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Abstract: The incidence and prevalence of type 2 diabetes have increased in the last decades and
are expected to further grow in the coming years. Chronic hyperglycemia triggers free radical
generation and causes increased oxidative stress, affecting a number of molecular mechanisms and
cellular pathways, including the generation of advanced glycation end products, proinflammatory
and procoagulant effects, induction of apoptosis, vascular smooth-muscle cell proliferation, en-
dothelial and mitochondrial dysfunction, reduction of nitric oxide release, and activation of protein
kinase C. Among type 2 diabetes determinants, many data have documented the adverse effects of
environmental factors (e.g., air pollutants) through multiple exposure-induced mechanisms (e.g.,
systemic inflammation and oxidative stress, hypercoagulability, and endothelial and immune re-
sponses). Therefore, here we discuss the role of air pollution in oxidative stress-related damage to
glycemic metabolism homeostasis, with a particular focus on its impact on health. In this context,
the improvement of new advanced tools (e.g., omic techniques and the study of epigenetic changes)
may provide a substantial contribution, helping in the evaluation of the individual in his biolog-
ical totality, and offer a comprehensive assessment of the molecular, clinical, environmental, and
epidemiological aspects.

Keywords: hyperglycemia; oxidative stress; pre-diabetes; type 2 diabetes; molecular mechanisms;
air pollution; epigenetics; omics

1. Introduction

Data from the World Health Organization (WHO) evidenced that deaths from type 2 di-
abetes (T2D), which account for the majority of the total prevalence of diabetes, increased
by 70% globally over the period of 2000–2019, especially in males (80% increase), more
than doubled in the eastern Mediterranean [1], and this number is expected to increase by
25% in 2030 and 51% in 2045 [2]. However, a sticking point in this scenario is that one in
two patients with diabetes is unaware that they are diabetic [2]. Another important aspect
is that the risk of microvascular (e.g., retino-, nephro-, and neuropathy), and macrovascular
(e.g., heart failure, peripheral arterial disease, and coronary heart disease) complications [3]
is already significant long before the full-blown diagnosis of T2D, even in the presence of
early and very mild dysglycemic alterations, in the so-called “prediabetes” phase.

In particular, this preT2D phase includes subjects with impaired fasting glucose and
impaired glucose tolerance, according to the definitions most used for preT2D from the
American Diabetes Association (ADA) and World Health Organization (WHO) (Table 1).
Diagnostic tools for diagnosing preT2D or T2D include assessment of fasting glucose,
two-hour glucose concentrations, and hemoglobin A1c [4].

Antioxidants 2021, 10, 1234. https://doi.org/10.3390/antiox10081234 https://www.mdpi.com/journal/antioxidants

https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0002-4619-6227
https://orcid.org/0000-0002-9283-5042
https://orcid.org/0000-0003-3438-6450
https://doi.org/10.3390/antiox10081234
https://doi.org/10.3390/antiox10081234
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/antiox10081234
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox10081234?type=check_update&version=2


Antioxidants 2021, 10, 1234 2 of 15

Table 1. Pre-diabetes according to ADA and WHO criteria.

ADA WHO

IFG
(Impaired fasting glucose)

5.6–7.0 mmol/L
(100–125 mg/dL)

6.1–7.0 mmol/L
(110–125 mg/dL)

IGT
(Impaired glucose tolerance in

the two-hour OGTT)

7.8–11.1 mmol/L
(140–199 mg/dL)

7.8–11.1 mmol/L
(140–199 mg/dL)

High risk HbA1c 39–46 mmol/mol
(5.7–6.4%)

42–46 mmol/mol
(6.0–6.4%)

ADA: American Diabetes Association; WHO: World Health Organization; HbA1c: Hemoglobin A1c; OGTT: Oral
Glucose Tolerance Test.

PreT2D can subtly persist many years before the onset of overt T2D disease, resulting
in the large epidemiological and clinical burden of this condition, which is estimated to
affect 454 million people by 2030 and 548 million people by 2045 [4]. It is therefore crucial
to identify subjects at risk of T2D as early as possible, and since chronic hyperglycemia is a
strong stimulus for the production of free radicals and elevation of the oxidative stress state
(e.g., increased generation of advanced glycation end products, mitochondrial dysfunction,
proinflammatory and procoagulant effects, induction of apoptosis, vascular smooth-muscle
cell proliferation, endothelial dysfunction and reduction of nitric oxide (NO) release, and
activation of protein kinase C), the measurement of stress-related oxidative biomarkers
could be useful [5].

Interestingly, many data have documented the adverse effects of environmental fac-
tors (e.g., air pollutants) on the onset and development of T2D through various exposure-
induced mechanisms, including systemic inflammation and oxidative stress, hypercoagula-
bility, endothelial and immune responses, and epigenetic modifications [6,7].

We are actually experiencing an era of development of new techniques, such as
metabolomics and epigenetics, important for T2D pathobiology. Metabolomic techniques
can reveal changes of metabolites and metabolic pathways before the onset of T2D and
during the development of the disease, making it easier to understand the pathogenesis
of T2D and improve its prediction, early diagnosis, and treatment. Likewise, epigenetic
mechanisms appear to be involved in the modulation of gene expression, which influences
the onset and progression of T2D and associated complications, an insight that helps to
identify new biomarkers and drug targets in the future. However, studies evaluating
omic (e.g., lipidomic or metabolomic) changes and epigenetic modifications exploring the
relationships between air pollution and T2D are still scarce [8,9].

In this review, we discuss the role of the elusive relationship in the constant adjustment
between pollution, oxidative stress, and T2D, highlighting the role of air pollution as a
possible risk factor for glycemic abnormalities through the different cellular and molecular
mechanisms that are linked to oxidative stress and inflammation, although thus far little
considered in the clinical practice.

2. Diabetes and Air Pollution

Air pollution poses a considerable threat to health worldwide, being recognized as
a leading contributing factor to the global disease burden [10,11]. According to WHO, in
2016, 91% of the world population lived in places where WHO air quality guidelines levels
were not met, with low- and middle-income countries suffering the highest exposures [12].
Air pollution is a complex mixture of gases (e.g., nitrogen dioxide (NO2), carbon monoxide
(CO), sulfur dioxide (SO2), and ozone (O3)) and particulate components (e.g., ≤10 µm in
diameter (PM10); ≤2.5 µm (PM2.5)), whose sources and composition vary spatially and
temporally [10,13].

It has been widely demonstrated that ambient air pollution, and especially PM, is as-
sociated with various chronic noncommunicable conditions such as cardiovascular disease
(CVD) [14,15], neurological disorders [16], chronic obstructive pulmonary disease [17,18],
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and lung cancer [19,20]. More recently, growing evidence based on both epidemiological
and experimental studies supports a potential role of air pollution in increasing the risk of
insulin resistance (IR) and T2D [21,22].

So far, eight meta-analyses have analyzed the relationship of air pollution exposure
with the occurrence, morbidity, and mortality of T2D (Table S1). Overall, a positive
association risk has been documented for long-term exposure to air pollution and T2D,
albeit a comparison of results sometimes remains difficult due to the difference in eligibility
criteria for inclusion of the studies and methodology adopted [23]. Balti and co-authors
(2014) included ten studies (five descriptive and five analytic) from developed countries
(US, Canada, and Europe) to evaluate the effect estimates of exposure to nitrogen oxides,
NO2, PM2.5 and PM10, and risk of T2D [24]. Diagnosis of T2D was based on a self-
report or codes of the International Classification of Diseases, and most studies used
single-pollutants models without considering the potential interaction between pollutants.
The data revealed an increased occurrence of T2D of 13% and 11% for NO2 and PM2.5,
respectively, and minimal heterogeneity was found in both analyses [24]. Consistently with
these results, a meta-analysis of six cohort studies (three performed in the US and three in
Europe) suggested an association between PM2.5 and incident T2D with an 11% increased
risk [25]. In the meta-analysis by Wang et al. (2014), ten cohort studies performed in the
US, Canada, and Europe were evaluated, investigating the associations of T2D risk with
increments in PM2.5, PM10, or NO2 [26]. The incidence of T2D was significantly associated
with long-term exposure to high levels of PM2.5, PM10 and NO2, with an increased risk by
28%, 15%, and 12%, respectively, while subgroup analyses by sex showed more pronounced
effects in females, likely as a consequence of sex-related biological differences or gender-
related behavioral or social differences (i.e., women spend most of their time at home, male
participants tend to be more mobile) [25–27]. As evidenced in the meta-analysis by Balti
et al. [24], there was a lack of data from developing or rapidly urbanizing countries, such
as China, where the annual mean of PM2.5 is much higher than that measured in western
countries [28] and the prevalence of T2D has been increasing sharply during the last three
decades, with an overall prevalence of 10.9% in 2013 [29,30]. A subsequent meta-analysis
comprising eight studies (five longitudinal, two cross-sectional, and one ecological, all
conducted in western countries) reported an 11% and 8% increase in pooled risks for T2D
per 10 µg/m3 increase of exposure to PM2.5 and NO2, respectively, confirming that females
appear to be more susceptible than males [31]. In a meta-analysis of seven cohort studies,
considering only long-term exposure to PM2.5, the risk of T2D increased by 25% with
each 10 µg/m3 increase in PM2.5 [32]. Nonetheless, the major limitation of this study was
estimation of the effect of a single pollutant without taking into account the combined
impact of multiple exposures to air pollutants. More recently, Liu et al. (2019) conducted a
meta-analysis of thirty studies (from North America, Europe, and other countries, most of
them with cohort design) in order to estimate the pooled effect of air pollutant exposure
on both the prevalence and incidence of T2D [33]. Regarding the prevalence of T2D, the
meta-analysis showed a positive relationship with PM2.5, PM10, and NO2 (risk respectively
of 9%, 12% and 5% per 10 µg/m3 of increase of each pollutant). Furthermore, no significant
differences were detected in the subgroup analyses by country-level income and by sex
for all three pollutants. On the other hand, the analysis of incidence revealed a significant
association exclusively with long-term exposure to PM2.5, which resulted in a 10% risk of
developing T2D. As stated by the authors, the observed discrepancy in the effects of PM10
and NO2 on T2D prevalence and incidence may be attributable to the presence of potential
bias and confounding factors (e.g., exposure assessment, sample size, and environmental
factors) in some studies [33]. A more comprehensive meta-analysis including 86 studies
from 19 countries reported an increase in the prevalence and incidence of T2D following
long-term exposure to PM2.5 and PM10, with comparable increases (range between 8 and
11%) [23]. As previously observed by Liu and co-workers (2019), NO2 exposure was
significantly associated only with T2D prevalence (7% effect estimate for an increment
of 10 µg/m3 in NO2) [33]. Long-term exposure to higher levels of PM2.5 and NO2, as



Antioxidants 2021, 10, 1234 4 of 15

assessed by four cohort studies, was also positively associated with higher T2D mortality.
Although the small number of studies did not allow for a meta-analysis, cumulative
evidence from case-crossover and time-series studies suggested a positive association of
short-term exposure to air pollutants, in particular PM2.5, both with daily diabetes-caused
mortality and all-cause mortality risk in diabetic subjects, who seemed more vulnerable to
the adverse effects of air pollution than the nondiabetic population [23].

Two previous meta-analyses had assessed the relationship between major air pollu-
tants and diabetes-associated mortality. Li et al. (2014) analyzed 12 studies (five time-series,
five case-crossover, and two cohorts) from North America, Europe, and China showing a
12% increased risk in T2D-associated mortality per µg/m3 increment of PM2.5 and minor
risks associated with high levels of PM10, NO2, and O3 [34]. In the other meta-analysis
comprising 17 studies (with cohort, case-crossover, time-series, and case-control or cross-
sectional design and most of them performed in North America and Europe), all the air
pollutants examined (NO2, O3, PM10, SO2, and sulfate), with the exception of PM2.5, were
positively, albeit weakly, associated with diabetes-related mortality or morbidity [35].

2.1. Mechanisms Underlying the Association between Diabetes and Air Pollution

Several potential biological mechanisms have been proposed to explain the link
of T2D with air pollution-associated risk for CVD, including inflammation, endothelial
dysfunction, and increased coagulability [7] (Table 2). Inflammation in response to PM
exposure is a common mechanism, and experiments in animal models and in cell culture
have reported increases in systemic and pulmonary levels of tumor necrosis factor alpha
(TNFα), interleukin (IL)-6, and monocyte chemoattractant protein-1 (MCP-1) following
PM exposure [36–39]. In humans, the results are more mixed, with some studies observing
an increase in inflammatory markers in healthy subjects and in susceptible population
groups exposed to fine and ultrafine particles [40–43], while other studies do not observe
this [44–46]. In particular, molecular analysis revealed the activation of TLR4/NF-κB/COX-
2, which led to the production of inflammatory cytokine in macrophages, following PM2.5
treatment [39].

Adipocytes are central in the control of energy balance and lipid homeostasis, and
excess adipose tissue accumulation is a risk factor for both CVD and T2D [47]. While
white adipose tissue (WAT) represents the primary site of energy storage with functions of
triglyceride synthesis and glucose uptake, the physiological role of brown adipose tissue
(BAT) is to metabolize fatty acids and generate heat [48]. Besides, adipose tissue plays an
endocrine role by producing, in particular, the hormone leptin, which maintains energy
homeostasis and adiposity, and adiponectin, whose reduced levels are implicated in the
pathogenesis of IR in obesity and T2D [49]. Adipocytes secrete a number of inflammatory
factors (e.g., TNFα, IL-1β, IL-6, and MCP-1) that directly affect insulin signaling [50]. In ad-
dition, increased levels of recruitment and/or activation of macrophages in visceral adipose
tissue, which are a source of inflammatory factors, is a pathophysiologic hallmark of T2D in
both humans and animal models [22,51]. Long-term exposure to PM2.5 has been shown to
impair glucose tolerance and induce visceral inflammation/adiposity in a mouse model of
diet-induced obesity [52]. Furthermore, PM2.5-exposed mice exhibited decreased glucose
tolerance, systemic IR, IR in adipose tissue, liver, and skeletal muscle, increased F4/80+
macrophage recruitment/infiltration in the lung and WAT, and superoxide production
and higher expression of 3-nitrotyrosine in BAT deposits, which is a marker of oxidative
stress [53]. Reduced Akt phosphorylation in the liver, skeletal muscle, and WAT resulted in
defective insulin signaling and consequent suppression of the insulin-stimulated glucose
transporter translocation to the liver, which are fundamental events in the pathogenesis of
IR/T2D [20,51]. Notably, in diet-induced obese rats (high-fat diet) but not in normal chow
diet rats, exposure to PM2.5 increased IR, suggesting that obese subjects with IR may be a
susceptible population to particulate air pollution [54].

A suggested biological pathway linking air pollution to T2D is endothelial dysfunc-
tion, which precedes IR resulting from reduced peripheral glucose uptake [55]. The vascu-
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lar endothelium, a monolayer of cells lining the inner/luminal surface of blood vessels,
represents a biologically active tissue regulating vascular tone and modulating vascular
inflammation and injury mainly via the radical NO, thus endothelial dysfunction is asso-
ciated with cardiovascular risk factors such as T2D, hypertension, hypercholesterolemia,
and obesity [56,57]. Chronic exposure to PM2.5 has been shown to correlate with impaired
endothelial function in both human [58–61] and experimental studies [62,63]. Specifically,
PM2.5 can induce endothelial cytotoxicity by increasing endothelial cellular apoptosis via
oxidative stress or autophagy, reducing endothelial cell migration and enhancing vascular
endothelial permeability [57,62,64]. Also, PM2.5 exposure inhibits insulin-stimulated en-
dothelial NO synthase (eNOS) phosphorylation, which leads to a decrease in eNOS activity
and NO production, shifting the balance of vasomotor tone towards vasoconstriction and
endothelial IR [64,65]. Indeed, altered endothelial function was more pronounced in sub-
jects exposed to PM and exhibiting characteristics of an IR pattern (e.g., high body mass
index, high glycosylated hemoglobin A1c, and low plasma adiponectin) [66].

Table 2. List of the molecules cited in the text as involved in the association between exposure to air pollutants and the risk
of type 2 diabetes and their main biological actions.

Reference Abbreviation Molecule Effects

[36–39] TNFα Tumor necrosis factor alpha Promotion of acute inflammation, apoptosis

[36–39] IL-6 Interleukin 6 Induction of the acute phase response, immune
and hematopoietic activities

[68] IL-1 Interleukin 1 Regulation of immune and
inflammatory responses

[36–39] MCP-1 Monocyte chemoattractant
protein-1

Regulation of migration/infiltration of
monocytes/macrophages

[39] NF-κB
Nuclear factor

kappa-light-chain-enhancer of
activated B cells

Induction of the expression of various
proinflammatory genes. Participation in
inflammasome regulation. Regulation of the
survival, activation and differentiation of innate
immune cells and inflammatory T cells

[39] COX-2 Cyclooxygenase 2 Production of the prostaglandins that contribute to
pain, fever, and inflammation

[51] Akt/PKB Protein kinase N
Promotion of glucose metabolism, cell
proliferation, transcription, migration,
and apoptosis

[64,65] NO Nitric oxide
Control of vascular tone, dilation of blood vessels,
reduction of blood pressure, inhibition of platelet
aggregation (anti-thrombotic action)

[67] - Fibrin
Promotion of clot formation, fibrinolysis, cellular
and matrix interactions, inflammation, and
wound healing

[69] - Fibrinogen During tissue and vascular injury, it is converted
enzymatically by thrombin to fibrin

[68] VWF Von Willebrand factor Promotion of platelet adhesion and, under high
shear conditions, of platelet aggregation

[68] TF Tissue factor Induction of blood coagulation

[68] PAI-1 Plasminogen activator
inhibitor 1 Inhibition of fibrinolysis

Inflammation and endothelial dysfunction are also correlated with a hypercoagula-
bility state. In particular, inflammation and the coagulation cascade are closely related, as
acute inflammatory events activate the coagulation and fibrinolytic systems, while fibrin
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may directly influence inflammatory cell activities [67]. Furthermore, the proinflammatory
cytokines TNFα, IL-1, and IL-6 can stimulate the release and expression of procoagulant
molecules, such as von Willebrand factor antigen, tissue factor, and plasminogen activator
inhibitor [68]. A recent meta-analysis evaluating the short- and long-term associations of
PM with markers of inflammation and blood coagulation reported significant short-term
associations of PM with TNFα and fibrinogen [69].

Another mechanism that links PM exposure with hepatic IR is the activation of endo-
plasmic reticulum (ER) stress, also called unfolded protein response (UPR), an intracellular
signaling in response to the accumulation of unfolded or misfolded proteins [70]. As
observed by Laing et al. (2010), ambient PM2.5 induced UPR signaling pathways in mice,
relying on the production of reactive oxygen species, and triggering ER-stress induced
apoptosis through the PERK-eIF2α-CHOP UPR branch in lung and liver tissues [64].

Mitochondrial capacity is considered a good indicator of insulin sensitivity, whereas
the excessive glucose exposure or nutrient stress that occur in obesity and diabetes are
associated with impaired glucose oxidation, reduced mitochondrial contents, and lowered
rates of oxidative phosphorylation [71]. On the other hand, according to the new concept of
“mitochondrial hormesis”, mitochondrial biogenesis (the generation of new mitochondria)
and the activation of AMP-activated kinase (the main energy-sensing enzyme) enhance
mitochondrial function and restore superoxide production, which in turn promote insulin
secretion by pancreatic β cells, insulin sensitivity in skeletal muscle and liver, and improve
endothelial function [72,73]. Additionally, long-term exposure to PM2.5 resulted in mito-
chondrial dysfunction, with a reduced mitochondrial number in WAT and mitochondrial
size in BAT [53].

A number of different biomarkers related to oxidative stress and inflammation can be
tested in the relationship between T2D and pollution. Some of them are, for example, C reac-
tive protein, serum amyloid A, fibrinogen, cytokines (TNFα, interleukins), F2-isoprostanes,
malondialdehyde, DNA breakdown products such as 8-hydroxy-2′-deoxyguanosine, ad-
vanced glycation end products, carbonylated proteins, and antioxidants or the total an-
tioxidant status [74]. However, for most of these oxidative stress/inflammatory-related
biomarkers and their methods of measurement, there are limitations that make routine
use difficult, in particular the lack of analytical/clinical validation and technical chal-
lenges [75]. Many of these markers are also no-specific and, as such, linked to a number
of pathophysiological conditions, and their significance can vary with the stage of the
disease [75].

Moreover, there is no shared consensus on which biomarker/panel to use, due to
the difficulties of choice related to the different types of redox reactions, tissue retention,
and stage of cardiometabolic alterations [75]. In this setting, advances in high-throughput
technologies (e.g., metabolomics) can help identify new critical biomarkers of risk and
disease as well as potential therapeutic targets within the networks [76].

2.2. Omics and Epigenetics: A New Frontier in the Association between Diabetes and Air Pollution

The scientific community is currently experiencing an unprecedented era of emerging
omic techniques and discoveries, which have allowed further insights into oxidative stress
reactions, although they are always limited by the challenges related to data interpretation,
the complexity of procedures, and the limited availability in routine laboratories. Previ-
ous studies have shown the crucial role of metabolomic approaches for the discovery of
several metabolic biomarkers highly correlated with the onset and progression of T2D
(Figure 1a) [77]. Among the metabolites, branched chain amino acids have been associated
with the risk of metabolic disease, including T2D and nonalcoholic fatty liver disease [78,79].
Moreover, targeted metabolomic technologies have been used to analyze metabolites such
as nitrotyrosine, associated with high levels of oxidative stress, in T2D subjects. In this
context, Bala et al. recently demonstrated that four amino acids—cysteine, phenylalanine,
tyrosine, and citrulline—correlated with the higher level of nitrotyrosine [80].
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deproteinization) and injected into mass spectrometry instruments. Subsequently, the analysis of the chromatography 
acquired by the instruments leads to the identification and quantification of metabolites and lipids. Statistical analysis 
provides the significant changes regarding the detected metabolites/lipids. (b) Representation of the main epigenetic 
mechanisms in patients with type 2 diabetes: (1) Histone modification (in the example, acetylation and methylation), (2) 
DNA methylation, and (3) microRNA activation for post-transcriptional regulation. 
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Figure 1. (a) Metabolites and lipids are extracted from tissues or biological fluids by several procedures (i.e., filch method,
deproteinization) and injected into mass spectrometry instruments. Subsequently, the analysis of the chromatography
acquired by the instruments leads to the identification and quantification of metabolites and lipids. Statistical analysis
provides the significant changes regarding the detected metabolites/lipids. (b) Representation of the main epigenetic
mechanisms in patients with type 2 diabetes: (1) Histone modification (in the example, acetylation and methylation),
(2) DNA methylation, and (3) microRNA activation for post-transcriptional regulation.
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Accordingly, specific lipids could represent also reliable biomarkers of oxidative stress,
IR, and hyperglycemia, being that T2D pathogenesis is characterized by an increase of tissue
and plasma lipotoxicity [81,82]. In particular, through the plasma lipidomic profile, it is
possible to evaluate lipidomic patterns associated with the risk of developing T2D [83–85].

New interesting insights are also emerging in the complex relationship between air
pollution and T2D. In particular, a very recent study was conducted through a hepatic
and plasma lipidomic analysis in mice exposed to ambient air pollution to evaluate lipid
biomarkers related to PM2.5-mediated metabolic alterations such as IR, which were identi-
fied in molecules belonging to sphingomyelin-ceramide-glycosphingolipid pathways [8].
For instance, among glycerophospholipids, PI38:6, PI38:5, PI38:4, PI38:3, PI 40:5, and
PI40:4 significantly increased in plasma, whereas lisocholine glycerophospholipid LPC18:3,
LPC18:2, LPC18:0, LPC20:4, LPC22:6, and LPC22:5 significantly decreased. The plasma
content of both total ceramides and sphingomyelins and specific classes of the two groups
(as regards ceramides, 16:0, 18:0, 24:1, and 24:0 species; as regards sphingomyelins, 20:0,
21:1, 21:0, 22:1, 23:1, 23:0, 24:1, and 24:0 species) also increased in the plasma of mice
exposed to PM2.5 [123]. In another experimental study, PM2.5 exposure was reported to
affect plasma metabolome by inducing an increase in free fatty acid species and reducing
phospholipid species, which in turn may contribute to vascular inflammation and loss of
insulin sensitivity [9].

Another interesting development in this field is that relating to the study of epi-
genetic modifications. In fact, although most studies have focused on genes that affect
cardiometabolic outcomes, nongenetic regulatory aspects are gaining growing attention
in the last decade [86]. Epigenetic changes, which lead to alterations in gene expression
through disturbances in the genome architecture that do not alter the DNA sequence,
present themselves as distinctive features to a specific disease and offer novel opportunities
for investigating the determining causes of the disease [87].

Epigenetic changes are generally classified into three main categories: DNA methyla-
tion, post-translational histone modifications, and noncoding RNA (ncRNA) [88] (Figure 1b).

In DNA methylation, a methyl group is covalently added to the carbon-5 position in
the CpG dinucleotide sequence and represses gene activity by preventing the binding of
transcription factors to gene promoters or allowing the recruitment of chromatin-modifying
enzymes [89]. Unlike DNA methylation, the effects of histone modifications on gene
expression can vary significantly, depending on the specific chemical modification [90].
Finally, ncRNA, including for example microRNAs (miRNAs) and long noncoding (lnc)
RNAs, do not directly affect chromatin architecture but play an essential role in regulation
of post-transcriptional gene expression [91].

A role of DNA methylation in oxidative stress leading to the onset or development
of T2D was found for methylation variation at CpGs in the 3′-UTR of HIST1H4D and
in the body of DVL1 [92]. Histone modification is also considered a key component of
epigenetic modulation in T2D [93]. Finally, the discovery of ncRNAs has opened new
insight into the role for these molecules as biomarkers of disease progression, and among
these the miRNAs are ncRNAs of about 22 nucleotides, which regulate protein expression
by binding mRNA and causing mRNA destabilization and/or translational repression [94].
Several studies identified different miRNAs implicated in pancreatic development, insulin
secretion, and beta cell functional alteration [95]

Exposure to pollution may also induce epigenetic modifications, though most studies
have examined endocrine disruptor chemicals (e.g., di-(2-ethylhexyl) phthalate, bisphenol
A) rather than ultrafine particles and air gases, which are able to affect glucose metabolism
and contribute to cardiometabolic disease [96]. Some data, however, support the associ-
ation between PM exposure and epigenetic modifications. Long-term exposure to PM2.5
was associated with methylation changes in TNFα, enhancing its expression, and in the
inflammatory TLR2 gene that could represent an epigenetic biomarker underlying the
adverse health effects of air pollution [97]. Altered DNA methylation has been reported
in oxidative and inflammatory genes such as those involved in “cytokine signaling” path-
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ways, associated with both air pollution and the risk of CVD or obesity in the general
population and obese subjects. Importantly, DNA changes in the methylation pattern of
genes involved in oxidative stress, and inflammation may be detected several years before
diagnosis, thus representing valuable preclinical biomarkers [98,99]. PM2.5 exposure has
been also associated with modulation of the expression of different miRNAs (miR-21-5p,
miR-187-3p, miR-146a-5p, miR-1-3p, and miR-199a-5p), ncRNAs (e.g., miR-3607-5p), circu-
lar RNA104250, and lncRNAuc001.dgp, which in turn may regulate cytokine expression,
promoting an inflammatory response [100,101]. Furthermore, focusing on the relationship
between air pollution and glucose abnormalities, short- and medium- term PM2.5 exposure
resulted in higher fasting blood glucose in nondiabetic subjects, and this association was,
at least in part, mediated by the decreased promoter methylation of the inflammatory gene
ICAM-1 [102]. Interestingly, experimental results suggest that the chromatin remodeler
SMARCA5 (SWI/SNF complex) was regulated in response to PM2.5 exposure, whereas the
cessation of exposure was associated with a reversal of IR and restoration of chromatin
accessibility and nucleosome positioning near transcription start sites, as well as a reversal
of exposure-induced changes in the transcriptome, including SMARCA5 [103].

Therefore, although still at an early stage, these findings hold great promises for
future studies, as they provide insights into further toxicological effects of PM2.5 that could
explain the mechanisms triggering inflammation and subsequent oxidative stress in T2D
and, in general, in cardiometabolic diseases.

3. Discussion

Although the topic needs further investigation and additional research is warranted
to identify the link and mechanisms behind exposure to air pollution, the evidence is
suggestive of an association between long-term exposure to higher air pollution levels,
especially PM2.5 and NO2, and T2D development and mortality in adults [23,27]. As for the
short-term effects of air pollution, if the overall results support a role for air pollutants in
triggering early mortality in diabetic patients, these studies did not adjust the association
for long-term air pollution exposure [23].

In the epidemiological studies, apart from a few common variables (e.g., age, sex,
body mass index, smoking, and socioeconomic status) the confounding factors used in the
adjusted risk estimates varied between the included studies, and along with differences
in population demographics, this resulted in a high heterogeneity and, consequently, a re-
duced credibility of pooled evidence [23,24,27]. Likewise, different approaches to assessing
exposure, i.e., land-use regression models to generate better exposure estimates or air mon-
itors at fixed locations, instead of personal monitoring to collect information on all possible
sources of air pollution, can provide a less accurate assessment of the risk of T2D [24,25,31].
Even a misclassification of outcome cannot be ruled out, since in some studies T2D cases
resulted from self-reported diagnosis, in others they were based on hospital admission and
diagnosis, and in still others diabetes status was measured directly from biomarkers, such
as the oral glucose tolerance test, fasting plasma glucose concentration, insulin resistance,
or medical records of antidiabetic medication use [23,33,104]. Furthermore, most of the
findings came from high-income countries, whilst they were scarce from low- and middle-
income countries, such as Pakistan and India [33]. Finally, based on the GRADE system for
the scientific evaluation of quality studies, the assessment of the quality of epidemiological
evidence derived from the published meta-analyses should be considered “poor” due to
the observational nature of the studies included and the limitations described above [104].

Future studies should apply comparable models in assigning exposure to participants,
in particular multipollutant models including lead, ozone, sulphate, polycyclic aromatic
hydrocarbons, ultrafine particles, and possibly noise that was reported to correlate with
traffic air pollution [31,105,106]. As has already been pointed out, a greater number of
studies from developing countries are needed to provide a more accurate assessment of
the influence of air pollution on T2D risk and the susceptibility of individuals with T2D to
air pollution [34].
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Among the numerous plausible mechanisms that have been hypothesized, the avail-
able data point to endothelial dysfunction, inflammation, and resulting oxidative stress as
the major pathways involved in this relationship, albeit the exact mechanisms whereby
exposure to air pollution is associated with an increased risk of diabetes remain to be
elucidated [35,106].

Quantifying the role of air pollution in glycemic abnormalities and T2D is actually very
complex for many reasons, and the assessment of exposure to air pollution is not included
in the patient’s clinical evaluation, as it requires collection, analysis, and interpretation
of data generally beyond the reach and competence of physicians. In this context, the
contributions of metabolomics and lipidomics, as well as other new developments such
as the study of epigenetic modifications, undoubtedly raise great expectations for further
understanding pollution-induced alterations in T2D pathobiology and identifying novel
key biomarkers, which can serve as targets for effective intervention strategies.

4. Conclusions

A huge body of evidence supports the potential role of long-term exposure to major
air pollutants, primarily particulate matter, in the onset and development of T2D. Future
prospective studies are warranted to better elucidate the effects of air pollution on T2D
mortality. A comprehensive and comparable panel of biomarkers (including epigenetic
changes, metabolites, and lipid markers) between studies can substantially help provide a
more accurate assessment of this complex relationship and identify effective preventive
strategies to reduce the burden of T2D and, in general, of cardiometabolic disease. However,
this field is still in its infancy, and much more work is needed before these techniques
can become effective clinical diagnostic tools. For these reasons, there are attempts to
make these tools more useful in routine practice, such as proposing risk scores referring
to the concentration of circulating ceramides for clinical application and cardiometabolic
risk stratification in the clinical setting [107]. In any case, all these approaches together
encourage a vision of personalized medicine focused on a specific care of the individual
patient. Therefore, in the future, a multidisciplinary team with multiple skills will be
essential to develop a personalized care strategy, responding to the peculiarities related
to one’s own manifestation of risk or disease. In this scenario, the contribution of new
advanced tools (e.g., high-throughput technologies) may be able to change the way we look
at each patient, from the molecular to the clinical, environmental, and epidemiological
levels, capturing the individual in his biological totality.
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.3390/antiox10081234/s1, Table S1: Characteristics of included studies and main results reported in
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Abbreviations

Ac acetylation
BAT brown adipose tissue
CVD cardiovascular disease
IL interleukin
IR insulin resistance
MCP-1 monocyte chemoattractant protein-1
Me methylation
miRNA micro RNA
ncRNA noncoding RNA
NO nitric oxide
PM particulate matter
T2D type 2 diabetes
TNF-α tumor necrosis factor alpha
UPR unfolded protein response
WAT white adipose tissue
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