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Differences in lung cancer risk by race/ethnicity have been observed among smokers.
To determine whether these observations might reflect differences in the formation of
carcinogen—DNA adducts, we analysed blood specimens (n=151) collected from
smokers who were recruited for possible participation in an antioxidant vitamin
intervention study. Mononuclear cells were analysed for polycyclic aromatic hydrocarbon
(PAH)-DNA adducts by competitive enzyme-linked immunosorbent assay. Genotypes of
glutathione S-transferase M1 and P1 (GSTM1 and GSTPI), enzymes involved in the
detoxification of PAH metabolites, were determined by polymerase chain reaction (PCR)
and PCR-restriction fragment length polymorphism, respectively. GSTM was present in
65 out of 88 (73.4%), 16 out of 32 (50.0%) and 16 out of 29 (54.8%) of African-
Americans, Caucasians and Latinos, respectively (p =0.022). Homozygosity for the
GSTP1 codon 105 variant was found in 25.6%, 6.3% and 10.0% of African-Americans,
Caucasians and Latinos, respectively (p = 0.023). Regression analysis of the log-trans-
formed adduct levels confirmed that Caucasian and Latino subjects had lower PAH-DNA
adduct levels than African—American subjects, after adjustment for gender, education, o~
tocopherol and B-carotene levels, and GSTM1 status. Further adjustment for age and
current smoking habits had no impact on these findings. Although crude analysis
suggested that the GSTM1 -positive genotype may be associated with lower PAH-DNA
levels in Caucasians (but not in African-Americans or Latinos), a formal test for
interaction between GSTM1 and ethnicity was not significant. We found no association
between adduct levels and GSTP1 genotype. Although the mechanism is unclear, ethnic
differences in DNA damage levels may in part explain why African-Americans have higher
lung cancer incidence rates than other ethnic groups.
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Introduction
In the USA, the incidence and mortality rates of lung cancer are higher among
African-Americans than among those of other races. Socioeconomic factors such as
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diet, health care utilization, perceived disease risk, occupational exposures and
ambient air pollution may account for some of the excess cancer risk among
African-Americans (Williams 1996, Shakoor-Abdullah ez al. 1997, Perez-Stable ez
al. 1998). Smoking behaviour may also play a role. African-Americans smoke
mentholated cigarettes more frequently than other groups. Mentholated cigarettes,
which have a relatively high tar and nicotine content, provide cooler smoke,
encouraging greater inhalation and longer puffs (Shields 2000). Other smoking
patterns, such as age at smoking initiation, daily cigarette use and quitting rates,
may also differ by race/ethnicity. Some data have suggested that the genes
controlling the metabolism of carcinogens may be associated with race/ethnicity.
For example, the higher serum cotinine levels found among African-American
smokers compared with white smokers may reflect genetic differences in nicotine
metabolism (Wagenknecht ez al. 1990). A recent study using urinary biomarkers of
the tobacco-specific lung carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-buta-
none (NNK) found that white smokers had a higher glucuronide to parent NNK
ratio than African-American smokers (Wynder and Muscat 1995). This ratio is
believed to be a measure of detoxification capacity.

In addition to NNK, cigarette smoke is known to contain more than 55
carcinogenic agents, including polycyclic aromatic hydrocarbons (PAHs) and
aromatic amines (Hecht 1999). PAHs are metabolically activated by phase I
enzymes such as the cytochrome P450 enzymes to reactive electrophiles, which
produce PAH-DNA adducts (Vineis ez al. 1999). Among smokers, PAH-DNA
adducts in mononuclear cells have been associated with lung (Tang ez al. 1998),
bladder (Bonassi ez al. 1989) and laryngeal (Degawa et al. 1994, Szyfter et al. 1994)
cancers. However, phase II enzymes, such as glutathione S-transferase (GST) M1
and P1, conjugate and detoxify reactive intermediates of PAH (Vineis ez al. 1999).
We therefore assessed the relationship between GSTMI and GSTPI alleles and
PAH-DNA adduct levels in African-American, Caucasian and Latino participants
in the screening phase of a chemoprevention trial among heavy smokers.

Methods

The study design was submitted to and approved by the Institutional Review Board of the Columbia
Presbyterian Medical Center. This cross-sectional study evaluated heavy smokers initially recruited for
an intervention trial of the effects of antioxidant vitamins on DNA damage levels (Jacobson ez al. 2000).
Signs, posted at the Columbia Presbyterian Medical Center and in the surrounding community, invited
adults 18 years of age and older who were heavy smokers and who were not current vitamin users to
participate in a randomized, placebo-controlled, double-blind trial. The data reported here pertain only
to the screening evaluation, which occurred prior to the start of the intervention trial.

A total of 172 individuals received an eligibility screening at which informed consent, a baseline
questionnaire regarding demographic factors, diet, personal health and smoking habits, and biological
specimens including 45 ml of blood, ~ 100 ml of urine and oral cell specimens were collected. The
biospecimen collection and laboratory analyses have been described previously (Bell ez al. 1993, Harries
et al. 1997). PAH-DNA adducts, measured by competitive enzyme-linked immunosorbent assay
(ELISA) were expressed as the number of adducts per 10® nucleotides, with a limit of sensitivity of
approximately 2/10% nucleotides. Samples with <20% inhibition were assigned a value of 1/10%
nucleotides, a value midway between the lowest detectable value and zero. Plasma vitamins and (-
carotene were determined by high performance liquid chromatography using an internal standard for
analyte recovery. The GST genotype was determined using a polymerase chain reaction (PCR) or PCR-
restriction fragment length polymorphism (RFLP) method. As plasma lipoproteins are non-specific
carriers for carotenoids and vitamin E in plasma, their ratio to the total cholesterol has proven to be the
best way to control for confounding effects due to differences in lipoprotein levels between subjects
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(Thurnham ez al. 1986). Criteria for inclusion in the current analysis consisted of participation in the
eligibility screening, GSTM1 genotype and PAH-DNA adduct data, and self-reported African-
American, Caucasian or Latino descent. GSTM1 genotype and PAH-DNA adduct levels were available
from 155 participants. Four individuals who identified themselves as being of ‘other’ ethnicity were
excluded from this analysis. Thus the final analytic sample comprised 151 individuals.

Statistical analysis

The major objective of the study was to compare PAH-DNA adducts per 10® nucleotides among
heavy smokers by race/ethnicity and GST genotype. Preliminary analyses revealed that the distribution
of PAH-DNA adducts was highly skewed, as has been noted in other studies. Consequently, we applied
a natural log transformation to the PAH-DNA adduct measurements in order to facilitate standard
analyses (for which outcome measures are assumed to be approximately normally distributed).

In addition to cross-classifying race/ethnicity by GSTM1 and GSTP! categories, we tabulated race/
ethnicity against a number of potential correlates, including gender, age, education ( > 12 years versus
< 12 years), age when began smoking, pack-years, current smoking habits, cotinine levels, and plasma
levels of three antioxidant micronutrients (f-carotene, ascorbic acid and o-tocopherol). For these
analyses, continuous variables were categorized for simplicity in presentation. To assure interpretability,
age was dichotomized at 40 years, and pack-years was dichotomized at 20. The three vitamin variables
were dichotomized at their respective median values in order to yield groups of comparable sizes. Median
PAH-DNA levels and mean log PAH-DNA levels were computed against these same covariates and
formally compared using the Kruskal -Wallis test.

These unadjusted analyses were followed by a linear regression analysis of log adduct levels,
permitting us to make comparisons by race/ethnicity and genetic characteristics while controlling for
potential confounders. Regression coefficients from these models represent average changes in adduct
levels on the log scale. To aid in interpretation, we also present the exponentiated coefficients from these
models; these represent ratios of the geometric means of the PAH—-DNA levels according to levels of
each covariate. For example, race/ethnicity was coded using indicator variables, with the largest
subgroup in our sample, African-American, serving as the referent category. The exponentiated
coefficient of the Caucasian indicator variable, then, represents the ratio of the (geometric) mean adduct
level in Caucasians to that in African-Americans. Every regression estimate is accompanied by 95%
confidence limits and a p value (corresponding to the test of each covariate’s contribution to the
regression model, controlling for the other covariates).

Results

Table 1 presents demographic, genetic, smoking, and antioxidant measure-
ments for the screening study participants by race/ethnicity. Caucasian study
participants were slightly, but not significantly, older than African-American and
Latino study participants (p =0.125). A larger proportion of Caucasians than of
African-Americans and Latinos had graduated from high school (p =0.016). A
smaller proportion of African-American (26.1%) than of Caucasian (50.0%) or
Latino (45.2%) study participants had the GSTM1I null genotype (p = 0.022), and
a larger proportion had the GSTPI homozygous variant GG genotype (p = 0.023)
compared with the other two categories (A4 and AG) combined. Race/ethnicity
was not associated with gender, micronutrient levels or smoking-related variables in
this sample of volunteers.

Table 2 presents median PAH-DNA and mean log PAH-DNA adducts/10®
nucleotides by categories of demographic, genetic, smoking and antioxidant
micronutrient variables. PAH-DNA adduct levels differed by race/ethnicity;
African-Americans had the highest median PAH-DNA level (20.1 adducts/10®
nucleotides) compared with Caucasians (8.6 adducts/10® nucleotides) and Latinos
(14.1 adducts/10® nucleotides) (p = 0.059). The difference in PAH-DNA levels by
ethnicity was driven in part by differences among the ethnic groups with regard to
the proportion of subjects with adduct levels too low to detect: a non-detectable
measurement of PAH-DNA was coded as 1, and hence the log PAH-DNA among
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Table 1. Demographic, genetic, smoking and plasma nutrient characteristics of participants at initial screening (n = 151).

African-American Caucasian Latino
Characteristic Total no. No. % No. % No. % p value®
Gender
Male 86 55 62.5 14 43.8 17 54.8 0.18
Female 65 33 37.5 18 56.3 14 45.2
Age group
< 40 years 68 40 45.5 10 32.3 18 58.1 0.13
> 40 years 82 48 54.5 21 67.7 13 41.9
Education
< 12 years 76 52 59.1 9 29.0 15 50.0 0.016
> 12 years 73 36 40.9 22 71.0 15 50.0
Age began smoking
15 years or younger 63 41 47.7 12 38.7 10 32.3 0.29
16 years or older 85 45 52.3 19 61.3 21 67.7
Pack-years
1-20 40 21 25.3 8 26.7 11 39.3 0.36
> 20 101 62 74.7 22 73.3 17 60.7
Current smoking
<1 pack per day 62 40 47.6 9 30.0 13 46.4 0.24
> 1 pack per day 80 44 52.4 21 70.0 15 53.6
Plasma cotinine (ng ml~ ')
0 19 10 11.4 5 15.6 4 12.9 0.64
1-150 51 32 36.4 7 21.9 12 38.7
151-250 64 38 43.2 14 43.8 12 38.7
>251 17 8 9.1 6 18.8 3 9.7
Plasma B-carotene (nmol mmol ~* cholesterol)®
Low ( <median) 75 43 50.0 15 46.9 17 56.7 0.73
High (> median) 73 43 50.0 17 53.1 13 43.3
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Table 1 (Continued)

African-American Caucasian Latino
Characteristic Total no. No. % No. % No. % p value®
Plasma ascorbic acid (uM)©
Low ( < median) 61 37 52.1 14 51.9 10 35.7 0.31
High (> median) 65 34 47.9 13 48.2 18 64.3
Plasma a-tocopherol (umol mmol ~! cholesterol)?
Low ( < median) 74 45 53.6 16 57.1 13 44.8 0.62
High (> median) 67 39 46.4 12 42.9 16 55.2
GSTM1
Deletion 53 23 26.1 16 50.0 14 45.2 0.022
Wild-type 98 65 73.4 16 50.0 17 54.8
GSTPI
AA 53 26 30.2 14 43.8 13 43.3 0.09
AG 68 38 44.2 16 50.0 14 46.7
GG 27 22 25.6 2 6.3 3 10.0 (0.023%)

2p value from the Pearson x2 comparing proportions across race/ethnicity categories.
®Median =~ 25 nmol mmol ~ ! cholesterol.

‘Median =~ 63 pM.

9Median = 4.3 pmol mmol ~! cholesterol.

°*Homozygous variant compared with other groups.
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Table 2. Mean log PAH-DNA adducts/10® nucleotides by GST genotype, demographic characteristics, plasma nutrient levels and smoking history at initial screening

(n=151).
Total log PAH-DNA PAH-DNA

Characteristic No. % Mean SD Median IQR p value®

Ethnicity
African-American 88 58.3 2.26 1.38 11.4 20.1 0.059
Caucasian 32 21.2 1.83 1.12 8.0 8.6
Latino 31 20.5 1.59 1.40 6.9 14.1

Gender
Male 86 57.0 2.11 1.37 9.7 16.6 0.31
Female 65 43.1 1.92 1.34 8.0 13.5

Age group
< 40 years 68 45.3 2.02 1.41 9.7 17.6 0.91
> 40 years 82 54.7 2.03 1.32 8.6 14.9

Education
<12 years 76 51.0 1.85 1.32 8.4 13.4 0.09
> 12 years 73 49.0 2.23 1.37 10.6 15.7

Age began smoking
15 years or younger 63 42.6 2.10 1.44 9.1 15.7 0.92
16 years or older 85 57.4 2.00 1.30 10.2 14.7

Pack-years
1-20 40 28.4 2.22 1.55 10.4 23.6 0.54
>20 101 71.6 2.00 1.27 8.8 12.9

Current smoking
<1 pack per day 62 43.7 2.04 1.55 9.4 19.0 0.92
> 1pack per day 80 56.3 2.07 1.22 8.8 14.2

Plasma cotinine (ng ml~ ')
0 19 12.6 2.00 1.23 9.1 15.7 0.69
1-150 51 32.8 2.18 1.23 11.5 15.1
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Table 2 (Continued)

Total log PAH-DNA PAH-DNA

Characteristic No. % Mean SD Median IQR p value®
151-250 64 42.4 1.92 1.48 7.5 15.8
>251 17 11.3 2.02 1.45 12.7 24.1

Plasma B-carotene (nmol mmol ~! cholesterol)®
Low ( <median) 75 50.7 1.84 1.37 8.3 14.1 0.09
High (> median) 73 49.3 2.25 1.33 11.2 16.2

Plasma ascorbic acid (pM)©
Low ( < median) 61 48.4 1.80 1.23 8.2 13.3 0.99
High (> median) 65 51.6 1.84 1.33 7.5 15.2

Plasma a-tocopherol (umol mmol ~! cholesterol)®
Low ( <median) 74 52.5 1.83 1.38 8.3 14.1 0.024
High (> median) 67 47.5 2.36 1.30 12.3 15.7

GSTM1
Deletion 53 35.1 2.19 1.42 11.6 15.2 0.34
Wild-type 98 64.9 1.94 1.32 8.6 14.3

GSTP!
AA 53 35.8 1.98 1.38 8.2 18.1 0.94
AG 68 46.0 2.01 1.21 9.0 11.6
GG 27 18.2 2.14 1.63 10.2 24.

IQR, interquartile range.

2p value from Kruskal-Wallis test comparing median values across categories of the exposure variable.

PMedian =~ 25 nmol mmol ~! cholesterol.
‘Median =~ 63 pM.
9Median ~ 4.3 pmol mmol ~! cholesterol.
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non-detectables was coded as 0. Among African-Americans, 18% of the subjects
had non-detectable adduct levels; the corresponding figures in Caucasian and
Latino subjects were 22% and 39%, respectively. Adduct levels were not associated
with gender, age, genotype or smoking indices. They were somewhat higher in high
school graduates, although this difference did not reach statistical significance (p =
0.09). Contrary to the findings of other studies, PAH-DNA adduct levels were
higher in subjects with higher B-carotene and o-tocopherol levels (p =0.09 and
0.024, respectively). Figure 1 illustrates the distribution of adducts by GSTM1
genotype in subjects categorized by race/ethnic group. Only in Caucasians was the
GSTM1 genotype associated with PAH-DNA adduct levels (p <0.01).

Regression analysis confirmed the finding that African-American subjects had
higher adduct levels than Caucasian or Latino subjects. This finding remained
strong after adjustment for gender, education, plasma antioxidant levels and
GSTM]1 status (see Table 3). On the ratio scale, adduct levels among Caucasian
and Latino subjects were only half as high, on average, as levels among African-
Americans (p =0.015). Adjustment for age, current smoking and lifetime smoking
habits had no impact on these results (data not shown). GSTM1 classification was
not significantly associated with adduct levels after adjustment for the aforemen-
tioned factors. Surprisingly, we found marginally significant relationships between
increased adduct levels and longer education and higher levels of a-tocopherol.
Effect modification of the relationship between ethnicity and adduct levels by
GSTM]1 status was not statistically significant. Because the GSTP1 variant was
unrelated to adduct levels in both the crude and adjusted analyses, it was omitted
from the final reported regression model.

Discussion

To explore the relationship between PAH-DNA adduct formation and GSTM1
and GSTPI polymorphisms among heavy smokers of African-American, Caucasian
and Latino descent, we used regression analysis to assess the effects of selected
genetic markers on adduct levels, after controlling for confounders. Although
PAH-DNA adduct levels and the distribution of GSTM1 polymorphisms differed
by race/ethnic group, no significant interaction between race/ethnic group and
GSTM]1 deletion was detected in this sample. African-Americans had the highest
levels of PAH-DNA adducts, but they did not have the highest rates of current
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Figure 1. Distribution of PAH-DNA adducts by GSTM1 genotype.
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Table 3. Multiple linear regression analysis of simultaneously adjusted predictors of natural log-transformed PAH-DNA adduct levels.
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tobacco use, cumulative tobacco use, or cotinine levels. Although slightly larger
proportions of African-Americans started smoking before the age of 15 years and
smoked more than one pack per day currently, the differences were not statistically
significant. We found no association between smoking-related variables and adduct
levels, perhaps because most of the study participants were heavy smokers and
because most were relatively young: only 17% were aged 50 years or older. Another
limitation of this study was the relatively small number of subjects within each race/
ethnic group. This implies that the power for detecting effect modification of the
relationship between adduct levels and GSTM 1 status by ethnicity was limited; this
finding should be pursued in future studies with larger sample sizes.

The distribution of PAH-DNA adduct levels presents another limitation to this
analysis. In addition to being right-skewed, there is an accumulation of non-
detectable levels at the lower tail. While the logarithmic transformation served to
make the distribution of detectable values more symmetric (and, therefore, more
closely normal), it could not correct the lower tail problem. Furthermore, we know
of no continuous data transformation that could correct this problem. Concern
remains, therefore, regarding the impact of non-normality on the results from the
linear regression analysis. To address this issue, we conducted a confirmatory
logistic regression analysis in which outcome (PAH-DNA level) was defined as
‘detectable’ versus ‘non-detectable’. Although the power of this analysis is
presumably lower than the power of the continuous scale analysis, we were able
to demonstrate that the directions of association and approximate significance
levels for the covariates considered were consistent across the two approaches (data
not shown). This finding diminishes concern over the non-normality of the log-
transformed PAH-DNA levels.

No prior studies have assessed the association of DNA adduct levels with race/
ethnicity. In a previous study in children where limited amounts of blood were
available, we investigated PAH—albumin adducts as a surrogate for DNA adducts
(Crawford ez al. 1994). Adduct levels were significantly higher in African-American
than in Hispanic children. 3- and 4-Aminobiphenyl haemoglobin adducts have also
been measured in different groups, with the highest levels of adducts found in
Caucasians, intermediate levels in African-Americans and the lowest levels in
Asians (Yu er al. 1994). This order is in agreement with rates of bladder cancer,
which is highest in Caucasians and lowest in Asians.

In the present study, a lower prevalence of GSTMI deletion was observed
among African-Americans (26.1%) than among Caucasians (50.0%) or Hispanics
(45.2%). Prior case-control studies of GSTM1 and lung cancer have found similar
associations between GSTM1 deletion prevalence and race (London et al. 1995,
Kelsey er al. 1997, Woodson et al. 1999, Ford ez al. 2000). GSTM1 deletion rates
among Caucasian controls ranged from 48.6% among clinic controls (Woodson ez
al. 1999) to 52.4% among motor vehicle controls (London ez al. 1995). Three
case-control studies have included African-American participants. The prevalence
of GSTM1 deletions among African-American controls was 22.2% in a conve-
nience sample (Kelsey er al. 1997), 20.0% among cancer-free patients from
pulmonary clinics (Ford ez al. 1997), and 27.1% among motor vehicle registrants
(London ez al. 1995). Only one study evaluated the relationship between GSTM 1
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deletion rates and lung cancer among Mexican-Americans; 40% of the controls had
a GSTM]1 deletion (Kelsey ez al. 1997).

Studies of the relationship between GST genotype and DNA adduct levels have
produced conflicting results. For GSTM1, a positive association between gene
deletion and PAH-DNA adducts measured by >?P-postlabelling was reported for
mononuclear cells (Butkiewicz ez al. 1998) but not for white blood cells (WBCs)
(Ichiba et al. 1995, Hemminki ez al. 1997, Binkova ez al. 1998, Peluso ez al. 1998).
However, two studies found that coke-oven workers with a GSTM1 deletion had
higher adduct levels in WBCs than GSTM 1 -positive workers (Brescia ez al. 1999,
Rojas ez al. 2000). In contrast, among smokers newly diagnosed with lung cancer,
the GSTMI1 genotype was not associated with adducts of benzo[a]pyrene
measured by gas chromatography in mononuclear cells (Pastorelli ez al. 1998).
Our own study of the relationship between the GSTM1 genotype and PAH-DNA
adduct levels in the mononuclear cells of smokers, measured by ELISA, found the
highest adduct levels in subjects with the null genotype, but no statistically
significant difference in mean adduct levels between those with and those without
the gene; however, our sample size was small (n=63) (Santella et al. 1994).
Another study using a similar ELISA also failed to find an effect of GSTMI
genotype on WBC PAH-DNA adduct level (n=47) (Rothman et al. 1995).
Mononuclear cells have a longer lifespan than granulocytes, the predominante cell
type in assays of total WBCs. Higher levels of adducts have been detected in
mononuclear cells compared with granulocytes (Savela and Hemminki 1991,
Godschalk ez al. 1998). However, it is also known that blood cells are only a marker
of exposure in the past few months (Mooney ez al. 1995).

Several studies have investigated the effect of the GSTPI genotype on adduct
formation (Viezzer et al. 1999, Butkiewicz et al. 2000, Grzybowska ez al. 2000,
Zhang et al. 2000). No effect of the GSTPI genotype alone was found, but GSTM1
deletion in combination with GSTP! AG or GG resulted in higher adducts than
other combinations (Butkiewicz ez al. 2000). The conflicting data on the relation-
ship between GST genotypes and adducts may be the result of the small sample size
in many studies, different methods for the determination of DNA adduct levels, the
use of total WBCs containing many short-lived granulocytes versus longer lived
mononuclear cells, and very different levels of PAH exposure.

Sociological and environmental exposures probably account for some of the
race/ethnic group differences we observed in PAH-DNA adduct levels. Socio-
logical factors, such as age at smoking initiation, fruit and vegetable consumption,
substance abuse, access to and utilization of health care, and physical activity levels
differ by race/ethnicity (Syme and Balfour 1998). In general, except for age at
smoking initiation, African-Americans fare worse in terms of a healthy lifestyle than
their Caucasian and Latino counterparts (Healthy People Consortium Meeting
2000). Environmental and occupational exposures probably also differ by race/
ethnicity (US Environmental Protection Agency 1997). Taken together these
results suggest that it will be difficult to determine simple relationships between
single genes and DNA damage levels.

Most prior studies have found an inverse association between plasma
antioxidant micronutrient levels and adduct levels. In our data, the association
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was positive, although only marginally statistically significant. Among those who
contacted us in response to our recruitment fliers, many were ineligible because
they were currently taking antioxidant supplements in order to protect themselves
from the adverse health effects of smoking. It is possible that the heavier smoking
study participants also tried to compensate by modifying their diet.

PAH-DNA adduct levels are markers of exposure and may also serve to identify
individuals at higher than average risk for lung cancer. It is likely that genetic and
other (including behavioural) factors modify the effects of environmental exposures
on adduct levels. Future studies should be conducted in larger samples to evaluate
the interactions between environmental, occupational and behavioural factors
together, with other genes that metabolize tobacco carcinogens in addition to
GSTs, such as cytochrome P450 and N-acetyltransferase 1 and 2 (Vineis ez al.
1999), genes that influence smoking addiction (Lerman ez al. 1999) and socio-
cultural factors. In addition, investigation of lung cancer by histological type and
lobular subsite, which are associated with cigarette composition and certain
smoking behaviours, may contribute to a better understanding of lung carcinogen-
esis.
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