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Abstract: Polycyclic aromatic hydrocarbons (PAHs) are considered to be endocrine disruptors. In
this study, the evidence on the association between PAHs and diabetes was systematically reviewed.
PubMed, EMBASE, and ISI Web of Science were systematically searched for studies reporting the
association between PAHs and diabetes. Of the 698 articles identified through the search, nine
cross-sectional studies were included. Seven were conducted in the general population and two
in coke oven workers. Fixed-effects and random-effects models were used to calculate the total
effect. Subgroup analysis was further carried out according to the types of PAH metabolites. The
results showed that the odds of diabetes were significantly higher for the highest category of urinary
naphthalene (NAP), fluorine (FLU), phenanthrene (PHEN), and total mono-hydroxylated (OH-PAH)
metabolites compared to the lowest category. The pooled odds ratios (OR) and 95% confidence
intervals (CI) were 1.52 (95%CI: 1.19, 1.94), 1.53 (95%CI: 1.36, 1.71), 1.43 (95%CI: 1.28, 1.60), and
1.49 (95%CI: 1.07, 2.08), respectively. In coke oven workers, 4-hydroxyphenanthrene (4-OHPh)
was significantly correlated with an increased risk of diabetes. Exposure measurements, outcome
definitions, and adjustment for confounders were heterogeneous between studies. The results of the
current study demonstrate a potentially adverse effect of PAHs on diabetes. Further mechanistic
studies and longitudinal studies are needed to confirm whether PAH metabolite levels are causative,
and hence associative, with increased diabetes incidences.

Keywords: polycyclic aromatic hydrocarbons (PAHs); mono-hydroxylated PAHs (OH-PAHs);
environmental pollutants; diabetes

1. Introduction

Ambient air pollution exposure increases human morbidity and mortality [1] and is a
leading contributor to the global burden of disease [2]. Polycyclic aromatic hydrocarbons
(PAHs), which are products formed during incomplete combustion of fossil fuels and
cigarette smoking [3], are often detected in the environment and are regarded as endocrine
disruptors [4]. The harmful effects of PAHs on human health depend on the duration of
exposure, the concentration and toxicity of PAHs, and the route of exposure. Humans
are exposed to PAH through multiple routes, including consumption of food and water,
inhalation of air, resuspended soil and dust, and dermal contact with soil and dust. The
existence of various routes of exposure makes it difficult to assess the adverse health
effects of PAHs. Mono-hydroxylated PAHs (OH-PAHs), a class of PAHs biotransformation
products in urine, have emerged as useful biomarkers for assessing PAH exposure [5]. The
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measurement of OH-PAHs concentrations in urine allows assessment of the combined
uptake of all exposure routes [6].

Several studies have supported PAHs as a risk factor for type 2 diabetes mellitus
(T2DM). The possible pathways include the activation of inflammation [7,8], insulin resis-
tance [9], altered release of cytokines [10], oxidative stress [11], and interference with the
endocrine system [12], such as affecting beta cell function [13] and estrogen signaling [4,14].
Everett CJ et al. investigated the association between 9 OH-PAHs and serum C-reactive
protein (CRP) and found that 2-hydroxyphenanthrene (2-OHPh) and 9-hydroxyfluorene
(9-OHFlu) were associated with elevated CRP [8]. Elevated CRP, in turn, has been reported
to be associated with a high risk of T2DM [15]. Guo et al. showed that compared with men,
women working near a coke oven displayed significantly higher levels of oxidative stress
biomarker, including urinary 8-hydroxy-deoxyguanosine and 8-iso-prostaglandin-F2a [11].
A study conducted by Khalil et al. in high-fat-diet—fed mice showed that chronic exposure
to environmental PAHs can increase the risk of T2DM by reducing glucagon-like peptide
1 expression and inducing the production of pro-inflammatory cytokines [7]. Gato et al.
reported that rats treated with 2-aminoanthracene (2AA), a PAH found in a variety of
products, had a larger mean adipocyte size. Similarly, 2A A-treated rats had higher serum
glucose levels compared to the controls [10]. A birth cohort study conducted in Korea
also found that maternal exposure to dietary PAHs during pregnancy was associated with
decreased birth weight [16], which may increase the risk of T2DM in adults [17]. In addi-
tion, occupational studies of coke oven workers have shown that 4-hydroxyphenanthrene
(4-OHPh) levels were positively associated with the risk of T2DM [18].

Khosravipour et al. (2020) systematically reviewed the relationship between urinary
metabolites of PAHs and diabetes and proposed a significant positive association between
urinary levels of PAH metabolites and diabetes [19]. However, since this review, several
epidemiological studies have been published, including studies conducted in the general
population, as well as studies in occupational workers. The results of the newly published
studies are partly inconsistent with previous results. For example, previous studies re-
ported a positive association between 2-hydroxynaphthalene (2-OHNa) and the risk of
T2DM [20-22], but the study by Lee et al. (2022) reported a significant negative association
between high concentrations of 2-OHNa exposure and the risk of T2DM [23]; similarly,
previous studies reported a significant positive association between 9-OHFlu and the risk
of T2DM [20,24], but Cheng et al. (2021) showed no significant association between the
two [25]. The reasons why the results are inconsistent might be due to the locations of
the studies, the populations studied, the different levels of pollutants, and the statistical
methods implemented. In addition, the meta-analysis by Khosravipour et al. (2020) only
included studies conducted in China and the United States [19]. In the current study, we
also include original research conducted in Korea, thereby broadening our perspective.
Newly published studies may also deepen the understanding of the harmful effects of
PAHs. In the current study, by including the latest research, we hope to identify the gaps
and limitations in the existing research and offer directions for future research. Further-
more, few existing studies discuss the differences in the effects of PAHs on T2DM in the
general and occupational populations. Therefore, in this study, the evidence in the general
population and in occupational populations was systematically identified and reviewed.
The current study also synthesized these findings to provide policymakers with the best
estimate of the effect of PAH exposure on the risk of diabetes.

2. Methods
2.1. Literature Search Strategy

The PubMed (https://pubmed.ncbi.nlm.nih.gov/), EMBASE (https:/ /www.embase.
com), and ISI Web of Science (http://www.webofknowledge.com) databases were system-
atically searched for eligible studies published up to 24 May 2022, with a combination of
terms including “diabetes mellitus”, “diabetes”, “type 2 diabetes”, “T2DM”, “polycyclic

o ”ou

aromatic hydrocarbons”, “urinary polycyclic aromatic hydrocarbons”, “polycyclic aromatic


https://pubmed.ncbi.nlm.nih.gov/
https://www.embase.com
https://www.embase.com
http://www.webofknowledge.com

Int. |. Environ. Res. Public Health 2022, 19, 7605 3of 16

"o

hydrocarbons metabolite”, “urinary polycyclic aromatic hydrocarbon biomarkers”, “PAHs”,
“hydroxynaphthalene”, “hydroxyfluorene”, “hydroxyphenanthrene”, “hydroxypyrene”,
and “hydroxychrysene”. No filters were applied to the study designs. The references from
the included publications were scanned again to identify any remaining studies. Titles
and abstracts were screened for further decisions, and the full text of eligible articles was
downloaded after de-duplication. All the processes were performed independently by the

two authors (Xue Wang and Ang Li), and disagreements were resolved through discussion.

2.2. Inclusion and Exclusion Criteria

Original studies assessing the relationship between urinary PAH metabolites and
diabetes and published in English were included. For eligible studies, the type of urinary
PAH metabolites and the definition of diabetes must be clearly stated. Urinary PAH metabo-
lites include at least one of 1-hydroxynaphthalene (1-OHNa), 2-OHNa, 2-hydroxyfluorene
(2-OHFlu), 3-hydroxyfluorene (3-OHFlu), 9-OHFlu, 1-hydroxyphenanthrene (1-OHPh),
2-OHPh, 3-hydroxyphenanthrene (3-OHPh), 4-OHPh, 9-hydroxyphenanthrene (9-OHPh),
and 1-hydroxypyrene (1-OHP). ZOH-PAHs represents the sum of PAHs. Diabetes was
diagnosed by a physician or based on the use of anti-diabetic medications. Eligible articles
were required to quantify the levels of urinary PAH metabolites and to report the associa-
tion of urinary PAH metabolites with the risk of diabetes. Odds ratios (OR), relative risks
(RR), or hazard ratios (HR) and their 95% confidence intervals (CI), should be provided.
Studies from different periods of the same cohort were included in the current analysis.
Animal studies and studies focusing only on alterations in blood biomarkers (e.g., blood
glucose levels and insulin) were excluded. For studies from the same cohort and time
period, only the one study with PAHs as the major exposure, with diabetes as the primary
outcome, and with the most representative study population was included in the analysis.

2.3. Data Extraction

The required parameters were extracted independently by the two authors (Xue Wang
and Ang Li). Disagreements were resolved by discussion. The following information was
extracted: study location, study period, study design, year of publication, demographics of
the participants, definition of exposures and outcomes, and potential confounding factors
adjusted for in the statistical model. Effect estimates and their 95% ClIs of the association
between urinary PAH metabolites levels and the risk of diabetes were extracted in the “final
model” or “fully variable adjusted model”. The following methods were used to extract the
effect estimates and obtain the necessary raw data: (1) All the included studies presented
the odds of diabetes based on the tertile, quartile, or quintile of urinary PAH metabolite
levels; therefore, the odds ratio of the highest tertile, quartile, or quintile (Q3, Q4, or Q5)
compared with the reference group (Q1) was extracted; (2) If the results in the original
study were presented as figures, GetData Graph Digitizer 2.26 was used to extract the data.

2.4. Statistical Analysis Methods

Fixed-effect and random-effect models were used to synthesize the associations be-
tween urinary PAH metabolites and diabetes. The odds ratio was used as a measure of the
association in all recruited studies. The between-study heterogeneity and between-study
variance were evaluated by 2 and 72, respectively. Publication bias was assessed using the
Egger’s test and Begg’s test.

Subgroup analysis was performed according to the type of urinary PAH metabolites.
The subgroups were set up as follows: (1) Hydroxynaphthalene, including 1-OHNa and
2-OHNa; (2) Hydroxyfluorene, including 2-OHFlu, 3-OHFlu, and 9-OHFlu; (3) Hydrox-
yphenanthrene, including 1-OHPh, 2-OHPh, 3-OHPh, 4-OHPh, and 9-OHPh; (4) Because
1-OHP is commonly used as a biomarker for exposure to PAHs [26], 1-OHP and XOH-PAHs
were set as a subgroup.
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All analyses were performed with R software (R Foundation for Statistical Comput-
ing), version 3.5.0. A two-sided test was used, and p-value < 0.05 was considered as
statistically significant.

3. Results

The literature selection process is summarized in Figure 1. A total of 698 records were
identified through the database search, and 578 records were assessed for eligibility based
on the title and abstract after de-duplication. By reading the titles and abstracts, 555 studies
that did not investigate the association between PAHs and T2DM were excluded. An
in-depth full-text review of the remaining 23 potentially eligible articles was conducted.
Seventeen of these studies were conducted in the general population, with an additional
three studies conducted in the occupational workers and three studies conducted in animals.
Of the 17 studies conducted in the general population, six were from the Wuhan-Zhuhai
cohort. Two of the six studies were included in the analysis, one study conducted in
April-May 2011 and May 2012 [25], and the other study conducted in April-May 2011 [24].
These two studies were conducted in different time periods and were therefore included in
the analysis, whereas the other four studies from the same time period were excluded. Six
studies were excluded because they focused on other health outcomes. Of the three studies
conducted among the occupational workers, one was excluded because of the use of urine
metal as exposure [27]. Finally, nine studies met the inclusion criteria and were recruited
in the current analysis. These nine studies were all cross-sectional studies reporting the
association between urinary PAH metabolites and the risk of T2DM [18,20-25,28,29]. Table 1
shows the details of the nine studies. Three of the studies were conducted in the United
States, four in China, and two in Korea.

Records identified through database
research: PubMed (200) Embase
(322), and ISI Wed of Science (176)

120 duplicate records
identified and excluded

578 records records identified
and screened for eligibility

555 records identified as not
addressing the research
question and excluded based
on title/abstract screening

23 full-text articles
assessed for eligibility

’—»

! v

3 studies were conducted
among coke oven workers

3 animal studies

17 studies were conducted
among the general population

13 studies excluded:

One study with urinary
metals as exposure was
excluded

-At baseline of the same cohort (4)
-Other health outcomes (6)

2 studies included in the
qualitative synthesis

7 studies included in the
quantitative synthesis

Figure 1. Results of systematic literature search.
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3.1. Potential Bias Due to Outcome Assessment

As shown in Table 1, the definition of T2DM varied slightly among the nine studies.
Six studies defined T2DM as abnormal laboratory tests (HbAlc or fasting blood glucose),
self-reported physician-diagnosed diabetes, or use of oral hypoglycemic medications or
insulin [18,20-22,24,25]. One article defined T2DM as self-reported physician-diagnosed
diabetes, or use of oral hypoglycemic drugs or insulin [28]. Another study defined T2DM
as the use of hypoglycemic medications [23]. In addition, the study conducted by Zhang
et al. used metabolic syndrome as the primary outcome [29]. Hyperglycemia, one of the
components of metabolic syndrome, was defined in the study as elevated fasting blood
glucose or current use of hypoglycemic medications [29]. This definition is similar to the
definition of T2DM in other studies. Therefore, the effect of urinary PAH metabolites on
hyperglycemia was included in the analysis.

3.2. Potential Bias Due to the Exposure Assessment

The included studies used different methods to assess the levels of urinary PAH
metabolites in the participants. Gas chromatography—mass spectrometry was the most
commonly used method for measuring exposure. The diversity of exposure measurement
methods could be a potential source of bias.

Table 1. Description of the included studies.

Study ID Location Stu&’;;esl)‘md Population (n) Age (Years) Urinary PAH Metabolites Measurement
General Population
Alshaarawy 2001-2002 1-OHNa, 2-OHNa, 2-OHFlu, " (t:aplna;y & e
etal., 2014 USA 2003-2004 3326 20-65 3-OHFlu, 1-OHPh, 2-OHPh, wahmhjg‘;lg_rrigolm‘(’):;g;
[21] 2005-2006 3-OHPh, and 1-OHP spectrometry (GC-HRMS)
1-OHP, 1-OHNa, 2-OHNa,
2-OHFlu, 9-OHFlu, 1-OHPh,
Yang et al 2-OHPh, 3-OHPh, 4-OHPh, Gas chromatographye mass
% getal, China 2011 3092 18-90 9-OHPh, 6-OHChr, and grapnys
14 [24] 3-OHBaP (6-OHChr and spectrometry (GC/MS)
3-OHBaP were below the
limits of quantification)
Ranjbar et al 1-OHNa, 2-OHNa, 2-OHFlu, chroma(t:s Pil a;y %?;nbined
) i USA 2001-2008 4765 >20 3-OHFlu, 1-OHPh, 2-OHPh, romatograpny ¢
2015 [22] 3-OHPh, and 1-OHP with high-resolution mass
! spectrometry (GC-HRMS)
1-OHNa, 2-OHNa, 2-OHFlu, Gas and liquid
Smith et al., adults and 3-OHFlu, 9-OHFlu, 1-OHPh,
2018 [20] USA 2005-2014 8664 children 2-OHPh, 3-OHPh, and chromatography-tandem
1-OHP mass spectrometry
1-OHNa, 2-OHNa, 2-OHFlu, .
Cheng et al., China 2011.04~05, 2031 1550 9-OHFlu, 1-OHPh, 20HPh,  Je8ient 5758/ (6:9381:1“
2021 [25] 2012.05 3-OHPh, 4-OHPh, 9-OHPh, . Cly € o [%S Y
and 1-OHP. anta Clara, CA, )
Gas chromatography-mass
Nam et al., 1-OHP, 2-OHNa, 1-OHPh, spectrometry (Clarus 680T,
2020 [28] Korea 2012-2014 6478 219 and 2-OHFlu PerkinElmer, Waltham, MA,
USA)
OH-PAHs except for
Iz“ggze;;;] Korea 2015-2017 1-OHPhe (1 = 3751), all >19 1'OHPE'1 i;lozljlgﬁ%;om’h' €:0 Chr:‘;‘j;‘(’)%; g’rh}’*maSS
OH-PAHs (1 = 3754) P y
Occupational workers (coke oven workers)
476471 1-OHNa, 2-OHNa, 2-OHFlu, Gas chromatography-mass
Yang et al., Chi 2010-2014 1472 : diab t or 9-OHFlu, 1-OHPh, 2-OHPh, spectrometry (GC-MS,
2017 [18] mna li. N ic 3-OHPh, 4-OHPh, 9-OHPh, Agilent, Santa Clara, CA,
patients 1-OHP, 6-OHChr, 3-OHBaP USA)
101N, 2-01HINE, 24015l Ay High performance liquid
Zhang et al., . 3-OHFlu, 1-OHPh, 2-OHPh,
2020 [29] China 2017 682 31-48 9-OHPh, 1-OHP, 3-OHChr, chromatography mass

6-OHChr and, 9-OHBaP

spectrometry (HPLC-MS)
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Table 1. Cont.

Study ID

Definition of T2DM

Adjusting Method for Urine Dilution

Adjusted Confounder

General Population

Alshaarawy et al., 2014 [21]

Yang et al., 2014 [24]

Ranjbar et al., 2015 [22]

Smith et al., 2018 [20]

Cheng et al., 2021 [25]

Nam et al., 2020 [28]

Lee et al., 2022 [23]

HbAlc level > 6.5% (39 mmol/mol), a
self-reported physician diagnosis of
diabetes, or current use of oral
hypoglycemic medication or insulin.

FBG > 7.0 mmol/L, self-reported
physician-diagnosed diabetes, or taking oral
hypoglycemic medication or insulin.

FPG > 7 mmol/L, HbAlc > 6.5%, doctor
diagnosed T2DM, taking diabetes
medication, or were taking insulin.

HbAlc > 6.5%, self-reported diagnosis of
diabetes by a physician, and/or
self-reported insulin use.

FPG > 7.0 mmol/L, self-reported diagnosis
of diabetes, using oral antidiabetic agents or
insulin

Self-report of physician-diagnosed diabetes
mellitus or the use of oral hypoglycemics or
insulin.

Those who reported using DM medication
were assumed to have T2DM.

Urinary levels of OH-PAH (ng/L) were divided
by urinary creatinine level (mg/dL) multiplied
by 0.01, that is, (ng/L) + (mg/dL x 0.01), and
expressed as nanogram per gram of creatinine
(ng/g creatinine)

Valid urinary PAHs metabolites concentrations
were calibrated by levels of urinary creatinine
and calculated as nmol/mmol creatinine.

Urinary creatinine was adjusted in logistic
regressions model.

Exposure variables were corrected for urinary
creatinine in all analyses by dividing each of the
PAHs (ng/L) by urinary creatinine (mg/dL) and

multiplying by 0.01 to result in nanograms of

PAHs per gram of creatinine (ng/g)

The levels of urinary creatinine (Cr) were used to
calibrate each valid urinary PAH metabolite
concentrations.

All urinary PAH levels were adjusted for the
urinary creatinine levels.

Covariate-adjusted standardized chemical
measure = Chemical concentration x the
predicted Cr level/the measured Cr level; A
conventional Cr adjustment was also applied

age, sex, ethnicity,
poverty-income ratio,
alcohol drinking, BMI, total
cholesterol and serum
cotinine
age, sex, BMI, smoking status,
alcohol consumption,
physical activity, education,
family history of diabetes,
total cholesterol, and
triglycerides.
age, sex, poverty index ratio,
ethnicity, BMI, smoking
status and urinary creatinine

age, sex, race,
poverty-income ratio, and
serum cotinine.

age, sex, BMI, drug usage,
smoking status, drinking
status, physical activity,
family income, city, and
family history of diabetes
sex, age, BMI, household
income, alcohol consumption,
physical activity,
log-transformed urinary
creatinine and cotinine, and
menopausal status (in
women)

age, sex, BMI, cigarette
smoking, alcohol drinking,
education, and exercise

Occupational workers (coke oven workers)

Yang et al., 2017 [18]

Zhang et al., 2020 [29]

Receiving diabetes medications, or
FBG > 7.0 mmol/L, or self-reported
physician-diagnosed diabetes.

High FBG levels as a component of MetS:
FBG > 6.10 mmol /L or current use of
medication to treat hyperglycaemia.

Valid urinary PAH metabolite concentrations
were calibrated by levels of urinary creatinine
and expressed as micrograms per millimole
creatinine (mg/mmol creatinine).

Valid urine concentrations of PAH metabolites
were adjusted using urine gravity.

working years, sex, BMI,
smoking status, drinking
status, physical activity,
education, workshift, work
sites, family history of
diabetes, total cholesterol,
and triglycerides
sex, age, smoking, drinking,
cooking fumes, eating habits,
BMI, and other PAH
metabolites

The adjustment method for urinary dilution is important when assessing urine PAH

metabolite levels. Most of the studies adjusted for urinary creatinine when calculating
urinary PAH metabolite concentrations, except for the study conducted by Ranjbar et al.,
which adjusted for urinary creatinine as a confounding factor in the statistical model [22].
In most cases, urine creatinine was used to adjust for urine dilution. However, urine
creatinine is influenced by muscle mass and BMI [30]. Therefore, this method should be
used with caution when the study participants have a large BMI. To address this problem,
a standardized covariate adjustment method was used in the study conducted by Lee
et al. [23]. First, predicted creatinine values were generated for each participant by linear
regression analysis. Then the measured creatinine level was divided by the predicted
creatinine level to produce a ratio. Finally, the level of the chemical in the urine was divided
by this ratio to adjust for urine dilution [29].

3.3. Potential Bias Due to Confounder Adjustment

As presented in Table 1, all of the studies were adjusted for the age and sex of the
participants, except for one study conducted in coke oven workers which was adjusted
for working years rather than age [18]. All of the studies were adjusted for BMI except
for the study conducted by Smith et al. [20]. Most of the studies considered confounding
effects of socioeconomic status, albeit on different scales. Poverty—income ratio, education,
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or household income were used as socioeconomic determinants. Smoking and diet con-
tributed to exposure to PAHs [31]. Of the studies, six were adjusted for smoking and three
were adjusted for cotinine. Only one study conducted in coke oven workers additionally
considered cooking fumes and eating habits [29]. The insufficient control of the source
of PAH exposure may increase the risk of bias. In addition, of the two studies conducted
in coke oven workers, one adjusted for occupation-related factors (work shift and work
sites) [18] while the other did not [29].

3.4. Publication Bias

Considering that negative findings may not be published, Begg’s and Egger’s tests
were used to examine potential publication bias. No significant publication bias was found
for any type of urinary PAH metabolites among the studies conducted in the general
population (Figures S1-54). However, most of the studies detected several types of urinary
PAH metabolites, and it is uncertain whether a particular PAH metabolite was detected but
not reported, so that a potential publication bias may exist.

3.5. Meta-Analysis of the Association between Urinary PAH Metabolites and the Risk of T2DM

Quantitative synthesis analysis was performed among the seven studies conducted
in the general population. All studies were cross-sectional. As shown in Figure 2, the
pooled OR of T2DM in the highest category of urinary NAP metabolite in comparison to
the lowest category was 1.52 (95%CI: 1.19, 1.94). Similarly, the pooled OR of T2DM related
to urinary FLU metabolite (Figure 3) and urinary PHEN (Figure 4) metabolite were 1.53
(95%ClI: 1.36, 1.71) and 1.43 (95%CI: 1.28, 1.60), respectively. Moreover, the pooled OR
was more pronounced in urinary XOH-PAHSs than in 1-OHP (Figure 5, XOH-PAHs: 1.49
(95%ClI: 1.07, 2.08) vs. 1-OHP: 1.16 (95%CI: 0.91, 1.48).

Weight Weight

Study TE seTE Odds Ratio OR 95%-Cl (common) (random)
Alshaarawy, 2014 1.10 0.3494 —'— 3.00 [1.51;5.95] 2.9% 6.0%
Yang, 2014 0.10 0.1923 — 1.10 [0.75; 1.60] 9.7% 8.9%
Ranjbar, 2015 0.60 0.2351 —rE— 1.82 [1.15;2.89] 6.5% 8.0%
Smith, 2018 0.21 0.1622 ——~—~— 1.23 [0.89; 1.69] 13.6% 9.5%
Cheng, 2021 0.16 0.2061 ——'—.“— 1.17 [0.78; 1.75] 8.5% 8.6%
<
=
Alshaarawy, 2014 1.19 0.2933 : —+—— 3.30 [1.86; 5.86] 4.2% 6.9%
Yang, 2014 0.34 0.2037 —0— 1.40 [0.94; 2.09] 8.7% 8.7%
Ranjbar, 2015 0.81 0.2233 :—'— 2.24 [1.45;3.47] 7.2% 8.3%
Smith, 2018 0.35 0.1692 —— 1.42 [1.02;1.98] 12.5% 9.3%
Cheng, 2021 0.50 0.2094 —m— 1.65 [1.09; 2.49] 8.2% 8.5%
Nam, 2020 0.60 0.1788 _,_._ 1.83 [1.29; 2.60] 11.2% 9.1%
Lee, 2022 -0.56 0.2309 —s— 0.57 [0.36;0.90] 6.7% 8.1%
<>
<::>
Common effect model <> 1.45 [1.29; 1.63] 100.0% -
Random effects model <>I | 1.52 [1.19; 1.94] -= 100.0%

Heterogeneity: 12 =72%, %% = 0.1391, p< 0.04 '
0.2 0.5 1

N
()]

Figure 2. The association between urinary NAP metabolites and risk of T2DM [20-25,28].
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Weight Weight

Study TE seTE Odds Ratio OR 95%—-Cl (common) (random)
Alshaarawy, 2014 0.34 0.3007 1.40 [0.78; 2.52] 3.9% 3.9%
Yang, 2014 0.47 0.1990 —~— 1.60 [1.08;2.36] 8.9% 8.9%
Ranjbar, 2015 0.42 0.2300 T 1.52 [0.97; 2.39] 6.6% 6.6%
Smith, 2018 0.59 0.1659 ———  1.81 [1.31;2.51] 12.7% 12.7%
Cheng, 2021 0.34 0.2161 ——'—é— 1.41 [0.92; 2.15] 7.5% 7.5%
Nam, 2020 0.59 0.2542 —!—'— 1.81 [1.10; 2.98] 5.4% 5.4%
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Figure 3. The association between urinary FLU metabolites and risk of T2DM [20-25,28].

Quantitative analysis in the occupational population was not performed because
only two studies were included. The results for the same types of PAH metabolites in
both studies are shown in Figures S5-58. The results for most PAH metabolites were not
significant in the coke oven workers, except for 4-OHPh which was reported to have a
dose-dependent association with the risk of T2DM [18].
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Figure 5. The association between urinary 1-OHP, YOH-PAH metabolites, and risk of
T2DM [20-25,28].

4. Discussion

The current meta-analysis suggests a strong association between the metabolite levels
in urinary PAHs and the risk of T2DM in the general population. All of the original studies
included in this analysis took OH-PAHs as an internal exposure. In previous experimental
studies, researchers directly measured PAHs in the blood and tissues of animals. However,
these methods have not been widely used in humans due to their high cost [21]. The
most commonly used biomarkers of PAH exposure are urinary PAH metabolites and
PAH-DNA adducts. Among them, urinary PAH metabolites have been reported to be
strongly correlated with the concentration of environmental PAHs [21]. In addition, there
is an increasing trend of using bioaccumulation and exposure-induced biochemical effects
to evaluate the impacts of pollutants [6]. Therefore, the measurement of urinary PAH
metabolites is a convenient way to reflect environmental PAH exposure.

Different individual PAHs were used to indicate possible sources of pollution. High-
molecule-weight PAHs (HMW PAHs), such as pyrene and benzo(a)pyrene, come mainly
from pyrogenic sources. LMW PAHs, such as NAP, FLU, and PHEN, come mainly from
petrogenic sources [32]. Urinary 1-OHP, the main metabolite of pyrene, is increasingly used
as a marker of PAH exposure. In the current analysis, the pooled OR of T2DM associated
with 1-OHP was not significant. Although the metabolites of other HMW PAHs were not
analyzed in this study, an association between 9-hydroxybenzpyrene and high glucose was
reported by Zhang et al. This result was also not statistically significant [29]. However,
the current analysis showed that the metabolites of LMW PAHs (2 to 3 rings), such as
hydroxynaphthalene, hydroxyfluorene, and hydroxyphenanthrene, significantly increased
the risk of T2DM. These results suggest that LMW PAHs may have a greater impact on
diabetes compared to HMW PAHs.

Occupational exposure is an important source of exposure to high levels of PAHs.
Therefore, two studies conducted in coke oven workers were reviewed. Only Yang et al.
showed a dose-response relationship between 4-OHPh and an increased risk of T2DM [18].



Int. |. Environ. Res. Public Health 2022, 19, 7605 11 of 16

There was insufficient evidence to confirm an association between other types of PAH
metabolites and diabetes in occupational workers. Cooking is also an important source of
PAHs. ] Hou et al. found that Chinese women who cooked frequently had a higher risk of
T2DM and a higher body burden of urinary OH-PAH levels [33]

Evidence from mechanistic studies supports a number of potential pathways linking
PAHs to T2DM. The first mechanism is the chronic activation of inflammation. Several
studies have suggested that PAHs play a key role in systemic inflammation. Khalil et al.
demonstrated that the environmental contaminant benzo(a)pyrene (BAP) enhanced the
effects of a high-fat diet on intestinal inflammation in mice [7]. Alshaarawy et al. later
found that exposure to 1-OHP elevated inflammatory markers, including total leukocyte
count and high-sensitivity serum CRP [34]. The second mechanism is increased insulin
resistance. A panel study in Korean older adults showed a dose-response relationship
between insulin resistance and urinary levels of 1-OHP, which may further contribute to
disturbed glucose metabolism [9]. In the same year, Hu H et al. also found that exposure
to OH-PAHs led to insulin resistance, (3-cell dysfunction, and increased prevalence of
metabolic syndrome among nondiabetic adults in the United States [35]. The third potential
mechanism may be the dysregulation of cytokine release and the disruption of signal
transduction pathways [36,37]. Khalil et al. found that long-term exposure to environmental
PAHs can increase the risk of T2DM by inducing the production of pro-inflammatory
cytokines [7]. Kim et al. also found that PAHs can induce the methylation of insulin receptor
substrate 2 and contribute to insulin resistance [38]. Oxidative stress may be the fourth
potential mechanism by which PAH exposure leads to the development of T2DM. PAHs
have been shown to induce intracellular oxidative stress in pulmonary epithelial cells [39].
In addition, a longitudinal study conducted in Boston showed that urinary PAH metabolite
levels were associated with the plasma inflammatory marker CRP and the urinary oxidative
stress markers 8-hydroxydeoxyguanosine and 8-isoprostane [40]. This may lead to a
deterioration in pancreatic 3-cell function in T2DM patients, resulting in reduced insulin
synthesis and secretion [41]. Furthermore, PAHs are potent endocrine disruptors with
estrogenic activity [4,14], which is one of the pathologies that may potentially increase the
risk of T2DM [42].

Humans ingest PAHs in a variety of ways, such as via inhalation, dermal contact,
and ingestion [43]. There are various factors that influence how PAHs affect human
health. Some important factors include the duration and route of exposure, the volume
or concentration of the PAHs to which one is exposed, and the relative toxicity of the
PAHs [43]. The effects of PAHs on human health have been widely studied in recent years.
In addition to an increased risk of T2DM, PAHs have also been reported to be associated
with other diseases, including cardiovascular diseases [44], lung cancer [45,46], prostate
cancer [47], osteoporosis [48], and so on. A review of these literatures may provide new
ideas for further exploration of the association between PAHs and T2DM in the future.
For example, studies of the association between PAHs and cardiovascular disease have
been conducted in several countries, including the United States [49-51], China [52,53],
Korea [54], Sweden [55], Saudi Arabia [56], and Belgium [57]. However, studies of the
effects of PAHs on T2DM have only been conducted in the United States, China, and Korea.
Therefore, there is a need to expand the geographical scope of the study to reveal whether
there are geographical differences in the effects of PAHs on T2DM. In addition, studies
exploring the association between PAHs and cardiovascular disease have used a variety of
study designs, including time-series [49-51], retrospective cohort [58], cross-sectional [59],
panel [57], and case-control studies [60]. However, the current epidemiological studies
investigating the effect of PAHs on T2DM are all cross-sectional studies. Therefore, more
study designs should be adopted in future studies.

Although a broad search strategy was implemented in this study and filters were not
applied in the analysis, there were only a few studies on the relationship between urinary
PAH metabolites and T2DM and no longitudinal studies that met the inclusion criteria.
In the analysis of the current study, a quantitative approach was used to systematically
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assess the results of the primary studies. The results showed that urinary PAH metabolites
levels increased the risk of T2DM. The study provides evidence-based medical support for
smoking bans and further reduction in PAH emissions. The current meta-analysis included
studies conducted in both developed and developing countries. In terms of generalizability
of the evidence, the current study included populations living in developing countries with
relatively high levels of air pollution and populations living in developed countries with
relatively low levels of air pollution. This may help us to understand the harmful effects
of different air pollution components. Although influenced by different developmental
status, ethnicity, and pollutant levels, this meta-analysis provides evidence of a positive
association between urinary PAH metabolites and T2DM in the general population. Fewer
studies have been conducted in occupational workers, but the available evidence suggested
a nonsignificant association between multiple PAH metabolites and the risk of diabetes
or hyperglycemia. More studies should be conducted in occupational populations, as this
may reflect the effects of very high levels of pollutants on the human body. More evidence
is needed to improve the environment to which occupational workers are exposed.

Based on the available evidence, future studies should explore the causal relationship
between PAH exposure and T2DM and consider the various time-lagged or cumulative
effects of PAH exposure. Future studies should quantify the level of PAH exposure for
direct comparison with existing evidence. Socioeconomic variables should be considered, as
low socioeconomic status is associated with PAH exposure and development of T2DM [61].
Also, individual risk factors such as obesity, sleep, physical activity, nutrition, cigarette
smoking, and alcohol drinking should be measured and considered when assessing the
health effects of urinary PAH metabolites. Lack of information on these confounding
factors may lead to a high risk of bias. When measuring urinary PAH metabolite levels,
it is important to adjust for urine dilution. Direct adjustment of creatinine levels may be
inappropriate when study outcomes are related to BMI. Furthermore, the adverse health
effects of PAHs in humans depend partly on the route of exposure [3], which is determined
by their molecular weight. Therefore, future studies could evaluate the impact of LMW
PAHs and HMW PAHs on health outcomes separately.

5. Conclusions

In recent years, several studies exploring the association between urinary PAH metabo-
lites and the risk of T2DM have been published. The available evidence from primary
studies suggests that in the general population, urinary levels of multiple PAH metabo-
lites, including NAP, FLU, PHEN, 1-OHP, and total OH-PAH metabolites are positively
associated with the risk of T2DM. In studies of occupational populations, only 4-OHPh
is reported to be significantly associated with the risk of T2DM. There is limited existing
research on occupational populations, so there were not enough studies for a quantitative
synthesis analysis. Therefore, future research needs to focus on occupational populations.
Despite the limited studies with a potential risk of bias, PAHs may be a new risk factor for
T2DM. High-quality longitudinal studies are expected to advance the understanding of
this association.
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