selection against
diphtheria toxin

+

Retinyl palmitate
(10 pM)

3-Methylcholanthrene
(1 pM)

Human heteroploid
epithelial-like (EUE) cells

Selection against
diphtheria toxin

+

Retinyl palmitate
(10 pM)

7,12-Dimethylbenz[a]anthracene (1 pM)

Human heteroploid
epithelial-like (EUE) cells

Selection against
diphtheria toxin

+

Retinyl acetate
0 pM)

7,12-Dimethylbenz[a]anthracene (1 pM)

Human heteroploid
epithelial-like (EUE) cells

Selection against
diphtheria toxin

+

Retinyl palmitate
(10 pM)

7,12-Dimethylbenz[a]anthracene (1 pM)

Human heteroploid
epithelial-like (EUE) cells

Selection against
diphtheria toxin

+

G

G

G

GIH

GIH

GIH

GIH

Investigated

Inhibitory
dose (lDx)d

Genotoxic agent

G

Cells

Resultc

Modulator

Effect

(ID87)
1 pM
(lD100)
1 pM
(ID63)
1 pM
(ID72)
1 pM
(lD56)

Rocchi et al.
(1983)
Rocchi etal.
(1983)
Ferreri et al.
(1986)
Ferreri etal.
(1986)

S

SHL

Retinol
(4 pg/mL)

Melphalan
(0.15 pg/mL)

Human lymphocytes

Sister chromatid
exchanges

#

NA

Dozi-Vassiliades
etal. (1985)

S

SHL

Retinol
(4 pg/mL)

Caffeine
(180 pg/mL)

Human lymphocytes

Sister chromatid
exchanges

#

NA

Dozi-Vassiliades
etal. (1985)

a End-points

investigated are: D, DNA damage; G, gene mutation; S, sister chromatid exchange; test codes are given in Appendix 2
of compounds are as reported by the authors
+, inhibition of the investigated effect (~:050); (+), weak inhibition of the effect (<lD50); —, no inhibition of the effect; #, enhancement of the effect; ?, unclear effect
d Inhibitory dose (IDx), dose inhibiting x% of the investigated effect; NA, not applicable.

b Doses
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BP, MCA and DMBA (Rocchi et ai., 1983).
Mutagenicity of the last compound was inhibited to the same extent by retinyl acetate and
retinyl palmitate (Ferreri et al., 1986). Retinol
even enhanced the ability of melphalan and
caffeine to induce SCE in cultured human lymphocytes (Dozi-Vassiliades et al., 1985).
4.3

Mechanism of chemoprevenfion

Mechanisms by which vitamin A might prevent or delay chemical carcinogenesis remain
unclear. Various studies suggest that retinoids
inhibit the promotion step of the multistage
carcinogenesis process. However, there are some
indications for effects on initiation as well.
4.3.1 Inhibition of events associated with
carcinogenesis

Several reports described in Section 4.2.3.2
support the hypothesis that retinol and its
esters inhibit the action of certain direct-acting
mutagens as well as the metabolic activation of
some chemical carcinogens, to forms that can
interact with and damage DNA. In some
studies, retinol also induced the activity of
detoxifying enzymes (Wang & Higuchi, 1995).
These effects may be responsible, at least in
part, for anticarcinogenic activity of retinol in
inhibiting tumour initiation.
Evidence that retinol has protective effects
against the promotion stage of carcinogenesis
has come from several studies, which have
demonstrated its ability to reverse premalignant lesions, inhibit cell transformation, suppress cell proliferation and DNA synthesis, and
alter intercellular communication.
4.3.1.1 Effects on premalignant lesions

Administration of retinyl acetate at the time of
removal of the first mammary tumour that
developed after female rats had received a single injection of MNU decreased the rate of
development of new tumours. Because in this
carcinogenesis model the rats develop multiple
asynchronous tumours, it is plausible to assume
that at the time the first tumour was palpable,
many preneoplastic lesions were present in the
mammary gland. Therefore, these results
suggest that retinyl acetate suppressed the

conversion of these putative premalignant
lesions to carcinomas (McCormick et al., 1983).
In this model, ovariectomy was also effective
and the combination of retinyl acetate and
ovariectomy was more effective than either
agent alone. Thus, there may be a hormonerelated effect of retinyl acetate. Further support
for this idea comes from a study that showed
that retinyl acetate inhibited estrogen-induced
mammary carcinogenesis in female ACI rats,
without evidence of gross toxicity (Holtzman,
1988). In this study, female rats that received a
diet containing retinyl acetate (412 000 lU per
kg diet) and then a subcutaneously implanted
pellet containing 17Œ-ethinylestradiol and were
maintained on retinyl acetate-containing diet
for 24 further weeks developed half as many
mammary cancers as rats on a control diet.
In a skin carcinogenesis model using female
CD-1 mice with initiation by DMBA and promotion by twice weekly applications of TPA,
retinyl palmitate provided in the diet caused a
dose-dependent inhibition of the number and
weight of papillomas at 21 weeks, reaching 65%
in the group given 350 000 lU per kg of diet
(Gensler et ai., 1987). In male rats given 0.05%
BBN as carcinogen followed by 5% sodium
saccharin as promoter, a diet containing 0.05%
retinyl acetate suppressed saccharin-induced
colony growth of bladder cells in soft agar,
suggesting that vitamin A has anti-tumourpromoting effects on rat bladder carcinogenesis
(Kanamaru et al., 1988).
In a two-stage rat hepatocarcinogenesis model
with DEN as the initiator and either 3,3',4,4' tetrachiorobiphenyl or 2,2', 4,4', 5,5 '-hexachiorobiphenyl as promoter, a diet containing
100 000 lU of retinyl palmitate decreased the
number and volume of hepatic foci compared
with animals on a diet with little or no retinyl
palmitate. Thus, retinyl palmitate protected
against preneoplastic changes enhanced by the
tumour promoters (Berberian et al., 1995).
One biomarker of genotoxic damage due to
carcinogens is the formation of micronuclei in
epithelial cells. A reduced frequency of'
micro-nucleated mucosal cells and remission of
leukoplakias was seen following twice weekly
administration of vitamin A (100 000 or
200 000 lU per week) for 3-6 months to chewers
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of tobacco-containing betel quids. The development of new leukoplakias was also inhibited.
After vitamin A administration was terminated,
micro-nucleated cells and leukoplakia recurred
in the oral cavity of chewers who continued to
use tobacco throughout the trial period.
Vitamin A given at a level of 50000 lU per week
maintained the frequency of micronucleated
mucosal cells at low levels for at least 12
months after the trial (Stich et al., 1991a,b).
The mechanism of suppression of tumour
promotion is not clear, but may involve inhibition of the transformation of normal cells, or
inhibition of proliferation of initiated or premalignant cells such that the premalignant
lesion is not converted to a malignant one or
the promotion step is prolonged.
Decreased levels of retinol or retinyl esters
have been detected in premalignant lesions or
tumours. For example, the vitamin A concentration in UV-induced tumours in mouse skin
was significantly lower than in perilesional epidermis in mice consuming diets with or without vitamin A supplementation (20 000 lU/kg).
The largest difference between the levels in
tumour and epidermis was observed in the vitamin A-supplemented group. The low vitamin
A content of the tumours was due to a marked
reduction in the retinyl ester fraction, whereas
the retinol content of the tumours actually
increased two-fold. It was suggested that interconversion of retinol to retinyl esters may be
disturbed in murine photo -carcinogenesis
(Berne et al., 1989). Serum levels of vitamin A
were significantly decreased in 50 cases of oral
leukoplakia compared with 50 normal controls
(Ramaswamy et al., 1996), but intralesional
vitamin A levels were not measured in this
study. In 34 patients with HPV infection of the
cervix and in 40 patients with CIN (cervical
intra-epithelial neoplasia) III, retinyl palmitate
concentration was extremely low in CIN III tissue compared with normal cervical epithelium
and HP V-infected tissue. In this study there was
no significant difference in serum vitamin A
levels between the two groups. It was concluded
that the reduction of retinyl palmitate in CIN
III is a local process and that a local supplementation of vitamin A might contribute to
prevention of cervical neoplasia (Volz et al., 1995).

4.3.1.2 Inhibition of transformation

As described in Section 4.2.3.1, retinol inhibits
the transformation of cultured cells exposed to
carcinogens and tumour promoters. Treatment
of postconfluent cultures of mouse C3H 1OT1/2
fibroblasts with certain carcinogens causes
transformation to focus-forming cells, and retinyl
acetate inhibits this transformation (Mordan,
1989). Areca nut (used in betel quids) has been
linked to the high incidence of precancerous
oral lesions and oral cancers in India. The
formation of bovine papillomavirus (BPV)
DNA-induced transformed foci was enhanced
approximately tenfold in cultured mouse C3H
1OTÎ/2 cells transfected with the plasmid
pdPBV-1 harbouring BPV DNA and exposed to
areca nut extracts. This transformation was
completely suppressed when 1 pmol/L retinol
was added to the areca nut extract. This was
proposed as a mechanism of chemoprevention
by vitamin A in betel quid chewers (Stich &
Tsang, 1989).
4.3.1.3 Inhibition of DNA synthesis and cell
proliferation

The transformation of density-arrested, initiated C3H 1OT1/2 cells by certain carcinogens was
correlated with the mitogenic response of the
preneoplastic cells to platelet-derived or epidermal growth factor. Stimulation by serum of
DNA synthesis in carcinogen-treated C3H
1OT1/2 cells was inhibited by retinyl acetate,
presumably by blockage of the G0 to G1 transition in the mitotic response of initiated cells to
platelet growth factors (Mordan, 1989).
Retinol inhibited DNA synthesis and growth
of MCA-induced squamous cell carcinomas in
Swiss male albino mice and basal cell carcinomas in inbred Sprague-Dawley rats (Lupulescu,
1986). In another study, female SpragueDawley rats were treated with either solvent,
DMBA or MNU at 50 days of age and were
placed on a retinyl acetate-containing diet at 57
days of age. [3H]Thymidine incorporation into
purified DNA from mammary parenchymal
cells was determined. Retinyl acetate effectively
inhibited mammary cell DNA synthesis in both
MNU- and DMBA-treated animals compared
with those on control diet (Mehta & Moon,
1980).
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4.3.1.4 Inhibition of ornithine decarboxylase
induction

Cell proliferation and transformation require
accelerated polyamine biosynthesis and elevated levels of ornithine decarboxylase (ODC), the
rate-limiting enzyme in this reaction chain.
Tumour promoters enhance ODC activity and
retinoids suppress this induction. In an animal
model for oral carcinogenesis, DMBA stimulated
ODC activity and vitamin A inhibited latephase ODC induction in vivo and prevented
carcinogenesis (Calhoun et al., 1989). That
retinol also inhibited ODC induction in mouse
skin was indicated by the finding that citral
(3, 7-dimethyl-2, 6-octadienal) inhibits the oxidation of retinol to retinoic acid in mouse epidermis on local application. Citral treatment
decreased the ability of retinol to inhibit the
induction of epidermal ODC activity by TPA
(Connor, 1988). In rats, a single intraperitoneal
injection of TPA resulted in a transient increase
in liver ODC activity. This increase was inhibited
when retinyl acetate was injected one hour
before TPA (Bisschop et al., 1981). The inhibition
by retinoids of the tumour promoter-induced
increase in ODC activity was correlated with
suppression of carcinogenesis (Verma et al.,
1979).

reversal of metaplasia in vivo was associated
with prevention of lung carcinogenesis
(Saffiotti et al., 1967).
4.3.1.6 Restoration of gap junctional
communication

An early event in cellular transformation is loss
of intercellular communication via gap junctions. Retinol and retinyl esters enhance
gap-junctional communication in carcinogeninitiated C3H 1OT1/2 cells and suppress
neoplastic transformation of these cells. A good
correlation between these two events was
shown by their overlapping responses to different retinoid doses. These findings led to the
proposal that enhanced junctional communication may be an important mechanism for the
chemopreventive action of retinol (Hossain et
al., 1989). In tracheal epithelial cells cultured in
the absence of vitamin A, cigarette-smoke
condensate inhibited intercellular communication. However, when retinol was added to
tracheal epithelial cells before or simultaneously
with exposure to cigarette-smoke condensate, it
counteracted the inhibitory effect of the condensate on intercellular communication
(Rutten et al., 1988b).
4.3.1.7 Inhibition of prostaglandin production

4.3.1.5 Restoration of normal differentiation

Carcinogenesis is characterized by aberrant differentiation, which is manifested by either
blockage of cells at an early stage of differentiation or by redirection of differentiation towards
an abnormal pathway. Retinol and retinyl
esters have been reported to maintain proper
differentiation in many epithelial tissues and to
reverse abnormal differentiation in premalignant and malignant cells. Vitamin A deficiency
is associated with loss of mucociliary differentiation and metaplastic changes to keratinizing
squamous epithelium in vivo and in long-term
rat tracheal organ cultures (Clark et al., 1980).
In the presence of retinyl acetate, normal
mucociliary epithelium can be maintained for
several months in organ culture of tracheal
explants. Squamous metaplastic epithelium,
which develops in vitamin A-deficient organ
cultures, reverts to mucus-secreting tissue
(Clark & Marchok, 1979; Clark et al., 1980). The

Excessive production of prostaglandins has
been correlated with tumour promotion.
Expression of the enzyme cyclooxygenase-2
(Cox-2), which catalyses the synthesis of
prostaglandins, can be induced by growth factors and tumour promoters and is up-regulated
in transformed cells and tumours. Therefore,
Cox-2 inhibition has potential relevance as a
mechanism of chemoprevention. A few studies
have demonstrated that retinol can suppress
prostaglandin biosynthesis and this effect
might mediate suppression of the growth of
premalignant and malignant cells, thereby
inhibiting carcinogenesis. The production of
prostaglandin in normal tissues has been found
to be regulated by retinol. Production of prostaglandin E2 from arachidonic acid in bovine
seminal vesicles and kidney was considerably
inhibited by retinol, whereas the production of
hydroxyeicosatetraenoic acid was inhibited to a
smaller extent. Thus, it appears that retinol

IARC Handbooks of Cancer Prevention

influences both the cyclooxygenase and lipoxygenase pathways (Halevy & Skian, 1987). Similarly, both retinol and retinoic acid inhibited the
oxidation of arachidonic acid to prostaglandin
E2 in squamous carcinoma cells of the tongue
(SCC-25) (ElAttar & Lin, 1991). Treatment of
oral epithelial cells with TPA enhanced transcription of Cox-2 and increased production of prostaglandin E2. These effects were inhibited by
retinyl acetate and retinoic acid (Mestre etal., 1997).
4.3.1.8 Modulation of cell adhesion and migration

Cell migration and invasion through the basement membrane are important for the conversion of advanced dysplastic lesions to malignant neoplasms. Inhibition of invasion may
therefore suppress this conversion. In this
context, it is noteworthy that a two-day pretreatment with retinyl acetate (0.09 and
3 pg/mL) inhibited the migration and invasion
of A549 human lung carcinoma cells in vitro
through human amnion basement membrane
and the degradation of basement membrane
components. This effect was accompanied by a
significant decrease in type IV collagenase
activity. It has been reported that retinoic acid
can inhibit the expression of various basement
membrane degradative enzymes (e.g., collagenase, stromelysin) at the level of transcription
(Nakajima et al., 1989; Nicholson et al., 1990).
These findings suggest that retinol may suppress the expression of invasive phenotype in
carcinoma in situ and thereby prevent the
development of a malignant lesion from a premalignant one (Fazely et al., 1988).
4.3.2 Inhibition of angiogenesis

The progressive growth of solid tumours
depends on the development of new blood vessels, a process known as neovascularization or
angiogenesis. Tumour cells secrete factors that
induce the directed migration and proliferation
of endothelial cells from capillaries in the normal tissue, which eventually differentiate and
form vessels around and within tumours. In
rabbits, intramuscularly injected vitamin A
inhibited angiogenesis induced in the eyes by
intracorneal implants of carcinoma, and also
resulted in inhibition of tumour growth at the
implantation site (Arensman & Stolar, 1979).
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More recent studies with retinyl acetate and
retinoic acid have demonstrated anti-angiogenic effects of retinoids in an assay using 4.5-day
chorioallantoic membranes of chick embryo
(Oikawa et al., 1989). Retinoic acid causes largeand small-vessel endothelial cells to become
refractory to stimulation of migration by either
tumour-conditioned media or purified angiogenic factors (a-fibroblast growth factor ((xFGF),
bFGF, vascular endothelial growth factor, PDGF,
TGFI3-1 and interleukin-8) without affecting
cell proliferation. Retinoic acid (1 mg/kg/day)
inhibited a neovascular response to tumour in
the cornea of rats (Lingen et al., 1996). These
results indicated that the acid can affect directly
both tumour cells and endothelial cells and
thereby suppress the formation of new blood
vessels in vivo. Although the latter study was
not performed with retinol or retinyl acetate,
the data overall suggest that vitamin A may
exert its inhibitory effect on carcinogenesis and
tumour growth in vivo by modifying the normal vascular response to neoplastic tissue.
4.3.3 Modulation of immune responses

Epidemiological studies suggest that vitamin A
plays an important role in immune responses
in adults and children. Vitamin A deficiency
leads to impaired antibody responses to protein
antigens, changes in lymphocyte subpopulations and altered T- and B-cell proliferation and
function (Semba, 1994; Tomita, 1983). The
immune defect caused by vitamin A deficiency
may be due to alterations in lymphocyte cell
membrane glycoproteins, an adverse effect on
helper T-cell function, or some other mechanisms (Rumore, 1993). Vitamin A and its
metabolites are immune enhancers that
potentiate antibody responses to T-cell-dependent antigens and increase lymphocyte proliferation responses to antigens and mitogens
(Semba, 1994). Vitamin A may boost immune
responses in the elderly, in persons with high
exposure to ultraviolet light, in patients who
have undergone surgery, and in persons with
parasitic infection (Rumore, 1993). A mechanism to help explain the anticancer action of
vitamin A might be immunosuppression during
deficiency or immuno-enhancement with high
dietary intake. In vitro, retinol suppressed
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T-lymphocyte functions, whereas high dietary
levels of vitamin A enhanced macrophage functions. Enhancement of immune functions by
high intake of vitamin A provides a mechanism
to explain in part the decreased carcinogenesis
(Watson, 1986).
Antitumour effects of vitamin A in mice
have been related to immune enhancement in
a number of systems. In CBA mice, a diet
enriched in retinyl acetate (up to 0.8 g/kg diet)
increased the ability of the immune system to
respond effectively to tumour antigens and to
suppress tumour growth in immunized mice.
These effects could be explained partially by an
increase in T-cell-mediated cytotoxicity but not
by changes in natural killer (NK) cell activity
(Malkovsky et al., 1983). Antitumour activity
could be increased even without immunization
in mice placed on a retinyl acetate-enriched
diet for at least three weeks (Malkovsky et al.,
1984). Diets with high levels of retinyl palmitate (4000-650 000 lU/kg diet) administered to
CD-1 mice for 7 to 10 weeks increased mitogenic response in splenocytes, and enhanced
phagocytic ability and tumoricidal activity of
peritoneal macrophages, but did not enhance
NK activity (Moriguchi et al., 1985).
The administration of retinyl palmitate in
the drinking water of BALB/c mice at 200, 500
or 1000 lU per mouse per day increased proliferative response to concanavalin A, Escherichia
coli lipopolysaccharide and interleukin-2, and
the production of lymphokines after 60-90
days. The growth of three distinct transplantable tumours was impaired when the
tumour cells were transplanted on day 75
(Forni et al., 1986). Similar results were reported in another syngenic murine tumour system
in vivo in which intraperitoneal administration
of vitamin A suppressed the growth of tumour
cells inoculated subcutaneously (Tomita, 1983).
[The Working Group was unclear about the
nature and stability of the retinyl palmitate
preparation that was apparently 'dissolved' into
the drinking water.]
More relevant to chemoprevention than the
above studies is the report that dietary retinyl
palmitate administered at 350 IU/g of diet for
22-30 weeks to CD-1 mice, which had been
given an initiating treatment with DMBA

followed by TPA promotion, enhanced
immune response and prevented skin tumour
development. Mice on this diet exhibited an
increase in the number of peritoneal
macrophages and in their cytotoxic capacity.
This enhanced immune response may have
contributed to skin tumour prevention
(Watson et al., 1987).
Immunomodulatory effects of various
retinoids have been demonstrated, both in vivo
and in vitro, in murine and human thymocytes,
human lung fibroblasts, Langerhans' cells,
tumour cells and NK cells, and peripheral blood
mononuclear cells. For example, retinol or
retinoic acid (0.1 iimol/L; 48 h) acted as costimulators for human peripheral blood
mononuclear cells in serum-free medium.
Retinol increased the proliferation of such cells
from 32 healthy individuals, which had been
stimulated with anti-CD3 antibodies 48 h earlier.
The increased proliferative response was mediated via the clonotypic T-cell receptor-CD3
complex and correlated with the up-regulation
of T-lymphocyte surface adhesion/activation
markers (CD18, CD45RO and CD25) and
cytokines (interleukin-2 and interferon-gamma)
at both the mRNA and protein levels. The
authors suggested that retinoids may be used as
therapeutic agents in immune system deficiencies
that do not affect the clonotypic T-cell receptor
(Allende et al., 1997). Lipopolysaccharideinduced release of tumour necrosis factor (TNF)
by human peripheral blood monocytes was
suppressed in vitamin A-free medium and addition of retinol (1 jimol/L) resulted in the release
of TNF-like activity into the culture supernatant
after three days of culture (Turpin et al., 1990).
Immune stimulation in humans in vivo has
been demonstrated in a few studies. Retinyl
palmitate was given for up to seven treatment
courses during a period of 60 weeks to nine
male patients with metastatic unresectable squamous cell carcinoma of the lung. An immune
potentiating effect of the vitamin A therapy was
indicated by an increase of lymphocyte blastogenesis response to phytohaemagglutinin and
increased delayed cutaneous hypersensitivity
reactions compared with the pretreatment values (Micksche et al., 1977). Additional aspects
of immune enhancement were observed after
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treatment of patients suffering from chronic
lymphocytic leukaemia with vitamin A
(100 000 lU daily for two weeks). This resulted
in enhancement of antibody-dependent cellmediated cytotoxicity, NK cell activity and
blastogenic response to plant mitogens
(Gergely et al., 1988).
These findings suggest that vitamin A may
contribute to the prevention of cancer by augmenting an immunological response against
tumour cells in the early stages of carcinogenesis.
However, it should be noted that a recent
report indicated a suppressive effect of supplemental vitamin A (800 pg retinyl palmitate per
day) on cell-mediated immune response in an
older population (Fortes et al., 1998).
4.3.4 Other mechanisms
Apoptosis may be induced by vitamin A,
although current information is limited
(Maziere et al., 1997). Vitamin A might also
affect any of the processes discussed above by
serving as an antioxidant, although many more
effective antioxidants, such as vitamin E and
ascorbic acid, exist in biological systems.

5.

Other Beneficial Effects

5.1

Conditions related to vitamin A deficiency

5.1.1 Night-blindness and xerophthalmia
Moderate deficiency in vitamin A leads to dryness
of the conjunctiva of the eyes and decreased
night vision, which in severe cases may proceed
to irreversible blindness (Tee, 1992). It is implied
by the status of retinol as a vitamin that all but
the most severe forms of these conditions may
be improved by administration of retinol or retinyl
esters either. as drugs or by dietary means
(Olson, 1987; Gerster,.1997). The impact of vitamin A on other conditions of the eye, including
macular degeneration and cataract, has been
the subject of several studies but no significant
effect related to retinol has been observed
(Seddon et al., 1994; Sanders et al., 1993;
Sperduto etal., 1993; West et al., 1994). In a study
of 12 cases treated with vitamin A eyedrops for
superior limbic keratoconjunctivitis, ten cases
showed improvement, to varying extents (Ohashi
et al., 1988). [No systematic studies of this condition were available to the Working Group.]
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5.1.2 Growth
Observations of the effect of vitamin A on early
child growth are inconsistent. In a field study
of 3377 Nepalese children, 12-60 months of
age and without signs of xerophthalmia, the
participants were given 60 000 jig retinol
equivalents (RE) once every four months, or
placebo (300 RE). No difference in weight gain
or linear growth was observed, except for minor
changes in arm circumference and muscle mass
(West et al., 1997). However, when xerophthalmic children given 120 000 RE or more at
baseline were compared with the non-xerophthalmic children, the former had a significant
increase in growth after adjustment for sex, age
and measurement status. Although confirmatory
studies are needed, the available data indicate
that retinol influences growth only in individuals with vitamin A deficiency.
5.1.3 Cystic fibrosis
Retinol levels in plasma are decreased in some
patients with cystic fibrosis (Rasmussen et al.,
1986). This may lead to overt signs of vitamin
A deficiency such as xerophthalmia, decreased
night vision or skin abnormalities, which are
reversed upon treatment with retinol (Brooks et
al., 1990; Rayner et al., 1989). In cystic fibrosis,
up to 40% of the dietary retinol may pass unabsorbed and be lost with the stool and thus the
patients need supplementation (Ahmed et ai.,
1990). It has been debated whether dryness of
the eye is a sign of vitamin A deficiency in these
patients or a manifestation of the disease itself
(Morkeberg et ai., 1995).
5.1.4 Psoriasis and other skin conditions
Vitamin A has been used to treat a large number of skin disorders, including severe acne
(Heller & Schiffman, 1985), psoriasis and pityriasis (Winkelmann et al., 1983). Due to the
toxicity of retinol, a number of synthetic
retinoids as well as retinal and retinoic acid
have replaced retinol and its esters for the treatment of most of these conditions. Corrocher et
al. (1989) observed a normal plasma level of
retinol in psoriatic patients and Rollman and
Vahiquist (1985) observed similar retinol levels
in skin biopsies from 33 plaque psoriasis
patients and 37 healthy control subjects.
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Dihydroretinol was, however, significantly
increased in samples of both affected and unaffected skin of psoriasis patients. In an open
study, 30 psoriasis patients were treated with
liarozole, an inhibitor of cytochrome P450mediated retinol oxidation, for up to 12
months. There was a consistent decrease in
symptoms as determined by the Psoriasis Area
and Severity Index (PASI) scores with duration
of treatment, reaching 87% by 12 months
(Dockx et al., 1995). This could indicate a higher
demand for vitamin A by these patients.
However, skin or serum retinol levels were not
determined and thus this possibility has not
been confirmed. [No placebo-controlled studies
relating retinol with a decrease in PASI scores
were available to the Working Group.]
5.1.5 Anaemia
Retinol may influence the uptake or use of iron
in anaemic individuals who are vitamin A-deficient. In a randomized, double-blind, placebocontrolled trial, 251 pregnant women from
West Java, aged 17-35 years, who had haemoglobin levels of 80-109 gIL, were randomized
into four groups, given daily iron (60 mg),
retinol (2.4 mg), both or placebo. The supplemented groups all improved significantly with
respect to haemoglobin, packed cell volume
and transferrin saturation compared with controls. Both iron-supplemented groups improved
significantly with respect to serum ferritin,
iron, and total iron-binding capacity, whereas
retinol-supplemented groups had significantly
increased serum retinol. The percentages of
women who improved to a level of haemoglobin above the limit of anaemia (110 gIL) were
68%, 35%, 97% and 16%, respectively in the
groups supplemented with iron, retinol, both
or placebo. The authors concluded that
improvement in vitamin A status may contribute to controlling anaemia in pregnant
women (Suharno et al., 1993).
5.1.6 Eclampsia and abruptio placentae

Two studies have reported an association
between symptoms of eclampsia during pregnancy and low serum levels of vitamin A.
Jendryczko and Drozdz (1989) followed 20
pregnant women from 28 weeks of gestation

until four weeks after delivery. Blood samples
were drawn initially and at delivery. In nine
women who developed pre-eclampsia, retinol
(263±38 igIL) and vitamin E levels were significantly lower than in the remaining eleven
normo-tensive subjects (396±23 jig/ L, p < 0.02).
In another study of pregnant women aged
14-25 years, retinol levels were significantly
lower in seven cases with eclampsia (8.3 mg/dL)
and in nine cases with symptoms of preeclampsia (15.3 mg/dL) than in their normotensive counterparts (24.2 mg/dL). A similar
trend was observed for 13-carotene and vitamin
E (Ziari et al., 1996). [No information was available to the Working Group on use of vitamin A
intervention to prevent eclampsia.]
Retinol levels in venous blood samples from
71 pregnant women with ahruptio placentae
were significantly lower than in 86 pregnant
women matched for gestational week. A weaker
but overall significant trend was also observed
for vitamin E and 13 -carotene (Sharma et cil.,
1986). The authors noted that other vitamin
deficiencies have been observed in previous
studies and suggested that the condition may
be caused by multivitamin deficiencies.
Infectious disease and mortality
5.2
Vitamin A is generally believed to be important
for resistance to infections (Tee, 1992), but the
available literature is more clear with regard to
the negative relationship between vitamin A
status and mortality in undernourished populations. Up to 1995, seven well documented
double-blind placebo-controlled intervention
studies had been reported: six showed a beneficial effect of retinol supplementation on child
mortality (five were statistically significant)
(Bates, 1995). It is important to note that all
child mortality studies carried out so far have
been conducted in populations in which
vitamin A deficiency is prevalent. Moreover,
while vitamin A has been shown to lower
mortality, subsequent studies have demonstrated
a less marked effect of vitamin A on morbidity
(Glasziou & Mackerras, 1993).
In two large double-blind placebo-controlled
trials in northern Ghana, the influence of vitamin A on mortality and morbidity was specifically addressed (Ghana VAST Study Team,
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1993). In the mortality study, 21 906 children aged
6-90 months were randomized in 185 geographical clusters to receive either 200 000 lU
retinol equivalents (100 000 lU under 12 months)
or placebo, every four months. Mortality, was
significantly lower in the vitamin A-supplemented clusters than in the placebo clusters
(ratio of mean mortality rates, 0.8; 95% Cl,
0.7-1.0; p = 0.03). Among specific causes of
death, only mortality due to acute gastroenteritis
was significantly lower in supplemented clusters. There were no sex or age differences in
mortality. Also the total numbers of
attendances at clinics and of hospital admissions were both significantly lower in supplemented clusters. In the morbidity study, 1455
children aged 6-59 months were assigned on
an individual basis to supplementation or
placebo as outlined above. There were no
differences in the mean daily prevalence of
diarrhoea or acute respiratory infections. Of the
18 conditions monitored, only vomiting and
refusing food/breast milk were significantly less
common in supplemented children.
It is important to distinguish between the
influence of infectious diseases on vitamin A
status (Olson, 1987) and the possibility that
vitamin A prevents infection. In the latter case,
it is then necessary to establish the levels of
vitamin A which are sufficient for our natural
defence systems and to investigate whether
high-dose vitamin A has additional effects on
specific infections. In the Ghana study, a significant correlation between cd -acid glycoprotein
or serum amyloid A, both indicators of infections,
and low retinol status was observed, whereas no
association was found between serum retinol
levels and symptoms of infection (Filteau et al.,
1993). The authors' interpretation was that subclinical, underlying infections influence serum
retinol levels; they further reported that malaria
parasite density was significantly and inversely
correlated with plasma retinol, indicating a specific effect of this infection on vitamin A status.
Thurnham and Singkamani (1991) also reported
a significant negative association between plasma
retinol and malaria in a case-control study
in Thailand. These authors suggested that
increased plasma retinol binding to retinolbinding protein and transthyretin causes
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increased availability of the vitamin to the tissues, thereby decreasing plasma retinol, while
body stores might still be adequate. Thus, plasma
retinol may be a doubtful measure of retinol
status during malarial infections. In a later
cross-sectional study in India, this was supported
by the observation that levels of retinol-binding
protein, which are influenced by the acute
phase response, explain 95% of the variation in
plasma retinol in malaria patients (Das et al.,
1996). At least seven other cross-sectional or
case-control studies have consistently found
that plasma levels of retinol were decreased in
malaria cases compared with matched healthy
controls. In the randomized placebo-controlled
study of the effect of retinol on mortality in
21 906 children from Ghana (see above), there
was no difference in the malaria mortality rate
or fever incidence rate and no correlation
between plasma retinol at baseline and subsequent malaria parasitaemia in the placebo
group (Binka et al., 1995).
A range of cross-sectional studies and casecontrol studies have also found an association
between infection with various intestinal
helminths and low plasma retinol levels. The
observation that ascariasis does not influence
vitamin A absorption (Ahmed et al., 1993) while
treatment with mebendazole may increase plasma retinol levels (Curtale et al., 1994) indicates
that helminth infestation per se may change
retinol distribution without affecting body
stores of the vitamin.
An inverse association between infection
with human immunodeficiency virus (HIV)
and plasma retinol level has been found in several
studies. However, a prospective study in a highly
endemic area for heterosexual HIV transmission in Rwanda gave no indication of a correlation between baseline retinol levels and the
subsequent risk for seroconversion in a group
of 119 sexually active women followed over a
24-month period (Moore et al., 1993). In a
prospective study of 21 HIV-infected children
and 21 controls from France, plasma retinol
levels decreased with severity of the disease
(Periquet et al., 1995). It has been postulated
that HIV infection decreases plasma retinol
levels by decreasing the formation and release
of retinol-binding protein from the liver, so
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that body stores of retinol might be adequate
while the plasma level remains low (Rosales &
Ross, 1996).
In a study of 338 HIV-positive mothers in
Malawi, serum retinol concentrations were
inversely correlated with risk of HIV transmission to children who survived for more than
12 months (p < 0.0001) (Semba et al., 1994).
Since serum retinol may reflect severity of disease in the mothers, the result may be a consequence of this association rather than an effect
of retinol per Se. [The Working Group noted
that at least four randomized trials are in
progress to test vitamin A supplementation in
HIV-positive pregnant women in order to
resolve this issue.]
The impact of retinol on respiratory infections has been addressed in several studies,
with inconsistent outcomes. In a placebo-controlled study of infant morbidity, the impact of
209 pmol vitamin A given immediately after
delivery to a group of 50 low-income mothers
from Bangladesh was investigated (Roy et al.,
1997). A significant decrease was observed in
the duration of respiratory tract infections (3.1
days); 95% Cl, 2.7-3.5 versus 3.7; 95% Cl,
3.3-4.2; p < 0.03) and of the mean incidence of
febrile illness (0.1; 95% Cl, 0.1-0.1 versus 0.3;
95% Cl, 0.3-0.3; p < 0.002) in breast-fed infants
of vitamin A-supplemented mothers. In a randomized controlled trial of 147 pre-school children with frequent respiratory tract infections,
supplementation with 450 [tg/day of retinol
decreased significantly the number of episodes
of respiratory symptoms over a period of 11
months (Pinnock et al., 1986). The effect of
retinol on established respiratory infection has
also been addressed in a few studies. In two
multicentre randomized, placebo-controlled
studies of 239 and 180 children, respectively,
with respiratory syncytial virus infection, there
was no evidence of a beneficial effect of
vitamin A therapy (Bresee et al., 1996; Dowell et
al., 1996). In a randomized study of 24
hospitalized patients with pneumonia in São
Paulo, Brazil, who were all immediately treated
with penicillin, intervention on day 1 with
200 000 lU of vitamin A did not affect plasma
vitamin A on day seven, when all patients were
improving. The authors state that these results

support the hypothesis that low plasma levels
of vitamin A during the acute phase of infection can be independent of vitamin A status
(Velasquez Melendez et al., 1995).
Coutsoudis et al. (1991) found a significant
difference in plasma vitamin A levels in
children with measles depending on supplementation with retinol. Such supplementation
appears to carry clinical benefit in certain
populations. In a randomized placebocontrolled trial of vitamin A treatment on
morbidity in children hospitalized with measles
in South Africa, Hussey and Klein (1990)
observed a significant beneficial action of
vitamin A. Similar results were reported previously in a study in Tanzania (Barclay et al.,
1987).
Effects on vascular or heart disease
5.3
In a prospective study of antioxidant vitamin
intake and coronary heart disease (CHD)
among 87 245 nurses (all females) in the
United States, the risk of CHD was 0.70 (95%
Cl, 0.5-0.9) in the highest versus the lowest
intake groups for total vitamin A (Manson et
al., 1991). [The Working Group noted that
these results have been published only in an
abstract.] In another prospective study of
34486 postmenopausal women in Iowa, United
States, followed for eight years, there was no
apparent association between risk for CHD and
vitamin A intake from diet or self-administered
supplements (Kushi et al., 1996).
The Beta-Carotene and Retinol Efficacy Trial
(CARET) was a double-blind, randomized,
placebo-controlled primary prevention trial
(see Section 4.1.2.1(b)), in which retinol
(25 000 lU/day) and -carotene (30 mg/day) or
placebo was administered for an average of
four years to a group of 18 314 current or
former smokers, or asbestos workers, aged
45-69 years. The study was designed primarily
as a cancer prevention study, but several endpoints were monitored, including various
forms of cardiovascular disease and total deaths.
There was no improvement in any of these conditions in the intervention group as compared
to the placebo group (Omenn et al., 1996b). The
intervention group experienced a 17% higher
mortality rate (95% Cl, 1.0-1.3; p < 0.05) and a
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26% higher rate of cardiovascular disease
deaths (95% Cl, 1.0-1.6). The authors concluded
that the combination of f3-carotene with retinol
had no benefit on health within the four-year
follow-up period and may have had an adverse
effect on cardiovascular disease and overall
mortality.
In an intervention trial in Linxian county,
China, described fully in Section 4.1.2.1(a),
subjects receiving retinyl acetate (10 000 lU)
with f3-carotene showed a significant reduction in
deaths from cerebrovascular disease among males
(RR, 0.45), but not among females (RR, 0.90).
Administration of retinol (60 000 lU/day) in
combination with 300 mg nicotinic acid and
140 mg tocopherol daily decreased LDL
cholesterol and marginally increased HDL cholesterol in twelve patients suffering from hypercholesterolaemia (Odetti et al., 1984). A
positive correlation between plasma HDL
cholesterol and intake of antioxidant vitamins,
including intake of vitamin A, has also been
observed in subgroups of white women
and non-smoking black men in the CARDIA
(Coronary Artery Risk Development in Young
Adults) study cohort, which comprises 2193
men and 2654 women, 49% blacks and 51%
whites, aged 18-30 years, living in the United
States (Slattery et al., 1995). Moreover, a single
oral supplementation with 20 000 lU of vitamin A increased the in vitro oxidation
resistance of LDL isolated before and eight
hours after supplementation (Livrea et al.,
1995).
In a cross-sectional study of 10 359 randomly
selected Scottish men and women aged 40-59
years, the risk for subsequent CHD among
men was lower in the highest quintiles of
intake of total vitamin A, fibre, f3-carotene and
vitamins C and E, whereas no such relationship
was observed for retinol. No significant
relationship between total vitamin A or retinol
intake and CHD was observed in women
(Bolton Smith et al., 1992). In a cross-sectional
study of the relationship between coronary
artery disease and plasma levels of several
vitamins in 72 elderly subjects, vitamin A and E
levels were independently and inversely related
to the risk of the disease after adjustment
for confounders (Singh et al., 1995).

164

5.4
Other preventive actions
£4.1 Degenerative conditions of ageing

Some recent reviews have considered the evidence for beneficial antioxidant effects of
retinoids in preventive geriatrics (Ward, 1994,
1996). Although there is some theoretical and
laboratory evidence that retinol might be protective against degenerative changes in the
skin, eye and immune system due to antioxidant action, relevant clinical and epidemiological evidence is scarce.
5.4.2 Arthritis

In a prospective case-control study, Comstock
et al. (199 7) investigated the association between
serum levels of antioxidant vitamins and the
risk for rheumatoid arthritis and lupus erythematosus. Retinol levels were lower in the serum
from patients who subsequently developed
either of these conditions. Low plasma levels of
vitamin A have also been found in patients
with rheumatoid arthritis (Honkanen et al., 1989)
and in patients with juvenile rheumatoid
arthritis (Bacon et al., 1990) as compared with
unmatched controls. Serum levels of retinol were
not decreased in cases with spondylitis or ankylosing hyperostosis (Mezes et al., 1986). Finally,
it has been reported that in patients with
Sjogren's syndrome, supplementation with
100 000 lU of vitamin A daily for 14 days
improved immunological performance (Szöcsik
et al., 1988).
5.4.3 Other protective antioxidant effects

A mixture of antioxidant vitamins (a.-tocopherol,
ascorbic acid, vitamin B complex and retinol)
given intravenously before operation prevented
oedema and lipoperoxidation due to reperfusion
damage after revascularization operations of the
leg in 24 patients as compared to 27 control
patients (Rabl et al., 1995). There was no indication however, that this effect was specifically
related to retinol.
5.4.4 Lung function

In a study of 816 current and former asbestosexposed workers who formed part of the pilot
group in the CARET study (see above),
lung function determined at baseline was compared with serum retinol levels. There was a

Vitamin A

significant increase of 70 mL in forced expiratory volume (FEV) between the 25th to the
75th percentiles for serum retinol level.
IitsI,[Ii1FR!I
Human studies
6.1
The most direct test of carcinogenicity in
human populations has been provided by trials
of dietary supplementation with vitamin A that
are described in detail in Section 4.1.2.
The Beta-Carotene and Retinol Efficacy Trial
(CARET; see Section 4.1.2.1(b)) included 18 314
American adults, aged 45-74 years, at relatively
high risk of lung cancer because of tobacco use
or occupational exposure to asbestos. The trial
was randomized, double-blinded and placebocontrolled, and the active treatment comprised
a combination of 30 mg of 13 -carotene and
25 000 lU of retinol, taken once a day in a single tablet. The study was halted early, after an
average of four years of follow-up, due to an
increased occurrence of lung cancer in the
active treatment group (RR, 1.3; 95% Cl,
1.0-1.6) (Omenn et al., 1996a). The only other
cancer that showed increased incidence in the
treatment group was leukaemia (26 cases
observed; RR, 2.2; 95% Cl, 1.0-5.0).
It is not clear how these results should be
explained. The randomization process produced study groups that were well matched
for the known major risk factors. Compliance
with the trial regime was high, as measured
both by capsule consumption and by serum vitamin levels (compared with the placebo group,
13-carotene levels were more than 10 times
higher and retinol levels were raised by about
10% in the active treatment group). The excess
lung cancer risk was observed among both
asbestos-exposed workers and smokers (although
there was a statistically non-significant decrease
of 20% among treated former smokers), and
applied to all histological types of tumour (with
the exception of small cell carcinomas)
(Omenn et al., 1996b). If there was indeed an
adverse effect of the treatment, it is not possible
to distinguish the influences of 13-carotene and
retinol. However, similar results have been
reported from the Finnish ATBC study of

chemoprevention among heavy smokers, in
which the active treatment included 13-carotene
(and/or -tocopherol), without a retinol component. This study included 29 133 males who
were current smokers and were followed for a
median period of 6.1 years. There was an
increase of 16% in the incidence of lung cancer
in the group receiving 13-carotene (no effect was
observed with vitamin E) (ATBC Cancer
Prevention Study Group, 1994).
The Working Group was not aware of any
other epidemiological study that reported data
on vitamin A and incidence of leukaemia.
No intervention study including vitamin A
supplementation other than the CARET study
has reported an increase in cancer rates. In a
study in Linxian County, China (see Section
4.1.2.1(a)), 29 584 adults aged 40-69 years were
randomly allocated to one of eight study
groups to test the effects of four different combinations of vitamins and minerals (Blot et al.,
1993). One of these combinations included
retinol (5000 lU per day) and zinc (22.5 mg zinc
oxide per day). At the end of the study, plasma
retinol levels were higher in subjects who
received this treatment (mean 54.0 pg/dL compared with 43.0 pg/dL in controls). After five
years of follow-up, there was no observed effect
on cancer mortality of supplementation with
retinol and zinc (RR, 1.0, 95% CI 0.9-1.1). Due
to small numbers, lung cancers were not reported
separately.
A separate trial in Linxian compared the
effects on cancer incidence and mortality of
supplementation with a combination of vitamins and minerals (including vitamin A) in
3318 subjects with oesophageal dysplasia (Li,
1993). After six years of follow-up, total cancer
mortality was 4% lower in the intervention
group (RR, 1.0; 95% Cl, 0.7-1.3).
An intervention study with former asbestos
workers in Western Australia included two randomly assigned treatment groups (and no
placebo) (de Klerk et al., 1998; Musk et al.,
1998). 512 participants received 13-carotene
(30 mg/day) and an equal number received
retinol (25 000 lU/day as retinyl palmitate).
Median follow-up time was 232 weeks. 54 participants who developed side-effects or abnormal liver function tests suggestive of toxicity
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were transferred from the retinol group to should be noted, reported similar incidence of
13-carotene. There were fewer cases of mesothe- prostate cancer in the active-treatment and
lioma in the retinol-treated group (RR, 0.24; placebo groups (RR, 1.0; 95% Cl, 0.8-1.3)
95% Cl, 0.07-0.86), and also fewer lung cancers (Omenn et al., 1996b).
(RR, 0.7, 95% CI 0.2-2.3). Deaths from other
Liver, dairy products and meat are by far the
cancers were evenly spread between the treat- chief sources of retinol. Direct associations
ment groups (RR, 1.0, 95% Cl 0.2-3.9).
between these food groups have been reported
In a study in the United States, 525 adults with cancer at several sites (e.g., oral cavity,
with a history of multiple basal cell or squa- pharynx, oesophagus, colon, rectum, prostate,
mous cell carcinoma of the skin were randomly etc.). However, it should not be assumed that
assigned to receive oral retinol (25 000 lU/day) retinol is necessarily responsible for the canceror placebo or isotretinoin for three years. New enhancing effects of dairy products and meat,
skin cancers occurred more commonly in the since these are also important sources of saturetinol-treated group than among those receiv- rated fat and caloric excess in western populaing placebo, but the difference was not statisti- tions and it is difficult to control fully for these
cally significant (Levine et al., 1997).
variables in epidemiological analyses. For
On the basis of a small number of observa- example, the observational epidemiological
tional studies, there is no evidence that vitamin studies of dietary preformed vitamin A suggest
A in the diet leads to an increase in the overall that there may be an increased risk of cancers
incidence of cancer, although increased risks of the upper aerodigestive tract (see Section
have been reported for some sites. For example, 4.1.1). This pattern appears to be particularly
several case-control investigations observed pronounced in populations with high intake of
higher levels of vitamin A intake among alcohol (McLaughlin et al., 1988; Gridley et al.,
participants with prostate cancer than controls 1990). Several observational studies have
(Kolonel et al., 1987; Graham et al., 1983; reported on the effect of supplements: there
Heshmat et al., 1985). However, the retinol and was a tendency to find a protective effect of
carotenoid components were not always distin- vitamin A which, however, in the largest study
guished, the pattern of effect by age varied (Gridley et al., 1992), appeared to be accounted
between these studies, and the findings in one for by vitamin E supplementation (see Section
study may have been largely influenced by dif- 4.1.1). It is not possible to discount totally
ferential consumption of a single carotenoid- the possibility that preformed vitamin A in
rich food item (papaya) (Le Marchand et al., food sources may increase rates of head and
1991). Other case-control studies have reported neck cancers, especially in the presence of a carno increase in risk (for example, West et al., cinogen, but residual confounding by saturated
1991), even among men in the sub-category fat or other dietary factors, tobacco or alcohol
with highest consumption (Rohan et al., 1995). almost certainly applies in these studies.
Two cohort studies, both in the United States,
Ecological studies shed little light on the carhave reported on the relationship between vit- cinogenic potential of vitamin A. There are some
amin A intake and occurrence of prostate can- populations which may have been exposed,
cer. One found that high intake levels were historically, to high levels of vitamin A in the
associated with increased risk among men aged diet (for example, native Alaskans and the Indians
under 75 years, but were protective for older and Inuit of northern Canada). However, there
men (Hsing et al., 1990a). The second study are no reliable historical cancer data available,
found an association between retinol intake and comparisons based on present cancer rates
from food sources (but not supplements) and are likely to be confounded by many other
prostate cancer, but this applied only to men dietary and social factors (Bell et al., 1997); furtherover the age of 70 years—no association was more, historical patterns are not a reliable guide
observed between any measure of vitamin A to modern dietary practices (Godel et al., 1996).
intake and cancer among younger men
In summary, there is not convincing
(Giovannucci et al., 1995). The CARET study, it evidence that retinol is carcinogenic.
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Experimental models
6.2
Three groups of 50 male and 50 female
F344/DuCrj rats were given drinking water containing retinyl acetate in the form of gelatinized beadlets suspended in distilled water at
doses of 0.25 or 0,125%. The control group was
given 0.25% of placebo beadlets. All surviving
animals were killed at 108 weeks. Body weight
gain was significantly lower in females of the
high-dose group. Malignant phaeochromocytomas developed in 3 (6.1%), 4(8.0%) and 11
(22.9%) of the male control, low-dose and
high-dose groups, respectively. The incidence
in the high-dose group was significantly higher
(p < 0.05) than in controls. One female rat of
the low-dose group developed a malignant phaeochromocytoma. Benign phaeochromocytomas
developed in 15 (30.6%), 23 (46.0%) and 28
(58.3%) males and in 3 (6.0%), 10 (20.4%) and
20 (41.7%) females of the control, low-dose and
high-dose groups, respectively. The incidence
in the high-dose groups was significantly different from controls (p < 0.001 and p < 0.01 for
males and females, respectively). No significant
difference in tumour incidence in other organs
and tissues was observed (Kurokawa et al.,
1985).
Four groups of 200 female Sprague-Dawley
rats, six weeks of age, were administered vitamin A (retinyl acetate/palmitate 50: 50) at dose
levels of (1) 3.9, (2) 16.9, (3) 75 and (4) 150 IU/g
of diet for life (168 weeks). At death, all animals
were necropsied and major organs and tissues
examined histopathologically. A higher incidence
of mammary adenocarcinomas was observed:
(1) 11/200 (5.5%); (2) 27/200 (13.5%); (3)
26/200 (13.0%) and (4) 30/200 (15.0%). The
numbers of mammary adenocarcinomas per
100 animals were as follows: (1) 7.5, (2) 16.0,
(3) 16.0 and (4) 18.5. There was no dose—
response relationship in the three supplemented
groups. [The Working Group noted that the
incidence of tumours in other tissues and
organs was not reported] (Soffritti et al., 1996).
Certain retinoic acid metabolites that have
been approved as drugs, e.g., Accutane®, are
known to cause haemangiosarcoma in mice
(see Physicians' Desk Reference, 1997). No published reports of studies using retinol were
identified.

rK.1iU1
7.1

Adverse effects

7.1.1 Human studies
Toxic effects due to hypervitaminosis A occur
in the skin, the circulation (e.g., plasma proteins), internal organs (e.g., liver), the nervous
system and the musculo-skeletal system. The
manifestations of acute and chronic toxicity
vary with dose and body mass, age (paediatric,
adult, and elderly), sex and reproductive status
(pregnant, lactating), disease conditions (e.g.,
liver or renal impairment; nutritional status)
and concurrent drug administration or
environmental chemical exposures. Toxicities
associated with acute and chronic excess of
vitamin A intake have been extensively
reviewed (National Research Council, 1989; US
Food and Drug Administration, 1976;
Underwood, 1986; Olson, 1987; Hathcock et
al., 1990).
Approximately 10-15 cases of toxic reactions
to vitamin A are reported per year in the United
States, usually due to doses of over 100 000 lU
retinol per day (Meyers et al., 1996). Reported
cases of overt signs of hypervitaminosis A
resulting from food intake and/or supplements
have been summarized graphically by Bendich
and Langseth (1989) in time blocks from 1850
through 1987. Except for the periods 1952-55
and 1970-72, when infant supplements and
treatments for dermatological disorders were
introduced, the numbers of cases per year appear
consistent with that reported by Meyers et al.
(1996). In clinical trials, particularly those in
which adults are enrolled for cancer preventive
studies, eligibility criteria and frequent clinical
evaluations tend to limit the occurrence of the
more severe side-effects of hypervitaminosis A
and the less severe effects are rapidly reversible.
Acute toxicity from large doses, relative to
body mass, is more common in young children
than in adults and is frequently associated with
erroneous or over-zealous administration of
supplements. In controlled settings, the frequency of acute toxicity has been evaluated in
infants and young children to whom vitamin A
(~!25 000 lU) was being administered in an
effort to reduce childhood morbidity and mortality associated with vitamin A deficiency
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(Florentino et ai., 1990; Stansfield et ai., 1993;
Rahman et ai., 1995). Retinol distributes to
maternal milk and doses of vitamin A given to
lactating women with an inadequate vitamin A
status improve that of nursing infants. However, 2000 lU of vitamin A has been safely and
effectively administered, with plasma monitoring,
to premature infants at risk for bronchopulmonary dysplasia (Robbins & Fletcher, 1993).
Acute toxicity, in the context of organogenesis
(teratogenesis), is well established through
animal studies and case reports of fetal malformations (central nervous system, cardiovascular, palate and ear) following ingestion of
~!25 000 lU/day (~!0.4 imol!kg bw/dày) during
pregnancy in humans (Schardein, 1993) (see
also Section 7.2.2). Although a teratogenic
threshold for vitamin A supplements of
10 000 lU/day has been suggested (Rothman et
ai., 1996), this is not consistent with other data
on teratogenicity (Mills et al., 1997) and the
study has been criticized on several scientific
grounds (see Section 7.2.1) (Brent et ai., 1996;
Khoury et al., 1996; Watkins et al., 1996; Werler
et ai., 1996).
Information concerning the common toxicities associated with chronic administration of
low doses of vitamin A to healthy adults is
available from the Beta-Carotene and Retinol
Efficacy Trial (CARET), a primary cancer prevention study (see Section 4.1.2.1(b)). No effect
on liver function was observed after more than
three years' administration of 25 000 lU retinol
per day-(c. 0.4 imol/kg bw/day) with or without
3-carotene (30 mg) in the pilot studies preceding CARET (Goodman et al., 1993; Omenn et
al., 1993a). Only a negligible increase in serum
triglyceride levels was observed in the CARET
vanguard cohort of 1845 heavy smokers and
asbestos-exposed workers, representing 10 184
person-years of intervention- (Omenn et ai.,
1994a). No other common toxicities were cited.
In the context of secondary cancer prevention, daily doses of 300 000 to 600 000 lU
vitamin A as retinol for several months have
usually been required to produce signs of
hypervitaminosis A, although intake as low as
50 000 lU/day has been reported to be toxic
after >18 months (Gossel & Bricker, 1994).
Interestingly, 300 000 lU retinyl palmitate in an

emulsion formulation (Amu1sin®, Mucos
Pharma, Munich, Germany) given daily for
twelve months to patients with resected stage I
non-small-cell lung cancer did not produce
major hepatic toxicity in the completed Italian
adjuvant trial (Pastorino et ai., 1993). Serum
levels of y-glutamyltranspeptidase (GGT) rose
during treatment, but were significantly higher
only after two years (149 versus 57 lUlL). Serum
triglyceride levels increased 63% over the first
year of treatment and were significantly higher
than those of controls at 8 and 12 months
(Pastorino et ai., 1991; Infante et al., 1991). The
majority of adverse events were dermatological
(dryness, desquamation, itching).
7.1.1.1 Mucocutaneous toxicity

Vitamin A is important in the differentiation of
the skin, hair and mucous membranes and has
been used in dermatology for many years (Peck
& Di Giovanna, 1994). Side-effects of systemic
vitamin A administration are common, as
observed in the adjuvant trial above, but are
reversible: dry and scaly skin (desquamation),
mouth or lip fissures or chapping (cheilitis),
dryness of mucous membranes (including conjunctivitis), brittle nails, skin rashes and erythema, and hair loss (alopecia) (Bendich &
Langseth, 1989; Hathcock et al., 1990). Emollients can reduce the discomfort of some of
these symptoms.
Topical application causes similar focal reactions but typically not systemic reactions. Both
retinyl acetate and retinoic acid have been
evaluated as topical treatments for chemoprevention and they produce similar toxicities.
After treatment of skin with retinoic acid
(0.001-0.1% [unknown volume]) for up to
22 months, the most common adverse events
were peeling, erythema and a burning sensation (Thorne, 1992; Mitchell et al., 1995). Both
retinoids have been further investigated as
intravaginal treatments for cervical intraepithelial neoplasia (CIN) (Mitchell et ai., 1995). In a
phase I/TI trial, CIN I/TI patients applied 3, 6, 9
or 18 mg retinyl acetate or placebo intravaginally for seven days beginning on day 5 of
three sequential menstrual cycles (Romney et
al., 1985). Frequent severe adverse events at the
highest dose were vulvar irritation and itching
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and 14% of all treated patients had vaginal
burning during the trial. The most common
general complaints were fatigue and irritability.
Phase I/TI trials evaluated the safety of retinoic
acid applied to a sponge and inserted in a cervical cap or diaphragm. Doses of 0.05-0.2%
(5 mL/day) for four days commonly produced
vaginal irritation, ulceration and discharge, but
no evidence of systemic toxicity (Surwit et al.,
1982). In a second study, the same group evaluated a range of doses from 0.05% (1 mL, or
approx. 0.002 pmol/day) for four days; the
maximum tolerated dose was 0.372%
(1 mL/day) (Meyskens et al., 1983). A subsequent
phase II study using this dose for induction and
maintenance (2 days during months 3, 6, and
9) found mild local effects (cervical inflammation, vaginal discharge and itching) more frequent during induction (Graham et al., 1986).
Mild systemic effects (dry skin, chapped lips,
mood change, headache and fever) were also
noted, although a previous pharmacokinetic
study failed to detect retinoic acid in serum up
to 24 h after a one-day insertion at the same
dose (Peng et al., 1986).
7.1.1.2 Circulatory toxicity

Vitamin A affects lipid metabolism. Hypervitaminosis A may cause hypertriglyceridaemia,
possibly due to increases in VLDL. Patients
given 300 000 lU retinyl palmitate for 12 months
had a mean serum triglyceride level of 283 mg/dL
(n = 138) versus 179 mg/dL in 145 control patients
(Pastorino et al., 1991) Increases in cholesterol
and apoprotein B and decreases in HDL cholesterol are also common (Marsden, 1989). Although
the effects are reversible, they have implications for acute pancreatitis and atherosclerotic
cardiovascular disease (Armstrong et al., 1994).
In the CARET vanguard cohort of 1845 participants, retinyl palmitate (25 000 lU) produced
only negligible increases in serum triglyceride
levels during five years (Omenn et al., 1994b).
Due to effects on other organs, there may
also be other changes in measures of physiological chemistry and haematology. Increase in
serum alkaline phosphatase and hypercalcaemia may reflect alterations in bone cell biology.
Approximately three-fold increases in GGT
have also been reported (Infante et al., 1991).

Petechia and haemorrhage, such as bleeding
nose or gums, have been reported as symptoms
(Bendich & Langseth, 1989). Hypothrombinaemia related to vitamin K deficiency may
be due to competitive intestinal absorption
(McCarthy et al., 1989).
7.1.1.3 Internal organ toxicity
(a) Liver

About 90% of the total vitamin A is stored in
the liver, the majority (= 75%) as retinyl esters
in lipid droplets of stellate cells (see Section 3.2)
(Blaner & Olson, 1994; Hathcock et al., 1990).
Excess storage of vitamin A may result in fatty
liver. Hepatomegaly and palpable or tender
liver were mentioned in 16% of case reports of
hypervitaminosis A (Bendich & Langseth,
1989). Viral hepatitis may precipitate symptoms of hypervitaminosis A, possibly due to
low levels of retinol-binding protein. Protein
malnutrition, particularly in children and the
elderly, may predispose to hypervitaminosis A,
also due to low levels of retinol-binding protein. In a study of 41 patients with vitamin A
hepatoxicity (Geubel et al., 1991), there were 17
cases of cirrhosis, 10 of mild chronic hepatitis,
five of noncirrhotic portal hypertension and
nine of increased storage. The authors concluded
that vitamin A consumption in the low therapeutic range might be an appreciable cause of
liver disease. Pre-existing liver disease may predispose individuals to vitamin A toxicity.
Additional case reports indicate that in countries where vitamin A is available as asupplement, hypervitaminosis A should be investigated
in cases of liver dysfunction, such as portal
hypertension of unknown origin (Dubois et al.,
1991; Kowalski et al., 1994).
(b) Gastrointestinal tract

Nausea and vomiting were the most commonly
reported symptoms of hypervitaminosis A,
occurring in 34% of cases (Bendich & Langseth,
1989). Anorexia, diarrhoea and weight loss may
also occur. Adverse events of these types are
rapidly reversible upon cessation of vitamin A
administration. Symptoms of fatigue, malaise,
lethargy, somnolence, weakness and irritability
were also commonly reported (Bendich &
Langseth, 1989).
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7.1.1.4 Neurological toxicity
Headache is a common symptom associated
with hypervitaminosis A and may occur transiently with supplement doses. More severe
reactions include elevated pressure of the cerebrospinal fluid, cranial hypertension, altered
vision, and papilloedema (Bendich & Langseth,
1989; Hathcock et ciL, 1990). Vitamin A toxicity
should also be considered with the diagnosis of
pseudotumor cerebri (Benrabah et al., 1995;
Moskowitz et al., 1993; Sharieff & Hanten,
1996; Hathcock et al., 1990). There are case
reports of drug interactions: headache, visual
disturbance, optic disc oedema, and intracranial hypertension in patients combining vitamin A with minocyclin (a synthetic tetracycline) (Benrabah et al., 1995; Moskowitz et al.,
1993; Sharieff & Hanten, 1996; Hathcock et al.,
1990). In prophylactic treatment of vitamin A
deficiency, among 100 infants who received
25 000 lU vitamin A and 98 who received placebo concurrently with three sequential doses of
diphtheria/pertussis/tetanus (DTP)/oral polio
vaccination, there were eight versus one transient episodes of bulging fontanelles without
associated symptoms and without significant
increases in serum retinol levels (Rahman et al.,
1995). Among 2471 Haitian children, 1-6 years
old, randomized to receive placebo or 100 000
lU (30 mg) or 200 000 lU (60 mg) of vitamin A,
symptoms of headache, nausea and/or
vomiting were dose-related and occurred in
12-24 h (Florentino et al., 1990).
7.1.1.5 Musculo-skeletal toxicity
Hypervitaminosis A is known to cause demineralization of bone, periosteal calcification
and hypercalcaemia in all age groups (Peck &
Di Giovanna, 1994; Frame, 1974). Retinoid
metabolites used in dermatology have caused
altered bone remodelling, demineralization
and closure of epiphyses. Disseminated idiopathic skeletal hyperostosis, including calcification of tendons and ligaments in the spine and
elsewhere, can also occur (Peck & Di Giovanna,
1994). Vitamin A may interact with vitamin D
and parathyroid hormone to stimulate osteoclastic activity.
Bone and joint pain and myalgia are listed as
commonly associated symptoms of hypervita-
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minosis A (Bendich & Langseth, 1989; Hathcock
et al., 1990). However, only two case reports in
the recent literature have described these symptoms, in a 59-year old woman and in an eightyear old boy with renal failure (Doireau et al.,
1996; Romero et al., 1996). Mechanistic research is
being conducted in animal models (see below).
7.1.2 Experimental studies
The single-dose acute toxicity of vitamin A and
its analogues in laboratory rodents is summarized in Table 29 (Kamm et al., 1984; Kelloff et
al., 1996). In young monkeys, the LD50 for
retinyl acetate was 168 mg (0.56 x 106 lU)
retinol/kg bw. No animals receiving the equivalent of 100 mg (0.33 x 106 lU) retinol/kg bw
died (Hathcock et al., 1990).
As in humans, vitamin A can be toxic to laboratory animals due to bioaccumulation when it
is administered chronically at low daily doses.
In rats, symptoms of hypervitaminosis A have
been produced by retinol doses as low as
3 mg/day (10 000 lU/day) after a few days to
several weeks (Hathcock et al., 1990). The
toxicities generally reflected those seen in
humans and occurred in the skin, circulation
(e.g., plasma proteins), internal organs (e.g.,
liver) and musculo-skeletal system. No studies
in animals have modelled the human neurological toxicity. Efficacy and toxicity at low
doses are mediated by metabolism of vitamin A
to retinoic acid metabolites that bind to the
RAR and RXR hormone receptor classes (see
Section 3.1) and activate gene expression.
Receptor-selective agonists/antagonists are being
developed in an attempt to separate efficacy
and toxicity. Homozygous RAR-7 mutant mice
have increased resistance to toxicity (Look et
al., 1995). Toxicity at high doses may also be
due to overloading of the capacity of transport
molecules, with the result that free vitamin A
Table 29. Oral LD50 values for retinol and
retinyl esters in mice and rats
Retinoid

Species

LD50 (mg/kg bw)

Retinal
Retinyl acetate
Retinyl palmitate

Mouse
Mouse
Mouse
Rat

2570
4100
6060
7910
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exerts a cytotoxic, detergent-like effect on
membranes.
The LD50 rank-order of the vitamin A esters
and metabolites is reflected in their long-term
toxicity. Retinyl palmitate, at 250 times the
human recommended dietary allowance (RDA),
produced no adverse effects in rats given up to
27.5 mg/kg bw/day (50 000 lU/kg bw/day) or
dogs given up to 13.8 mg/kg bw/day (25 100
lU/kg bw/day) for 10 months. However,
retinoic acid administered to rats and dogs at
doses of 5 and 50 mg/kg bw/day for 13 weeks
showed toxicity (Kamm et al., 1984). Rats in the
low-dose group displayed hair loss, dermal and
mucosal alterations, inhibition of spermatogenesis and weight loss. At the high dose, serum
transaminase and alkaline phosphatase activities
were elevated, total protein declined and 20%
of the animals died. Similar signs were seen in
the dogs; however, mortality at the high dose
was 50%. In mice, doses of 150-250 mg/kg
bw/day caused alopecia, weight loss and skin
and membrane changes after five days.
7.1.2.1 Mucocutaneous toxicity

The commonly observed effects of retinoids on
the skin of laboratory animals include erythema, epidermal thickening, scaling, loosening of
the stratum corneum, increases in transepidermal water loss and conjunctivitis (Armstrong et
al., 1994). The effect is more pronounced on
smooth and bare skin. Alopecia is also seen.
Ophthalmological changes are more common
with the retinoid metabolites. Cellular proliferation is increased, resulting in hyperplasia,
particularly in the stratum spinosum (acanthosis),
and hypergranulosis occurs. Vitamin A causes a
broad spectrum of biological effects in the epidermis, including decreased numbers of tono-filaments and desmosomal attachments, increased
gap junction proliferation, suppressed expression of epidermal transglutaminase and cornification, altered pattern of keratin expression
towards fetal K19 and K13 forms and decreased
total keratin content, and altered cell surface
proteins and receptors (Peck & Di Giovanna, 1994).
The effects are dose- and substance-specific, so
that the histology of epidermal hyperplasia on
the dorsal skin of hairless mice can be used to
rank-order natural and synthetic retinoids by

potency (Connor et al., 1986). Retinol and
retinyl palmitate have been extensively evaluated for toxicity in mice and rats, as well as
clinically, and are considered to be safe as cosmetic ingredients in products containing
0.1-1.0% (Cosmetic Ingredient Review Expert
Panel of the American College of Toxicology, 1987).
7.1.2.2 Circulatory toxicity

Elevations of serum levels of triglycerides, cholesterol and alkaline phosphatase and decreases
in blood erythrocyte count and haemoglobin
concentration have been reported, but vary
with the form of vitamin A (Armstrong et al.,
1994). Hypertriglyceridaemia was induced in
rats by doses of 33 mg retinol per day
(110 000 lU/day) and by 550-1100 mg retinyl
palmitate per day (1-2 x 106 lU/day), but in
another study was not produced by a dose of
185 mg (336 000 lU) retinyl palmitate/100 g
body weight/day (Hathcock et al., 1990). The
increase in cholesterol is less consistent and
varies with the form of vitamin A. Alkaline
phosphatase increases are also variable and
may represent activity from bone osteoblasts
and/or from the liver. Other reported serum
enzyme changes (e.g., alanine aminotransferase
(ALAT), aspartate aminotransferase, GGT) are
associated with liver function. With respect to
haematological changes, retinyl acetate at a dose
of 0.5% in the diet reduced prothrombin to
65% and kaolin-activated partial thromboplastin
times to 28% of control values; this dose was
considered to have relatively weak haemorrhagic
effects in the rat (Takahashi, 1995). The haemorrhagic action of retinyl acetate and other vitamin
A compounds/was prevented by dietary vitamin
K supplementation (McCarthy et al., 1989).
7.1.2.3 Internal organ toxicity
(a) Liver

In rats, after six months of dietary supplementation with 328 mg retinyl palmitate/kg, hepatic
levels of the ester were increased ten-fold compared with vehicle-control animals (Grubbs et
al., 1990). Hypervitaminosis A causes fatty infiltration of rodent liver. Tissues such as adipose,
kidney, testes, lung and bone marrow may also
take up significant amounts of lipid and undergo
histological changes.
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In Kupffer cells isolated from male rats treated
for 3-7 days with 75 mg/kg bw/day of retinol
by oral gavage once daily, respiratory and
phagocytic activity and the release of reactive
oxygen species, tumour necrosis factor alpha
and prostaglandin E2 were elevated (Hoglen et
al., 1997). Also in rats, excessive intake of vitamin A for seven days caused - activation of
Kupffer cells and induced accumulation of lipid
drop-lets in fat-storing cells, as well as proliferation of these cells (Lettinga et al., 1996).
Increased alkaline phosphatase pointed to activation of retinyl ester transport across bile
canalicular membranes, while changes in metabolic enzyme markers suggested decreases in
purine breakdown, antioxidant capacity,
phagocytotic capacity and ammonia regulation. However, no cell damage was apparent.
With regard to drug interactions, the effect
of vitamin A on ethanol-induced liver toxicity
has been investigated in efforts to develop a
model of human alcoholic liver disease.
However, the role of vitamin A as a major risk
factor in the pathogenesis of alcoholic liver
fibrosis has not been established. Liver fibrosis,
characterized by perivenular fibrosis and central vein thickening, was elicited in SpragueDawley rats when ethanol and retinyl acetate
(up to 29 000 lU per litre of liquid diet) were
incorporated into the diet for nine months (Leo
& - Lieber, 1983). Other investigators, using a
similar experimental design, failed to produce
fibrosis, as measured histologically or as
increased collagen, after 16 months of treatment. They tested two different strains of rats
(BN/BiRij and WAG/RiJ), which develop fibrosis
after carbon tetrachloride treatment (Bosma et
al., 1991; Seifert et al., 1991). There was evidence of steatosis (fatty degeneration), round
cell inflammatory infiltration and elevations in
liver enzymes and serum lipids. However, neither group observed the characteristic histological
picture of human alcoholic hepatitis in connection with hypervitaminosis A.
Pretreatment of rats with a single high dose
of vitamin A (250 000 lU) led to increased
hepatoxicity of vinylidene chloride (Wijeweera
et al., 1996). Vitamin A treatment activated
Kupffer cells and induced CYP2E1 which, in
turn, potentiated vinylidene chloride metabolism
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and induced an increase in plasma ALAT in
vivo, an increase in potassium ion leakage from
liver slices in vitro and histological evidence of
centrilobular necrosis. Similarly, vitamin A pretreatment for seven days potentiated the hepatotoxicity of carbon tetrachloride (ElSisi et al.,
1993a,b,c). Other investigators found that
when vitamin A (12 500 lU retinyl palmitate
twice a week for four weeks) was given during
carbon tetrachloride treatment of rats,
parenchymal cell damage and fibrosis were
enhanced, whereas vitamin A post-treatment
after carbon tetrachloride strongly reduced
fibrosis (Knook et al., 1995). Conversely, in
mice, retinol pretreatment at 75 mg/kg bw/day
for seven days protected against increases in
ALAT and histopathological necrosis induced
by carbon tetrachloride and phalloidin, but
potentiated the toxicity of allyl alcohol, acetaminophen and D-galactosamine (Rosengren et
al., 1995). The results of drug interaction studies
in rats and mice indicate that there are species
differences in the effect of vitamin A on the
liver and that the timing of vitamin A administration may also affect the hepatotoxicity of the
drug or chemical.
(b) Gastrointestinal tract

In rat intestine, vitamin A doses up to ten times
the RDA for rats (4 jimol/kg) for seven days did
not cause disturbance in absorptive cell
processes (Suzuki et al., 1995). However, at
higher doses (100 times the RDA), the unesterified retinol/cellular retinol binding protein
ratio (type II) was > 3, while at 1000 times the
RDA the ratio was > 19 and lecithin: retinol
acyltransferase activity was significantly elevated.
In hamster, retinyl acetate, administered as
250 IU/g of diet, produced gallstones and
elevations of serum ALAT (Cardenas et al.,
1991). Systemic effects of hypervitamosis A on
the upper gastrointestinal epithelium have
also been described. When rats were given daily
intraperitoneal injections of 150 lU vitamin A
per gram body weight for 10 days, there was
histological evidence of hyperplasia and hypertrophy of the oesophageal epithelium, with
increased mitoses and numbers of immature
cells (Oliveira et al., 1990). The alterations were
more evident in the lower third of the oesophagus.
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(c) Other organs•

Extensive foci of degenerative myocardial fibres,
associated with electrocardiogram changes, were
reported in rats treated with vitamin A equivalent
to 3 or 6 mg (10 000 or 20 000 lU) retinol/kg
bw!day for three months (Hathcock et al., 1990).
Fatty changes and haemosiderosis in the spleen,
glomerulonephritis and necrotizing nephrosis
in the kidney, and testicular atrophy in adults
and degenerative testicular changes in weanlings have been described (Kamm et al., 1984).
7.1.2.4 Musculo-skeletal toxicity
Demineralization, thinning of the long bones,
cortical hyperostosis, periostosis and premature
closure of the epiphyses have been described
in animals treated with high doses of vitamin A.
In adult cats, confluent exostoses in the cervical
spine were observed (Peck & Di Giovanna, 1994).
Retinyl acetate fed to rats at doses of 8.5-13.6 mg
retinol/day (28 300-45 300 lU) caused a limping
gait and fractures. Bone mineralization, determined as bone-ash, was normal, so the toxicity
was associated with alterations in the bone
matrix (Hathcock et al., 1990). Mice fed retinyl
acetate (75-300 ig daily) in the diet for 3-16
months developed radiographic and histological evidence of arthritis and periarticular bone
formation similar to diffuse idiopathic skeletal
hyperostosis (Boden etal., 1989). Retinyl palmitate fed at 60, 200 or 350 IU/g diet for 23 weeks
caused dose-related increases in bone fractures,
osteoporotic lesions, metaphyseal flares and
bone deformities in mice treated with DMBA
and TPA (Forsyth et al., 1989). The bone toxicity of
hypervitaminosis A has also been demonstrated in
dogs, cats, calves and hogs (Kamm et al., 1984).

7.2

Reproductive and developmental effects

7.2.1 Human studies

There are case reports of malformations following very high intakes of vitamin A early in pregnancy (Rosa et al., 1986). The estimated doses
vary from 25 000 lU to 500 000 lU, and the
adverse outcomes include a range of abnormalities of the central nervous system, kidneys and
urinary system and adrenal gland, some of
which are similar to abnormalities seen in offspring of animals dosed with vitamin A
(Monga, 1997). On their own, these case

reports do not provide strong evidence of cause
and effect, as the doses, patterns of ingestion
and constellation of abnormalities vary considerably. However, suspicion that there is an
effect is raised by laboratory studies showing
teratogenic effects of vitamin A in all species
tested, although the doses required vary
considerably between species. Moreover, it is
well known that synthetic chemicals with vitamin A activity are powerful human teratogens.
For example, isotretinoin, a derivative of retinoic
acid, introduced in the early 1980s for oral
treatment of acne, was associated with an almost
ten-fold increase in the occurrence of major
malformations when mothers took the drug in
the first month of pregnancy (Lammer etal., 1985).
Three case-control studies have investigated
the role of vitamin A as a human teratogen. A
Spanish study compared 11 293 cases of congenital malformation (excluding chromosomal
abnormalities) with 11 193 controls, matched
for sex, hospital and day of birth (MartInezFrIas & Salvador, 1990). Maternal intake of vitamin A from diet and supplements during the
pregnancy was assessed by questionnaire. Few
women (16 with birth defects, 14 controls) had
intakes above 10 000 lU per day, and no
increased risk was observed in this group (RR,
1.1; p = 0.4). The risk was increased in the highest-dose group (above 40 000 lU; 11 cases, 4
controls); this finding bordered on significance
(RR, 2.7; p = 0.06) and was stronger for women
exposed in the first two months of pregnancy
(RR, 4.0; p = 0.19; 4 cases, 1 control) than for
those exposed in the last five months of gestation (RR, 2.0; p = 0.35; 4 cases, 2 controls).
A study in the United States included 2658
infants with malformations of structures
derived from cranial neural crest cells (Werler
et al., 1990), as animal experiments have indicated that this tissue is particularly sensitive to
effects of retinoids in utero. The control group
included a similar number of infants with other
malformations. Vitamin A supplementation
was defined as daily use, for at least seven days,
of retinol with or without vitamin D, or of fish
oils. Relative risk estimates were 2.5 (95% Cl,
1.0-6.2) for use in the first month of pregnancy,
2.3 (95% Cl, 0.9-5.8) in month 2, and
1.6 (95% Cl, 0.6-4.5) in month 3. There was
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a slight and statistically non-significant
increase in risk associated with use of multivitamins containing vitamin A. No information
was obtained on dose provided by these supplements nor on vitamin A intake from diet.
In a study of all pregnancies in California
and in Illinois, United States, between 1985
and 1987, infants with neural tube defects (n =
548) were compared with infants with other
major malformations (n = 387) and normal
controls (n = 573) (Mills et al., 1997). There was
no evidence of an increased risk of neural tube
defects or other major malformations associated
with high doses of vitamin A (greater than
10 000 lU) (RR for major malformations, 0.7;
95% Cl, 0.3-2.0). Similar results were obtained
when the cases were restricted to cranial neural
crest defects. The odds ratios were slightly greater
when intake from supplements only was considered rather than supplements plus dietary
sources, but the differences were small, all risk
estimates being close to unity, and were statistically non-significant. High intakes were uncommon: fewer than 1% of participants had
vitamin A exposures estimated to be greater
than 15 000 lU per day.
Data from a population-based - case-control
study of major birth defects in the 1980s were
subsequently re-analysed to search for an assocation between vitamin A intake and occurrence of cranial neural crest defects (Khoury
et al., 1996). Exposure was defined as use of vitamin A, alone or as a component of multivitamin supplements, for three days per week or
more frequently, in the period from one month
before conception to the end of the first
trimester of pregnancy. There was no evidence
of an increased risk associated with use of vitamin A supplements (RR, 0.5; 95% Cl, 02-1.3).
It was estimated that the women taking these
supplements seldom received doses above
10 000 lU per day. The relative risk in women
who took only vitamin A was 0.6 (95% Cl,
0.2-1.4).
The findings of Rothman et al. (1995)
prompted a review of data from the Californian
Birth Defects Monitoring Program, to compare
use of vitamin A supplements by mothers of
children with specific defects (orofacial clefts
and conotruncal heart defects) with that of
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control women (Shaw et al., 1996). The data
were collected from a number of case-control
studies conducted in the late 1980s, at which
time it is thought that vitamin A supplements
contained 10 000-15 000 lU retinol. There was
no evidence of increased exposure among the
cases compared with the controls in this
analysis (for orofacial clefts, RR, 0.6, 95% Cl
0.2-1.6; for conotruncal heart defects, none of
the 207 case mothers took supplements).
In a cohort study, 22 748 women in the
United States were recruited in the second
trimester of pregnancy and information was
obtained by telephone interview on diet and use
of vitamin supplements (Rothman et al., 1995).
Information on the outcome of pregnancy was
obtained from questionnaires mailed to obstetricians, or if the obstetricians did not reply,
from the women themselves. It was estimated
that about 2% (n = 455) of the women had total
daily intake of vitamin A above 10 000 lU. The
prevalence of all birth defects was twice as great
in women taking 15 000 lU or more per day
compared with those in the lowest-intake category (< 5000 lU per day) (prevalence ratio 2.2,
95% CI, 1.3-3.8). There was a more marked
effect for neural crest defects (excluding neural
tube anomalies), particularly among women
whose excess vitamin A intake came from
supplements: for intakes above 10 000 lU
compared with less than 5000 lU, the prevalence ratio was 4.8 (95% Cl, 2.2-10.5). This is
consistent with data from studies of human
volunteers, showing that exposure to retinoic
acid was markedly lower after consumption of
liver than after taking supplements of the same
retinol equivalent dose (Buss et al.,' 1994),
presumably reflecting differences in the extent
of oxidation of retinol to retinoic acid depending on the form in which the retinol is presented.
The increased prevalence of abnormalities was
apparent only among women with relatively
high vitamin A intake around the time of
conception or in the first six weeks of pregnancy;
no effect was associated with high intake
confined to later stages of pregnancy.
It has been pointed out that the study by
Rothman et al. relied on birth defect data
reported by physicians and mothers, that the
category of 'neural crest defects' was very broad
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and that the prevalence of major defects in the
cohort was less than would be expected (Brent
et al., 1996). Unless there was differential
misclassification with respect to vitamin A
intake, these sources of error would not cause
an apparent effect to be reported when one did
not exist. However, the findings in the cohort
study were based on relatively small numbers
(for example, a total of 10 defects among
women taking> 10 000 lU/day) and have not
been replicated.
The study by Rothman et al. (1995), despite
its limitations, provides the strongest evidence
available that retinol may act as a teratogen in
human populations. If it does, the critical
question is, then: at what level of intake does
the effect occur? It has been argued on the basis
of the non-human primate data and the
case-control findings in human populations
that teratogenic effects are unlikely to occur
below about 30 000 lU per day (Miller et al.,
1998). However, Rothman et al. (1996) have
stated that further analysis of the cohort data
provides evidence for an effect in the range of
10 000-20 000 lU per day, with an approximately four-fold increase in prevalence of
defects compared with the lowest-dose category.
It should be noted also that a number of. the
case-control studies used as controls infants
with malformations other than neural crestderived lesions. Therefore, if there is a relationship between vitamin A and a wide range of
malformations, as suggested by the cohort study,
these case-control investigations may have underestimated the effect of vitamin A.
Evidence of safety of intakes below 10 000
lU, at least when given in conjunction with
folic acid, is provided by a randomized controlled trial in Hungary of vitamin supplementation in early pregnancy (Czeizel & Dudás,
1992). In this study, the active agent contained
vitamin A (4000 or 6000 lU) and folic acid; the
observed rates of both neural tube defects and
of other major malformations were lower in the
vitamin user group than in subjects taking a
control capsule. [The Working Group noted
that since folic acid deficiency may be an
important cause of certain malformations, the
safety of vitamin A alone is difficult to ascertain
on the basis of this study.]

7.2.2 Experimental studies
7.2.2.1 Effects on embryonic development
(a) Vitamin A deficiency

The importance of vitamin A for embryonic
development was first demonstrated in the
1930s, when pregnant pigs fed a diet deficient
in vitamin A were found to give birth to offspring that were blind and had severe malformations, such as cleft palate and cleft lip (Hale,
1933; Kalter & Warkany, 1959). In rats, vitamin
A deficiency before and during gestation leads
to increased embryolethality and a wide variety
of abnormalities in the live offspring, including
malformations of the eyes, urogenital system,
respiratory tract, heart and great vessels.
Administration of retinol to vitamin A-deficient rats during midgestation is essential for
prevention of late fetal death as well as for
delivery and neonatal survival, and retinoic
acid cannot replace retinol in these functions
(Wilson et al., 1953). These results suggest that
retinol itself or one of its metabolites, other
than all-trans-retinoic acid, may be responsible
for late developmental events in gestation
(Thompson et al., 1964; Takahashi et al., 1975;
Wellik & DeLuca, 1995; Wellik et al., 1997).
(b) Retinoid excess

The first report on the teratogenicity of excess
vitamin A appeared in the early 1950s. Oral
doses of about 60 mg retinol/kg bw administered to pregnant rats daily during gestational
days 2 to 16 resulted in high rates of embryolethality and severe fetal malformations, such
as exencephaly, cleft lip and palate and eye
defects (Cohian, 1953). Subsequent studies in
many animal species have consistently shown
embryotoxic effects of excess of vitamin A or
retinoic acid at doses that do not cause overt
signs of maternal toxicity (Geelen, 1979;
Agnish & Kochhar, 1993). Furthermore, the
embryotoxic effects of retinoids are not restricted to mammals, but can also be induced in
other vertebrate classes, such as birds (Tickle
et al., 1982), amphibians (Durston et al., 1989)
and fishes (Holder & Hill, 1991).
The teratogenic effects of retinoids cover a
wide spectrum and show marked stage-specificity. For example, exposure of the early
postimplantation embryo can result in cranio-
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facial, central nervous system, cardiovascular
and thymus defects, whereas exposure at later
stages of development is associated with defects
of the limbs, palate and genitourinary tract
(Kalter & Warkany, 1961; Shenefelt, 1972;
Kistler, 1981; Sulik et al., 1995).
Studies with synthetic retinoids in rodents
have revealed interesting structure-activity
relationships. For example, the presence of
an acidic terminus group and a polyene sidechain of more than five carbon atoms or an
aromatic system are important structural
requirements for the teratogenic activity of
retinoids. Modifications of the -ionone ring of
retinoids, such as hydroxylation or oxygenation
at C-4, affect the teratogenic activity of retinoic
acid to only a small extent. Finally, the cis-trans
configuration of the side-chain can be of
great significance; thus 13-cis-retinoic acid is
only marginally active, although all-transretinoic acid is highly active in rodent species
(Kraft et al., 1987; Wilhite et al., 1989).
(c) Molecular basis for the role of retinoids in
embryonic development

Significant progress has been made in the last
decade towards elucidating the role of retinoids
in normal and abnormal embryonic development. The many investigations in this field can
be roughly divided into the following categories (presented in part in Tzimas, 1996).
(t)

Endogenous retinoids: The retinoids that occur

naturally in the developing embryo (Table 30)
have been analysed by methods such as HPLC

or either HPLC alone or gas chromatography
combined with mass spectrometry. Endogenous
retinoic acid and retinol have been identified in
the embryo of all species examined to date,
including birds (Thaller & Lichele, 1987; Scott et
al., 1994; Dong & Zile, 1995), rodents (Collins et
al., 1994; Tzimas et al., 1995; Satre & Kochhar,
1989), rabbits (Tzimas et al., 1996a), primates,
including humans (Hummier et al., 1994; Kraft
et al., 1993), Xenopus (Durston et al., 1989) and
zebrafish (Costaridis et al., 1996). Notably, there
is a concentration gradient of retinoic acid
across the anterior-posterior axis of the
developing chick limb bud, with highest
concentrations posteriorly (Thaller & Eichele,
1987; Scott et al., 1994). A similar gradient from
the forebrain (lowest) to the spinal cord (highest)
of the early mouse embryo has also been reported (Horton & Maden, 1995). Using an alternative approach, Hogan et al. (1992) examined the
capacity of embryonic tissues to convert radiolabelled retinol to retinoic acid in vitro and found
that the Hensen's node and the primitive streak
of the early mouse embryo are more important
sites of all-trans-retinoic acid synthesis than more
anterior tissues (Costaridis et al., 1996).
In addition, 3,4-didehydroretinol and 3,4ddehydroretinoic acid are endogenously found
in avian (Scott et al., 1994) and rabbit embryos
(Tzimas et al., 1996a), and 3,4-didehydroretinol
is also present in the embryo of monkeys
(Tzimas, 1996) and humans (Sass, 1994). Surprisingly, none of these retinoids occurs physiologically in the embryos of mice or rats
(Collins et al., 1994; Tzimas et al., 1995).

Table.30. Endogenous concentrations of plasma retinoids in several speciesa
Retinoid

Ratb

Cynomolgus monkeyc

Rabbitd

All-trans-retinoic acid
13-cis-retinoic acid
Retinol
Retinyl palmitate

0.4 ± 0.03
n.d.
100±42.4
102 ± 19.5

0.5 ± 0.3
n.d.
219±12.6
104 ± 46.4

1.4 ± 0.3
1.7±1.1
826±140
35.6 ± 13.3

a Concentrations are expressed in ng/mL (means ± SD); measured by HPLC
b Pregnant Wistar rats on gestational day 12. Data from Collins et al. (1994)

Pregnant cynomolgus monkeys on gestational day 31. Data from Tzimas (1996)
d Pregnant Swiss hare rabbits on gestational day 12. Data from Tzimas et al. (1996a)
e Nonpregnant female volunteers. Data from Peiker et al. (1991)
n.d., not determined
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Humane
1.3 ± 0.6
0.9±0.2
477±71.0
10.5 ± 7.1
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Other endogenous embryonic retinoids
include all- trans-4-oxoretinoic acid and alltrans-4-oxoretinal in Xenopus embryos (Pijnappel
et al., 1993; Blumberg et al., 1996) and all-transretinal in Xenopus (Durston et al., 1989) and
zebrafish (Satre & Kochhar, 1989) embryos.
9-cis-Retinoic acid has been tentatively identified in Xenopus embryos (Kraft et al., 1994),
but this finding has been questioned (Blumberg
et al., 1996). None of these retinoids was detected in the embryo of mammalian or avian
species, suggesting that either they do not play
a significant physiological role, at least at the
developmental stages examined, or they elicit
biological effects at concentrations which are
lower than the detection limits of the analytical
methods used.
To allow retinoid determination in small tissue segments of early embryos, the more sensitive reporter gene assays have been employed;
these assays make use of transgenic mice carrying
a reporter gene which is under the transcriptional control of a retinoic acid response element (RARE) (Rossant et al., 1991; Mendelsohn et
al., 1991; Balkan et al., 1992) or cell lines transfected with a retinoic acid-driven reporter gene
(Wagner et al., 1992; Chen et al., 1992a, 1994).
The response of the reporter systems is assumed
to reflect the presence of all-trans-retinoic acid
or other retinoids that induce the expression of
the reporter gene, but cannot be considered
conclusive with respect to the chemical identity
of the retinoids. Despite this caveat, studies
using such methods have clearly demonstrated
the existence of some 'hot spots' of embryonic
retinoid concentrations, such as the Hensen's
node of the chicken embryo (Chen et al.,
1992b); furthermore, anterior—posterior gradients of retinoid concentrations were found in
early neurula Xenopus embryos (Chen et al.,
1994) and the central nervous system tissue of rat
embryos (Wagner et al., 1992), with highest
levels posteriorly rather than anteriorly. It will
be important to complement these reporter
gene studies with direct chemical identification
and quantitation of endogenous retinoids.
(ii) Cellular retinoid-binding proteins and retinoid
receptors: The cellular retinoid-binding proteins

and the retinoid receptors (see Section 3.1)

display characteristic spatial and temporal patterns of expression during mouse and chicken
embryogenesis (Giguere, 1994; Mendelsohn et
al., 1992). CRABP-I is abundantly expressed in
the mesenchyme of the hindbrain, the cranial
neural crest cells and the limb buds, reflecting
the structures of the embryo that are susceptible
to retinoic acid-induced teratogenicity, whereas
CRBP is found in the epithelium of the same
regions. In contrast, the expression of CRABP-II
is more widespread and not restricted to the
retinoid-sensitive embryonic regions (Ruberte et
al., 1992; Gustafson et al., 1993; Lyn & Giguere,
1994; Vaessen et al., 1990; Maden, 1994). RAR-a
and RXR-f3 are widely distributed, whereas the
other receptors are temporally and spatially
restricted (Giguere, 1994; Mangelsdorf et al.,
1994).
The role of CRABP-I and -II during embryonic
development has been subject of controversy.
One hypothesis is that CRABP-I (and perhaps
CRABP-II as well) regulates the cytoplasmic levels
of retinoic acid by binding the majority of this
acid or enhancing the rate of its catabolism,
thus allowing only small amounts of free ligand
to enter the nucleus and activate the retinoid
receptors (Napoli, 1994; Ruberte et al., 1992).
This would be consistent with data from studies
with cell lines, which showed that overexpression of CRABP-I reduced the ability of retinoic
acid to stimulate RAR-mediated gene transcription (Boylan & Gudas, 1991). Alternatively,
CRABP-I may shuttle its ligand to the nucleus
(Takase et al., 1986); this hypothesis has recently
been supported by the demonstration of
nuclear localization of CRABP-I in mouse
embryonic cells (Gustafson et al., 1996). However, other studies have shown that mutant
mice deficient in either CRABP-I or CRABP-II,
or both, are essentially normal, both during
development and in adult life, and are as
susceptible to the teratogenic effects of retinoic
acid as their wild-type littermates (Gorry et al.,
1994; de Bruijn et al., 1994; Fawcett et al., 1995;
Lampron et al., 1995). However, the doubleknockout mice exhibit increased mortality by
six weeks of age compared with wild-type
controls. It remains to be determined whether
the absence of CRABPs affects susceptibility to
vitamin A deficiency (Li & Norris, 1996).
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The physiological role of RARs in embryonic
development has been studied by targeted
modification of certain members of the RAR
family (Lohnes et ai., 1995). Notably, most congenital defects of the fetal vitamin A deficiency
syndrome were observed after combined disruption of various genes within the RAR family,
but not in RAR single mutants, suggesting functional redundancy between the members of the
RAR family. Other studies have shown the significance of RXR -Œ for heart and eye morphogenesis (Kastner et ai., 1994; Sucov et ai., 1994)
and of RXR43 for normal spermatogenesis
(Kastner et al., 1996). In addition, combined
disruption of RXR-a and RAR isoforms resulted
in even more severe phenotypes, indicating
that RAR/RXR-a heterodimers mediate retinoid
signalling in vivo (Kastner et al., 1994, 1997).
(iii) Regulation of morphogenesis and gene expression by retinoids: The fundamental role of

retinoids in vertebrate embryonic development
has been further emphasized by studies that
examined the effects of retinoids on pattern formation of structures of the embryonic body
such as the central nervous system, the vertebral column, and limbs (Hofmann & Eichele,
1994). For example, retinoic acid released from
a bead implanted at the anterior margin of a
chick limb bud can alter the normal digit
pattern and even cause pattern duplications
(Tickle et al., 1982). Thus, retinoic acid mimics
the zone of polarizing activity, which is a group
of cells located at the posterior region of the
limb bud that is well known to evoke the development of additional digits when grafted at the
anterior edge of another limb bud (Tickle et ai.,
1975). The polarizing activity of retinoic acid in
this system and the demonstration of its physiological occurrence in limb tissue (Thaller &
Eichele, 1987) have led to the speculation that
retinoic acid is the endogenous morphogen of
limb development. Morphogens are thought to
be distributed in gradients and determine the
fate of cells in a concentration-dependent manner.
The results of more recent studies have,
however, challenged the proposed existence of
a concentration gradient for morphogenetically
active retinoids. First, the endogenous concentrations of 3,4-didehydroretinoic acid do not

form a gradient across the anterior-posterior
axis of the chicken limb bud (Scott et al., 1994),
although this retinoid is as potent as all-transretinoic acid in inducing pattern duplications
after local application to the anterior margin of
the limb bud (Thaller & Eichele, 1990). Second,
in contrast to the situation in the chick limb
bud, retinoic acid does not display an anterior-posterior concentration gradient in the mouse
limb bud (Scott et ai., 1994; Ang et ai., 1996).
Third, immunohistochemical analysis of a monoclonal antibody raised against retinoic acid
revealed that this acid is distributed in the
peripheral rather than the core mesenchyme of
the developing chick limb bud (Tamura et ai.,
1990). Thus, the small posterior tissue segment
(one-fourth of the limb) assayed by Thaller and
Eichele (1987) and Scott et ai. (1994) would
contain less core mesenchyme with a low
retinoic acid concentration than the larger anterior segment, and the anterior-posterior gradient
of retinoic acid (Thaller & Eichele, 1987; Scott et
ai., 1994) may therefore be an artefact.
Other studies have also challenged the validity
of retinoic acid being the proximate morphogen
of the zone of polarizing activity, based on differential effects of retinoic acid and the zone of the
polarizing activity at the molecular level (Noji et
ai., 1991), as well as the discovery of several signalling molecules, such as the sonic hedgehog
protein (shh), which act downstream of retinoic
acid (Riddle et ai., 1993; Ogura et ai., 1996).
Therefore, retinoic acid seems to be an important
but intermediate signal of limb morphogenesis.
Recent investigations have focused on the
effects of all-trans-retinoic acid on the expression of growth factors within the developing
embryo, such as homeotic genes (hox genes),
the shh gene and members of the fibroblast
growth factor (FGF) and TGFP families. The
products of these genes are believed to play
important roles in determining the developmental fate of many embryonic structures,
such as the rhombomeres of the hindbrain and
the limb bud (Gudas, 1994; Means & Gudas,
1995). Retinoic acid activates the expression
and alters the spatial pattern of expression of
many of these genes, as shown in cell culture
systems and in developing embryos. This
up-regulation may result from transcriptional
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activation via the RAR/RXR pathway, as the
identification of RAREs in several hox genes
suggests, or, indirectly, as a result of induction
by shh. Furthermore, null mutations of some
hox genes in mice induce phenotypes similar to
the teratogenic phenotypes induced by retinoids. These findings suggest that alteration of
the expression of hox genes is part of the mechanism of retinoid teratogenicity (Gudas, 1994;
Means & Gudas, 1995).
(d) Interspecies variations in retinoid teratogenesis

The relative teratogenic potencies of retinoids
used in human therapy have been investigated in
numerous animal species. In general, retinoids
induce qualitatively similar patterns of abnormalities in every species tested, depending on
the dose and the developmental stage at the
time of exposure to the drug. Unlike the spectrum of defects, the doses of retinoids required
to induce teratogenic effects often show pronounced interspecies variation. Table 31 lists
the lowest reported teratogenic doses of retinol
in various species. This information has been
obtained mainly from studies in which vitamin
A was administered to animals by gavage daily
during the period of organogenesis, although
in some studies with monkeys, the treatment
Table 31. Lowest reported teratogenic doses
of vitamin A following oral administration
Retinol dosea
Species
Mouseb

mg/kg
25

83 000

Ratb

50

167 000

Rabbitb
Cynomolgus monkey c
Humand

5.5
6
(0.2-1.5)e

lU/kg

18 000
20 000
700-5000

Doses of retinyl palmitate are expressed as. retinol
b From experiments with daily dosing throughout organogenesis
(Izimas et al., 1994; Collins et al., 1994; Agnish & Kochhar, 1993;
Agnish et al., 1990)
Daily dosing with 13-cis-retinoic acid and all-trans-retinoic acid
began before the onset of organogenesis, followed by dosing twice
daily on the last 2-4 days of the dosing period (Hummler et al.,
1990; Hendrickx & Hummler, 1992). Retinol was dosed daily from
gestational day 16 to 27 (Hendrickx et al., 1997)
d The numbers indicated refer to the therapeutic dose of 13-cisretinoic acid (Lammer et al., 1985) or the estimated doses of retinol
obtained via supplementation and food
According to case reports (Rosa, 1993)

began before the onset of organogenesis, and
the drug was administered twice daily on the
last two to four days of the dosing period.
The lowest teratogenic doses of retinol in
mice and rats are at least one order of magnitude higher than in rabbits, cynomolgus monkeys and humans.
Much effort has been expended to determine
the reasons for the marked interspecies variations. It is generally accepted that a direct
embryotoxic effect of a drug is determined by
pharmacodynamic factors, such as the inherent
activity of the drug and the intrinsic sensitivity
of the embryo, as well as pharmacokinetic
factors that determine the extent of embryonic
exposure to the drug and its active metabolites
(Wilson, 1977; Nau, 1986).
(e) Influence of placenta type on transpiacental
distribution of retinoids

In rodents, the type of placenta changes with
gestational age. In the rat, for instance, the
choriovitelline (yolk-sac) placenta is formed
after angiogenesis of the chorionic placenta.
Another type of placenta, the chorioallantoic
placenta, differentiates from gestational day
11.5 and gradually becomes functional from
day 12 onward (Beck, 1976; Garbis-Berkvens &
Peters, 1987; Jouie, 1990). Most information on
the transplacental distribution of retinoids in
rodents is derived from studies performed at
mid-organogenesis stages, such as gestational
day 11111 mice and day 12 in rats, before full
development of the chorioallantoic placenta.
In contrast, development of the chorioallantoic
placenta in the monkey takes place much earlier
during gestation and is already complete at the
time when measurements of embryonic
retinoid concentrations can be performed (Beck,
1976). Therefore, it was previously hypothesized that the relatively extensive placental transfer
of 13-cis-retinoic acid to the monkey embryo,
as compared to rodent embryos at midgestation,
was related to the type of placenta (Hummler et
al., 1994). A recent study further addressed this
question by comparing the placental transfer of
13-cis-retinoic acid in mice and rats at gestational ages at which the chorioallantoic placenta
is either starting to differentiate (day 11 for.
mice and day 12 for rats) or well established
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(day 14 for mice and day 16 for rats) and found
more efficient transfer at the later than earlier
gestational ages (Tzimas et ai., 1995).
(f) Duration of retinoid exposure is a major determinant
of teratogenic outcome

Interspecies comparison of the transpiacental
pharmacokinetics of all-trans-retinoic acid and
13-cis-retinoic acid has not only helped to
explain the marked interspecies variations of
the lowest teratogenic doses of 13-cis-retinoic
acid, but has also shown that embryonic AUC
values of the corresponding retinoic acid
isomer are similar across species after equipotent dosing regimens. In contrast, this was not
the case for the Cmax values. These results point
out the importance of prolonged exposure to
retinoids for induction of teratogenicity, rather
than short-lived exposure reflected by relatively
high Cmax and rapid elimination. Other investigations have also addressed this issue by various
approaches, as described later in this section.
The aforementioned postulate is in harmony
with results of other studies, which have shown
that the elevation of RAR-02 expression above
physiological levels in retinoid- sensitive regions
of the mouse embryo is a specific marker of
retinoid-induced teratogenicity (Harnish et ai.,
1990). Thus, the elevation in RAR-132 expression in mouse embryos must persist for at least
6 to 9 h after administration of teratogenic
doses of ah -trams- or 13-cis-retinoic acid to result
in dysmorphogenesis, whereas the proportional extent of the increase in RAR-f32 expression
did not correlate with the teratogenic outcome
(Soprano et ai., 1994). Thus, the hypothesis that
prolonged embryonic exposure to active
retinoids - even if obtained by relatively low
concentrations - is the decisive determinant
of the teratogenic potency of retinoids has been
confirmed by two different approaches, one
based on pharmacokinetics, and one based on
the effects of retinoids at the molecular level.
7.2.2.2 Interspecies comparison of the metabolism
and bioactivation of vitamin A following
teratogenic doses
(a) Mouse

The metabolism of vitamin A in mice following

doses of different teratogenic activity has been
examined in four studies (Kochhar et ai., 1988;
Eckhoff et al., 1989; Collins et ai., 1992; Tzimas
et ai., 1996a,b).
Kochhar et ai. (1988) reported plasma and
embryonic pharmacokinetic data for retinoids
following a highly teratogenic oral dose of 200
mg retinol/kg bw or a nonteratogenic oral dose
of 100 mg/kg to ICR mice on gestational day
11. Notably, substantial concentrations of alltrans-retinoic acid, all-trans-4-oxoretinoic acid
and 13-cis-retinoic acid were measured in
maternal plasma and embryos after the teratogenic dose, whereas little if any acidic retinoids
were detected following the nonteratogenic
dose. Furthermore, a marked increase in retinol
concentrations in maternal plasma and embryos
was observed (up to 36-fold and 8-fold, respectively). Retinyl esters were not determined in
this study due to limitations of the analytical
method.
Eckhoff et ai. (1989) reported transplacental
pharmacokinetics of retinoids following
administration of a highly teratogenic oral dose
of 100 mg retinol/kg bw or a nonteratogenic
dose of 10 mg/kg to NMRI mice on gestational
day 11. High concentrations of all-transretinoic acid (Cmax values of 593 ng/mL plasma
and 327 ng/g embryo) and all-trans-4-oxoretinoic acid (Cmax values of 174 ng/mL plasma
and 143 ng/g embryo) were determined after
the teratogenic dose. However, in contrast to
the results of Kochhar et al. (1988), the plasma
concentrations of 13-cis-retinoic acid were
much lower (< 10% of those of all-trans-retinoic
acid) and no 13-cis-retinoic acid was found in
the embryo, findings which were reproduced in
subsequent experiments with this strain of
mice (Collins et al., 1992; Tzimas et ai., 1996b).
The lower concentrations of 13-cis-retinoic acid
found in this study as compared to that of
Kochhar et al. (1988) may be due to a strain difference. It should also be noted that after doses
of 100 mg/kg, the Cmax of retinol was 40-fold
(plasma) and 13-fold (embryo) higher than
physiological concentrations. In addition, levels
of retinyl esters in both plasma and embryos
were markedly increased after the 100 mg/kg dose.
In contrast, the increase in plasma and embryonic concentrations of retinol and retinyl esters
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was much less after administration of the
10 mg/kg dose. The formation of all-transretinoic acid and all-trans-4-oxoretinoic acid
was very limited after the nonteratogenic dose,
and the concentrations of these retinoids were
much less than 10% of those obtained after the
ten-fold higher dose (Eckhoff et al., 1989).
Furthermore, 1 4-hydroxy-4, 1 4-retro-retinol
(14-HRR) was identified by Tzimas et al. (1996b)
as a major metabolite of vitamin A in plasma,
maternal and embryonic tissues of pregnant
NMRI mice following administration of a
teratogenic dose of retinol on gestational day
11. Concentrations of 14-HRR increased relatively slowly to their maximum and decreased
slowly afterwards, in contrast to the rapid
increase and subsequent elimination of
all-trans-retinoic acid and all-trans-4-oxoretinoic acid. Embryonic concentrations of 14HRR were two- to five-fold higher than those in
plasma, but it remains to be elucidated whether
this is due to extensive transplacental passage
of 14-HRR and/or to synthesis from retinol
occurring in situ in the embryo.

The major question which arises from the
results of these studies is whether retinol itself
or some of its metabolites are responsible for
the teratogenic effects observed after retinol
administration. The discovery of RARs and
their participation in the mediation of retinoid
action in a wide variety of biological systems
make plausible the assumption that RAR-binding
of all-trans-retinoic acid and all-trans-4-oxoretinoic acid mediates retinol-induced teratogenicity, at least in part.
Two lines of evidence suggest that exposure
solely to all-trans-retinoic acid or its 4-oxo
metabolite cannot explain the teratogenic
effects of retinol treatment:
First, when NMRI mice were treated with
teratogenic doses of either all-trans-retinoic
acid (Kraft et al., 1989) or retinol (Eckhoff et al.,
1989), embryonic exposure to all-trans-retinoic
acid was substantially higher following alltrans-retinoic acid administration than after
treatment with retinol, although the dosing
regimen with all-trans-retinoic acid was less
teratogenic than that with retinol.

Table 32. Area under the curve (AUC) values of retinoids in plasma and embryos of mice
and rates of skeletal anomalies following administration of a teratogenic dose of retinol with
or without pretreatment with 4..methylpyrazolea
Parameter
AUC values in plasmad
Retinol
All-trans-retinoic acid
All-trans-4-oxoretinoic acid
AUC values in embryosd
Retinol
All-trans-retinoic acid
All-trans-4-oxoretinoic acid
Teratogenicity°
Forelimb anomalies
Hindlimb anomalies
Craniofacial anomalies

Retinolb

Retinol + 4methylpyrazole

9.48
3.75
1.56

8.50
0.156
0.112

9.08
3.43
1.50

7.69
0.547
0.310

55.6%
43.9%
56.0%

240%f
313%f

a From Collins et al. (1992)
b Following a single oral administration of 50 mg retinol/kg bw to pregnant mice on gestation day 11

Following a single oral administration of 50 mg retinol/kg bw and pretreatment with an intraperitoneal dose of 100 mg 4methylpyrazole/kg before retinol administration to pregnant mice on gestation day 11
d AUC values are expresssed in mg x h/g and were calculated for the time interval 0-8 h post-treatment.
e Percentage of fetuses affected
Significantly lower than in the group receiving retinol alone (12, p < 0.01)
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Second, in a further study, the oxidative
metabolism of retinol was blocked by pretreatment of pregnant NMRI mice with 4-methylpyrazole before retinol administration (Collins
et al., 1992). This led to a drastic reduction in
the generation of all-trans-retinoic acid and
all-trans-4-oxoretinoic acid and in the total
embryonic exposure to these retinoids.
Teratogenic effects, however, were reduced only
partially (Table 32). However, the total embryonic exposure to retinol and 14-HRR was not
affected by 4-methylpyrazole.
These results show that all-trans-retinoic acid
is only in part responsible for the teratogenic
effects induced by retinol treatment in mice, as
proposed earlier (Kochhar et al., 1988; Eckhoff
et al., 1989) and suggest that retinol may participate in eliciting teratogenicity.

(b) Rat
Retinoid profiles in maternal plasma and
embryos of Wistar rats at gestational day 12
were determined after a teratogenic dosing regimen, consisting of six daily oral administrations of 90 mg retinyl palmitate/kg bw on days
7-12 (Collins et al., 1994). In addition, retinoid
pharmacokinetics have been examined after a
single oral administration of 90 mg/kg on gestational day 12 (Tzimas, 1996); this dose is not
expected to be teratogenic when given only
once (Piersma et al., 1996). The plasma concentrations of all-trans-retinoic acid and 13-cisretinoic acid were in the low ng/mL range and
increased over endogenous levels only sporadically following either single or multiple daily
dosing with retinyl palmitate. All-trans-4oxoretinoic acid and 13-cis-4-ox9retinoic acid
were found in rat plasma at higher concentrations than the retinoic acid isomers, but only
after multiple dosing. Retinyl 3-glucuronide
and 14-HRR were also identified in rat plasma,
and exposure to these retinoids seemed to
increase during long-term administration of
retinyl palmitate.
As observed in the maternal plasma, embryonic concentrations of all-trans-retinoic acid
were not significantly elevated over endogenous
levels after either the single-dose or the multipledose regimen. Thus, the AUC of all-transretinoic acid in the embryo in the multiple182

dose experiment was only 21% above the
'endogenous' AUC value obtained by extrapolation of the endogenous concentration over a
24-h period. Embryonic exposure to retinyl
3-glucuronide, 13-cis-retinoic acid and the
4-oxo isomers was also relatively low or negligible, in contrast to the relatively high embryonic
exposure to 14-HRR, retinol and retinyl esters.
These results clearly show that embryonic
exposure to metabolically generated all-transretinoic acid is negligible following a single
dose or during long-term administration of
retinyl palmitate. Thus, the pattern of embryonic retinoids in the rat is very different
following administration of the lowest teratogenic doses of either all-trans-retinoic acid or
retinyl palmitate. Following treatments with
retinyl palmitate, rat embryos were highly
exposed to retinol and 14-HRR, and to a very
small extent to all-trans-4-oxoretinoic acid and
13-cis-retinoic acid. On the other hand, after alltrans-retinoic acid administrations, rat embryos
were exposed mainly to all-trans-retinoic acid
and to a minor degree to all-trans-4-oxoretinoic
acid and 13-cis-retinoic acid. This divergence
between two dosing regimens with approximately equal teratogenic potency suggests that
retinoids other than all-trans-retinoic acid are
responsible for the teratogenic potency of
retinyl palmitate.
Tembe et al. (1996) reached a similar conclusion about the role of the acidic retinoids in
retinol-induced teratogenicity, after comparing
the profiles of retinoids in maternal plasma of
rats at gestational day 10 following different
doses of either all-trans-retinoic acid or retinol.
Doses of 500 mg retinol/kg bw induced gross
structural malformations in all fetuses, and
plasma concentrations of all-trans-retinoic acid
and all-trans-4-oxo-retinoic acid reached 250
and 50 ng/mL, respectively. However, both the
concentrations and the AUC values of the
acidic retinoids were < 10% of the corresponding
values seen after administration of an equipo-.
tent dose of all-trans-retinoic acid (50 mg/kg). It
should be noted that the doses used were in the
upper range of the dose—response curve, in contrast to the lowest teratogenic doses of all-transretinoic acid and retinyl palmitate used in the
study of Collins et al. (1994).

Vitamin A

(c) Rabbit

A single study has been reported dealing with
the transpiacental pharmacokinetics of retinoids in pregnant rabbits following administration of vitamin A (Tzimas et cil., 1996a). Retinyl
palmitate was given orally to pregnant Swiss
hare rabbits at a dose level of 10 mg/kg bw once
daily on gestational days 7-12, and retinoid
profiles in plasma and embryos were determined after the last dosing on da.y 12. This dosing regimen was within the teratogenic dose
range and was clearly embryotoxic, based on
the high resorption rate determined on gestational day 12 during sample collection.
Retinol and several of its esters were the predominant retinoids in both plasma and
embryos. The major polar metabolite of retinol
in plasma was 9,13-di-cis-retinoic acid, but its
embryonic concentrations were about 6% of
those in plasma. Other major plasma retinoids
were retinyl 3-g1ucuronide and 13-cis-4-oxo
retinoic acid, neither of which was detected in
the embryo due to their limited placental transfer. 9-cis-. and 13-cis-retinoic acid and 14-HRR
were found in plasma at trace amounts; among
those minor metabolites, only 14-HRR was
found in measurable amounts in the embryo
(Cmax 37.4 ng/g). Finally, levels of ail-trams
retinoic acid were very low in maternal plasma,
and this was reflected by its AUC, which was
only 2.4% of that of 9,13-di-cis-retinoic acid.

-

-

In contrast, embryonic concentrations of alltrans-retinoic acid were about two-fold higher
than endogenous levels.
The embryonic exposure to retinoids following the teratogenic dosing regimen with retinyl
palmitate was compared with that observed
after a teratogenic dosing regimen with
all-trans-retinoic acid (Table 33). The similarity
of the potency of the two dosing regimens is
consistent with the fact that the AUC values of
both all-trans-retinoic acid and all-trans-4-oxo
retinoic acid in the embryo were virtually
identical in the two studies. It has therefore
been suggested that the embryonic exposure to
all-trans-retinoic acid and all-trans-4-oxoretinoic acid is sufficient to explain the embryotoxic effects of dosing with retinyl palmitate in
the rabbit (Tzimas et al., 1996a). Rabbit
embryos were also considerably exposed to
retinol, but in view of the identical levels
of exposure to all- trans -retinoic acid and
all- trans -4-oxoretinoic acid after the two
dosing regimens, retinol does not seem to play
a significant role in the teratogenicity of retinyl
palmitate in this species. Finally, the relatively
low exposure to 14-HRR after dosing with
retinyl palmitate suggests that this retinoid
makes little contribution to the mediation of
the embryotoxic effects of the applied dosing
regimen in the rabbit.

-

Table 33. Area under the curve (AUC) values of retinoids in embryos of rabbits following
roughly equipotent dosing regimens with alltrans-retinoic acid or retinyl palmitate a
Retinoid

All-trans-retinoic acid
All-trans-4-oxo-retinoic acid
13-cis-Retinoic acid
9,13-Di-cis-retinoic acid
1 4-Hydroxy-4, 1 4-retro-retinol
Retinol

All-trans-retinoic acid
(6 mg/kg body wt per day)

Retinyl palmitate
(10 mg/kg body wt per day)

954

929

(404)b

(379)b

276
83

6720
(1104)"

217
_C

136
271
9051
(3435)"

a

AUG values are expressed in ng x h/g and were calculated for the time interval 0-24 h after the last of six daily oral administrations of 6 mg all-trans-retinoic acid/kg bw or 10 mg retinyl palmitate/kg to rats from gestation day 7 to 12 (Tzimas et at, 1994,
1996)
The values in brackets represent only the excess of all-trans-retinoic acid or retinol over the endogenous concentrations
Below limit of detection
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retinol/kg bw (n = 1) or 25 mg/kg (n = 2) during
(d) Monkey
The few data on retinoid metabolism following midgestation (Eckhoff, 1991). The results
vitamin A administration to cynomolgus mon- provide a very limited basis for estimation of
keys (Eckhoff et ai., 1990, 1991b; Eckhoff, 199 1) embryonic retinoid exposure after dosing with
were published before the determination of the vitamin A, but suggest that substantial embrylowest teratogenic dose of vitamin A in this onic exposure to retinoids may have occurred
only after administration of the 25 mg/kg dose,
species (Hendrickx et ai., 1997).
Eckhoff et ai: (1990, 1991b) examined the and that, with the exception of the gluplasma profiles of retinoids in nonpregnant curonides, all metabolites which were measured
cynomolgus monkeys following increasing oral in the plasma were also present in the embryo.
doses of vitamin A (2, 10 and 50 mg retinol/kg In addition, embryonic concentrations of
bw), given in either an oil-based vehicle or a retinol and retinyl esters were highly elevated
detergent-based vehicle. A wide variety of polar above endogenous levels (Eckhoff, 1991).
The teratogenic activity of vitamin A in
retinoids, including all-trans- and 13-cisretinoic acid, all-trans- and 13-cis-4-oxoretinoic cynomolgus monkeys has only recently been
acid, all-trans-retinoyl-3-glucuronide and retinyl reported (Hendrickx et al., 1997). Oral adminisp-glucuronide, were identified as plasma tration of daily doses of retinol (6 to 24 mg/kg
metabolites of retinol. It remains to be eluci- bw) to the dams on gestational days 16-27
dated whether and, if so, to what extent, retinol resulted in manifestation of embryolethality
is metabolized to 14-HRR and 9,13-di-cis- and retinoid-typical fetal anomalies in the
retinoic acid in cynomolgus monkeys. The craniofacial region, heart and thymus. The lowrelative abundance of some of the retinoid est teratogenic dose was 6 mg/kg bw; a dose of
meta-bolites was shown to be dose- and 2.25 mg/kg did not induce any observable fetal
vehicle-dependent. For example, exposure to anomalies. It would therefore be valuable to
the acidic retinoids (all-trans- and 13-cis- examine plasma and embryonic retinoid
retinoic acid, all-trans- and 13-cis-4-oxoretinoic profiles following these dosing regimens, in
acid) was increased overproportionally to the order to identify the retinoids which may be
dose between 2 and 10 mg/kg (with the deter- responsible for the observed teratogenicity.
gent-based vitamin A preparation) and between
10 and 50 mg/kg (with the oil-based prepara- (e) Human
tion). Concentrations of retinol, retinyl esters The metabolism of vitamin A in humans in vivo
and the polar metabolites tended to be higher has been examined following vitamin A
after dosing with thé detergent-based vehicle (retinyl palmitate) supplementation (Eckh6ff et
ai., 1991a; Tang & Russell, 1991; Buss et al.,
(Eckhoff et ai., 1991b).
The same investigators further compared 1994; Peiker et ai., 1991; Chen et ai., 1996b) as
plasma retinoid profiles in pregnant and non- well as consumption of fried liver (Buss et ai.,
pregnant female monkeys after a single oral 1994; Arnhold et ai., 1996) or other meals rich
dose of S mg retinbl/kg - bw dissolved in a in vitamin A and provitamin A. In these studies,
detergent-based vehicle (Eckhoff, 1991). Sur- concentration profiles of retinoids were moniprisingly, the Cmax values of most of the polar tored in the plasma of volunteers following a
metabolites of retinol were much lower in preg- single or long-term administration of vitamin A.
All-trans-retinoic acid, 13-cis-retinoic acid
nant than nonpregnant animals. It was hypothesized that the pregnant monkey has a more and 13-cis-4-oxoretinoic acid are physiological
limited capacity to metabolize retinol, compared constituents of human plasma (Eckhoff & Nau,
with nonpregnant animals, although the possi- 1990a; Tang & Russell, 1990). Furthermore,
bility of decreased absorption of retinol during these metabolites, together with all-trans-4pregnancy cannot be ruled out (Eckhoff, 1991). oxoretinoic acid, have been identified as
Finally, in a further experiment, embryonic plasma metabolites of exogenously adminislevels of retinoids were determined in pregnant tered vitamin A (Eckhoff et ai., 1991a; Tang &
monkeys following a single oral dose of 5 mg Russell, 1991; Buss et ai., 1994). 9-cis- and
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9,13-di-cis-retinoic acid and 14-HRR have been
detected in human plasma after liver consumption (Arnhold et al., 1996); these retinoids were
not searched for in previous studies (Eckhoff et
al., 1991a; Tang & Russell, 1991; Peiker et al.,
1991). Neither retinyl j3-glucuronide nor any
isomer of retinoyl 3-glucuronide or 4oxoretinoyl 3-glucuronide was detected in
human plasma after vitamin A intake (Eckhoff
et al., 199 la; Arnhold et al., 1996), and it is not
known whether these glucuronides are excreted in the urine.
With respect to the quantitative pattern of
plasma retinoids following vitamin A intake,
the results of the human studies can be summarized as follows:
(i) Plasma levels of retinyl esters increase
substantially over baseline values following
vitamin A supplementation or liver consumption (Eckhoff et al., 1991a; Buss et al., 1994). In
contrast, a relatively low increase of retinol
concentrations over endogenous values was
seen only after vitamin A intake at doses
corresponding to 0.8 mg retinol/kg bw or higher
(Buss et al., 1994; Arnhold et al., 1996).
(ii) Plasma concentrations of 13-cis- and
9,13-di-cis-retinoic acid and 13-cis-4-oxoretinoic acid were elevated to a much higher
degree than those of all-trans- and 9-cis-retinoic
acid, all-trans-4-oxoretinoic acid and 14-HRR
after vitamin A intake (Eckhoff et al., 1991a;
Tang & Russell, 1991; Buss et al., 1994; Arnhold
et al., 1996). Concentrations of retinoic acid
isomers reached their peak about 1-3 h earlier
than retinyl esters in some studies (Eckhoff et
al., 1991a; Buss et al., 1994); this was proposed
to result from oxidation of free retinol which
escaped esterification in the intestinal mucosa
cells after absorption and reached the liver via
the portal blood.
(iii) A steady-state plasma concentration of
13-cis-4-oxoretinoic acid was reached upon
long-term administration of vitamin A (Eckhoff
et al., 1991a; Chen et al., 1996b), whereas a
steady-state for 13-cis-retinoic acid was found
only in one study (Chen et al., 199 6b). All other
retinoids were rapidly eliminated from the
blood during the period between daily doses.
(iv) Controversy exists about the extent of
the increase of plasma concentrations of

all-trans-retinoic acid following vitamin A
intake. For instance, the ratios of the Cmax
versus the endogenous concentration (Cend) of
all-trans-retinoic acid were 35 and 62 after
pharmacological doses of 0.8 and 2.3 mg
retinol/kg, respectively, in one study (Buss et
al., 1994), but only 3.9 after a dose of 2.25 mg
retinol/kg in another (Tang & Russell, 1991).
Following vitamin A supplementation with less
than 0.8 mg retinol/kg bw as well as after liver
consumption, the Cmax of all-trans-retinoic acid
was only 1.3- to 3-fold higher than the Cend
(Eckhoff et al., 199 la; Buss et al., 1994; Arnhold
et al., 1996). In contrast, no elevation of alltrans-retinoic acid levels over the Cefld was
observed after consumption of meals rich in
vitamin A and provitamin A, corresponding to
an intake up to 170 000 lU (Chen et al., 1996b).
A possible explanation is the inclusion of plant
sources of carotenoids in the composition of
the menu; however, the conversion of
carotenoids to all-trans-retinoic acid may be
much more limited than the generation of the
latter from retinol.
(y) Exposure to all-trans-retinoic acid was
markedly lower after liver consumption than
after supplementation with the same dose
(Buss et al., 1994). Thus, the plasma AUC of alltrans-retinoic acid after liver consumption
(corresponding to a dose of 2.3 mg retinol/kg
bw) was about 13% of that after administration
of the same dose as a supplement. This
phenomenon was not observed, at least to this
extent, for the other polar retinoids. The reason
for this discrepancy is not clear; differences in
the milieu of the intestinal lumen depending
on the material ingested (liver versus galenic
formulation) may perhaps affect the extent to
which retinol becomes available for oxidation
to all-trans-retinoic acid.
(f) Interspecies comparison of vitamin A metabolism and risk of vitamin A exposure In humans
(I) Interspecies comparison of vitamin A metabolism:

The metabolism of exogenously administered
retinol and retinyl esters is qualitatively similar
across species and comprises esterification of retinol
with fatty acyl moieties, oxidation to retinoic
acid isomers and their 4-oxo metabolites,
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hydroxylation to 14-HRR (not yet shown in
monkeys) and 3-glucuronidation of retinol and
all-trans-retinoic acid (not yet shown in mice
and humans) (see also Section 3.2).
However, there are pronounced interspecies
differences in terms of the relative exposure
to individual retinoids. In Table 34, the polar
metabolites of retinol in five species are categorized as major and minor ones, depending on
the relative contributions of their plasma AUC
values to the total AUG of all polar retinoids.
This evaluation was based on pharmacokinetic
data derived after teratogenic dosing regimens
(for mice, rats and rabbits) (Eckhoff et al., 1989;
Tzimas et al., 1994, 1996a; Collins et al., 1994)
or dosing regimens suspected to be teratogenic
(for monkeys and humans) Eckhoff et al.,
1991a,b; Buss et al., 1994; Arnhold et al., 1996).
The following conclusions can be drawn:
(1) The conversion of retinol to all-transretinoic acid and the further oxidation to alltrans-4-oxoretinoic acid are much more extensive in mice and monkeys than in rats, rabbits
and humans. This conclusion is, however,
based on plasma data; the total body burden of

the all-trans-retinoids may be higher in rats, rabbits and humans, because of possible interspecies differences in the volume of distribution.
(2) 9,13-Di-cis-retinoic acid is the predominant
polar metabolite of vitamin A in rabbits and a
major one in humans, but it is not present in
rats, mice, or monkeys.
(3) The formation of 14-HRR is more extensive
in mice and rats than in rabbits and humans
(no information about this metabolic pathway
in monkeys is available).
(4) Two of the three major plasma metabolites
of vitamin A in humans are major retinoids
also in rabbits (9,13-di-cis-retinoic acid and 13cis-4-oxoretinoic acid) and monkeys (13-cisretinoic acid and 13-cis-4-oxoretinoic acid),
whereas only 13-cis-4-oxoretinoic acid is a
major plasma retinoid in rats. In contrast, concentrations of 13-cis-retinoic acid in mouse
plasma were very low, and the other two
retinoids were not formed at all. Notably, the
sum of the plasma AUG values of 9,13-di-cisretinoic acid and 13-cis-4-oxoretinoic acid in

Table 34. lnterspecies comparison of vitamin A metabolism based on plasma area under the
curve (AUC) values of retinoid metabolites following dosing with vitamin A
Categorya

Mouse

Major
All-trans-retinoic
metabolites acid
All-trans-4-oxoretinoic acid
1 4-Hydroxy-retroretinol

Minor
metabolites

Rat

Rabbit

1 3-cis-4-Oxoretinoic 9,1 3-Di-cis-retinoic
acid
acid
1 4-Hydroxy-retroI 3-cis-4-Oxoretinoic
retinol
acid
Retinol glucuronide Retinyl glucuronide
All-trans-4-oxoretinoic acid

Monkey

Human

All-trans-retinoic acid I 3-cis-4-Oxoretinoic
13-cis-Retinoic acid acid
All-trans-4-Oxo1 3-cis-Retinoic acid
retinoic acid
9,13-Di-cis-retinoic acid
I 3-cis-4-oxoretinoic
acid
Retinoyl glucuronide
Retinoyl glucuronide

13-cis-Retinoic acid All-trans-retinoic acid 13-cis-Retinoic acid
9-cis-retinoic acid
Retinyl glucuronide 13-cis-Retinoic acid All-trans-retinoic acid all-trans-4-oxoRetinoyl glucuronide 9-cis-Retinoic acid 9-cis-Retinoic acid
retinoic acid
All-trans-4-oxoretinoic
acid
I 4-Hydroxy-retroretinol

All-trans-retinoic acid
9-cis-Retinoic acid
All-trans-4-oxo-retinoic
acid
1 4-Hydroxy-retroretinol

I The categorization to major and minor metabolites is based on the ratio of the plasma AUC value of individual retinoids to the
sum of the AUC values of all polar retinoids; ratios <0.1 led to characterization of a metabolite as 'minor'. For these calculations,
AUC values were corrected for different molecular masses.
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rabbits accounted for 83% of the sum of AUC
values of all polar. metabolites of retinol. This is
very close to the relative contribution of 13-cis4-oxoretinoic acid, 13-cis-retinoic acid, and
9,13-di-cis-retinoic acid in humans (87%),
whereas the corresponding percentages were
lower for 13-cis-retinoic acid and 13-cis-4oxoretinoic acid in monkeys (18-60%, depending on the dose of retinol administered) and for
13-cis-4-oxoretinoic acid in rats (33%).
Finally, great interspecies variations exist in
the degree of the increase in plasma retinol levels
above endogenous levels following teratogenic
dosing regimens with vitamin A. Rabbits and
monkeys appear to be more similar to humans
than are mice or rats with respect to the relative
increase of plasma retinol. However, since the
monkey data were derived from experiments
performed with nonpregnant monkeys, additional studies with pregnant monkeys are
required to address the similarity of humans to
monkeys.
From all these comparisons, it seems that
among the species tested so far, the rabbit
shares the most similarities to humans with
respect to maternal metabolism of vitamin A.
(ii) The proximate retinoid teratogens of vitamin A
dosing are different across species: Data on embry-

onic exposure to retinoids following teratogenic
dosing regimens with vitamin A in various
species strongly suggest that the proximate
retinoid teratogens of vitamin A differ across
species. Thus, retinol and 14-HRR are the most
probable candidates in this regard in rats,
whereas all-trans-retinoic acid (and to a smaller
extent all-trans-4-oxoretinoic acid) seems to be
the ultimate teratogen in rabbits (Table 33). The
relative contributions of retinol and its polar
metabolites to the teratogenicity of vitamin A
could not be dissociated in the mouse and
cynomolgus monkey (Table 32).
The different pathways of metabolic activation of retinol in rats compared with rabbits
may well explain why the lowest teratogenic
dose of retinol is about nine-fold higher in rats
than in rabbits (Table 31). This may result from
the limited, if any, embryonic exposure of the
rat embryo to all-trans-retinoic acid (Collins et
al., 1994); in contrast, the rabbit embryo is

substantially exposed to all-trans-retinoic acid
(Tzimas et al., 1996a). However, a threshold of
embryonic exposure to retinol and 14-HRR,
resulting in teratogenic effects, may exist, and
this seems to be attained in rats after the teratogenic dose (Collins et al., 1994).
(iii) Risk of vitamin A exposure in humans: Infor-

mation on the teratogenicity, metabolism and
bioactivation of vitamin A in various animal
species may be utilized for a rational risk assessment of vitamin A exposure of humans. Due to
the wide interspecies differences in the bioactivation of retinol, it is necessary to know which
species is most appropriate for comparison of
human and animal data. For this purpose, several
parameters should be compared between animal
species and humans, such as the lowest teratogenic doses of vitamin A, the endogenous
pattern of retinoid metabolism, and the metabolism and pharmacokinetics of retinoids
following administration of vitamin A.
First, the lowest teratogenic doses of vitamin
A in rabbits and cynomolgus monkeys, rather
than other species, are quite close to those suspected to be teratogenic in humans, namely 10
mg retinyl palmitate/kg bw (equivalent to 5.5
mg retinol/kg) in rabbits, 6 mg retinol/kg in
monkeys, and 0.2-1.5 mg retinol/kg in humans
(cf. Table 31). An even lower teratogenic threshold dose (10 000 lU/day) has been suggested in
an epidemiological study (Rothman et al.,
1995), but the validity of the estimate has been
questioned (see Section 7.2.1).
Second, the pattern of endogenous plasma
retinoids in rabbits resembles that in humans
with respect to the presence of all-trans-retinoic
acid and 13-cis-retinoic acid at concentrations
of 1-2.5 ng/mL as well as the high abundance
of retinol and much lower concentrations of
retinyl esters (Tzimas et al., 1996a; Lckhoff et
al., 1991a). In comparison, much lower physiological concentrations of retinoic acid isomers
and a higher ratio of esterified versus nonesterified retinol have been measured in the plasma
of mice, rats and monkeys (Hummler et al.,
1994; Eckhoff et al., 1991b; Collins et al., 1994;
Tzimas et al., 1995).
Third, among all species examined, the
available data suggest that rabbits share the
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most similarities to humans with respect to
maternal retinoid metabolism following dosing
with vitamin A. The close similarity between
rabbits and humans comprises the following
points:
(j) The fairly low relative increase in plasma
retinol concentrations after dosing with vitamin
A.
(ii) The predominant plasma retinoic acid
isomer is not the all-trans form; instead, 9,13di-cis-retinoic acid is the main retinoic acid isomer in rabbit plasma, while both 13-cis-retinoic
acid and 9,13-di-cis-retinoic acid are major
retinoids in human plasma, at least following
liver consumption (Tzimas et al., 1996a;
Eckhoff et al., 1991a; Buss et al., 1994; Arnhold
et al., 1996).
(iii) 13-cis-4-Oxoretinoic acid is a major
plasma retinoid in both rabbits and humans,
with similar steady-state concentrations and
systemic exposure levels (Tzimas et al., 1996a;
Eckhoff et al., 1991a; Buss et al., 1994; Arnhold
et al., 1996; Chen et al., 1996b).
(iv) Plasma levels of 14-HRR are low in both
species (Tzimas et al., 1996b; Arnhold et al., 1996).
(y) Plasma concentrations of all-transretinoic acid are marginally elevated in both
species after dosing with vitamin A. For example,
plasma concentrations of all-trans-retinoic acid
in rabbits after the last vitamin A administration were in most cases 1.3- to 2.3-fold higher
than endogenous levels (Tzimas et al., 1996a).
Similarly, the plasma Cmax of all-trans-retinoic
acid in humans after liver consumption was
1.6- to 2.9-fold higher than endogenous concentrations (Buss et al., 1994; Arnhold et al.,
1996), whereas the relative increase in plasma
all-trans-retinoic acid after supplementation
was similar after doses up to 0.25 mg retinol!kg
(Eckhoff et al., 1991a).
Fourth, retinoid pharmacokinetic profiles
are similar in both species. In particular, apparent steady-state concentrations were reached
for all retinoids in rabbit plasma following
repeated daily dosing with vitamin A. Similarly,
steady-state concentrations of 13-cis-4-oxoretinoic acid and 13-cis-retinoic acid were
observed in human plasma during long-term
administration of vitamin A supplements
(Eckhoff et cil., 1991a; Chen et al., 1996b).

Overall, therefore, it appears that the rabbit is
the most appropriate species for extrapolation
of embryonic exposure data for human risk assessment (Tzimas et al., 1996a). Remarkably, despite
the very low systemic exposure of rabbits to alltrans-retinoic acid, the embryonic exposure to
this acid following dosing with vitamin A was
substantial and probably sufficient to account
for the embryotoxic effects of the dosing regimen
used (Table 33). Two sources of all-trans-retinoic
acid in the rabbit embryo after maternal dosing
with vitamin A are possible. First, all-trans-retinoic
acid can efficiently be transferred from the maternal circulation to the embryo, a process which
may be mediated by embryonic CRABP-I or -II.
Notably, specific binding of all-trans-retinoic
acid to human embryonic proteins (probably
CRABPs) has been reported (Nau, 1990), in agreement with findings in rodent and avian
embryos (Scott et al., 1994; Ruberte et al., 1992;
Gustafson et al., 1993; Lyn & Giguere, 1994;
Vaessen et al., 1990; Maden, 1994). Second, and
perhaps more relevant in the rabbit, all-transretinoic acid can be produced locally from refinol
in the embryo (Tzimas et al., 1996a). Several
enzymes have been proposed to catalyse this
process, but their expression in rabbit and human
embryonic tissues has not been investigated. The
available data for the rabbit, together with numerous similarities between rabbits and humans,
do not rule out the possibility of substantial
exposure of the human embryo to all-transretinoic acid, in spite of the marginal increases
in plasma concentrations of all-trans-retinoic
acid in vitamin A-exposed pregnant women.
The human risk for embryotoxic effects induced by vitamin A dosing may be further enhanced due to exposure to 13-cis-retinoic acid and
13-cis-4-oxoretinoic acid. Only limited amounts
of these retinoids were found in the rabbit embryo
following administration of retinyl palmitate
(Izimas et al., 1996a). However, in humans, higher
embryonic exposure might occur, especially if these
retinoids are transferred across the human placenta more readily than across the rabbit placenta.
This hypothesis is based on the more extensive
transfer of the two 13-cis-retinoids across the
monkey placenta than the rodent placenta and
the close similarities of the placentas of humans
and monkeys (Tzimas et al., 1996a; Beck, 1976).

Vitamin A

7.2.2.3 Role of vitamin A in reproduction, in
particular spermatogenesis
Animals maintained on a vitamin A-deficient
diet can be rescued by treatment with all-transretinoic acid and most of the symptoms of vitamin
A deficiency are relieved except for those related
to vision and reproduction. Retinoic acid cannot be reduced to retinal and therefore the
cofactor of rhodopsin cannot be produced,
resulting in eye defects. Vitamin A-deficient
rats supplemented regularly with retinoic acid
fail to reproduce (Thompson et al., 1964); they
continue their normal estrous cycles, mate with
healthy males, and -become pregnant, but
invariably resorb their fetuses around gestational day 15. Retinol must be administered
before day 10 to rescue the fetuses (Wellik &
DeLuca, 1996). Retinoic acid cannot substitute
for retinol in spermatogenesis, probably because
retinoic acid cannot cross the blood—testis barrier (made up mostly by Sertoli cells), and little
uptake of radiolabelled retinoic acid by the rat
testes occurs (Blaner & Olson, 1994). The testis
appears to be quite an exceptional organ in this
regard, since all-trans-retinoic acid transfers
well into most other organs, in particular the
well perfused liver and brain. It is thought that
all-trans-retinoic acid is the active retinoid
metabolite in spermatogenesis, but because of
its poor uptake, the testis is dependent on vitamin
A as a precursor for retinoic acid. This view is
supported by the finding that injection of large
doses of retinoic acid into the testes can restore
spermatogenesis (van Pelt & de Rooij, 1991).
Although CRABP-I and -II as well as CRBP-I
are present in the testis in a very specific distribution, the function of these proteins remains
unclear and knock-out of these proteins does
not effect development or adult life, including
fertility (Gorry et ai., 1994; Lampron et ciL,
1995). This is also true for transthyretindeficient mice, although they do have very low
retinol serum levels. The roles of RBP and CRBP
remain speculative, but may reside in transfer,
metabolism and storage of retinol.
Male null mutant mice in which either the
RAR-u., the RAR-13 or the RXR-f3 gene was deleted
are sterile. Deletion of the RAR-Œ gene resulted
in degeneration of seminiferous epithelium
(Lufkin et al., 1993), and mutation of the

RAR-,y gene in squamous metaplasia of the
glandular epithelia of the seminal vesicles
(Lohnes et al., 1993). Mutation of the RXRgene resulted in failure of spermatid -release
within the seminiferous epithelia; female mice
were fertile (Kastner et ai., 1996). Lipid accumulation was found in the Sertoli cells, perhaps
due to heterodimerization of the RXR-13 with
one of the PPARs. Deletions of the RAR-f3, RXR-a
and RXR-y genes did not result in infertility or
effects on spermatogenesis.-It thus appears that
RAR-13 and RXR-13 are the primary signalling
receptors in the germ cells and Sertoli cells,
respectively. The importance of RXR-f3 also
suggests that 9-cis-retinoic acid may be essential
in spermatogenesis and this isomer was indeed
identified in epididymal fluids. Recently, 9-cisretinol dehydrogenase was found in the human
testis (Mertz et al., 199 7) and this could possibly
play a role in the generation of 9-cis-retinoic
acid from 9-cis-retinol. Further-more, an extracellular binding protein for all-trans-retinoic
acid was identified in the epididymis. This indicates a very special role for all-trans-retinoic
acid and possibly its 9-cis isomer in sperm
maturation, because in all other tissues or fluids
only intracellular, but not extracellular binding
proteins for retinoic acid were identified.
7.2.2.4 Possible metabolic basis of retinoidinduced teratogenicity
The teratogenicity induced by vitamin A is not
associated with embryonic exposure to alltrans-retinoic acid in all cases. Teratogenic
activity of vitamin A in mice and rats cannot be
explained by embryonic exposure to all-transretinoic acid only; retinol and 14-HRR may be
involved in these species. The results implicate
13-cis-retinoic acid and 13-cis-4-oxoretinoic
acid as well as retinol and 14-HRR as possible
proximate teratogens.
It is currently believed that retinoid toxicity
(including teratogenicity) results from interaction
of active retinoids with RAR5 and RXRs
(Armstrong et al., 1994). Contradictory information exists on the binding of retinol to RARs;
no appreciable binding was reported in two
studies (Crettaz et al., 1990; Keidel et al., 1992),
whereas Repa et al. (1993) showed that retinol
is one order of magnitude less potent than
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all-trans-retinoic acid in binding to RARs, and
the binding observed was not the result of
metabolism to all-trans-retinoic acid during the
binding experiment. Finally, 14-HRR does not
bind to any of the known retinoid receptors
(Ross & Hammerling, 1994).
The apparent differences in the lowest
teratogenic doses of vitamin A in rats and
rabbits probably result from interspecies differences in the bioactivation of retinol. Thus,
teratogenic dosing regimens with vitamin A led
to significant embryonic exposure to all-transretinoic acid in the rabbit, at levels similar to
those obtained after dosing with all-transretinoic acid. In contrast, rat embryos were
appreciably exposed to retinol and 14-HRR, but
not to all-trans-retinoic acid, following vitamin
A administration. Therefore, different retinoids
may be responsible for vitamin A-induced
teratogenicity in different species. The relative
contributions of retinol and its metabolites to
the teratogenicity induced by excess vitamin A
in mice, monkeys and humans cannot yet be
fully evaluated.
Among all the species examined to date, the
rabbit appears the most similar to the human
with respect to the endogenous retinoid profile
and the pattern of plasma retinoids following
vitamin A intake. Therefore, the marginal systemic exposure to all-trans-retinoic acid
observed in humans after vitamin A supplementation or liver consumption does not rule
out the possibility of high embryonic exposure
to this retinoid, as is the case in rabbits. The,
potential involvement of 13-cis-retinoic acid
and 13-cis-4-oxoretinoic acid, both of which
are major retinoids in human plasma after vitamin .A intake, in the induction of teratogenic
effects should also be considered. Therefore, a
teratogenic risk of high vitamin A intake in
humans cannot at present be excluded.
Genetic and related effects
73. 1 Human studies'
7.3

As reported in Section 4.1.3, phase II chemoprevention studies have shown the ability of
vitamin A, either alone or in combination with
other agents, to decrease the frequency of
micronuclei in cells of individuals exposed to
genotoxic agents. Moreover, molecular
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epidemiology studies have provided evidence
for an inverse relationship between either the
dietary intake or serum/plasma levels of
vitamin A and certain intermediate biomarkers,
such as levels of aromatic DNA adducts in cells
of smokers (see Section 4.1.3).
One study evaluated the detection rate of the
major aflatoxin B1-DNA adduct, i.e., aflatoxin
B1-N7-guanine, 'in the urine of healthy males in
Taiwan. After adjusting for chronic hepatitis B
surface antigen (HB5Ag) carrier status and other
potential confounders, no association was
found between adduct levels and the plasma
levels of retinol. In the same study, this
biomarker was positively associated with
plasma levels of Œ-carotene and 3-carotene and
inversely correlated with plasma levels of
lycopene (Yu et al., 1997).
7.3.2 Experimental studies
Published data concerning the assessment of
genetic and related effects of retinol, retinal,
retinoic acid, retinyl acetate and retinyl .palmitate
in vitro and/or in vivo are summarized in Table
35 and represented diagrammatically in Appendix 4. Most data were generated in studies evaluating the ability of these compounds to modulate genetic and related effects produced by
genotoxic agents (see Sections 4.2.2 and 4.2.3.2).
Retinol failed to revert the Salmonella t,vphimurium his strains TA1538, in the
absence of S9 mix, and, irrespective of the addition of the exogenous metabolic system,
TA1535, TA98, TAI 00 and TA102 (Baird &
Birnbaum, 1979; White & Rock, 1981; Qin &
Huang, 1985; Wilmer & Spit, 1986). In one
study, however, retinol was reported to be
mutagenic in strain TA104, in the presence of
S9 mix (Han, 1992) [The Working Group noted
that this result contrasts with the lack of mutagenicity of retinyl palmitate and retinoic acid
in the same strain (see below)]. Retinol induced
the mitochondrial mutation to respiratory deficiency (petite) mutation in Saccharomyces cerevisiae strain 6-81, but was not mutagenic to
nuclear genes, as shown by the lack of reversion
to methionine prototrophy (Cheng & Wilkie,
1991). Retinol did not affect a variety of endpoints in cultured mammalian cells, including
DNA single-strand breaks (Alaoui-Jamali et al.,
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1991a) and unscheduled DNA synthesis in
primary rat hepatocytes (Budroe et al., 1987),
hypoxanthine phosphoribosyl transferase
(HGPRT) mutation in Chinese hamster ovary
(CHO) cells (Budroe et al., 1988), 6TGR
mutation (Ferrari et al., 1989; Kuroda, 1990),
sister chromatid exchanges (Sirianni et al., 1981;
Huang et al., 1982; Qin & Huang, 1985; AlaouiJamali et al., 1991a) and chromosomal aberrations (Qin & Huang, 1985) in Chinese hamster
V79 cells, sister chromatid exchanges in
Chinese hamster epithelial liver (CHEL) cells
(Cozzi et al., 1990) and morphological differentiation in mouse melanoma B-16 cells (Hazuka
et al., 1990). Retinol significantly decreased the
'spontaneous' chromosome instability, measured in terms of frequency of chromatid
bridges and fragments at anaphase and
telophase, in mouse C127 cells transformed by
bovine papillomavirus DNA (Stich et al., 1990).
In contrast to these negative results, retinol
produced a statistically significant increase in
sister chromatid exchanges in cultured human
lymphocytes (Dozi-Vassiliades et al., 1985)
[The Working Group noted the quite small
difference in mean SCE/cells ± SE in controls
(9.9 ± 0.3) and retinol-treated cells (11.7 ± 0.3)].
The genotoxicity of retinal was investigated
in a single study which showed its lack of
influence on the frequency of sister chromatid
exchanges in Chinese hamster V79 cells
(Sirianni et al., 1981).
Retinoic acid failed to revert S. typhirnurium
strains TA1535, TA98, TA100 and TA102,
irrespective of the presence of S9 mix (Qin &
Huang, 1985; Wilmer & Spit, 1986) and TA104,
in the absence of an exogenous metabolic
system (Han, 1992; De Flora et al., 1994).
Retinoic acid did not induce unscheduled DNA
synthesis in primary rat hepatocytes (Budroe et
al., 1987), HGPRT mutation in CHO cells
(Budroe et al., 1988), sister chromatid exchanges
in Chinese hamster V79 cells (Sirianni et al.,
1981) or CHEL cells (Cozzi et al., 1990).
Retinoic acid displayed the same potency as
retinol in attenuating the intrinsic chromosome
instability in mouse C127 cells transformed by
bovine papilloma-virus DNA (Stich et al., 1990).
Irrespective of the presence of S9 mix, retinyl
acetate did not affect the 'spontaneous'

mutation frequency in S. typhirnuriurn strains
TA1535, TA98, TA100 and TA102 (Qin &
Huang, 1985; Wilmer & Spit, 1986). It did
not induce mutations in human heteroploid
epithelial-like EUE cells (Ferreri et al., 1986)
or sister chromatid exchanges in Chinese
hamster V79 cells (Sirianni et al., 1981). Administration of retinyl acetate to C57BL/6J mice
with the diet (20 mg/kg diet) for 10 weeks did
not affect the frequency of sister chromatid
exchanges in bone marrow cells (Qin & Huang,
1986).
Retinyl palmitate did not revert S. typhimuriurn strain TA104 (without S9 mix) (De Flora et
al., 1994). It was mutagenic, as measured by
selection against diphtheria toxin, in human
heteroploid epithelial-like EUE cells (Ferreri et
al., 1986) and it failed to induce DNA singlestrand breaks, as evaluated by alkaline elution
assay, when given for eight weeks in the diet
(500 IU/g diet) of Sprague-Dawley rats. When
given by gavage (32 mg/kg bw) twice a week for
seven weeks, it did not affect the frequency of
micronuclei in bone marrow cells of NMRI
mice (Busk et al., 1984) or in bone marrow
cells of Swiss albino mice after a single oral
administration (150 lU) of vitamin A [unspecified] (Rao et al., 1986). Studies performed in
a single laboratory showed the ability of retinyl
palmitate to induce chromosomal aberrations
in mouse cells in vivo. In particular, after
treatment of Swiss albino mice with 132 lU/kg
bw/day for 14 days, retinyl palmitate increased
total chromosomal aberrations [1.6 times]
(not significant) in bone marrow cells and
[2.0 times] in spermatocytes (Kumari & Sinha,
1994). Under the same conditions but extending
the treatment period to 14 weeks, retinyl
palmitate increased the frequency of micronuclei [2.1 times] (not significant) in polychromatic and normochromatic erythrocytes from
bone marrow, and total chromosomal
aberrations [2.9 times] (p < 0.002) in bone
marrow cells and [2.6 times] (p < 0.002) in
spermatocytes (Sinha & Kumari, 1994). As
reported in the same studies, the frequency of
spermatozoa showing abnormal head morphology was unchanged after 14 days but was significantly enhanced (p < 0.002) after 14 weeks
of treatment with retinyl palmitate.
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Table 35. Genetic and related effects of retinol, retinal, retinoic acid and retinyl esters in in vitro and in vivo test systems
Endpoint*

Code*

Retinol
G
G
G
G
G
G
G
G
G

SAO
SA2
SAS
SA8
SA9
SA9
SA9
SA4
SCF

G
D

SCR
DIA

D
G
G
G
S
S
S
S
S

URP
GCO
G9H
G9H
SIC
SIC
SIC
SIC
SIC

C

CIC

-

-

S

SHL

Test system

Resulta
Without
exogenous
metabolic system

With
exogenous
metabolic system

Salmonella typhimurium TAI OO, reverse mutation
Salmonella typhimurium TAI O2, reverse mutation
Salmonella typhimurium TA1 535, reverse mutation
Salmonella typhimurium TAI 538, reverse mutation
Salmonella typhimurium TA98, reverse mutation
Salmonella typhimurium TA98, reverse mutation
Salmonella typhimurium TA98, reverse mutation
Salmonella typhimurium TAI O4, reverse mutation
Saccharomyces cerevisiae 6-81, mitochondrial
(petite) mutation
Saccharomyces cerevisiae 6-81, reverse mutation
DNA single-strand breaks in primary rat hepatocytes

-

-

0

Unscheduled DNA synthesis in primary rat heptocytes
HGPRT mutation in Chinese hamster ovary (CHO cells)
6TGR mutation in Chinese hamster V79 cells
6TGR mutation in Chinese hamster V79 cells
Sister chromatid exchanges in Chinese hamster V79 cells
Sister chromatid exchanges in Chinese hamster V79 cells
Sister chromatid exchanges in Chinese hamster V79 cells
Sister chromatid exchanges in Chinese hamster V79 cells
Sister chromatid exchanges in Chinese hamster
epithelial liver (CHEL) cells
Chromosomal aberrations in Chinese hamster V79
cells transformed by bovine papillomavirus DNA
Chromosome instability in mouse C127 cells
Morphological differentiation, mouse B-16
melanoma cells
Sister chromatid exchanges in cultured human
lymphocytes

-

Doseb
(LED or HID)

Reference

Qin & Huang (1985)
Qin & Huang (1985)
Qin & Huang (1985)
White & Rock (1981)
Baird & Birnbaum (1979)
Qin & Huang (1985)
Wilmer & Spit (1986)
Han (1992)
Cheng & Wilkie (1991)

O

-

+
+

0
0

40 pg/plate
40 pg/plate
40 pg/plate
100 pM
200 pg/plate
40 pg/plate
0.5 pmol/plate
1 pmol/plate
4 mg/mL

-

0
0

4 mg/mL
139.6 mM

0

Cheng & Wilkie (1991)
Alaoui-Jamali et al.
(1991 a)
Budroe et al. (1987)
Budroe et al. (1988)
Ferrari et al. (1989)
Kuroda (1990)
Sirianni et al. (1981)
Huang et al. (1982)
Qin etal. (1985)
Alaoui-Jamali et al. (1991a)
Cozzi et al. (1990)

-

0

O

-

-

0

50 pM
50 pM
50 pM
100 pg/mL
4 pg/mL
32 pg/mL
16 pg/mL
139.6 mM
25 pM

-

-

32 pg/mL

Qin etal. (1985)

-

0
0

0.5 pM(1D50)
18.6 pM

Stich et al. (1990)
Hazuka etal. (1990)

(+)

0

4 pg/mL

Dozi-Vassiliades
etal. (1985)

*

0
0

inir!.1(.1tmJ
Endpoint*

Code*

Test system

Resulta
Without
exogenous
metabolic system

Retinal
S

SIC

Retinoic
G
G
G
G
G
G
G
D
G
S
S

acid
SAO
SA2
SA5
SA9
SA9
SAS
SAS
URP
GCO
SIC
SIC

-

-

Retinyl acetate
SAO
G
SA2
G
SAS
G
SA9
G
SA9
G
GIH
G

Dose'
(LED or HID)

Reference

With
exogenous
metabolic system

Sister chromatid exchanges in Chinese hamster V79 cells -

0

1 pg/mL

Sirianni etal. (1981)

Salmonella typhimurium TA100, reverse mutation
Salmonella typhimurium TA102, reverse mutation
Salmonella typhimurium TA1 535, reverse mutation
Salmonella typhimurium TA98, reverse mutation
Salmonella typhimurium TA98, reverse mutation
Salmonella typhimurium TA104, reverse mutation
Salmonella typhimurium TAI O4, reverse mutation
Unscheduled DNA synthesis in primary rat hepatocytes
HGPRT mutation in Chinese hamster ovary (CHO) cells
Sister chromatid exchanges in Chinese hamster V79 cells
Sister chromatid exchanges in Chinese hamster
epithelial liver (CHEL) cells
Chromosome instability in mouse C127 cells
transformed by bovine papillomavirus DNA

-

-

0
0

40 pg/plate
40 pg/plate
40 pg/plate
40 pg/plate
0.5 pmol/plate
10 pmol/plate
4 pmol/plate
50 pM
50 pM
4 pg/mL
50 pM

Qin & Huang (1985)
Qin & Huang (1985)
Qin & Huang (1985)
Qin & Huang (1985)
Wilmer & Spit (1986)
Han (1992)
De Flora et al. (1994)
Budroe et al. (1987)
Budroe et al. (1988)
Sirianni et al. (1981)
Cozzi et al. (1990)

*

0

0.5 pM(lD50)

Stich et al. (1990)

-

Qin & Huang (1985)
Qin & Huang (1985)
Qin & Huang (1985)
Qin & Huang (1985)
Wilmer & Spit (1986)
Ferreri et al. (1986)

S

SIC

Salmonella typhimurium TA100, reverse mutation
Salmonella typhimurium TAI02, reverse mutation
Salmonella typhimurium TAl535, reverse mutation
Salmonella typhimurium TA98, reverse mutation
Salmonella typhimurium TA98, reverse mutation
Diphtheria toxin mutation in human heteroploid
epithelial-like (EUE) cells
Sister chromatid exchanges in Chinese hamster

S

SVA

V79 cells
Sister chromatid exchanges in mouse bone marrow cells

O

-

0
0
0

-

O

-

-

0

40 pg/plate
40 pg/plate
40 pg/plate
40 pg/plate
0.5 pmol/plate
1 pM

-

0

10 pg/mL

Sirianni et al. (1981)

-

NA

20 mg/kg diet
for 10 weeks

Qin & Huang (1986)

Table 35 (Contd)
Endpoint*

Code*

Test system

Resulta
Without
exogenous
metabolic system

Doseb
(LED or HID)

Reference

With
exogenous
metabolic system

Retinyl palmitate
G
SAS
Salmonella typhimurium TA1 04, reverse mutation
D
DVA
Single-strand breaks in rat hepatocytes

-

0

NA

-

G

GIH

M
M

-

0

MVM
MVM

Diphtheria toxin mutation in human heteroploid
epithelia[-like- (EUE) cells
Micronuclei in mouse peripheral blood erythrocytes
Micronuclei in mouse bone marrow cells

-

NA
NA

M

MVM

Micronuclei in mouse bone marrow cells

-

NA

C

CBA

-

NA

C

CBA

+

NA

C

ccc

Chromosomal aberrations in mouse bone marrow
cells
Chromosomal aberrations in mouse bone marrow
cells
Chromosomal aberrations in mouse spermatocytes

(+)

NA

C

CCC

Chromosomal aberrations in mouse spermatocytes

(+)

NA

4 pmol/plate
500 IU/g diet
for 8 weeks
10 PM
132 lU/kg
bw/day for
14 weeks
150 lU (single
administration)
32 mg/kg bw by
gavage twice a
week for 7weeks
132 lU/kg bw/
day for 14 days
132 lU/kg bw/
dayfor 14 weeks
132 lU/kg bw/
day for 14 days
132 lU/kg
bw/day for
14 weeks

De Flora et al. (1994)
Decoudu et al. (1992)
Ferreri et al. (1986)
Sinha & Kumar (1994
Rao et al. (1986)

Busk et al. (1984)

Kumari & Sinha (1994)
Sinha

& Kumari (1994)

Kumari & Sinha (1994)
Sinha & Kumari (1994)

I Result: +, positive; (+), weak positive; -, negative; 0, not tested; NA, not applicable (in vivo assay); * inhibition of the investigated end-point
b
LED, lowest effective dose; HID, highest ineffective dose; 1050, dose inhibiting the 50% of the investigated effect. The units are as reported by the authors.
*See Appendix 2 for codes; - test or end-point is not defined and is not shown in the activity profile.
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8.

Summary of Data

Chemistry, occurrence and human
exposure
The components of vitamin A—retinol and
retinyl esters—are lipophilic compounds that
are inherently unstable, being sensitive to light,
heat and oxygen. In the presence of light, their
all-trans-tetraene double-bond systems can isomerize to provide a mixture of trans and cis isomers. Heat also affects double-bond stability
and reactivity, and oxygen causes the formation of oxygenated species. Being hydrophobic,
retinol land its esters (such as the acetate and
palmitate) are insoluble in water and plasma
unless associated with proteins.
Vitamin A is metabolically derived from
carotenoids having at least one terminus consisting of a cyclohexenyl ring. -Carotene, with
two such terminal rings, is the most active precursor. Vitamin A activity is reduced by minor
structural variations in retinol structure, such
as double-bond isomerization or introduction
of another ring double bond at the 3-position,
but is eliminated by significant changes, such
as double-bond saturation. Esterification does
not reduce activity unless intestinal absorption
is impaired. Retinal has activity similar to that
of retinol because it is readily reduced; however,
while active in regulating cell differentiation,
retinoic acid is inactive in supporting vision
and reproduction because it cannot be converted back to retinol or retinal.
Human intake of vitamin A is mainly in the
form of the provitamin carotenoids and retinyl
esters, which are found most abundantly in
foods of plant tissue and animal origin, respectively. These forms are converted to retinol in
the body. The average recommended daily
intake of vitamin A is approximately 0.6-1.0
mg retinol for men and 0.5-0.8 mg retinol for
women. However, in treatment of disorders
related to vitamin A deficiency such as xerophthalmia, single doses are much higher. On the
worldwide scale, vitamin A deficiency has been
identified as a severe public health problem.
Retinyl esters, particularly the palmitate and
acetate, are found in vitamin A supplements (as
a micronutrient) and fortified foods, as well as
8.1

n

in cosmetics used to enhance a youthful
appearance, based on the efficacy shown by
retinoic acids against adverse dermatological
conditions. Carotenoids are also used in nutritional supplements and fortified foods.
Supplemental retinyl esters and carotenoids
have been investigated in trials for cancer prevention.
Measurement of plasma retinol is most commonly used to assess vitamin A status.
However, a relative dose-response test probably
gives more accurate information on total concentrations of vitamin A in the body. High-performance liquid chromatography is the
method of choice for these and other analyses
of vitamin A in biological samples.
Metabolism and kinetic properties in
humans and animals
Retinyl esters are hydrolysed in the intestine to
retinol, which appears to be absorbed by binding to a mucosal cell transporter. Many yellow,
orange, red and green fruits and vegetables, as
well as sea plants and fishes, contain carotenoids, some of which serve as precursors of
vitamin A. After being incorporated into lipid
micelles and absorbed by intestinal cells, provitamin A carotenoids are primarily cleaved in
the centre to form one or two molecules of retinal. Retinal is then largely reduced to retinol.
Thereafter, the metabolism of vitamin A
derived either from retinyl esters or from provitamin A carotenoids follows the same pathway.
Retinol within intestinal cells is esterified,
incorporated into chylomicra and transported
via the lymph into the general circulation. A
portion of the triglyceride fraction of chylomicra is hydrolysed by lipoprotein lipase, producing much smaller chylomicron remnants that
contain retinyl esters, some retinol, and
carotenoids. These remnants are removed from
the circulation by receptor-mediated uptake,
primarily by the liver but also by adipose tissue,
bone marrow and other tissues.
Within the liver as well as other organs, stellate cells are the major storage sites for retinyl
esters. Retinol is released from the liver primarily as a 1:1 complex with retinol-binding protein (RBP), which further combines with
transthyretin. The concentration of holo-RBP
8.2
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in the plasma is homeostatically controlled
over a wide range of total body reserves of vitamin A. The uptake of retinol by peripheral
tissues may occur by interaction of unbound
retinol with membranes and possibly in some
tissues by formation of a complex with a cellsurface receptor for holo-RBP.
Within cells, retinol may be oxidized to retinal and then to retinoic acid, esterified with
long-chain fatty acids, oxidized at other positions, or conjugated with glucuronic acid. Most
of these enzymatic transformations occur when
retinoids are complexed with cellular retinoidbinding proteins. All forms of vitamin A and
retinoic acid may also undergo double-bond
isomerization. Retinol and retinoic acid may
also be degraded by stepwise oxidative cleavage
of the polyene chain.
Vitamin A is highly conserved in humans
and animals by recycling, in which vitamin A
released from the liver is taken up by peripheral
tissues and then returned to the liver. The
kinetics of this rapid and extensive process have
been carefully studied in both humans and
animals. The irreversible loss of vitamin A from
the body is directly related to the total body
stores.
Vitamin A functions in vision as 11-cis-retinal, in cell differentiation as all-trans- and
9-cis-retinoic acids; in the immune response,
probably primarily as retinoic acid; and in
embryonic development both as retinol and as
retinoic acid. Retinol and its metabolites serve
as ligands for different functional proteins,
with opsins in the eye and with the nuclear
receptors RAR and RXR in developing and
differentiating cells. The interactions of
retinoids with these nuclear receptors seem to
be most closely associated with their normal
functions, as well as with possible events leading to unregulated cellular proliferation.
Most of the biochemical and molecular
details regarding vitamin A physiology have
been obtained through study of animal models.
Much of this information has come from studies
in the rat, a model which, with respect to basic
transformations in vitamin A physiology, closely
resembles man. However, studies of vitamin A
transport and metabolism are increasingly
being carried out in the mouse model, primarily
196

because of the development of transgenic and
knockout technologies and the increasing
availability of suitable transgenic mouse
strains. Although less frequently reported,
vitamin A transport and metabolism have also
been studied in many other species, including
most commonly rabbits, pigs, ferrets and
chickens. Studies of these species have provided information which is directly relevant
to the human situation. The validity of data
obtained from animal models for describing the
human situation must necessarily depend on
the physiological or medical context of the
study.
In dosing studies on humans, concentrations of metabolic intermediates in plasma and
tissues are markedly affected by the vitamin A
formulation employed, inasmuch as the nature
of the matrix or carrier, rate of release of vitamin A, and the types of solubilizers and stabilizers used vary. In addition, the patterns of
metabolites of vitamin A differ markedly
between species. Thus, metabolic transformations are qualitatively similar but quantitatively
different among species.
8.3

Cancer-preventive effects

83.1 Human studies

There is no evidence from human studies that
vitamin A has a generalized cancer-preventive
effect. Observational studies have generally
been based on estimates of preformed vitamin
A in the diet, with some information from
older studies that reported only total vitamin
A; a small number of studies related use of
vitamin A supplements to cancer risk.
Measurements of serum retinol are relatively
uninformative in well nourished populations
due to the strong homeostatic controls that
modulate plasma levels of retinol. Intervention
studies have been conducted with vitamin A
doses ranging from approximately 50 to 250%
of typical total vitamin A dietary intakes,
except for one high-dose study, although the
period of supplementation has not extended
beyond five years, and duration of follow-up
has been limited. Summarized below are the
results of studies on vitamin A in relation to
specific cancers.

Vitamin A

(a) Lung cancer

(d) Gastric cancer

No association has been found between dietary
intake of preformed vitamin A and risk of lung
cancer in many observational studies. Data
from a large randomized placebo-controlled trial
among North American smokers and asbestosexposed workers suggested, if anything, an
adverse effect on lung cancer incidence of a
combination of retinol with f3-carotene. In a
randomized, placebo-controlled trial of a combination of 13 -carotene and retinol among former asbestos-exposed workers, no significant
reduction in sputum atypia was observed. In
one trial in treated lung cancer patients,
supplementation with high-dose retinol was
associated with a reduction in second primary
lung cancers.

No association has been found between dietary
intake of retinol and risk of gastric cancer in
many observational studies. No beneficial
effect was detected in two intervention studies
in China, where retinol was given in addition
to either zinc or a multivitamin preparation.
(e) Colorectal cancer

No association between dietary intake of
retinol and risk of colorectal cancer has been
found in many observational studies, nor in the
one available intervention study.
(f) Skin cancer

The risk of mesothelioma was reduced in an
intervention trial among Australian asbestos
miners given retinol, as compared with those
given f3-carotene. Mesothelioma risk was not
affected by retinol in combination with
13-carotene in a North American trial.

No association has been found between dietary
intake of retinol and risk of skin cancer in a
small number of observational studies. An
intervention study in the United States showed
no beneficial effect of retinol as compared to
placebo on the incidence of basal-cell carcinoma.
With respect to squamous-cell carcinoma of the
skin, a risk reduction was found in relatively
moderate-risk individuals, but not in high-risk
subjects.

(c) Upper aerodigestive tract

(g) Breast cancer

Case—control studies have suggested either a
modest direct association with high dietary
intake of retinol or no association. Two
Chinese intervention trials did not show a
beneficial effect on oesophageal cancer when
retinol was given in addition to zinc or a
multivitamin preparation. There was a statistically significant effect on head and neck
cancers in a trial in which retinol was given in
combination with 13 -carotene to heavy smokers
and asbestos-exposed workers. Leukoplakia of
the mouth shows a marked positive phenotypic response to preformed vitamin A, but the
original cellular phenotype returns in a considerable proportion of cases after cessation of
treatment. Whether treatment with preformed
vitamin A reduces or delays the progression of
these lesions to carcinoma is not known.
This work was performed in populations
that may have been vitamin A-deficient, the
series were small and original lesions could
recur after treatment. Its meaning remains
unclear.

No association between dietary intake of
retinol and risk of breast cancer has been found
in many observational studies, mainly of postmenopausal women, nor was a significant association found in one intervention trial. There is
a lack of information to indicate presence or
absence of effects in premenopausal women.

(b) Mesothelioma

(h) Prostate cancer

No consistent association has been found
between dietary intake of retinol and risk of
prostate cancer in many observational studies,
nor in the one available intervention study.
(I) Bladder cancer

No association has been found between dietary
intake of retinol and risk of bladder cancer in
many observational studies and in the one
available intervention study.
( Cervical cancer

No association has been found between dietary
intake of retinol and risk of cervical dysplasia or
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invasive cervical cancer in many observational
studies.
8.3.2 Experimental studies
(a) Lung

The chemopreventive effects of retinyl esters
on lung carcinogenesis have been studied in
rats and hamsters. In one study in rats, retinyl
acetate caused a dose-dependent inhibition of
lung carcinogenesis. Of three studies in Syrian
golden hamsters, one was inconclusive and two
showed no protective effect.

(e) Other organs

In studies of tumour development in the
oesophagus, colon and thyroid, retinyl ester
treatment either was ineffective or gave equivocal results. In some organs, including
forestomach, colon and bladder, vitamin A
deficiency led to increased susceptibility to
chemical carcinogenesis.
(f) In-vitro models

The preventive efficacy of retinyl esters was
assessed in three rat studies. In one, retinyl
acetate protected against bladder carcinogenesis,
whereas in two, retinyl palmitate was not
protective.

In vitro, retinol and retinyl acetate were found
to inhibit the proliferation and to modulate the
differentiation of a large number of untransformed, transformed and malignant rodent
and human cells derived from many different
histological types of tissue. Growth inhibition
was dose- and time-dependent and reversible.
Studies with keratinocytes and tracheobronchial epithelial cells indicated that retinyl
acetate can modulate cell proliferation, suppress squamous cell differentiation and
enhance mucus cell differentiation. Retinol
may reduce cell proliferation by arresting the
cell cycle. Similarly, the anchorage-independent growth of human fibroblasts induced by
growth factors was inhibited by retinol. In contrast, the response of haematopoietic stem cells
to certain growth factors was potentiated by
retinol or retinyl acetate.
The effects of retinol and/or some of its
metabolites on cell proliferation and differentiation are thought to be mediated by interaction
with nuclear retinoic acid receptors, which are
members of the steroid thyroid hormone receptor superfamily that are trans-acting modulators of gene transcription.

(d) Skin

(g) Inhibition of genetic and related effects

The preventive effects of retinyl esters on mouse
skin carcinogenesis were studied in five experiments. Papilloma development induced by
chemical carcinogens was inhibited by retinyl
palmitate in two studies, while skin carcinoma
development was not affected in another study.
In two studies on skin tumour induction by
ultraviolet irradiation, treatment was ineffective
or inconclusive. In a third study, skin carcinoma
induction by ultraviolet radiation was enhanced
by retinol,

Vitamin A and its natural derivatives were evaluated in short-term tests in vitro and in vivo as
modulators of genetic and related effects
induced by over 50 physical and chemical
agents.
In most but not all studies, vitamin A did
not affect the genotoxicity of direct-acting
compounds. With genotoxic agents that
need to be activated metabolically by cells,
vitamin A showed consistent protective effects
towards mycotoxins, such as aflatoxin B1,

(b) Mammary gland

The preventive effects of retinyl esters on
mammary carcinogenesis were studied in mice
and rats. Of two studies conducted in mice,
one showed no protective effect, whereas the
other study showed enhanced tumour development. Nine studies were performed in rats
using different chemical carcinogens. In eight
of these, retinyl acetate protected against
mammary carcinogenesis, but in one study the
result was inconclusive. The protective effect
was enhanced when retinyl acetate treatment
was combined with other agents such as selenium or butylated hydroxytoluene or with
ovariectomy.
(c) Urinary bladder

Vitamin A

heterocyclic amines isolated from food pyrolysis
products, and nitrosamines present in tobacco
smoke and polluted air. The results were inconsistent or equivocal when vitamin A was
challenged with other classes of procarcinogens,
including polycyclic aromatic hydrocarbons,
aromatic amines and some complex mixtures.
8.3.3 Mechanisms of cancer-prevention

Vitamin A may prevent or delay carcinogenesis
at both the initiation and promotion
steps. However, the mechanisms through
which these effects may be exerted have not
been fully elucidated. Although retinol
can activate the nuclear retinoid receptors
either directly or through some of its metabolites, information on which retinoid-regulated
genes are the proximal mediators of the above
effects of retinol is scarce. Plausible mechanisms based on findings in cultured cells
and animal models include modulation of
cell properties (cell proliferation, differentiation, communication, adhesion, migration
and invasion) or host properties (immune
response, angiogenesis). Analysis of these
mechanisms in the context of a chemoprevention trial is required for validation of their
relevance.
8.4

Other beneficial effects

Vitamin A relieves the symptoms of vitamin A
deficiency, including night-blindness and mild
cases of xerophthalmia, whereas more severe
cases are irreversible. In populations in which
clinically apparent vitamin A deficiency is common, a number of intervention trials have
shown that vitamin A supplementation reduces
child mortality and morbidity. In relatively well
nourished populations, evidence of benefit
with vitamin A supplement use is inconsistent.
Conditions such as arthritis and many infectious diseases have not been consistently
improved by vitamin A supplements. These
conditions may often involve changes in vitamin
A distribution rather than overt deficiency.
Psoriasis and other skin conditions may
improve with vitamin A treatment, but less
toxic analogues of retinol have been effectively
used for the last 25 years. Based on results from
observational studies and a large intervention

study (CARET), retinol together with f3-carotene
does not seem to be protective against heart
disease. In conclusion, preformed vitamin A
has not been unambiguously shown to be protective against any conditions other than the
direct effects of vitamin A deficiency.
8.5
Carcinogenic effects
8.5.1 Human studies

A large number of observational epidemiological
studies on the relation between dietary retinol
and cancer risk have not shown consistent evidence of increased cancer rates. Two trials of
vitamin A and primary skin cancer have shown
no sign of increased risks of squamous or basal
cell carcinoma. Similarly, two trials in China
and one in Australia reported no evidence of
increases in overall cancer incidence or mortality.
One study (CARET) reported an increased risk
of lung cancer among high-risk individuals taking
a vitamin A supplement in combination with 13carotene. Findings from another trial (the ATBC
study) suggest that this apparent adverse effect
may be largely attributable to the 13-carotene component of the supplement rather than to retinol.
8.5.2 Experimental animais

Retinyl esters were evaluated for carcinogenicity by long-term oral administration in one
study with female rats and in one study with
male and female rats.
In the study with female rats, a higher incidence of mammary adenocarcinomas was
observed in rats fed diets supplemented with
high levels of mixtures of retinyl acetate and
retinyl palmitate; no dose-response relationship
was observed. In the other study, the incidence
of benign phaeochromocytomas increased in
both males and females with increasing levels
of retinyl acetate. The incidence of malignànt
phaeochromocytomas was significantly increased
in high-dose males.
8.6
Toxic effects
8.6.1 Human studies

Toxicity due to hypervitaminosis A occurs in
the skin, the circulation (e.g., plasma proteins),
internal organs (e.g., liver), the nervous system,
and the musculo-skeletal system. Side-effects of
systemic vitamin A administration commonly
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encountered in the skin include desquamation,
cheilitis, brittle nails, skin rashes and alopecia.
Circulatory side-effects may include hypertriglyceridaemia, serum enzyme increases
and hypothrombinaemia. Hepatomegaly and
palpaple or tender liver have been reported.
Viral hepatitis, protein energy malnutrition
and pre-existing liver disease may predispose
individuals to vitamin A toxicity. Nausea and
vomiting, anorexia, diarrhoea, weight loss,
fatigue, malaise, lethargy, somnolence, weakness and irritability are also commonly reported.
Headache may occur transiently with supplement doses. More severe reactions include elevated cerebrospinal fluid pressure, cranial hypertension, pseudotumor cerebri, altered vision
and papilloedema. Drug interactions may occur
in patients combining vitamin A with minocyclin (a synthetic tetracycline). Hypervitaminosis
A is known to cause demineralization of bone,
periosteal calcification and hypercalcaemia, in
all age groups. Bone and joint pain and myalgia
are commonly associated symptoms.
There have been few studies of the effects in
pregnancy of retinol itself, although teratogenic effects of 1 3-cis-retinoic acid and synthetic
retinoids are well documented. Case-control
studies and a trial of multivitamin supplementation reported no increase in the risk of malformations associated with increased intake of vitamin A during pregnancy, but one cohort study
did observe an association with major defects.
8.6.2 Experimental studies

The toxicities elicited by vitamin A in laboratory
animals generally reflect those seen in humans
and occur in the skin, the circulation, internal
organs, and the musculo-skeletal system. No
studies in animals have modelled the human
neurological toxicities.
The commonly observed effects of retinoids
on the skin of laboratory animals include erythema, epidermal thickening, scaling, loosening
of the stratum corneum,- increases in transepidermal water loss, alopecia and conjunctivitis.
Elevations in rodent serum lipid profiles,
enzyme activities and coagulation times have
been reported. Hypervitaminosis A causes fatty
infiltration of the rodent liver and up-regulates
Kupffer cell activity. The results of drug interac-

tion studies in rats and mice indicate that there
are species differences in the effects of vitamin
A on the rodent liver and that the timing of vitamin A administration may also affect the
hepatotoxicity of the drug or chemical. Altered
intestinal absorptive processes, gallstones,
degeneration of myocardial fibres with associated
electrocardiographic changes, fatty changes and
haemosiderosis in the spleen, glomerulonephritis and necrotizing nephrosis in the kidney, and
testicular atrophy in adult and degenerative testicular changes in weanhing rodents have also
been described. Demineralization, thinning of
the long bones, cortical hyperostosis, periostosis,
limping gait, fractures, osteoporotic lesions and
premature closure of the epiphyses have been
described in numerous animal species.
Retinol, retinal, retinoic acid and retinyl
esters gave negative results in the large majority
of studies evaluating induction of genetic and
related effects in bacteria, yeast, mammalian
cultured cells and animal models.
Vitamin A (retinol, retinyl esters) was teratogenic
in a number of experimental animal studies. The
doses needed to elicit a frank teratogenic response were, however, much higher than those
expected in human therapy, prophylaxis or
nutrition.
Mice and rats not only need extremely high
doses to elicit a teratogenic effect, but also
exhibit a very different metabolic patternas compared to humans. Thus, rats and mice are poor
models for the human. In the rabbit, much
lower doses are sufficient to induce developmental defects. Also, the endogenous retinoid
plasma pattern is very similar to that seen in
humans after vitamin A administration.
Highly active retinoids have been found in
human plasma after vitamin A exposure (supplementation, liver consumption). Their plasma
concentrations and AUC values were in some
instances in the same range as those found
after administration of embryotoxic doses to
rabbits, currently the most appropriate experimental animal model. Thus, a teratogenic risk
of supplementation and liver consumption in
humans can at present not be excluded on the
basis of experimental studies. It is not known if
a safe threshold -dose or exposure exists with
regard to developmental defects.
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9.

Recommendations for futu
research

I

The assessment of the literature presented in
this handbook led to formulation of the following
recommendations for future research:
1. To study the mechanism of action of retinol
and its metabolites at the molecular and
genetic levels in relation to carcinogenesis;
2. To identify new nontoxic conjugates and
formulations of retinol and retinyl esters
that may show cancer-preventive properties;
3. To consider the conduct of randomized
prevention trials of longer duration among
particularly high-risk groups such as
asbestos-exposed individuals and former
lung cancer patients;
4. To evaluate exposure biomarkers useful in
epidemiological studies and clinical trials;
S. To continue the follow-up of the terminated
intervention trials to assess the long-term
effects of the intervention agents.
It is becoming clear that the effects of
retinol metabolites such as the retinoic acids on
their nuclear receptors are modulated, either
directly or indirectly, by other important
nuclear receptors and their ligands (glucocorticoids, estrogen, thyroid hormones, vitamin D
and prostaglandins), other transcription factors
and intermediary proteins. The retinoid
signalling system is even more complex in that
there are at least two classes of retinoid
receptors and three subtypes of each class that
in the presence of their ligands can activate or
repress retinoic acid responsive elements on
genes. Depending on the dimeric partner and
response element, receptors can be affected
differently by their natural or synthetic ligands.
Thus, much remains to be learned on the molecular mechanisms controlling these processes,
the interaction of the different pathophysiological factors involved at cellular and tissue levels,
and how such environmental factors as

asbestos, tobacco, bidi smoking, betel nut
chewing, alcohol and environmental toxins
influence these systems.
A better understanding of the way the cell
and the body control their vitamin A supply
will allow better definition of vitamin A status,
distribution at times of deficiency, and assessment of effects on how distribution is
organized. Epidemiologically, the eye has been
considered the organ most vulnerable to
vitamin A status. However, in the last decade,
the importance of vitamin A for immune function has become apparent. Impaired immune
function has been identified in populations
where ophthalmological signs are rare, and
morbidity is reduced by vitamin A supplements. Animal studies have shown that
vitamin A deficiency increases susceptibility to
chemical carcinogens. Thus, the aspects of
vitamin A metabolism that are disrupted
during deficiency should be identified, as
should the point at which vitamin A depletion
occurs. Other questions that still need to be
resolved are how adaptation to low vitamin A
intake occurs and what pathway is attenuated
or blocked so that vulnerability to experimental
carcinogenesis is enhanced.
In some situations, different sources of vitamin A (retinol, retinyl palmitate and retinyl
acetate) appear to have different effects in vivo
and comparative experiments should be
conducted to investigate such observations in
well, defined experimental models. Concern
Was expressed that combinations of other
micro-nutrients with vitamin A, as well as
foods, might influence retinoid metabolism.
These factors should also be studied at the
cellular level and include metabolites that
might arise under experimental conditions,
where largé doses are given.
Much current research has been directed to
explaining how retinol and other retinoids
function at the genetic level. Responses of
genes to retinoids controlling cellular differentiation and errors in such control can determine cancer risk. Genetic diversity in human
populations means that certain genetic
polymorphisms within the population may
predispose to cancer. Individuals who respond
positively to increased intake of vitamin A or to
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modifications in retinoid metabolism should
be identified.
It is difficult to evaluate and compare results
of studies in which protocols differed widely or
in which proper controls and differences in the
baseline conditions were neglected, omitted or
inadequately described. There is an urgent need
to develop standard protocols to evaluate the
cancer-preventive properties of retinol and
retinoids. Standard protocols should specify
continuous quality control of supplements and
the type of formulation to be used. Such a
strategy should be developed in all studies:
molecular, cellular, animal and human.
Although standardization in human studies is
probably the most difficult, these protocols
would help to identify, minimize or quantify
the variability that undoubtedly exists in
human studies.

10. Evaluation
10.1 Cancer-preventive activity
10.1.1 Humans

There is evidence suggesting lack of cancer-preventive activity of preformed vitamin A for cancers
at the following sites: upper aerodigestive tract,
lung, breast (among postmenopausal women),
colorectal, bladder, prostate and stomach.
There is inadequate evidence with respect to
possible cancer-preventive activity of preformed vitamin A at all other sites and for
second primary cancers of the lung.
10. 1.2 Experimental animals

There is limited evidence that retinyl esters have
cancer-preventive activity in experimental
animals. This evaluation is based upon consistent inhibitory effects in rat mammary cancer
models, but equivocal effects in mouse mammary cancer models, and the observation that
long-term maintenance of rats on a mixture of
retinyl acetate and palmitate resulted in an
increased incidence of mammary gland carcinomas. In addition, the cancer-preventive
activity of retinyl esters in other sites and in
other species was inadequate.
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10.2 Overall evaluation
Serum retinol concentrations are h'meostatically controlled across a wide range of intakes
of both provitamin A carotenoids and
preformed vitamin A. Research conducted on
vitamin A using a wide variety of methods,
from cell cultures in vitro and experimental
models in animals to observational studies and
randomized intervention trials in humans
needs to be evaluated in terms of the overriding
importance of this system of homeostatic
control. Some research has been done in the
setting of vitamin A deficiency, some in the
setting of excess, and some in the wider range
of normal intakes.
Observational studies and randomized
controlled trials have been carried out within
the broad range of intakes which have little
or no effect on the levels of retinol in the
circultion (although they may well have influenced levels of more active metabolites in
other tissues). The results of these studies have
been largely negative, supporting the conclusion
that for most cancer sites the preponderance of
evidence does not support a chemopreventive role for preformed vitamin A.
The few randomized, controlled trials conducted
to date likewise do not support the idea
that preformed vitamin A has a substantial
chemopreventive role for cancer. There is a
suggestion of a possible benefit of preformed
vitamin A against squamous cell skin cancer
among those who have had previous skin
cancers, and against mesothelioma among
asbestos-exposed workers, and against second
primary lung cancers among those treated for
lung cancer. However, the protective effects
for skin cancer and mesothelioma have been
seen in only one of the two published studies
for each of these end-points, and there has
been only one study of preventing second
primary cancers by preformed vitamin A
following lung cancer, and this study was
unusual in that it used very high doses of
preformed vitamin A. It is important to note
that all the previous trials of vitamin A chemoprevention in humans has been relatively
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short-term studies, none extending beyond six
years. If vitamin A is protective at earlier stages
of carcinogenesis, as is suggested by studies
which show that vitamin A can protect against
genetic effects of other carcinogens in vitro,
then longer trials would be needed to see
preventive effects.
The benefits to health of correcting vitamin
A deficiency are clear. Both animal experimental studies and human studies have proven the
benefits of correcting vitamin A deficiency for
several conditions including total morbidity
and mortality. A limited number of animal
studies support the hypothesis that vitamin A
deficiency might increase cancer risk.
Confirmatory studies in vitamin A-deficient
populations are lacking. The two cancer
chemoprevention trials conducted among
populations in China and India with multiple
micronutrient insufficiency have shown no
apparent effect of preformed vitamin A on
cancer incidence.

The suggestion of potential chemopreventive benefits of high doses of preformed
vitamin A in rat mammary cancer models are
encouraging in that there may be similar
benefits for humans, but the fact that these
effects are typically seen only at doses that
are toxic or teratogenic in humans limits
enthusiasm for preformed vitamin A as a
widely acceptable cancer chemopreventive
agent. Therefore, research is now in progress
to discover more effective and less toxic synthetic retinoids. This area of enquiry will be
covered in Volume 4 of this IARC Handbook
series.
In sum, there is little evidence to support
the idea that, within the wide range of doses
bordered by deficiency and toxicity, modulating preformed vitamin A intake will have any
substantial cancer-preventive effect.
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Ilnterconversion1.) Iunits for vitaminT
1 mmol retinol

=

286 mg
284 mg

1 mmol retinal
1 mmol retinoic acid

=

300 mg

1 mmol retinyl acetate

=

328 mg

I mmol retinyl palmitate

=

524 mg

1 mg all-trans-retinol

3.33 International Units (lU) of retinol or retinyl esters
3.5 nmol all-trans-retinol
I ig retinol equivalents (RE)
6 ig all-trans-13-carotene
12 tg other all-trans provitamin A carotenoids
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Code

Definition

BID

Binding (covalent) to DNA in vitro
Binding (covalent) to DNA, animal cells in vivo

BVD
BVP
CBA
CCC
CIC
DIA

Binding (covalent) to RNA or protein, animal cells in vivo
Chromosomal aberrations, animal bone marrow cells in vivo
Chromosomal aberrations, spermatocytes treated and observed in vivo
Chromosomal aberrations, Chinese hamster cells in vitro
DNA strand breaks, cross-links or related damage, animal cells in vitro

GCO

DNA strand breaks, cross-links or related damage, animal cells in vivo
Gene mutation, Chinese hamster ovary cells in vitro

GIH

Gene mutation, human cells in vitro

G9H
MVM

Gene mutation, Chinese hamster lung V-79 cells, HPRT locus
Micronucleus test, mice in vivo

MVR

Micronucleus test, rats in vivo

SAD

Salmonella typhimurium, differential toxicity
Salmonella typhimurium WOO, reverse mutation

DVA

SAO
SA2
SM
SA5
SA8
SA9
SCF
SCR
SHL
SIC
SVA
TCM
UIA
URP
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Salmonella typhimurium TAI 02, reverse mutation
Salmonella typhimurium TAI 04, reverse mutation
Salmonella typhimurium TA1 535, reverse mutation
Salmonella typhimurium TA1 538, reverse mutation
Salmonella typhimurium TA98, reverse mutation
Saccharomyces cerevisiae, forward mutation
Saccharomyces cerevisiae, reverse mutation
Sister chromatid exchange, human lymphocytes in vitro
Sister chromatid exchange, Chinese hamster cells in vitro
Sister chromatid exchange, animal cells in vivo
Cell transformation, C3H IOT1/2 mouse cells
Unscheduled DNA synthesis, other animal cells in vitro
Unscheduled DNA synthesis, rat primary hepatocytes
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To facilitate an analysis of data from the open
literature on antimutagenicity in short-term
tests, we have applied the concept of activity
profiles already used successfully for mutagenicity data (Waters et al., 1988, 1990) to
antimutagenicity data. The activity profiles
display an overview of multi-test and multichemical information as an aid to the interpretation of the data. They can be organized in
two general ways: for mutagens that have been
tested in combination with a given antimutagen or for antimutagens that have been tested
in combination with a given mutagen (Waters
et al., 1990). The profile presented here is an
example of mutagens that have been tested in
combination with a single antimutagen and
they are arranged alphabetically by the names
of the mutagens tested. These plots permit
rapid visualization of considerable data and
experimental parameters, including the inhibition as well as the enhancement of mutagenic
activity. A data listing, arranged in the same
order as the profile, is also given to summarize
the short-term test used, the doses of mutagens
and antimutagens, the response induced by the
antimutagens, and the relevant publications.
The antimutagenicity profile graphically
shows the doses for both the mutagen and
antimutagen and the test response (either
inhibition or enhancement) induced by the
antimutagen. The resultant profiles are actually two parallel sets of bar graphs (Figure 1). The
upper graph displays the mutagen dose and the
range of antimutagen doses tested. The lower
graph shows either the maximum percent inhibition represented by a bar directed upwards
from the origin or the maximum percent
enhancement of the genotoxic response, represented by a bar directed downwards. A short
bar drawn across the origin on the lower graph
indicates that no significant (generally < 20%)
difference in the response was detected
between the mutagen tested alone or the
mutagen tested in combination with the

antimutagen. Codes used to represent the
short-term tests in the data listings have been
reported previously (Waters et al., 1988), and
the subset of tests represented in this paper are
shown in the Appendix.
In assembling the database on antimutagens
and presumptive anticarcinogens, the literature
was surveyed for the availability of antimutagenicity data (Waters et al., 1990), and publications were selected that presented original,
quantitative data for any of the genotoxicity
assays that are in the scope of the genetic activity
profiles (Waters et al., 1988).
The same short-term tests used to identify
mutagens and potential carcinogens are being
used to identify antimutagens and potential
anticarcinogens. The tests are generally those
for which standardized protocols have been
developed and published. Many of these tests
have been evaluated by the USEPA Gene-Tox
Program (Waters, 1979; Green & Auletta, 1980;
Waters & Auletta, 1981; Auletta et al., 1991) or
the National Toxicology Program (Tennant et
al., 1987; Ashby & Tennant, 1991) for their performance in detecting known carcinogens and
noncarcinogens or known mutagens and nonmutagens (Upton et al., 1984; Waters et al., 1994).
It is not clear at the present time whether
antimutagenicity observed in short-term tests is
a reliable indicator of anticarcinogenicity since
the available data are incomplete. Information
on both antimutagenicity and anticarcinogenicity in vivo for a number of chemical classes
is required before such a conclusion can be
drawn. Clearly, antimutagenicity tests performed in vitro will not detect those compounds that act in a carcinogenicity bioassay in
vivo, for example, to alter the activity of one or
more enzyme systems not present in vitro.
Rather, the in-vitro tests will detect only those
compounds that inhibit the metabolism of the
carcinogen directly, react directly with the
mutagenic species to inactivate them or otherwise show an effect that is demonstrable
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in vitro. Thus, it is essential to confirm putative
antimutagenic activity observed in vitro through
the use of animal models. Indeed, the interpretation of antimutagenicity data from shortterm tests must be subjected to all of the considerations that apply in the interpretation of
mutagenicity test results. Moreover, the experimental variable of the antimutagens used must
be considered in addition to the variables of the
mutagens and short-term tests used. Obvious
examples of parameters that must be considered in evaluating results from short-term tests
in vitro are: (1) the endpoint of the test, (2) the
presence or absence of an exogenous metabolic
system, (3) the inducer that may have been
used in conjunction with the preparation of
the metabolic system, (4) the concentration of
S9 or other metabolic system used and whether
that concentration has been optimized for the
mutagen under test, (5) the relative time and
order of presentation of the mutagen and the
antimutagen to the test system, (6) the concentration ratio of the mutagen relative to the
antimutagen, (7) the duration of the treatment
period, and (8) the outcome of the test, i.e.
inhibition or enhancement of mutagenicity.
Similar considerations apply to the evaluation
of in-vivo tests for antimutagenicity.
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Figure 1. Schematic diagram of an antimutagenicity profile. Profiles are organized to display either
the antimutagenic activity of various antimutagens in combination with a single mutagen or the activity
of a single antimutagen with various mutagens. The upper bar graph displays the mutagen concentration and the range of antimutagen concentrations tested. The lower graph shows either the maximum
percent inhibition, represented by a bar directed upwards from the origin, or the maximum percent
enhancement of the genotoxic response, represented by a bar directed downwards. As illustrated in the
lower graph, a bar across the origin indicates that no significant (< 20%) effect was detected (designated as 'negative data' in the text). Test codes are defined in Appendix 2.
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Methods
The x-axis of the activity profile (Waters et al.,
1987, 1988) represents the bioassays in phylogenetic sequence by end-point, and the values
on the y-axis represent the logarithmically
transformed lowest effective doses (LED) and
highest ineffective doses (HID) tested. The term
'dose', as used in this report, does not take into
consideration length of treatment or exposure
and may therefore be considered synonymous
with concentration. In practice, the concentrations used in all the in-vitro tests were converted
to tg/ml,, and those for in-vivo tests were
expressed as mg/kg bw. Because dose units are
plotted on a log scale, differences in the relative
molecular masses of compounds do not, in
most cases, greatly influence comparisons of
their activity profiles. Conventions for dose
conversions are given below.
Profile-line height (the magnitude of each
bar) is a function of the LED or HID, which is
associated with the characteristics of each
such as population
individual test system
size, cell-cycle kinetics and metabolic competence. Thus, the detection limit of each test system is different, and, across a given activity profile, responses will vary substantially. No
attempt is made to adjust or relate responses in
one test system to those of another.
Line heights are derived as follows: for negative test results, the highest dose tested without
appreciable toxicity is defined as the HID. If
there was evidence of extreme toxicity, the next
highest dose is used. A single dose tested with a
negative result is considered to be equivalent to
the HID. Similarly, for positive results, the LED
is recorded. If the original data were analysed
statistically by the author, the dose recorded is
that at which the response was significant
(p < 0.05). If the available data were not
analysed statistically, the dose required to
-
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produce an effect is estimated as follows:
when a dose-related positive response is
observed with two or more doses, the lower of
the doses is taken as the LED; a single dose
resulting in a positive response is considered to
be equivalent to the LED.
In order to accommodate both the wide
range of doses encountered and positive and
negative responses on a continuous scale, doses
are transformed logarithmically, so that effective (LED) and ineffective (HID) doses are represented by positive and negative numbers,
respectively. The response, or logarithmic dose
unit (LDU1J), for a given test system i and chemical j is represented by the expressions
LDUii

=

—log10 (dose), for HID values; LDU !~ O

and
LDUIf = —log10 (dose x 10 5), for LED values;
LDU ~:0.
These simple relationships define a dose
range of O to —5 logarithmic units for ineffective
doses (1-100 000 jig/ml, or mg/kg bw) and O to
+8 logarithmic units for effective doses
(100 000-0.001 mg/mL or mg/kg bw). A scale
illustrating the LDU values is shown in Figure 1.
Negative responses at doses less than 1 mg/mL
(mg/kg bw) are set equal to 1. Effectively, an
LED value ~! 100 000 or an HID value 1 produces an LDU = 0; no quantitative information
is gained from such extreme values. The dotted
lines at the levels of log dose units 1 and —1
define a 'zone of uncertainty' in which positive
results are reported at such high doses (between
10 000 and 100 000 mg/mL or mg/kg bw) or
negative results are reported at such low doses
(1 to 10 mg/ml or mg/kg bw) as to call into
question the adequacy of the test.
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Figure 1. Scale of log dose unitsI
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In practice, an activity profile is computer
generated. A data entry programme is used to
store abstracted data from published reports. A
sequential file (in ASCII) is created for each
compound, and a record within that file consists of the name and Chemical Abstracts
Service number of the compound, a three-letter
code for the test system (see below), the qualitative test result (with and without an exogenous metabolic system), dose (LED or HID),
citation number and additional source information. An abbreviated citation for each publication is stored in a segment of a record accessing both the test data file and the citation file.
During processing of the data file, an average of
the logarithmic values of the data sub-set is calçulated, and the length of the profile line represents this average value. All dose values are
plotted for each profile line, regardless of
whether results are positive or negative. Results
obtained in the absence of an exogenous metabolic system are indicated by a bar (-), and
results obtained in the presence of an exogenous metabolic system are indicated by an
upward-directed arrow (1'). When all results for
a given assay are either positive or negative, the
mean of the LDU values is plotted as a solid

line; when conflicting data are reported for the
same assay (i.e. both positive and negative
results), the majority data are shown by a solid
line and the minority data by a dashed line
(drawn to the extreme conflicting response). In
the few cases in which the numbers of positive
and negative results are equal, the solid line is
drawn in the positive direction and the maximal negative response is indicated with a
dashed line. Profile lines are identified by threeletter code words representing the commonly
used tests. Code words for most of the test systems in current use in genetic toxicology were
defined for the US Environmental Protection
Agency's GENE-TOX Program (Waters, 1979;
Waters & Auletta, 1981). For IARC Monographs
Supplement 6, Volume 44 and subsequent volumes, as well as the present series, codes were
redefined in a manner that should facilitate
inclusion of additional tests. Naming conventions are described below.
Data listings are presented in the text and
include end-point and test codes, a short test
code definition, results, either with (M) or
without (NM) an exogenous activation system,
the associated LED or HID value and a short citation. Test codes are organized phylogenetically
and by end-point from left to right across each
activity profile and from top to bottom of the
corresponding data listing. End-points are defined
as follows: A, aneuploidy; C, chromosomal
aberrations; D, DNA damage; F, assays of body
fluids; G, gene mutation; H, host-mediated
assays; I, inhibition of intercellular communication; M, micronuclei; P, sperm morphology;
R, mitotic recombination or gene conversion;
S, sister chromatid exchange; and T, cell transformation.
Dose conversions for activity profiles

Doses are converted to mg/mL for in-vitro tests
and to mg/kg bw per day for in-vivo experiments.

1.In-vitro test systems
(a) Weight/volume converts directly to mg/mL.
(b) Molar (M) concentration x molecular
weight = mg/mL = 103 mg/mL; mM concentration x molecular weight = mg/mL.
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(c) Soluble solids expressed as % concentration
are assumed to be in units of mass per
volume (i.e. 1% = 0.01 g/mL = 10 000
jg/mL; also, 1 ppm = 1 mg/mL).
(d) Liquids and gases expressed as % concentration are assumed to be given in units of
volume per volume. Liquids are converted
to weight per volume using the density (D)
of the solution (D = g/mL). Gases are con
vetted from volume to mass using the ideal
gas law, PV = nRT. For exposure at 20-3 7 oc
at standard atmospheric pressure, 1% (v/v) =
0.4 mg/mL x molecular weight of the gas.
Also, 1 ppm (v/v) = 4 X 105 mg/mL ><
molecular weight.
(e) In microbial plate tests, it is usual for
the doses to be reported as weight/plate,
whereas concentrations are required to
enter data on the activity profile chart.
While remaining cognisant of the errors
involved in the process, it is assumed that a
2-mL volume of top agar is delivered to each
plate and that the test substance remains in
solution within it; concentrations are
derived from the reported weight/plate values
by dividing by this arbitrary volume. For
spot tests, a 1-mL volume is used in the
calculation.
(f) conversion of particulate concentrations
given in mg/cm2 is based on the area (A) of
the dish and the volume of medium per
dish; i.e. for a 100-mm dish: A = icR2 = rc x
(5 cm)2 = 78.5 cm2. If the volume of
medium is 10 mL, then 78.5 cm2 = 10 mL
and 1 cm2 = 0.13 mL.
2. In-vitro systems using in-vivo activation

For the body fluid-urine (BF-) test, the concentration used is the dose (in mg/kg bw) of the
compound administered to test animals or
patients.
3;
In-vivo test systems
(a) Doses are converted to mg/kg bw per day of

exposure, assuming 100% absorption.
Standard values are used for each sex and
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species of rodent, including body weight
and average intake per day, as reported by
Gold et al. (1984). For example, in a test
using male mice fed 50 ppm of the agent in
the diet, the standard food intake per day is
12% of body weight, and the conversion is
dose = 50 ppm x 12% = 6 mg/kg bw per day.
Standard values used for humans are:
weight—males, 70 kg; females, 55 kg;
surface area, 1.7 m2; inhalation rate,
20 L/min for light work, 30 L/min for mild
exercise.
(b) When reported, the dose at the target site is

used. For example, doses given in studies of
lymphocytes of humans exposed in vivo are
the measured blood concentrations in
mg/mL.
Codes for test systems

For specific nonmammalian test systems, the
first two letters of the three-symbol code word
define the test organism (e.g. SA- for Salmonella
4'phimurium, E- for Escherichia coli). If the
species is not known, the convention used is -S-.
The third symbol may be used to define the tester
strain (e.g. SA8 for S. typhimurium TA1538, EW
for E. coli WP2uvrA). When strain designation
is not indicated, the third letter is used to
define the specific genetic end-point under
investigation (e.g. --D for differential toxicity,
--F for forward mutation, --G for gene conversion or genetic crossing-over, --N for aneuploidy, --R for reverse mutation, --U for
unscheduled DNA synthesis). The third letter
may also be used to define the general endpoint under investigation when a more complete definition is not possible or relevant (e.g. -M for mutation, --c for chromosomal aberration). For mammalian test systems, the first letter of the three-letter code word defines the
genetic end-point under investigation: A-- for
aneuploidy, B-- for binding, c-- for chromosomal aberration, D-- for DNA strand breaks, G-for gene mutation, I-- for inhibition of intercellular communication, M-- for micronucleus formation, R-- for DNA repair, S-- for sister chromatid exchange, T-- for cell transformation and
U-- for unscheduled DNA synthesis.
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For animal (i.e. non-human) test systems in
vitro, when the cell type is not specified, the
code letters -IA are used. For such assays in vivo,
when the animal species is not specified, the
code letters -VA are used. Commonly used animal species are identified by the third letter
(e.g. --C for Chinese hamster, --M for mouse,
--R for rat, --S for Syrian hamster).
For test systems using human cells in vitro,
when the cell type is not specified, the code letters -1H are used. For assays on humans in vivo,
when the cell type is not specified, the code letters -VH are used. Otherwise, the second letter
specifies the cell type under investigation (e.g.
-BH for bone marrow, -LH for lymphocytes).
Some other specific coding conventions used
for mammalian systems are as follows: BF- for
body fluids, HM- for host-mediated, --L for
leukocytes or lymphocytes in vitro (-AL, animals; HL, humans), -L- for leukocytes in vivo (-LA, animals; -LH, humans),--T for transformed cells.
Note that these are examples of major conventions used to define the assay code words.
The alphabetized listing of codes must be
examined to confirm a specific code word. As
might be expected from the limitation to three
symbols, some codes do not fit the naming
conventions precisely. In a few cases, test systems are defined by first-letter code words, for
example: MST, mouse spot test; SLP, mouse specific locus mutation, postspermatogonia; SLO,
mouse specific locus mutation, other stages;
DLM, dominant lethal mutation in mice; DLR,
dominant lethal mutation in rats; MHT, mouse
heritable translocation.
The genetic activity profiles and listings were
prepared in collaboration with Environmental
Health Research and Testing Inc. (EHRT) under
contract to the United States Environmental

Protection Agency; EHRT also determined the
doses used. The references cited in each genetic
activity profile listing can be found in the list of
references in the appropriate volume.

Garrett, N.E., Stack, H.F., Gross, M.R. & Waters,
M.D. (1984) An analysis of the spectra of genetic
activity produced by known or suspected human
carcinogens. Mutat. Res., 134, 89-111
Gold, L.S., Sawyer, C.B., Magaw, R., Backman,
G.M., de Veciana, M., Levinson, R., Hooper, N.K.,
Havender, W.R., Bernstein, L., Peto, R., Pike, M.C.
& Ames, B.N. (1984) A carcinogenic potency database of the standardized results of animal bioassays. Environ. Health Perspect., 58, 9-319
Waters, M.D. (1979) The GENE-TOX program. In:
Hsie, A.W., O'Neill, J.P. & McElheny, V.K., eds,
Mammalian Cell Mutagenesis: The Maturation of
Test Systems (Banbury Report 2), Cold Spring
Harbor, NY, CSH Press, pp. 449-467
Waters, M.D. & Auletta, A. (1981) The GENE-TOX
program: genetic activity evaluation. J. chem. Inf.
comput. Sci., 21, 35-38
Waters, M.D., Stack, H.F., Brady, A.L., Lohman,
P.H.M., Haroun, L. & Vainio, H. (1987) Appendix
1: Activity profiles for genetic and related tests. In:
IARC Monographs on the Evaluation of the
Carcinogenic Risk of Chemicals to Humans, Suppl. 6,
Genetic and Related Effects: An Updating of Selected
IARC Monographs from Volumes 1 to 42, Lyon,
IARC, pp. 687-696
Waters, M.D., Stack, H.F., Brady, A.L., Lohman,
P.H.M., Haroun, L. & Vainio, H. (1988) Use of
computerized data listings and activity profiles of
genetic and related effects in the review of 195
compounds. Mutat. Res., 205, 295-312
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