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Abstract

Background: Many etiological factors have been related to prostate cancer (CaP) development, progression, and survival, such as age,
population origin, geographic area, occupational exposures, and nutrition and lifestyle factors. However, physical activity affords health
benefits to cancer patients, including those with CaP. Glutathione S-Transferases enzymes have been linked to CaP because of their role in
the detoxification of a wide variety of potential carcinogens, steroid hormones and xenobiotics. Among the different glutathione S-transfer-
ases isoforms, null genotype for GSTM has been associated with an increased risk of CaP, although data are controversial. As the relation-
ship between copy number variation and gene expression of GSTMI in CaP remains unexplored, this study analyzed GSTM1 gene
expression and/or dosage effect on CaP risk and aggressiveness. The potential protective role of physical activity was also explored.

Methods: Three hundred and seventeen patients (159 non-CaP and 158 CaP) were recruited from the Service of Urology (Hospital Virgen
de las Nieves, Granada, Spain) over the period 2012 to 2014 and were followed-up until January 2018 to ensure a correct classification of control
and patients. Individuals were classified in each group based on histological analysis of tissue biopsy, along with data on PSA level, Gleason
score and T stage in patients with biopsies positive for CaP. Individuals with a negative biopsy were considered as controls. All controls under-
went a systematic 20-core ultrasound guided biopsy in order to limit the false negative rate. Genomic DNA was extracted from peripheral blood
to determine the exact copy numbers of GSTMI, and RNA was extracted from prostate tissue samples to determine GSTM1 gene expression.
Both analyses were performed using the qPCR method. A questionnaire was administered to all patients to assess environmental exposures, life-
style, and physical activity. The association of GSTM1 copy number variation and expression with the rest of variables was assessed by chi-
square test and the Mann-Whitney test. Multiple logistic regression was used to assess which factors were associated with the risk of CaP.

Results: The presence of 1 or 2 copies of the GSTM 1 gene was not less prevalent in CaP compared to non-CaP patients; however, a sig-
nificant decreased GSTMI gene expression was observed in CaP tissue relative to non-CaP tissue (P =0.003). CaP patients with environ-
mental exposure to dust and smoke, and smoking habit had a significantly decreased GSTMI gene expression (and near-significantly
decreased for living in urban areas) as compared to non-CaP patients with the same exposures. In addition, physical activity was signifi-
cantly associated with a lower risk of CaP (P =0.006) and with increased GSTM 1 gene expression (P =0.002).

Conclusions: A reduced GSTM1 gene expression in prostate tissue was observed in CaP patients with some environmental chemical
exposures. Intriguingly, physical activity might play a protective role against CaP development, possibly as a result of increasing GSTM 1
gene expression in prostate tissue. However, this observation warrants further confirmation. © 2018 Elsevier Inc. All rights reserved.
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chemicals found in occupational and environmental set-
tings, such as pesticides, cadmium, rubber industry chemi-
cals, dust, smoke, and nutritional products, among others
[1]. GST isoforms are known phase II enzymes involved in
the metabolism of carcinogens (harmful electrophilic com-
pounds), steroids, and several anticancer drugs; and their
activities have been implicated as a drug resistance mecha-
nism. Among the 8 classes of GST enzymes, GSTMI,
GSTT1, and GSTP1 show genetic polymorphisms leading
eventually to nonfunctional enzymes [2]. In particular,
GSTMI1 and GSTT1 isoforms have been reported to play a
protective role against the development of cancer at differ-
ent sites, such as oral, colorectal, lung, breast, and prostate
[3—5]. While GSTM1 and GSTTI null genotypes may con-
tribute to CaP development, GSTM1 has proven to be a
stronger candidate risk factor [6]. Individual variations in
the catalytic activity of GSTMI1, among other GST iso-
forms, contribute to regulate the clearance of toxic metabo-
lites and might be partially responsible for individual
variation in CaP progression, thus having a prognostic
value [7]. So far, there is limited information about the
GSTM1 gene-dosage effect on cancer development, that is,
whether having 2 alleles affords greater protection than
having 1 or none. If so, individuals with null genotype for
GSTM1 would be at an increased risk for developing can-
cer, although there are controversial data among different
populations. A large meta-analysis showed that the GSTM ]
null genotype was significantly associated with CaP among
Eurasians and Americans, but not among Europeans and
Africans [6]. Furthermore, as GSTM1 gene expression is
down-regulated in human and murine CaP [8], it is impor-
tant to characterize not only the genetic variation in GST
genes but also their gene expression in CaP tissue.

GST isoforms have been studied in relation to several
environmental exposures [9]; however, data concerning
lifestyle habits are scarce and suggest that nutrition and
physical activity play a protective role in CaP. Dietary rec-
ommendations to prevent CaP generally involve a greater
intake of vegetables and fruits, and a reduced intake of red
meat and saturated fat. Furthermore, physical activity has
been reported to play a protective effect on CaP by modu-
lating hormone levels, preventing obesity, enhancing
immune function, and reducing oxidative stress [10,11].
Epidemiological and clinical studies have shown that
higher levels of exercise are associated with a 10% to 30%
decrease in the incidence of CaP [12].

This study sought to determine the GSTM gene-dosage
effect on gene expression, CaP development, and CaP
aggressiveness as well as the contribution of environmental
exposures and physical activity to the risk of CaP in Span-
ish patients. GSTM1 was selected over other GST polymor-
phisms because separate meta-analyses reported that
GSTMI has been proven as a stronger CaP candidate risk
factor [6,13,14]. Furthermore, GSTM1 gene has been found
underexpressed in CaP [15]. To the best of our knowledge,
this is the first study assessing the association between
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GSTM1 gene expression and physical activity in CaP
patients.

2. Materials and Methods

2.1. Study population

The study population consisted of 317 Spanish males of
Caucasian origin (mean age 68.4 + 8.6 years) with pros-
tate-specific antigen (PSA) values >4 ng/ml subjected to
prostate biopsy. Data were collected over the period 2012
to 2014; and patients were followed-up until January 2018.
GSTM1 gene expression was studied in fresh prostate tissue
samples and GSTMI CNV genotyping was performed in
blood samples.

All study subjects were informed and provided a written
informed consent before being enrolled. The study was
approved by the Research Ethics Committee of Granada
following Helsinki ethical declaration.

2.2. Prostate tissues

Fresh prostate tissue was obtained by needle biopsy from
all men enrolled in the study. Prostate tissue samples were
subjected to pathological examination in the Anatomic
Pathology Service of Hospital Virgen de las Nieves (Gran-
ada, Spain). CaP was pathologically diagnosed in 158
patients, whereas 159 subjects were free from malignant
cells in prostate biopsies. The subgroup of CaP patients was
further classified according to Gleason score, PSA level,
and T stage. Individuals with a negative biopsy were con-
sidered as controls, who then underwent a systematic 20-
core ultrasound guided biopsy in order to reduce the false
negative rate. A small amount of prostate tissue was stored
at —80°C immediately after removal for gene expression
analysis.

2.3. GSTM1 copy number and gene expression

GSTMI CNV was measured in DNA extracted from
blood samples using the Real Pure Extraction DNA SSS kit
(Durviz, Valencia, Spain) and DNA was quantified using
NanoDrop spectrophotometer. GSTMI copy number was
determined using a TagMan Gene Copy Number Assay
(Hs03947236_cn, Applied Biosystems, Foster City, CA).
RNase P gene was run in the same quantitative PCR
(qPCR) as a reference gene to determine the target gene in
each sample. qPCR data were exported into the CopyCaller
Software (Life Technologies).

For the GSTMI gene expression assay, RNA was
extracted from prostate tissue samples by using TRIzol
reagents. RNA concentration and quality were measured
with a NanoDrop spectrophotometer. One hundred nano-
grams of total RNA was retrotranscribed into cDNA with
QuantiTect Reverse Transcription Kit (Qiagen) and a
SYBR Green Real-Time PCR experiment was carried out.
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Variations in cDNA content were normalized to a reference
gene (GAPDH). The primer sequences used for GSTM1I
were 5-GGACGCCTTCCCAAATCTGA-3' (forward) and
5'-GCTGAGTATGGGCTCCTCAC-3' (reverse); and for
GADPH were 5'-ATCACCATCTTCCAGGAGCGAGA-3’
(forward) and 5'-CATGGTTCACACCCATGACGAACA-
3’ (reverse). The fold change in gene expression was esti-
mated using the 2722 method [16].

Gene expression analysis was performed in triplicate by
the relative quantitation method and the Applied Biosys-
tems 7500 Real-Time PCR Systems. For the CNV assay,
blood samples were amplified in triplicate on the Applied
Biosystems 7900HT Fast Real-Time PCR System.

2.4. Environmental exposures and lifestyle collection

A detailed epidemiological questionnaire was adminis-
tered to the study population (CaP patients and non-CaP
patients) by urologists to collect information on lifestyle
and occupational and environmental risk factors. Lifestyle
factors examined included alcohol and smoking habits
(with indication of grams of alcohol use per week and
pack-years of tobacco smoking), eating habits and physical
exercise. Occupational risk factors included workplace
exposure to hazardous chemicals (agriculture, livestock,
construction industry, and chemical industry) and lifetime
years devoted to these activities. Regarding environmental
risk factors, these included exposure to airborne dust par-
ticles (dust, dirt, soot, liquid droplets from road traffic or
domestic heating systems emitted into the air and sus-
pended in the atmosphere, silica, wood dust, talc containing
asbestiform fibers), smoke (from gasoline or diesel fumes
emitted into the air, coal tar fumes, bitumen fumes, fire,
combustion emissions, tobacco smoke), other chemicals
present in the environment or used in homes, such as, pesti-
cides, fertilizers, household cleaning products, organic sol-
vents, dyes, paints, chemicals used in wood treatment,
varnish, metal elements (lead, cooper, zinc, iron...), and
radiation (ionizing radiation, ultraviolet radiation). Then,
these exposures were treated as dichotomous variables (i.e.,
environmental exposure to dust and smoke) or categorical
variables (i.e., exposure to pesticides, exposure to other
chemical agents, or lack of exposure to any hazardous
chemical). Information on clinical staging parameters, such
as Tumor, Node, and Metastasis classification and Gleason
score, was also gathered.

2.5. Statistical analysis

The Mann-Whitney test was used to test the association
of GSTM1 CNV with disease status, Gleason score (codi-
fied as <7 or >7) and T staging (1—4). The relative changes
in GSTM1 gene expression across GSTM1 genotypes, as
well as by CaP status, environmental exposures, and physi-
cal activity were also assessed by the Mann-Whitney test.
Differences in GSTM1 gene expression across physical
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activity categories were assessed by the Kruskall-Wallis
test. Multiple logistic regression analysis was used to assess
which factors might be determinants of CaP risk. Models
were adjusted for GSTM1 gene expression, GSTMI CNV,
PSA levels, and physical activity categories. Odds ratios
and 95% confidence intervals were calculated and the crite-
rion for significance was set at P < 0.05. All analyses were
performed using the SPSS v.20 statistical package.

3. Results

The general characteristics of the study population are
shown in Table 1. The frequency of null genotype of
GSTM1 gene (homozygous deletion, that is, 0 copies) was
similarly distributed between CaP and non-CaP patients
(51.3% vs. 50.3%, respectively). Individuals carrying the
GSTM1 null genotype had a significantly lower GSTMI
gene expression in prostate tissue than those having 1 or 2
copies (P =0.000166; Fig. 1). Also, CaP patients showed a
significantly lower gene expression of GSTM! than non-
CaP patients (P =0.003). No significant differences were
observed between CaP and non-CaP patients in relation to
the diverse environmental exposures assessed; however,
CaP patients reported significantly less physical activity
than non-CaP individuals (data not shown). GSTM1 gene
expression in prostate tissue varied according to chemical
exposures and physical activity. In particular, CaP patients
with a number of chemical exposures had lower GSTM I
gene expression than non-CaP patients (Fig. 2), with differ-
ences being statistically significant for exposure to environ-
mental dust and smoke (P=0.042) and for tobacco
smoking habit (P =0.005). Near-significant differences
were observed for individuals living in urban areas with
>10,000 inhabitants (P = 0.060). No statistically significant
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Fig. 1. Box plot of GSTM1 gene expression in individuals carrying null
and functional (1 or 2 copies) genotype of GSTM1. CNV were measured
by relative quantification using qPCR technique. The statistical analysis
has been performed using Mann-Whitney test.
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association was observed between gene-dosage effect of
GSTM1 with clinical aggressiveness of CaP, as measured
by Gleason score (P=0.601) and T staging system
(P =0.822). Intriguingly, a significantly increased GSTM
gene expression was observed in individuals reporting
more physical activity (P =0.002), with gene expression
being greater as long as the level of physical activity was
higher (P =0.004; Fig. 3).

Table 2 shows the results of the multiple logistic regres-
sion analysis adjusted for potential risk and protective fac-
tors. Relevant associations were found for PSA levels (as
individuals with >10 ng/ml had almost 2.3 more risk of
having CaP), and for physical activity (as the risk of CaP
risk decreased by almost half in patients reporting more

than 7 h/wk of physical activity).

4. Discussion

To the best of our knowledge, this is the first study
addressing the association of GSTMI genetic polymor-
phism and gene expression with the risk of CaP. Although
we have found differences in GSTMI gene expression
among patients carrying 1 or 2 copies of GSTM I functional
allele, the number of copies was not linked to the risk of
CaP as no differences were found between null genotype
for GSTM1 and functional genotype (irrespective of having
1 or 2 copies) in relation to the occurrence of CaP. This
finding does not support a gene-dosage protective effect
among our CaP patients. In contrast, 2 meta-analysis found
an increased risk of CaP among individuals carrying the
null genotype for GSTM1 [8,17]. The multifactorial origin

Table 1
Characteristics of the study population.
Non-CaP, n (%) CaP, n (%) P value®
Age 0.011
<50 1 (0.6) 3(1.9)
50-59 33 (20.8) 19 (11.9)
60—69 65 (40.9) 58 (36.5)
70-79 53(33.3) 57 (35.9)
>80 7(4.4) 22 (13.8)
GTSMI1 polymorphism 0.865
GSTMI null 79 (50.3) 80 (51.3)
GSTM1 functional 78 (49.7) 76 (48.7)
Smoking habit 0.634
Never smokers 47 (34.3) 42 (31.6)
Smokers 90 (65.7) 91 (68.4)
Alcohol consumption 0.701
Never drinkers 107 (79.9) 106 (77.9)
Current drinkers 27 (20.1) 30 (22.1)
Residence area 0.629
Rural (<10,000 inhabitants) 47 (33.8) 41 (31.1)
Urban (>10,000 inhabitants) 92 (66.2) 91 (68.9)
Environmental exposure to dust and smoke 0.703
No 63 (48.5) 59 (46.1)
Yes 67 (51.5) 69 (53.9)
Exposure to other environmental agents 0.566
No 59 (44.4) 56 (42.4)
Other chemicals 46 (34.6) 41 (31.1)
Pesticides 28 (21.0) 35(26.5)
Physical Activity 0.028
No 41 (37.3) 65 (54.2)
Low level 22 (20.0) 21(17.5)
High level 47 (42.7) 34 (28.3)
PSA level <0.001
<10 112 (70.0) 86 (53.4)
10-20 46 (28.8) 36 (22.4)
>20 2(1.2) 39 (24.4)
T stage -
T1 - 63 (63.6)
T2 - 28 (28.3)
T3 and T4 - 8(8.1)
Gleason score -
<7 - 80 (50.3)
>7 - 79 (49.7)

 Chi-square test.
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Fig. 2. Box plot of GSTM1 gene expression in non-CaP and CaP patients
with a number of chemical exposures (environmental dust and smoke, smok-
ing habit, and living in urban areas with >10,000 inhabitants). Expression
levels were measured by relative quantification using qPCR technique. The
statistical analysis has been performed using Mann-Whitney test.

of CaP, including distinct environmental and dietary expo-
sures across populations, may account for the different
functional impact of GSTM1 CNV on CaP.

The controversial data regarding the expression of GSTs
and CaP development may be related to genetic, environ-
mental, and dietary factors, which may differ across popula-
tions. Since GST superfamily members are detoxifying
enzymes involved in the metabolization of numerous
chemical carcinogens, differences in the inter- and intrapop-
ulation distribution of genetic polymorphisms encoding
enzymes from those classes, and in the exposure profile to
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Fig. 3. Dose-response relationship between GSTM1 gene expression and
different categories of physical exercise (“no”: without physical activity;
“moderate”: up to 6 hours per week; “high”: >7 hours per week). GSTM1
expression showed statistically significant differences across the 3 catego-
ries of physical exercise. Expression levels were measured by relative
quantification using qPCR technique. The statistical analysis has been per-
formed using Kruskal-Wallis test.
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Table 2
Multiple logistic regression analysis of CaP risk adjusted for several
factors.

Predictors OR 95% CI P

GSTMIgene expression” 0.92 0.81-1.04 0.158
GSTM1 CNV 1.07 0.58—1.99 0.823
PSA 2.29 1.23—4.27 0.009
Physical activity 0.57 0.31-1.04 0.068

GSTM1 CNV: 0: null genotype; 1: functional genotype. PSA: 0: <10 ng/
ml; 1: > 10 ng/ml. Physical activity: 0: < 7 h/wk; 1: > 7 h/wk.
“Fold change.

environmental or dietary chemicals across populations, may
partially account for the controversy on the role of GSTs and
risk of CaP [18]. In addition, the factors mentioned above
can contribute to increase heterogeneity in the meta-analyses
conducted so far. In relation to environmental exposures,
GSTM1 genetic polymorphism failed to be significantly asso-
ciated with exposure to airborne dust, smoke, pesticides, and
alcohol in CaP patients. Conversely, exposure to these and
other contaminants (e.g., diesel exhaust and agricultural
chemicals) has been previously associated with CaP [9].
Conflicting data have also been reported for the relationship
between GSTM null genotype and cancer aggressiveness in
several tumors; however, in our study, GSTMI polymor-
phism was not significantly associated with cancer aggres-
siveness defined by clinical stage at diagnosis or Gleason
score, which is in line with other studies [19—21].

As expected, CaP patients with 1 and 2 copies of
GSTM1 had an increased gene expression relative to
patients lacking any copy. In addition, GSTMI gene
expression was lower in CaP than in non-CaP, as also
found other studies [22,23]. However, the most relevant
finding in our study was the decreased GSTMI gene
expression in CaP patients exposed to various environ-
mental chemicals, which was not observed in patients
without CaP. This finding is in agreement with a previous
study utilizing gene expression array technology [15]
where GSTMI was identified as one of the few genes
underexpressed in CaP, leading to a significant reduction
in the detoxification capability of cells. On the other hand,
hypermethylation of the promoter region of the GSTPI
gene has been observed in CaP tissue but not in healthy
tissue, thus leading to protein underexpression. While this
gene is methylated in about 70% to 80% of CaP cases, it is
usually hypomethylated in benign prostatic hyperplasia
[24]. The lower expression of GST proteins in CaP is con-
sidered detrimental, as either endogenous or exogenous
reactive molecules could not be properly detoxified, thus
contributing to cancer progression.

The association found in this study between physical
activity and a lower risk of CaP (Table 2) supports previous
findings [25,26], although a recent meta-analysis suggested
no obvious association between leisure-time activity and
risk of CaP [27]. However, this study reports for the first
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time an increased GSTM1 gene expression in relation to
physical activity (Fig. 3). A positive trend was observed as
the higher level of physical activity (>7 hours per week)
the greater gene expression. Although emerging data pro-
vide strong evidence of a lesser risk of CaP following phys-
ical activity, the molecular and cellular pathways
associating physical activity and CaP still remains
unknown. It has been suggested that physical activity (in
particular aerobic exercise of moderate-to-high intensity)
might reduce the risk of CaP and disease progression by
favorably altering the immune function and signaling path-
ways relevant to carcinogenesis, including oxidative stress
[26,28]. In fact, reduced levels of oxidative stress may be a
potential mechanism through which physical activity pro-
tect against CaP, or delay CaP progression. Magbanua et al.
[29] reported that vigorous physical activity modulated the
Nuclear factor-erythroid 2-related factor 2 (Nrf2)-mediated
oxidative stress response pathway. Moreover, acute aerobic
exercise elicits activation of nuclear Nrf2, regardless of the
exercise intensity [30]. Nrf2 is an important stress-respon-
sive transcription factor that is activated during oxidative
stress [31]. Once activated, Nrf2 upregulates antioxidant
and anti-inflammatory cellular responses, leading to the
expression of a number of detoxifying phase II enzymes,
including glutathione S-transferases isoenzymes [30,32].
Therefore, the association found in this study between
physical activity and a lower risk of CaP can partially be
explained by inducing the expression of antioxidant
enzymes such as GSTMI.

The differences found between non-CaP and CaP patients
represent one limitation of this study. These differences can
be accounted for the difficulty in finding appropriate fresh
prostate tissue samples from control individuals lacking
CaP. Accordingly, we collected fresh tissue samples from
men who underwent a biopsy, which was negative for CaP
and failed to develop any clinical symptom of CaP, unless
until the latest clinical follow-up (January 2018). This repre-
sents the major strength of our study as the periodic clinical
follow-up of the study population enables an accurate diag-
nosis for both control and CaP patients.

5. Conclusions

In summary, our study suggests that some environmental
factors (i.e., exposure to airborne dust and smoke, tobacco-
smoking habit, and to a lesser extent living in urban areas
with >10,000 inhabitants) are linked to the occurrence of
CaP, thus underpinning the contribution of environmental
factors to the risk of CaP. Importantly, these associations
were not observed in individuals lacking CaP but with the
same type of exposures. Notably, the most relevant finding
of this study was the apparent protective role played by
physical activity against CaP development. The lower risk
of CaP in individuals with greater physical activity might
result from the induction of metabolic enzymes and up-reg-
ulation of the Nrf2 pathway as an attempt to counteract the
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adverse effects of reactive molecules and oxidative stress
linked to environmental exposures. Overall, GSTMI1
appears to afford protection against CaP in individuals
exposed to certain environmental factors.
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