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ABSTRACT

DNA adducts are markers of carcinogen exposure and of their biological effect; they
have been shown to be related to mutagenesis, and therefore they could be a predictive
biomarker of human cancer.. The objective of this study was to assess if there is a
relationship between vitamins A, C, and E, which are known to play a significant role as
free radical scavengers and antioxidant agents, and biomarkers of genotoxicity and
oxidative stress.

Three hundred and fifty-six subjects from Czech Republic, Slovak Republic and
Bulgaria, who completed a questionnaire on dietary information and had a
measurement of plasma A, C, E vitamins, DNA adduct levels (benzo[a]pyrene (B[a]P)
and bulky (DNA-Tot) DNA adducts) and oxidative damage (cyclic pyrimidopurinone
N-1,N2 malondialdehyde -2 deoxyguanosine (M1dG) and 8-oxo-7,8-dihydro-
2_deoxyguanosine (8-oxodG)) were analyzed.

A significant inverse correlation was observed between plasma vitamin levels and both
benzo[a]pyrene (B[a]P) and bulky DNA adducts. Vitamin A was also significantly
inversely correlated with M1dG, a marker of oxidative damage. The associations were
stronger in non smokers than in smokers.

Dietary intake of certain antioxidants such as vitamins is associated with reduced levels
of markers of DNA damage (B[a]P and DNA-Tot) and oxidation (M1dG and 8-oxodG)
measured in peripheral white blood cells. This could contribute to the protective role of
such a dietary pattern on cancer risk. The protective effect of dietary vitamins is less
evident in smokers.



INTRODUCTION

Diet may be the source of several mutagens, such as aflatoxin and heterocyclic amines,
whose biological effects on DNA have been studied extensively. Other carcinogens
present in diet, such as polycyclic aromatic hydrocarbons (PAH) and other aromatic
compounds have been investigated less frequently. PAH may occur in fried and
charcoal-grilled meat or in the food chain as a result of environmental pollution (1, 2).
PAHs are an important class of carcinogens, capable of inducing the formation of DNA
adducts leading to DNA damage after metabolic activation (3). This process may modify
the long term individual cancer risk, at least with respect to lung cancer, as reported
recently by a meta and pooled analysis (4). The measure of genotoxicity in target
organs such as lung, bladder and colon in relation to exposure seems to bring less
convincing evidence (5).

Preliminary to the study of the effect of diet on cancer risk is the study of the biological
effects of dietary constituents in healthy subjects. Data from large cohort studies have
been published on the association between dietary components and DNA adducts
measured in peripheral blood. An inverse association between fruit and/or vegetable
intake and various measure of DNA damage in healthy subjects has been repeatedly
reported in the European Prospective Investigation into Cancer and Nutrition (EPIC)
study (6,7).

In a previous analysis of the present EXPAH cohort (8), the relationship between dietary
factors and DNA damage was examined by assessing whether specific groups of foods
known to have antioxidant properties would be inversely associated with levels of DNA
adduct levels, oxidative damage to DNA and chromosomal aberrations. The results of
this analysis showed modest, if any, associations between such dietary components
and biomarkers of DNA damage.

In order to better understand mechanisms through which diet affects DNA damage, it is
useful to look at the effect exerted by the various micronutrients contained in diet.

Dietary vitamins and antioxidant consumption may modify the levels of DNA damage
induced by both diet and smoking, the main source of PAH exposure, thus modifying
individual cancer risk. The association between dietary vitamins and DNA
damage/oxidation is usually investigated indirectly by calculating vitamin consumption
from dietary items collected through standardized questionnaires. However, the
association between vitamin levels as measured in plasma on several measures of
DNA damage and oxidation has been rarely performed. A study on 109 non smoking
policemen conducted in Prague, reported a weak negative association between plasma
vitamin A levels and both Total DNA adducts and B[a]P-like DNA adducts (9).

Another study from the same group on a small population of 50 bus drivers showed that
vitamin E levels were positively correlated with markers of oxidative stress (10).

Vitamin C (ascorbic acid) is one of the most important natural antioxidants in living
tissues (11). Studies conducted in the early 80s (12) showed a clear-cut ability of
vitamin C to block the clastogenic action of alkylating agents. Subsequently to this
finding, vitamin C was administered as a prophylactic agent in several groups of



workers occupationally exposed to different mutagens and carcinogens (13-16). Vitamin
C prophylaxis significantly decreased the frequency of aberrant cells in these workers.

The present analysis investigates the role of vitaminA, C, E measured in plasma on
markers of DNA damage (B[a]P and DNA-Tot) and oxidative stress (M1dG and 8-
oxodG) in a healthy population collected in three geographical areas of Europe.



METHODS
The population under study is described in detail elsewhere (17, 18), and consisted of

204 workers selected from Prague (Czech Republic) (city policemen), Kosice (Slovak
Republic) (city policemen), and Sofia (Bulgaria) (city policemen and bus drivers), and
152 subjects who were non-occupationally exposed to traffic pollutants, matched for
age and gender. Blood samples were collected from each participant for determination
of DNA adducts levels, genetic susceptibility, and determination of other biomarkers,
such as vitamins and folates. A questionnaire was completed by each individual
providing demographic, smoking and dietary information.

Smoking status was defined according to cotinine levels (adjusted by creatinine levels):
smokers were subjects with cotinine levels greater than 500 ng cotinine/mg of
creatinine, passive smokers were subjects with cotinine levels between 200 and 500 ng
cotinine/mg, and non smokers with cotinine levels lower than 200 ng cotinine/mg.

BLOOD SAMPLES: The blood samples were were collected at the end of the working
shift and processed into serum, plasma, erythrocytes and lymphocytes, and distributed
to the partner laboratories using random assigned codes to assure anonymity. All the
samples were kept frozen until shipment or analysis, and were transported to the
laboratories in dry ice, and then stored at =80 -C until usage.

In addition to job description, personal exposure was obtained with the use of personal
monitors. Subjects were classified as exposed when personal exposure to carcinogenic
PAHs (c-PAHs) was greater than the median value of average exposure of non
occupationally exposed subijects, i.e. 7.55 ng/m3, and as non exposed when personal
exposure values were lower or equal to 7.55 ng/m3.

Personal Monitors: The individual exposures of the subjects under study were
determined during their working shift by the use of personal monitors, which collected
PM2.5 from which the c-PAHs were extracted. Personal monitors were worn once by
each subject, were applied at the beginning of the work shift, and collected at the end of
it.

Carcinogenic PAHSs, (benz[a]anthracene, chrysene, benzo[b]fluoranthene,
benzol[k]fluoranthene, benzo[a]pyrene (B[a]P), dibenzo[a,h]anthracene,
benzo[g,h,i]perylene andindeno[1,2,3-cd]pyrene) and phenanthrene, anthracene,
fluoranthene, pyrene, coronene, were determined in the filter extracts by HPLC with
fluorescence detection (NIOSH method 5506).

As a measure of oxidative DNA damage, 8-oxodG was determined in post-shift
lymphocyte DNA samples from 98 exposed individuals and 105 controls from Prague
and Kosice (19). A second measurement of oxidative stress was malondialdehyde DNA



adduct (M1dG) in post-shift lymphocyte DNA from 198 exposed and 156 control
individuals from all three cities.

8-0x0dG levels were determined by liquid chromatography—tandem mass spectrometry
multiple reaction monitoring (LC-MS/MS MRM) technique, using immunoaffinity or
HPLC purification of 8-oxo-dG (19). This technique was also recommended by the
ESCODD guidelines (20). M1dG DNA adduct was measured by immunoslot blot
procedure described in detail elsewhere (21).

As biomarkers of exposure to c-PAHs, total PAH-DNA (bulky) adducts and the specific
adduct arising from B[a]P (B[a]P-like DNA adduct) were measured in lymphocyte DNA,
using *?P-postlabelling and following protocols described elsewhere (22).

Vitamin C (ascorbic acid) was determined in plasma using a HPLC as previously
described (23). Vitamin E (alpha-tocopherol) and vitamin A were determined by using a
HPLC-UV detection method described by Driskell et al. following n-heptane extraction
from the plasma (24). The CEDIA folate kit (Roche Diagnostics, Prague, Czech
Republic) was used for the determination of folates in plasma. Chromosome aberrations
were measured by fluorescence in situ hybridization (FISH) (25, 26).

STATISTICAL ANALYSIS

Data were transformed when appropriate to obtain normality of the distribution of each
variable. The correlations between vitamin levels and biomarkers of oxidative DNA
damage (8-oxodG and M1dG adducts levels) and environmental exposure (bulky DNA
adducts and B[a]P DNA adducts levels) were assessed by Pearson correlation analysis.
Multiple linear regression models were used to assess the independent contribution of
exposure, age, vitamin levels and smoking to the levels of each biomarker of exposure
or oxidative damage. F values and corresponding p values are reported.

A p-value lower than 0.05 was considered as statistically significant. All the statistical
analyses were performed using SAS statistical package (8.1 Version, SAS Institute Inc.,
Cary, NC).

RESULTS

The average age of the population was 34.1 + 9.0 years; 39.1% of the subjects were
current smokers, the average c-PAHs exposure measured with personal monitors was
22.0 £ 26.5 ng/m3, with the highest findings in Bulgaria, followed by the subjects
recruited in Slovakia, and then by the subjects from the Czech Republic.

The mean values of plasma vitamins are reported in table 1. There was a high variability
in values across subjects, as shown by the wide ranges of values.



The correlation between vitamin levels and the various biomarkers of
genotoxicity/oxidative damage is reported in table 2 and figures 1 and 2. There was a
significant inverse correlation between the B[a]P-like DNA adduct and vitamin C (fig 1,
a), A (figure 2, a), and E levels (Table 2). The correlation was stronger in non smokers
than in current smokers. Total DNA adducts were also statistically inversely associated
with vitamin C (figure 1, b), A (figure 2, b), E levels (Table 2); for vitamin E, the
association was stronger in non smokers. A weak positive association between vitamin
A and 8-oxodG was observed (Table 2). Vitamin A levels were significantly inversely
associated with M1dG adducts (Table 2, figure 2, c). There was no significant
correlation between chromosomal aberrations by FISH and vitamin levels. The analysis
of subjects exposed to passive smoking seems to follow the direction of the analysis
conducted in non smokers, although the reduced number of subjects does not allow a
detailed analysis of this subgroup.

The multivariate analysis of the determinants on DNA adduct levels is presented in table
3. Total DNA adducts remain significantly inversely associated with both vitamin A and
C in non smokers, after adjustment for potential confounders (age, exposure status and
levels of the other vitamins). In smokers, only vitamin A showed a significant inverse
association with total DNA adducts. For the B[a]P-like DNA adduct, the only significant
inverse association shown by the multivariate analysis was with vitamin E in non
smokers. No significant association was observed between 8oxodG and any of the
vitamins considered in this study. M1dG levels were significantly inversely associated
with vitamin A in non smokers, and with vitamin C in smokers, after adjustment for
possible confounders.



DISCUSSION

Our study, conducted on a sample of healthy volunteers from three European
Countries, shows a significant inverse association between vitamin A, C and E and both
total and B[a]P-like DNA adducts; in the multivariate analysis, total DNA adducts
resulted independently associated with both vitamin A and C levels, while for B[a]P-like
DNA adducts only the association with vitamin E levels persisted after adjustment for
possible confounders.

The significant inverse associations between vitamin levels and bulky DNA adducts
observed in the present analysis were almost always confined to non smokers. The
literature on this aspect is scarce and not univocal. A published study with similar
design to the present study reported an association confined to DNA adducts and
exposure to environmental tobacco smoke, and a possible interaction with dietary
components in this group (27). However, another study conducted in the Czech
Republic in healthy non smokers did not find any association between DNA adduct
levels in lymphocytes and plasma vitamin C levels, while reported a protective effect of
vitamin A on DNA adducts production under conditions of elevated exposure to c-PAHS.
In line with our findings, a recent report from EPIC (European Prospective Investigation

into Cancer and Nutrition, indicated that leucocyte DNA adducts may predict lung
cancer risk among never and former smokers (28), although vitamins were not directly
measured in the EPIC study, but deduced from the various dietary items. One reason
for the observed inverse associations between DNA damage and vitamin levels in non
smokers could be that the subjects are exposed to environmental tobacco smoke, and
that vitamins are counteracting the deleterious effects of such exposure. An association
between DNA damage and ETS exposure in children has been reported (29). In our
analysis, we were able to adjust the findings for the level of environmental exposure to
PAHSs, since detailed personal measurements were performed at the time of enrollment.
We also used cotinine levels in order to classify subjects according to their smoking
status, since the reported information on passive smoking exposure were very limited.
The analysis of passive smokers gave results similar to what observed in non smokers;
however the small number of subjects included in this category does not allow to draw
any firm conclusion.

A previously published paper using this data set (30), conducted with the purpose of
understanding the determinants of markers of DNA oxidative damage and the
interaction with metabolic gene polymorphisms has partially explored the association
between M1dG and 8-oxodG and vitamin levels; however the analysis was focused on
geographic differences in determinants of biomarker levels, and was not conducted with
the same statistical depth as it is in the present paper.

Our study also indicates that vitamin levels measured in plasma do not correlate with
markers of oxidative damage such as M1dG and 8-oxodG adducts, while they do
correlate with bulky DNA adducts and BPa DNA adducts. It is possible that different
mechanisms of DNA repair, as well as differences in the way vitamins interact with



markers of DNA damage, play a role in determining this result. Both M1dG and 8-
oxodG adducts showed a weak correlation with vitamin A levels, which persisted for
M1dG only at the mutivariate analysis, where the data were adjusted for possible
confounders; in this analysis, age became the predominant independent determinant of
oxidative damage. Similar findings were reported by a study conducted in five European
countries (31), and by a study involving men on high fruit and vegetable diets (32). A
study involving coke-oven workers who took vitamin supplements showed that the
excretion of 8-oxodG adducts was decreased compared to those workers that took no
vitamins (33). However, the study did not include direct measurements of plasma
vitamin levels were not measured. In addition, occupational exposure to c-PAHs in
coke-oven workers is approx. two-three orders of magnitude higher than what
measured from environmental exposure.

There may be basic underlying differences in the biological effects exerted on oxidative
damage by vitamins deriving from a regular balanced diet in comparison to vitamins
deriving from a diet including vitamin supplements. This aspect needs to be clarified by
further studies.

No association was found between markers of chromosomal aberration as measured by
FISH and plasma vitamin levels in the present study. According to previous experience
(13-16), the effect of vitamins on DNA damage depends on the amount of vitamins
consumed, and it is evident when vitamin supplements are administered. In this study,
the negative results are probably related to the fact that approximately 50% of the
population exhibited a dietary intake of vitamin C below the levels observed in dietary
vitamin supplements are administered.

Strength of this study, in addition to the large sample size, is the fact that the cohort is
well characterized epidemiologically, and that numerous biomarkers are measured in
each subject. The direct measure of plasma vitamin levels, rather that their indirect
calculation from a dietary questionnaire, is another factor that add strength to our
results.

In conclusion, our study seems to indicate that vitamin levels may modulate direct signs
of genotoxicity in healthy subjects, and that such effect is more pronounced in non
smokers. This result adds data to the field of chemoprevention with multivitamins in
smokers, but also reinforces the need for a diet rich in vitamin components for the
general population.
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Table 1: General characteristics of the population and average values of vitamins as measured

in plasma
Variable N subjects
Age (years) 356

c-PAHs exposure (hng/m3) 347

VIT C (umol/l) 329
VIT A (umol/l) 354

VIT E ((umol/l) 354

Mean

34.1

22.0

48.6

2.37

18.22

Std. Dev.

9.0

26.5

41.84

2.07

9.34

Range
19-65

3.05-263.3

(0.2-282.86)
(0.05-9.80)

(2.8-118.55)



Table 2: Correlation between vitamins and DNA adducts

VIT E

VIT E

B[a]P-like
DNA adduct  8-oxo0dG total DNA M1dG FISH
(V transf.) adducts (V transf.) (Log. transf.)

R.n (p) R, n(p) R, n (p) R,n (p) R,n (p)

VIT C (log transf.) -0.23 * -0.05 -0.43 -0.01 -0.008
222 201 324 320 196
(0.0005) (ns) (<.0001) (ns) (ns)

VIT A (log transf.) -0.25* 0.15 -0.42 -0.23 -0.04
248 203 350 345 196
(<0.0001) (0.034) (<.0001) (<.0001) (ns)
-0.22 * -0.07 -0.23 * 0.05 0.16
248 203 350 345 196
(0.0005) (ns) (<.0001) (ns) (0.03)

* Only in non smokers

PASSIVE SMOKERS

VIT C (log transf.) -0.17 0.25 -0.48 0.02 0.14
(ns) (ns) 0.02 (ns) (ns)
13 13 23 22 11

VIT A (log transf.) -0.07 0.23 -0.36 -0.17 0.36
(ns) (ns) 0.07 0.42 (ns)
15 11 25 24 11
-0.57 0.24 -0.21 -0.14 0.28
0.02 (ns) (ns) (ns) (ns)
15 11 25 24 11



Fig. 1 - Correlation between Vitamin C levels (log transformed) and B[a]P-like DNA adduct (a),
and total DNA adducts (b)
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Fig. 2 - Correlation between Vitamin A levels (log transformed) and B[a]P-like DNA adduct
(DNA_BP) (a), total DNA adducts (DNA_TOT) (b), and malondialdehyde DNA (M1) adducts (c)

(malondialdehyde DNA (M1) adducts are squared transformed)

(@)

B[a]P-like-BDNA-adduct

0.34 *
0.33
0.32
0.31
0.30
0.29
0.28
0.27
0.26
0.25
0.24
0.23
0.22
0.21
0.20
0.19
0.18
0.17
0.16
0.15
0.14
0.13
0.12

P P U P P O U U S PO O U S U RO U U PO HAVEN PO RO RO A RO B |

Vit A (umol/l)



(b)

total DNA adducts
*

3

Vit A (umol/l)



(c)

Y GE N A—atauct

K ek % >k

* %

KK K K K Kk koK

malondialdehyde DNA-adducts

12 ]

11

107

Vit A(umolll)



Table 3: independent contribution of several variables to the levels of adducts in peripheral
lymphocytes —multivariate linear analysis

NON SMOKERS SMOKERS
Total DNA adducts
Variable F Value p F Value p
Age (years) 0.05 0.83 0.59 0.44
Vit. E (umol/l) 244 0.12 0.05 0.82
Vit. A (umol/l) 22.88 <.0001 12.71 0.0005
Vit. C (umol/l) 10.81 0.001 3.06 0.08
Exposure 3.78 0.05 0.53 0.47
B[a]P-like DNA adduct
Age (years) 2.95 0.09 0.15 0.69
Vit. E (umol/l) 4.76 0.03 1.21 0.27
Vit. A (umol/l) 1.64 0.20 0.19 0.66
Vit. C (umol/l) 0.01 0.94 0.17 0.68
Exposure 0.88 0.35 0.58 0.44
(>/< 7.55 ng/m3)
8 oxodG
Age (years) 2.67 0.10 0.12 0.73
Vit. E (umol/l) 1.36 0.24 3.01 0.09
Vit. A (umol/l) 3.36 0.07 0.00 0.95
Vit. C (umol/l) 1.21 0.27 1.35 0.25
Exposure 0.75 0.39 0.87 0.35
(>/< 7.55 ng/m3)
M1dG
Age (years) 4.02 0.0468 6.24 0.01
Vit. E (umol/l) 0.23 0.63 0.81 0.37
Vit. A (umol/l) 9.17 0.003 3.52 0.06
Vit. C (umol/l) 0.14 0.71 7.02 0.009

Exposure 1.38 0.24 0.33 0.56



(>/< 7.55 ng/m3)
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