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GSTMI1 polymorphism modifies the effect of smoking
on calcaneal quantitative ultrasound in young men
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Abstract. Evidence suggests that smoking adversely affects
bones. Glutathione S-transferases (GSTs) are important in
the detoxification of tobacco smoke compounds. This study
investigated the influence of GSTM1 and GSTTI genetic poly-
morphisms on the effects on bone induced by tobacco smoking
in young men. In total, 231 Chinese men aged 20-39 years
were assessed by a cross-sectional study. Calcaneal quantita-
tive ultrasound (QUS) was measured. Smoking information
was obtained using a questionnaire. Genotypes were deter-
mined for null alleles of GSTMI and GSTTI. Smoking was
inversely associated with speed of sound (SOS) and bone
quality index (BQI) among subjects with GSTM1 null geno-
type (f =-0.28, 95% CI, -34.01 to -8.65 and = -0.30, 95%
CI, -16.41 to -4.49, respectively), but not among those with
the allele present (§ = -0.02, 95% CI, -15.01 to 12.59 and § =
-0.09, 95% ClI, -8.75 to 3.02, respectively). P for interaction
= 0.04 for SOS and 0.08 for BQI. No interaction was found
between the GSTT! polymorphism and smoking. The results
showed that GSTM1 deficiency may increase the adverse
effect of smoking on calcaneal QUS in young men, suggesting
an interaction between metabolic genes and tobacco smoke in
bone detoxification.

Introduction

There is now ample evidence to suggest that smoking
adversely affects bones. The bone mass achieved in young
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adults is of importance for bone density in later life (1).
Thus, although the majority of osteoporotic fractures occur
in elderly people, the risk may be profoundly affected by
events in early life. In young men, the adverse effects of
smoking have been demonstrated in both bone mass and bone
morphology. Ortego-Centeno et al (2) reported that smoking
by healthy young males aged 20-45 years is associated
with decreased bone mineral density (BMD). A prospec-
tive cohort study showed that not smoking is important in
achieving maximum peak bone mass in adolescents and
young adults (20-29 years) (3). Lorentzon et al (4) observed
a 4-5% decrease in femoral neck and lumbar spine areal
BMD and in distal tibia volumetric BMD and cortical tibial
area in healthy young male smokers compared with non-
smokers, confirming that smoking affects bone at the tissue
level. Similar results are obtained for the radius of men aged
~40 years (5). The adverse effects of smoking on bone mass
and bone morphology appear to be more pronounced in men
than in women (3,6).

Although smoking is considered as a threat to bone
health, the meaning of the association and the mechanism
remain poorly understood. Tobacco smoke contains >4000
compounds. The metabolism and detoxification of tobacco
smoke toxins are essential mechanisms to decrease the adverse
effects of smoking. Glutathione S-transferases (GSTs) are an
important superfamily of phase II xenobiotic metabolizing
enzymes involved in a wide range of these detoxification
processes (7). Certain genetic variants of GSTs have been
identified. The most commonly investigated variants include
the complete deletions (null polymorphisms) of the GSTM1
and GSTTI genes. GSTM 1 and GSTTI homozygous deletions
(null genotypes) result in the absence of the respective func-
tional enzyme activity (8,9,10). Moreover, GSTM1 is absent
in 35-60% of the human population, and GSTT]/ is absent in
10-65% of individuals (11,12). Thus, GSTM1 or GSTTI null
polymorphism may have a greater effect on health.

The aim of this study was to examine whether the associa-
tion between tobacco smoking and bone status, as assessed by
calcaneus quantitative ultrasound (QUS), differs according
to GSTM1 or GSTTI null polymorphisms in young men. An
interaction with genes involved in tobacco smoke detoxifica-
tion would support the toxicity effect of smoking on bone and
help us to understand the related mechanisms.
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Subjects and methods

Subjects. In total, 250 men were randomly selected from the
male residents aged 20-39 years of the Chancheng District,
Foshan City, Guangdong Province, China, who participated in
the Foshan Public Physique Monitoring Program in 2005. The
study was initiated with the aim of determining genetic factors
involved in bone health. Among these men, 9 were unwilling
to provide blood samples, and therefore were not included in
this study. Men who had diseases (2 reporting kidney stone
and 1 reporting forearm fracture surgery) or drug treatments
(4 reporting a long-term calcium supplementation) known to
affect bone were excluded. Of the eligible men, 3 reporting
never smoking but having long-term passive smoking were
also excluded. As a result, 231 participants were included in
the present analyses. All subjects were unrelated Han Chinese.
Written informed consent was obtained. The study was carried
out according to the principles of the Declaration of Helsinki.

Study variables. Information on smoking status was obtained
by interviewer-administered questionnaires. The subjects
were classified into three groups: i) subjects reporting no
smoking in their lifetime; ii) subjects reporting occasional
smoking (<20 cigarettes per year); and iii) subjects reporting
current smoking. The current smokers smoked at least
5 cigarettes per day for =2 years, with no periods of smoking
cessation for >1 week in the 2 years prior to this investigation.
No ex-smokers were found in the present study. As the number
of occasional smokers was small and they consumed few
cigarettes, groups i) and ii) were combined into non-smokers.

Physical activity was assessed using the Baecke ques-
tionnaire (13), and a value of <7 represented a low physical
activity level. Body weight and height were measured with the
subjects dressed in lightweight clothing without shoes. Body
mass index (BMI) was calculated as body weight in kilograms
divided by the square of height in meters.

QUS measurements at the left calcaneus were taken using
a SONOST-2000 Bone Densitometer (Osteosys, Seoul, South
Korea) by a trained technician. Outputs included broadband
ultrasound attenuation (BUA), speed of sound (SOS), and bone
quality index (BQI) derived from linear combinations of SOS
and BUA. Short-term in vivo precisions were established on
the basis of 150 measurements in 15 subjects (10 measure-
ments each). The precision errors were 1.5% for BUA, 0.2%
for SOS and 1.5% for BQI. Daily quality assurance tests of
the QUS device, as recommended by the manufacturers, were
taken to monitor system stability. To reduce the effect of
temperature, all measurements were conducted in a controlled
environment at 25°C. The QUS measurement of each subject
was taken twice, and the average was used in analyses. All
the measurements were taken by the same QUS device and
technician. The technician performing the QUS testing did not
know the smoking status of the subjects.

Genotyping. Genomic DNA was extracted from the subjects'
peripheral blood leukocytes using a standard phenol-chloro-
form extraction procedure, and samples were stored at -20°C.

GSTM1I and GSTTI genes were detected simultane-
ously in a single assay by the multiplex PCR approach, as
described previously (14). PCR products were then separated
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by electrophoresis on a 1.5% agarose gel. GSTM1 and GSTTI
genotypes were determined by the presence or absence of
bands at 480 and 215 bp, respectively. The absence of a GSTM 1
or GSTTI band indicated the corresponding null genotype
(homozygous deletion). A band at 312 bp (corresponding to
exon 7 of CYP1ALI gene) was always present and was used as
an internal control to demonstrate successful PCR amplifica-
tion. All assays were conducted without being aware of the
QUS outcomes and smoking status.

Statistical analysis. Continuous variables were expressed
as the means + SD, and categorical variables as numbers
and percentages. Age, BMI and BUA were logarithmically
transformed to reduce skewness. Comparisons of variables
between groups were performed with the Student's t-test and
Chi-square test, and the relationship between continuous vari-
ables was assessed by correlation analyses. Linear regression
models were performed to examine the association between
smoking status and QUS outcomes according to GSTM1 or
GSTTI genotype. Age and physical activity were selected as
confounding variables, and retained in the final model if they
modified coefficients of smoking by =10%. The interactions
between smoking and GSTM1 and GSTT! genes were assessed
by including interaction terms. All analyses were performed
using SPSS version 13.0 (SPSS, Chicago, IL, USA).

Results

In our study population, the frequencies of GSTM/ and
GSTTI null genotypes were 54.1 and 48.1%, respectively. The
prevalence of smoking was 36.4%. Age and physical activity
were significantly associated with QUS parameters (P<0.03)
(data not shown). However, we did not detect an association of
BMI with QUS outcomes (P>0.2) (data not shown). Smokers
had lower BUA (P=0.001), SOS (P=0.01) and BQI (P=0.001)
compared with non-smokers (data not shown).

In the population, the genotypic distribution of GSTM1
or GSTTI did not differ according to smoking status, and
GSTM1 or GSTTI polymorphisms were not associated with
QUS outcomes (Table I).

After adjusting for confounding variables, smoking was
inversely associated with SOS and BQI (f = -0.28, 95% CI
-34.01 to -8.65 and {3 = -0.30, 95% CI, -16.41 to -4.49, respec-
tively) among subjects with a null genotype for GSTM1, but
not among subjects with the allele present (f = -0.02, 95% CI
-15.01 to 12.59 and B = -0.09, 95% CI, -8.75 to 3.02, respec-
tively) (P for interaction = 0.04 for SOS and 0.08 for BQI)
(Table II). No interaction between smoking and GSTT! poly-
morphism was observed (Table II).

Discussion

In the present study, GSTMI null polymorphism modi-
fied the association between smoking and calcaneus QUS
in young men. Individuals with the GSTM1 null genotype
who had a smoking habit were more at risk of adverse QUS.
These results support the toxic effect of smoking on bone in
young men. Although our study population was small, the
interaction between smoking and GSTMI polymorphism
suggested in the study adds to the plausibility of a biological
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Table I. Smoking status and QUS outcomes according to GSTM1 and GSTT1 genotypes in the study population (n=231).
GSTM1 genotypes GSTTI genotypes
Variables Present (n=106) Null (n=125)  P-value*  Present (n=120) Null (n=111) P-value®
Smoking, n (%) 0.49° 0.08°
No 70 (66.1) 77 (61.6) 70 (58.3) 77 (69.4)
Yes 36 (33.9) 48 (38.4) 50 (41.7) 34 (30.6)
QUS outcomes, mean (SD)
BUA (dB/MHz) 52.8 (12.1) 53.3 (12.6) 0.77 533 (12.7) 52.7(12.1) 0.73
SOS (m/s) 1561.7 (36.6) 1558.1 (36.7) 0.45 1559.1 (35.1) 1560.5 (38.3) 0.77
BQI 95.6 (15.8) 95.1(17.2) 0.79 95.2 (16.5) 95.4(16.7) 0.94

QUS, quantitative ultrasound; BUA, broadband ultrasound attenuation; SOS, speed of sound; BQI, bone quality index. “Indicate P-value
derived from the Student's t-test unless otherwise stated. *P-value derived from the Chi-square test.

Table II. Associations (coefficient, 3 and 95% CI) between QUS outcomes and smoking by GSTM and GSTT! genotypes.

BUA SOS BQI
Genotypes [ 95% CI P-value® § 95% CI P-value® § 95% C1 P-value®
GSTM1 0.40 0.04 0.08
Present  -0.15 -8.571t00.82 -0.02  -15.01to0 12.59 -0.09 -8.75t03.02
Null -026  -11.11to-2.17 -0.28  -34.01to -8.65 -030 -1641to-4.49
GSTT1 0.98 091 0.97
Present -0.22 -1023to-1.01 -0.17  -25431t0-0.09 -022 -13.14to0-1.32
Null -021 -1043t0-0.71 -0.14  -26.08 to 3.56 -0.19  -1343t0-045

QUS, quantitative ultrasound; BUA, broadband ultrasound attenuation; SOS, speed of sound; BQI, bone quality index. Coefficients were
calculated by linear regression models, adjusted for age and physical activity. For all comparisons, the reference category is no smoking.

aP-value for interaction.

interaction between GSTs and tobacco smoke components in
bone detoxification.

In this study, GSTMI and GSTTI genotype distribu-
tions are comparable with those previously reported in
other normal Chinese populations (15). GSTM1 and GSTTI
null variants are prevalent in the human population (11,12).
Common genetic variants of relevant detoxification enzymes
may determine the individual susceptibility to environmental
toxicants. In particular, the GSTMI null genotype has been
identified as a susceptibility factor of common smoking-
related cancers, respiratory and cardiovascular diseases. To
the best of our knowledge, this is the first study to assess the
influence of common genetic polymorphisms on the effects
on bone induced by smoking. Tracking down the genetic
polymorphisms that regulate metabolic pathways of relevance
to environmental exposures and diseases may provide better
understanding of causation.

We did not find an interaction between smoking and
GSTTI genotype in this study. The reason for this is not clear.
Although GSTTI is predominantly involved in the detoxifi-
cation process of xenobiotics, certain toxic compounds may
be activated through the GSTT! pathway (16). Similar to our

results, previous studies on diseases did not observe an inter-
action between GSTTI null polymorphism and smoking, but
reported the modification effect of GSTM1 (17,18).

GSTs are important in the metabolism processes of many
toxic compounds contained in cigarette smoke, and therefore
may have a function in the protection of bone. However, which
components of cigarette smoke adversely affect bone remains
unclear. Nicotine may be involved in the toxic process. In vitro
studies have shown decreased proliferation and impaired
collagen synthesis in osteoblast-like cells exposed to high
nicotine concentration (19,20). The adverse effect of nicotine
is further supported by a study on adult rats demonstrating
that nicotine may adversely affect bone formation and reduce
body storage of vitamin D (21). Another explanation for the
mechanism by which GSTs protect bone against smoking
may be related to their important roles in defending against
oxidative stress (22). It is well-known that smoking increases
the level of oxidative stress. Increased oxidative stress is
associated with reduced bone density (23). Increased reactive
oxygen species stimulate osteoclast formation and activity, and
therefore enhance bone resorption (24). Moreover, elevated
reactive oxygen species suppress osteoblast differentiation and
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promote osteoblast apoptosis (25). Oxidative stress may be
a pivotal pathogenetic mechanism of bone loss and strength
attenuation (26). Individuals with GSTMI null genotype, due
to the absence of corresponding functional enzyme activity,
may therefore be more susceptible to the toxic effect of tobacco
smoke exposure.

Certain potential limitations in the present study should be
considered and our results should be interpreted with caution.
First, this was a cross-sectional study and our study population
was small in size. Furthermore, our analyses have a potential
problem of multiple comparisons. Therefore, subsequent large
and prospective studies are required to confirm our results.
The gene-gene interaction was not analysed in view of the
small sample sizes in the present study. Second, we did not
have data from all selected men, which made selection bias
possible. Third, we cannot exclude the possibility that our
results may be confounded by other genetic variants that are
in linkage disequilibrium with the present variant. Certain
other confounding factors, such as calcium intake, were not
included in this study. In addition, we did not use dual-energy
X-ray absorptiometry or peripheral quantitative computed
tomography, which may be better methods in certain respects,
to assess bone.

In conclusion, GSTM1 deficiency may increase the adverse
effect of smoking on bone, as shown by calcaneus quantitative
ultrasound in young men, suggesting an interaction between
metabolic genes and tobacco smoke in bone detoxification.
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