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Procarcinogenic and Anticarcinogenic Effects of B-Carotene
Xiang-Dong Wang, M.D., Ph.D., and Robert M. Russell, M.D.

A large body of observational epidemiologic stud-
ies has consistently demonstrated that individuals
who eat more fruits and vegetables, which are rich
in carotenoids, and people who have higher se-
rum B-carotene levels have a lower risk of cancer,
particularly lung cancer. In contrast to these ob-
servations, two human intervention studies that
used high-dose B-carotene supplements reported
an increased risk for lung cancer among Smiok-
ers. Recently, in vitro and in vivo studies have shed
light on the present conundrum regarding the
potential chemopreventive activity of B-carotene;
that is, B-carotene itself may act as an
anticarcinogen, but its oxidized products may fa-
cilitate carcinogenesis. These studies support the
hypothesis that the carcinogenic response to high-
dose B-carotene supplementation reported in the
human intervention trials is related to the instabil-
ity of the B-carotene molecule in the free radical-
rich environment in the lungs of cigarette smok-
ers. This is especially possible because smoke
also causes decreased tissue levels of other anti-
oxidants, such as ascorbate and a-tocopherol,
which normally have a stabilizing effect on the
unoxidized form of B-carotene. Nutritional interven-
tion using a combination of antioxidants (B-caro-
tene, a-tocopherol, and vitamin C) as anticarcino-
genic agents could be an appropriate way to ratio-
nally and realistically reduce cancer risk.

Introduction

Tobacco use in the United States is responsible for more
than 450,000 total deaths and 170,000 cancer deaths every
year. Smoking is the single most important risk factor for
lung cancer, the most common type of cancer worldwide
and currently the leading cause of cancer death in the
United States. It is well documented that smoking can
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damage DNA, including mutations of the p53 tumor sup-
pressor gene and down-regulation of retinoic acid recep-
tor B (RARB). Although the best protection against lung
cancer is the avoidance of tobacco smoke, the number of
current smokers remains alarmingly high (approximately
25% of the U.S. population), especially among teenagers.
Nutritional intervention could be an appropriate way to
rationally and realistically modify cancer risk.

Several observational epidemiologic studies have
consistently demonstrated that individuals who eat more
fruits and vegetables, which are rich in carotenoids, and
people who have higher serum B-carotene levels have a
lower risk of cancer.!? The consistency of the results from
observational studies is particularly strong for lung can-
cer.? Dietary B-carotene and high fruits and vegetable in-
take has been significantly associated with a reduction in
lung cancer risk in both smoking and nonsmoking men
and women.>* Animal and laboratory studies have also
shown that B-carotene can block the carcinogenic pro-
cess and inhibit specific tumor cell growth.** However,
the mechanisms of action of B-carotene in inhibiting lung
carcinogenesis are still unknown. Some proposed mecha-
nisms are that B-carotene may function as an antioxidant,®
be a precursor to retinoic acid,”® enhance gap junction
communication,'®!! increase immunologic function,'>** and
induce carcinogen-metabolizing enzymes that detoxify
carcinogens. '

In contrast to the results from observational studies,
two intervention studies, the Alpha-Tocopherol, Beta-
Carotene Cancer Prevention Study (ATBC)'*® and the
Beta Carotene and Retinol Efficacy Trial (CARET),!**
which used high-dose B-carotene supplements in humans,
demonstrated an increased risk of lung cancer among smok-
ers. The ATBC trial, a Finnish randomized, double-blind,
placebo-controlled study that used daily supplementa-
tion of a-tocopherol (50 mg), B-carotene (20 mg), or both
in 29,133 smokers, observed a significant 16% excess inci-
dence of lung cancer among participants who received
the B-carotene supplements for an average of 6 years (with
a range of 5-8 years). CARET yielded similar results.
CARET studied 18,314 men and women, 60% of whom
were current smokers and 39% of whom were former smok-
ers, including 22% asbestos-exposed smokers. Daily doses
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Figure 1. Possible mechanisms by which high-dose B-carotene increased lung cancer risk in smokers, whereas low-dose -carotene with

combined vitamins C and E may provide modest protection against lung cancer risk.

of B-carotene (30 mg) and retinyl palmitate (25,000 IU), or
a placebo, were given for approximately 4 years of inter-
vention. The CARET active intervention was stopped 21
months early because of clear evidence of no benefit and
evidence of possible harm: there were 23% more lung can-
cers and 17% more deaths in the active intervention group.
A third trial, the Physicians’ Health Study by Henneken et
al.,2 involved 22,071 male physicians (only 11% of whom
were current smokers, although 39% were former smokers
at the beginning of the study, in 1982) who took B-caro-
tene (50 mg) or a placebo every other day for 12 years. In
this group of subjects, there was no significant benefit or
harm owing to B-carotene supplementation in terms of
malignant neoplasms or death.

The failure of these intervention studies to demon-
strate a protective effect of supplemental B-carotene could
be explained by many factors, including interference with
the absorption or action of other nutrients in the diet, the
wrong duration or dose of supplementation (too little or
too much), or an inappropriate population. Nevertheless,
it is difficult to explain the apparent exacerbation of lung
carcinogenesis by B-carotene supplementation in smok-
ers. This harmful effect in smokers could be due to B-
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carotene itself, metabolites of B-carotene, or a different
metabolism of B-carotene in the lungs of smokers versus
nonsmokers. The mechanism(s) of the harmful effect of 8-
carotene is even more difficult to understand because the
ingestion of large amounts of B-carotene apparently did
not produce toxic side effects in patients treated chroni-
cally with high-dose B3-carotene for skin disease.>?*

Lung tumorigenesis is complex and involves multiple
mutations in the genome of the tumor cell that confer a
growth advantage (Figure 1). How could a lung epithelial
cell under certain risk conditions, such as chronic high-
dose B-carotene and smoke exposure, escape the normal
proliferative controls and become a malignant tumor? It is
possible that chronic high doses of B-carotene alter nor-
mal B-carotene (or other nutrient) metabolism and result in
a significant increase in the formation of its oxidized form
or its oxidative metabolites, which damage DNA directly
and/or provide a promoting environment for carcinogen-
esis. Recently, several reports from both in vitro and in
vivo studies have provided useful information regarding
the potential chemopreventive activity of B-carotene and
a mechanistic understanding of what might have gone
wrong in the B-carotene trials.
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The Free Radical-rich Atmosphere in the Lungs
of Cigarette Smokers Can Modify B-Carotene
Metabolism in the Lung Epithelium to Form an
Abundance of Oxidative Metabolites

Understanding the molecular details of B-carotene’s meta-
bolic pathways can yield insight into possible physiologic
and/or pathophysiologic mechanisms. B-Carotene can be
cleaved by mammalian tissues, mainly at the central double
bond (C-15,15"), but also at excentric double bonds (e.g.,
C-137,14";,C-11",12";C-9°,10"; and C-7",8") to form retinoids
and B-apo-carotenoids, which have structures similar to
those of retinoids.?s Because low levels of products of B-
carotene cleavage can, in and of themselves, give rise to
retinoic acid,™* dietary sources of B-carotene from caro-
tenoid-rich fruits and vegetables could be beneficial and
antiproliferative, as evidenced by the results of a large
number of epidemiologic studies. However, if high-dose
B-carotene supplementation results in the formation of
large quantities of undesirable oxidative metabolites in
the cell (e.g., owing to high B-carotene concentrations in
the highly oxidative conditions of the lung), they may
promote lung carcinogenesis via several possible mecha-
nisms (Figure 1).

In a recent study in ferrets,?® exposure to cigarette
smoke decreased B-carotene levels in plasma and lung
tissue in both the B-carotene supplemented and
unsupplemented animals (Table 1). To assess whether the
dramatic decrease of B-carotene was due to the enhanced
breakdown of the B-carotene molecule (especially B-caro-
tene excentric cleavage products) by smoke exposure, in
vitro incubations of all-trans-B-carotene were performed
with the post nuclear fractions of lung tissue from either
smoke-exposed or non-smoke-exposed ferrets. The results
showed that the formation of B-apo-14'-, 12'-, 10'-, and 8'-
carotenals were threefold higher in lung extracts from the
smoke-exposed ferrets than those in those from the non-
smoke-exposed ferrets.?s These data suggest that the free
radical-rich atmosphere in the lungs of cigarette smokers

can modify B-carotene metabolism in the lung epithelia to
form an abundance of oxidative metabolites.

Although the mechanism of enhanced B-carotene
oxidation or instability of the B-carotene molecule in the
lungs of animals exposed to cigarettes is not clear, a pos-
sible mechanism is that exposure of lung cells to smoke
results in decreased levels of other lung tissue antioxi-
dants, such as ascorbate and a-tocopherol. Vitamin C and
vitamin E normally have a stabilizing effect on the
unoxidized form of B-carotene.”’?® We had previously
shown that a-tocopherol can protect B-carotene from oxi-
dation and enhance vitamin A formation in vivo.” To ex-
amine the effects of smoke on B-carotene metabolism in
the presence of vitamin E, we conducted in vitro incuba-
tions of all-frans-B-carotene in the presence or absence of
vitamin E with the postnuclear fraction of lung tissue from
either smoke-exposed or non-smoke-exposed ferrets (Liu
C, Wang X-D, Russell RM, unpublished data, November
1998) (Table 2). The results from this in vitro incubation
study showed that the formation of B-carotene oxidative
metabolites (B-apo-carotenals and B-carotene-5,6-epoxide)
increased two- to fivefold in the smoke-exposed ferrets
versus the non-smoke-exposed ferrets (Table 2). However,
B-carotene oxidation by smoke exposure decreased 42—
70% when a-tocopherol was added the incubation mix-
ture. Thus, these data indicate that smoke exposure alone
enhances the pxidative cleavage of B-carotene in ferret
lung tissue, which produces increased amounts of B-caro-
tene oxidative metabolites. However, the oxidation of B-
carotene by smoke can be inhibited by the presence of a-
tocopherol.

B-Carotene Itself Acts as an Anticarcinogen, but
Its Oxidized Products Can Facilitate
Carcinogenesis

Very recently, several in vitro and in vivo experiments have
studied the question of whether B-carotene metabolites
can act as cocarcinogenic agents.3®32 The in vitro experi-

Table 1. Concentrations of B-Carotene and Retinoids in Four Groups of Ferrets After 6 Months of Treatment®

Smoke- B-Carotene- Smoke-exposed and
Control exposed supplemented fi-Carotene-supplemented
Group Group Group® Group®

B-Carotene

Plasma (nmol/L) 5+2% 4+2% 1094 21** 40+ 12%+*

Lung (pmol/100 mg) 9+ 1* Trace 2618+ 171** 171+ 22%%%
Retinol

Plasma (nmol/L) 754+ 73 716+ 54 805+99 749+ 53

Lung (pmol/100 mg) 417 37+ 10 44+14 38+5
Retinoic acid

Plasma (nmol/L) 1.36+0.19 1.23+0.17 143+022 1.25+0.15

Lung (pmol/100 mg) 1.70+0.7* ND 0.4+ 02%* ND

Source: Adapted from data from reference 26.

®Values are means =+ standard deviations (n = 6). ND = not detected. Different asterisks indicate that values are significantly different

from other groups (P<0.05).

bB-Carotene was given in an amount equivalent to 30 mg/day in humans.
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Table 2. Appearance of Excentric Cleavage Products After Incubation of 10 uM B-Carotene with the
Postnuclear Fraction of Lung Tissue in Non-Smoke-exposed and Smoke-exposed Ferrets in the Absence or

Presence of a-Tocopherol (10 uM)?

B-Carotene B-Apo-Carotenals R-Carotene-5,6,-

Incubation Recovered 14°- 12°- 10°- 8- Epoxide
Normal lung

B-Carotene 7736 36 120 & 23 32

B-Carotene plus a-tocopherol 7812 31 9% 72 0 22
Smoke-exposed lung

B-Carotene 5472 85 410 186 51 140

-Carotene plus a-tocopherol 6051 62 289 124 21 58

*Data represent an average of two to three separate experiments. All units are given in pmol/mL incubation mixture.

ment with calf thymus DNA reported by Salgo et al.’* com-
pared the effects of B-carotene and its oxidation products
(B-apo-carotenals, B-carotene-5,6-epoxide, and
11,12,15,15 -tetrahedron-B-carotene) on the binding of
benzo[a]pyrene metabolites. Benzo[a]pyrene is an impor-
tant smoke-borne carcinogen. The activation of
benzo[a]pyrene is mainly conversion to its 7,8-dtol-9,10-
epoxide, which is highly carcinogenic and reacts with DNA
to form adducts. The investigators used the hepatic mi-
crosomal fractions from rats that were either treated with
Aroclor 1254 and 3-methylcholanthrene or untreated.
These two compounds can cause marked increases in cy-
tochrome P4501A1 and P4501A2 activity, the major
isoforms associated with benzo[a]pyrene oxidation in hu-
man liver and lung tissue. The results showed that intact
B-carotene decreased the level of binding of metabolites
of benzo[a]pyrene to DNA, whereas B-carotene in its oxi-
dized form and its oxidative metabolites, using fractions
of B-carotene oxidation products separated by HPLC, fa-
cilitated the binding of benzo[a]pyrene metabolites to
DNA.

Similarly, an in vivo study by Perocco et al.,* which
used BALB/c 3T3 cells, showed that induction of cell trans-
formation by benzo[a]pyrene was markedly enhanced by
the presence of B-carotene, although it was not clear that
the enhancement of cell-transforming activity of B-caro-
tene was due to B-carotene itself or metabolites. The au-
thors demonstrated, however, that 3-carotene itself does
not have any cell-transforming activity in BALB/c 3T3
cells. Because high levels of cytochrome P450 enzymes
(CYPs) could predispose an individual to an increased
risk of cancer from bioactivated tobacco smoke
procarcinogens, Paolini et al.’? carried out a study that
showed a significant increase in carcinogen-metabolizing
enzymes (CYP1A1/2, CYP2A1,CYP2B1, and CYP3A1/2)
in the lungs of rats supplemented with very high doses of
f3-carotene (500 mg/kg body weight). It is uncertain whether
this booster effect of B-carotene on phase I carcinogen-
bioactivating enzymes is due to B-carotene itself or its
metabolites; however, it has been reported by one inves-
tigation that B-apo-8'-carotenal, an excentric cleavage
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product of B-carotene, but not B-carotene itself, is a strong
inducer of CYP4501A1 and CYP4501A2 in rats.® Interest-
ingly, the formation of B-apo-8°-carotenal was 2.5-fold
higher in lung extracts incubated with 8-carotene from
smoke-exposed ferrets than in those from non-smoke-ex-
posed ferrets.?

In general, these studies support the hypothesis that
intact B-carotene can act as an anticarcinogen but that its
oxidized products can facilitate carcinogenesis, e.g., by
facilitating DNA damage or by inducing carcinogen-me-
tabolizing enzymes (Figure 1).

Cigarette Smoke, Oxidative Metabolites of -
Carotene, or Both May Enhance Retinoic Acid
Catabolism in Lung Tissue

Because little information is available regarding the pos-
sible effect of B-carotene supplementation on retinoid sig-
nal transduction pathways in smokers, we carried out an
animal study in which ferrets were exposed to smoke and
simultaneously received high-dose B-carotene supple-
ments that were equivalent to 30 mg/day in humans.* Fer-
rets, an appropriate animal model for studying the absorp-
tion and tissue metabolism of B-carotene, were subjected
to either cigarette smoke exposure, B-carotene supplemen-
tation, or both for 6 months. The results (Table 1) showed
that the concentration of B-carotene in lung tissue (171
pmol/100 mg) from the smoke-exposed and B-carotene-
supplemented group of ferrets was comparable to the B-
carotene level in the lung (76 pmol/100 mg) of two active
participants from CARET intervention study.** However,
the concentration of retinoic acid in lung tissue was sig-
nificantly lower in all three treatment groups after 6 months,
compared with the control group (Table 1). This decreased
retinoic acid concentration could be due to increased ca-
tabolism of retinoic acid into more polar metabolites by a
cytochrome P450—dependent process. It is known that
smoke strongly induces cytochrome P450 enzymes in lung
tissue. 3

As mentioned above, two groups of investigators®>*
showed that induction of cytochrome P450 enzymes
(CYP1A1/2,CYP2A1,CYP2BI1, and CYP3A1/2) can occur
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with high-dose B-carotene supplementation. Little is
known, however, about the specific enzymes that are in-
duced by either smoke exposure or high-dose B-carotene
and whether they could be responsible for increased
retinoic acid catabolism. Because retinoic acid 4-hydroxy-
lase is a cytochrome P450 enzyme that is induced by
retinoic acid,?”** and because the chemical structure of
some B-carotene oxidative metabolites are structurally simi-
lar to retinoic acid, it is possible that retinoic acid 4-hy-
droxylase can be induced by B-carotene oxidative metabo-
lites. This enzyme was not induced, however, in the lungs
or livers of ferrets after treatment with B-carotene, smoke,
or a combination of both for 6 months (Wang X-D,
Sonneveld E, Liu C, et al., unpublished data, March 1998).
Thus, the role of cytochrome P450 enzymes in the catabo-
lism of retinoic acid in lung tissue, after either smoke expo-
sure or high-dose B-carotene supplementation, needs fur-
ther investigation.

High-Dose B-Carotene Exposure and Its
Metabolites Could Potentially Interfere with o
Retinoid Signal Transduction to Cause Lung
Cell Proliferation and Carcinogenesis

It is possible that after prolonged B-carotene supplemen-
tation, the free radical-rich atmosphere in the lungs of
cigarette smokers or nonsmokers increases B-carotene
breakdown to form oxidative metabolites that could inter-
fere with retinoid signal transduction, thus causing malig-
nant transformation. The background for this hypothesis
is based on the following information.

First, retinoids play an important role in the control of
cellular proliferation and differentiation in lung epithelial
cells.®® In vivo, vitamin A deficiency results in a replace-
ment of the mucociliary epithelium with keratinized squa-
mous epithelium in the tracheobronchial mucosa. More-
over, squamous metaplasia is reversed if vitamin A is re-
stored to the diet.** Retinoic acid derived from vitamin A
acts on normal bronchial epithelium by inducing mucus
and blocking squamous differentiation.’*#! Because squa-
mous metaplasia occurs during the early stages of lung
carcinogenesis, it is possible that perturbations in retin-
oid signaling contribute to lung carcinogenesis.*>*

Second, retinoid signaling occurs through nuclear
receptors, which appear to act as transcription factors.*
Both retinoic acid receptors (RAR) and retinoid X recep-
tors (RXR) are members of the nuclear hormone receptor
superfamily of sequence-specific, ligand-activated tran-
scription factors. Retinoid receptors regulate gene expres-
sion by binding as dimeric complexes to specific DNA
sites known as retinoic acid response elements (RARE),
which are located in the 5' promoter region of susceptible
genes, thereby transcriptionally activating a series of
genes with distinct antiproliferative activity. Several lines
of evidence suggest that RARS plays an important role in
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normal lung development; e.g., it is highly expressed in
adult lung tissue and upper airway epithelium of develop-
ing mice.** In vitro, one of the earliest events to occur
during airway epithelial cell exposure to retinoic acid is
the induction of RARB mRNA.#

Third, a role for RARB as a tumor suppressor gene
has been proposed.”® RARS is abnormally expressed in
human lung cancer cell lines and a number of primary tu-
mors.**° Most RARB expression abnormalities involve
reduced or absent expression of the RARB2 isoform, the
most abundant isoform in normal human lung tissue. 470
Recent in situ hybridization studies confirm that up to
50% of primary lung tumors lack RARB expression and
that loss of expression occurs early in lung carcinogen-
esis,”!*? although the molecular mechanism by which
RARB expression is lost is uncertain. Four types of lung
cancer (adenocarcinoma and squamous cell, large cell, and
small cell carcinoma) are characterized by a nonrandom
heterozygous loss of a region of the short arm of chromo-
some 3, the distal region of which contains the RARB
gene. 555 The frequency of this loss was found to be
higher in epidermoid (squamous) tumors. Restoration of
RARS2 in a RARB-negative lung cancer cell line has been
reported to inhibit tumorigenicity in nude mice.*® More-
over, introduction of RARB2 into RARB-negative HeLa
cells inhibits cell proliferation in vitro in a retinoic acid—
dependent manner.* Thus, loss of tumor suppressor func-
tion of RARRB by deletion, mutation, or transcriptional re-
pression may lead to enhanced cell proliferation and po-
tentially to tumor formation.

Finally, the chemoprotective effects of retinoids are
thought to be mediated through transrepression of acti-
vator protein 1 (AP-1), which involves inhibition of AP-1
protein induction.* The products of the two
protooncogenes, c-Fos and c-Jun, form a complex in the
nucleus, termed AP-1, that binds to a DNA sequence mo-
tif referred to as the AP-1 response element (AP-1 RE). By
binding to this sequence, AP-1 mediates signals from
growth factors, inflammatory peptides, oncogenes, and
tumor promoters, usually resulting in cell proliferation. It
was reported that RAR« acts as a negative regulator of
AP-1-responsive genes.”’ Moreover, retinoid receptors
and the transcription factor AP-1 (Jun/Fos) can inhibit
each other’s activities. Recently, a protein-protein interac-
tion mechanism for an antiproliferative effect of retinoic
acid receptors has become of interest, as suggested in a
recent study by Kamei et al.,”® who showed that the inter-
action between RAR and cAMP response element—bind-
ing protein (CBP) is responsible for some forms of repres-
sion of AP-1 activity. Recent studies have also revealed a
novel posttranscriptional mechanism by which all-trans-
retinoic acid antagonizes the ultraviolet-induced c-Jun
protein by stimulating its breakdown through the ubiquitin-
proteasome pathway.’*$" In a very recent study, Lee et
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Table 3. Effect of B-Carotene Feeding, Smoke Exposure, or the Combination on Proliferating-cell Nuclear
Antigen (PCNA) Expression, Retinoic Acid Receptors (RARa and RARB) Gene Expression, and Activator
Protein 1 (Encoded by c-Jun and c-Fos) Expression in the Lungs of Ferrets®

Smoke- f-Carotene- Smoke-exposed and

Control exposed supplemented  B-Carotene-supplemented
Group Group Group Group

PCNA 100£11 13011 180+21 366+ 60

RARa 100+ 8 94+ 10 9817 97+9

RARS 100+ 10 82+ 14 38+11 27+12

c-Jun 100£23 128+21 121+18 41652

c-Fos 10011 119+21 194429 392+43

Source: Adapted from data from reference 26.
sThe relative protein values in the three treatment groups were calculated as percent + standard deviation (»=6) compared with the
untreated group as 100%.
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suppresses Jun N-terminal kinase (JNK) activity by inhib- In a ferret study,? a strong pulmonary prollferatlve
iting JNK phosphorylation. Because AP-1 sites are found response, which was assessed by examining proliferating
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Figure 2. Pathologic changes of high-dose 3-carotene feeding, smoke exposure, and both on ferret lung tissue (hematoxylin-eosin x 50).
The results show that smoke exposure caused mild localized squamous metaplasia, in addition to aggregation and proliferation of
macrophages (Figure 2C). More severe proliferation of alveolar cell (type II pneumocytes) and alveolar macrophages was observed in
both the high-dose B-carotene-supplemented group (Figure 2B) and the smoke-exposed group with high-dose B-carotene supplementa-
tion (Figure 2D), compared with the group exposed to smoke alone or with the untreated control group (Figure 2A). Adapted from data
from reference 26.
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smoke, or both for 6 months. RARS gene expression, which
may function as a tumor suppressor, but not RARa and
RARy, was down-regulated by 18% to 73% in the three
active treatment groups compared with the control group
(Table 3). Furthermore, both c¢-Jun and c-Fos
protooncogene expressions were up-regulated three- to
fourfold in the smoke-exposed ferrets fed B-carotene com-
pared with the control animals (Table 3).

Very recently, it was reported that c-Jun is required
for progression through the G1 phase of the cell cycle by
a mechanism that involves direct transcriptional control
of the cyclin DI gene.® The all-trans-retinoic acid—in-
duced proteolysis of cyclin D1 leads to the arrest of hu-
man bronchial epithelial cells in the G1 phase of the cell
cycle.® It is conceivable that the down-regulation of RARB
and overexpression of c-Jun by chronic smoke exposure
and excess B-carotene supplementation cause abnormal
cell cycle regulation to drive cells into a premature S phase
(PCNA) (Table 3), which results in cell proliferation and
squamous metaplasia (Figure 2).

In summary, we hypothesize that one of the bi8logi-
cal bases for the harmful effects of high-dose B-carotene
supplementation in smokers is the free radical-rich atmo-
sphere yet antioxidant-poor environment in the lungs of
cigarette smokers. This environment alters B-carotene me-
tabolism and produces oxidative metabolites that acceler-
ate malignant transformation by down-regulating the
RARB gene and up-regulating AP-1 (c-Jun and c-Fos) ac-
tivity. Conversely, if low levels of excentric cleavage prod-
ucts are produced in the cell, as would be the case when
one eats high dietary levels of B-carotene or receives low-
dose B-carotene supplementation, this could be benefi-
cial and antiproliferative, because low levels of excentric
cleavage products can, in and of themselves, give rise to
retinoic acid.

Very recently, Lowe et al.% demonstrated that intact
(-carotene protects against oxidative DNA damage induced
by xanthine/xanthine oxidase in HT29 cells at relatively
low concentrations (1-3 uM) but rapidly loses this capac-
ity at higher doses (4—10 pM). In arecent hamster study, a
strong inhibitory effect of various doses of B-carotene on
the development of upper respiratory tract tumors was
observed in animals treated with diethylnitrosamine and
cigarette smoke.% It is interesting that B-carotene levels in
the serum of the B-carotene—supplemented animals were
not different in the control animals.®

To Achieve the Potential Chemopreventive
Activity of B-Carotene, Vitamin C and Vitamin E
Must Be Present to Prevent B-Carotene Oxidation

Recent in vitro studies on the protection of the B-carotene
molecule with vitamin E and vitamin C, along with several
human epidemiologic investigations, support the hypoth-
eses that adequate amounts of vitamins C and E must be
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present to prevent 3-carotene from being oxidized and for
B-carotene to have a chemopreventive effect.2’-286647

Vitamin C is a strong reducing agent known to act as
an antioxidant both in vitro and in vivo.® Vitamin C pro-
tects lipids in human plasma against oxidative damage by
scavenging oxygen-derived free radicals in both smokers
and nonsmokers.% Recent studies suggest that vitamin C
is able to convert the B-carotene radical back to B-caro-
tene and can help maintain B-carotene in its unoxidized
form 2% However, smokers have significantly lower plasma
levels of vitamin C compared with nonsmokers.® Even
nonsmokers exposed to passive smoke have reduced
ascorbic acid concentrations in their plasma.” Thus, it
seems that the anti- or procarcinogenic response to caro-
tenoid supplementation rests on the stability of the caro-
tenoid molecule and the presence of other antioxidants.
This may help to explain why diets high in fruits and veg-
etables, and hence high in vitamin C, are associated with a
decreased risk for cancers of the lung, oral cavity, esopha-
gus, stomach, and colon.™

Several lines of evidence also demonstrate that inter-
actions occur between B-carotene and tocopherols. 8-
Carotene or its metabolites can exhibit prooxidant proper-
ties” that may depend on the high oxygen tensions or the
dose of B-carotene. %2 Although one recent report” indi-
cates that a prooxidant effect of B-carotene is unlikely in
biologically relevant conditions, there is an interaction
between tocopherols and B-carotene with respect to pro-
or antioxidant effects: B-carotene appears to act as a
prooxidant in vitro in the absence of tocopherols™” or in
vivo under conditions of vitamin E deficiency.”®”” Because
the prooxidant effect of B-carotene has been attributed to
its oxidative degradation products,” tocopherols may limit
the prooxidant effects of carotenoids in biological sys-
tems by protecting carotenoids from oxidation. Conversely,
B-carotene is capable of regenerating a-tocopherol from
its radical 2% Pretreatment of human lung cells with vita-
min E and B-carotene together was shown to provide sig-
nificant protection against DNA strand breakage induced
by tobacco-specific nitrosamines.” In this regard, it should
be mentioned that a trial in Linxian County, China, involv-
ing approximately 30,000 men and women showed that
after an intervention period of 5 years, those given a com-
bination of B-carotene (15 mg/day), vitamin E, and sele-
nium had a 13% reduction in cancer deaths.®

It was recently reported that a combination of 3-caro-
tene, a-tocopherol, and vitamin C provides synergistic
protection against free radical damage in an in vitro cell
system.% Investigators observed that the combination of
B-carotene and vitamin E offered additive protection
against cell damage. In the presence of ascorbic acid, how-
ever, they observed a synergistic rather than an additive
effect, which can be explained by an electron transfer re-
action in which B-carotene radicals are repaired by vita-
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min C. Possible protective effects of combined antioxi-
dant supplements in humans exposed to environmental
tobacco smoke were also recently reported.5”#1%2 Howard
et al.¥ demonstrated that the increased oxidative stress
induced by environmental tobacco smoke can be reduced
in humans by supplementation with antioxidant vitamins
and trace minerals (3 mg B-carotene, 60 mg vitamin C, 30
IU a-tocopherol, 40 mg zinc, 40 pg selenium, and 2 mg
copper). Duthie et al.* carried out a double-blind antioxi-
dant supplementation study with vitamin C (100 mg/day),
vitamin E (280 mg/day), and B-carotene (25 mg/day) in 50
smokers and 50 nonsmokers for 20 weeks.®? The investi-
gators reported that supplementation with the combined
antioxidants resulted in a significant (P<0.002) decrease
in endogenous oxidative base damage in the lymphocyte
DNA of both smokers and nonsmokers. These findings
support the role of supplementation with a combination
of antioxidants (B-carotene, vitamin E, and vitamin C)
against human lung cancer.

Conclusion
&»

Studies suggest that the carcinogenic response to high-
dose B-carotene supplementation reported in human in-
tervention trials is related to the instability of the B-caro-
tene molecule in the lungs of cigarette smokers, which is a
free radical-rich yet antioxidant-poor environment. The
presentation of high doses of B-carotene via supplements
to the highly oxidative environment of the lung results in
increased levels of oxidative metabolites of B-carotene.
The increased B-carotene oxidative metabolites may pro-
mote carcinogenesis by inducing carcinogen-bioactivating
enzymes and bioactivating tobacco smoke
procarcinogens, facilitating the binding of metabolites of
benzo[a]pyrene to DNA, enhancing retinoic acid catabo-
lism and down-regulating RARS, and acting as a prooxidant,
causing damage to DNA. Because the stability of B-caro-
tene is dependent on other antioxidants, particularly vita-
mins C and E, investigations regarding the effectiveness
of a combination of antioxidants (B-carotene, vitamin C,
and a-tocopherol) as an effective chemopreventive strat-
egy against lung cancer should be studied. Furthermore,
animal studies under highly controlled experimental con-
ditions should be conducted to investigate dose-depen-
dent relationships between combined antioxidants, smoke
exposure, and gene expression and mutation before the
initiation of any more human intervention trials.
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