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Two recent clinical trials suggest that [-carotene
may be harmful to smokers. In this study we exam-
ined the hypothesis that (-carotene may become
toxic when degradation occurs. (-Carotene (BC)
and lycopene (LP) with or without prior heat treat-
ment (60°C for 1h in open air) were incubated at 20
and 40pM with calf thymus DNA or human fibro-
blasts Hs68 cells. The heat treatment resulted in ca.
80% and 35% bleaching of BC and LP, respectively.
When Hsé8 cells were incubated with the oxidized
B-carotene (OBC) or oxidized lycopene (OLP) at
37°C for 20h, cell viability was significantly and
dose-dependently decreased whereas cell viability
was not affected by BC or LP. Cell death, which
was already evident at 4h after incubation with
OBC or OLP, was possibly attributable to apoptosis,
as shown by the increased histone-associated DNA
fragmentation. However, cell lysis, measured as
release of lactate dehydrogenase, also occurred at 4h
after incubation with OBC and OLP, although
the extent was relatively small and was greater for
OLP than for OBC. When calf thymus DNA was
incubated with OBC or OLP at 37°C for 20h, the
8-hydroxy-2-deoxyguanosine (8-OH-dG) level was sig-
nificantly and dose-dependently increased by OLP
whereas the increase by OBC was only significant at
40uM. When Hs68 cells were incubated with OBC

and OLP for 20h, both compounds increased the
8-OH-dG level, but the effect was only significant for
40pM OLP. Comet (single-cell gel electrophoresis)
assay of DNA damage in Hs68 cells was determined
at 2h after incubation with OBC or OLP because of
its high sensitivity. Both OBC and OLP significantly
and dose-dependently increased DNA breakage
while BC and LP had no effect. Inclusion of BHT
during incubation of cells with 40uM OBC or OLP
partially inhibited (ca. 40%, p <.05) the extent of
comet formation. Intriguingly, OBC and OLP neither
induce lipid peroxidation in Hs68 cells (measured as
thiobarbituric acid-reactive substances released into
the medium) nor increased the intracellular level of
reactive oxygen species. Although it is presently
unclear about what degradation products are formed,
this study has demonstrated that, when oxidized, BC
and LP lead to oxidative damage to both purified
DNA and cellular DNA. The results suggest that such
damage may contribute to the adverse effects of
B-carotene reported in recent clinical studies and
caution that it is important to prevent oxidation of BC
and LP for human uses such as in supplemental studies.
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Abbreviations: BC, J-carotene; LP, lycopene; OBC, oxidized
[-carotene; OLP, oxidized lycopene; 8-OH-dG, 8-OH-2-
deoxyguanosine; MTT, 3-[4,5-dimethylthiazol-2-yl}-2,5-
diphenyl-tetrazolium bromide; TBARS, thiobarbituric
acid-reactive substances; THF, tetrahydrofuran; DMEM,
Dulbecco’s Modified Eagle Medium; NEAA, non-essential
amino acids; ROS, reactive oxygen species; DCFH-DA,
2,7"-Dichlorofluorescein diacetate; BHT, butylated
hydroxytoluene; LDH, lactate dehydrogenase

INTRODUCTION

B-Carotene (BC) and lycopene (LP) are carot-
enoids that consist of more than 600 natural
pigments present in fruits and vegetables.[”
Epidemiological studies have shown inverse
relationship between the intake of fruits and veget-
ables and the risk of several types of cancer,”
and such effects of fruits and vegetables have
been attributed to B-carotene.’! Both in wvitro
and animal studies have produced supportive
results to this theory. Most notably, BC is shown
to be an effective antioxidant by scavenging cer-
tain ROS, especially peroxyl radical and singlet
oxygen, and this antioxidant activity appears to
be greatest at low oxygen tension.!**! However,
two recent clinical trials of supplemental BC, i.e.,
the ATBC study™ and the CARET study"”’ on
the incidence and mortality of lung cancer and
cardiovascular disease have produced surprising
results, i.e.,, BC supplementation is either non-
protective!® or even detrimental in smokers.!*”]
Various interpretations of the ATBC!®! and
CARETY! studies have been presented.l>*¢!
Examples of the interpretations are: (1) BC may
be toxic at high doses; (2) BC may react with
cigarette smoke to generate toxic products; and
(3) BC may have been contaminated with toxic
degradation products.” Additionally, BC has
recently been shown to have co-carcinogenic ef-
fect by significantly increasing the activities of
several carcinogen-metabolizing enzymes (CYP1-
Al1/2,CYP3A, CYP2B1, and CYP2A) in the lungs
of rats supplemented with high doses of BC.I"”]

With regard to the toxicity of degradation pro-
ducts of BC, it has recently been suggested that

some of these products rather than BC itself
may be prooxidative or procarcinogenic.!"”) For
example, in an experiment involving incubation
of calf thymus DNA with rat liver microsomes
treated with cytochrome P450-inducing com-
pounds, it was shown that some of the degrada-
tion products of BC enhance the binding of
benzo[a]pyrene to DNA, although BC itself
inhibits the binding."® Using human fibroblast
Hs68 cells we recently showed that BC and LP,
a acyclic non-provitamin A carotenoid with 11
linearly arranged conjugated double bounds,
can be either antioxidant or pro-oxidant depend-
ing on the type of oxidants used."” We also
observed that cells incubated with BC or LP
alone (ie., without subsequent treatment with
an oxidant) had slightly but significantly in-
creased DNA breakage determined by the
single-cell electrophoresis (comet) assay. The
results suggest that some degradation products
of BC and LP, which may have been formed
during incubation, cause damage to DNA.
Therefore, in this study we examined the pos-
sibility that oxidized BC (OBC) and oxidized LP
(OLP) may have pro-oxidant activity in Hs68
cells. To do this, we exposed BC and LP to heat
(60°C) in open air for 1h before incubation with
calf thymus DNA or with Hs 68 cells. DNA
damage was determined by comet assay in
Hs68 cells and as formation of 8-OH-2'-deoxy-
guanosine (8-OH-dG) in both calf thymus DNA
and Hs68 cells.

MATERIALS AND METHODS

Reagents

All chemicals used were of reagent or higher
grade. BC was from Sigma Chemical Co.
(St. Louis, MO). LP and tetrahydrofuran (THF)
were from Wako Co. (Japan). Dulbecco’s Modi-
fied Eagle Medium (DMEM), fetal bovine
serum (FBS), trypsin, penicillin, streptomycin,
sodium pyruvate, and non-essential amino acids
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(NEAA) were from GIBCO/BRL (Maryland,
USA).

Cell Culture

Hs68 cells were cultured in DMEM medium
containing 10% (v/v) FBS, 0.37% (w/v) NaHCO;,
penicillin (100 unit/ml), streptomycin (100 unit/
ml), 0.1 mM NEAA, and 1 mM sodium pyruvate
at 37 °C in a humidified incubator under 5% CO,
and 95% air. The cells were harvested at ca. 90%
confluence (ca. 10° cells/10-cm dish).

Oxidative Degradation of Carotenoids and
Oxidative Treatment of Cells

The purity of commercial BC, as calibrated using
an extinction (Eje) of 2,500 (Sigma Catalog), was
ca. 93%, which compared well with the 95%
purity claimed by Sigma. For oxidative degrada-
tion, BC and LP solutions (10 mM in THF) were
incubated at 60°C in open air for 1h, based on
the spontaneous degradation procedure (60°C
under air or oxygen for 2h) of BC reported by
Handelman et al.”™™ We shortened the incuba-
tion time to 1h because of the relatively rapid
degradation of BC (Figure 1). Degradation of BC
and LP was determined as the loss of absorbance
at 450nm and 470nm, respectively.?" An ali-
quot of the carotenoid with or without oxidation
was added to confluent Hs68 cells, which were
then incubated in DMEM medium containing
0.37% (w/v) NaHCO;, penicillin (100 unit/ml)
and streptomycin (100 unit/ml) at 37°C. THF
was added at 0.4% final concentration to serve
as solvent control. All incubations were carried
out in the dark. After incubation cells were
washed twice in phosphate buffered saline
(PBS) and the pellet was used for assays of DNA
damage. Cell viability was assayed after incuba-
tion of cells with OBC or OLP at 37°C for 20h
using a modified 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl-tetrazolium bromide (MTT) colori-
metric assay.m]

Measurement of DNA Damage

8-OH-dG was measured in both calf thymus
DNA and Hs68 cells incubated with OBC or
OLP. DNA was isolated from Hs68 cells devoid
of medium by centrifugation (10,000 x g, 10 min)
using phenol/chloroform/isoamyl alcohol.i*)
An equal amount of DNA (200pug) was then
digested with nuclease P; and alkaline phos-
phatase, and the 8-OH-dG levels were analyzed
by HPLC with an electrochemical detector (Bio-
analytical Systems, model LC-4C) as described
previously.”*?! Oxidative damage was expressed
as the molar ratio of 8-OH-dG to 10° molecules
of deoxyguanosine (dG), which was calculated
from the absorbance at 260 nm. Comet assay was
adapted from the method of Singh et al.?®! Cells
were suspended in low-melting point agarose in
PBS at 37°C and placed onto a frosted glass
microscope slide precoated with a layer of 1%
normal-melting-point agarose. After application
of a third layer of 1% normal-melting-point
agarose, the slides were immersed in cold-lysing
solution for 1h at 4°C. The slides were then
placed in an electrophoresis tank, allowing the
DNA to unwind for 15min in the alkaline solu-
tion. Electrophoresis was performed using the
method of Collins et a.*”) One hundred comets
on each slide were scored visually as one of five
classes according to tail intensity and given a
value of 0, 1, 2, 3, or 4. The total for 100 comets
ranged from 0 to 400.

Measurement of Histone-associated DNA
Fragmentation

Apoptosis was determined by histone-associ-
ated DNA fragmentation test using the cell
death detection ELISA kit (Boehringer, Mann-
heim, Germany).m] Hs68 cells (ca. 1 x 104) were
plated onto a 96-well microplate. After incuba-
tion with oxidized or non-oxidized BC or LP for
4h, cells were centrifuged and lysed in lysis buf-
fer. Following centrifuging at 1,000 x g for 10 min,
a portion (20pl/well) of the supernatant
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FIGURE 1 Bleaching of §-carotene (A) and lycopene (B) in THF. Numbers 1, 2, and 3 denote absorption spectra recorded after

heating in open air at 60°C for 0, 30, and 60 min, respectively.

was transferred into microplates coated with
streptavidin on the bottom. After incubation
with immunoreagent containing anti-histone-
biotin and anti-DNA-PQOD for 2h at room tem-
perature, the substrate solution was added, and
the absorbance at 405 nm was measured.

Other Assays

Lipid peroxidation was measured fluorimetric-
ally as thiobarbituric acid-reactive substances
(TBARS) released into the medium®' from
Hs68 cells, as described previously.I'”) Butylated
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hydroxytoluene (BHT at 0.25% final concentra-
tion) was included to prevent sporadic lipid
peroxidation during heating at 100 °C for 10 min.
Generation of intracellular reactive oxygen
species (ROS) was assayed using 2',7"-Dichloro-
fluorescein diacetate (DCFH-DA), a stable non-
fluorescent molecule that readily crosses cell
membranes and can be oxidized to highly fluor-
escent DCF in the presence of intracellular
ROS.3%3 Briefly, 5uM DCFH-DA was added
to cells (ca. 3 x 10%) treated with OBC or OLP
and incubated at 37°C in the dark for 1h. The
fluorescence intensity was measured at 485nm
excitation and 530 nm emission.®>*!] Release of
lactate dehydrogenase (LDH) was measured as
an index of cytotoxicity, and the enzyme activity
was measured spectrophotometrically using
pyruvate as substrate.®” Total LDH was meas-
ured in cell lysates obtained by treatment with
0.5% Trition X-100, and the percentage of release
was determined by dividing the LDH activity in
the medium by total LDH activity.

Data Analysis

Values are expressed as means+SD and ana-
lyzed using one-way ANOVA followed by
Duncan’s multiple range test for comparisons
of group means.

RESULTS

Effects of OBC and OLP on Cell Viability

Figure 1 shows the changes in absorption spec-
tra of BC and LP at 30 and 60 min following heat
(60°C) treatment. Heating at 60°C for 1h
resulted in ca. 80% and 35% loss (i.e., bleaching)
of BC and LP, respectively, as determined by the
decrease in absorbance at 450nm (for BC) and
470 nm (for LP). When BC was oxidized at 37 °C,
it required ca. 12h to reach 80% bleaching. The
chromatograms from reverse-phase HPLC-
photodiode array detector obtained following

oxidation of BC at 60°C for 1h and at 37°C for
12h were very similar, suggesting the formation
of similar degradation products between the two
oxidation conditions (data not shown).

When Hs68 cells were incubated with OBC
and OLP at 37 °C for 20h, cell viability decreased
with increasing concentrations of OBC and OLP
(Figure 2). OBC and OLP were equally effective
in decreasing cell viability while neither BC nor
LP significantly changed the cell viability. The
loss of viability induced by OBC and OLP is
unlikely due to retardation of cell growth
because the cells we used had reached confluence
(ca. 90%) and little or no proliferation could
occur. We therefore determined the effects of
OBC and OLP on cell death, and we found that
cell death appeared to be due to apoptosis, as
shown by the increased histone-associated DNA
fragmentation, and was already evident at 4h
after incubation with OBC or OLP (Figure 3).
It should be mentioned that we only found
very weak formation of DNA ladder (data not
shown). One possible reason for this is that
Hs68 cells are quite large and have long doub-
ling time (4-5 days), and consequently, rel-
atively small numbers of cells (and thus small
amounts of DNA) are available. In addition to
apoptosis, cell lysis measured as release of LDH
also occurred at 4h after incubation with OBC
and OLP. However, the percentage release of
LDH was relatively minor (3.5+0.4, 50+22
and 9.0+4.1% for the control, 40 uM OBC and
40 uM OLP, respectively). OBC and OLP led to
shrinkage of Hs68 cells, which lost attachment
ability and floated in the medium (results not
shown).

Effects of OBC and OLP on DNA Damage and
Lipid Peroxidation

When calf thymus DNA was incubated with
OBC or OLP at 37°C for 20h, the 8-OH-dG
level was significantly and dose-dependently
increased by OLP whereas the increase by OBC
was only significant at 40pM (Figure 4A). In
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FIGURE 2 The viability of Hs68 cells incubated with 3-carotene (BC), lycopene (LP), oxidized 3-carotene (OBC), or oxidized
lycopene (OLP) at 37°C for 20h in the dark. Values (means +SD of three experiments) at the same concentrations with the
different letter are significantly different (p < .05).
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FIGURE 3 Apoptosis of Hs68 cells induced by oxidized g-carotene (OBC) or oxidized lycopene (OLP). Incubation was carried
out at 37°C for 4 h in the dark, and apoptosis was determined as histone-associated DNA fragmentation. Values (means + SD of
three experiments), expressed as relative absorbance of the control (i.e., solvent control, 100%), not sharing a common letter in
the same group are significantly different (p <.05).
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FIGURE4 DNA damage measured as 8-OH-dG in calf thymus DNA and Hs68 cells incubated with oxidized §-carotene (OBC)
or oxidized lycopene (OLP) at 37 °C for 20 h in the dark. Values (means + SD of three experiments) at the same concentration not
sharing a common letter are significantly different (p < .05). * Significantly different from the zero-time solvent (tetrahydrofuran)

control.

Hs68 cells incubated with OBC or OLP for 20h,
the levels of 8-OH-dG were only increased at
40 pM OBC or 40 uM OLP, and only the increase
by OLP was significantly different from the con-
trol (Figure 4B).

Comet assay of DNA damage in Hsé8 cells,
expressed as arbitrary units, was determined at
2h after incubation with OBC or OLP because of
the sensitivity of the assay. Both OBC and OLP
significantly and dose-dependently increased
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comet formation, and the effect of OLP was
greater than that of OBC (Figure 5); at 40 uM,
the comet was between classes 3 and 4 for OLP
and between classes 2 and 3 for OBC. Inclusion
of BHT (0.2mM final concentration) during
incubation of cells with 40pM OBC or OLP
partially inhibited (ca. 40%, p <.05) the extent
of comet formation; ethanol, in which BHT
was dissolved, had no effects at the final concen-
tration used (0.1%). As reported previously,“g]
we also found in this study that non-oxidized
BC and LP slightly increased comet formation
(between classes 1 and 2); the extent of such
damage was small for BC but was evident for
LP, although the effect of neither compounds
was significant.

OBC and OLP did not significantly affect lipid
peroxidation determined as TBARS in Hs68 cells
(data not shown). It is worth noting that both
OBC and OLP (as well as BC and LP) interfere

with the TBA test by forming TBARS during the
assay and that appropriate controls must be
included and subtracted. OBC and OLP also
did not significantly affect the levels of intracel-
lular ROS at 4 and 20h after incubation of the
cells with either oxidant (data not shown).

DISCUSSION

To examine the possibility that oxidized carot-
enoids can damage DNA, we have employed
human fibroblast Hs68 cells to study DNA damage
induced by BC and LP pretreated by heat at
60°C under air for 1h. Our results demonstrate
that OBC and OLP induced DNA damage meas-
ured as formation of 8-OH-dG and comet (DNA
strand breaks in single cells). OBC and OLP also
induced cell death that involved possibly apop-
tosis and slight cell lysis.

500
1. Control
2.20 M OBC or OLP
3.40 #M OBC or OLP a
400 - 4.20 tMBCorLP
5.40 tMBCorLP
6. 40 £t M OBC or OLP + BHT
g 300
g
;5 200 -
100 4
0

Oxidized B-carotene

Oxidized lycopene

FIGURE5 DNA damage measured as comet formation in Hs68 cells incubated with 3-carotene (BC), lycopene (LP), oxidized
B-carotene (OBC), or oxidized lycopene (OLP) at 37 °C for 2 h in the dark. Control: solvent control (tetrahydrofuran, 0.4%); BHT:
butylated hydroxytoluene (0.2 mM). Values (means + SD of three experiments) in the same group not sharing a common letter

are significantly different (p <.05).
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OBC and OLP may cause DNA damage by
direct damage from BC radical cation or by
indirect damage from their degradation products
or from the ROS they produced. Our finding that
BHT partially inhibited DNA damage (meas-
ured as comet formation) of Hs68 cells induced
by OBC and OLP suggests that all these factors
are likely to be involved. However, the role of
ROS may be minimal since neither OBC nor OLP
increased intracellular ROS level. Another pos-
sibility is that the BC (and perhaps, LP) radical
formed from the reaction with lipid peroxyl
radical can damage important cellular macro-
molecules.>®% The BC radical thus formed can
be reduced by vitamin E,"***%¢! and vitamin C, in
turn, can reduce vitamin E radical to prevent the
damaging effects of BC in smokers.™® It is well
established that cigarette smokers have lower
serum levels of vitamin C than do non-smokers
and hence, smokers may not have enough vit-
amin C to prevent such damage. Intriguingly,
OBC and OLP apparently did not affect lipid
peroxidation determined as TBARS in Hs68 cells
(the interference of the assay by OBC and OLP is
stated in the Results section). Using a simple
linoleic acid system to measure lipid peroxides
by an iodometric assay,”®”! we also found that
OBC and OLP did not affect lipid peroxidation
(data not shown). In accord with our findings,
Baker et al.®® showed that BC incorporated
into a liposomal system followed by exposure to
gas-phase smoke mildly inhibits, rather than
promotes, lipid peroxidation measured as forma-
tion of hydroxy fatty acid methyl esters. In
their study, several degradation products of BC
were identified, including carotenals, -carotene
epoxides, and 4-nitro-3-carotene.

It thus appears that the oxidatively degraded
products of BC and LP are important in caus-
ing oxidative damage to DNA. Although it is
presently unclear what degradation products
are responsible for DNA damage, the results
of Handelman et al.”®! may provide some clues
to OBC (and perhaps, OLP) because we used
a relatively similar heat treatment of BC to

theirs. By exposing BC to oxygen at 60°C for 2h,
they identified several carbonyls and epoxides
(e.g., [P-apo-13-carotene, [-apo-14'-carotene,
B-apo-12'-carotene, [-carotene-5, 6-epoxide and
B-carotene-15,15"-epoxide). Marty and Berset!®”)
also identified similar degradation products
of BC by prolonged heating at 180°C. Using
reverse-phase HPLC-photodiode array detector,
we observed an increase in several degradation
products of OBC and OLP that had increased
polarity with absorbance between 300 and 350
nm (data not shown), suggesting the presence
of [-apo-carotenals and [-carotene-epoxides.
Further studies are required to identify the pro-
ducts of OBC and OLP that are responsible for
DNA damage.

Our results from comet assay may help ex-
plain the seemingly conflicting results of a recent
study reported by Lowe et al.1*%) Using the comet
assay to study DNA damage in HT29 cells
induced by xanthine/xanthine oxidase, they
reported that both BC and LP at relatively low
levels (1-3 uM) protect against DNA damage but
rapidly lose this capacity, and in fact, may have
enhanced such damage at higher concentrations
(4-10uM). Based on our results, it is possible
that enough degradation products may have
been present at higher levels (4-10uM) of the
two carotenoids.

Our results may have some relevance in vivo
when comparing the levels of BC and LP incorp-
orated into Hs68 cells with the endogenous
levels in human LDL. We reported recently that
ca. 1-2% of the BC and LP was incorporated into
Hs68 cells in 1h.™! For 10° cells incubated with
20uM BC and LP, this is equivalent to 3.5nmol
BC (or 5.8 nmol/mg protein) and 3.8 nmol lyco-
pene (or 6.3nmol/mg protein). These levels are
somewhat higher than the endogenous levels
of BC and LP in isolated human LDL (0.22-
0.29 nmol BC and 0.37-2.0nmol LP/mg protein
in three subjects).*!) When taking supplements
that contain BC, plasma BC levels can be
increased greatly. An example is the CARET
study,” which reported a 12-fold increase in
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plasma BC level in subjects supplemented with
30mg BC/d (in combination with 25,000TU
retinyl palmitate) for five years. It is possible that
sufficient amounts of degradation products of
BC can exist in the serum and organs of subjects
taking BC or LP for a prolonged period of time.
Indeed, in vitro studies using homogenates or
extracts of various tissues from animals and
humans have shown that incubation with increas-
ing concentrations of BC lead to increased
concentrations of breakdown products that
include apo-carotenals.!*?4%

In summary, the present study in calf thymus
DNA and Hs68 cells demonstrates that both BC
and LP damage DNA when oxidized and that
OLP is more damaging than OBC in essentially
every assay used. It is unclear what oxidation
products are responsible for such damage, but
our results suggest that such damage may con-
tribute to the adverse effects of BC reported in
recent clinical studies. In particular, our results
caution that it is important to prevent oxidation
of BC and LP for human uses such as in supple-
mental studies.
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