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Abstract: Traffic-related particulate matter (PM) is a major source of outdoor air pollution worldwide.
It has been recently hypothesized to cause cardiometabolic syndrome, including cardiovascular
dysfunction, obesity, and diabetes. The environmental and toxicological factors involved in the
processes, and the detailed mechanisms remain to be explored. The objective of this study is to assess
the current scientific evidence of traffic-related PM-induced cardiometabolic syndrome. We conducted
a literature review by searching the keywords of “traffic related air pollution”, “particulate matter”,
“human health”, and “metabolic syndrome” from 1980 to 2018. This resulted in 25 independent
research studies for the final review. Both epidemiological and toxicological findings reveal consistent
correlations between traffic-related PM exposure and the measured cardiometabolic health endpoints.
Smaller sizes of PM, particularly ultrafine particles, are shown to be more harmful due to their
greater concentrations, reactive compositions, longer lung retention, and bioavailability. The active
components in traffic-related PM could be attributed to metals, black carbon, elemental carbon,
polyaromatic hydrocarbons, and diesel exhaust particles. Existing evidence points out that the
development of cardiometabolic symptoms can occur through chronic systemic inflammation and
increased oxidative stress. The elderly (especially for women), children, genetically susceptible
individuals, and people with pre-existing conditions are identified as vulnerable groups. To advance
the characterization of the potential health risks of traffic-related PM, additional research is needed
to investigate the detailed chemical compositions of PM constituents, atmospheric transformations,
and the mode of action to induce adverse health effects. Furthermore, we recommend that future
studies could explore the roles of genetic and epigenetic factors in influencing cardiometabolic health
outcomes by integrating multi-omics approaches (e.g., genomics, epigenomics, and transcriptomics)
to provide a comprehensive assessment of biological perturbations caused by traffic-related PM.

Keywords: traffic-related air pollution; particulate matter; health effects; cardiovascular disease;
metabolic syndrome; diabetes; obesity

1. Introduction

Ambient air pollution is a major environmental cause of the global burden of diseases, leading
to the development of chronic and acute respiratory diseases, lung cancer, cardiovascular diseases
(CVD), metabolic syndrome, and cardiometabolic-associated health outcomes such as obesity and
diabetes [1–3]. These health outcomes can be largely attributed to traffic emissions resulting from
rapid urbanization and increased traffic loads within the past few decades [4,5]. Due to the incomplete
combustion of fossil fuels, traffic emissions release a large amount of pollutants into the atmosphere,
including carbon monoxide (CO), volatile organic compounds or poly aromatic hydrocarbons (PAHs),
nitrogen oxides (NOx = NO + NO2), and particulate matter (PM) [6].
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PM is a complex mixture made up of numerous organic and inorganic components. The chemical
compositions of PM play an important role in controlling the environmental fate and toxicity. The sizes
of particles are also directly linked to their atmospheric lifetimes, as well as their potential to cause
adverse health effects through inhalation. In general, particles with aerodynamic diameters of greater
than 10 µm have relatively short suspension half-lives, and they can be largely filtered out by the nose
and upper airways [7]. Smaller particles, such as fine particles (PM2.5, less than 2.5 µm in diameter) or
ultrafine particles (UFP, less than 0.1 µm in diameter) can deposit deeply into the lungs, and they cannot
be easily cleared up by the respiratory system [8,9]. These small particles may even directly penetrate
the bloodstream to enter the circulation system [10] and reach various target organs (e.g., lung, heart,
liver and brain) [8], which can trigger systemic health effects. It has been reported by the World Health
Organization (WHO) that 4.2 million premature deaths occurred due to exposure to ambient PM2.5 in
2016 [11]. Among all of the major emission sources, traffic-related PM could contribute to c. 25% of the
ambient PM2.5 globally, and up to 37% in regions with highly populated urban centers [12].

The chemical and physical properties of traffic-related PM vary, depending on the type
of fuels, engine efficiency, and exhaust technologies [13–16]. Diesel and gasoline engine
exhausts have been recognized as carcinogenic (Group 1 for diesel) and possibly carcinogenic
(Group 2B for gasoline) to humans, by the International Agency for Research on Cancer [17,18].
Metals, PAHs (e.g., benzo[a]pyrene), and derivatives of PAHs (such as oxygenated PAHs and
nitro-PAHs) have been constantly detected in exhaust PM from the operation of vehicles [16,19,20],
and they are recognized as the major components that increase the risks of mutagenic or carcinogenic
effects [21–23]. Recently, an increasing number of epidemiological studies have reported significant
associations between exposure to PAHs or diesel exhaust mixture, and the health outcomes of
β-cell dysfunction, insulin resistance, and increased blood pressure. A recent systematic review
conducted by Meo et al. [24] highlighted the effects of long-term exposure to traffic-related PM
on the increased risk of type 2 diabetes. Cardiometabolic syndrome is defined by a group of
symptoms including hypertension, central obesity, insulin resistance, atherogenic dyslipidemia,
low high-density lipoproteins, hypertriglyceridemia, impairment of glucose homeostasis, and elevated
urinary albumin excretion [25,26]. The occurrences of these syndromes will eventually contribute to
type 2 diabetes and cardiovascular events, and will largely increase the global costs of healthcare [27,28].
Considering traffic-related PM as a modifiable risk factor, understanding the underlying mechanisms
of exposure-induced cardiometabolic syndrome is crucial to reducing the burden of diseases from
obesity, diabetes, and cardiovascular morbidity.

The objective of this study is to provide an up-to-date overview on the associations between
traffic-related PM and cardiometabolic syndrome, with a focus on cardiovascular health outcomes,
metabolic dysfunction, obesity, and diabetes. We systematically reviewed the evidence from both
epidemiological and toxicological research studies published over the past few decades. This study
presents a snapshot of the current knowledge and limitations in available traffic-related PM and
cardiometabolic research, and aims to bridge the gaps from sources to outcomes from a mechanistic
perspective, on the cellular pathways and molecular mechanisms.

2. Methodology

We searched peer-reviewed journal articles on the topics of traffic-related PM and cardiometabolic
health outcomes that had been published between 1 January 1980 and 20 June 2018. We included
articles written in English only, and we considered all relevant original research papers, but excluded
conference abstracts, unpublished data, and non-research publications, such as commentaries and
review articles.

We reviewed literature that was indexed in four of the most commonly accessed databases for
scientific journals: Google Scholar, Web of Science, PubMed, and JSTOR. In each database, we used a
stepwise strategy to search the most relevant studies by entering the keywords in the following order:
“Traffic-related air pollution”, “Particulate matter”, “Human health”, and “Metabolic syndrome”.
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After applying the eligibility criteria, the key findings of our search results were summarized
based on the study design, the characteristics of subject groups, the exposure metrics, and health
outcomes. For epidemiological studies, we comprehensively reviewed the scientific findings on the
associations between traffic-related PM and health outcomes, including metabolic syndrome, diabetes,
obesity, CVD, and the associated morbidities and mortalities of these diseases. For controlled human
exposure and toxicological studies, we described the methodologies of specific studies and the critical
assessment of the effects of traffic-related PM exposure on the measured health endpoints. Finally,
the limitations of these studies were identified, and the knowledge gaps were discussed.

3. Results

3.1. Search Results of Databases

The literature search from four databases identified a total of 19,646 papers. We excluded
duplicates (i.e., identical papers obtained from multiple search engines), and removed papers that
did not meet the inclusion criteria by reviewing the article titles and abstracts. After adding the final
keyword of “metabolic syndrome”, we obtained a reduced number of articles from all databases
(Table S1), with 244 from Google Scholar, three from Web of Science, 0 from PubMed, and four from
JSTOR (Table S1). After reviewing the papers with the eligibility criteria, 25 independent studies were
identified that were directly related to traffic-related PM and cardiometabolic health effects (Figure 1).
Table 1 provides a summary of 25 studies included in the final review. Among 25 independent research
papers, we found 18 articles on epidemiological studies, two articles on controlled human exposure,
and five articles on toxicological studies. Details of the research findings in selected studies are
provided in Table S2.
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Table 1. Summary of traffic-related PM and cardiometabolic health outcomes from 25 selected
epidemiological, controlled human exposure, and toxicological research studies based on the eligibility
criteria (more details in Table S2).

Health Outcomes Reference Location Sample Size

Cardiovascular disease
(CVD)-related outcomes:
Cardiac rhythm inflammation
coagulation, changes in heart rate
variability, stroke,
cardiac autonomic function
coronary diseases, telomere length,
and changes in white blood cells,
neutrophils, monocytes,
and inflammatory responses

Riediker et al., 2007 [29] NC, USA 9
Alexeeff et al., 2018 [30] CA, USA 41,869
Riediker et al., 2018 [31] Western Switzerland 18

Mazidi & Speakman, 2018 [32] USA 26,349 (NHANES) 1

1,283,722 (BRFSS) 2

Peretz et al., 2008 [33] Seattle, WA, USA 27
Wu et al., 2011 [34] Beijing, China 14
Gan et al., 2011 [35] Vancouver, Canada 452,735
Hou et al., 2012 [36] Beijing, China 120

Steenhof et al., 2014 [37] Netherlands 31
Wagner et al., 2014 [38] MI, USA 64

Diabetes

Chen et al., 2013 [39] ON, Canada 62,012
Dijkema et al., 2011 [40] Westfriesland, Netherlands 8018
Ruckerl et al., 2014 [41] Augsburg, Germany 274

Hou et al., 2016 [42] Wuhan Zhuhai, China 2730

Obesity Ponticiello et al., 2015 [43] Rome, Italy 150

Metabolic syndrome:
insulin resistance,
β-cell dysfunction, hypertension,
blood pressure, hyperglycemia,
atherosclerosis,
systemic inflammation,
and dysregulated insulin signaling

Hu et al., 2015 [44] USA 1878 (NHANES) 1

Yang et al., 2017 [45] Liaoning, China 24,845
Chung et al., 2015 [46] Boston, MA, USA 220

Thiering et al., 2013 [47] Munich and Wesel, Germany 397
Brook et al., 2013 [1] MI, USA 25

Cosselman et al., 2012 [48] Seattle, WA, USA 45
Matsuda et al., 2013 [49] Brazil 66
Brocato et al., 2014 [50] Jeddah, Saudi Arabia 9

Xu et al., 2016 [51] Beijing, China N/A 3

Wang et al., 2017 [52] MD, USA 400
1 NHANES: National Health and Nutritional Examination Survey; 2 BRFSS: The Behavioral Risk Factor Surveillance
System; 3 N/A: information not available.

The search results were grouped according to four time-periods (1980–1990, 1991–2000, 2001–2010,
and 2011–2018) to show the temporal trend of research studies over the years (Table S1). Most studies
identified in this review are in 2011–2018. The number of studies on traffic-related PM effects on
metabolic syndrome in human health have increased dramatically during 2011–2018 (211 articles)
compared to 2000–2010 (40 articles) and the earlier years, indicating the increasing attention to air
pollution and metabolic syndrome in the last eight years. Traffic-related PM-induced metabolic health
effects have posed an emerging issue, and have raised serious public health concerns.

3.2. Current Understanding of Cardiometabolic Syndrome Induced by Traffic-Related PM Exposure

Cardiometabolic complications are complex diseases that are influenced by a wide array of
genetic, epigenetic, and environmental risk factors. Many of them are closely interrelated. In this
review, we focus on the following cardiometabolic health outcomes: CVD, metabolic syndrome,
diabetes, and obesity. We discussed evidence from epidemiological and toxicological studies, with a
specific focus on identifying susceptible subpopulations and seeking a link between exposure
metrics (e.g., exposure locations, time, concentrations, and chemical compositions) and the reported
health outcomes.

3.2.1. Exposure Metrics

Spatial and temporal differences in research locations represent distinct emission patterns and
surrounding environments, which may directly influence the exposure and health outcomes by
modifying the physicochemical properties of pollutants. From epidemiological studies identified
in this review, North America, East Asia, and Europe are the most frequently studied regions.
PM concentrations and compositions could be highly variable in urban and rural settings. In addition,
various sizes of PM have been reported in the studies on traffic-related PM, including PM10, PM2.5–10,
PM2.5, and UFP. The size distributions, number and mass concentrations have been considered as
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important metrics for exposure assessment. Overall, particle number concentrations are related to
size distributions. Smaller sizes of particles have higher number concentrations, greater surface areas,
more redox reactive compounds, enhanced bioavailability, and longer retention time in the lung
system [53]. Several size-segregated PM studies have indicated that UFPs are positively correlated
with cardiovascular dysfunction [46,54,55]. The PM mass concentrations reported in the identified
studies range from c. 4 to 127 µg/m3 for epidemiological studies, c. 100 to 200 µg/m3 for the controlled
human exposure studies, and c. 17 to 600 µg/m3 for toxicological studies, many of which exceed
the WHO guidelines (PM2.5: 25 µg/m3 for the 24 h mean and 10 µg/m3 for the annual mean; PM10:
50 µg/m3 for the 24 h mean and 20 µg/m3 for the annual mean) but they may be representative of
what polluted urban areas are typically encountered worldwide [56–58].

Several approaches have been used to estimate the exposure to traffic-related PM. The exposure
concentrations of PM in the presented research studies were either retrieved from the ambient
monitoring stations to infer the exposure at a community level or measured in situ to represent exposure
concentrations at a personal level. Among 25 papers, only a limited number of studies have reported
detailed PM chemical compositions. Common chemical species that are reported in traffic-related PM
include black carbon (BC), organic carbon (OC), PAHs, elemental carbon (EC), and transition metals
(e.g., Cu, Ni and V), and they are often accompanied with gaseous co-pollutants such as NOx and
CO. These chemical species have been widely used as markers for source apportionment of PM from
vehicle emissions [59]. In identified toxicological studies, samples from concentrated PM collected
from ambient or roadsides were often used for the exposure of model organisms [38,49–52].

In addition, proximity to roads has been commonly used as a surrogate measure to estimate
traffic-related air pollution exposure [60]. In a cross-sectional diabetes screening study by Dijkema
et al. [40], 8010 participants (aged 50 to 75 years), who lived in the semi-rural area of Westfriesland,
Netherlands, were assessed between 1998 and 2000. Overall, there were no clear associations found
between type 2 diabetes and traffic-related air pollution within a 250 m buffer in this study [40].
However, it was reported that women could be more susceptible than men in response to exposure to
traffic emissions, although the associations were not significant [40]. As the exposure was characterized
by the home addresses, misclassification could occur due to the lack of information on occupational
or commuting exposure [40]. Also, unmeasured confounding factors such as lifestyle and personal
socio-economic status (e.g., smoking status and prior cardiovascular disease) could have affected the
data analysis [40].

3.2.2. Measured Health Endpoints

Of the examined health outcomes, CVD is the leading cause of deaths worldwide. Exposure to
traffic-related PM may be a modifiable risk factor for the development of CVD, and it
could be mechanistically linked to systemic inflammation and oxidative stress. For example,
positive associations between exposure to traffic-related PM and altered cardiac autonomic function
have been reported in young healthy adults [34]. In-vehicle exposure to PM2.5 was linked
to pathophysiologic changes that involve inflammation, coagulation, and cardiac rhythm [29].
Prehypertension and increased arterial blood pressures have also been observed in adults after
exposure to traffic-related PM. These adverse health effects are more pronounced among females,
the elderly, and in populations with genetic predispositions involved in the detoxification process of
inflammation [29,30,45].

Heart rate variability, an index of autonomic balance [61], is an important marker for
cardiometabolic syndrome [61,62]. It has been reported to be modified by traffic-related PM2.5 in both
epidemiological and toxicological studies. In the study on 18 healthy male Swiss highway maintenance
workers that was conducted by Riediker et al. [31], a reduced standard deviation from normal to
normal beat intervals (a marker of global autonomic activity) and the percentage of the interval
differences exceeding 50 ms (a marker of parasympathetic activity) were observed after acute exposure
to PM2.5, especially during the working hours along the highway. This result indicated a reduction in
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autonomic nervous activity that was induced by traffic-related PM [31,63]. Similarly, a toxicological
study by Wagner et al. [38] reported enhanced and prolonged cardiac depression, including decreased
heart rate variability and blood pressure, induced by traffic-related PM2.5 using a rat model.

The alteration of telomere length (TL) has been used as another biomarker of CVD [36].
As telomere sequences have a large amount of guanine residues, they are susceptible to being
shortened by oxidative stress, which is a common pathway of CVD induction [64]. In a study by
Hou et al. [36], ambient personal PM2.5 and EC (commonly found in traffic-related PM) in Beijing,
China, were measured and correlated with the TL in blood samples from 120 truck drivers and 120 office
workers. An increase of TL was attributed to exposure to personal PM2.5 and EC, either during working
hours on the examination day, or 1–2 days prior to the examination, and truck drivers showed longer
TL than office workers, indicating the participation of TL in sustaining the inflammatory mechanisms
after short-term exposure to traffic-related PM [36]. However, they also suggested that long-term
exposure to PM could shorten the TL after prolonged pro-oxidant exposures [36].

Another leading cause of global deaths is type 2 diabetes [65,66]. The incidents of diabetes are
expected to increase rapidly worldwide [66]. Lifestyle, genetic, and environmental factors are notably
associated with the prevalence of diabetes. In particular, exposure to air pollution has been linked
to the increased risks of diabetes [67]. Chen et al. [39] reported a population-based cohort study in
Ontario, Canada, which assessed the relationship between diabetes incidence and long-term exposure
of PM2.5 from 62,012 data points. The results suggested that PM2.5 might contribute to the development
of diabetes in population with ages of 35 years or older [39]. In addition to the evidence found in
adults, a cohort study conducted by Thiering et al. [47] observed a clear association between long-term
exposure to traffic-related PM and insulin resistance in 397 10-year old children in Germany.

3.2.3. Active Components within Traffic-Related PM

BC, metals, PAHs and their derivatives, diesel exhaust particles in traffic-related PM have been
shown to be active components that lead to cardiometabolic health effects. Exposure to BC can promote
the plasma levels of myeloperoxidase that can generate reactive oxygen and nitrogen species through
lipid peroxidation, leading to inflammatory responses, oxidative stress, and the destabilization of the
pre-existing atheromatous plaque and vessel occlusions, and endothelial dysfunction of vulnerable
plaques [68–71]. The blood viscosity can also be elevated after exposure to BC, resulting in the onset of
arterial thrombosis [71]. In a study conducted in Barcelona, Spain from 2005 to 2014, an association has
been found between the BC (a median concentration of 1.4 µg/m3 since 2007) exposure and the onset
of stroke and large-vessel atherosclerosis 1–3 days later based on the hospital admissions data [72].
Clear linear exposure-response relationships have also been identified between BC and coronary
events, including hospitalization and mortality [35]. A study conducted in Rome, Italy by Ponticiello
et al. [43] with 150 municipal police volunteers, reported that traffic police subjects were vulnerable
to developed obesity, due to the exposure of traffic-related PAHs and metals. Peretz et al. [33]
investigated the effects of exposure to diesel exhaust particles on 27 human subjects in Seattle, USA.
Diesel exhaust particles are composed of a carbon core and a complex mixture of metals and organic
materials [73]. With a short-term exposure of diesel exhaust at concentrations of 100 or 200 µg/m3,
a vasoconstriction of conductance arteries and an acute endothelial responses have been observed in
the studied subjects [33].

Notably, some discrepancies exist in the identified research studies regarding the role of BC in
cardiometabolic health effects. There was no significant association between BC and diastolic blood
pressure reported in the study of Chung et al. [46], which investigated 220 participants (mean age
= 58.5 years) living near highway areas of Massachusetts. However, a positive association between
particle number concentrations (as a measure of UFPs) and diastolic blood pressure was found, and this
positive association was more pronounced among obese individuals than non-obese individuals [46].
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3.2.4. Potential Underlying Mechanisms

Associations between exposure to traffic-related PM and health endpoints have been found from
many epidemiological studies. Underlying cellular and molecular mechanisms remain to be explored.
A few mechanisms have been proposed in the current literature.

First, exposure to traffic-related PM2.5 has been linked to the upregulation of the NF-κB
pathway, resulting in inflammatory responses and metabolic disorders [51]. Exposure-induced
inflammatory responses were observed through the measurement of changes in white blood cell
(WBC) counts [37]. Brocato et al. [50] reported that exposure of rats to PM10 enhanced the expression
of genes that were involved with inflammation, cholesterol and lipid metabolism, and atherosclerosis.
Wang et al. [52] also concluded that that traffic-related PM2.5 exposure resulted in the dysregulation
of insulin signaling, systemic inflammation, and an increased premature mortality in Drosophila.
Second, the inhalation of traffic sourced PM2.5 can increase the level of proinflammatory cytokines
and proinflammatory mediators that are closely related to blood coagulability and endothelial
dysfunction [74,75]. Third, P 2.5 exposure may stimulate the expression of RNAs that are related
to systemic inflammation, endothelial dysfunction, and atherosclerosis [76]. Fourth, PM2.5 may interact
with nociceptive or noradrenergic receptors to stimulate the sympathetic nervous system, and then
elevate the circulating levels of the vasoconstrictor angiotensin II [48]. Fifth, exposure to traffic-related
PM, such as diesel exhaust particles, may elevate the plasma concentration of endothelin 1, decreasing
the blood flow to the heart and then cardiac events [77]. Another possible pathway is the increased
production of C-reactive protein, an independent risk factor for CVD, after exposure to PM2.5 [78].

4. Discussion

Overall, through our literature review, there is clear evidence that exposure to traffic-related
PM increases the risks of the development or exacerbation of cardiometabolic disorders in human
populations. Our results are coherent with previous review studies that have comprehensively
synthesized the existing knowledge on health effects of ambient air pollution, some of which have
specifically focused on CVD and type 2 diabetes [34,40,79,80]. Our study further narrowed down the
scope of the review to traffic-related PM, a major contributor to urban PM. We have sought to connect
the detailed chemical compositions of traffic-related PM to the measured cardiometabolic health
endpoints with mechanistic supports. The mechanisms behind metabolic syndrome are generally
linked to systemic inflammation, and direct and indirect coagulation activation that is induced by the
direct translocation of PM into the systemic circulation [3,9,81].

The chemical compositions of traffic-related PM are very complex and often not fully identified.
To date, the metabolic health outcomes from EC, BC, PAHs, and metals have been widely studied and
assessed, but the correlations between organic carbonaceous components (e.g., fuel-derived aldehydes,
peroxides, and acids) and metabolic syndrome are still unclear. There is a study showing that an
increase in blood pressure was strongly associated with an increase in ambient primary OC and UFPs
in the Los Angeles basin, predominantly from traffic sources [82]. However, it should be noted that
ambient OC is composed of numerous individual organic compounds, though it is constantly reported
as one exposure metric. The physicochemical properties and functional groups of reactive organic
constituents within PM could significantly modify the health effects of PM [83], which needs to be
investigated further.

Figure 2 presents a conceptual diagram of the induction of cardiometabolic syndrome
by traffic-related PM, which bridges the connections among the PM sources, exposure routes,
and biological perturbations (at molecular and cellular levels). Inhalation exposure to traffic-related PM
first induces inflammatory cytokines and chemokines (e.g., IL-6, TNF-α, and CCL2) [3,9,14,15,50,75]
by the activation of the TLR2/4-NF-κB signaling pathways, triggering the expression of cytokine
genes [3,9]. These cytokines further cause systemic inflammation and oxidative stress, leading to
the development of cardiometabolic disorders, including obesity and CVD. As different chemical
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components in PM have different target sites, detecting detailed chemical compositions of traffic-related
PM is crucial for deciphering the molecular mechanisms of cardiometabolic syndrome.Atmosphere 2018, 9, x FOR PEER REVIEW    8 of 16 
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Despite significant progress in current research on traffic-related PM on cardiometabolic
health outcomes, our understanding of environmental factors linked to diabetes is still limited.
Common biochemical processes where hyperglycemia and free fatty acids induce oxidative stress,
causing insulin resistance, β-cell dysfunction, and late diabetic complications (e.g., nephropathy,
retinopathy, neuropathy, and macro- and microvascular damage) have been proposed [84]. It was
hypothesized that free fatty acids and elevated glucose can activate the nuclear factor-κB, p38 MAPK,
and the NH2-terminal Jun kinases/stress-activated protein kinase stress pathways play a key role
in developing late complications in type 1 and type 2 diabetes [84]. Various atmospheric particles
including PAHs and nitro PAHs induce increased production of reactive oxygen species (ROS) and
oxidative stress. Possible pathways that might be involved with adverse health effects of PAHs are:

(1) Activation of peroxisome proliferator activated receptors (PPARs) [85] that are major regulators
of lipid and glucose metabolism [86];

(2) Imbalance between ROS production (e.g., peroxides, superoxides, and hydroxyl radicals) and
antioxidant defenses, which may lead to alterations in insulin signaling pathways [87];

(3) Induction of inflammation caused by PAHs that may lead to insulin resistance [88].

Current knowledge regarding the biological mechanisms of PAHs on perturbations of glucose
metastasis that increase the risks of metabolic syndrome, remains unclear [44]. The current use
of urinary hydroxyl PAHs is a robust biomarker in assessing health effects of PAHs, but the short
life-time of PAHs in the human body can only indicate the instant responses of PAH exposure [42,44,89].
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Also, studies have found that different types of PAHs (e.g., naphthalene and benzo[a]pyrene) contribute
to different health effects, and more studies are needed to clarify the effects of different PAHs [44].
In addition, our current understanding of toxicological mechanisms points to systemic oxidative stress
and inflammation-mediated cardiometabolic health effects. Recent studies indicate that particle-bound
ROS may directly contribute to oxidative stress [90–92]. The role of PM-bound and PM-induced
oxidative stress leading to the development or exacerbation of cardiometabolic syndrome needs to be
further investigated.

In our review, we found that results were very pronounced in controlled human exposure studies
with exposure to higher levels of traffic-related PM that far exceeded the WHO air quality guidelines.
In the double-blinded and exposure crossover study by Cosselman et al. [48], 45 nonsmoking subjects
(18–49 years) were exposed to 200 µg/m3 of diesel exhaust for 120 minutes. A rapid and measurable
increase in systolic blood pressure was observed in young nonsmokers. There was no significant
effect on heart rate or diastolic blood pressure. The correlations between systolic blood pressure
and exposure to traffic-related PM2.5 have also been reported previously by Brook et al. [93] and
Langrish et al. [94]. Notably, it has been reported that even at low levels, traffic-related PM2.5 has been
shown to dysregulate metabolic insulin sensitivity, and eventually contributed to the development
of diabetes [1]. Long-term exposure at low dose levels should be further explored to establish the
understanding of dose-response relationships for a better risk characterization.

Both genetic and epigenetic factors are important to the development of CVD and diabetes [95].
It is evident that genetic polymorphisms in detoxification enzymes could be a susceptibility factor
leading to differential health effects upon exposure [96–98]. Epigenetic factors including chromatin
remodeling, histone modification, DNA methylation, and non-coding RNA expression are also
important [99]. Recently, microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) have been used
as effective biomarkers in the manifestation of diverse diseases [100]. Experimental data from in vitro
and in vivo diabetic models have shown an altered profile of microRNA expression in insulin target
tissues [100]. Overall, non-coding RNAs are critical in the pathogenesis and progression of metabolic
disorders. Non-coding RNAs or their inhibitors may be potential targets during the treatment of
cardiometabolic-associated health risks.

Some inconclusive results from different epidemiological or toxicological studies may be
attributed to the variations of studied objects, sample sizes, exposure concentrations, dose levels,
and genetic polymorphisms. In order to obtain more convincing results, sufficient samples,
including populations with different genders from diverse backgrounds, should be considered.
Also, any possible influential or confounding factors should be carefully examined to avoid biases.
Most of the current toxicological studies focused on either the ambient traffic-related air pollutants or
on primary exhaust from tailpipes of vehicles. There is a lack of toxicological information about aged
or secondary PM derived from vehicle emissions. Potential synergistic effects from multi-pollutant
exposure have not been characterized, either. Also, there are limited in vitro studies to investigate the
pathways of traffic-related PM-induced health effects at a cellular level.

5. Conclusions

In this review, we aimed to obtain an overview to assess the current scientific evidence of
traffic-related PM induced cardiometabolic syndrome by using the keywords “traffic related air
pollution”, “particulate matter”, “human health”, and “metabolic syndrome” from 1980 to 2018.
The initial literature searches from four databases identified a total of 19,646 papers. After adding
all four keywords, reviewing the papers with the eligibility criteria, 25 independent studies
were identified that were directly related to traffic-related PM and cardiometabolic health effects.
Among 25 independent research papers, we found 18 articles on epidemiological studies, two articles
on controlled human exposure, and five articles on toxicological studies.

From present review, we found consistent evidence of associations between exposure to
traffic-related PM, and the development of metabolic syndrome in human populations, as supported by
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laboratory experiments from both epidemiological and toxicological studies. The vulnerable groups are
represented by the elderly (especially for women), children, and genetic susceptible individuals with a
predisposition of genes that are involved in detoxification and inflammatory pathways. Our review also
indicates that both genetic and epigenetic factors play a key role in traffic-related PM induced metabolic
health burden. Considering that traffic-related PM is a modifiable risk factor, the reduction of PM from
traffic sources may be translated to huge public health implications. Thus, connecting the dots between
traffic-related PM compositions, environmental concentrations, the magnitude, frequency, and duration
of exposure, and the molecular mechanisms and cellular pathways leading to pathogenesis, is crucial
to bridge the source-to-health effects continuum.

Given that cardiometabolic syndrome is a multifactorial disorder, limitations existed in our search
methodologies for the systematic review. In the processes of the literature search, we found that there
was a scarcity of articles for specific areas, especially in toxicological studies. This may be due to
the search keywords not being uniform across the disciplines. While the cardiometabolic syndrome
covers vast areas including CVD (e.g., high blood pressure, heart rate variability, cardiac arrest, stroke,
and myocardial dysfunction), obesity, diabetes (e.g., type 1 diabetes, type 2 diabetes, and gestational
diabetes), hyper/hypoglycemia, and hypertension, not all of these research studies would use the
term of “metabolic syndrome” in titles or abstracts. As a result, many relevant studies for each
disease category could be missing because of the search terms within available databases. In addition,
when collecting relevant papers from the databases using the four keywords, the search engines may
miss the papers that are traffic-related, but that do not contain the exact keyword of “traffic-related
air pollution”. The terms such as BC (an indicator of traffic-related PM) should also be included
during the filtration. Nevertheless, our current review has provided a brief overview of the up-to-date
understanding of the issues, and the results are coherent with prior studies.

Taken together, more studies are needed to understand the detailed chemical compositions,
the spatial and temporal variations, the molecular mechanisms, and the action mode of traffic-related
PM to advance the exposure assessment, and to improve the characterization of the potential
health risks. For example, most studies identified in this review that showed strong associations,
were based on short-term exposure to high levels of traffic-related PM. Though levels of ambient
air pollution have declined over the past decades in many developing areas (e.g., North America
and in Europe), it remains uncertain as to what extent the health effects of long-term exposure
to low levels of traffic-related PM in general populations can be extrapolated from current
research results. Further studies are required to elucidate this question. In addition, the recent
developments of alternative fuels and engine technologies have been shown to change the physical
and chemical characteristics of traffic-related PM emissions. Meanwhile, atmospheric transformations
(e.g., the photochemical aging processes) of traffic emissions may significantly modify the chemical
compositions and toxicity of traffic-related PM, which adds on another layer of complexity when
assessing the health effects. Thus, studies focused on analyzing traffic-related PM emissions under
various environmental conditions might be helpful, and speciation of organic PM compositions at the
molecular level will contribute to a more accurate characterization of stressors. Moreover, future studies
could also explore the role of genetic and epigenetic factors in influencing cardiometabolic syndrome
by integrating the “-omics” approaches (e.g., genomics, epigenomics and transcriptomics) to provide a
comprehensive assessment of biological perturbations caused by traffic-related PM, and to facilitate
molecular diagnosis for systems understanding of adverse outcome pathways.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/9/9/336/s1,
Table S1: Results of databases with subsequent keywords “Traffic related air pollution”, “Particulate matter”,
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25 articles on traffic-related PM and their impacts in the progression of cardiometabolic syndrome.
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