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Abstract
The role of glutathione S-transferase Mu 1 (GSTM1) in the biomonitoring of polycyclic aromatic hydrocarbons (PAHs) 
is not clear. Our purpose has been to evaluate the influence of GSTM1 genotypes on 1-hydroxypyrene (1-OHP), deoxy-
ribonucleic acid (DNA) adducts, and micronucleus frequency in both occupational and non-occupational populations of 
null and active GSTM1 carriers. We conducted a meta-analysis on 25 articles that met our strict inclusion criteria (11 stud-
ies on 1-OHP, 9 on DNA adducts, and 5 on the micronucleus frequency).  In the case of occupationally exposed work-
ers, micronucleus frequency was only significantly higher in the null GSTM1 carriers than in the active GSTM1 carriers. 
In the non-occupationally exposed general population, 1-OHP and micronucleus frequency were significantly higher in 
the null GSTM1 carriers. The results of Egger’s test and funnel plot analysis indicated no significant publication bias.  
In conclusion, GSTM1 genotypes may affect the urinary 1-OHP in the non-occupationally exposed general population, 
and micronucleus frequency in both occupational workers and non-occupational population. Int J Occup Med Environ 
Health 2017;30(2):177–201
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INTRODUCTION
There is much evidence showing that exposure to poly-
cyclic aromatic hydrocarbons (PAHs) is associated with 
an increase in the incidence of respiratory and cardio-
vascular diseases and lung cancer in populations from 
occupational [1,2] as well as non-occupational environ-
ments [3–6]. Polycyclic aromatic hydrocarbons are formed 
during incomplete combustion processes and are released 

into ambient air due to industrial emissions, vehicle ex-
haust, domestic heating and cigarette smoking which emit 
a wide variety of genotoxic agents [7–9]. Occupationally 
exposed populations, such as coke oven workers, chimney 
sweeps, traffic police, professional drivers, street vendors 
and ecological operators, have more opportunities for ex-
posure to PAHs. As a family of semi-volatile organic com-
pounds, PAHs concurrently have both aerosol particulate 
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workers who were occupationally exposed to PAHs. How-
ever, in this meta-analysis, 2 important occupational field 
studies [25,26] that met the inclusion criteria were not 
included. Moreover, one of the studies included did not 
investigate the bulky adduct but the benzo[a]pyrene diol 
epoxide adduct. The detection methods for these 2 kinds 
of adducts are completely different, and it has concurrent-
ly been shown that the bulky adduct is a better biomarker 
when both environmental exposure and exposure as a re-
sult of lifestyle habits, such as smoking, are considered [27].
Polycyclic aromatic hydrocarbons exposure causes DNA 
adduct formation and DNA oxidation, which eventually 
leads to DNA damage [28] and may result in chromosome 
loss or chromosome breakage, and genetic instability, and 
might eventually trigger cancer. Micronucleus frequency 
in peripheral blood lymphocytes has been used as a sensi-
tive biomarker of chromosomal damage, genetic instability 
and even cancer risk [29,30]. Therefore, the micronucleus 
frequency in peripheral blood lymphocytes is a potential 
effect biomarker of PAH exposure.
Given that there clearly is the need for better measures 
of exposure in both occupational workers and non-occu-
pationally exposed general population for improving the 
quantitative risk assessment of PAHs, in this study we have 
performed a meta-analysis on the level of bulky adducts 
present in white blood cells as a biomarker of PAHs. As 
stated before, the previous meta-analysis by Liu et al. [24] 
did not include 2 important occupational field studies. 
Moreover, as reports on the influence of the GSTM1 sta-
tus on the 1-OHP level and micronucleus frequency have 
been inconsistent, our other aim has been to determine 
the robustness of 1-OHP and micronucleus frequency as 
biomarkers in active GSTM1 as well as null carriers.

METHODS
Because of the heterogeneity of the included studies, both 
the Meta-analysis Of Observational Studies in Epidemi-
ology (MOOSE) and Preferred Reporting Items for Sys- 

and gas phases and may be cumulated in the house dust. 
Therefore, PAH exposure is very common for the general 
population, especially for young children [10].
Biomarkers of internal exposure to PAHs include uri-
nary 1-hydroxypyrene (1-OHP) [11,12], and PAH-DNA 
(deoxyribonucleic acid) and PAH-protein adducts, and in 
effect biomarkers include DNA damage, chromosomal 
aberrations, sister chromatid exchanges and micronuclei. 
1-Hydroxypyrene, a metabolite of the PAH pyrene [13], 
is considered the main biomarker currently available for 
measuring exposure to PAHs. This is because pyrene 
is present in high amounts in all mixtures of PAHs, and 
the correlation between external pyrene exposure and in-
ternal 1-OHP levels has been shown [14].
After metabolic activation catalyzed by a series of en-
zymes, some PAHs bind covalently to DNA to form 
the damaging DNA-PAH adducts [15]. Deoxyribonucleic 
acid adduct is considered to be a biomarker of carcinogen 
exposure, and to some extent, reflects individual suscepti-
bility [16–18]. The measurement of bulky DNA adducts in 
white blood cells have been shown in human to correlate 
with the level of PAHs in lung tissue [19,20].
Activated PAHs in the human body are detoxified 
by phase II enzymes such as glutathione S-transfer-
ase M1 (GSTM1), which makes PAH metabolites, such 
as 1-OHP, more water soluble and suitable for excre-
tion [21]. Glutathione S-transferase M1 has well-defined 
null and active genotypes, and it has been reported that 
the null GSTM1 genotype causes a homozygous deletion 
that could result in functional loss of this enzyme [22]. Hence, 
the ability of null GSTM1 carriers to eliminate PAH meta-
bolites is reduced; therefore, for individuals with this geno-
type, the PAH biomarker levels are generally higher [23].
Liu et al. [24] were the first to conduct a meta-analysis 
to investigate the influence of the GSTM1 genotype on 
the formation of DNA adducts. Their results showed that 
the DNA adduct levels in null GSTM1 carriers were signif-
icantly higher than those in active GSTM1 carriers among 
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the detection of 1-OHP, DNA adduct and micronuclei 
frequency, respectively, were also excluded.

Statistical analysis
The meta-analysis was performed using the RevMan soft-
ware (version 5.3, Cochrane Community, London, UK) 
and STATA software (version 11.0, STATA Corp., College 
Station, USA). The 1-OHP and DNA adduct levels and 
micronuclei frequency were used in the analysis only in 
the mean and standard deviation form. For articles that 
provided the median and range values, the mean and stan-
dard deviation were calculated using the formula provided 
by Hozo et al. [33]. The transferring method provided by 
Higgins et al. [34] for the geometric mean or related pa-
rameters was applied.
The random-effects model and fixed-effects model were 
used for combining the results of the meta-analysis. The 
standardized mean difference (SMD) in the groups of 
each study and the overall SMD were calculated. The cor-
responding 95% confidence intervals (CIs) were also com-
puted. Heterogeneity and variance among studies were 
evaluated using the Chi2 test (with a significance level set at 
p < 0.10), and the inconsistency index (I2) was also calcu-
lated (I2 > 50% suggesting substantial heterogeneity). Then, 
the appropriate effect model was chosen according to the 
results of the heterogeneity test, and the publication bias was 
determined using Egger’s test and the funnel plot analysis.

RESULTS
Study selection
We obtained 78 studies that met the study criteria 
of 1-OHP. An additional article was found by a hand 
search. After reviewing the full texts, we only included 
articles that used HPLC for detecting 1-OHP. Eleven 
studies were finally included in the meta-analysis [35–45]. 
Table 1 lists these studies and their main features.
We found 155 articles on the DNA adduct levels, 
GSTM1 polymorphisms and PAH exposure, includ- 

tematic review and Meta-Analysis Protocols (PRISMA-P) 
were used [31,32].

Search strategy and data collection
Relevant publications were searched for in 2 frequent-
ly-used on-line databases – PubMed and Web of Sci-
ence – from January 1994 to March 2015. The literature 
search was conducted in April 2015 and the search terms 
used were “1-OHP” (or “1-hydroxypyrene”), “DNA ad-
ducts” (or “aromatic DNA adducts”), “micronucleus 
frequency”, “GSTM1 polymorphism” (or “glutathione S-
transferase M1”), and “PAH” (or ‘polycyclic aromatic 
hydrocarbons”). Only papers published in English were 
collected. All the literature was reviewed by 2 indepen-
dent reviewers. Then, articles that met the following 
specific inclusion and exclusion criteria were included in 
the meta-analysis.

Inclusion and exclusion criteria
Inclusion criteria:
 – the study must compare the 1-OHP in urine, DNA ad-

duct levels and micronucleus frequency in peripheral 
blood lymphocytes of subjects with active GSTM1 and 
null GSTM1 carriers between occupationally ex-
posed workers and the non-occupationally exposed 
population;

 – the study must clearly describe the GSTM1 genotyping 
method and equipment and the method and equipment 
for the measurement of 1-OHP, DNA adduct, and mi-
cronucleus frequency.

Exclusion criteria:
 – family-based studies, reviews, abstracts, comments, edi-

torials and letters were excluded;
 – studies with incomplete or overlapping data were 

excluded;
 – finally, studies that did not use high-pressure liquid 

chromatograph (HPLC), 32P-post-labeling assay, and 
cytokinesis-block micronucleus (CBMN) assay for 
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difference was found in the 1-OHP levels between sub-
jects with the active GSTM1 genotype and those with 
the null GSTM1 genotype only in the non-occupational 
populations with a SMD = –0.29 (95% CI: –0.48–(–0.1)). 
The heterogeneity test indicated a low level of inconsis-
tency in both groups, with a p value of 0.23 (I2 = 27%) 
and 0.13 (I2 = 29%), respectively. The funnel plots also 
showed only a small publication bias (Figure 1a.2 and 1a.3).

Effect of the GSTM1 genotype  
on the DNA adduct levels
Combining the results of the 9 selected studies showed 
that there was no significant difference in the adduct levels 
between the subjects with the active GSTM1 genotype and 
those with the null GSTM1 genotype, even after the study 
groups were divided into the occupational workers and 
non-occupational groups (Tables 7–9). The heterogene-
ity test showed low level of inconsistency in all groups, 
with p values all > 0.3 and I2 < 15%. No significant pub-
lication bias was found according to the result of Egger’s 
test (p > 0.05), or from the funnel plot (Figure 1b.1–3).

Effect of the GSTM1 genotype 
on the micronucleus frequency
In the articles in which the micronucleus frequency was 
considered, the subjects who had an active GSTM1 geno-
type seemed to have a remarkably lower micronucleus 
frequency than the null GSTM1 carriers, with an I2 value 
of 93%. Because of the high heterogeneity, 3 articles [58–60] 
were excluded from the analysis, after which the heteroge-
neity decreased significantly to 41% (p = 0.1) for the re-
maining studies. However, the effect of the GSTM1 gen-
otype on the micronucleus frequency was still evident, 
with a SMD = –0.33 (95% CI: –0.5–(–0.17), p < 0.0001) 
(Table 10). Moreover, there was no remarkable evidence of 
a publication bias according to the funnel plot (Figure 1c.1).
In the 4 occupational groups, a significant difference was 
found in the micronucleus frequency between the workers 

ing 2 papers that were found after a hand search. Af-
ter all the articles were reviewed, the measurement of 
bulky PAH-DNA adduct levels in white blood cells us-
ing the 32P-Postlabeling assay was additionally included 
as an inclusion criterion. Finally, 9 eligible studies were 
included in this meta-analysis (Table 2) [25,26,38,46–51].
In total, 56 papers that investigated the micronucleus fre-
quency, GSTM1 polymorphisms and exposure to PAHs 
were found. The CBMN assay measures all cells including 
necrotic and apoptotic cells as well as the number of nuclei 
per cell to provide a measure of cytotoxicity and mitotic 
activity. The CBMN assay has in fact evolved into a “cy-
tome” method for comprehensive measurement of chro-
mosomal instability and altered cellular viability caused 
by genetic defects or exogenous genotoxins [52]. The use 
of the CBMN assay and binucleated cells for determin-
ing the micronucleus frequency [53] were also considered 
as inclusion criteria. Finally, 5 papers were selected after 
the screening (Table 3) [42,54–57].

Effect of the GSTM1 genotype on urinary 1-OHP
Twenty study groups were extracted. Subjects with 
the active GSTM1 genotype had significantly low-
er 1-OHP levels than those with the null GSTM1 geno-
type. The heterogeneity was so high that random-effect 
model was used (Chi2 coefficient = 90.27, p < 0.001, 
I2 = 79%). After 1 subgroup was removed, the ef-
fect of the GSTM1 was remained, and the fixed-ef-
fects model was used according to the heterogeneity 
(Chi2 coefficient = 26.44, p > 0.05, I2 = 32%). The over-
all SMD between the subjects with active GSTM1 and 
null GSTM1 carriers was –0.16 (95% CI: –0.28–(–0.04), 
Z = 2.53, p = 0.01) (Table 4). No significant publication 
bias was found by Egger’s test (p = 0.132) or the funnel 
plot analysis (Figure 1a.1).
The 19 study groups comprised 11 occupational and 8 non-
occupational groups that were separated for the further 
meta-analysis (Tables 5 and 6). A remarkably significant 
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the indoor occupational PAH exposure. Therefore, their 
results from the meta-analysis were the same as ours for 
the non-occupational general population.
Our results indicated that in both occupationally ex-
posed workers and non-occupationally exposed gen-
eral population, the null GSTM1 genotype could not 
affect the bulky DNA adduct levels, which was incon-
sistent with another recently published meta-analysis by 
Liu et al. [24]. For the subgroups of occupational workers, 
Liu et al. [24] missed 2 studies, and for the non-occupa-
tional subgroups, 2 studies were excluded from our analy-
sis and 2 other studies that met the inclusion criteria were 
included instead. The study by Pavanello et al. [61] was ex-
cluded because it measured the level of the benzo[a]pyrene 
diol epoxide adduct and not the bulky adduct. The other 
study excluded was the one by Viezzer et al. [48] because 
it showed high heterogeneity with the other studies, based 
on the I2 values.
The largest difference in our analysis was that bulky 
adduct but not benzo[a]pyrene diol epoxide adduct 
was used. A multicenter European study showed that 
bulky DNA adducts were positively associated with en-
vironmental factors, such as occupational exposure and 
smoking, while benzo[a]pyrene diol epoxide adducts were 
more strongly associated with smoking than with the en-
vironmental exposure. The multivariate analyses concur-
rently indicate that GSTM1 genotypes mainly contribute 
not to bulky DNA adduct but benzo[a]pyrene diol epox-
ide adduct [27]. To cope with the DNA adduct formation 
caused by PAH exposure, the human body has developed 
numerous defensive mechanisms, including DNA repair 
pathways, such as nucleotide excision repair, that faithful-
ly remove the DNA lesions, including the PAH-DNA ad-
ducts [62,63]. This may be one of the confounding factors 
for the unclear difference in the DNA adduct levels be-
tween the 2 genotypes of GSTM1.
Our results confirmed the correlation between the differ-
ent genotypes of GSTM1 and micronucleus frequency. As 

who carried active GSTM1 and null GSTM1 carriers (Ta-
ble 11). Subjects with the active GSTM1 genotype had a low-
er micronucleus frequency (SMD = –0.27, 95% CI: –0.48–
(–0.05), p = 0.01) as compared with the null GSTM1 carri-
ers,. The I2 value was 59%, which indicated moderate hetero-
geneity, but the Chi2 test showed that the p value was 0.06. 
In the 4 non-occupational groups, GSTM1 was found to 
have similar effects on the micronucleus frequency as in 
the occupational groups (SMD = –0.43, 95% CI: –0.68–
(–0.18), p = 0.0008), but the I2 value was 19% (Table 12). 
Funnel plots for both groups showed only a small publica-
tion bias (Figure 1c.2 and 1c.3).

DISCUSSION
Our study presents a comprehensive evaluation of 
the influence of GSTM1 genotypes on the biological 
markers commonly used for PAH exposure. Our meta-
analysis results indicate that GSTM1 genotypes may af-
fect 1-OHP level and micronucleus frequency. None 
of GSTM1 carriers showed significantly higher 1-OHP lev-
els in the non-occupational general population and sig-
nificantly higher micronucleus frequency in both occu-
pational workers and non-occupational exposed general 
population. Bulky DNA adduct levels seemed no signifi-
cant association with GSTM1 genotypes.
Our findings that the null GSTM1 genotype was associ-
ated with significantly higher levels of 1-OHP in non-oc-
cupational environments indicate that the GSTM1 geno-
type of the individual should be considered when 1-OHP 
is used for evaluating low levels of PAH exposure. Ci-
arrocca et al. [12] reviewed that 1-OHP was a reliable 
biomarker for studying outdoor occupational exposure 
to PAHs from urban pollution, and the combined con-
centration of 1-OHP tended to be higher in those with 
the null GSTM1 than the active GSTM1. The studies includ-
ed in our analysis indicated that the urinary 1-OHP con-
centrations in workers with exposure to urban air pollu-
tion were all lower than 1 μg/ml, which was different from 
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association was found for the level of bulky DNA adducts. 
None of GSTM1 carriers have seemed more susceptible 
to PAH damage as it has been indicated by the elevated 
level of 1-OHP in low levels of PAH exposed population 
and by high micronucleus frequency observed in both oc-
cupational and non-occupational population.
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