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Amorphous silica nanoparticles accelerated
atherosclerotic lesion progression in ApoE-/- mice
through endoplasmic reticulum stress-mediated
CD36 up-regulation in macrophage
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Abstract

Background
Given the prominent cardiovascular effects of nanosized particulate matter in air pollution, our limited
understanding of the potential cardiovascular effects of engineered nanoparticles, in particular, is a
pressing concern. Silica nanoparticles (SiNPs) are among the most widely manufactured and used
nanoparticles. However, the interaction between SiNPs exposure and atherosclerosis, and the underlying
mechanisms still remain unknown.

Results
Ultrasound microscopy showed a signi�cant increase of pulse wave velocity (PWV) in ApoE−/− mice fed
by a Western diet after SiNPs exposure via intratracheal instillation compared to the control mice.
Histopathological investigation re�ected a greater plaque burden with higher lipid load in the aortic root
of SiNPs-exposed ApoE−/− mice. When compared to the control, serum levels of total triglycerides (TG)
and low-density lipoprotein cholesterol (LDL-C) were signi�cantly elevated after SiNPs exposure.
Moreover, intensi�ed macrophage in�ltration and endoplasmic reticulum (ER) stress were occurred in
plaques after SiNPs exposure, as evidenced by the upregulated CD68 and Bip, CHOP levels. Further, in
vitro, SiNPs was con�rmed to activate ER stress and induce lipid accumulation in mouse macrophage,
RAW264.7. Mechanistic analyses showed that 4-PBA (a classic ER stress inhibitor) pretreatment could
greatly alleviate SiNPs-induced macrophage lipid accumulation, and reverse the elevated CD36
expression by SiNPs.

Conclusions
Our results �rstly revealed the acceleratory effect of SiNPs on atherosclerosis in ApoE−/− mice. SiNPs
aggravated the plaque load in the aorta of mice, promoted macrophage in�ltration and ER stress inside
the lesion, alongside with the exacerbated arterial stiffness and dyslipidemia. Further, ER stress-mediated
CD36 upregulation contributed to the formation of macrophage-derived foam cell caused by SiNPs,
ultimately contributing to the progression of atherosclerotic plaque.

Introduction
The rapid development and enormous progress in nanotechnology bring the toxicological concerns to
nanomaterials (NMs), which might pose potential threats to human health and the environment. Silica
nanoparticles (SiNPs) ranked in the top two global producers of nanomaterials, with an annual output of
nearly 1.5 million tons [1]. It has a wide range of applications for industrial products and consumers, such
as food additive, surfactants, catalysts, sensors, ceramics, paints and solar cells, which also applied in
medical and biomedical �elds for drug delivery, disease diagnosis and treatment, etc [2, 3]. Such mass
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production and widespread application of SiNPs would inevitably increase human exposure via
occupational, environmental or even iatrogenic ways. Besides, SiNPs could enter into the natural
environment through dust, construction, fuel combustion, etc., due to silicon is one of the most abundant
minerals on Earth [4, 5]. Indeed, SiNPs was frequently used as the representative for atmospheric
particulate matter (PM) study [6]. Nevertheless, there is still a lack of biosafety data related to SiNPs, and
discrepancy exists in acquired toxicological evidence, probably owing to different exposure scenarios
(e.g., in vivo vs in vitro, acute vs chronic) [7, 8].

Despite the most important route of exposure to SiNPs being inhalation, especially in occupational
settings, cardiovascular system was a principal site of extra-pulmonary toxic effects of SiNPs. It is well-
known that the inhaled NPs could pass through the air-blood barrier, owing to their small size. In support
of this notion, as early as in 2002, Nemmar et al. reported the inhaled NPs can be detected in blood
already after 1 minute [9]. Even the inhaled particles with the size up to 2.0 µm could be detected in
extrapulmonary organs [10]. We previously detected a remarkable increase of silicon content in both
serum and heart of SiNPs-treated rats via intratracheal instillation [11]. Research also found that
nanoparticle translocation into atherosclerotic plaques in mouse aortic arch and human carotid artery
after inhalation [12]. In despite of cardiovascular system as an important toxic site of NPs exposure, the
current knowledge regarding the bio-toxic impact of NPs on the cardiovascular system was not fully
clari�ed, and also the potential toxic mechanisms of NPs are still being questioned [13].

Epidemiological studies have demonstrated a closer correlation between atmospheric ultra�ne particles
(UFP) and cardiovascular diseases (CVDs) [14]. Owing to the similar physicochemical properties and
biological actions between UFP and engineered NMs [15], the robust epidemiological investigations on
UFP may lay foundation for the cardiovascular studies of NPs [16, 17]. So far, limited epidemiological or
occupational evidence has documented the adverse cardiovascular effects caused by NPs exposures
presently. Liao et al. found that the prevalence of arrhythmia and angina were signi�cantly higher in NMs
handling workers than in the controls, and cardiovascular markers (vascular cell adhesion molecule,
intercellular adhesion molecule-1 and low frequency of heart rate variability) were signi�cantly
associated with handling SiNPs [18]. However, cardiovascular dysfunction was not found to be
signi�cantly associated with nanomaterials handling in their four-year panel study, probably attributing to
selection bias and also indicating a more focus on long-term health effect in the future evaluation of
cardiovascular toxicity of NPs.

Atherosclerosis is the major cause of CVDs, and its global burden is projected to rise substantially in the
next few decades, particularly in developing low- and middle-income countries [19, 20]. However, whether
SiNPs could cause the adverse effects on the formation and progression of atherosclerotic plaque is still
poorly understood. Limited studies provided the vascular injury and dysfunction caused after SiNPs
inhalation, probably associated with oxidative stress and in�ammatory response [21]. In contrast, some
studies found SiNPs had good biocompatibility as evidenced by no in�uence on cell viability or
membrane integrity [22, 23]. Owing to controversial results and to the lack of su�cient data to clearly
identify the pro-atherogenic effects of SiNPs, we �rstly investigated the long-term in�uence of SiNPs on
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the progression of atherosclerotic plaque by using ApoE-knockout (ApoE−/−) mice fed a Western diet.
ApoE−/− mice at the age of 1–2 months is commonly used as the animal model for spontaneous
atherosclerosis [24]. To be noted, the ultrasound biomicroscopy, a useful tool for the non-invasive,
dynamic characterization of blood vessels in animal models, was applied during the experiment.
Consequently, we revealed the acceleratory effect of SiNPs on the development and progression of
atherosclerosis in ApoE−/− mice, as evidenced by more severe hyperlipidemia, vascular stiffness, larger
plaque area and lipid deposition after intratracheally instilled SiNPs. In agreed with the endoplasmic
reticulum (ER) expansion and a higher expression of the ER stress marker (Bip and CHOP) in plaque, the
related mechanism investigation by using the mouse macrophage cell line, RAW264.7 and an ER stress
inhibitor, 4-PBA, revealed that the activation of ER stress mediated CD36 up-regulation to facilitate
cholesterol in�ux and the formation macrophages-derived foam cells, which contributed to the plaque
progression and ensuing CVDs. The current study may provide persuasive evidence for safety evaluation
and risk management of SiNPs, and offered a new insight into the mechanisms underlying the adverse
effects of SiNPs on cardiovascular system.

Result

Characterization of SiNPs
SiNPs were spherical in shape and uniform in size as manifested by the SEM and TEM images (Fig. 2A,
B). The particle diameter was normally distributed, with a mean value of 59.98 nm as measured by Image
J software (Fig. 2C). Hydrodynamic size and Zeta potential were commonly detected as indicators of
particle dispersion and stability. As a result, the hydrodynamic size and Zeta potential of SiNPs in
deionized water were relatively stable at different time points (0–24 hours), which were approximately
95 nm and − 35 mV, respectively (Fig. 2D and Table 1). In addition, SiNPs were sterilized and endotoxin-
negative, with purity more than 99.9%.

Vascular sti�ng promoted by SiNPs
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During the 20-week Western diet feeding and SiNPs treatment, a UBM system was applied to monitor the
vascular function and plaque formation. Finally, as depicted in Fig. 3A, an obvious plaque in the LCCA
was observed, and the plaque area was increased slightly after SiNPs treatment. Moreover, IMT and PWV
in each group were gradually increased, while the area/diameter percentage spread (changes in
displacement of blood vessels during a cardiac cycle) and global radial strain were declined at different
timepoint (Fig. 3B), which is consistent with the process of atherosclerosis. To be noted, PWV value of
LCCA was signi�cantly greater in SiNPs group (6.0 mg/kg·bw) when compared to control group,
indicating vascular stiffening aggravated by SiNPs exposure.

Atherosclerotic plaque progression promoted by SiNPs
As depicted in Fig. 4A, mice in each group had signi�cant plaque formation in the aorta, and no
signi�cant difference was observed on the number and distribution of plaque in the whole aorta (Fig. 4B
and C). Further, H&E, Oil-Red O, Masson staining of aortic root sections were used to quantify the plaque
burden (Fig. 4D). As shown in Fig. 5E and F, the lesion area and maximum plaque thickness were
remarkably increased in SiNPs group (6.0 mg/kg·bw) than in control group (p < 0.05). Oil-Red O staining
revealed a slight increase trend of lipid content after SiNPs exposure, but no statistical signi�cance,
which was probably attributed to the higher plaque area in SiNPs-treated mice (Fig. 4G). Collagen content
was markedly increased in mice exposed to SiNPs (Fig. 4H). The negative staining of alizarin red
indicated no calci�cation occurred inside the plaque (Fig. 4D). In addition, the ultrastructure observation
by TEM provided evidence for the performance of advanced plaque lesions in ApoE−/− mice, which were
characterized with endothelial injury, macrophage adhesion to the vascular endothelial cell, foam cell,
smooth muscle cell migration, cholesterol crystal, and even necrotic substances (Fig. 5). Of note, ER
expansion was clearly seen in macrophage within plaque.

Dyslipidemia promoted by SiNPs
Compared with the control group, mice in SiNPs groups had markedly elevated TG and LDL-C levels and
calculated AI, and declined HDL-C/LDL-C ratio, especially at the dose of 6.0 mg/kg·bw group (p < 0.05), in
despite of no signi�cant difference in TC and HDL-C levels (Fig. 6A-F). In addition, there was a positive
correlation between serum LDL-C content and plaque area in aortic root, which suggested that mice with
higher serum LDL-C content had a larger plaque load (Fig. 6G).

ER stress of macrophage triggered by SiNPs in plaque
As shown in Fig. 7, the up-regulated expressions of CD68, Bip and Chop in the plaque of SiNPs-treated
mice were detected, mainly on the luminal side of the lesion, indicating a greater macrophage in�ltration
and ER stress induced by SiNPs. Simultaneously, the positive expression positions of CD68, Bip and
CHOP were almost completely overlapping, re�ecting the activation of ER stress mainly in macrophage or
macrophage-derived foam cells.
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Particle uptake and ER stress triggered by SiNPs in
macrophages
As depicted in Fig. 8A, the presence of large quantity of protrusions and particle aggregates could be
clearly observed on the SiNPs-treated cell surface. Meanwhile, the intracellular particles were deposited in
cytoplasma of macrophage, mostly in autophagic vacuoles, according to the TEM images (Fig. 8B).
Further, the intracellular particles were veri�ed to be internalized SiNPs as evidenced by the determination
of silicon and oxygen elements using energy spectrum scanning (Fig. 8C). In addition, the TEM images
also showed a signi�cant expansion and degranulation of ER in SiNPs-treated macrophage (Fig. 8D). In
consistent with the TEM images, the protein expressions of Bip and CHOP were signi�cantly up-regulated
after SiNPs exposure (Fig. 8E). All these results suggested that SiNPs could be up-taken by macrophage,
and subsequently triggered ER stress.

ER stress enhanced lipid accumulation and macrophage-
derived foam cell formation by SiNPs
Macrophage-derived foam cell formation was a hallmark event during the progression of atherosclerotic
lesion. As shown in Fig. 9A, Oil-Red O staining displayed that SiNPs aggravated the intracellular content
of lipid droplets under oxLDL cotreatment, however, 4-PBA pretreatment alleviated this phenomenon.
Similarly, as illuminated in Fig. 9B, SiNPs treatment caused an increase in the content of intracellular TC,
either with or without oxLDL cotreatment, which also can be alleviated by 4-PBA. Therefore, results
validated that SiNPs promoted lipid accumulation through ER stress-mediated way, consequently
contributing to the foam cell formation and plaque progression.

ER stress-mediated CD36 upregulation involved in lipid
accumulation in macrophage by SiNPs
The intracellular lipid homeostasis in macrophage was precisely regulated by lipid in�ux and e�ux. Thus,
we further detected the expressions of factors controlling the cholesterol uptake (CD36 and SRA1) and its
e�ux (ABCA1, ABCG1, and SRB1) in macrophage. Real-time PCR results showed that SiNPs exposure
caused the up-regulated mRNA expressions of CD36 and SRA1, while down-regulated mRNA expressions
in ABCA1, ABCG1, and SRB1. In addition, SiNPs had no in�uence on the mRNA level of ACAT1, a critical
regulator to re-esterify excessive free cholesterol to cholesterol ester to store in lipid droplets [25]. Further,
4-PBA was applied to validate the role of ER stress in the regulation of lipid homeostasis. Results
validated that the up-regulation of CD36 was positively regulated by ER stress, owing to a signi�cant
decline of CD36 in 4-PBA plus SiNPs group when compared to the SiNPs group (Fig. 10A). Moreover, such
phenomenon was also veri�ed at the protein level of CD36 (Fig. 10B), indicating that the induction of ER
stress by SiNPs could simulate CD36 expression, leading to more lipid uptake and accumulation in
macrophage. In addition, the expression of CD36 in the lesions of SiNPs-treated mice was also elevated
according to the immunohistochemical analysis (Fig. 10C).
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Discussion
Atherosclerotic related cardiovascular disease is the leading cause of mortality worldwide. So far, there is
still no conclusive information on the pro-atherogenic potential of SiNPs. To the best of our knowledge,
this is the �rst in vivo study to con�rm SiNPs exposure could indeed accelerate the progression of
atherosclerosis. We �rstly administered Western diet-fed ApoE−/− mice with SiNPs or saline through
intratracheal instillation for 12 weeks, and ultrasound biomicroscopy (UBM) was applied to monitor the
development and progression of atherosclerosis. Epidemiological studies have provided a close
correlation between PM2.5 and carotid intima-media thickness (CIMT), a most frequently used indicator of
subclinical atherosclerosis [26]. However, only few studies reported the vascular effects of NPs through
Doppler ultrasound trace. Here, ultrasound technique was applied, and repeated measurement data was
acquired, which would be more convincing. As a result, the data indicated the atherosclerosis model was
well established, and SiNPs exposure reduced arterial elasticity, aggravated the arterial stiffness, which is
a feature of atherosclerotic plaque progression [27]. Arterial stiffness was positively correlated with
reactive oxygen species (ROS) and the followed oxidative stress [28], a major attributor of the adverse
effects caused by SiNPs, and inversely with arterial NO bioavailability. A declined NO bioavailability was
detected as a decrease in endothelium-dependent vasodilatation [29]. Indeed, a disturbed oxidation-
reduction status was triggered after intratreacheally instilled SiNPs [21], as well as NO/NOS disorder.

On the basis of a clearly observed plaque and an increased PWV value in SiNPs-treated mice, the
experiment was terminated, and atherosclerotic burden was assessed by en-face staining of the whole
aorta and histological examination of the aortic root. Consistent with the UBM monitoring, plaque was
formed in aorta, and the plaque area and lipid-rich core area in plaque were increased after SiNPs
administration. Plaques with lipid-rich cores are suspected to be vulnerable, increasing the risk of sudden
plaque rupture and thrombotic complications. Previous studies have found the induction of systemic
in�ammation by SiNPs [30], probably contributing to the form of vulnerable plaques [31]. In addition,
according to the American Heart Association's de�nition of human atherosclerotic stages [32, 33], the
plaque at the termination of experiment was progressed into advanced lesion with stage IV, characterized
with the large plaque burden and foam cells, migrating smooth muscle cells, cholesterol crystals, and
necrotic substances inside the plaque. Previously, SiNPs was con�rmed to induce endothelial injury [34,
35, 36, 37] and promote the recruitment of monocytes to injured endothelial cells [38], and foam cell
formation at the early stage of atherosclerosis [39]. Moreover, a discontinued or fragmented intimal
surface was induced by repeated pulmonary exposure of SiNPs, accompanied with endothelial apoptosis
[21]. In addition, the ability to induce thrombosis formation may also attribute to the pro-atherogenic
potential of SiNPs [40]. However, the underlying mechanisms by which SiNPs in�uenced atherogenesis
still remains largely unknown.

Lipid is one of the most important stimuli initiating atherogenesis. Plasma lipoproteins are involved in
foam cell formation and in�ammatory regulation within plaques [41, 42, 43]. The abnormal plasma
lipoprotein level is usually considered as the feature of atherosclerosis. To date, few studies have pointed
out the induction of dyslipidemia by airborne UFP [44]. Repeated intravenous administration of SiNPs
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was reported to disturb hepatic lipid metabolism and trigger hyperlipidemia in mice [45]. Similarly, dys- or
hyper-lipidemia was induced after a long-term exposure of ZnO NPs via intratracheally instillation in rat,
or of TiO2 NPs in ICR or ApoE−/− mice, ultimately contributing to the initiation and progression of
atherosclerosis [46, 47, 48, 49]. In particular, a cross-sectional study also found that occupational
exposure to TiO2 NPs affected lipid metabolism, as evidenced by a higher level of serum LDL when
compared to the normal physiologic range for LDL in adults in China [50]. In agreement with these
�ndings, we revealed the sub-chronic SiNPs treatment via intratracheal instillation also aggravated the
hyperlipidemia of ApoE−/− mice, characterized with the increased serum levels of TG and LDL-C. To be
noted, the increase in serum LDL-C content was positively correlated with the plaque area in aortic root.
Coincidently, population studies have shown a highly consistent, positive correlation between blood LDL-
C level and atherosclerotic CVD risk in humans [51]. Besides, hypertriglyceridemia is causally associated
with increased atherosclerosis risk [42]. Intriguingly, either the repeated exposure to single-wall carbon
nanotube (SWCNT) or long-term (over 5 months) exposure of nano-Ni was reported to exacerbate plaque
development in ApoE−/− mice, but no alteration of lipid pro�le [49, 52]. It might explain other mechanisms
also contributing to atherogenesis, such as systemic oxidative stress, in�ammation [53].

Endoplasmic reticulum (ER) stress, also known as unfold protein response (UPR), plays a crucial role in
the pathogenesis of a series of cardiovascular disorders, including atherosclerosis, ischemia. ER is a
major site for protein folding and calcium reservoir. Numerous studies suggested ER as a potential target
for NPs [34, 54, 55, 56, 57, 58]. The accumulation of misfolded or unfolded proteins led to ER stress,
which was recently proposed as the mechanism responsible for NPs-induced toxicity [59]. ER stress could
occur at all stages of atherogenesis [60]. Moreover, studies by using human plaque samples and animal
models showed an increased ER stress in plaques with faster plaque progression [61]. The induction of
ER-associated UPR events by NPs was pointed out either in vitro or in vivo [34, 62]. In particular, other
than oxidative stress, ER stress was reported to mediate the SiNPs-caused vascular injury in rats [21], and
modulate ROS formation in vascular endothelial cells, which could be explained by the increased ROS as
an integral component of UPR signaling [63]. At the present study, aggravated ER stress in macrophage
within plaque was clearly seen, as evidenced by ER expansion and remarkably elevated Bip and CHOP
levels. But how ER stress participates and its regulatory molecular mechanism among the pro-
atherogenesis effect of SiNPs was still unclearly illuminated.

Macrophage-derived foam cell is the crucial determinant of the initiation and progression of
atherosclerosis lesion [64], contributing to plaque instability and rupture [65]. In agreement with previous
studies [39], ER stress was signi�cantly induced after SiNPs exposure, as evidenced by the expansion and
degranulation of ER, as well as greatly up-regulated Bip and CHOP expressions. More importantly, ER
stress inhibition largely alleviated the lipid accumulation induced by SiNPs in macrophage as assessed
by the Oil-Red O staining and intracellular cholesterol measurement. It is worth noting that some ER
stress genes are involved in lipid metabolism, which fuel atherogenesis. For instance, CHOP is crucial for
lipid synthesis, and its expression would result in lipid accumulation [66]. The cellular lipid homeostasis
was highly, precisely regulated by lipid in�ux and e�ux. Upon oxLDL and SiNPs co-exposure, remarkably
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dysregulated expressions of lipid in�ux/e�ux genes were detected in macrophage [39], probably
mediated by ER stress signaling. Further, Long et al. revealed the lipid accumulation in macrophages was
attributed to the modulation of ER stress leading to the upregulation of scavenger receptors, including
CD36 and SRA1 [67]. Apart from CD36, ER stress was also reported to correlate with reduced ABCA1 level
in macrophage, a key regulator for lipid e�ux. But that was not the case in SiNPs-induced lipid
accumulation. However, our data con�rmed only CD36 was dependent on ER stress induced by SiNPs,
leading to lipid accumulation and foam cell formation, ultimately contributing to atherosclerosis. CD36 is
a membrane glycoprotein that belongs to the class B scavenger receptor family, and is known to be
involved in lipid metabolism as well as atherosclerosis development. Indeed, a series of studies have
proven ER stress modulated lipid in�ux via CD36 [70, 71, 72]. Lipid could be tra�cked by CD36 to ER, and
meanwhile, the accumulation of toxic lipids in macrophages would result in a prolonged ER stress.
However, the detailed molecular mechanisms by which ER stress regulate CD36 need to address in future
studies. Of note, the enhanced intracellular cholesterol content and the modulation of cholesterol
in�ux/e�ux genes could be directly induced by SiNPs even without external lipid supply, indicating the
excessive lipids are not indispensable for SiNPs to promote foam cell formation.

By the way, how do the applied doses relate to a real-life exposure? The air concentrations of amorphous
SiNPs ranged 400–22200 particles/cm3 [73]. The number of NPs in ambient air ranged from 2 × 104 to 2 
× 105/cm3, with mass concentrations of > 50 µg/m3 near major highways [74]. Here, the actual lung
exposure dose of SiNPs (1.5, 3.0 or 6.0 mg/kg·bw) was about 40, 80, 160 µg/mouse/week (based on
mice weighting 26–29 µg during SiNPs treatment), respectively. According to a previous study [48], the
inhalation dose of a mouse is about 5 µg after a one-week exposure at the daily concentration of
50 µg/m3 near major highways (consuming the inhalation rate for mice is 0.052 m3/day, and the mice
pulmonary deposition fraction for 60 nm particles of 0.25) [75]. In this concentration, the applied dose
(1.5, 3.0 or 6.0 mg/kg·bw) in this study was correspondingly 8, 16, or 32 times to the airborne exposure
level of SiNPs. Hence, this study is featured by the used exposure conditions relevant to human exposure
scenarios.

Conclusions
In summary, this is the �rst study to directly address the acceleratory effect of SiNPs in atherosclerotic
plaque progression by using ApoE−/− mice. And also, it is novel in the utilization of ultrasonic technique to
non-invasive, dynamic assess the vascular function and plaque formation. Consequently, the current
study demonstrated an increased plaque size, macrophage in�ltration and lipid deposition in the aortic
root after long-term SiNPs exposure via intratracheal instillation, accompanied by the aggravated
hyperlipidemia, artery stiffness and ER stress in plaque. Moreover, a comprehensive molecular
mechanism related to the promotion of atherosclerotic progression by SiNPs was provided. That was, ER
stress-mediated up-regulated CD36 expression was validated to be a major contributor of SiNPs to
promote foam cell formation and ultimate plaque progression. Hence, SiNPs exposure was proposed as a
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risk factor for atherosclerotic CVD, and more efforts should be made for a safer application of
nanoproducts.

Methods

Nanoparticles preparation and characterization
The amorphous SiNPs used in the experiments were prepared by the Stöber method as previously
described [36]. The shape and size of the nanoparticles were observed by scanning electron microscopy
(SEM; Hitachi S-4800, Japan) and transmission electron microscopy (TEM; JEM2100, Japan). Based on
the TEM results, the particle size distribution was analyzed through Image J software. The hydrodynamic
size and Zeta potential of SiNPs in deionized water were measured by Zetasizer (Malvern Nano-ZS90,
UK). Moreover, an inductively coupled plasma atomic emission spectrometry (ICP-AES; Agilent 720, USA)
was used for the purity detection of the synthesized SiNPs, and a gel-clot limulus amebocyte lysate (LAL)
assay kit (Bokang, Zhanjiang, China) for endotoxin measurement. In addition, the stock suspension of
SiNPs were �rstly dispersed by a sonicator (160 W, 20 kHz, 5 min; Bioruptor UCD-200, Belgium), and then
diluted by the corresponding exposure media, 0.9% saline (in vivo test) or DMEM (in vitro test).

Animal studies
Male ApoE−/− mice (age, four-week; weight, 18–22 g), a well-established animal model for
atherosclerosis, were obtained from the Experimental Animal Center of Capital Medical University (Beijing,
China) to assess the long-term effect of SiNPs in the development of atherosclerosis. All mice were
housed in sterilized �lter-topped cages with free access to food and water, and maintained in a speci�c
pathogen-free facility with a constant humidity (50 ± 5%), temperature (24 ± 1 °C) at 12/12-h light/dark
cycle. After one week of acclimation, all the mice were supplied with a Western diet (21% fat, 0.15%
cholesterol, 34% sucrose) for 20 weeks. Four-week later, the mice were randomly divided into four groups
(12 mice per group), which were control group and three SiNPs groups at a dose of 1.5, 3.0, or
6.0 mg/kg·bw, respectively. The applied dose of SiNPs was in reference to an inhalation study in mice
[76], in which the doses of SiNPs were evaluated based on the real workplace exposure scenarios. It was
reported the occupational exposure level of SiNPs ranged from 1.0–27.6 mg/m3 [77]. In considering the
lack of a recommended exposure limit for amorphous SiNPs, the permissible concentration-time
weighted average (PC-TWA) of amorphous silica dioxide (SiO2), 6 mg/m3 was used. Therefore, a worker

(60 kg) exposed to a concentration of 6 mg/m3 SiNPs for 8 h (1 workday) without proper protection will
result in an approximate pulmonary dose of 0.44 mg/kg·bw (assuming human under a light exercise
condition in workplace with breathing frequency 20 breaths/min, 1024 mL/breath, and pulmonary
deposition fraction for 60 nm particles of 0.45 in human) [75, 78]. According to the equivalent conversion
coe�cient of the dose per kilogram of body weight in experiment animals and human [79], the dosage is
equivalent to 5.45 mg/kg·bw in mice. Thus, we set the highest dose as 6.0 mg/kg·bw.
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Mice in SiNPs groups were administered SiNPs suspension through intratracheally instillation, once in
every 7 days and 12 times in total, whereas the control mice were instilled with 0.9% saline instead. The
volume of intratracheal instillation was controlled to be 50 ± 5 µl. Furthermore, the ultrasound
biomicroscopy (UBM) of three mice per group was performed at the 4th, 10th, 16th, and 20th week. The
experimental design is shown in the Fig. 1. In addition, the body weight and food intake of mice were
monitored and weighed weekly (see details in the supplementary Fig. S1). At the termination of the
experiment, mice were fasted overnight, blood and aortas were harvested. Serum was extracted from the
blood and stored at -80 °C until analyzed. All the animal experimentation was performed following the
National Guidelines for Animal Care and Use, and approved by the Committee of Laboratory Animal Care
and Use in Capital Medical University (Ethical number, AEEI-2018-002).

Ultrasound biomicroscopy
An ultra-high resolution color doppler ultrasound system (Vevo 2100, FUJIFILM Visualsonics, USA)
equipped with MS 400/550D mechanical transducers was used, and the ultrasound imaging parameters
of the left common carotid artery (LCCA) were measured. During the experiment, mice were anaesthetized
with iso�urane gas resulting in a heart rate of approximately 500 beats/min, and the hair from the
anterior chest wall was carefully shaved, and warm ultrasound transmission gel was liberally applied to
ensure optimal image quality. The intima-media thickness (IMT) and pulse wave velocity (PWV) were
obtained using VEVO LAB software. The EKV two-dimensional dynamic image was analyzed by VEVO
VASC software, and indicators representing vascular compliance (diameter/area percentage spread and
global radial strain) were obtained. On the basis of a previous description [80], IMT is measured with the
vascular lumen–intimal interface selected as the internal measurement site and the media–adventitial
interface as the external limit. PWV was calculated by the following formula: Length of LCCA/Time of
blood �owing through the LCCA. All measurements were repeated three times. All the images were
analyzed by another operator blinded to the identities of the animals.

Lipid pro�les analysis
The contents of total cholesterol (TC), total triglyceride (TG), high density lipoprotein cholesterol (HDL-C),
and low-density lipoprotein cholesterol (LDL-C) in mice serum were measured by an automatic
biochemical analyzer. The ratio of HDL-C/LDL-C and atherogenic index (AI) were calculated. AI was
de�ned according to the formula: AI = (TC - HDL-C)/HDL-C.

Histopathological examination
For lesions throughout the aorta, the whole aortas of three mice per group were separated, cut
longitudinally after removing excess adipose tissue, and stained with Oil-Red O staining (Solarbio, Beijing,
China) for 10 minutes. Afterwards, the stained aortas were placed in 75% alcohol until the artery wall
without lesions was cleaned. Images were captured and analyzed by Image J software. Furthermore, for
the lesion at the aortic root, the entire aortic root was immersed in 4% paraformaldehyde for 24 hours,
embedded into para�n or optimal cutting temperature (OCT) for histological examination. The cross-
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sections of the aortic root were stained with hematoxylin and eosin (H&E), Oil-Red O, Masson and Alizarin
Red for the quanti�cation of plaque area, lipid and collagen content, and aortic calci�cation. It is worth
noting that the regional error in lesion size was avoided by acquiring of the sequential cross-sections
throughout the entire aortic root as previously described [81]. Ultimately, the largest lesion area was
selected for the comparative analysis of plaque (Supplementary material Fig. S2). All slides were
scanned with Pannoramic SCAN system (3DHISTECH, Hungary), and measured with CaseViewer
software (3DHISTECH, Hungary) or by Image J software. The quanti�cation of each morphological
parameter was performed by one investigator blinded for the treatment. The quanti�cation of each
morphological parameter was performed by one investigator blinded for the treatment, and reviewed by
certi�ed veterinary pathologists.

Immunohistochemical staining
Immunohistochemistry was performed in the para�n-embedded artery root to determine the expressions
of CD68 (a macrophage marker), CD36 (a principal contributor to cholesterol uptake), Bip and CHOP
(biomarkers for endoplasmic reticulum stress) in situ. Brie�y, the dehydrated para�n sections were
immersed in 1 mM EDTA (pH = 9) for antigen retrieval, and incubated with 3% hydrogen peroxide to
abolish endogenous peroxidase. The sections were incubated with the primary antibody for CD68
(ab125212, Abcam, UK), CD36 (18836, Proteintech, USA), Bip (#3177, CST, USA), or CHOP (15204,
Proteintech, USA) overnight at 4 °C, and then incubated with the corresponding secondary antibody and
stained with 3,3’-diaminobenzidine (DAB). These primary antibodies were diluted with 5% BSA solution at
a ratio of 1: 200. Moreover, the nucleus was stained with hematoxylin. Finally, the percentage of positive-
staining area in the whole plaque of aortic root was analyzed using the Image J software. All analyses
were performed by one investigator blinded for the treatment.

TEM observation of lesions
The ultrastructure of lesion was observed by using TEM (JEM2100; JEOL, Japan). In brief, the �rst branch
of aorta was �xed by 2.5% glutaraldehyde overnight, rinsed with 0.1 M phosphate buffer, and post�xed
with osmic acid for 2 hours. After being dehydrated in ethanol with concentration gradients and acetone,
the sample was embedded in epoxy resin. Ultimately, the ultrathin sections (50 nm) were obtained and
imaged under TEM.

Cell culture and treatment
Mouse macrophage cell line, RAW264.7 cells were cultured in DMEM (ThermoFisher, USA) with 10% fetal
bovine serum (FBS; ThermoFisher, USA) at 37 °C in a 5% CO2 incubator. SiNPs were diluted by DMEM to
appropriate concentrations, and an ER stress inhibitor, 4-phenylbutyric acid (4-PBA; Selleck, USA) was
applied (3 mM, 6 hours). The dosage of SiNPs was set according to the cell viability analysis by using
MTT assay. Since a signi�cant acute toxicity (24 hours) was seen in SiNPs-treated group at a
concentration of 50 µg/ml, while simultaneously with cell viability > 70%, the exposure mode of SiNPs
(50 µg/ml, 24 hours) was used in the subsequent in vitro experiments. Similarly, the application of 4-PBA
was set up through MTT assay and also veri�ed as evidenced by an e�cient inhibition on the up-
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regulated expressions of Bip and Chop induced by SiNPs. See details in the supplementary Fig. S3. After
SiNPs with or without 4-PBA treatment, cells were harvested for the following measurement.

Cellular morphology observation and particle internalization
analysis
After 50 µg/ml SiNPs treatment for 24 hours, the cellular morphology and alterations of cellular
ultrastructure were observed by SEM (S-4800, Hitachi, Japan), and TEM (JEM2100, JEOL, Japan). Based
on the TEM image, the particle uptake and internalization were veri�ed by energy dispersive spectrometry
(EDS; Bruker-XFlash6/60, Germany).

Intracellular lipid measurement
Intracellular lipid droplets were determined by Oil-Red O staining as previously described [39]. In brief,
cells were �xed with 4% paraformaldehyde, and stained with Oil-Red O working solution for 30 minutes
after assimilation of 60% isopropanol. The excess dye was washed away with 60% isopropanol and the
cells were observed under an Olympus IX81 microscope (Tokyo, Japan). Also, the intracellular content of
total cholesterol (TC) was measured by a total cholesterol assay kit (Applygen, Beijing, China) according
to the manufacturer’s protocol. Ultimately, the intracellular TC content was calibrated using protein mass.

Quantitative real-time RT-PCR
The total cellular RNA was extracted by using a RNAsimple Total RNA kit (Tiangen, Beijing, China), and
reversely transcribed to cDNA using a PrimeScript™ RT reagent kit (TaKaRa, Japan). The quantitative PCR
was performed by using the SYBR Premix Ex TaqTM II (Takara, Japan) in a real-time PCR machine (Bio-
Rad, USA). The relative expression in mRNA levels of lipid transport (CD36, SRA1, ABCA1, ABCG1 and
SRBI) and esteri�cation (ACAT1), and also endoplasmic reticulum (ER) stress indicators (Bip and CHOP)
were quanti�ed. Each experiment was conducted in triplicate with β-actin as the internal standard.
Primers used for quantitative PCR analysis were listed in the supplementary �le (Table S1).

Western Blot assay
The whole cellular protein was extracted by a Protein Rapid Extraction kit (KeyGEN, China), and quanti�ed
by BCA protein assay (Dingguo, China). After denaturation, protein lysate was separated with SDS-PAGE,
and transferred to a nitrocellulose membrane (Pall, Germany). The membrane was blocked with Tris-
buffered saline (TBS) solution containing 5% skim milk powder for 1 hour at room temperature. After
wash three times with TBST (TBS with 0.05% Tween-20), membrane was incubated with the primary
antibody diluted by TBST solution (1 : 1000), including Bip (#3177, CST, USA), CHOP (#2895, CST, USA),
CD36 (ab64014, Abcam, UK), GADPH (#5174, CST, USA) and β-actin (66009, Proteintech, USA) overnight.
After three-time wash with TBST, membrane was incubated with the corresponding �uorescent secondary
antibody (LI-COR, Gene Company Limited, Hong Kong) for 1 hour at room temperature, and ultimately
detected using Odyssey® CLx imaging system (Gene Company Limited, Hong Kong). At least three
independent experiments were performed. The relative expression level of protein was analyzed by Image
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Studio™ quanti�cation software (Gene Company Limited, Hong Kong) with β-actin or GAPDH as internal
control, and normalized to the control group.

Statistical analysis
Data were expressed as mean ± standard deviation. Beside the ultrasound data by repeated measures
analysis of variance (ANOVA) and CD36 expression in plaque by t-test of independent samples, the
signi�cant analysis for the in vivo study was determined by one-way ANOVA. Signi�cance for the in vitro
experiment was analyzed by t-test of independent samples, except for the statistical analysis of Bip or
CHOP expression in RAW264.7 cells by one-way ANOVA. A two-tailed Person correlation test was applied
to determine the correlation between the lesion areas in aortic root and serum lipid levels. All data were
analyzed by SPSS 20.0 software, and p value < 0.05 indicates statistical signi�cance.
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Figures

Figure 1

Experimental design of SiNPs promoted the atherosclerotic plaque progression in ApoE-/- mice. 4-weel-
old male ApoE-/- mice fed a Western diet were exposed to SiNPs via intratracheal instillation for 12 times,
once per week, in order to investigate the in�uence of sub-chronic SiNPs exposure on the development of
atherosclerosis.



Page 23/30

Figure 2

Characterization of SiNPs. Representative SEM (A) and TEM (B) images of SiNPs. Scale bar = 100 nm.
(C) SiNPs are normally distributed with a mean diameter of 59.98 ± 5.71 nm. (D) The hydrodynamic size
and zeta potential distribution of SiNPs in distilled water.
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Figure 3

SiNPs promoted the stiffness of carotid artery in ApoE-/- mice. (A) Plaque in the left common carotid
artery (LCCA) was captured by using ultrasonic biomicroscopy, and the plaque area was calculated at the
end of the experiment. (B) The area percent spread, diameter percent spread, global radial strain, intima-
media thickness (IMT) and pulse wave velocity (PWV) of the left common carotid artery (LCCA) were
measured at different timepoints. *p < 0.05 vs Control group at the same timepoint. Data are expressed
as means ± SD, n = 3.
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Figure 4

Effect of SiNPs on the progression of atherosclerosis. Representative images of a mouse aorta with
atherosclerotic plaque (A), and the whole aorta stained by Oil red O was arranged for optimal
measurement of lesion area by en-face analysis (B, C). n = 3. (D) Representative images of H&E, Oil Red
O, Alizarin Red and Masson staining in aortic root. Scale bar = 200 μm or 50 μm. (E, F) The analysis of
plaque area and maximum plaque thickness based on H&E staining, n = 6. (G) The plaque lipid content
based on Oil Red O staining, n = 4. (H) Plaque collagen content based on Masson staining, n = 4. *p <
0.05 vs Control. Data are expressed as means ± SD.
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Figure 5

Representative TEM picture of the plaque. Foam cells, migrated smooth muscle cells, and a large amount
of cholesterol crystals and necrotic substances (black arrow) were observed in the lesions of mice in
control or SiNPs exposed group. The expansion of endoplasmic reticulum was observed within
macrophages inside the lesion (yellow arrow). Scale bar = 1 μm.

Figure 6

Effect of SiNPs on serum lipid pro�les. The TC (A), TG (B), LDL-C (C), and HDL-C (D) were detected, and
the ratio of HDL-C/LDL-C (E) and AI (F) were calculated. The correlation between serum TC, TG, LDL-C,
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HDL-C content and aortic root plaque area was analyzed (G). r : Correlation coe�cient, *p < 0.05 vs
Control. Data are expressed as means ± SD, n = 6.

Figure 7

SiNPs activated ER stress in atherosclerotic lesion. (A) Representative images of immunohistochemistry
staining of CD68, Bip and CHOP in aortic roots. Scale bar = 50 μm. (B) Statistical analyses of CD68-, Bip-,
CHOP- positive area in aortic roots. n = 4. *p < 0.05 vs Control. Data are expressed as means ± SD.
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Figure 8

SiNPs were internalized and activated ER stress in RAW264.7 cells. The cells were treated with 50 μg/ml
SiNPs for 24 hours. Representative images of SEM (A) and TEM (B) respectively indicated the
visualization of particle aggregates on the cellular surface, and uptake in macrophage after SiNPs
treatment. Scale bar = 200 nm, 1 or 2 μm. (C)The uptake of SiNPs was further measured by energy
dispersive spectrometry. In coincidence with the TEM image, silicon (red) and oxygen (green) element
were detected. Scale bar = 3 μm. (D) Representative TEM images indicated ER stress as evidenced by ER
expansion and degranulation (black arrow). Scale bar = 1 μm. (E) The expressions of ER stress indicators,
Bip and CHOP were detected by Western blot and the densitometric analysis was performed. *p < 0.05 vs
Control. Data are expressed as means ± SD of three independent experiments.
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Figure 9

ER stress involved in the lipid accumulation induced by SiNPs in RAW264.7 cells. (A) Representative lipid
droplet staining images by Oil Red O staining. Scale bar = 20μm. (B) The intracellular total cholesterol
content of RAW264.7 cells. *p < 0.05 vs Control, #p < 0.05 vs SiNPs group with or without ox-LDL. Data
are expressed as means ± SD of three independent experiments.
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Figure 10

ER stress-mediated the up-regulated CD36 expression attributing to the lipid accumulation induced by
SiNPs in RAW264.7cells. (A) The relative mRNA expressions of factors involved in cholesterol
in�ux/e�ux. (B) The CD36 protein expression of RAW264.7 cells. In consistent with the mRNA level, the
up-regulated CD36 expression induced by SiNPs was greatly alleviated by 4-PBA pretreatment. Also, the
CD36 expression in the plaque of SiNPs-exposed aortic root was up-regualted (C, n = 4). *p < 0.05 vs
Control, #p < 0.05 vs SiNPs group. Data are expressed as means ± SD of three independent experiments.
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