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ABSTRACT

Objective In recent years, many studies have reported that air pollution is a risk factor for type 2 diabetes
mellitus (T2DM). The aim of this systematic review and meta-analysis is to summarize the evidence about the
association between exposure to air pollution and T2DM in developing countries.

Methods The databases, including PubMed, EMBASE and Web of Science, were systematically searched for
studies published up to 31 March 2022. Studies about the association between air pollution and T2DM prevalence
or incidence in developing countries were included. The odds ratio (OR) was used as effect estimate. We
synthesized the included studies in the meta-analysis.

Results We included 8 cross-sectional studies and 8 cohort studies, all conducted in developing countries. Meta-
analysis of 8 studies on PM, ; (particulate matter < 2.5 um in diameter) showed that T2DM prevalence was
significantly associated with PM, ¢ exposure (OR=1.12; 95% CI: 1.07, 1.17; P<0.001). The association between
air pollutants and T2DM incidence was not estimated due to the limited relevant studies.

Conclusions The exposure to PM, ; would be positively associated with an increased prevalence of T2DM in
developing countries. Some effective measures should be taken to reduce air pollutant exposure in people who

are vulnerable to diabetes.
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INTRODUCTION

In recent years, with the development of econo-
my, energy consumption and vehicle ownership have
increased, which generates a variety of air pollutants
including oxides of nitrogen (NO,), sulphur dioxide
(S0,), carbon monoxide (CO), ozone (05), and particu-
late matter (PM)™. Air pollution then becomes a public
health issue of great concern, ranking high among the
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risk factors of global disease burden'™. Many studies
have found that air pollution can increase the morbidi-
ties and mortalities of respiratory diseases, cardiovas-
cular diseases, cerebrovascular diseases, and meta-
bolic syndrome and is an important trigger of diabetes
mellitus (DM)P7,

In the past decades, the prevalence of DM has
increased significantly, varying with age, geographic
location, regional economic disparity, and ethnicity.
Studies have shown a rapid escalation of type 2 di-
abetes mellitus (T2DM) in developing countries. The
increasing prevalence of DM, mainly due to the contin-
uous rise in the incidence of T2DM, has posed a great
threat to the public health®'!, DM is a metabolic dis-
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ease caused by genetic and environmental factors. As
the increasing trend of air pollution is similar to that of
DM, air pollution might be one of the various potential
environmental factors that can increase the risk of DM.

Particulate matter, especially fine particulate pollu-
tion in the ambient environment, was a high-risk factor
for T2DM™, A large amount of experimental evidence
has indicated that the relevant mechanisms may include
endothelial dysfunction, visceral inflammation and en-
doplasmic reticulum stress, concerning insulin transduc-
tion, insulin sensitivity, and glucose metabolism™* ',
Long-term exposure to PM, s (particles with an aero-
dynamic diameter < 2.5um) may induce mitochondrial
dysfunction of the insulin target tissue by activating
signal pathways, possibly leading to abnormal glucose
and lipid metabolism™ *®!, Alterations in mitochondria
and brown adipocytes can eventually promote the oc-
currence of T2DMM*), It was reported that 2.6% of
the total global deaths was related to T2DM and 13.4%
of deaths caused by T2DM was attributable to PM,; in
2019, Furthermore, DM is closely related to exposure
to air pollution, which may even worsen the outcome of
diabetic patients as well?® 2%,

Many studies have explored the relationship
between air pollution and T2DM worldwide. Some
meta-analyses have been conducted to show the ex-
posure of air pollutants on DMP"?%, However, few
research has focused on that in developing countries
independently so far. In fact, the composition and con-
centrations of air pollutants are quite different between
developed and developing countries, and the preva-
lence and incidence of T2DM are reported to be much
higher in developing countries™®!. Given the increased
risk of T2DM, we explored the possible association be-
tween air pollution and T2DM in developing countries.

MATERIALS AND METHODS

Search strategy

We searched databases of electronic documents, in-
cluding PubMed, EMBASE and Web of Science, with the
following terms: “air pollution”, “particulate matter”,
“diabetes mellitus”, “T2DM", and “type 2 diabetes”.
Our search was conducted to identify eligible studies
published up to 31 March 2022. After de-duplication,
we screened the titles and abstracts for eligibility, and
then the related articles were retrieved as full text.
This study is based on the guidelines of the Preferred

Reporting Items for Systematic Reviews and Me-
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ta-Analyses (PRISMA) Statement.

Inclusion and exclusion criteria

The inclusion criteria included: a) cross-sectional,
case-control, or cohort studies; b) studies in develop-
ing countries; c) language in English; d) studies with
clearly-defined air pollutants; e) studies in which DM
cases had clear diagnostic criteria; and f) studies that
showed quantitative measures of association between
exposure to air pollution and DM prevalence or inci-
dence.

The exclusion criteria were: a) studies only on
type 1 diabetes mellitus (T1DM) or gestational diabe-
tes mellitus (GDM); b) duplicated articles; c) insuffi-
cient data supply; d) animal research; and e) studies
only exploring the pathogenesis of DM.

Besides, some studies might not distinguish adult
T1DM from T2DM. Cases in these studies were rough-
ly considered as T2DM due to the high proportion of
T2DM in diabetic patients %, This method has been
applied in several previous meta-analyses ** *1, Since
even approximately 85% to 90% of DM cases world-
wide are T2DM, it is unlikely to have a substantial ef-
fect on the final conclusion®®"!,

Data extraction

We extracted the following data from the eligible
studies: first author name, year of publication, study
design, study period, population demographics, inves-
tigated pollutants, and outcomes.

Two researchers developed the search standard
together and screened the data independently. If a
dispute occurred in the data extraction process, a third
researcher would be responsible to determine the in-
clusion and exclusion.

Quality evaluation

The quality of cross-sectional studies was assessed
using the instrument Agency for Research and Health
Quality (AHRQ) Methodology Checklist®®!. The Newcas-
tle-Ottawa Scale (NOS) was applied for the evaluation
of case-control or cohort studies®. According to the
AHRQ checklist, 11 items would be classified with “yes”,
“no”, or “unclear”. Articles were classified as “excellent”
(= 10 items with “yes”), “"good” (7 to 9 “yes”), “weak”
(4 to 6 “yes”), and “poor” methodological quality (1
to 3 “yes”). As for NOS, the score ranged from 0 to 9.
Studies with = 6 points were considered as high-qual-
ity, and those with < 6 points were considered as
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low-quality.

Statistical analysis

Effect estimate included odds ratio (OR) or prevalence
ratio (PR) for cross-sectional and case-control studies
and relative risk (RR) or hazard ratio (HR) for cohort
studies. The pooled effect estimate in our study was
reported as OR/HR with 95% confidence interval (CI),
as previous meta-analyses have considered PR and
RR equivalent to OR and HR, respectively®’. A P value
of < 0.05 was considered statistically significant. The
between-study heterogeneity was estimated using I?
statistics. A random-effects model was selected. The
calculations were performed with RevMan 5.3 software.

RESULTS

Characteristics of the included studies

A total of 4,493 papers were obtained through liter-
ature searching, including 763 from PubMed, 1,921
from EMBASE, and 1809 from Web of Science. After
excluding the duplicated articles, we screened title
and/or abstract of 3,172 papers, among which 3,137
articles were further excluded. By reading the full text
of the remaining 35 papers, 19 were excluded due to
the inconformity of literature type, outcomes, and/
or study design. Eventually, 16 articles exploring the
relationship between air pollutants and DM were en-
rolled in this study (Fig 1), including 8 cross-sectional
studies and 8 cohort studies. Each study included one
or more air pollutants, and the outcome of each study
was the disease prevalence or incidence. These studies
were from China, India, Indonesia, Iran, and Mexico.
Details of the enrolled studies are presented in Table
1. The diagnoses of DM in these studies were based
on self-report, diabetic assay index, or intake of any
antidiabetic medication. Ten studies precisely indicated
T2DM as the outcome, 2 studies did not distinguish
between type 1 and type 2 diabetes. Due to the high
proportion of T2DM in diabetic patients, cases of DM
in these 2 studies was managed as T2DM cases in our
study.

Association of PM, ; exposure with prevalence of
T2DM

Among these 16 included studies, there are 5
cross-sectional studies and 3 cohort studies that as-
sessed the effect of PM,; on T2DM prevalence. Of
these 8 studies, 5 studies were conducted in China,
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and the other studies was carried out in Mexico, In-
dia and Indonesia. Totally, 792,206 participants were
included in this meta-analysis. A positive relationship
of exposure to PM, s with T2DM prevalence was noted
(OR=1.12, 95% CI: 1.07, 1.17, P<0.001), with high
degree of heterogeneity observed (I = 76% ) (Fig. 2).

Association of other air pollutants with risk of
T2DM

According to the enrolled studies on air pollutants
other than PM,., as shown in Table 1, we could find
that other air pollutants, including PM,, PM,,, NO,, SO,
and O, also remain great concerns on the burden of
T2DM. Among the 16 included studies, there was one
study that discussed the effect of air pollution expo-
sure on both DM prevalence and incidence. Eventually,
10 studies involved the result concerning DM preva-
lence, and 7 studies involved the result including DM
incidence. However, owing to the different kinds of air
pollutants in each study, the number of studies that
discussed the influence of each air pollutant on the
risk of DM was limited. Thus, the meta-analysis of the

)
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Figure 1. Flowchart for study selection
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Odds Ratio Odds Ratio
Study or subgroup log[Odds Ratio] SE Weight IV, Random, 95% CI 1V, Random, 95% CI
Chilian-Herrera OL, et al. (2021) 1.1282 0.4952 0.2% 3.09 [1.17, 8.16]
Jacob AM, et al. (2019) 0.7839 0.2286 0.9% 2.19[1.40, 3.43]
Liu C, et al. (2016) 0.131 0.0269 17.8% 1.14 [1.08, 1.20] -
Liu F, et al. (2019) 0.0658 0.0076 23.1% 1.07 [1.05, 1.08] u
Qiu H, et al. (2018) 0.0583 0.0241 18.7% 1.06 [1.01, 1.11] =
Suryadhi MAH, et al. (2020) 0.0862 0.021 19.7% 1.09 [1.05, 1.14] -
Yang BY, et al. (2018) 0.131 0.0494 11.1% 1.14 [1.03, 1.26] —
Yang Y, et al. (2018) 0.239 0.0623 8.5% 1.27 [1.12, 1.43] I
Total (95% CI) 100% 1.12 [1.07, 1.17] ¢
ity 2= . 2= - — - 2=769 t t t t
Heterogeneity: Tau?=0.00; Chi?=28.92, df=7 (P=0.0001); ’=76% 05 07 1 15 >

Test for overall effect: Z=4.90 (P<0.00001) Favours [Reduced risk] Favours [Increased risk]

Figure 2. Forest plot of the association between PM, s and T2DM prevalence

effect of air pollutants other than PM,s on the inci-
dence or prevalence of DM was not applicable.

Quality evaluation
Of the 8 cross-sectional studies, 7 studies were as-

cross-sectional studies were evaluated in assessment
tool of case control studies, since the data analyses
in these studies were based on the method of case
control studies. Therefore, NOS of case control studies
was applied to evaluate these studies.

sessed as high-quality with the scores between 6 and
10, 1 study as low quality with the score of 5; the 8
cohort studies were scored between 6 and 10 in NOS,
indicating high-quality (Table 2). To be noted, the 8

Publication bias
In the meta-analysis for PM,; with T2DM prevalence,
we evaluated the publication bias. The funnel plot of

Table 2. Assessment of the quality of the enrolled studies on air pollutant and diabetes mellitus

Selection Comparability Exposure
Study and year Score
1 2 3 4 1 1 2 3
Cross-sectional studies
Hassanvand MS, et al. (2017) & * i * * * 6
Jacob AM, et al. (2019) * * * * * 5
Liu C, et al. (2016) * * * * *k * * 8
Suryadhi MAH, et al. (2020) * * * * *k * * 7
Wang M, et al. (2020) * * * * *k * * 8
Yang BY, et al. (2018) * * * * *k * * * 9
Yang Y, et al. (2018) * * * * Kk * 7
Zhang Q, et al. (2021) * * * * *ok * * 8
Cohort Studies
Bo Y, et al. (2021) * * * *% *% * * 9
Chilian-Herrera OL, et al. (2021) * * * *% * o 7
Jabbari F, et al. (2020) * * * * *% * * 8
Liu F, et al. (2019) * * * * *k * o 8
Li CY, et al. (2019) * * * Kok * * * 8
Li YL, et al. (2021) * * * *% * * * 8
Qiu H, et al. (2018) * * * * *k *k * * 10
Shan A, et al. (2020) * * * *% * * * 8

The included cross-sectional studies were evaluated in assessment tool of case control studies, since the data analyses of
the included cross-sectional studies were actually based on case control studies. *The corresponding item is applicable to
the study.
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PM, s exposure with T2DM prevalence was asymmetric
(Fig. 3). However, the number of the included stud-
ies was too limited to evaluate the publication bias
by Egger’s test™®. Sensitivity analysis was performed
through single removal of studies, which indicated no
significant change in the result of positive association
between exposure to PM,s and prevalence of T2DM
(Fig. S1).

DISCUSSION

In this meta-analysis of 8 cross-sectional studies
and 8 cohort studies, we found that exposure to PM, s
could be positively associated with T2DM prevalence in
developing countries. The influence of other pollutants
including PM;, PM,, NO,, SO,, and O; was not assessed
in this meta-analysis because of the lack of evidence.
Notably, some potential biases and confounders might
exist. For example, the subjects might have different
age ranges or living environments, and some studies
only included women or elderly people.

The increased risk of T2DM is related to many
factors including genetic factors, obesity, and social
factors. Air pollution, a product of economic develop-
ment, is believed to be one of the risk factors™*®. In
recent years, quite a few studies have investigated
the impact of air pollution exposure on DM and its
mechanism. Mouse models with simulated air pollution
exposure have indicated that air pollution could in-
duce inflammatory reaction, lipid metabolism disorder,
abnormal glucose metabolism, and insulin resistance,
which increased the risk of DM or aggravated its devel-
opment!® * 321 However, since the physiological struc-
ture differs between experimental animals and human
beings, the results of animal experiments can not be

0-+SE(log[OR])

0.1t

0.2t

0.3t

0.41

" o OR

0.5 NS 1 = A
Figure 3. Funnel plot of the association between PM, s and
T2DM prevalence
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directly applied in patients. Population-based studies
on the relationship between air pollution and T2DM
have been carried out recently, and several related
meta-analyses have already been published. Increased
inflammation was found in patients with T2DM, and
there was a significant correlation between inflamma-
tion and glycemic control **, A 30-year global analysis
in 204 countries and regions has shown the patterns
and trends of T2DM associated with PM, s from 1990
to 20194, Due to inequalities in air pollution control
and health care resources, T2DM burden related to
PM, s is different between developed and developing
countries. In developing countries, the high PM, s ex-
posure and immature social infrastructure may result
in @ heavier burden on T2DM compared with that in
developed countries”® **, Some published meta-analy-
ses have shown positive association between air pollu-
tion exposure and T2DMP?* %%, The major sources of air
pollutants are vehicular exhaust and construction ac-
tivities in developed countries and continuous burning
activities in developing countries ™ *, The quantity of
ground testing of PM, s also varies between developed
and developing countries!. Thus, the results of this
meta-analysis can provide a new idea for controlling
T2DM in developing countries.

While an increasing number of studies on the
impact of air pollution on T2DM have been published,
only a small proportion of them were conducted in de-
veloping countries, possibly due to the lack of public
awareness on this issue. Air pollution is monitored only
for a short period of time at a small humber of mon-
itoring sites, which limits research on air pollution in
developing countries in the perspectives of epidemiolo-
gy and environmental health.

Our current meta-analysis has several limita-
tions. First, despite the application of multiple search
strategies, the association between air pollutants and
T2DM incidence was not estimated due to the limited
relevant studies. Similarly, the impact of some other
pollutants, except PM,s, on T2DM prevalence was also
not assessed. Second, the heterogeneity was high and
it would damage the creditability of our analysis. The
high heterogeneity might come from a few aspects
including the different study design and the rough ap-
proximation of the type of DM. Finally, some studies
have not accounted for the combined effects of differ-
ent pollutants and thus the potential interaction among
multi-pollutants cannot be examined. Therefore, more
studies about the air pollution and T2DM are required.
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In conclusion, as shown in our meta-analysis, the
increase in T2DM prevalence is associated with PM, s
exposure in developing countries. As air pollution is
still a tough issue in developing countries, more efforts
should be made to prevent T2DM. In addition, the risk
of T2DM may be lowered with the gradual control of air
pollution. Of course, further research on the impact of
air pollution on T2DM is warranted in developing coun-
tries.
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