
GSTT1 genotype modifies the association between cruciferous
vegetable intake and the risk of myocardial infarction1–3

Marilyn C Cornelis, Ahmed El-Sohemy, and Hannia Campos

ABSTRACT
Background: Cruciferous vegetables are a major dietary source of
isothiocyanates that may protect against coronary heart disease. Iso-
thiocyanates induce glutathione S-transferases (GSTs), polymor-
phic genes that code for enzymes that conjugate isothiocyanates, as
well as mutagens and reactive oxygen species, to make them more
readily excretable.
Objective: The objective of the study was to determine whether
GST genotypes modify the association between cruciferous vegeta-
ble intake and the risk of myocardial infarction (MI).
Design: Cases (n � 2042) with a first acute nonfatal MI and
population-based controls (n � 2042) living in Costa Rica, who were
matched for age, sex, and area of residence, were genotyped for a
deletion polymorphism in GSTM1 and GSTT1 and an Ile105Val
substitution in GSTP1. Cruciferous vegetable intake and smoking
status were determined by questionnaire. Odds ratios (ORs) and 95%
CIs for MI were estimated by unconditional logistic regression.
Results: Compared with the lowest tertile of cruciferous vegetable
intake, the highest tertile was associated with a lower risk of MI
among persons with the functional GSTT1*1 allele (OR: 0.70; 95%
CI: 0.58, 0.84) but not among those with the GSTT1*0*0 genotype
(OR: 1.23; 95% CI: 0.83, 1.82) (P � 0.006 for interaction). This
protective effect among those with the GSTT1*1 allele was greater
for current smokers (OR: 0.54; 95% CI: 0.36, 0.79) than for non-
smokers. GSTP1 and GSTM1 did not modify the association be-
tween cruciferous vegetable intake and MI.
Conclusions: Consumption of cruciferous vegetables was associ-
ated with a lower risk of MI among those with a functional GSTT1*1
allele, which suggests that compounds that are detoxified by this
enzyme contribute to the risk of MI. Am J Clin Nutr 2007;86:
752–8.
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thione S-transferase, genotype, myocardial infarction

INTRODUCTION

Atherosclerosis is a major cause of myocardial infarction
(MI), one of the leading causes of cardiovascular deaths in the
world (1). The American Heart Association recommends �5
servings of fruit and vegetables/d to reduce the risk of chronic
diseases such as coronary heart disease (CHD) (2). Because fruit
and vegetables represent a large group of foods with varied nu-
trient and nonnutrient profiles, it is unclear which components of
this food group provide protection against CHD. Isothiocyanates
are a group of naturally occurring compounds that occur as glu-
cosinolates in cruciferous vegetables, primarily those of the

Brassica genus. Isothiocyanates may have beneficial effects on
the cardiovascular system, such as inducing detoxifying en-
zymes and reducing oxidative stress (3–6). Two studies have
reported an inverse association between cruciferous vegetable
consumption and serum homocysteine concentrations (7, 8), a
risk factor for CHD.

Isothiocyanates are rapidly conjugated by glutathione
S-transferases (GSTs) and excreted in the urine (9, 10). GSTs are
a super-family of xenobiotic-metabolizing enzymes that gener-
ally “detoxify” reactive metabolites to more water-soluble and
readily excretable forms (11). These enzymes are expressed in
several tissues, including the heart and blood vessels (12, 13).
GSTs are grouped into several distinct classes with partially
overlapping substrate specificities. GSTM1, GSTT1, and
GSTP1 are isoforms of the mu, theta, and pi class, respectively.
Homozygosity for a common deletion of the GSTM1 gene
(GSTM1*0) results in a lack of GSTM1 activity (14). GSTT1 has
2 alleles, denoted GSTT1*0 for the nonfunctional allele and
GSTT1*1 for the functional allele (15). An A3G polymorphism
at nucleotide 313 of GSTP1 results in an amino acid substitution
(Ile105Val) in the substrate-binding site of the enzyme. The
substitution of the less bulky and more hydrophobic valine re-
sults in a substrate-dependent alteration in the catalytic activity of
GSTP1 (16, 17). GSTM1 and GSTP1 have been shown to effi-
ciently conjugate various isothiocyanates (9, 18, 19), but less is
known about the conjugating capacity or efficiency of the
GSTT1 isoform (10, 20).

Despite the evidence suggesting a beneficial effect of crucif-
erous vegetables or isothiocyanates on the cardiovascular system
(3–8), only 2 studies have examined the association between
cruciferous vegetable intake and the risk of CHD (21, 22).
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Neither study found an association between cruciferous vegeta-
bles and the risk of CHD. However, an association between
isothiocyanates and CHD may have been masked by genetic
differences affecting the biotransformation of bioactive com-
pounds such as isothiocyanates. Persons with a GST genotype
corresponding to low activity may benefit from the protective
effects of isothiocyanates more than would persons with a
higher-activity genotype, because these compounds would have
a slower rate of biotransformation and subsequent excretion.
Alternatively, persons with a functional GST gene may benefit
more, because the ability of cruciferous vegetables to induce
detoxifying enzymes could facilitate the biotransformation and
excretion of harmful substrates such as those found in tobacco
smoke. The purpose of the present study was to determine
whether GST genotypes modify the association between crucif-
erous vegetable intake and the risk of MI.

SUBJECTS AND METHODS

Study design and participants

The catchment area for this study comprised 7071 km2 (2) and
2 057 000 persons living in Costa Rica who self-report as being
Hispanic (23). This area included 36 counties in the Central
Valley of Costa Rica; the population has a full range of socio-
economic levels and urban, peri-urban, and rural lifestyles. Med-
ical services in this area were covered by 6 large hospitals, which
are part of the National Social Security System. Eligible cases
were men and women who were survivors of a first acute MI as
diagnosed by a cardiologist at any of the 6 recruiting hospitals in
the catchment area between 1994 and 2004. To achieve 100%
ascertainment of cases, the hospitals were visited daily by the
study fieldworkers. All cases were confirmed by 2 independent
cardiologists according to the World Health Organization crite-
ria for MI, which require typical symptoms plus either an eleva-
tion in cardiac enzyme concentrations or a diagnostic change on
electrocardiogram (24). Enrollment was carried out while cases
were in their hospital’s step-down unit. Cases were ineligible if
they died during hospitalization, were �75 y old on the day of
their first MI, were physically or mentally unable to answer the
questionnaire, or had a previous hospital admission related to
cardiovascular disease.

One control for each case, matched for age (� 5 y), sex, and
area of residence (county), was randomly selected by using in-
formation available at the National Census and Statistics Bureau
of Costa Rica. Eligible controls were identified within 1 wk of the
case selection. On average, complete data collection took 27 d for
cases and 31 d for controls. Because of the comprehensive social
services provided in Costa Rica, all persons living in the catch-
ment areas had access to medical care without regard for income.
Therefore, controls came from the same source population that
gave rise to the cases and are not likely to have had cardiovascular
disease that went undiagnosed because of poor access to medical
care. Controls were ineligible if they were physically or mentally
unable to answer the questionnaires or if they had a previous
hospital admission related to cardiovascular disease.

The participation rate for eligible cases and controls was 98%
and 88%, respectively. Information on diet was collected, the
medical history and anthropometric measurements were col-
lected, and biological specimens were obtained at the subjects’
homes.

All cases and controls gave written informed consent. The
study was approved by the Ethics Committees of the Harvard
School of Public Health and the University of Costa Rica, the
Office of Protection from Research Risk at the National Institutes
of Health, and the Ethics Review Committee at the University of
Toronto.

All data were collected by trained fieldworkers during an
interview using 2 questionnaires consisting of closed-ended
questions regarding smoking, sociodemographic characteristics,
socioeconomic status, physical activity, diet, and medical his-
tory, including any use of medication and personal history of
diabetes and hypertension. For cases, all data collected repre-
sented the year preceding their MI. Dietary intake was collected
by using a 135-item semiquantitative food-frequency question-
naire (FFQ) specifically developed and validated to assess di-
etary intake during the previous year in the Costa Rican popula-
tion (25). Intakes of nutrients were calculated by using the US
Department of Agriculture food composition data file. A com-
monly used unit or portion size (eg, 1/2 cup broccoli) was spec-
ified for each food item, and subjects were asked to choose 1 of
9 categories of intake: never or �1 serving/mo, 1–3 servings/mo,
1 serving/wk, 2–4 servings/wk, 5–6 servings/wk, 1 serving/d,
2–3 servings/d, 4–5 servings/d, or �6 servings/d. Cruciferous
vegetable intake was defined as the sum of broccoli, cauliflower,
kale, and cabbage intakes and was recalculated relative to 1
serving/d.

Genotyping

Blood samples were collected in the morning at the subject’s
home after an overnight fast and were centrifuged (1430 � g, 4
min, 20 °C) to separate the plasma and leukocytes for DNA
isolation by standard procedures. GSTM1, GSTT1, and GSTP1
genotypes were assayed without knowledge of case or control
status by using a previously described multiplex polymerase
chain reaction (PCR)–restriction fragment length polymorphism
(RFLP) method that simultaneously detects the polymorphisms
of all 3 genes in a single reaction (26). Approximately 1 ng DNA
was amplified by thermal cycling with the use of the HotStar
DNA polymerase kit (Qiagen, Mississauga, Canada) with PCR
buffer containing 1.5 mmol MgCl2/L, 0.2 mmol of each dNTP/L,
0.5 U Taq, and 8 pmol of each primer set. GSTM1 primers
included forward 5�-CTGCCCTACTTGATTGATC-3� and re-
verse 5�-CTGGATTGTAGCAGATCATGC-3�. GSTT1 primers
included forward 5�-TTCCTTACTGGTCCTCACATCTC-3�
and reverse 5�-TCACCGGATCATGGCCAGCA-3�. GSTP1
primers included forward 5�-TCCTTCCACGCACATC
CTCT-3� and reverse 5�-AGCCCCTTTCTTTGTTCAGC-3�
(26, 27). All primers were synthesized by ACGT (Toronto,
Canada).

After an initial denaturation at 95 °C for 15 min, amplification
was achieved by using a touchdown PCR protocol with 20 cycles
of denaturation at 94 °C for 30 s, at 68–48 °C for 30 s (with a
reduction of 1 °C in each cycle), and at 72 °C for 30 s, which were
followed by 20 cycles with the annealing temperature set at 51 °C
and a final extension at 72 °C for 10 min. After overnight restric-
tion enzyme digestion with 2 U Alw261, PCR products were
resolved by 2% agarose gel electrophoresis and stained with
ethidium bromide. Bands were visualized by using an ultraviolet
imaging system (FluorChem; Alpha Innotech Corp, San Lean-
dro, CA). GSTM1 and GSTT1 genotypes were determined by the
presence or absence of a 275-bp (195 � 80 after digestion) or
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480-bp band, respectively. Because the GSTM1 fragment con-
tains a nonpolymorphic Alw26I restriction site, the 275-bp band
that is amplified is digested into 195-bp and 80-bp fragments in
all samples, providing a positive control for complete digestion.
The 294-bp band represents GSTP1, and the Ile105Val (A3G
substitution) polymorphism in this gene introduces an Alw26I
restriction site that produces 234-bp and 60-bp bands after di-
gestion. Amplification of GSTP1 also serves as an internal con-
trol for the PCRs that have both the homozygous GSTM1*0 and
GSTT1*0 genotypes. The GSTP1 genotype distribution among
controls was in Hardy-Weinberg equilibrium (P � 0.94). Devi-
ations from Hardy-Weinberg equilibrium were not tested for
distributions of GSTM1 and GSTT1 genotypes because the PCR
assay does not discriminate heterozygotes from homozygotes for
the functional allele. However, frequencies for the GSTM1*0/*0
and GSTT1*0/*0 genotypes were similar to frequencies previ-
ously reported in other populations (28–31).

Statistical analysis

All data were analyzed by using SAS software (version 8.2;
SAS Institute, Cary, NC). DNA was available from 4369 subjects
(2113 cases and 2256 controls). A total of 285 subjects were
excluded because they had missing data on confounders (31
cases and 29 controls), they could not be genotyped (39 cases and
47 controls), or they became unmatched because of missing data
(1 case and 138 controls); these exclusions left 2042 matched
case-control pairs for the final analysis. Dietary variables were
adjusted for total energy as described elsewhere (25, 32). Be-
cause of the matched design, significant differences in the dis-
tribution of categorical variables between cases and controls
were tested by using McNemar’s test, and significant differences
in the distribution of continuous variables were tested by using
either a paired t test or Wilcoxon’s signed-rank test. Subjects
were categorized into low, medium, and high cruciferous vege-
table intake categories according to energy-adjusted tertiles of
cruciferous vegetable intake created on the basis of the distribu-
tion of intake among control subjects. Chi-square tests for cate-
gorical variables and analysis of variance (ANOVA) for contin-
uous variables were used to determine significant differences
across tertiles of cruciferous vegetable intake among controls.

Categorical and continuous nondietary and energy-adjusted
dietary variables were assessed for potential confounding by
measuring their effect on the model variable estimates by using
the likelihood ratio test. These variables included smoking status
(never, past, 1–9 cigarettes/d, or �10 cigarettes/d), alcohol con-
sumption (never, past, or current by tertiles of intake), coffee
consumption (�1 cup/d, 1 cup/d, 2–3 cups/d, or �4 cups/d),
history of diabetes (yes or no), history of hypertension (yes or
no), and quintiles of the continuous variables waist-to-hip ratio,
physical activity, income, and energy-adjusted intakes of satu-
rated fat, trans fat, polyunsaturated fat, cholesterol, protein and
folate. Odds ratios (ORs) and Wald 95% CIs were estimated by
using conditional logistic regression to determine the effect of
cruciferous vegetable intake and GST genotype on the risk of MI.
Genotypes and tertiles of intake were modeled by using indicator
variables in logistic models, with the wild-type of each gene or
the lowest tertile of intake as the reference. Tests of linear trend
across increasing tertiles of cruciferous vegetable intakes were
conducted by assigning the medians of intakes in tertiles (serv-
ings/d) as a continuous variable. Confounders included in the
final models were smoking, alcohol, history of diabetes, history

of hypertension, waist-to-hip ratio, physical activity, income,
and folate and saturated fat intakes. We evaluated potential gene-
diet interactions by determining the relation between tertiles of
cruciferous vegetable intake and the risk of MI for each genotype
with the use of conditional and unconditional logistic regression
(with matching variables in the model) and by comparing �2 log
(likelihood) ratios from a model with cruciferous vegetable in-
takes and gene main effects only with those from another model
that included their interaction term. Because results for condi-
tional and unconditional analyses were similar, we report only
the data from unconditional analyses to maximize the number of
subjects. All statistical analyses were 2-sided, and P values �
0.05 were considered significant.

RESULTS

Demographic and risk factor characteristics of subjects based
on case-control status and data on cruciferous vegetable intake
among controls are presented in Table 1. Median cruciferous
vegetable intakes for the first (low), second (medium), and third
(high) tertiles were 0.08, 0.43, and 0.86 servings/d, respectively.
Only high consumption of cruciferous vegetables was associated
with a significant reduction in risk of MI. Compared with low
cruciferous vegetable intake, the OR (95% CI) of MI associated
with medium and high intakes was 0.92 (0.79,1.06) and 0.69
(0.59,0.80), respectively (P � 0.001 for trend). Corresponding
multivariate-adjusted ORs (95% CI) were 1.05 (0.88, 1.25) and
0.83 (0.69,0.99) (P � 0.04 for trend).

The GSTM1*0/*0 genotype occurred in 48% of cases and 51%
of controls, and the GSTT1*0/*0 genotype occurred in 19% of
cases and 20% of controls. The frequency of the GSTP1 Val
allele was 40% for both cases and controls. Compared with the
GSTM1*1 allele, the multivariate adjusted OR (95% CI) of MI
associated with the GSTM1*0/*0 genotype was 0.86 (0.74, 0.99).
Compared with the GSTT1*1 allele, the adjusted OR (95% CI) of
MI associated with the GSTT1*0/*0 genotype was 0.99 (0.83,
1.18; NS). Compared with persons with the GSTP1 Ile/Ile ge-
notype, the adjusted OR (95% CI) of MI was 0.99 (0.85, 1.15;
NS) for those with the Ile/Val genotype and 0.96 (0.77, 1.18; NS)
for those with the Val/Val genotype (P � 0.89 for trend). Similar
results were obtained when nonsmokers and current smokers
were examined separately (data not shown). The effect of com-
bined genotypes was also examined, but no significant gene �
gene interactions were observed (data not shown).

When the association between cruciferous vegetable intake
and MI was evaluated by GSTM1, GSTT1, or GSTP1 genotypes
(Table 2), a significant GSTT1 � diet interaction was observed.
Compared with the lowest level of cruciferous vegetable intake,
the adjusted OR (95% CI) for the highest level of intake was 0.70
(0.58, 0.84) in persons with the GSTT1*1 allele and 1.23 (0.83,
1.82; NS) in persons with the GSTT1*0/*0 genotype. No signif-
icant interaction between cruciferous vegetable intake and
GSTM1 or GSTP1 genotype was observed.

In addition to being substrates of GSTs, isothiocyanates are
inducers of these enzymes, which enhance the biotransformation
and subsequent elimination of mutagens (3). Therefore, we ex-
amined whether GST genotypes modify the risk of MI associated
with cruciferous vegetable intake separately for nonsmokers and
current smokers (Table 3). The protective effect of cruciferous
vegetables was greater among current smokers who had the
GSTT1*1 allele (OR: 0.54; 95% CI: 0.36, 0.79) than among
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nonsmokers who had this allele (OR: 0.78; 95% CI: 0.63, 0.98;
P � 0.008 for GSTT1 � diet � smoking interaction). Regardless
of smoking status, no significant interactions were observed be-
tween GSTM1 or GSTP1 genotype and the risk of MI (data not
shown). Similar results were observed when data were analyzed
separately for men and women (data not shown).

DISCUSSION

Cruciferous vegetables are a rich source of dietary glucosino-
lates, which are hydrolyzed to biologically active compounds
including isothiocyanates. Despite evidence suggesting a pro-
tective effect of these compounds on the cardiovascular system
(3–6), only 2 studies have examined the association between
cruciferous vegetable intake and risk of CHD (21, 22), and nei-
ther of those studies found an association. To our knowledge, the
present study is the first to examine the association between
cruciferous vegetable intake and the risk of MI. Isothiocyanates
derived from glucosinolates present in cruciferous vegetables
induce GSTs and other enzymes to enhance detoxifying capacity
(3–6). After consumption, isothiocyanates are conjugated by
GSTs and eliminated. The effect of cruciferous vegetables on
CHD may, therefore, be modified by GST genotype.

Because of the biological interaction between GST and iso-
thiocyanates, persons with a functional GSTM1 or GSTT1 allele
may benefit more from the detoxifying enzyme–inducing prop-
erties of cruciferous vegetables than may persons who lack these
alleles. Alternatively, persons with a GST genotype correspond-
ing to low activity may benefit from the protective effects of
isothiocyanates more than may those with a higher activity ge-
notype because these compounds could remain in the body
longer as a result of a slower rate of biotransformation and sub-
sequent excretion. Our results show a protective effect of cruci-
ferous vegetables only among those with the functional
GSTT1*1 allele, which is consistent with the former hypothesis.
As a result of cruciferous vegetables inducing the functional
GSTT1*1 allele, GSTT1*1 carriers may be more protected
against oxidative stress or DNA damage. There is growing evi-
dence that reactive oxygen species and DNA damage caused by
mutagens present in the environment or diet play a role in the
development of CHD (33, 34). Thus, the importance of GSTT1 in
detoxifying mutagenic compounds may be more important than
its role in eliminating beneficial compounds such as isothiocya-
nates. The more pronounced protective effect of cruciferous veg-
etables that we observed among current smokers is consistent

TABLE 1
Demographic and risk factor characteristics by case or control status and cruciferous vegetable intake among controls1

Characteristic
Cases

(n � 2042)
Controls

(n � 2042)

Cruciferous vegetable intake (servings/d, median)

P2
Low

(0.08)
Medium
(0.43)

High
(0.86)

Age (y)3 58.4 � 11.14 58.1 � 11.3 58.7 � 11.6 56.8 � 11.6 58.8 � 10.7 �0.001
Male (%)3 74 74 80 77 65 �0.001
Urban residence (%)3 74 74 71 74 76
Secondary education or higher (%) 36 405 33 45 43 �0.001
Household income (US $/mo) 499 � 389 572 � 4265 497 � 378 589 � 413 625 � 470 �0.001
Waist-to-hip ratio 0.97 � 0.07 0.95 � 0.075 0.96 � 0.07 0.95 � 0.07 0.95 � 0.07 0.003
Physical activity (METS) 1.51 � 0.70 1.56 � 0.695 1.61 � 0.75 1.56 � 0.67 1.50 � 0.63 0.008
History of hypertension (%) 39 305 29 26 34 0.002
History of diabetes (%) 24 145 14 11 15
Current smokers (%)6 40 215 24 23 17 �0.001
Current alcohol drinker (%) 49 535 51 56 51
Total energy (kcal) 2710 � 948 2453 � 7615 2641 � 930 2565 � 692 2161 � 516 �0.001
Carbohydrate (% of energy) 54.3 � 7.6 55.4 � 7.35 55.7 � 7.7 55.0 � 7.0 55.6 � 7.2
Protein (% of energy) 13.2 � 2.2 12.9 � 2.15 12.7 � 2.2 12.9 � 1.9 13.2 � 2.2 �0.001
Fat (% of energy) 32.4 � 5.9 31.9 � 5.85 31.6 � 6.2 32.2 � 5.6 31.7 � 5.7
Saturated fat (% of energy) 12.5 � 3.2 11.7 � 2.95 12.0 � 3.2 11.8 � 2.8 11.2 � 2.7 �0.001
Polyunsaturated fat (% of energy) 6.9 � 2.3 7.1 � 2.35 6.7 � 2.5 7.3 � 2.3 7.3 � 2.2 �0.001
Monounsaturated fat (% of energy) 11.2 � 3.5 11.2 � 4.0 11.0 � 4.0 11.3 � 3.9 11.3 � 4.2
trans Fat (% of energy) 1.3 � 0.6 1.3 � 0.6 1.3 � 6.4 1.3 � 0.6 1.3 � 0.6
Cholesterol (mg/1000 kcal) 126.8 � 58.3 117.4 � 51.85 121.9 � 59.5 117.2 � 46.7 113.4 � 48.0 0.01
Sucrose (g/d) 80.1 � 50.7 75.2 � 43.35 83.4 � 53.3 77.9 � 39.5 64.7 � 32.7 �0.001
Fiber (g/1000 kcal) 9.5 � 2.4 10.0 � 2.55 9.5 � 2.4 9.7 � 2.4 10.7 � 2.4 �0.001
Folate (�g/1000 kcal) 169.2 � 46.1 174.7 � 46.35 168.3 � 48.0 171.3 � 44.1 184.2 � 45.2 �0.001
GSTM1*0/*0 (%) 48 51 50 52 51
GSTT1*0/*0 (%) 19 20 22 19 19
GSTP1 Val (%) 40 40 38 40 40 0.02

1 METS, metabolic equivalent tasks.
2 ANOVA for continuous variables and chi-square test for categorical variables.
3 Matching variable.
4 x� � SD (all such values).
5 Significantly different from cases (P � 0.05), based on McNemar’s test for categorical variables and paired t tests or Wilcoxon signed-ranked tests for

continuous variables.
6 �1 Cigarette/d.
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with this hypothesis. It is possible that GSTT1 is not the major
GST isoform responsible for the biotransformation of the iso-
thiocyanates present in the cruciferous vegetables commonly
eaten in this population. Cruciferous vegetables differ in their
composition of glucosinolates (35), which could explain the in-
consistency of the effect of GSTT1 genotype on human isothio-
cyanate metabolism (10, 20). Seow et al (20) reported that per-
sons with the GSTT1*0/*0 genotype excrete isothiocyanates
more slowly than do those with the GSTT1*1 allele, whereas no
differences were observed between GSTM1 and GSTP1 geno-
types. However, Fowke et al (10) examined the same GST iso-
forms and found a positive association between cruciferous veg-
etable intake and urinary isothiocyanate excretion only among
persons with the GSTP1 Ile/Ile genotype.

In our population, the frequency of the GSTT1*1 allele is 80%.
Because the prevalence of this allele has been reported to vary
between 36% and 90% (31), future studies examining the asso-
ciation between cruciferous vegetables and risk of CHD should

account for genetic differences in GSTT1. A positive association
between cruciferous vegetables and risk of CHD may be more
evident in populations in whom the GSTT1*1 allele is more
common. The significant GSTT1 � diet interaction observed in
the current study is not likely to be due to residual confounding.
Although variables not accounted for may potentially con-
found the main effect of cruciferous vegetable consumption
on risk of MI, that would not explain the significant protective
effect observed in one genotype but not in the other, because
a potential confounder is unlikely to be differentially distrib-
uted by genotype.

Several studies have examined the effect of GSTT1 genotype
on risk of CHD, but the findings have been equivocal (29, 30, 36,
37). None of these studies, however, included data on cruciferous
vegetable intake, and substantial differences in the average con-
sumption of these vegetables exist between countries. For exam-
ple, Chinese Singaporeans consume 	1 serving of cruciferous

TABLE 2
Cruciferous vegetable intake and risk of myocardial infarction by GST genotype

Cruciferous vegetable intake Cases Controls Model 11 Model 22

n (%)
GSTM1

*1/*1 *1/*0
Low 378 (36) 340 (34) 1.003 1.004

Medium 373 (35) 324 (32) 1.03 (0.84, 1.28) 1.06 (0.84, 1.32)
High 303 (29) 343 (34) 0.78 (0.63, 0.97) 0.83 (0.65, 1.05)

*0/*0
Low 393 (40) 334 (32) 1.00 1.00
Medium 341 (34) 350 (34) 0.83 (0.67, 1.02) 0.92 (0.73, 1.15)
High 254 (26) 351 (34) 0.61 (0.49, 0.76) 0.75 (0.59, 0.95)

GSTT1
*1/*1 *1/*0

Low 639 (39) 527 (32) 1.00 1.005

Medium 582 (35) 549 (34) 0.88 (0.74, 1.03) 0.94 (0.79, 1.12)
High 428 (26) 560 (34) 0.63 (0.52, 0.74) 0.70 (0.58, 0.84)
P for trend �0.001 0.10

*0/*0
Low 132 (34) 147 (36) 1.00 1.00
Medium 132 (34) 125 (31) 1.16 (0.82, 1.63) 1.23 (0.84, 1.80)
High 129 (32) 134 (33) 1.05 (0.74, 1.48) 1.23 (0.83, 1.82)
P for trend 0.81 0.02

GSTP1
Ile/Ile

Low 290 (39) 260 (35) 1.00 1.006

Medium 260 (35) 255 (34) 0.92 (0.72, 1.17) 1.01 (0.78, 1.31)
High 194 (26) 230 (31) 0.77 (0.60, 1.00) 0.84 (0.64, 1.11)

Ile/Val
Low 362 (37) 311 (32) 1.00 1.00
Medium 351 (35) 304 (31) 0.99 (0.80, 1.23) 1.06 (0.84, 1.34)
High 280 (28) 370 (37) 0.63 (0.50, 0.78) 0.72 (0.57, 0.92)

Val/Val
Low 119 (39) 103 (33) 1.00 1.00
Medium 103 (34) 115 (37) 0.77 (0.53, 1.12) 0.80 (0.52, 1.23)
High 83 (27) 94 (30) 0.71 (0.47, 1.07) 0.81 (0.51, 1.29)

1 Results from unconditional logistic regression that included matching variables (age, sex, and area of residence).
2 Model 1 plus adjustments for smoking, waist-to-hip ratio, income, physical activity, history of diabetes and hypertension, intake of alcohol, and

energy-adjusted saturated fat and folate.
3 OR; 95% CIs in parentheses (all such values).
4 GSTM1 � diet interaction, P � 0.59.
5 GSTT1 � diet interaction, P � 0.006.
6 GSTP1 � diet interaction, P � 0.88.
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vegetables/d, which is 
3 times the average intake of 2 serv-
ings/wk in the United States (20, 38). Differences in cruciferous
vegetable intake may explain some of the inconsistencies among
studies examining GSTT1 genotype and risk of CHD.

The lower risk of MI that we observed with the GSTM1*0/*0
genotype is consistent with 2 previous studies that examined the
association between this gene and the risk of MI (30, 36) and with
a study reporting a higher proportion of control subjects with a
low-activity GSTM1 phenotype than of patients with atheroscle-
rosis (39). Because no GSTM1 � diet interaction was observed
in the present study, the role of GSTM1 in isothiocyanate metab-
olism is unlikely to explain the protective effects of the
GSTM1*0/*0 genotype. Furthermore, the role of GSTM1 ap-
pears to be unrelated to mutagen detoxification, because we
would have expected the GSTM1*0/*0 genotype to be associated
with a greater risk among smokers than among nonsmokers.
Thus, the lower risk of MI associated with the GSTM1*0/*0
genotype suggests that beneficial compounds—other than iso-
thiocyanates that are metabolized by GSTM1—may protect
against MI. In contrast to reports of a protective effect of the
GSTM1*0/*0 genotype on risk of MI, other studies have reported
either no effect (40) or a greater risk (29, 37) associated with this
genotype. Inconsistencies among these studies may be related to
the dual role of GSTM1 in eliminating both harmful mutagens
from the environment and potentially beneficial compounds
found in the diet.

In summary, consumption of cruciferous vegetables was as-
sociated with a lower risk of MI only among those with a func-
tional GSTT1*1 allele. These results suggest that cruciferous
vegetable intake may protect against MI through the ability of
those vegetables to induce detoxifying enzymes. The protective
effect of the GSTM1*0/*0 genotype observed in the present study
merits further investigation.

We thank Xinia Siles (project director at the Centroamericano de Pobla-
cion, Universidad de Costa Rica) for directing the data collection and Ana
Baylin (Department of Nutrition, Harvard University of Public Health, Bos-
ton, MA) for data monitoring and management throughout the study.

The authors’ responsibilities were as follows—MCC: completed the
genotyping, statistical analysis, and prepared the first draft of the manuscript;
AE and HC: obtained funding and provided supervision; and all authors:
contributed to the data interpretation and critically revised the manuscript.
None of the authors had a personal or financial conflict of interest.

REFERENCES
1. Ross R. The pathogenesis of atherosclerosis: a perspective for the 1990s.

Nature 1993;362:801–9.
2. Krauss RM, Deckelbaum RJ, Ernst N, et al. Dietary guidelines for

healthy American adults. A statement for health professionals from the
Nutrition Committee, American Heart Association. Circulation 1996;
94:1795–800.

3. Zhang Y, Li J, Tang L. Cancer-preventive isothiocyanates: dichotomous
modulators of oxidative stress. Free Radic Biol Med 2005;38:70–7.

TABLE 3
Cruciferous vegetable intake and risk of myocardial infarction by GSTT1 genotype and smoking status

Cruciferous vegetable intake Cases Controls Model 11 Model 22

n (%)
Never � past smokers

GSTT13

*1/*1 *1/*0
Low 349 (35) 405 (31) 1.004 1.00
Medium 340 (34) 424 (33) 0.95 (0.78, 1.17) 1.00 (0.81, 1.23)
High 305 (31) 468 (36) 0.76 (0.61, 0.93) 0.78 (0.63, 0.98)
P for trend 0.007 0.02

*0/*0
Low 63 (27) 105 (34) 1.00 1.00
Medium 84 (35) 93 (30) 1.47 (0.95, 2.26) 1.47 (0.91, 2.37)
High 89 (38) 110 (36) 1.26 (0.82, 1.94) 1.33 (0.82, 2.15)
P for trend 0.36 0.27

Current smokers
GSTT1

*1/*1 *1/*0
Low 290 (44) 122 (36) 1.00 1.00
Medium 242 (37) 125 (37) 0.79 (0.58, 1.07) 0.89 (0.64, 1.24)
High 123 (19) 92 (27) 0.48 (0.33, 0.68) 0.54 (0.36, 0.79)
P for trend �0.001 0.001

*0/*0
Low 69 (44) 42 (43) 1.00 1.00
Medium 48 (31) 32 (33) 0.89 (0.49, 1.64) 0.83 (0.41, 1.68)
High 40 (25) 24 (24) 1.05 (0.54, 2.02) 1.11 (0.50, 2.50)
P for trend 0.93 0.61

1 Results from unconditional logistic regression that included matching variables (age, sex, and area of residence).
2 Model 1 plus adjustments for cigarettes/d (current smokers), waist-to-hip ratio, income, physical activity, history of diabetes and hypertension, intake

of alcohol, and energy-adjusted saturated fat and folate.
3 GSTT1 � diet � smoking interaction, P � 0.008.
4 OR; 95% CIs in parentheses (all such values).

GST, CRUCIFEROUS VEGETABLES, AND MYOCARDIAL INFARCTION 757

 at H
arvard Libraries on S

eptem
ber 14, 2007 

w
w

w
.ajcn.org

D
ow

nloaded from
 

http://www.ajcn.org


4. Wu L, Juurlink BH. The impaired glutathione system and its up-
regulation by sulforaphane in vascular smooth muscle cells from spon-
taneously hypertensive rats. J Hypertens 2001;19:1819–25.

5. Manesh C, Kuttan G. Anti-tumour and anti-oxidant activity of naturally
occurring isothiocyanate. J Exp Clin Cancer Res 2003;22:193–9.

6. Wu L, Ashraf MHN, Facci M, et al. Dietary approach to attenuate
oxidative stress, hypertension, and inflammation in the cardiovascular
system. Proc Natl Acad Sci U S A 2004;101:7094–9.

7. Tucker KL, Selhub J, Wilson PW, Rosenberg IH. Dietary pattern related
to plasma folate and homocysteine concentrations in the Framingham
Heart Study. J Nutr 1996;126:3025–31.

8. Ganji V, Kafai MR. Frequent consumption of milk, yogurt, cold break-
fast cereals, peppers, and cruciferous vegetables and intakes of dietary
folate and riboflavin but not vitamins B-12 and B-6 are inversely asso-
ciated with serum total homocysteine concentrations in the US popula-
tion. Am J Clin Nutr 2004;80:1500–7.

9. Kolm RH, Danielson UH, Zhang H, Talalay P, Mannervik B. Isothio-
cyanates as substrates for human glutathione transferases: structure-
activity studies. Biochem J 1995;311:453–9.

10. Fowke JH, Shu XO, Dai Q, et al. Urinary isothiocyanate excretion,
brassica consumption, and gene polymorphisms among women living in
Shanghai, China. Cancer Epidemiol Biomarkers Prev 2003;12:1536–9.

11. Armstrong RN. Structure, catalytic mechanism and evolution of the
glutathione S-transferases. Chem Res Toxicol 1997;10:2–18.

12. Ranganna K, Yousefipour Z, Yatsu FM, Milton SG, Hayes BE. Gene
expression profile of butyrate-inhibited vascular smooth muscle cell
proliferation. Mol Cell Biochem 2003;254:21–36.

13. Mezzetti A, Lapenna D, Calafiore AM, et al. Glutathione-related en-
zyme activities and lipoperoxide levels in human internal mammary
artery and ascending aorta. Relations with serum lipids. Arterioscler
Thromb 1992;12:92–8.

14. Xu S, Wang Y, Roe B, Pearson WR. Characterization of the human class
mu glutathione-S-transferase gene cluster and the GSTM1 deletion.
J Biol Chem 1998;273:3517–27.

15. Bruhn C, Brockmoller J, Kerb R, Roots I, Borchert HH. Concordance
between enzyme activity and genotype of glutathione S-transferase theta
(GSTT1). Biochem Pharmacol 1998;56:1189–93.

16. Zimniak P, Nanduri B, Pikula S, et al. Naturally occurring human
GSTP1–1 isoforms with isoleucine and valine in position 104 differ in
enzymatic properties. Eur J Biochem 1994;224:893–9.

17. Ali-Osman F, Akande O, Antoun G, Mao JX, Buolamwini J. Molecular
cloning, characterization, and expression in Escherichia coli of full-
length cDNAs of three human glutathione S-transferase Pi gene variants.
Evidence for differential catalytic activity of the encoded proteins. J Biol
Chem 1997;272:10004–12.

18. Zhang Y, Kolm RH, Mannervik B, Talalay P. Reversible conjugation of
isothiocyanates with glutathione catalyzed by human glutathione trans-
ferases. Biochem Biophys Res Commun 1995;206:748–55.

19. Shapiro TA, Fahey JW, Wade KL, Stephenson KK, Talalay P. Human
metabolism and excretion of cancer chemoprotective glucosinolates and
isothiocyanates of cruciferous vegetables. Cancer Epidemiol Biomark
Prev 1998;7:1091–100.

20. Seow A, Shi CY, Chung FL, et al. Urinary total isothiocyanate (ITC) in
a population-based sample of middle aged and older Chinese in Singa-
pore: relationship with dietary total ITC and glutathione S-transferase
M1/T1/PI genotypes. Cancer Epidemiol Biomark Prev 1998;7:775–81.

21. Genkinger JM, Platz EA, Hoffman SC, Comstock GW, Helzlsouer KJ.
Fruit, vegetable, and antioxidant intake and all-cause, cancer, and car-
diovascular disease mortality in a community-dwelling population in
Washington County, Maryland. Am J Epidemiol 2004;160:1223–33.

22. Hung H-C, Joshipura KJ, Jiang R, et al. Fruit and vegetable intake and
risk of major chronic disease. J Natl Cancer Inst 2004;96:1577–84.

23. Hall C. Costa Rica: a geographical interpretation in historical perspec-
tive. In: Robinson DJ, ed. Dellplain Latin American Studies (no. 17).
Boulder, CO: Westview Press, Inc, 1985.

24. Tunstall-Pedoe H, Kuulasmaa K, Amouyel P, Arveiler D, Rajakangas
A-M, Pajak A. Myocardial infarction and coronary deaths in the World
Health Organization MONICA project. Registration procedures, event
rates, and case-fatality rates in 38 populations from 21 countries in four
continents. Circulation 1994;90:583–612.

25. Kabagambe EK, Baylin A, Allan DA, Siles X, Spiegelman D, Campos
H. Application of the method of triads to evaluate the performance of
food frequency questionnaires and biomarkers as indicators of long-term
dietary intake. Am J Epidemiol 2001;154:1126–35.

26. Nedelveche Kristensen V, Andersen TI, Erikstein B, et al. Single tube
multiplex polymerase chain reaction genotype analysis of GSTM1,
GSTT1 and GSTP1: relation of genotypes to TP53 tumor status and
clinicopathological variables in breast cancer patients. Pharmacogenet-
ics 1998;8:441–7.

27. Hassett C, Aicher L, Sidhu JS, Omiecinski CJ. Human microsomal
epoxide hydrolase: genetic polymorphism and functional expression in
vitro of amino acid variants. Hum Mol Genet 1994;3:421–8. (Published
erratum appears in Hum Mol Genet 1994;3:1214.)

28. de Waart FG, Kok FJ, Smilde TJ, Hijmans A, Wollersheim H, Stalen-
hoef AFH. Effect of glutathione S-transferase M1 genotype on pro-
gression of atherosclerosis in lifelong male smokers. Atherosclerosis
2001;158:227–31.

29. Li R, Boerwinkle E, Olshan AF, et al. Glutathione S-transferase geno-
type as a susceptibility factor in smoking-related coronary heart disease.
Atherosclerosis 2000;149:451–62.

30. Wilson MH, Grant PJ, Hardie LJ, Wild CP. Glutathione S-transferase
M1 null genotype is associated with a decreased risk of myocardial
infarction. FASEB J 2000;14:791–6.

31. Garte S, Gaspari L, Alexandrie AK, et al. Metabolic gene polymorphism
frequencies in control populations. Cancer Epidemiol Biomarkers Prev
2001;10:1239–48.

32. Willet W. Nutritional epidemiology. 2nd ed. New York: Oxford Uni-
versity Press, 1998.

33. Penn A. Mutational events in the etiology of arteriosclerotic plaques.
Mutat Res 1990;239:149–62.

34. Botto N, Rizza A, Colombo MG, et al. Evidence for DNA damage in
patients with coronary heart disease. Mutat Res 2001;493:23–30.

35. Fahey JW, Zalcmann AT, Talalay P. The chemical diversity and distri-
bution of glucosinolates and isothiocyanates among plants. Phytochem-
istry 2001;56:5–51.

36. Wilson MH, Grant PJ, Kain K, Warner DP, Wild CP. Association
between the risk of coronary artery disease in South Asians and a
deletion polymorphism in glutathione S-transferase M1. Biomarkers
2003;8:43–50.

37. Tamer L, Ercan B, Camsari A, et al. Glutathione S-transferase gene
polymorphism as a susceptibility factor in smoking-related coronary
artery disease. Basic Res Cardiol 2004;99:223–9.

38. Davis FG, Fischer ME, VanHorn L, Mermelstein RM, Sylvester JL.
Self-reported dietary changes with respect to American Cancer Society
nutrition guidelines (1982–1986). Nutr Cancer 1993;20:241–9.

39. Pessah-Ramussen H, Jerntorp P, Stavenow L, et al. Eighty-year old men
without cardiovascular disease in a community of Malmo. Part II. Smok-
ing characteristics and ultrasound findings, with special reference to
glutathione transferase and pyridoxial-5-phosphate. J Intern Med 1990;
228:17–22.

40. Wang X, Greco M, Sim A, Duarte N, Wang J, Wilcken D. Glutathione
S-transferase mu1 deficiency, cigarette smoking and coronary artery
disease. J Cardiovasc Risk 2002;9:25–31.

758 CORNELIS ET AL

 at H
arvard Libraries on S

eptem
ber 14, 2007 

w
w

w
.ajcn.org

D
ow

nloaded from
 

http://www.ajcn.org

