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Abstract

Atherosclerosis is a progressive cardiovascular disease characterized by lipid accumulation,
oxidative stress, and inflammation within the arterial walls. Environmental pollutants,
including particulate matter (PM), diesel exhaust particles (DEPs), and heavy metals, con-
tribute directly to the initiation and progression of arterial plaques by promoting LDL
oxidation, endothelial dysfunction, foam cell formation, and vascular inflammation, whilst
high-density lipoprotein (HDL) provides protective effects. This review examines the mech-
anistic links between environmental exposures, lipid dysregulation, and plaque formation,
highlighting how both gaseous and particulate pollutants and toxic and essential metals, as
well as endocrine disrupting chemicals, influence atherosclerotic risk. Potential antioxidant
and lifestyle interventions to mitigate these pollutant-driven effects are also discussed.
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1. Introduction
Atherosclerosis is the leading cause of cardiovascular diseases (CVDs), including

coronary artery disease, stroke, and peripheral arterial disease. It is a chronic condition
characterized by lipid accumulation in the arterial walls, inflammation, and plaque for-
mation. The condition arises due to a combination of genetic predisposition, metabolic
disorders, and environmental influences.

Among the well-established risk factors, dyslipidaemia—specifically, elevated LDL
cholesterol and low HDL cholesterol—is a primary contributor to atherosclerosis pro-
gression. LDL transports cholesterol to peripheral tissues, and its oxidation leads to
inflammatory responses in the arterial wall. HDL, in contrast, facilitates reverse cholesterol
transport, reducing plaque burden and exerting anti-inflammatory effects.

Beyond traditional risk factors, environmental exposures such as air pollution, heavy
metals, and oxidative stress-inducing agents have been recognized as additional contribu-
tors to atherosclerosis. These pollutants generate reactive oxygen species (ROS), disrupt
lipid metabolism, and accelerate vascular damage. Understanding how these environmen-
tal factors interact with lipid metabolism is crucial for developing strategies to mitigate
their impact on cardiovascular health.

This review examines the role of LDL, HDL, and lipoproteins in atherosclerosis, how
environmental pollutants exacerbate lipid oxidation and plaque formation, and potential
interventions to mitigate environmental damage.
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2. The Role of Lipids in Atherogenesis
2.1. Low-Density Lipoprotein (LDL), Apolipoprotein B (ApoB) and Atherosclerosis

LDL plays a central role in atherosclerosis development. Hyperlipidaemia is a risk
factor and high plasma LDL concentrations are required to initiate atherogenesis [1]. High
levels of LDL tend to accumulate in vascular regions experiencing complex blood flow
patterns such as curvatures where blood flow is slow, causing low shear stress, and branch
points where turbulent blood flow causes oscillatory shear stress [2]. The tendency of blood
to recirculate at low or oscillatory shear stress regions creates a stagnation point, increasing
lipid retention. The resulting diffusion of fluid across the endothelium – or transmural
water flux - leads to an accumulation of lipids on the luminal surface of the endothelium,
referred to as an LDL concentration polarization layer. When LDL levels are elevated in
circulation, they penetrate the endothelial layer and become trapped in the arterial intima
(Figure 1) [3].

 

Figure 1. Schematic of lipoprotein changes in the arterial intima following exposure to air pollutants,
and the subsequent inflammation and foam cell macrophage formation that can increase atheroscle-
rosis. Arrows denote direction of particle movement from inhalation to the artery wall. Created in
BioRender. Seneviratne, A. (2026) https://BioRender.com/ty3vlot.

Lipoprotein lipase modifies LDL into smaller cholesterol ester-rich particles, which
more readily infiltrate the arterial wall and adhere to proteoglycans [4]. This enhances LDL
retention and contributes to plaque progression. Additionally, vascular regions with a high
surface concentration of LDL exhibit increased intimal thickening [5], further predisposing
these sites to atherosclerosis.

LDL retention is aided by ApoB, and the higher the number of ApoB-containing
particles, the greater the LDL infiltration into the arterial wall, which correlates with cardio-
vascular risk [6]. Apolipoprotein B (ApoB) is a key marker of atherogenic potential. Each
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LDL particle contains one ApoB molecule, making ApoB levels a direct indicator of the
number of atherogenic particles in circulation [7]. ApoB exists in two isoforms—ApoB-100
and ApoB-48. ApoB-100 is a 4536-amino-acid glycoprotein synthesized in the liver, es-
sential for the assembly and secretion of very-low-density lipoprotein (VLDL) and LDL
while ApoB-48 is a truncated molecule produced in the intestine via mRNA editing, crit-
ical for chylomicron formation [8]. ApoB mediates LDL binding to the LDL receptor
(LDLR) for hepatic clearance [9]. Arterial proteoglycans such as biglycan and decorin
bind ApoB via electrostatic interactions, trapping LDL in the intima [10]. The positively
charged domains of ApoB-100 facilitate these interactions by binding to negatively charged
glycosaminoglycans, promoting subendothelial LDL retention [11].

Elevated ApoB levels also indicate a predominance of small, dense LDL particles,
which are more susceptible to oxidation and glycation, amplifying their atherogenicity and
persistence in circulation [12]. Furthermore, remnant lipoproteins containing ApoB, such
as intermediate-density lipoproteins (IDL) and VLDL remnants, contribute significantly
to cholesterol deposition within macrophages even without prior oxidation, underscor-
ing ApoB’s role not only as a structural component but also as an active driver of lipid
accumulation and inflammation in the arterial wall [7].

Once LDL becomes trapped within the subendothelial space, it undergoes oxida-
tive and enzymatic modifications, generating oxidized LDL (oxLDL), which is highly
atherogenic. OxLDL promotes endothelial cell activation, leading to the expression of
adhesion molecules such as VCAM-1 and ICAM-1, and the recruitment of circulating
monocytes [13,14]. These monocytes differentiate into macrophages that engulf modi-
fied LDL via scavenger receptors (e.g., CD36, SR-A), forming lipid-laden foam cells, a
hallmark of early fatty streak formation [15]. Moreover, oxLDL stimulates the release of
pro-inflammatory cytokines (e.g., IL-1β, TNF-α) and reactive oxygen species [16].

In addition to oxidative modification, the aggregation and acetylation of LDL parti-
cles also enhance their atherogenic potential by reducing their affinity for LDL receptors
and increasing their uptake by macrophages [17]. The imbalance between LDL influx,
modification, and clearance drives a chronic inflammatory state, endothelial dysfunction,
and smooth muscle cell migration, contributing to plaque progression and instability [18].
Therefore, LDL not only serves as a cholesterol transporter but also as a potent modulator
of vascular inflammation and immune activation in atherosclerosis.

2.2. Lipoprotein(a) [Lp(a)] and Cardiovascular Risk

Lp(a) is a genetically determined lipoprotein structurally similar to LDL but dis-
tinguished by its additional apolipoprotein(a) (Apo(a)) component. Lp(a) is strongly
associated with cardiovascular disease risk, independent of LDL levels, as it binds to extra-
cellular matrix components and delivers oxidized phospholipids to plaques, exacerbating
inflammation [19]. This affinity for extracellular matrix glycosaminoglycans enhances its re-
tention within the arterial wall, similar to LDL but with greater pro-inflammatory potential
due to its oxidized phospholipid content [20]. Moreover, the Apo(a) component inter-
feres with fibrinolysis by competing with plasminogen binding sites, thereby promoting
thrombosis and plaque stability disruption [21,22].

Lp(a) also consists of ApoB-100 in the core of the molecule alongside cholesterol and
triglycerides. The Lp(a) tail consists of Apo(a), which is structurally similar to plasminogen
as it contains loop-like structures called kringles [23]. These kringle IV type-2 repeats
vary in number between individuals, explaining interindividual variation in plasma Lp(a)
concentrations and cardiovascular risk [24]. Furthermore, the covalent disulfide bond
linking Apo(a) to ApoB-100 confers additional atherogenicity by stabilizing the particle
and increasing its resistance to hepatic clearance [21].

https://doi.org/10.3390/lipidology3010007

https://doi.org/10.3390/lipidology3010007


Lipidology 2026, 3, 7 4 of 17

Lp(a) contributes to cholesterol accumulation in the intima as it carries a dispropor-
tionately high content of oxidized phospholipids [25]. These act as damage-associated
molecular patterns (DAMPs), triggering inflammation via Toll-like receptors (TLR-2 and
TLR-4) [26,27]. The engagement of these receptors activates NF-κB signaling, stimulating
the release of pro-inflammatory cytokines such as IL-6 and TNF-α, which further recruit
monocytes and enhance foam cell formation. Lp(a)-derived oxidized phospholipids also
impair endothelial nitric oxide bioavailability, contributing to endothelial dysfunction and
vascular stiffness. Statin therapy has limited efficacy in reducing Lp(a)-related plaques [24],
highlighting the need for alternative interventions. Emerging therapeutic strategies, such
as antisense oligonucleotides targeting Apo(a) mRNA, have shown promise in signifi-
cantly lowering plasma Lp(a) concentrations and may represent the next generation of
lipid-lowering therapy [28].

2.3. High-Density Lipoprotein (HDL) and Atheroprotection

HDL is considered a protective factor against atherosclerosis. HDL particles are very
heterogeneous, consisting of various levels of cholesteryl esters and triglycerides in the
core, and phospholipids, free cholesterol, and apolipoproteins at the surface. The pri-
mary structural apolipoprotein is ApoA-I which comprises 70–80% of the HDL particle.
Other apolipoproteins include ApoA-II, ApoE and ApoC [29]. The lipid composition and
apolipoprotein profile of HDL determine its functionality, including its capacity for choles-
terol efflux, antioxidative activity, and anti-inflammatory potential [30]. Dysfunctional
HDL, often observed in metabolic or inflammatory conditions, may lose these protective
properties and even become pro-atherogenic [31].

HDL counteracts atherosclerosis by facilitating reverse cholesterol transport or choles-
terol efflux—the process of removing cholesterol from macrophages and foam cells in
plaques and delivering it to the liver for excretion. This is mediated by the ATP-binding
cassette transporters A1 and G1 (ABCA1 and ABCG1) and scavenger receptor (SR-)BI [30].
The esterification of free cholesterol on HDL by lecithin-cholesterol acyltransferase (LCAT)
creates a concentration gradient that promotes continued cholesterol efflux from cell
membranes [32]. HDL particles are taken up by the liver via SR-BI or transferred to
ApoB-containing lipoproteins by cholesteryl ester transfer protein (CETP) for hepatic
clearance [33]. Impaired activity of LCAT or CETP imbalance can alter HDL particle size
and functionality, thereby influencing its atheroprotective efficiency [34].

In addition to cholesterol clearance, HDL exerts anti-inflammatory effects by, for
example, inhibiting inflammasome signaling in macrophages through activating transcrip-
tion factor 3 (ATF3) [35]. In addition to cholesterol clearance, HDL exerts potent anti-
inflammatory and antioxidative effects. HDL-associated enzymes such as paraoxonase-1
(PON1) and platelet-activating factor acetylhydrolase (PAF-AH) degrade oxidized lipids,
preventing LDL oxidation and subsequent endothelial activation [36]. Furthermore, HDL
stimulates endothelial nitric oxide synthase (eNOS) via the PI3K/Akt pathway, enhancing
nitric oxide (NO) bioavailability and improving vascular tone and endothelial repair [37].

2.4. Oxidation of Lipids in Atherosclerosis

Oxidative stress plays a crucial role in the pathogenesis of atherosclerosis, where there
is excessive production of reactive oxygen species (ROS). Key sources include NADPH oxi-
dases and endothelial nitric oxide synthase (eNOS), which can produce types of ROS such
as superoxides (O2

−), hydrogen peroxide (H2O2), hydroxyl radicals (HO) and peroxynitrite
(ONOO-) [38]. Mitochondrial dysfunction and xanthine oxidase activity also contribute
to ROS generation within vascular cells, amplifying the local oxidative burden [39]. Ex-
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cess ROS not only damages lipids but also oxidizes proteins and nucleic acids, thereby
aggravating endothelial injury and vascular inflammation [40].

The oxidation of LDL by ROS is a critical step in atherogenesis. ROS target polyun-
saturated fatty acids in LDL, initiating lipid peroxidation, which are broken down into
reactive aldehydes that modify ApoB-100 [38]. The early stages of lipid oxidation that
preserves ApoB-100 result in minimally modified LDL (mmLDL) that can still bind to
the LDL receptor and activate endothelial cells. OxLDL forms following more advanced
oxidation and significant modification of ApoB-100. These oxidative modifications gen-
erate epitopes recognized by scavenger receptors rather than the LDL receptor, leading
to uncontrolled lipid uptake by macrophages [14]. OxLDL also stimulates the expression
of adhesion molecules as mentioned earlier, and chemokines such as MCP-1, enhancing
leukocyte recruitment to the endothelium [41]. OxLDL activates scavenger receptors (CD36,
LOX-1, SR-A) on macrophages, driving foam cell formation and inflammatory cytokine
release [1].

Lp(a) is also prone to oxidation, and when carrying oxidized phospholipids, is more
readily taken up by macrophages and promotes foam cell formation [20]. The oxidized
phospholipids on Lp(a) act as potent pro-inflammatory mediators, activating endothelial
cells and vascular smooth muscle cells through Toll-like receptor signalling and NF-κB
activation. This process enhances the release of interleukins (IL-1β and IL-6) and promotes
further oxidative stress via a positive feedback loop.

Oxidised lipids lead to endothelial dysfunction, activation of inflammatory pathways,
and proliferation of vascular smooth muscle cells (VSMCs) [42]. These oxidized products
also impair nitric oxide (NO) bioavailability by reacting with eNOS-derived NO to form
peroxynitrite, reducing vasodilation and contributing to vascular stiffness [43]. Moreover,
lipid peroxidation by-products such as malondialdehyde (MDA) and 4-hydroxynonenal
(4-HNE) form adducts with cellular proteins, altering their function and perpetuating
chronic inflammation in the arterial wall [40].

HDL can also be oxidatively modified, impairing its atheroprotective functions
(Figure 1). The oxidation of methionine and tryptophan residues in ApoA-I reduces
HDL’s cholesterol efflux capacity. Oxidative stress can inactivate Paraoxonase 1, an
HDL-associated enzyme that protects against LDL oxidation. Oxidized HDL be-
comes dysfunctional by losing its anti-inflammatory properties and may even become
pro-inflammatory [29]. Such dysfunctional HDL not only fails to promote reverse choles-
terol transport but may also deliver pro-oxidant lipids to macrophages, further enhancing
foam cell formation [44].

Emerging evidence suggests that antioxidant defence systems, including superox-
ide dismutase (SOD), glutathione peroxidase (GPx), and catalase, are downregulated
in advanced plaques, shifting the redox balance toward a pro-oxidative state [39]. En-
hancing endogenous antioxidant pathways or targeting lipid oxidation intermediates has
therefore become a promising therapeutic strategy to attenuate plaque progression and
instability [45].

The generation of oxidative stress is a key mechanism by which harmful environmen-
tal exposures can exacerbate atherosclerosis. As discussed in the next section, harmful
exposures have been linked to increased lipid oxidation and atherogenesis.

3. Environmental Exposures and Atherosclerosis
3.1. Air Pollution

Air pollution is air contaminated with chemicals or biological material. Most research
has so far focused on outdoor or “ambient” pollution which can have many origins,
including natural (e.g., wildfires and volcanic eruptions) and man-made sources (e.g.,
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traffic emissions and fossil fuel combustion). Natural sources, such as wildfires, generate
fine and ultrafine particles that can enter the circulation and trigger oxidative stress and
inflammation, promoting early plaque formation [46]. Similarly, volcanic eruptions release
particulate matter and gases like SO2 that can alter lipid metabolism and endothelial
function [47]. Air pollutants are usually categorized into gases and particles. The main
gases include nitrogen dioxide (NO2) or nitrogen oxides (NOx), sulphur dioxide (SO2),
carbon monoxide (CO) and ozone (O3). Particles or particulate matter (PM) are broadly
categorised by their size: PM10 (diameter less than 10 micrometres), PM2.5 (diameter less
than 2.5 micrometres), and PM0.1 or ultrafine particles (UFPs; diameter of less than 100 nm,
also called nanoparticles) [48].

Air pollution has emerged as a significant environmental risk factor for atherosclerosis.
Man-made sources, such as traffic and industrial emissions, contribute PM and diesel
exhaust particles that induce endothelial dysfunction, oxidative stress, and lipid oxidation,
directly promoting atherogenesis [49]. Most studies have so far focused on PM; in partic-
ular, PM2.5 exposure is linked to increased oxidative stress, lipid peroxidation, systemic
inflammation, and endothelial dysfunction, all of which contribute to the development and
progression of atherosclerosis (Figure 1) [48]. However, some harmful effects have also
been demonstrated with gaseous pollutants.

3.1.1. Gaseous Pollutants

Exposure to petrol emissions, which include PM, CO and NO2, increases the expression
of heme oxygenase-1, nitrotyrosine and lipid peroxides in the arteries of ApoE−/− mice
(Table 1). Similar changes occurred with the gaseous components only [50]. Exposure
of ApoE−/− mice to diesel emissions, with PM filtered out, alters lipid peroxidation in
the aorta [51]. Higher SO2 levels are linked with higher levels of triglycerides and with
lower levels of HDL [52]. Increased NO2, SO2, and CO concentrations have also been
linked to decreased HDL, apoA-I, and reduced cholesterol efflux capacity [53]. Long-term
exposure to ozone was linked to increased triglycerides and LDL and decreased HDL [54].
Hence, exposure to NO2, SO2, and CO has been associated with endothelial activation,
increased arterial stiffness, and systemic inflammation, which promote atherosclerotic
plaque formation independently of particulate matter [55]. Research on the impact of
gaseous pollutants on lipids and atherosclerosis is generally lacking due to the technical
challenges of performing such studies.

Table 1. Overview of the effects of gaseous pollutants on lipid metabolism and atherosclerosis.

Pollutant Category Mechanistic Effects on
Lipids and Cells

Cardiovascular/Atherosclerosis
Impact References

NO2

↑ oxidative stress, ↑ lipid
peroxides, ↓ HDL, ↓ ApoA-I,

↓ cholesterol efflux,
↑ inflammation

Endothelial dysfunction, foam
cell formation, increased plaque

lipid content
[56–60]

SO2
↑ triglycerides, ↓ HDL,

↑ oxidative stress
Endothelial dysfunction, plaque

formation [58,61]

CO ↑ oxidative stress, ↑ LDL,
↑ arterial pressure

Endothelial dysfunction,
atherogenesis [62]

O3
↑ LDL, ↑ triglycerides, ↓ HDL,

↑ systemic inflammation
Promotes plaque development,

foam cell formation [63–66]

↑ denotes increase, ↓ denotes decrease in expression.
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3.1.2. Particulate Matter

Particulate matter exposure has been associated with changes in lipid profiles, includ-
ing increased levels of LDL and triglycerides, and decreased levels of HDL [53]. These
changes contribute to the development of dyslipidaemia, a key risk factor for atherosclero-
sis (Table 1). Its biological impact depends on how deeply it penetrates the body, surface
area, and chemical reactivity within tissues [67]. To provide clarity, the following section
groups PM-related effects according to particle type and summarizes key mechanisms
influencing lipid metabolism, oxidative stress, and vascular pathology (Table 2).

Among PM fractions, PM2.5 is the most extensively studied and strongly associated
with atherogenic lipid remodelling. Exposure to PM2.5 in particular has been shown
to trigger systemic inflammation and oxidative stress [68]. PM2.5 contributes to oxida-
tive stress by increasing the formation of ROS and reactive nitrogen species (RNS). Stud-
ies have demonstrated that rat aortic rings exposed to diesel exhaust particles (DEPs)
generate oxygen-centred free radicals [69], all of which are capable of oxidizing lipids.
These oxidative mechanisms represent early events that prime lipid modification and
endothelial activation.

The ROS generated from complex particles like DEPs is due to the innate ability of
these particles to generate free radicals as well as stimulate cellular enzymes to produce
free radicals, such as NADPH oxidase [70]. The adsorbed organic compounds, such
as polyaromatic hydrocarbons, quinones, and redox-active metals, found in DEP are
believed to play a significant role in ROS generation [71], thus increasing the oxidation of
LDL, leading to the formation of oxLDL. DEPs and oxidized 1-palmitoyl-2-arachidonyl-
sn-glycero-3-phosphorylcholine (ox-PAPC) in combination induce inflammatory gene
expression by human microvascular endothelial cells [72].

PM2.5 exposure can increase multiple circulating sphingolipids [73], which promote
the production of pro-atherogenic Apolipoprotein B (ApoB)-containing lipoproteins [6],
a marker of cardiovascular risk. Lipidomic analysis of the serum of ApoE−/− mice
exposed to PM2.5 revealed increases in cholesterol ester, phosphatidylcholine, phos-
phatidylethanolamine and sphingomyelin while lysophosphatidylethanolamine, lysophos-
phatidylcholine, diacylglycerol and triacylglycerol decreased, suggesting glycerophospho-
lipid, glycerolipid and sphingolipid metabolism is disrupted by PM2.5 [74].

PM2.5 exposure in cardiac patients increases LDL, triglycerides and total cholesterol [75].
PM2.5 enhances circulating fatty acids such as palmitate, palmitoleate, and myristate, while
decreasing phospholipid species, possibly through the activation of lipolysis, dysregulation
of hepatic lipid metabolism, and induction of mitochondrial dysfunction [76]. PM2.5 expo-
sure increases LDL and oxLDL in the circulation and subsequent migration of monocytes to
atherosclerotic plaques [76]. Epidemiological studies have shown that long-term exposure
to fine and ultrafine PM correlates with increased carotid intima–media thickness and
coronary artery calcification in adults, indicating accelerated plaque development [77,78].
PM2.5 can trigger the modification of cholesterol into 7-ketocholesterol (7-KCh), present
on circulating LDL. This is in turn stimulates CD36 scavenger receptor expression on
macrophages, leading to phagocytosis. 7-KCh is the most abundant modified sterol in
atherosclerosis, promoting endothelial dysfunction and oxidative stress via the activation
of NOX enzymes [76].

HDL cholesterol is protective against atherosclerosis by promoting reverse choles-
terol transport from plaques to the liver [30]. However, ambient air pollution impairs
HDL function by increasing HDL oxidation and reducing circulating apolipoprotein A-I
(ApoA-I) [79], thereby diminishing cholesterol efflux via the ABCA1 pathway and promot-
ing foam cell formation. Similarly, PM2.5 impairs the anti-inflammatory function of HDL,
reducing its ability to counteract LDL-induced chemotaxis in macrophages [80]. A decrease
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in HDL with increasing exposure to multiple air pollutants in children in the US has been
shown; however, this was not found in Italian or Chinese cohorts, which could be due to a
different incidence of obesity between the cohorts [58].

In comparison, ultrafine particles (PM0.1) possess a greater capacity to penetrate
vascular and cellular barriers due to their small size. Exposure of ApoE−/− mice to
PM0.1 increases plasma cholesterol and plaque size in the aortic root [81]. PM0.1 exposure
also leads to mitochondrial damage and apoptosis in macrophages, effects that are primarily
linked to oxidative stress and inflammation rather than direct lipid level alterations [82].

Coarser particles (PM10), although less able to enter the circulation, induce sys-
temic inflammation through pulmonary cytokine release, indirectly disturbing lipid
metabolism [83]. Exposure to PM, particularly fine and ultrafine fractions, promotes
lipid accumulation, mitochondrial damage in foam cell macrophages, and apoptosis within
atherosclerotic plaques. These effects appear to be more closely associated with systemic
oxidative stress and inflammation rather than isolated changes in plasma lipid profiles [50].
In vivo studies have shown that exposure of ApoE−/− or LDLR−/− mice to ambient
PM2.5 enhances 7-KCh accumulation [30]. PM2.5-induced oxidative stress further increases
mitochondrial damage in macrophages, promoting apoptosis [58]. The combined impact of
oxLDL accumulation, impaired cholesterol efflux, and mitochondrial damage drives the
formation of the thrombogenic necrotic core, contributing to plaque instability and acute
cardiovascular events.

Collectively, these observations highlight that PM10, PM2.5, and PM0.1 exert differen-
tial but overlapping effects on lipid metabolism and vascular pathology. A summarized
table of PM type, mechanistic pathways, and cardiovascular outcomes is presented below
(Table 1).

Table 2. Summary of particulate matter (PM) types, mechanistic effects on lipid metabolism, and
cardiovascular impact.

PM Type Mechanistic Effects on Lipid
Metabolism and Cells Cardiovascular Impact References

PM2.5 (Fine)

↑ LDL, triglycerides, ApoB;
↓ HDL, ApoA-I; ↑ oxLDL;

↑ 7-ketocholesterol; ↑ ROS, NOX
activation; mitochondrial

dysfunction; impaired cholesterol
efflux; pro-inflammatory HDL

Endothelial dysfunction, foam
cell formation, plaque

progression, necrotic core
formation, impaired reverse

cholesterol transport

[75,84,85]

PM0.1 (Ultrafine)

↑ plasma cholesterol; plaque
growth; mitochondrial damage in
macrophages; apoptosis; impaired
HDL anti-inflammatory function

Plaque instability, enhanced
necrotic core, increased

thrombogenicity
[52,64,82,86]

PM10 (Coarse)

Pulmonary inflammation
potentially causing systemic

cytokine release; indirect
dyslipidaemia; enhanced lipid

deposition in plaques

Progression of fatty streaks to
complex plaques with fibrosis [65,87,88]

Diesel Exhaust
Particles (DEPs)

Direct ROS generation via
redox-active compounds (PAHs,

quinones, metals); ↑ oxLDL;
endothelial activation;

inflammatory gene expression
(e.g., via ox-PAPC)

Oxidative stress, vascular
inflammation, accelerated

atherogenesis
[89–92]

↑ denotes increase, ↓ denotes decrease in expression.
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3.2. Heavy Metals

Exposure to heavy metals, such as lead, cadmium, and mercury, has been associated
with an increased risk of atherosclerosis and cardiovascular disease (Table 3). Lead exposure
has been linked to the inactivation of paraoxonase activity, leading to reduced antioxidant
effects of HDL [93] and an increase in pro-atherogenic ROS. Epidemiological studies have
linked higher urinary levels of lead and cadmium with increased LDL cholesterol and
carotid intima–media thickness (CIMT), indicating a direct association with subclinical
arteriosclerosis [94]. Higher levels of lead and cadmium were also associated with increased
triglycerides and decreased HDL levels [95]. The presence of heavy metals in the blood,
including cadmium, copper, mercury, lead, manganese, molybdenum, nickel, selenium,
and zinc, should be considered with caution, as essential elements such as selenium
(Se) and zinc (Zn) have been reported in several studies to exert beneficial effects on
lipid metabolism. For instance, adequate Se and Zn intake has been associated with
decreased triglycerides, increased HDL, and improved ApoA1 levels, which may counteract
atherosclerotic risk [96,97]. Thus, unlike toxic heavy metals such as cadmium, lead, and
mercury, Se and Zn can contribute to the amelioration of lipid profiles when present at
physiological levels. Serum cadmium levels are positively linked to increased levels of
carotid artery atherosclerosis [98]. In Korea, blood cadmium, lead and mercury levels
are associated with atherosclerotic cardiovascular disease risk [99]. Mercury worsens
hypercholesterolemia and alters the immune cell profile in LDL receptor (LDLR) knockout
mice [100]. However, exposing ApoE−/− mice to a combination of arsenic and cadmium is
not significantly pro-atherogenic compared to either metal alone [101].

Table 3. Overview of the effects of heavy metals on lipid metabolism and atherosclerosis.

Pollutant Category Mechanistic Effects on Lipids
and Cells

Cardiovascular/Atherosclerosis
Impact References

Lead (Pb)
Inactivates paraoxonase, ↓ HDL

antioxidant activity, ↑ ROS,
↑ LDL, ↑ triglycerides, ↑ ApoB

Endothelial dysfunction,
increased CIMT, foam cell

formation
[94,95,102–104]

Cadmium (Cd) ↑ ROS, ↑ LDL and triglycerides,
↓ HDL and ApoA-I

Accelerates carotid artery
atherosclerosis, plaque formation [94,105,106]

Mercury (Hg)
↑ ROS, worsens

hypercholesterolemia, alters
immune cell profile

Promotes lipid accumulation,
atherogenesis [100,107]

Arsenic (As) ↑ oxidative stress, endothelial
dysfunction

Endothelial dysfunction, modest
pro-atherogenic effects [108,109]

Other metals (Cu, Mn,
Mo, Ni)

↑ triglycerides, ↑ LDL, ↑ ApoB;
↓ HDL, ↓ ApoA-I

Dyslipidaemia, subclinical
atherosclerosis [110,111]

Essential trace elements
(Se and Zn)

↓ triglycerides, ↓ LDL and ApoB;
↑ HDL, ↑ ApoA-I (at
physiological levels)

Improved lipid profile, potential
protective effect against

atherosclerosis
[112–114]

↑ denotes increase, ↓ denotes decrease in expression.

Studies in this area are very much in their infancy but, as discussed, further investiga-
tion is required to understand the impact of heavy metals on lipid profiles, and therefore
atherosclerotic risk particularly, as many of these heavy metals can be found on particles
such as indoor dust, which is of increasing concern to health.
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3.3. Endocrine Disrupting Chemicals

Endocrine Disrupting Chemicals (EDCs) were first defined by the Environmental Pro-
tection Agency, USA in the 1990s as “an exogenous agent that interferes with the synthesis,
secretion, transport, binding, action, or elimination of natural hormones in the body that
are responsible for the maintenance of homeostasis, reproduction, development, and/or
behavior.” Common sources of EDCs include plastic packaging, electronics, pesticides and
personal care products [115]. There is a large growing body of evidence that shows a link
between EDCs and increased CVD risk, with several signalling mechanisms having been
proposed to decipher this. Nuclear receptor activation, particularly the pregnane X receptor
(PXR), PPAR-α and PPAR-γ are known to be activated by EDCs and have various effects on
gene expression and the epigenome, affecting lipid metabolism, inflammation and vascular
homeostasis [116,117].

Bisphenol A (BPA), commonly used in the production of synthetic polymers, is one
of the most common EDCs to be detected in humans due to its widespread use. BPA
was shown to increase the atherosclerotic lesion area in the aortic root of humanised PXR
ApoE-deficient (huPXR·ApoE−/−) mice with corresponding increased foam cell formation
and CD36 expression on macrophages [118]. Further mechanistic studies showed that
perinatal exposure to BPA significantly increased levels of H3K4me3 (activation mark),
whilst levels of H3K27me3 (repression mark) decreased in the CD36 promoter, highlighting
the PXR-dependent epigenetic regulation of CD36 expression [118].

Phthalates are a series of chemicals used in the plastic manufacturing process
and solvents in consumer products such as cosmetics and toiletries. Several mecha-
nisms have been proposed to highlight the development of atherosclerosis by phthalates.
Di(2-ethylhexyl) phthalate (DEHP) is one of the most common phthalates found. One study
found that ApoE−/− mice treated with DEHP for 4 weeks showed increased atherosclerotic
lesion size, macrophage infiltration and a larger lipid core in the aortic root. Serum total
cholesterol, non-HDL-c, HDL-c and triglycerides were also elevated. Additionally, DEHP
was shown to promote malondialdehyde (MDA) oxidation of LDL [119]. Another study
found DEHP promotes atherosclerosis by increasing ox-LDL uptake, leading to foam cell
formation. Growth-Arrest Specific transcript 5 (GAS5), a long non-coding RNA (lncRNA),
has its main functions involved in the regulation of gene expression, apoptosis and cell
proliferation. Silencing of GAS5 was shown to reduce the effect of DEHP-promoted ox-LDL
uptake and foam cell formation [120].

Mono-(2-ethylhexyl) Phthalate (MEHP), a bioactive metabolite of DEHP, was found
to decrease the expression of SR-B1, a critical pathway for cholesterol efflux and foam
cell formation; however, ABCA1 and ABCG1 remained unchanged. Additionally, MEHP
decreased mRNA M6A methylation modification of SR-B1 and found that knockdown of
Methyltransferase-like 14 (METTL14), a key component of the m6a methylated transferase
complex, reduced SR-B1 gene expression, affecting cholesterol efflux capacity [121].

To date, there are limited proposed mechanisms to show the effects of EDCs in
atherosclerosis. Only the most common EDCs have been tested. Further study is needed to
determine whether the interplay of other mechanisms and pathways leads to atherosclero-
sis. There are also many other chemicals in the environment from human activity that still
have not been identified or classified that need further investigation.

3.4. Mitigation Strategies for Pollution-Induced Atherosclerosis

Traditional pharmaceutical interventions for the prevention and treatment of cardio-
vascular disease include statins, PCSK-9 inhibitors and Ezetimibe to reduce LDL-C and
ACE inhibitors to reduce blood pressure; however, in this section of the review, we will
explore alternative approaches.
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In a government and community context, more strategies, legislation and mandates
should be introduced to ensure the reduction of pollutants in the environment. For example,
in the UK, the Clean Air Strategy 2019 is a government plan aimed at improving air quality
for human and environmental health by aiming to reduce pollution sourced from homes,
transport, farming and industry through higher standards, cleaner technology and changes
in law. It has been shown that since 2016, NO2 has fell by an average of approximately
35% and PM2.5 fell by 30% from 500 monitoring sites, indicating these strategies do have an
effect; however, it is important to note that breaching of targets still regularly occurs [122].

Planting of trees has long been a strategy globally to reduce air pollution. Trees
intercept and trap PM, where they eventually wash off by the rain, end up in the soil and
are metabolized into less harmful substances by microbes. They can also absorb gaseous
pollutants such as CO2, NOx, SO2 and O3 via leaf stomata, where they are metabolized into
harmless by-products from the plant itself. Continuous planting of trees in a well-planned
and effective manner should be encouraged, especially in high pollution areas [123]. In
terms of indoor air pollution, HEPA filters and/or indoor plants should be used, as well as
ensuring indoor spaces are well-ventilated to prevent the buildup of pollutants [124,125].

Nutritional intervention in the reduction and/or prevention of atherosclerosis has
been extensively explored in the past. A randomized, double-blinded placebo-controlled
trial involving 65 healthy college students in Shanghai, China showed the intervention
group that received omega-3 fatty acid supplementation in the form of fish oil had beneficial
effects when looking at biomarkers (particularly in relation to inflammation) implicated in
CVD [126]. Pomegranate juice, a major source of polyphenols (punicalagin being the main
one) was shown to reduce the pro-atherogenic effects of acrolein, an aldehyde by-product
from the burning of organic materials in ApoE−/− mice. Additionally, acrolein induced a
change in the gut microbiota composition, where certain types were found to positively
correlate with atherosclerosis [127]. A prospective cohort study in the USA showed there
was an association between fine particulate matter and NO2 exposure with cardiovascular
disease. However, these associations were modified when Mediterranean diet index scores
were incorporated into the models, where a higher score had significantly lower rates of
cardiovascular disease mortality as a result of air pollution exposure [128].

4. Conclusions
Environmental pollutants, such as gases, particulate matter and heavy metals, signifi-

cantly contribute to atherosclerosis by promoting LDL oxidation, endothelial dysfunction,
and inflammation. However, studies in this field are lacking considerably, and significant
effort is required to understand exactly how harmful pollutants affect lipid metabolism,
how closely this is related to obesity, and the molecular and cellular mechanisms by
which this may impact the development of atherosclerosis and the subsequent risk of
cardiovascular disease.

This review is limited by the lack of mechanistic studies connecting the effects of pol-
lution on lipids with the subsequent inflammatory mechanisms that can worsen atheroscle-
rotic disease. Interactions between essential and toxic metals, as well as other environmental
factors, are not fully understood. Additionally, epidemiological studies may be confounded
by diet, lifestyle, and co-exposure to multiple pollutants. Future research which explores
cellular mechanisms in further detail, uses more clinically relevant models to translate
findings to human disease, and includes human exposure studies are needed to clarify
causal relationships.
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ApoE−/− apolipoprotein E knockout
CIMT carotid intima–media thickness
CO carbon monoxide
DEPs diesel exhaust particles
HDL High-density lipoprotein
LDL Low-density lipoprotein
LDLR−/− Low-density lipoprotein receptor knockout
NO2 nitrogen dioxide
O3 ozone
oxLDL oxidised low-density lipoprotein
PM particulate matter
PM10 particulate matter with a diameter of less than 10 micrometres
PM2.5 particulate matter with a diameter of less than 2.5 micrometres (“fine PM”)

PM0.1
particulate matter with a diameter of less than 0.1 micrometres (“ultrafine PM” or
“nanoparticles”)

ROS reactive oxygen species
SO2 sulphur dioxide
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