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Abstract

Atherosclerosis is one of the most common types of cardiovascular disease and is driven by lipid accumulation

and chronic inflammation in the arteries, which leads to stenosis and thrombosis. Researchers have been working

to design multifunctional nanomedicines with the ability to target, diagnose, and treat atherosclerosis, but recent
studies have also identified that nanomaterials can cause atherosclerosis. Therefore, this review aims to outline the
molecular mechanisms and physicochemical properties of nanomaterials that promote atherosclerosis. By analyzing
the toxicological effects of nanomaterials on cells involved in the pathogenesis of atherosclerosis such as vascular
endothelial cells, vascular smooth muscle cells and immune cells, we aim to provide new perspectives for the preven-
tion and treatment of atherosclerosis, and raise awareness of nanotoxicology to advance the clinical translation and
sustainable development of nanomaterials.
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Introduction

Cardiovascular diseases (CVDs) are the leading cause
of death worldwide. In 2019, 17.9 million people died
from CVDs, accounting for 32% of all deaths worldwide
[1]. The most common and important pathological fea-
ture of cardiovascular disease is atherosclerosis (AS), a
condition in which lipid accumulation and inflammation
occur in large and medium-sized arteries, causing plaque
formation. Atherosclerotic plaques occur in the subinti-
mal space of blood vessels and are mainly composed of
vascular endothelial cells, vascular smooth muscle cells,
and immune cells such as macrophages. These cells cause
plaque formation through lipid uptake, inflammation,
and activation of immune system. Advanced plaques
undergo rupture or erosion, leading to thrombosis, which
blocks arteries and obstructs blood flow, eventually caus-
ing a series of life-threatening clinical manifestations,
such as acute myocardial infarction, heart failure, and
stroke [2]. Therefore, it is urgent to detect early abnormal
and vulnerable plaques and to improve the clinical out-
comes of AS. Nanomaterials (NMs) are materials at the
nanoscale (1-100 nm). According to their chemical com-
position, NMs can be classified as polymeric, inorganic
and lipid-based NMs. With the development of nano-
medicine and nanotechnology, an increasing number of
NMs have been applied in the delivery of antiatherogenic
drugs, stent functionalization, vascular graft fabrica-
tion and imaging contrast agents [3]. For example, poly
(lactic-co-glycolic acid) nanoparticles (PLGA NPs) lower

low-density lipoprotein (LDL) and suppress the destabili-
zation of plaques by delivering the clinical drug pitavasta-
tin (PT) [4]. Magnesium fluoride nanofilm-coated stents
reduce corrosion and improve stent efficacy [5]. A liposo-
mal MRI Gd contrast agent is used for early atherosclero-
sis detection [6]. NMs are highly controllable compared
to conventional diagnostic and therapeutic tools for AS
and have advantages such as targeting specific tissues or
cells by adjusting their physicochemical properties and
surface modifications.

However, it is significant to note that NMs have also
shown adverse effects on AS in recent studies. For exam-
ple, the accumulation of NMs was observed in human
atherosclerotic lesions [7] (Fig. 1). As exhibited in
Table 1, NMs such as polymeric NPs, silica NPs (SiNPs),
titanium dioxide NPs (TiO, NPs) and carbon nanotubes
(CNTs) have been proved to cause dyslipidemia, foam
cell formation, and expansion of atherosclerotic plaques
in vivo. When performing in vivo trials of NMs to induce
AS, common routes of medication administration
include nasal administration, nebulization, intranasal
instillation, pharyngeal aspiration, intratracheal instilla-
tion, inhalation, intragastric administration, and intrave-
nous injection (Table 1). Each of these routes has its own
characteristics. For example, nasal delivery of NMs enters
body circulation directly from nasal venous blood with-
out the first-pass effect in the gastrointestinal tract and
liver [8]. Delivery of NMs by pharyngeal aspiration is less
efficient than intratracheal instillation, given that there is
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Fig. 1 CD68 (a and b), Perl's (c and d), and CD68/Perl’s (e) double staining of the endarterectomy specimen of a patient who received USPIOs. The
red coloring (a and b) and brown coloring (e) are indicative of macrophages, and the blue coloring (¢, d, and e) is indicative of the accumulation of
USPIOs. The double lumen is indicated with L, the surgical cut with C, and tears with T [7]. Copyright © 2003, Wolters Kluwer Health

also a certain percentage of NMs that do not enter the = NMs in both lungs [9]. The first-pass effects in the gas-
airways after pharyngeal aspiration [9]. However, phar-  trointestinal tract and liver are unavoidable for NMs via
yngeal aspiration allows for a uniform distribution of intragastric administration. The highest bioavailability of
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Table 1 Nanomaterials cause or aggravate atherosclerosis in vivo
Nanomaterial Size Animal model Route, dose and time Effects on atherosclerosis References
TiO, NPs 5-6 nm CD-1 mice Nasal administration, Serum TG, TC, and LDL-C 1, HDL-C |; [172]
1.25,2.5,and 5 mg/kg, serum AGEs, ROS, Nox4, CRP, ET-1, TF,
every day for 36 weeks ICAM-1,VCAM-1, MCP-1, PAI-1, and
t-PA 1;
fibrous cap formation;
foamy cell and inflammatory cell
infiltration
12/21.6/288 nm ApoE™~ mice Intratracheal instillation, Atherosclerotic lesion area 1 [173]
0.5 mg/kg,
once a week for 4 weeks
5-10 nm ApoE™~ mice Intratracheal instillation, Serum TC 1 and HDL-C |; [174]
10 pg, 50 ug and 100 pg/mouse/week, atherosclerotic lesion area 1;
twice a week for 6 weeks endothelial dysfunction: NO and
eNOS |
Zn0O NPs 30 nm Wistar rats Intratracheal instillation, Serum TC, and LDLT, HDL-C |; [175]
1.25,2.5,and 5.0 mg/kg, serum HO-1 and PECAM-1 1,
once a week for 12 weeks atherosclerotic lesion area 1;
EC damage, VSMC proliferation and
migration
17 nm Wistar rats Intragastric administration, Serum TC 1; [176]
10 mg/kg, lipid deposits and fatty streaks in
every day for 12 weeks aorta;
blood pressure 1
SiNPs 599 nm ApoE’/’ mice Intratracheal instillation, Serum TG, LDL-C and HDL-C |; 71
1.5,3.0, and 6.0 mg/kg, atherosclerotic lesion area 1;
once a week for 12 weeks macrophage infiltration and ER stress
in plaque
5-35nm ApoE™~ mice Nebulization, Necrotic core area in the lesions 1; [177]
0.6 mg/mL, M1-like macrophages
5 h/day, 5 days/week for 16 weeks (INOS+F4/80+) 1
~15nm ApoE —/—mice Intranasal instillation, Atherosclerotic lesion area 1; [178]
10 mg/kg, plaque lipidation and lipid storage of
every other day for 3 months aortic wall;
inflammatory cells infiltration
In,05 NPs 358+ 1.1 nm LdIr~~ mice Pharyngeal aspiration, Serum TC, and LDL1T; [179]
30 and 120 mg/mouse, the expression of IL-6 and MCP-1 1;
10 weeks after a single aspiration atherosclerotic lesion area 1;
the accumulation of macrophages 1
Ni(OH), NPs 5nm ApoE’/’ mice Inhalation, The expression of Ccl-2, Vcam-1 and [180]
100 pg Ni/m?, Cdes 1;
5h/day, 5 days/week for 1 week or atherosclerotic lesion area 1
20 weeks
Se NPs 23.1/40.4/86.8 nm /-\poE’/’ mice Intragastric administration, Serum TG, TC, and LDL-C 1, HDL-C |; [181]
50 ug/kg, serum MDA 1 and SOD, GPx |;
every day for 24 weeks atherosclerotic lesion area 1;
foam cells, lipids, and proliferated and
randomly arranged VSMCs;
Polymeric NPs = 92.69+3.1 nm ApoE™~ mice Intravenous injection, extensive plaque formation and [82]
10 mg/kg, severe stenosis;
once every 2 days for 4 weeks and the expression of TNF-a and IL-6 1;
12 weeks
SWCNTs 2nm ApoE™~ mice Pharyngeal aspiration, Atherosclerotic lesion area 1 [182]
10 pg/mouse,
once every other week for 10 weeks
1-4 nm ApoE~~ mice Pharyngeal aspiration, Atherosclerotic lesion area 1 [183]
20 pg/mouse
Once every other week for 8 weeks
MWCNTs 3.5nm ApoE™~ mice Pharyngeal aspiration, Atherosclerotic lesion area 1 [182]

40 pg/mouse,
once every other week for 10 weeks
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Table 1 (continued)
Nanomaterial Size Animal model Route, dose and time Effects on atherosclerosis References
30 nm ApoE‘/‘ mice Intratracheal instillation, Atherosclerotic lesion area 1 [184]
25.6 pg/mouse,
once a week for 5 weeks
30 nm Sprague Dawley rat  Intravenous injection, Atherosclerotic lesion area 1; [185]

50, 100 and 200 pg/kg,
twice per week for 12 weeks

lipid deposition in the aortic intima;
aortic calcification;

endothelial cell damage and
autophagy inhibition

TG, triglycerides; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; AGEs, advanced glycation end products;
Nox4, NAD(P)Hoxidases4; CRP, c-reaction protein; ET-1, endothelin-1; TF, tissue factor; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion
molecule-1; PAI-1, plasminogen activator inhibitor-1; t-PA, tissue plasminogen activator; ZnO, zinc oxide; HO-1, heme oxygenase-1; PECAM-1, platelet endothelial

cell adhesion molecule-1; In,0;, indium oxide; Ni(OH),, nickel hydroxide; Ccl-2, chemokine (C-C motif) ligand 2; Se, selenium; MDA, malonaldehyde; SOD, superoxide
dismutase; GPx, glutathione peroxidases; SWCNTs, single-walled carbon nanotubes; MWCNTs, multi-walled carbon nanotubes

NMs is observed via intravenous injection. Furthermore,
it can be found that not only NMs that enter directly into
the circulation, but also NMs via local injection induce
AS. Notably, in addition to the aforementioned routes,
whether other medication routes of NMs, such as dermal
contact, intramuscular injection, and subcutaneous injec-
tion, can also induce AS remains to be further explored.
All these studies hint that the clinical translation of NMs
would be limited if we ignored the toxicological effects of
NMs on AS. Although NMs have been studied to cause
or exacerbate AS, this regard has not been adequately
reviewed. To apply NMs more safely and effectively, we
focus on the adverse effects of NMs on AS, utilizing the
cellular components in atherosclerotic plaques as an
entry point to elucidate the molecular mechanisms by
which NMs can or may promote AS and the effects of
physicochemical factors of NMs on AS-associated cells.

Vascular cell pathways

Endothelial cell pathway

AS is an inflammatory disease with disturbed endothelial
homeostasis. Endothelial cell (EC) dysfunction is the ini-
tiating event in AS [10]. NMs that enter the circulation
lead to endothelial dysfunction through endothelial leak-
age and proinflammatory activation.

Endothelial leakage

The integrity of endothelial layer is regulated by dif-
ferent types of cell-cell junctions. Once the junctional
complex is disrupted by NMs, the gap created between
two adjacent cells leads to a leakage, which is known as
NM-induced endothelial leakage [11]. Endothelial leak-
age, which is a precursor of atherosclerotic lesions, fur-
ther leads to the extravasation of macromolecules such
as lipoproteins and leukocytes into the interstitial tissue,
causing subendothelial lipid accumulation and inflamma-
tory responses [10].

As shown in Fig. 2, NMs cause endothelial leakage by
disrupting tight junctions (TJs) and adherens junctions
(AJs). The membrane proteins claudin and occludin and
the scaffolding protein zonula occludens-1 (ZO-1) are
the main proteins constituting TJs [12]. NMs significantly
reduce the expression of claudin-5 by activating vascular
endothelial growth factor receptor 2 (VEGFR2), which
in turn perturbs the continuous distribution of claudin-5
in endothelial junctions, leading to endothelial leakage
[13]. Additionally, NMs promote the internalization of
occludin and the degradation of ZO-1 by inhibiting pro-
tein kinase C (PKC)({-mediated threonine phosphoryla-
tion, which hinders the interaction between occludin and
Z0O-1, leading to endothelial leakage [14]. Interestingly,
membrane cholesterol also plays an important role in the
structure and function of TJs. A reduction in cholesterol
mediates the internalization of claudins and eliminates
the formation of TJs [15]. NMs have been shown to regu-
late the level of membrane cholesterol [16]. However,
whether NMs can cause endothelial leakage by decreas-
ing the level of membrane cholesterol has not yet been
reported.

In addition, vascular endothelial (VE)-cadherin is a
major transmembrane component of AJs that binds as a
cis-dimer at the cell surface and forms homophilic inter-
actions between neighboring cells via extracellular struc-
tural domains. Studies have examined that NMs directly
migrate to the extracellular structural domain of VE-
cadherin, disrupting the homophilic interaction of VE-
cadherin [11]. Moreover, NMs activate the protein kinase
B (Akt)/endothelial-type nitric oxide synthase (eNOS)
signaling pathway by binding to VEGER [17], causing the
phosphorylation, internalization and degradation of VE-
cadherin [18]. Both of these mechanisms lead to endothe-
lial leakage. Moreover, cytoskeletal rearrangement is also
one of the mechanisms by which NMs cause endothe-
lial leakage. For example, NMs induce actin cytoskeletal
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Fig. 2 Schematic of the main mechanisms of NM-induced endothelial leakage. NMs cause endothelial leakage by disrupting VE-cadherin, claudins
and occludin and inducing actin rearrangements, leading to subsequent exudation of LDL and leukocytes

rearrangement and subsequent AJ] depolymerization,
leading to endothelial leakage through the reactive oxy-
gen species (ROS)/extracellular signal-regulated kinase
(ERK)/Rho-associated kinase (ROCK) signaling path-
way [11, 18] and Ca**/myosin light chain kinase (MLCK)
signaling pathway [19]. Notably, NMs may also mediate
cytoskeletal rearrangement through the junction matrix
instead of intracellular signaling, triggering endothelial
leakage. NMs have been reported to induce disassembly
of the junction matrix [20], which is strongly connected
to the cytoskeleton. However, this possibility still needs
further experimental confirmation in ECs.

Proinflammatory activation
Aside from endothelial leakage, NMs induce an inflam-
matory response in ECs, i.e., proinflammatory activation.
This inflammation is characterized by EC expression and
secretion of various inflammatory mediators, such as
tumor necrosis factor-a (TNF-a), interleukin (IL)-6, IL-8,
monocyte chemotactic protein-1 (MCP-1), intercellular
adhesion molecule-1 (ICAM-1), and vascular cell adhe-
sion molecule 1 (VCAM-1). These substances attract
macrophages and neutrophils, which attach to activated
endothelial cells and penetrate the arterial wall, aggravat-
ing inflammation and promoting the progression of AS
[10].

The present research has explored that NMs lead to
proinflammatory activation in ECs through oxidative
stress. Specifically, NMs induce oxidative stress in ECs

through three pathways. First, NMs upregulate inducible
nitric oxide synthase (iNOS) and downregulate eNOS
expression in ECs, resulting in high levels of NO produc-
tion [21]. Second, NMs increase the production of oxi-
dative stress products in ECs such as superoxide anion
radicals (-O?"), hydrogen peroxide (H,0,) and hydroxyl
radicals (OH-) through the peroxisome proliferator-acti-
vated receptor-y coactivator (PGC)-la/nuclear respira-
tory factor 1 (NRF1)/mitochondrial transcription factor
A (TFAM) signaling pathway, which is associated with
mitochondrial dysfunction [22]. Finally, NMs activate the
mitogen-activated protein kinase (MAPK)/nuclear fac-
tor erythroid 2-related factor 2 (Nrf2) signaling pathway,
leading to oxidative stress in EC [21].

Furthermore, NMs induce proinflammatory activa-
tion in ECs through NOD-like receptor thermal protein
domain associated protein 3 (NLRP3) inflammasomes
and autophagy. For example, NMs activate the high-
mobility group protein B1 (HMGB1) /toll-like receptor
4 (TLR4)/myeloid differentiation primary response 88
(MyD88) signaling pathway by triggering NLRP3 inflam-
masomes, leading to proinflammatory activation of ECs
[23]. NMs promote C-reactive protein (CRP) and IL-1p
production by enhancing autophagic activity and block-
ing autophagic flux, leading to proinflammatory acti-
vation of ECs [24]. Intriguingly, there may also be an
association between these two pathways, as NLRP3
inflammasomes can enhance autophagy [25]. Therefore,
this interaction between NLRP3 inflammasomes and
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autophagy could also be a potential mechanism by which
NMs mediate proinflammatory activation of ECs.

Smooth muscle cell pathway

After impairing endothelial integrity, NMs cross the
damaged vascular endothelium and reach the suben-
dothelial space, where they encounter vascular smooth
muscle cells (VSMCs), leading to VSMC phenotypic
switching, proliferation and migration, which are impor-
tant pathological processes in AS and affect plaque for-
mation, development and stability.

Phenotypic switching
As observed in Fig. 3, NMs promote VSMCs to undergo
phenotypic switching from contractile VSMCs to foam

cells, macrophage-like VSMCs and osteoblast-like
VSMCs.
Foam cells More than 50% of foam cells in atheroscle-

rotic plaques are derived from VSMCs [26]. Current
studies have suggested that NMs lead to VSMC-derived
foam cell formation via ROS [27]. On the one hand, NM-
induced ROS can increase the expression of scavenger
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receptor A (SR-A) by activating transcription factor acti-
vating protein-1 (AP-1) or CCAAT/enhancer binding
protein beta (C/EBPP), thus promoting LDL uptake by
VSMCs [28]. On the other hand, NM-induced ROS can
reduce cholesterol efflux by inhibiting transcription of
the cholesterol efflux transporter ATP binding cassette
subfamily G member 1 (ABCG1) [29]. Both of these pro-
cesses are essential in lipid accumulation and the forma-
tion of VSMC-derived foam cells. VSMC-derived foam
cells are subsequently deposited in the subintimal space
of arteries, contributing to lipid streak lesions and plaque
formation. Moreover, NMs promote VSMC-derived foam
cell formation by lipogenesis through sterol regulatory
element-binding proteins (SREBPs) [27]. However, the
molecular mechanism of SREBPs activation by NMs is
still unclear. It may be related to endoplasmic reticulum
stress because SREBPs are located on the endoplasmic
reticulum membrane and can be activated by endoplas-
mic reticulum stress [30], and endoplasmic reticulum
stress is one of the common cellular effects of NMs [31].

Macrophage-like  VSMCs Macrophage-like VSMCs
have decreased abilities to remove lipids, dead cells, and
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necrotic debris, exacerbating inflammation and leading
to AS [32]. Studies have found that NMs induce VSMCs
to transform to a macrophage-like phenotype through
transcription factors. For example, NMs promote mac-
rophage-like VSMC formation by inhibiting the tran-
scription factor myocardin (MYOCD) through the atypi-
cal NF-«xB family member NF«B2 [33, 34]. Besides, NMs
induce VSMC conversion to a macrophage-like phenotype
via the transcription factor Kruppel-like factor 4 (KLF4).
This process can be associated with cholesterol loading.
NM-induced cholesterol loading [33] may increase KLF4
expression by activating endoplasmic reticulum unfolded
protein responses [35]. Finally, serum response factor
(SREF) is also a crucial transcription factor that regulates
macrophage-like VSMCs [36]. However, there is a lack of
evidence of the effect of NMs on SRF. Whether NMs can
promote the formation of macrophage-like VSMCs and
the progression of AS by inhibiting SRF requires further
examination.

Osteoblast-like VSMCs Osteoblast-like VSMCs are
involved in the calcification of atherosclerotic plaques
[37]. Researchers found that NMs such as hydroxyapatite
NPs induced VSMC transformation into an osteoblast-
like phenotype. For example, NMs activate the osteogenic
transcription factor runt-related factor 2 (Runx2) via the
c-Jun N-terminal kinase (JNK)/c-JUN signaling pathway,
which induces VSMCs to express the osteogenic markers
osteopontin (OPN) and alkaline phosphatase (ALP) [38].
Additionally, NMs promote the formation of osteoblast-
like VSMCs via the Runx2 downstream transcription
factor Osterix [39]. Interestingly, NMs may promote the
transformation of VSMCs to an osteoblast-like phenotype
by the transcription factor KLF4 [33], which acts indepen-
dently of Runx2 and upregulates the transcriptional activ-
ity of the osteogenic gene OPN [40]. Therefore, exploring
whether the promoter regions of other osteogenic-related
transcription factors, such as bone morphogenetic pro-
teins, Msx2 and Osterix, contain binding sites for KLF4
could be the next step for research. In addition, trans-
forming growth factor (TGF)-p is vital to osteoblast-like
VSMC formation [41]. NMs have been reported to acti-
vate the TGF-p signaling pathway [42]. Therefore, it can
be inferred that NMs may induce the formation of oste-
oblast-like VSMCs through the TGE-f} signaling pathway,
but there is still a lack of relevant research.

Proliferation and migration

In addition to phenotypic switching, NMs promote
VSMC proliferation and migration. VSMC proliferation
causes diffuse intimal thickening in vessels, leading to
plaque growth and vascular occlusion [43]. The extracel-
lular matrix (ECM), which surrounds VSMCs, activates
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integrins, leading to VSMC proliferation [44]. On the
one hand, NMs can contain the same fibrous structure
as the ECM and exhibit similar topography to the ECM,
such as pores, grooves and ridges, to mimic ECM bind-
ing to integrins, promoting VSMC proliferation [45]. On
the other hand, NMs can directly activate or increase the
expression of integrin proteins [46, 47] and later activate
the downstream focal adhesion kinase (FAK)/steroid
receptor coactivator (Src) and Ras/PI3K/MAPK signaling
pathways, ultimately leading to VSMC proliferation [48,
49]. Moreover, NMs facilitate VSMC proliferation via cal-
cium (Ca*") entry, which acts as a second messenger to
maintain the cell cycle by activating intracellular prolif-
eration-related kinases and phosphatases [50]. This Ca*"
influx can be the result of NM-induced mechanical stress
by impinging on the cell membrane, which activates tran-
sient receptor potential vanilloid (TRPV) cation channels
[51], or NM-mediated stimulation of voltage-gated cal-
cium channels through membrane potential modification
[50] or ion shedding mechanisms [52]. Finally, growth
factors may also be involved in NM-induced VSMC pro-
liferation. NMs can stimulate ECs to secrete fibroblast
growth factor (FGF) and macrophages to secrete plate-
let-derived growth factor (PDGF) and TGF-p [53, 54].
These growth factors later regulate cyclins such as Cyclin
D1 and CDK4 to promote VSMC proliferation [55-57].
However, this paracrine mechanism still needs to be
further validated in NM-exposed coculture systems or
in vivo.

The migration of VSMCs from the intermediate to
the intimal layer is also a critical event in AS [43]. NMs
adsorbing ECM components, such as fibronectin (FN)
and OPN [58, 59] can activate the TLR4/Aktl/mamma-
lian target of rapamycin (mTOR) signaling pathway and
integrin/MAPK/cAMP-response element binding pro-
tein (CREB) signaling pathway, leading to VSMC migra-
tion [60, 61]. Additionally, NMs stimulate the production
of matrix metalloproteinases (MMPs) [62], which remove
the basement membrane around VSMCs and facilitate
VSMC contact with the interstitial matrix [43]. Moreo-
ver, NMs promote VSMC migration through microtu-
bule and actin rearrangement. For example, NMs such
as multilayered 3D nanostructures induce polarization
of intracellular microtubule organizing centers by mim-
icking nanoscale topographies such as grooves, ridges,
and pores in the extracellular environment [63], which
leads to the alignment of microtubule networks with cell
migration axes, the protrusion of plasma membranes,
and the assembly/disassembly of adhesion foci, thus
promoting VSMC migration [64]. NMs such as zeolitic
imidazolate framework-8 NPs lead to actin polymeri-
zation by releasing Zn>* to bind to G-actin, inducing
VSMC lamellar pseudopod formation and promoting
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cell migration [65]. Significantly, intermediate filaments,
which are components of the cytoskeleton, also induce
VSMC migration by regulating focal adhesion dynam-
ics, cell contraction and nuclear stiffness [56]. NMs
have been explored to regulate intermediate filament
rearrangement [66]. However, whether this regulatory
mechanism can promote VSMC migration and subse-
quently lead to AS remains obscure and requires further
confirmation.

Immune cell pathways

Aside from vascular cells, various immune cells are
recruited and mobilized to atherosclerotic plaques. The
mechanisms by which NMs promote AS through the
innate immune cell pathway (neutrophils, macrophages,
and mast cells) and the adaptive immune cell pathway
(dendritic cells and T lymphocytes) will be discussed
below.

Innate immune cell pathways

Neutrophil pathway

There is a positive correlation between neutrophil counts
in peripheral blood and atherosclerotic lesion size [67].
Neutrophils cause or exacerbate AS through respiratory
bursts, neutrophil extracellular trap (NET) formation
and degranulation, which leads to the release of granule
proteins such as myeloperoxidase (MPO), MMPs and
neutrophil elastase (NE) and oxidants such as ROS and
NADPH oxidase [68]. NMs are also closely related to
neutrophils and thus have proatherogenic potential.

NMs may promote AS by respiratory burst and the
formation of NETs. Respiratory burst is a process in
which neutrophils rapidly consume oxygen and release
-0?7, H,0, and OH-, leading to ROS production [69].
NMs cause a respiratory burst by damaging the mem-
brane integrity of neutrophils and triggering the influx of
Ca?*, which successively activates the PKC/p38 MAPK/
JNK signaling pathway, leading to the reorganization
and activation of NADPH oxidase components [70].
The products of the respiratory burst subsequently oxi-
dize LDL, which induces the formation of foam cells in
plaques. In addition, NETs are reticular fibrous structures
with a backbone of deconcentrated nuclear chromatin
(mainly DNA and positively charged histones) deco-
rated with neutrophil-derived nuclear, cytoplasmic and
granule protein components [68]. Studies have demon-
strated that NMs stimulate NET formation by generating
ROS through NADPH oxidase-dependent and NADPH
oxidase-independent pathways. For one thing, NMs can
coordinate with LPS to activate NADPH oxidase and
generate ROS through the SRA/p38 MAPK/ERK sign-
aling pathway [71]. For another, NMs can induce ROS
production independently of NADPH oxidase directly
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through lysosomal membrane leakage [72] and through
mitochondrial membrane proteins, such as reactive
oxygen species modulator 1 (ROMO1) [71]. ROS sub-
sequently activate NE and peptidyl arginine deiminase
4 (PAD4), which causes histone citrullination and chro-
matin deconcentration, mediating the formation of NETs
[68]. In addition to ROS, NMs can induce autophagy
through the PI3K/mTOR signaling pathway, leading to
the formation of NETs [73]. NETs later regulate intra-
plaque protein hydrolysis, fibrous cap thinning, platelet
activation and aggregation, thus promoting plaque insta-
bility and thrombus formation [68]. Notably, the varieties
of NETs are diverse, with suicidal, vital, and mitochon-
drial types. Therefore, we can infer that NMs may induce
the formation of different categories of NETs, but little
research has been done in this aspect. Further experi-
ments are needed to determine whether there is suffi-
cient evidence to prove this hypothesis.

NMs may also promote AS by activating neutrophil
degranulation. A study has indicated that NMs cause
plasma membrane depolarization and intracellular
sodium and calcium overload by releasing metal cations,
which stimulate the release of mitochondrial contents
and activate the phosphorylation of p38 MAPK, lead-
ing to neutrophil degranulation and the production of
MPO, MMP, and NE [74]. These granule proteins have
proinflammatory properties and support LDL oxida-
tion, subsequently promoting AS. In particular, MPO
released from neutrophils can also degrade NMs. This
degradation may have a "secondary effect” on AS, but it
depends on the degradation degree of NMs. For example,
the incomplete degradation products of SWCNTs, such
as oxidized aromatic hydrocarbons, cause inflamma-
tion and genotoxicity, whereas the complete degradation
products, CO2 and H20, do not cause cytotoxicity [75].
Therefore, further evaluation of the degradation prod-
ucts of NMs on AS is imperative in the future. In addi-
tion, NMs lead to neutrophil degranulation by inducing
actin polymerization [76]. Interestingly, myosin is
another decisive factor that regulates cell degranulation
[77]. NMs can stimulate myosin through myosin light
chain kinase (MLCK) [19]. Therefore, it can be inferred
that NMs may induce neutrophil degranulation via myo-
sin, but this mechanism needs further experimental
confirmation.

Macrophage pathway

Macrophages, which are major sources of inflammatory
factors in atherosclerotic plaques and the main immune
cells in the innate immune response, play a fundamen-
tal role in the progression of atherosclerosis. NMs can
promote AS by inducing the formation of macrophage-
derived foam cells and polarization.
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Foam cell formation Macrophage-derived foam cells
are significant constituents of atherosclerotic lesions
and are involved in the formation and expansion of lipid
cores, leading to plaque instability and rupture [78]. Mac-
rophages exposed to NMs can be converted into lipid-rich
foam cells. This process is mainly associated with LDL
uptake and cholesterol efflux through cholesteryl ester
hydrolysis and reverse cholesterol transport.

Studies have shown that NMs mediate LDL uptake and
induce macrophage-derived foam cell formation through
three pathways of endocytosis. First, NMs can enhance
the fluid-phase pinocytosis of macrophages by activat-
ing phosphatidylinositol 3-kinase (PI3K), which leads to
LDL uptake [79]. Second, NMs can upregulate lectin-like
ox-LDL receptor 1 (LOX-1) expression through NF-B
and increase CD36 expression through endoplasmic
reticulum stress [80, 81] (Fig. 4). These scavenger recep-
tors LOX-1 and CD36 take up LDL and induce foam cell
formation. Third, NMs such as PLGA NPs can boost the
phagocytosis of LDL by macrophages [82]. This mecha-
nism may be related to lipid synthesis since NMs can
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promote lipid synthesis [27] and lipids can reinforce
phagocytosis by maintaining the connection between the
cytoskeleton and the plasma membrane [83].

In addition, NMs induce macrophage-derived foam
cell formation by inhibiting cholesteryl ester hydrolysis.
For example, NMs such as SiO, NPs suppress cholesteryl
ester hydrolysis by reducing the expression of neutral
lipases such as adipose triglyceride lipase (ATGL) and
hormone-sensitive lipase (HSL), leading to cholesteryl
ester accumulation and foam cell formation in mac-
rophages [84]. Moreover, cholesteryl ester hydrolysis is
dependent on lysosomal acid lipase (LAL) in lysosomes
[85]. NMs can be delivered to lysosomes after being
endocytosed by macrophages, and this process impairs
lysosomal alkalization and lysosomal membrane perme-
ability [86]. Through this mechanism, NMs can decrease
LAL activity and expression in the lysosome, which sub-
sequently inhibits cholesteryl ester hydrolysis and leads
to the formation of foam cells.

Finally, reverse cholesterol transport is also involved in
the NM-induced formation of macrophage-derived foam
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cells. Reverse cholesterol transport is the process that
transports free cholesterol out of the cell and is primar-
ily regulated by ABC transporters, such as ABCG1 and
ATP binding cassette subfamily A member 1 (ABCAL).
Studies have indicated that NMs inhibit the expression
of ABCG1 and ABCA1 through two mechanisms. On
the one hand, NMs can reduce the expression of ABCA1
and ABCG1 through endoplasmic reticulum stress [81].
On the other hand, NMs such as graphene and graphene
oxide can interrupt the plasma membrane through their
sharp edges, changing the conformation of the trans-
membrane ABC transporter and downregulating its
activity [87]. These outcomes later suppress reverse
cholesterol transport, promoting the formation of mac-
rophage-derived foam cells. In addition, the transcription
factor liver X receptor (LXR) and the ubiquitin—protea-
some degradation pathway are also significant in regulat-
ing ABCG1 and ABCAL1 expression [88]. However, there
is a lack of studies on whether NMs can regulate LXR
expression and ABC transporter ubiquitination. Further-
more, NMs can inhibit reverse cholesterol transport and
promote macrophage-derived foam cell formation by
inducing acute phase response. For example, lung expo-
sure to NMs can increase the blood level of acute phase
protein serum amyloid A (SAA), which correlates with
the neutrophil influx, retention surface area, and dose of
NMs [89, 90]. Elevated SAA is subsequently incorporated
into high-density lipoprotein (HDL) and replaces apoli-
poprotein A-1, thereby blocking HDL-mediated reverse
cholesterol transport and accelerating the formation of
foam cells and atherosclerotic plaques [91, 92].

Polarization Macrophages regulate the inflammatory
state and the stability of atherosclerotic plaques through
distinct polarization types. NMs may induce plaque for-
mation and instability by stimulating the formation of
proinflammatory M1 macrophages, leading to the pro-
duction of proinflammatory factors such as TNF-a, IL-6,
interferon (IFN)-p and C—C motif chemokine receptor 7
(CCR7) [93].

Studies have demonstrated that NMs induce the
polarization from MO macrophages to M1 macrophages
through multiple signaling pathways. For example, NMs
activate the MyD88/NF-kB signaling pathway through
TLR4, leading to enhanced transcription of the M1 mac-
rophage markers TNF-a and IL-6 [94], or promote the
internalization of TLR4 and CD14 dimerization, which
activates the TIR-domain-containing adapter-inducing
IEN-B (TRIF)/interferon regulatory factor (IRF) 3 sign-
aling pathway, leading to the upregulation of M1 mac-
rophage-associated target gene IL-1p expression [95].
Furthermore, NMs stimulate macrophage expression of
M1-type markers such as CD86 and iNOS via the Janus
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kinase (JAK)/signal transducer and activator of transcrip-
tion (STAT) 1 signaling pathway [96].

In addition, the chemical composition of NMs influ-
ences the M1 polarization of macrophages. For example,
Fe;O, NPs induce M1 macrophage formation by promot-
ing intracellular Fe accumulation, leading to the ubiqui-
tination of TNF receptor associated factor 6 (TRAF6),
which activates the expression of the downstream tran-
scription factor IRF5 and the target gene IL-23 [97].
Copper-containing bioceramic-coated titanium implants
release Cu®*", which induces NF-kB phosphorylation by
activating the copper transporter 1 (CTR1)/ATP7 sign-
aling pathway, leading to M1 macrophage polarization
[93]. Moreover, the topography of NMs provides physi-
cal stimulation to activate the FAK/MAPK signaling
pathway, triggering a change in macrophage morphology
from significantly elongated to round with more visible
lamellar pseudopods, forming M1 macrophages [98].

Finally, NMs lead to M1 macrophage polarization
through metabolic reprogramming, which is character-
ized by a significant increase in glycolytic activity and
tricarboxylic acid cycle metabolites such as itaconate and
succinate and decreased ATP production [99]. NMs such
as porphyrin-iron metal-organic framework nanocrystals
have acid-responsive degradation properties that gener-
ate hydrogen gas along with the release of loaded drugs.
These hydrogens later downgrade oxidative phospho-
rylation by altering energy metabolism, such as reducing
ATP production and impairing the function of mitochon-
dria, which induces the formation of M1 macrophages
[100]. Notably, most of the current research has focused
on the alteration of metabolite categories and quantities,
and there is still a lack of in-depth mechanistic research.
Therefore, we propose to utilize transcriptomics and
metabolomics to elucidate the mechanisms by which
NMs regulate metabolites, which may be research direc-
tions in the future.

Indeed, in addition to M1 macrophages, M4 mac-
rophages are also present in atherosclerotic plaques, pro-
moting inflammation [101]. However, little attention has
been given to the role of NMs on M4 macrophages in AS.
Further exciting progress is expected in the exploration
of NMs to regulate novel macrophage phenotypes.

Mast cell pathway
Mast cells are found in large numbers in the shoulder
region of atherosclerotic plaques and degranulate, releas-
ing multiple inflammatory cytokines and inflammatory
mediators to induce plaque instability [102]. NMs may
cause or exacerbate AS by inducing mast cell activation
and degranulation.

NMs lead to mast cell activation and degranulation
through IgE receptor and non-IgE receptor pathways.
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On the one hand, NMs can lead to mast cell activation
by increasing the number and density of their loaded
antigens, enhancing cross-linking and the aggregation
of IgE-IgE receptor complexes [103], or promoting the
phosphorylation of protein tyrosine kinase (PTK), which
is downstream of IgE receptors [104]. On the other hand,
NMs can trigger mast cell activation and degranulation
through three non-IgE receptor pathways. First, NMs can
trigger mast cell activation and the release of IL-6 and
IL-8 by promoting IL-33 binding to the IL-1-like recep-
tor ST2 [105]. IL-6 and IL-8 later promote AS by upregu-
lating the expression of adhesion molecules on ECs and
recruiting leukocytes [106]. Second, NMs can stimulate
mast cell activation and the release of TGF-a, chymot-
rypsin and trypsin-like enzymes by activating scavenger
receptors such as SR-A, SR-B1 and Marco [107, 108].
TGF-a upregulates the expression of adhesion molecules
on ECs, and the main effect of chymotrypsin and trypsin-
like enzymes is matrix degradation, these two lead to
plaque instability [106]. Third, NMs can activate the com-
plement system by inducing complement C5a and C3a to
bind to C5a and C3a receptors on mast cells [109], stimu-
lating histamine release from mast cells, which enhances
vascular permeability and causes vascular leakage, lead-
ing to an increased risk of intraplaque hemorrhage [110].

Furthermore, studies have revealed that the non-IgE
receptors activated by NMs induce mast cell degranu-
lation mainly through calcium signaling. For example,
NMs induce the opening of Ca*' release-activated Ca**
(CRAC) channels by binding to SR-B1 and activating the
PI3K/phospholipase C (PLC) y/diacylglycerol (DAG)/
PKC signaling pathway, leading to the influx of extracel-
lular Ca** and subsequent mast cell degranulation [108].
In addition, NMs activate the PLCy/inositol triphos-
phate (IP3) signaling pathway through mitochondrial
disruption and ROS production, mobilizing the release
of endoplasmic reticulum Ca?" and leading to mast cell
degranulation [111]. All of these observations indicate
that Ca®* is closely connected to NM-induced mast cell
degranulation. In fact, there are other regulatory mecha-
nisms, such as Rho GTPase, cAMP, and neuro-immuno-
endocrine networks, in mast cell degranulation. However,
whether NMs can promote mast cell degranulation and
induce AS through these pathways currently remains
unknown and needs further exploration.

Acquired immune cell pathways

Dendritic cell pathway

Dendritic cells (DCs), which are the most functional
specialized antigen-presenting cells, link the innate and
adaptive immune responses. DCs play an important role
in AS by activating T cells through antigen presentation
and cross-antigen presentation, stimulating the release of
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large amounts of inflammatory cytokines that trigger and
exacerbate persistent immune damage in the arterial wall
[112]. There is much relation between NMs and DCs,
which may further lead to AS.

Studies have confirmed that NMs enhance DC antigen
presentation. DCs recognize oxidation-specific epitopes
(OSEs) and apolipoprotein A-I (APOA1) formed by oxi-
dative modification of LDL as antigens and present them
to T cells, thus promoting the differentiation of T-cell
subpopulations and leading to AS [113]. On the one
hand, NMs can target both DCs and T cells, acting as a
"bridge" to shorten the gap between these two cells and
facilitate DC antigen presentation to T cells [114]. On the
other hand, NMs can enter the lysosome to limit the rate
of antigen hydrolysis and to increase the duration of anti-
gen presentation by alkalinizing the pH of the lysosome
and combining free antigenic peptides, thus finally lead-
ing to sustained antigen presentation [115]. These results
may lead to the differentiation of T-cell subpopulations,
promoting the production of inflammatory cytokines
that accelerate plaque formation.

In particular, NMs enhance cross-antigen presenta-
tion in DCs. Cross-antigen presentation is the process
by which exogenous antigens are presented on MHCI
molecules rather than MHCII molecules. For example,
NMs induce swelling and rupture of the endosomes/
lysosome through the proton sponge effect and by reduc-
ing lysosomal membrane stability, leading to the release
of exogenous antigens into the cytoplasm and loading
onto MHCI molecules [116]. This can lead to the activa-
tion of CD8™ cytotoxic T cells, which may later promote
AS progression. Moreover, NMs such as cationic pep-
tide micelles increase DC uptake of exogenous antigens
via lipid raft-dependent endocytosis, which allows exog-
enous antigens to escape the lysosome and bind to MHCI
molecules, promoting cross-antigen presentation [117].

T-lymphocyte pathway

Current studies have suggested that CD4* and CD8" T
cells are critical drivers of AS pathogenesis [118]. NMs
may contribute to or exacerbate AS by inducing the dif-
ferentiation and functional alterations of T cells.

CD4" T cells promote AS by differentiating into Thl,
Th17 and Treg cells. Among them, Thl cells are the
most prominent Th-cell subpopulation in atheroscle-
rotic plaques [119]. NMs such as [Gd@Cg,(OH),,] NPs
induce the differentiation of CD4" T cells into Thl
cells by enhancing DC maturation and antigen presen-
tation [120]. Thl cells subsequently secrete IFNy and
promote M1 macrophage formation, leading to AS and
decreased plaque stability [121, 122]. Furthermore, NMs
such as TiO, NPs induce Thl-cell formation by activat-
ing CD4" T cells directly [123]. Although this regulatory
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mechanism is not yet clear, we can infer that NMs may
activate the surface receptors associated with T-cell dif-
ferentiation, such as T-cell receptor (TCR), CD28 and
programmed cell death 1 (PD-1), leading to the differen-
tiation of CD4™ T cells into Th1 cells [124—126]. Intrigu-
ingly, NMs may promote AS by stimulating or inhibiting
the formation of Th17 cells. For one thing, NMs such as
carbon black can enhance the secretion of IL-6 and IL-1f
by DCs through the inhibition of histone deacetylase
(HDAC) 4 expression, the activation of the transcription
factor AP-1, the induction of the MAPK/ERK signaling
pathway and the adapter protein ASC-mediated assem-
bly of inflammasomes, inducing the differentiation of
CD4+T cells to Th17 cells [127, 128]. These Th17 cells
subsequently promote the migration of macrophages
and neutrophils to the atherosclerotic lesion, leading to
an inflammatory microenvironment [129]. For another,
NMs such as iron oxide NPs can inhibit Th17 cell for-
mation by reducing the expression of RAR-associated
orphan receptor (ROR-y), a transcription factor that is
characteristic of Th17-cell development, and the cytokine
IL-6 [130]. This may further lead to reduced type I colla-
gen production by VSMCs and exacerbate atherosclerotic
plaque instability [131]. Therefore, because of the duality
of Th17 cells in AS, either upregulation or downregula-
tion of Th17 cells influenced by NMs can lead to AS.

In addition, NMs may promote AS via CD8+T cells.
For example, NMs such as SiNPs and ceria NPs induce
the differentiation of CD8* T cells into cytotoxic T cells
through DC cross-antigen presentation and the NF-xB
signaling pathway [132, 133]. Cytotoxic T cells later
secrete perforin, granzyme B, IFN-y, and TNF-«, medi-
ating the apoptosis of macrophages and leading to the
formation of necrotic cores in plaques [134]. Notably,
with the development of AS, CD8+ T cells also attenuate
atherosclerotic lesions by lysing macrophages and allevi-
ating inflammation [135]. Thus, NM-mediated activation
of CD8+T cells may not aggravate AS. Therefore, it can
be inferred that the effect of NMs is not necessarily con-
stant and may change accordingly with the progression
of AS and CD8 + T-cell function. Researchers should pay
more attention to the impacts of NMs on atherosclerotic
plaques at different stages.

Notably, most of the current studies investigat-
ing the effect of NMs on T-cell differentiation focus on
metallic NMs, which induce T-cell differentiation by
activating cross-antigen presentation in DCs and sign-
aling pathways. However, whether other NMs such as
polymer-based and lipid-based NMs can also induce
T-cell differentiation is unknown and requires further
exploration. Finally, other T-cell subsets, such as Tpy
cells, CD28™" T cells, and invariant natural killer T
cells, have been reported to have proinflammatory and
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proatherosclerotic properties [118]. However, there is
still a lack of studies on the effects of NMs on these T-cell
subsets, which could be research directions in the future.

Influence factors mediating the effects of NMs

on AS-related cells

Size

NMs that are too large or too small can have adverse
effects on AS-associated cells. For T cells, 70-100 nm
silica NPs induce cytotoxic T-cell formation [132], while
10 nm ultrasmall silica NPs activate the formation of Th1
cells [136]. Similarly, the size of NMs affects mast cell
activation. A study indicated that larger NMs enhance
mast cell activation by loading more IgE ligands because
they have a greater surface area [103], while smaller NMs
(5 nm) activate mast cells as well [137]. These results may
be because the larger NMs are in contact with the cell
membrane for a longer time, while the smaller NMs can
pass directly through ion channels on the cell membrane
[138, 139], affecting ion exchange, such as Ca®* and lead-
ing to the activation of mast cells.

Furthermore, the effects of NM size on AS-related
cells depend on subcellular localization. For example,
oversized NMs, such as graphene oxide nanosheets (50—
1300 nm), stimulate high levels of proinflammatory factor
secretion by macrophages due to their greater tendency
to adsorb to the cell membrane, leading to activation of
the TLR4/NF-kB signaling pathway [140]. Meanwhile,
NMs that are too small, such as polyvinylpyrrolidone
sliver NPs (10 nm), cause respiratory bursts due to their
access to neutrophils, damaging cell membranes and lys-
osomes [141]. In particular, NMs that are too small, such
as TiO, (23.5 nm), can directly migrate to the adhesion
junctions of ECs, disrupting the homophilic interaction
of VE- cadherin and thus leading to endothelial leakage
[11].

Shape

The shape of NMs is another vital factor that regu-
lates NM-cell interactions. The shape of NMs can
modulate the adhesion of NMs to VSMCs. For exam-
ple, different shapes of hydroxyapatite NPs have
different adhesion strengths to VSMCs (H-Rod < H-Nee-
dle < H-Sphere <H-Plate) [39]. These hydroxyapatite
NMs with a greater ability to adhere to VSMCs are more
likely to cause the calcification of atherosclerotic plaques
[142]. This difference is associated with the contact pat-
terns between NMs and cells, which are mainly divided
into three types: point-to-plane, line-to-plane, and
plane-to-plane [143, 144]. Specifically, different contact
patterns lead to distinct cellular effects due to their dif-
ference in coverage areas as well as in the deformation
energy needed during membrane wrapping. For example,
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in point-to-plane types, nanorods, nanopins, and nano-
spheres enter cells via clathrin-mediated endocytosis
[145], while nanoplates, which are plane-to-plane types,
attach to the cell membrane in parallel without phagocy-
tosis. Therefore, it can be inferred that the difference in
NM-cell membrane interactions could be one of the rea-
sons why different shapes of NMs lead to different adhe-
sion strengths. However, it is essential to note that similar
studies are still lacking to confirm that the shape of other
NMs regulates the adhesion of NMs to VSMCs in accord-
ance with this pattern (Rod < Needle < Sphere <Plate). In
addition, Ag nanowires activate more membrane recep-
tors than spherical Ag NPs due to their high aspect ratio,
leading to mast cell degranulation [146].

Notably, after translocation to the subcellular compart-
ment, different shapes of NMs can enter the lysosome in
different amounts. This result may further lead to differ-
ent degrees of lysosomal damage, which could alter cel-
lular effects such as lipid autophagy in macrophages and
antigen presentation in DCs with lysosomes as the main
mechanism, ultimately having different degrees of effects
on AS. It has been shown that the number of nano-
spheres and nanoplates entering lysosomes is higher than
that of nanorods and nanopins [39]. This difference could
be related to the fact that nanospheres have the largest
uptake rate [147] and that nanoplates have a higher level
of membrane diffusion [47].

Surface charge

Charge (cationic, neutral, anionic or amphoteric) has
a significant effect on the electrostatic interactions
between NMs and cell membranes. Given that cell mem-
branes are generally negatively charged, cationic NMs
have a stronger affinity for cell membranes than anionic/
neutral NMs and therefore pass through them more eas-
ily. Although cationic NMs have the advantages of lysoso-
mal escape and forming stable complexes with negatively
charged DNA and can be used for gene delivery to treat
AS [3], cationic NMs could also have adverse effects on
AS-associated cells. For example, cationic NMs can
strongly attach to cell membranes, leading to membrane
rupture and lysis, thereby inducing neutrophil degranula-
tion [148]. Moreover, the accumulation of cationic NMs
in nuclear endosomes/lysosomes can lead to an influx of
protons and chloride ions (proton sponge effect), caus-
ing vesicle swelling and rupture, which promotes DC
cross-antigen presentation and subsequent activation of
cytotoxic T cells [116]. These cells may later promote AS
by producing large amounts of proinflammatory factors.
Therefore, the potential pro-atherosclerotic properties of
cationic NMs should be fully considered when applying
cationic NMs to biomedicine.
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Surface modifications

The regulation of AS-associated cells by NMs is also
associated with surface modifications. For example, sur-
face modifications of carbohydrates and peptides facili-
tate the targeting of NMs to macrophages and induce
their polarization toward the M1 type because carbo-
hydrates selectively bind glycoproteins or glycobinding
proteins (e.g., lecithin) in cell membranes [149], while
peptides such as Arg-Gly-Asp (RGD) sequences spe-
cifically bind to integrins in cell membranes [150]. In
addition, positively charged polydiallyl dimethylammo-
nium chloride has a high attractive force for the POS;Q’[
groups in the lipid bilayer, which promotes the binding
of NMs to cells [151]. This strong binding further leads
to the depolymerization of F-actin, which induces the
phenotypic switching of VSMCs [152]. Moreover, poly-
ethylene glycol (PEG) chains can adsorb to/partially
insert into the membrane surface through their surface/
edge (ring and end) structures, activating integrins and
their downstream signaling pathways, such as FAK/RAS/
ERK and PI3BK/PKC/NF-«B, thus inducing inflammatory
responses in macrophages [47]. Interestingly, in addi-
tion to promoting NM-cell interactions, PEG may also
have a negative effect on AS by hindering NM-cell inter-
actions. A study has indicated that PEG inserts into the
surface of NMs and produces steric hindrance, prevent-
ing phagocyte-mediated recognition and degradation of
NMs [153]. This can lead to the excessive accumulation
of NMs, which may amplify the adverse effects of NMs
on AS-associated cells.

Furthermore, the functional groups are another deter-
mining factor that modulates the degree of opening of
paracellular pathways in the vascular barrier. It has been
reported that nanodiamond (ND)-NH, induced a greater
degree of vascular endothelial leakage than ND-COOH.
This is because ND-NH, has a distinct NH, group on its
surface that binds to intracellular amine oxidase with an
amine substrate, leading to more robust ROS release [18].
Finally, coatings detached from NMs have adverse effects
on AS-associated cells. For example, detached cationic
surfactant ligands, such as cetyltrimethylammonium
bromide (CTAB), insert into phospholipid bilayers, com-
pressing lipids aligned with shorter ligands and reducing
the thickness of cell membranes [151], which can further
lead to membrane rupture in neutrophils and the release
of inflammatory mediators [148].

Protein corona

NMs entering the blood or interstitial fluid can rapidly
bind to proteins and form protein coronas due to their
large surface area to volume ratio and high surface free
energy. The protein corona has been shown to affect the
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cellular uptake, transport and biodistribution of NMs
[154]. More importantly, the protein corona also affects
NM-cell interactions, promoting the atherogenic process.
For example, PLGA NPs incubated with serum to form
protein coronas increased LDL uptake by macrophages
to a greater extent than PLGA NPs alone, leading to foam
cell formation [82] (Fig. 5). This distinction is related to
the type and function of the protein corona, such as the
ability of apolipoproteins to promote cellular lipid trans-
port [155]. Moreover, a study found that the binding of
CNTs to IgG could promote the specific recognition of
CNTs by neutrophils and stimulate the release of MPO
from neutrophils [156]. MPO subsequently promotes
inflammatory responses and LDL oxidation, leading to
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vascular damage and foam cell formation. Intriguingly,
NMs also directly affect the structure and function of
the protein corona. For example, NMs bind to MPO and
alter its conformation, leading to a significant increase in
MPO activity [157]. In addition, enzymes from the coag-
ulation cascade can be found in the corona surrounding
NMs. NMs can activate the FXII zymogen and maintain
FXIIa activity [158], which may further lead to plaque
thrombosis.

Other properties

The elasticity of NMs also contributes to regulating NM-
cell interactions, promoting the development of AS. For
example, rigid (3000 kPa) NMs significantly enhance
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the phagocytosis efficiency of macrophages compared
to soft (10 kPa) NMs [159], which can further increase
oxLDL uptake by macrophages and accelerate the forma-
tion of macrophage-derived foam cells. Generally, rigid
NMs retain their form during cellular uptake, while soft
NMs are usually deformed due to the forces associated
with specific ligand-receptor interactions and mem-
brane wrapping, leading to decreased receptor binding
capacity and reduced endocytosis efficiency [160, 161].
Additionally, the density of NMs can have an impact on
AS-associated cells. A research showed that NMs exac-
erbated endothelial leakage by increasing gravity due to
increased density [11]. Increased gravity can generate an
impact force to directly disrupt VE-cadherin interactions
at endothelial cell junctions.

In summary, modulating the physicochemical proper-
ties of NMs to regulate the interaction between NMs and
AS-associated cells is crucial. Obviously, it is not suffi-
cient to pay attention to only one or a few of the proper-
ties of NMs, and researchers must carefully consider and
incorporate a range of parameters, such as size, shape,
and surface modifications, when exploring the mecha-
nism by which NMs promote AS. Importantly, the phys-
icochemical properties of NMs may be further altered
when they come into contact with cell membranes or
intracellular components [162, 163]. Whether these
changes could also alter the effects of NMs on AS-associ-
ated cells still needs to be further examined.

Strategies to avoid the proatherosclerotic
properties of nanomaterials

To optimize the application of NMs in daily life and bio-
medicine, it is imperative to avoid the potential proather-
osclerotic properties of NMs. To achieve this goal, we can
consciously minimize the exposure of these NMs to the
human body by specifying which NMs have toxicological
effects on AS. With regard to NMs that have a wide range
of biomedical applications such as drug delivery, imag-
ing, and therapy, we can reduce the toxicological effects
of NMs on AS by adjusting the physicochemical factors
and surface modification of NMs.

First, the risk of NMs causing or exacerbating AS can
be diminished by adjusting the physicochemical fac-
tors of NMs. For example, the size of NMs is constantly
optimized, given that NMs that are either too large or
too small have adverse effects on AS. In terms of sur-
face charge, neutral and slightly negatively charged NMs
should be chosen to avoid cationic NM-induced toxicity
in AS-associated cells. Regarding the shape of NMs, nan-
oplates, nanospheres, and nanowires should be avoided.
In addition, factors such as elasticity and density can also
induce NMs to promote AS. However, there are few stud-
ies in this area, and more research is warranted on how
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to adjust these factors to minimize the toxic effects of
NMs on AS.

Second, the optimized surface modification of NMs
can also contribute to preventing or limiting the induc-
tion of AS by NMs. On the one hand, the interaction of
NMs with AS-associated cells can be effectively curtailed
by engineering NMs to precisely target the tissues and
cells that need treatment as well as controlled release
[164]. On the other hand, as a promising technology, cell
membrane coating technology can also help circumvent
the adverse effects of NMs on AS. This is because, mem-
brane coating technology can use cell membranes such
as red blood cell membranes and platelet membranes
as carriers to facilitate the delivery of core NPs without
being detected by immune cells and without binding
to serum proteins [165]. This approach can effectively
impede the mechanism of AS induction by NMs through
immune cell pathways and protein corona formation. In
addition, surface modification should also avoid the use
of polydiallyldimethylammonium chloride, PEG, and
CTAB, given that they have proven to cause toxicity in
AS-associated cells.

In summary, it is crucial to effectively avoid or mini-
mize the toxicological effects of NMs on AS to promote
the sustainable development of nanomedicine. It remains
an indispensable topic for the future to continuously
uncover new mechanisms by which NMs promote AS
and explore practical ways to circumvent their toxico-
logical effects.

Limitations and prospects
In conclusion, studies on the promotion of AS develop-
ment by NMs have made progress. However, these stud-
ies still have some limitations.

First, the current studies mainly focus on animal exper-
iments and lack the analysis of clinical cases. With the
widespread application of NMs in sunscreen products,
pharmaceuticals, cosmetics, and construction materi-
als, large amounts of NMs are entering people’s living
environment, posing health risks to researchers, work-
ers, and consumers. According to a recent study, scien-
tists have detected ultrafine artificial particles in human
thrombosis [166]. This result sheds light on the possible
involvement of NMs in human AS formation. Therefore,
in the future, we can review and document the history of
NM exposure in AS patients during their work or life to
explore the clinical relevance between NMs and AS. On
the other hand, efforts should also be made to develop
more advanced detection techniques to confirm the pres-
ence of NMs in the blood or the carotid intima of AS
patients.

Second, most animal studies have only investigated the
short-term toxicological effects of NMs. However, AS is
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a chronic inflammatory process, and the course of AS in
humans can last for years or decades. This means that
some NMs that do not promote the development of AS
in the short term may also lead to AS in the future possi-
bly because of insufficient exposure time. Therefore, it is
indispensable to prolong the exposure time of NMs and
to observe the long-term effects of NMs on AS. However,
in this process, we also face another problem. Since there
are differences between humans and rodents, we still
struggle to determine exactly how many days a week of
mouse exposure to nanomaterials corresponds to human
exposure. Therefore, to better evaluate the long-term and
chronic effects of NMs on AS in humans, we should find
a more suitable animal model and establish rigorous and
clear criteria for the conversion of NM exposure time
from animals to humans.

In addition, in vitro experiments have some limita-
tions. The current studies fail to cover a complete range
of cell types. Aside from the cell types mentioned pre-
viously, other cell types, such as monocytes, natural
killer cells (NK cells), B lymphocytes and platelets, have
also played nonnegligible roles in AS [2, 167]. However,
whether NMs can cause or exacerbate AS through these
cells remains unclear. Additionally, no studies have inves-
tigated whether there is variability or consistency in the
response between different AS-associated cells and one
type of NM. It will help to select cellular models that are
more sensitive to NMs and to reveal the main cellular
pathways by which NMs cause or exacerbate AS.

Finally, the mechanisms by which NMs promote the
progression of AS are still not fully understood. Although
the effects of NMs on individual AS-associated cells
have been widely discussed, studies on the promotion of
AS by NMs through cell-cell interactions are still rarely
reported and need to be further explored. An organism
is a system of multicellular interaction networks. Unlike
individual cells, cell-cell interactions more closely reflect
the true picture of AS in vivo. Furthermore, senescence is
also a critical mechanism mediating the growth, inflam-
mation and instability of AS lesions. Studies have indi-
cated that senescence of AS-associated cells leads to
degeneration and thinning of the fibrous cap and pro-
motes plaque rupture [168, 169]. More importantly, some
NMs have been reported to induce cellular senescence by
perturbing telomere function [170]. Therefore, cellular
senescence may be a potentially significant mechanism
by which NMs cause or aggravate AS, but direct evidence
is still lacking and this topic deserves more attention in
future studies.

Abbreviations
CVDs Cardiovascular diseases
AS Atherosclerosis

NMs
PLGA NPs
LDL

PT

SiO, NPs
TiO, NPs
CNTs

EC

Ts

Als

70-1
VEGFR2
PKC

VE

Akt
eNOS
ROS

ERK
ROCK
MLCK
TNF-a

IL

MCP-1
ICAM-1
VCAM-1

AP-1
C/EBPR
ABCG1
SREBPs
MYOCD
KLF4
SRF
Runx2
INK
OPN
ALP
TGF
ECM
FAK

Src
Calt
TRPV
FGF
PDGF
FN
mTOR
CREB
MMPs
NETs
MPO
NE
ROMO1
PAD4
MLCK
PI3K

Page 17 of 22

Nanomaterials

Poly (lactic-co-glycolic acid) nanoparticles
Low-density lipoprotein

Pitavastatin

Silica NPs

Titanium dioxide NPs

Carbon nanotubes

Endothelial cell

Tight junctions

Adherens junctions

Zonula occludens-1

Vascular endothelial growth factor receptor 2
Protein kinase C

Vascular endothelial

Protein kinase B

Endothelial-type nitric oxide synthase
Reactive oxygen species

Extracellular signal-regulated kinase
Rho-associated kinase

Myosin light chain kinase

Tumor necrosis factor-a

Interleukin

Monocyte chemotactic protein-1
Intercellular adhesion molecule-1
Vascular cell adhesion molecule 1
Inducible nitric oxide synthase
Superoxide anion radicals

Hydrogen peroxide

Hydroxyl radical

Peroxisome proliferator-activated receptor-y coactivator
Nuclear respiratory factor 1

Mitochondrial transcription factor A
Mitogen-activated protein kinase

Nuclear factor erythroid 2-related factor 2 |
NOD-like receptor thermal protein domain associated protein 3
High-mobility group protein B1

Toll-like receptor 4

Myeloid differentiation primary response 88
C-reactive protein

Vascular smooth muscle cells

Scavenger receptor A

Activating protein-1

CCAAT/enhancer binding protein beta
ATP binding cassette subfamily G member 1
Sterol regulatory element-binding proteins
Myocardin

Kruppel-like factor 4

Serum response factor

Runt-related factor 2

C-Jun N-terminal kinase

Osteopontin

Alkaline phosphatase

Transforming growth factor

Extracellular matrix

Focal adhesion kinase

Steroid receptor coactivator

Calcium

Tansient receptor potential vanilloid
Fibroblast growth factor

Platelet-derived growth factor

Fibronectin

Mammalian target of rapamycin
CAMP-response element binding protein
Matrix metalloproteinases

Neutrophil extracellular traps
Myeloperoxidase

Neutrophil elastase

Reactive oxygen species modulator 1
Peptidyl arginine deiminase 4

Myosin light chain kinase
Phosphatidylinositol 3-kinase



Chen et al. Journal of Nanobiotechnology (2023) 21:140

LOX-1 Lectin-like ox-LDL receptor 1

ATGL Adipose triglyceride lipase

HSL Hormone-sensitive lipase

LAL Lysosomal acid lipase

ABCA1 ATP binding cassette subfamily A member 1
LXR Liver X receptor

IFN Interferon

CCR7 C-C motif chemokine receptor 7

TRIF TIR-domain-containing adapter-inducing IFN-3
IRF Interferon regulatory factor

JAK Janus kinase

STAT Signal transducer and activator of transcription
TRAF6 TNF receptor associated factor 6

CTR1 Copper transporter 1

PTK Protein tyrosine kinase

CRAC Ca’" release-activated Ca?*

PLC Phospholipase C

DAG Diacylglycerol

IP3 Inositol triphosphate

DCs Dendritic cells

OSEs Oxidation-specific epitopes

APOA1 Apolipoprotein A-|

TCR T-cell receptor

PD-1 Programmed cell death Tn

HDAC Histone deacetylase

ROR-y RAR-associated orphan receptor
RGD Arg-Gly-Asp

PEG Polyethylene glycol

ND Nanodiamond

CTAB Cetyltrimethylammonium bromide

Acknowledgements
Not applicable.

Author contributions

XJC and SLQ brought forward the subject and guided the writing. CSY wrote
the manuscript. All authors participated in designing and revising the manu-
script. All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China
(81974266, 82270439).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Guangdong Provincial Key Laboratory of Cardiac Function and Microcircula-
tion, Nanfang Hospital, Southern Medical University, Guangzhou 510515,
China. 2Stomatology Center, Shunde Hospital, Southern Medical University
(The First People’s Hospital of Shunde), Foshan 528300, China. >Stomatologi-
cal Hospital, School of Stomatology, Southern Medical University, Guang-
zhou 510280, China. “Guangdong Medical University, Dongguan 523808,
China. *Prince of Wales Hospital, The Chinese University of Hong Kong, Hong
Kong, China.

Received: 31 October 2022 Accepted: 16 April 2023
Published online: 28 April 2023

Page 18 of 22

References

1.

20.

21.

22.

23.

Key facts of cardiovascular diseases. 2019 13 September 2022. https://
www.who.int/en/news-room/fact-sheets/detail/cardiovascular-disea
ses-(cvds).

Bjorkegren JLM, Lusis AJ. Atherosclerosis: recent developments. Cell.
2022;185(10):1630-45.

Chen J, et al. Recent advances in nanomaterials for therapy and diagno-
sis for atherosclerosis. Adv Drug Deliv Rev. 2021;170:142-99.

Katsuki S, et al. Nanoparticle-mediated delivery of pitavastatin

inhibits atherosclerotic plaque destabilization/rupture in mice by
regulating the recruitment of inflammatory monocytes. Circulation.
2014,129(8):896-906.

Mao L, et al. Enhanced bioactivity of Mg-Nd-Zn-Zr alloy achieved with
nanoscale MgF2 surface for vascular stent application. ACS Appl Mater
Interfaces. 2015;7(9):5320-30.

Woodside DG, et al. Magnetic resonance imaging of atherosclerotic
plaque at clinically relevant field strengths (1T) by targeting the integrin
alphadbetal. Sci Rep. 2018;8(1):3733.

Kooi ME, et al. Accumulation of ultrasmall superparamagnetic particles
of iron oxide in human atherosclerotic plaques can be detected by

in vivo magnetic resonance imaging. Circulation. 2003;107(19):2453-8.
Grassin-Delyle S, et al. Intranasal drug delivery: an efficient and non-
invasive route for systemic administration: focus on opioids. Pharmacol
Ther. 2012;134(3):366-79.

Rao GV, et al. Efficacy of a technique for exposing the mouse lung

to particles aspirated from the pharynx. J Toxicol Environ Health A.
2003;66(15):1441-52.

Xu'S, et al. Endothelial dysfunction in atherosclerotic cardiovascular dis-
eases and beyond: from mechanism to pharmacotherapies. Pharmacol
Rev. 2021;73(3):924-67.

Setyawati Ml, et al. Titanium dioxide nanomaterials cause endothelial
cell leakiness by disrupting the homophilic interaction of VE-cadherin.
Nat Commun. 2013;4:1673.

OtaniT, Furuse M. Tight junction structure and function revisited. Trends
Cell Biol. 2020;30(10):805-17.

Chen CM, et al. Exposure to zinc oxide nanoparticles disrupts endothe-
lial tight and adherens junctions and induces pulmonary inflammatory
cell infiltration. Int J Mol Sci. 2020;21(10):3437.

Li CH, et al. Gold nanoparticles increase endothelial paracellular
permeability by altering components of endothelial tight junctions,
and increase blood-brain barrier permeability in mice. Toxicol Sci.
2015;148(1):192-203.

Shigetomi K, et al. Adherens junctions influence tight junction
formation via changes in membrane lipid composition. J Cell Biol.
2018;217(7):2373-81.

Bramini M, et al. An increase in membrane cholesterol by graphene
oxide disrupts calcium homeostasis in primary astrocytes. Small.
2019;15(15): €1900147.

Sun X, et al. Silver nanoparticles interact with the cell membrane and
increase endothelial permeability by promoting VE-cadherin internali-
zation. J Hazard Mater. 2016;317:570-8.

Setyawati MI, Mochalin VN, Leong DT. Tuning endothelial permeability
with functionalized nanodiamonds. ACS Nano. 2016;10(1):1170-81.
Liu'Y, et al. Endothelial barrier dysfunction induced by nanoparticle
exposure through actin remodeling via caveolae/raft-regulated calcium
signalling. Nanolmpact. 2018;11:82-91.

Zhang Y, et al. Effects of carbon-based nanomaterials on vascular
endothelia under physiological and pathological conditions: interac-
tions, mechanisms and potential therapeutic applications. J Control
Release. 2021,330:945-62.

Guo G, et al. Silica nanoparticles induce oxidative stress, inflammation,
and endothelial dysfunction in vitro via activation of the MAPK/Nrf2
pathway and nuclear factor-kappaB signaling. Int J Nanomedicine.
2015;10:1463-77.

Guo C, et al. Mitochondrial dysfunction, perturbations of mitochondrial
dynamics and biogenesis involved in endothelial injury induced by
silica nanoparticles. Environ Pollut. 2018;236:926-36.

Liu X, et al. Amorphous silica nanoparticles induce inflammation via
activation of NLRP3 inflammasome and HMGB1/TLR4/MYD88/NF-kb
signaling pathway in HUVEC cells. J Hazard Mater. 2021;404(Pt B):
124050.


https://www.who.int/en/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/en/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/en/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)

Chen et al. Journal of Nanobiotechnology

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

(2023) 21:140

Zhang L, et al. Magnetic ferroferric oxide nanoparticles induce
vascular endothelial cell dysfunction and inflammation by disturbing
autophagy. J Hazard Mater. 2016;304:186-95.

Deng Q et al. Pseudomonas aeruginosa triggers macrophage
autophagy to escape intracellular killing by activation of the NLRP3
inflammasome. Infect Immun. 2016;84(1):56-66.

Allahverdian S, et al. Contribution of intimal smooth muscle cells to
cholesterol accumulation and macrophage-like cells in human athero-
sclerosis. Circulation. 2014;129(15):1551-9.

Yang H, et al. Multi-walled carbon nanotubes promoted lipid accumula-
tion in human aortic smooth muscle cells. Toxicol Appl Pharmacol.
2019;374:11-9.

Mietus-Snyder M, Glass CK, Pitas RE. Transcriptional activation of
scavenger receptor expression in human smooth muscle cells requires
AP-1/c-Jun and C/EBPbeta: both AP-1 binding and JNK activation are
induced by phorbol esters and oxidative stress. Arterioscler Thromb
Vasc Biol. 1998;18(9):1440-9.

Xue JH, et al. High glucose promotes intracellular lipid accumulation in
vascular smooth muscle cells by impairing cholesterol influx and efflux
balance. Cardiovasc Res. 2010;86(1):141-50.

Kammoun HL, et al. GRP78 expression inhibits insulin and ER stress-
induced SREBP-1c activation and reduces hepatic steatosis in mice. J
Clin Invest. 2009;119(5):1201-15.

Liu H, et al. Exposure to copper oxide nanoparticles triggers oxidative
stress and endoplasmic reticulum (ER)-stress induced toxicology and
apoptosis in male rat liver and BRL-3A cell. J Hazard Mater. 2021;401:
123349.

Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells in ath-
erosclerosis. Circ Res. 2016;118(4):692-702.

Li S, et al. TIO2 nanosheets promote the transformation of vascular
smooth muscle cells into foam cells in vitro and in vivo through the
up-regulation of nuclear factor kappa B subunit 2. J Hazard Mater.
2022,424(Pt D): 127704,

Yoshida T, et al. Smooth muscle-selective inhibition of nuclear factor-
kappaB attenuates smooth muscle phenotypic switching and neoin-
tima formation following vascular injury. J Am Heart Assoc. 2013;2(3):
€000230.

Chattopadhyay A, et al. Cholesterol-induced phenotypic modula-

tion of smooth muscle cells to macrophage/fibroblast-like cells is
driven by an unfolded protein response. Arterioscler Thromb Vasc Biol.
2021;41(1):302-16.

Zhang F, et al. An update on the phenotypic switching of vascular
smooth muscle cells in the pathogenesis of atherosclerosis. Cell Mol
Life Sci. 2021;79(1):6.

Durham AL, et al. Role of smooth muscle cells in vascular calcification:
implications in atherosclerosis and arterial stiffness. Cardiovasc Res.
2018;114(4):590-600.

Liu Q, et al. Nano-sized hydroxyapatite induces apoptosis and osteo-
genic differentiation of vascular smooth muscle cells via JNK/c-JUN
pathway. Int J Nanomed. 2021;16:3633-48.

Huang LH, et al. Shape-dependent adhesion and endocytosis of
hydroxyapatite nanoparticles on A7R5 aortic smooth muscle cells. J Cell
Physiol. 2020;235(1):465-79.

Yoshida T, Yamashita M, Hayashi M. Kruppel-like factor 4 contributes

to high phosphate-induced phenotypic switching of vascular smooth
muscle cells into osteogenic cells. J Biol Chem. 2012,287(31):25706-14.
Kanno'Y; et al. Nitric oxide regulates vascular calcification by interfering
with TGF- signalling. Cardiovasc Res. 2008;77(1):221-30.

Li'Y, et al. The triggering of apoptosis in macrophages by pristine
graphene through the MAPK and TGF-beta signaling pathways. Bioma-
terials. 2012;33(2):402-11.

Rudijanto A. The role of vascular smooth muscle cells on the pathogen-
esis of atherosclerosis. Acta Med Indones. 2007;39(2):86-93.

Morla AO, Mogford JE. Control of smooth muscle cell proliferation

and phenotype by integrin signaling through focal adhesion kinase.
Biochem Biophys Res Commun. 2000;272(1):298-302.

Kim MS, et al. Polycaprolactone-chitin nanofibrous mats as potential
scaffolds for tissue engineering. J Nanomater. 2012;2012:1-9.

Zhu J, et al. Graphene oxide induced perturbation to plasma mem-
brane and cytoskeletal meshwork sensitize cancer cells to chemothera-
peutic agents. ACS Nano. 2017;11(3):2637-51.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 19 of 22

Luo N, et al. PEGylated graphene oxide elicits strong immunological
responses despite surface passivation. Nat Commun. 2017,8:14537.
Jain M, et al. Integrin alpha9 regulates smooth muscle cell phenotype
switching and vascular remodeling. JCl Insight. 2021. https://doi.org/10.
1172/jciinsight.147134.

Wu HB, et al. Avbeta3 single-stranded DNA aptamer attenuates vascular
smooth muscle cell proliferation and migration via Ras-PI3K/MAPK
pathway. Cardiovasc Ther. 2020;2020:6869856.

Dubes V, et al. Calcium signalling induced by in vitro exposure to
silicium dioxide nanoparticles in rat pulmonary artery smooth muscle
cells. Toxicology. 2017;375:37-47.

Fariss MW, et al. Emerging mechanistic targets in lung injury induced by
combustion-generated particles. Toxicol Sci. 2013;132(2):253-67.
Neumaier F, et al. Zn2+-induced changes in Cav2.3 channel func-

tion: an electrophysiological and modeling study. J Gen Physiol. 2020.
https://doi.org/10.1085/jgp.202012585.

Pezzatini S, et al. Nanostructured HA crystals up-regulate FGF-2 expres-
sion and activity in microvascular endothelium promoting angiogen-
esis. Bone. 2007;41(4):523-34.

Hao S, et al. Macrophage phenotypic mechanomodulation of enhanc-
ing bone regeneration by superparamagnetic scaffold upon magneti-
zation. Biomaterials. 2017;140:16-25.

Chen'Y, et al. Vascular adventitial fibroblasts-derived FGF10 promotes
vascular smooth muscle cells proliferation and migration in vitro and
the neointima formation in vivo. J Inflamm Res. 2021;14:2207-23.

Tang L, et al. RhoA/ROCK signaling regulates smooth muscle pheno-
typic modulation and vascular remodeling via the JNK pathway and
vimentin cytoskeleton. Pharmacol Res. 2018;133:201-12.

DiRenzo DM, et al. A crosstalk between TGF-beta/Smad3 and Wnt/beta-
catenin pathways promotes vascular smooth muscle cell proliferation.
Cell Signal. 2016,28(5):498-505.

Elter P, Lange R, Beck U. Atomic force microscopy studies of the influ-
ence of convex and concave nanostructures on the adsorption of
fibronectin. Colloids Surf B Biointerfaces. 2012;89:139-46.

Ribeiro N, Sousa SR, Monteiro FJ. Influence of crystallite size of nano-
phased hydroxyapatite on fibronectin and osteonectin adsorption and
on MC3T3-E1 osteoblast adhesion and morphology. J Colloid Interface
Sci. 2010;351(2):398-406.

Jain M, et al. Smooth muscle cell-specific fibronectin-EDA medi-

ates phenotypic switching and neointimal hyperplasia. J Clin Invest.
2020;130(1):295-314.

Jalvy S, et al. Autocrine expression of osteopontin contributes to
PDGF-mediated arterial smooth muscle cell migration. Cardiovasc Res.
2007,75(4):738-47.

Yuan J, et al. Effects of metal nanoparticles on tight junction-associated
proteins via HIF-Talpha/miR-29b/MMPs pathway in human epidermal
keratinocytes. Part Fibre Toxicol. 2021;18(1):13.

Yim EK, et al. Nanopattern-induced changes in morphology and motil-
ity of smooth muscle cells. Biomaterials. 2005;26(26):5405-13.

Tang DD, Gerlach BD. The roles and regulation of the actin cytoskeleton,
intermediate filaments and microtubules in smooth muscle cell migra-
tion. Respir Res. 2017;18(1):54.

Kota D, et al. Low doses of zeolitic imidazolate framework-8 nanopar-
ticles alter the actin organization and contractility of vascular smooth
muscle cells. J Hazard Mater. 2021;414: 125514.

Wang Y, et al. Electrospun nanofiber regulates assembly of keratin and
vimentin intermediate filaments of PANC-1 pancreatic carcinoma cells.
Mater Sci Eng C Mater Biol Appl. 2019;96:616-24.

Drechsler M, et al. Hyperlipidemia-triggered neutrophilia promotes
early atherosclerosis. Circulation. 2010;122(18):1837-45.

Doring Y, Soehnlein O, Weber C. Neutrophil extracellular traps in athero-
sclerosis and atherothrombosis. Circ Res. 2017;120(4):736-43.

El-Benna J, et al. Priming of the neutrophil respiratory burst: role in host
defense and inflammation. Immunol Rev. 2016;273(1):180-93.

Hwang TL, et al. The impact of cationic solid lipid nanoparticles on
human neutrophil activation and formation of neutrophil extracellular
traps (NETs). Chem Biol Interact. 2015;235:106-14.

Yang ', et al. Gold nanoparticles synergize with bacterial lipopolysac-
charide to enhance class A scavenger receptor dependent particle
uptake in neutrophils and augment neutrophil extracellular traps
formation. Ecotoxicol Environ Saf. 2021;211: 111900.


https://doi.org/10.1172/jci.insight.147134
https://doi.org/10.1172/jci.insight.147134
https://doi.org/10.1085/jgp.202012585

Chen et al. Journal of Nanobiotechnology

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

(2023) 21:140

Munoz LE, et al. Nanoparticles size-dependently initiate self-

limiting NETosis-driven inflammation. Proc Natl Acad Sci U S A.
2016;113(40):E5856-65.

Rizzi M, et al. Charged molecular silica trigger in vitro NETosis in human
granulocytes via both oxidative and autophagic pathways. Eur Rev Med
Pharmacol Sci. 2018;22(20):7058-68.

LiL, et al. Silver nanoparticles and silver ions cause inflammatory
response through induction of cell necrosis and the release of mito-
chondria in vivo and in vitro. Cell Biol Toxicol. 2021;37(2):177-91.
Mukherjee SP, et al. Graphene oxide is degraded by neutrophils

and the degradation products are non-genotoxic. Nanoscale.
2018;10(3):1180-8.

Babin K, et al. TiO2, CeO2 and ZnO nanoparticles and modulation

of the degranulation process in human neutrophils. Toxicol Lett.
2013;221(1):57-63.

Miklavc P, Frick M. Actin and myosin in non-neuronal exocytosis. Cells.
2020. https://doi.org/10.3390/cells9061455.

Wang D, et al. Targeting foam cell formation in atherosclero-

sis: therapeutic potential of natural products. Pharmacol Rev.
2019;71(4):596-670.

Florance |, et al. Polystyrene nanoplastics dysregulate lipid metabolism
in murine macrophages in vitro. Toxicology. 2021;458: 152850.

Niwa Y, Iwai N. Nanomaterials induce oxidized low-density lipopro-
tein cellular uptake in macrophages and platelet aggregation. Circ J.
2007;71(3):437-44.

Guo C, et al. Silica nanoparticles promote oxLDL-induced macrophage
lipid accumulation and apoptosis via endoplasmic reticulum stress
signaling. Sci Total Environ. 2018,631-632:570-9.

YinT, et al. Phagocytosis of polymeric nanoparticles aided activation of
macrophages to increase atherosclerotic plaques in ApoE(-/-) mice. J
Nanobiotechnology. 2021;19(1):121.

Lee JH, et al. SREBP-1a-stimulated lipid synthesis is required for mac-
rophage phagocytosis downstream of TLR4-directed mTORC1. Proc
Natl Acad Sci U S A. 2018;115(52):E12228-34.

Petrick L, et al. Silicon dioxide nanoparticles increase macrophage
atherogenicity: stimulation of cellular cytotoxicity, oxidative stress, and
triglycerides accumulation. Environ Toxicol. 2016;31(6):713-23.

Liu Q Wang YM, Gu HF. Lipophagy in atherosclerosis. Clin Chim Acta.
2020;511:208-14.

Popp L, et al. Autophagic response to cellular exposure to titanium
dioxide nanoparticles. Acta Biomater. 2018;79:354-63.

Liu S, et al. Low levels of graphene and graphene oxide inhibit cellular
xenobiotic defense system mediated by efflux transporters. Nanotoxi-
cology. 2016;10(5):597-606.

Calkin AC, Tontonoz P. Liver x receptor signaling pathways and athero-
sclerosis. Arterioscler Thromb Vasc Biol. 2010;30(8):1513-8.

Saber AT, et al. Particle-induced pulmonary acute phase response

may be the causal link between particle inhalation and cardiovas-
cular disease. Wiley Interdiscip Rev Nanomed Nanobiotechnol.
2014,6(6):517-31.

Hadrup N, et al. Acute phase response as a biological mechanism-
of-action of (Nano)particle-induced cardiovascular disease. Small.
2020;16(21): €1907476.

Lee HY, et al. Serum amyloid A stimulates macrophage foam cell
formation via lectin-like oxidized low-density lipoprotein receptor 1
upregulation. Biochem Biophys Res Commun. 2013;433(1):18-23.
Christophersen DV, et al. Accelerated atherosclerosis caused by serum
amyloid A response in lungs of ApoE(-/-) mice. FASEB J. 2021;35(3):
€21307.

Huang Q, et al. Activating macrophages for enhanced osteogenic

and bactericidal performance by Cu ion release from micro/nano-
topographical coating on a titanium substrate. Acta Biomater.
2019;100:415-26.

Ma J, et al. Crucial Role of Lateral Size for Graphene Oxide in Activating
Macrophages and Stimulating Pro-inflammatory Responses in Cells and
Animals. ACS Nano. 2015;9(10):10498-515.

Hua'Y, et al. Exposure to hydroxyapatite nanoparticles enhances Toll-like
receptor 4 signal transduction and overcomes endotoxin tolerance

in vitro and in vivo. Acta Biomater. 2021;135:650-62.

96.

97.

98.

99.

100.

103.

104.

110.

112,

13,

114.

116.

118.

119.

120.

Page 20 of 22

Dong J, Ma Q. Macrophage polarization and activation at the interface
of multi-walled carbon nanotube-induced pulmonary inflammation
and fibrosis. Nanotoxicology. 2018;12(2):153-68.

Gu Z, et al. Mechanism of iron oxide-induced macrophage activation:
the impact of composition and the underlying signaling pathway. J Am
Chem Soc. 2019;141(15):6122-6.

He Y, et al. The unique regulation of implant surface nanostructure

on macrophages M1 polarization. Mater Sci Eng C Mater Biol Appl.
2020;106: 110221,

Saborano R, et al. Metabolic reprogramming of macrophages exposed
to silk, Poly(lactic-co-glycolic acid), and Silica Nanoparticles. Adv
Healthc Mater. 2017. https://doi.org/10.1002/adhm.201601240.

Yao X, et al. Acid-Degradable hydrogen-generating metal-organic
framework for overcoming cancer resistance/metastasis and off-target
side effects. Adv Sci (Weinh). 2022;9(10): e2101965.

Chinetti-Gbaguidi G, Colin S, Staels B. Macrophage subsets in athero-
sclerosis. Nat Rev Cardiol. 2015;12(1):10-7.

Kritikou E, et al. Flow cytometry-based characterization of mast cells in
human atherosclerosis. Cells. 2019. https://doi.org/10.3390/cells80403
34.

Huang YF, et al. Nanoparticle-mediated IgE-receptor aggregation and
signaling in RBL mast cells. J Am Chem Soc. 2009;131(47):17328-34.
Alsaleh NB, Mendoza RP, Brown JM. Exposure to silver nanoparticles
primes mast cells for enhanced activation through the high-affinity IgE
receptor. Toxicol Appl Pharmacol. 2019;382: 114746.

Katwa P, et al. A carbon nanotube toxicity paradigm driven by mast
cells and the IL-(3)(3)/ST(2) axis. Small. 2012;8(18):2904-12.

Bot I, Shi GP. Kovanen PT. Mast cells as effectors in atherosclerosis.
Arterioscler Thromb Vasc Biol. 2015;35(2):265-71.

Brown JM, et al. Silica-directed mast cell activation is enhanced by
scavenger receptors. Am J Respir Cell Mol Biol. 2007;36(1):43-52.
Alsaleh NB, Persaud |, Brown JM. Silver nanoparticle-directed mast

cell degranulation is mediated through calcium and PI3K signaling
independent of the high affinity IgE receptor. PLoS ONE. 2016;11(12):
€0167366.

Szebeni J, et al. Animal models of complement-mediated hypersen-
sitivity reactions to liposomes and other lipid-based nanoparticles. J
Liposome Res. 2007;17(2):107-17.

Bot |, et al. Perivascular mast cells promote atherogenesis and induce
plagque destabilization in apolipoprotein E-deficient mice. Circulation.
2007;115(19):2516-25.

Chen EY, et al. A mixture of anatase and rutile TiO(2) nanoparticles
induces histamine secretion in mast cells. Part Fibre Toxicol. 2012;9:2.
Subramanian M, Tabas I. Dendritic cells in atherosclerosis. Semin Immu-
nopathol. 2014;36(1):93-102.

Ait-Oufella H, et al. Adaptive (T and B cells) immunity and control by
dendritic cells in atherosclerosis. Circ Res. 2014;114(10):1640-60.

Son YJ, et al. Multifunctional nanorods serving as nanobridges to
modulate T cell-mediated immunity. ACS Nano. 2013;7(11):9771-9.
Jimenez-Perianez A, et al. Mesoporous silicon microparticles enhance
MHC class | cross-antigen presentation by human dendritic cells. Clin
Dev Immunol. 2013;2013: 362163.

Li P, et al. Bioreducible alginate-poly(ethylenimine) nanogels as an
antigen-delivery system robustly enhance vaccine-elicited humoral
and cellularimmune responses. J Control Release. 2013;168(3):271-9.
Luo Z, et al. Cationic polypeptide micelle-based antigen delivery
system: a simple and robust adjuvant to improve vaccine efficacy. J
Control Release. 2013;170(2):259-67.

Saigusa R, Winkels H, Ley K. T cell subsets and functions in atherosclero-
sis. Nat Rev Cardiol. 2020;17(7):387-401.

Fernandez DM, et al. Single-cell immune landscape of human athero-
sclerotic plagues. Nat Med. 2019;25(10):1576-88.

Yang D, et al. [Gd@C(82)(OH)(22)](n) nanoparticles induce dendritic
cell maturation and activate Th1 immune responses. ACS Nano.
2010;4(2):1178-86.

Orecchioni M, et al. Macrophage polarization: different gene signatures
in MT(LPS+) vs. classically and M2(LPS-) vs. alternatively activated mac-
rophages. Front Immunol. 2019. https://doi.org/10.3389/fimmu.2019.
01084.


https://doi.org/10.3390/cells9061455
https://doi.org/10.1002/adhm.201601240
https://doi.org/10.3390/cells8040334
https://doi.org/10.3390/cells8040334
https://doi.org/10.3389/fimmu.2019.01084
https://doi.org/10.3389/fimmu.2019.01084

Chen et al. Journal of Nanobiotechnology

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

138.
139.

140.

142.

144,

145.

(2023) 21:140

Amento EP, et al. Cytokines and growth factors positively and nega-
tively regulate interstitial collagen gene expression in human vascular
smooth muscle cells. Arterioscler Thromb. 1991;11(5):1223-30.
Schanen BC, et al. Immunomodulation and T helper TH(1)/TH(2)
response polarization by CeO(2) and TiO(2) nanoparticles. PLoS ONE.
2013;8(5): e62816.

Vis B, et al. Ultrasmall silica nanoparticles directly ligate the T cell recep-
tor complex. Proc Natl Acad Sci U S A. 2020;117(1):285-91.

Sheng L, et al. Nano-sized titanium dioxide-induced splenic toxicity:

a biological pathway explored using microarray technology. J Hazard
Mater. 2014;278:180-8.

Zhang R, et al. Immune checkpoint blockade mediated by a small-mol-
ecule nanoinhibitor targeting the PD-1/PD-L1 pathway synergizes with
photodynamic therapy to elicit antitumor immunity and antimetastatic
effects on breast cancer. Small. 2019;15(49): €1903881.

Lu W, et al. The microRNA miR-22 inhibits the histone deacetylase
HDAC4 to promote T(H)17 cell-dependent emphysema. Nat Immunol.
2015;16(11):1185-94.

You R, et al. Nanoparticulate carbon black in cigarette smoke induces
DNA cleavage and Th17-mediated emphysema. Elife. 2015;4: €09623.
Wang, et al. Interleukin-17-producing CD4(+) T cells promote inflam-
matory response and foster disease progression in hyperlipidemic
patients and atherosclerotic mice. Front Cardiovasc Med. 2021;8:
667768.

Hsiao YP, et al. Iron oxide nanoparticles attenuate T helper 17 cell
responses in vitro and in vivo. Int Immunopharmacol. 2018;58:32-9.
Brauner S, et al. Augmented Th17 differentiation in Trim21 deficiency
promotes a stable phenotype of atherosclerotic plaques with high col-
lagen content. Cardiovasc Res. 2018;114(1):158-67.

Hirai T, et al. Amorphous silica nanoparticles enhance cross-pres-
entation in murine dendritic cells. Biochem Biophys Res Commun.
2012;427(3):553-6.

Tang S, et al. Ceria nanoparticles promoted the cytotoxic activity

of CD8(+) T cells by activating NF-kappaB signaling. Biomater Sci.
2019;7(6):2533-44.

Kyaw T, et al. Cytotoxic and proinflammatory CD8+ T lymphocytes
promote development of vulnerable atherosclerotic plaques in apoE-
deficient mice. Circulation. 2013;127(9):1028-39.

Honjo T, et al. ApoB-100-related peptide vaccine protects against
angiotensin ll-induced aortic aneurysm formation and rupture. J Am
Coll Cardiol. 2015;65(6):546-56.

Vis B, et al. Non-functionalized ultrasmall silica nanoparticles directly
and size-selectively activate T cells. ACS Nano. 2018;12(11):10843-54.
Kang H, et al. 5 nm silver nanoparticles amplify clinical features of
atopic dermatitis in mice by activating mast cells. Small. 2017. https://
doi.org/10.1002/smll.201602363.

Park KH, et al. Single-walled carbon nanotubes are a new class of ion
channel blockers. J Biol Chem. 2003;278(50):50212-6.

Hilder TA, Chung SH. Designing a C84 fullerene as a specific voltage-
gated sodium channel blocker. Nanoscale Res Lett. 2013;8(1):323.
Miao X, Leng X, Zhang Q. The current state of nanoparticle-induced
macrophage polarization and reprogramming research. Int J Mol Sci.
2017. https://doi.org/10.3390/ijms18020336.

SoaresT, et al. Size-dependent cytotoxicity of silver nanoparticles in
human neutrophils assessed by multiple analytical approaches. Life Sci.
2016;145:247-54.

Liu Q, et al. Nano-hydroxyapatite accelerates vascular calcification via
lysosome impairment and autophagy dysfunction in smooth muscle
cells. Bioact Mater. 2022;8:478-93.

Agarwal R, et al. Mammalian cells preferentially internalize hydrogel
nanodiscs over nanorods and use shape-specific uptake mechanisms.
Proc Natl Acad Sci U S A. 2013;110(43):17247-52.

Dasgupta S, Auth T, Gompper G. Shape and orientation matter for the
cellular uptake of nonspherical particles. Nano Lett. 2014;14(2):687-93.
Ding L, et al. Size, shape, and protein corona determine cellular
uptake and removal mechanisms of gold nanoparticles. Small.
2018;14(42): €1801451.

Aldossari AA, et al. Influence of physicochemical properties of silver
nanoparticles on mast cell activation and degranulation. Toxicol

In Vitro. 2015;29(1):195-203.

147.

149.

150.

152.

153.

154.

155.

157.

158.

159.

160.

161.

162.

163.

164.

167.

169.

170.

Page 21 of 22

LiY, Kroger M, Liu WK. Shape effect in cellular uptake of PEGylated
nanoparticles: comparison between sphere, rod, cube and disk.
Nanoscale. 2015;7(40):16631-46.

Hwang TL, et al. Cationic additives in nanosystems activate cyto-
toxicity and inflammatory response of human neutrophils: lipid
nanoparticles versus polymeric nanoparticles. Int J Nanomedicine.
2015;10:371-85.

Heuer-Jungemann A, et al. The role of ligands in the chemical
synthesis and applications of inorganic nanoparticles. Chem Rev.
2019;119(8):4819-80.

Kang H, et al. Remote manipulation of ligand nano-oscillations regu-
lates adhesion and polarization of macrophages in vivo. Nano Lett.
2017;17(10):6415-27.

Wang L, et al. Stability of ligands on nanoparticles regulating the
integrity of biological membranes at the nano-lipid interface. ACS
Nano. 2019;13(8):8680-93.

Sun Q, et al. Cytotoxicity and cellular responses of gold nanorods

to smooth muscle cells dependent on surface chemistry coupled
action. Small. 2018;14(52): e1803715.

Pozzi D, et al. Effect of polyethyleneglycol (PEG) chain length on

the bio-nano-interactions between PEGylated lipid nanoparticles
and biological fluids: from nanostructure to uptake in cancer cells.
Nanoscale. 2014;6(5):2782-92.

Cai R, Chen C.The crown and the scepter: roles of the protein corona
in nanomedicine. Adv Mater. 2018. https://doi.org/10.1002/adma.
201805740.

Walkey CD, Chan WC. Understanding and controlling the interaction
of nanomaterials with proteins in a physiological environment. Chem
Soc Rev. 2012;41(7):2780-99.

Lu N, et al. Adsorption of plasma proteins on single-walled carbon
nanotubes reduced cytotoxicity and modulated neutrophil activa-
tion. Chem Res Toxicol. 2018;31(10):1061-8.

Sanfins E, et al. Nanoparticle effect on neutrophil produced myelop-
eroxidase. PLoS ONE. 2018;13(1): e0191445.

Sanfins E, et al. Size-dependent effects of nanoparticles on enzymes
in the blood coagulation cascade. Nano Lett. 2014;14(8):4736-44.
Anselmo AC, et al. Elasticity of nanoparticles influences their blood
circulation, phagocytosis, endocytosis, and targeting. ACS Nano.
2015;9(3):3169-77.

Sun J, et al. Tunable rigidity of (polymeric core)-(lipid shell) nanoparti-
cles for regulated cellular uptake. Adv Mater. 2015;27(8):1402-7.
HuiY, et al. Nanoparticle elasticity regulates phagocytosis and cancer
cell uptake. Sci Adv. 2020;6(16).eaaz4316.

Kang Y, et al. Oxidation of reduced graphene oxide via cellular redox
signaling modulates actin-mediated neurotransmission. ACS Nano.
2020;14(3):3059-74.

Liu L, et al. Oxidation and degradation of graphitic materials by
naphthalene-degrading bacteria. Nanoscale. 2015;7(32):13619-28.
Blanco E, Shen H, Ferrari M. Principles of nanoparticle design for
overcoming biological barriers to drug delivery. Nat Biotechnol.
2015;33(9):941-51.

Liuy, et al. Cell membrane coating technology: a promising strategy
for biomedical applications. Nanomicro Lett. 2019;11(1):100.

Wu D, et al. Pigment microparticles and microplastics found in
human thrombi based on Raman spectral evidence. J Adv Res. 2022.
https://doi.org/10.1016/jjare.2022.09.004.

Palano MT, et al. When a friend becomes your enemy: natural killer
cells in atherosclerosis and atherosclerosis-associated risk factors.
Front Immunol. 2021;12: 798155.

Kotla S, et al. Endothelial senescence is induced by phosphorylation
and nuclear export of telomeric repeat binding factor 2-interacting
protein. JCI Insight. 2019. https://doi.org/10.1172/jci.insight.124867.
Grootaert MOJ, et al. SIRT6 protects smooth muscle cells from senes-
cence and reduces atherosclerosis. Circ Res. 2021;128(4):474-91.
Reamon-Buettner SM, et al. Cellular senescence as a response to mul-
tiwalled carbon nanotube (MWCNT) exposure in human mesothelial
cells. Mech Ageing Dev. 2021;193: 111412.

Ma R, et al. Amorphous silica nanoparticles accelerated atherosclerotic
lesion progression in ApoE(-/-) mice through endoplasmic reticulum
stress-mediated CD36 up-regulation in macrophage. Part Fibre Toxicol.
2020;17(1):50.


https://doi.org/10.1002/smll.201602363
https://doi.org/10.1002/smll.201602363
https://doi.org/10.3390/ijms18020336
https://doi.org/10.1002/adma.201805740
https://doi.org/10.1002/adma.201805740
https://doi.org/10.1016/j.jare.2022.09.004
https://doi.org/10.1172/jci.insight.124867

Chen et al. Journal of Nanobiotechnology

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

(2023) 21:140

Yu X, et al. Changes of serum parameters of TiO(2) nanoparticle-
induced atherosclerosis in mice. J Hazard Mater. 2014;280:364-71.
Mikkelsen L, et al. Modest effect on plaque progression and vasodila-
tory function in atherosclerosis-prone mice exposed to nanosized
TiO(2). Part Fibre Toxicol. 2011,8:32.

Chen T, et al. Cardiovascular effects of pulmonary exposure to titanium
dioxide nanoparticles in ApoE knockout mice. J Nanosci Nanotechnol.
2013;13(5):3214-22.

Yan Z, et al. Zinc oxide nanoparticle-induced atherosclerotic alterations
in vitro and in vivo. Int J Nanomedicine. 2017;12:4433-42.
Ceballos-Gutierrez A, et al. ZnO nanoparticles induce dyslipidemia and
atherosclerotic lesions leading to changes in vascular contractility and
cannabinoid receptors expression as well as increased blood pressure.
Nanomaterials (Basel). 2021. https://doi.org/10.3390/nano11092319.
Stachyra K, et al. Inhaled silica nanoparticles exacerbate atherosclerosis
through skewing macrophage polarization towards M1 phenotype.
Ecotoxicol Environ Saf. 2021;230: 113112.

Liu X, et al. Serum apolipoprotein A-I depletion is causative to silica
nanoparticles-induced cardiovascular damage. Proc Natl Acad Sci U S
A.2021;118(44):€2108131118.

Lee DK, et al. Aggravation of atherosclerosis by pulmonary exposure to
indium oxide nanoparticles. Nanotoxicology. 2020;14(3):355-71.

Kang GS, et al. Long-term inhalation exposure to nickel nanoparticles
exacerbated atherosclerosis in a susceptible mouse model. Environ
Health Perspect. 2011;119(2):176-81.

Xiao J, et al. Long-term administration of low-dose selenium nanopar-
ticles with different sizes aggravated atherosclerotic lesions and exhib-
ited toxicity in apolipoprotein E-deficient mice. Chem Biol Interact.
2021;347:109601.

Suzuki, et al. Single- and double-walled carbon nanotubes enhance
atherosclerogenesis by promoting monocyte adhesion to endothelial
cells and endothelial progenitor cell dysfunction. Part Fibre Toxicol.
2016;13(1):54.

Li Z, et al. Cardiovascular effects of pulmonary exposure to single-wall
carbon nanotubes. Environ Health Perspect. 2007;115(3):377-82.
CaoYY, et al. Vascular effects of multiwalled carbon nanotubes in
dyslipidemic ApoE-/- mice and cultured endothelial cells. Toxicol Sci.
2014;138(1):104-16.

Xu'YY, et al. Intravenous administration of multi-walled carbon nano-
tubes affects the formation of atherosclerosis in Sprague-Dawley rats. J
Occup Health. 2012;54(5):361-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 22 of 22

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.3390/nano11092319

	Insights into the toxicological effects of nanomaterials on atherosclerosis: mechanisms involved and influence factors
	Abstract 
	Introduction
	Vascular cell pathways
	Endothelial cell pathway
	Endothelial leakage
	Proinflammatory activation

	Smooth muscle cell pathway
	Phenotypic switching
	Foam cells 
	Macrophage-like VSMCs 
	Osteoblast-like VSMCs 

	Proliferation and migration


	Immune cell pathways
	Innate immune cell pathways
	Neutrophil pathway
	Macrophage pathway
	Foam cell formation 
	Polarization 

	Mast cell pathway

	Acquired immune cell pathways
	Dendritic cell pathway
	T-lymphocyte pathway


	Influence factors mediating the effects of NMs on AS-related cells
	Size
	Shape
	Surface charge
	Surface modifications
	Protein corona
	Other properties

	Strategies to avoid the proatherosclerotic properties of nanomaterials
	Limitations and prospects
	Acknowledgements
	References


