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• SiNPs enhanced oxLDL-induced macro-
phage lipid accumulation and apoptosis.

• Lipid accumulation was caused through
promoting cholesterol influx, inhibiting
cholesterol efflux by SiNPs and oxLDL.

• ER stress PERK/eIF2α/ATF4 and IRE1α/
XBP1 signaling participated in the ad-
verse effects induced by SiNPs and
oxLDL coexposure.
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Oxidized low-density lipoprotein (oxLDL), amarker of hyperlipidemia, plays a pivotal role in the development of
atherosclerosis through the induction of macrophage-derived foam cell formation and thereafter apoptosis. Pre-
vious studies have indicated that silica nanoparticle (SiNPs)may exert a proatherogenic role, which could induce
endothelial dysfunction, and monocytes infiltration. However, little is known about SiNPs' effects on macro-
phage-derived foam cell formation and apoptosis in the pathogenesis of atherosclerosis. In this study, we inves-
tigated the effects of SiNPs and oxLDL coexposure on macrophage-derived lipid metabolism, foam cell and
apoptosis by using Raw264.7 cells. As a result, SiNPs enhanced cytotoxicity, apoptosis, and lipid accumulation
upon oxLDL stimulation. Furthermore, quantitative determination of the expression levels of genes involved in
cholesterol influx or efflux showed significantly up-regulated expressions of CD36 and SRA, whereas down-reg-
ulated expressions of ATP-binding cassette A1 (ABCA1), ABCG1, and SRB1 in oxLDL-treated macrophages, espe-
cially upon the co-exposure with SiNPs. It indicated that SiNPs promoted lipid accumulation inmacrophage cells
through not only facilitating cholesterol influx but also inhibiting cholesterol efflux. Endoplasmic reticulum (ER)
is specialized for the production, modification, even trafficking of lipids. Interestingly, ER response was triggered
upon oxLDL treatment, while SiNPs coexposure augmented the ER stress. Taken together, our results revealed
that SiNPs promoted oxLDL-induced macrophage foam cell formation and apoptosis, which may be mediated
by ER stress signaling. Thus we propose future researches needed for a better understanding of NPs' toxicity
and their interactions with various pathophysiological conditions.

© 2018 Elsevier B.V. All rights reserved.
Keywords:
Nanoparticle
Macrophage
Cholesterol
ER stress
Public Health, Capital Medical University, No.10 Xitoutiao, You AnMen, Beijing 100069, China.
⁎ Corresponding authors at: Department of Toxicology and Sanitary Chemistry, School of

mu.edu.cn (Z. Sun).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2018.02.312&domain=pdf
https://doi.org/10.1016/j.scitotenv.2018.02.312
mailto:zwsun@ccmu.edu.cn
Journal logo
https://doi.org/10.1016/j.scitotenv.2018.02.312
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


571C. Guo et al. / Science of the Total Environment 631–632 (2018) 570–579
1. Introduction

There is a global epidemic of cardiovascular disease (CVD), which is
also a leading cause of health loss worldwide. According to the Global
Burden of Disease Study 2015, there were an estimated 422.7 million
cases of CVD and 17.92 million CVD deaths in 2015, which accounted
for one-third of all deaths (Roth et al., 2017). Emerging evidence indi-
cated that environmental exposure may also contribute to the global
epidemic of CVD and other metabolic consequences. For example, a
growing number of epidemiological and experimental studies have pro-
vided sufficient evidence for a causal effect of acute/chronic exposure to
particulate matter (PM) on the progression of atherosclerosis, and the
morbidity and mortality of CVD (Brook et al., 2017). Moreover, nano-
scale ultrafine particle (UFP) appears to bemore potent in the induction
of cardiovascular effects, whichmay attribute to their relatively smaller
size, larger effective surface area, deeper penetration in human airways
and probably systemic transportation (Traboulsi et al., 2017).

UFP in which silicon is an important inorganic component, were
widely spread in the atmosphere through sandstorm, construction
and combustion processes (Asweto et al., 2017). Silica is widely used
as model particle for atmospheric studies (Lu et al., 2015). Meanwhile,
engineered silica nanoparticles (SiNPs) have been widely used as bio-
sensor, or carriers for gene therapy and drug delivery, which inevitably
brings human potential exposure to SiNPs through environmental, oc-
cupational and even iatrogenic ways. Interestingly, a recent study pro-
vided a more compelling evidence that besides the translocation from
lung to systemic circulation, the inhaled NPs preferentially accumulated
at sites of vascular inflammation (Miller et al., 2017). Reportedly, SiNPs
exposure had pro-atherogenic effects,whichdisrupted vascular homeo-
stasis (Nemmar et al., 2014), induced endothelial dysfunction (Guo et
al., 2015; Guo et al., 2016; Liu and Sun, 2010), promoted inflammation
and monocyte-endothelial cell adhesion (Liu et al., 2012; Napierska et
al., 2013), and also trigger cytotoxicity, oxidative stress and triglyceride
accumulation on macrophage (Petrick et al., 2016). All those evidences
revealed SiNPs exposure may promote atherosclerosis. Nevertheless,
sadly, our understanding of the health and safety aspects of NPs is still
very limited, even highly controversial.

Atherosclerosis is involved in the pathogenesis of CVD. Among the
risk factors, dyslipidemia provides a vital role in the occurrence and de-
velopment of atherosclerosis. Notably, a recent report showed that
more than a half (58.72%) of Chinese population suffers from dyslipid-
emia (Li et al., 2017). Oxidative stress induced by PM or NPs exposure
could initiate atheroma development by oxidizing low-density lipopro-
tein (LDL) (Arai, 2014; Chang et al., 2014), as well as inducing endothe-
lial dysfunction (Guo et al., 2015; Guo et al., 2016). The oxidized LDL
(oxLDL) has been considered as a critical risk factor for the initiation
and progression of hyperlipidemia, which could increase vascular per-
meability to serum proteins in an early stage of atherosclerosis (May
and Qu, 2010), and also induce macrophage apoptosis contributing to
rupture and destabilization of atherosclerotic plaques (Linton et al.,
2000). High plasma and plaque levels of oxLDL were closely correlated
with CVD and plaque disruption (Nishi et al., 2002).

Atherosclerosis is characterized by the accumulation of macro-
phages and oxLDL in the intimal layer of elastic and muscular arteries.
oxLDL is a well-recognized risk factor for atherosclerosis, directly re-
sponsible for exacerbating macrophage activation and atherosclerosis.
Macrophages participate in all stages of atherosclerosis, a chronic in-
flammatory state. It was well-documented that macrophage foam cell
formation and apoptosis are crucial determinants of the initiation and
progression of atherosclerosis lesion (Linton et al., 2016), which partic-
ipate in the formation and expansion of lipid core, contributing to
plaque instability and rupture (Bobryshev et al., 2016). Up to date, the
pro-inflammatory potential of SiNPs onmacrophage had beenwell elu-
cidated (Breznan et al., 2017). However, the influence of these particles
on macrophage lipid accumulation and apoptosis is poorly understood.
It is well-recognized that SiNPs could enter the vascular system
indirectly by inhalation, ingestion or skin contact, and even directly
through vein injection (Du et al., 2013; Matsuo et al., 2016; Nemmar
et al., 2016). Previous studies had confirmed the recruited monocytes
to lesional endothelial cells induced by SiNPs exposure (Liu et al.,
2012; Napierska et al., 2013). Similarly to oxLDL, SiNPs could not only
induce endothelial injury and dysfunction (Guo et al., 2018), but also di-
rectly increase the permeability of vascular endothelium to molecules
thatwould not otherwise cross the barrier (Tay et al., 2017). Interesting,
the SiNPs-induced endothelial leakiness even occurred at condition that
did not entail increase in intracellular reactive oxygen species (ROS)
level nor compromised cell viability (Tay et al., 2017). In view of the in-
creasing vascular exposure of SiNPs, the prevalence of hyperlipidemia
and their role in atherosclerosis, there is great possibility for their inter-
action (SiNPs and oxLDL) with macrophages and to influence athero-
sclerosis. In this context, this paper was aimed to determine the
influence on macrophage lipid accumulation and apoptosis upon
oxLDL and SiNPs coexposure, and elucidate the mechanisms behind
these adverse effects, whichwould provide new insights into cardiovas-
cular risks associated with NPs exposure.
2. Materials and methods

2.1. Materials

The amorphous SiNPs were synthesized through the Stöber method
by the College of Chemistry, Jilin University, China, and characterized as
described in our previous study (Guo et al., 2016). Briefly, 2.5 mL of
tetraethylorthosilicate was added to a premixed ethanol solution
(50 mL) containing 2 mL of ammonia and 1 mL of water. The mixture
was kept stirring (150 rpm) at 40 °C for 12 h and was then centrifuged
at 12,000 rpm for 15min to isolate the particles. After washingwith de-
ionized water for three times, the particles were dispersed in 50 mL of
deionized water and sterilized by autoclave (0.1 MPa, 120 °C, 20 min)
as a concentrated suspension for further experiments. Transmission
electron microscope (TEM) (JEOL JEM2100, Japan) was used for
assessing the particle size and morphology. The hydrodynamic size of
synthesized particles was assessed by dynamic light scattering (DLS)
method using a Zetasizer (MalvernNano-ZS90, UK), and the zeta poten-
tial measurements were also done by the same device. Additionally, an
inductively coupled plasma atomic emission spectrometry (ICP-AES)
(Agilent 720, USA)wasperformed for purity analysis, and Limulus Ame-
bocyte Lysate (LAL) assay for endotoxin test. Raw264.7, mouse macro-
phage cell line, was obtained from the Cell Resource Center, Shanghai
Institutes for Biological Sciences, China (SIBS, Shanghai, China). oxLDL
was purchased from Xiesheng Biotech (Beijing, China). Kits for Annexin
V-FITC Apoptosis Detection and lactate dehydrogenase (LDH) determi-
nation were purchased from KeyGen Biotech (KeyGen, Nanjing, China),
and kit for total cholesterol (TC) measurement from Applygen Technol-
ogies Inc. (Applygen, Beijing, China). The primary antibodies for PERK,
p-PERK, eIF2α, p-eIF2α, GRP78, CHOP, caspase-3 and GAPDH were all
acquired from Cell Signaling Technology, USA, and while the primary
antibodies for IRE1α, p-IRE1α, and caspase-12 were from Abcam, USA.
2.2. Cell culture and treatment

Raw264.7 cells were cultured in Dulbecco's modified Eagle's me-
dium (DMEM) (Thermo Fisher Sientific, USA) supplemented with 10%
fetal bovine serum (FBS) (Thermo Fisher Sientific, USA) in the cell incu-
bator at 37 °C in a 5% CO2 humidified environment. Cells were incubated
up to about 24 h and grown to about 80% confluence before experi-
ments. SiNPs and oxLDL were diluted to appropriate concentrations by
DMEM culture medium. After oxLDL and SiNPs coexposure, cells or
mediawere harvested for a series ofmeasurements according to the ex-
periment schedule.



Table 1
Real-time PCR primer pairs.

Gene Description Primer sequence

XBP1U F TTTGGGCATTCTGGACAAGT
R AAAGGGAGGCTGGTAAGGAA

XBP1S F CTGAGTCCGCAGCAGGTG
R GACCTCTGGGAGTTCCTCCA

ATF4 F CCTATAAAGGCTTGCGGCCA
R GTCCGTTACAGCAACACTGC

GRP78 F GTGTGTGAGACCAGAACCGT
R ACAGTGAACTTCATCATGCCG

HERPUD1 F AATGCCAGAAACCAGCACA
R TTGCCGTAAACCATCACTTG

CHOP F CCAGGAAACGAAGAGGAAGA
R CTTTGGGATGTGCGTGTG

CD36 F GTGCTCTCCCTTGATTCTGC
R CTCCAAACACAGCCAGGAC

SRA F AGTCAGTGGATGGTGGGAGT
R GGAAGCCTGGTATTGTCTGG

SRB1 F GCCTGTTTGTTGGGATGAA
R AGTCCGTTCCATTTGTCCAC

ABCA1 F GGAAGGCACTCAAGCCACT
R CAGCCAACTCCTGAAAGGTC

ABCG1 F TACCTGGATTTCATCGTCCTG
R AATGTCTGCTTTGCCTCGTT

β-actin F GAGACCTTCAACACCCCAGC
R ATGTCACGCACGATTTCCC
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2.3. SiNPs uptake measurements

The morphological observation of SiNPs' uptake and the further
quantification of intracellular SiNPs amount were determined using
TEM and ICP-AES, respectively as previously described (Guo et al.,
2016).

2.4. Cell viability determination

The conversion of the tetrazolium salt MTT to a colored formazan by
mitochondrial dehydrogenasewas used to assess cell viability. To noted,
the treatment doses of SiNPs were selected according to the reported in
vitro cell culture studies about SiNPs (Murugadoss et al., 2017), and also
the IC50 assessment via MTT assay in our lab. Ultimately, the IC50 of
SiNPs (24-h exposure to Raw264.7 cells) were about 200 μg/mL (details
in Supplementary Fig. S1). Thus the used concentrations of SiNPs in the
current studywere 1/16, 1/8, 1/4 and 1/2 IC50 in turn, that is, 12.5, 25, 50
and 100 μg/mL, respectively. For the detail of MTT assay, firstly, 1 × 104

cells were placed in each of 96wells. Then cells were treatedwith 25 μg/
mL oxLDL and also SiNPs (12.5, 25, 50 and 100 μg/mL, respectively) for
24 h. After treatment, 10 μL of 5 mg/mL MTT (Sigma, USA) were added
to each well and further incubated at 37 °C for 4 h. Then the absorbance
was measured at 490 nm using a microplate reader (SpectraMax M5;
Molecular Devices, USA).

2.5. Cellular membrane integrity measurement

LDH release assay was used to indicate the injury to cell membrane
integrity, consequently resulting in an irreversible cell death. Thus the
LDH activity in media was determined using a LDH assay kit according
to the manufacturer's protocols. Finally, the amount of LDH released is
expressed as LDH activity (U/L) in culture media.

2.6. Apoptosis determination

Cell apoptosis was quantified by flow cytometry (FCM) with FITC-
conjugated Annexin V/propidium iodide (PI) double-staining assay,
using an Annexin V-FITC Apoptosis Detection Kit according to theman-
ufacturer's instructions. At last, the cells (at least 1 × 104 cells per sam-
ple) were subjected to flow cytometer (Becton Dickinson, USA), and
percentages of viable and apoptotic cells were determined.

2.7. Intracellular lipid measurement

The intracellular lipid droplets were determined using oil red O
staining. Briefly, after oxLDL treatment with or without the presence
of SiNPs, cells were washed with phosphate buffered saline (PBS) for
three times, and stained with oil red O (0.3%) in isopropanol for
30 min, and then examined under an Olympus IX81 microscope
(Tokyo, Japan). Further, the intracellular content of TC was quantified
according to the manufacturer's instructions and normalized to the
level of total cellular protein.

2.8. Intracellular calcium level detection

The intracellular calcium level was reflected through using the fluo-
rescent calcium indicator, Fluo-3 AM (Beyotime, China) according to
our previous study (Guo et al., 2018). Briefly, after treatment, cells
were washed with PBS for three times, and then incubated with 5
μmol/L Fluo-3 AM for 20 min. Ultimately, the cells were imaged under
a laser scanning confocal microscope, LSCM (LSM 710; Zeiss, Germany).

2.9. Quantitative real-time RT-PCR

Total RNA was extracted from cells using RNAiso Plus (Takara,
Japan), and reverse transcribed into cDNA using PrimeScript™ RT
Master Mix (Takara, Japan). Real-time quantitative PCR was conducted
by using the SYBR Premix Ex Taq™ II (Takara, Japan) in a real-time PCR
machine (Eppendorf, Germany). mRNA levels of endoplasmic reticulum
(ER) stress- (XBP1U, XBP1S, ATF4, GRP78, HERPUD1, CHOP) and lipid
influx/efflux- (CD36, SRA, SRB1, ABCA1 and ABCG1) associatedmarkers
were determined. Each experiment was carried out in triplicate with β-
actin as the internal standard, and primers (Musmusculus) for quantita-
tive PCR detection were listed in Table 1.

2.10. Western blot analysis

The Western blot assay was used to detect the expressions of ER
stress markers, including PERK, p-PERK, eIF2α, p-eIF2α, IRE1α, p-
IRE1α, GRP78, CHOP and caspase-12, and also that of the apoptotic ex-
ecutor, caspase-3. GAPDH was detected as the internal control. At least
three independent experiments were performed. Additionally, the
photodensitometric analysis of the protein band was performed and
quantified by using Image Lab™ Software (Bio-Rad, USA).

2.11. Statistical analysis

All the Data were presented as means ± SD. Student's t-test was
used for the examination of statistical significance, except for the com-
parison of “SiNPs intracellular uptake” using one-way analysis of vari-
ance (ANOVA) followed by the least significance difference (LSD) test.
All comparisons were two-tailed, and statistical significance was set at
P b 0.05.

3. Results

3.1. SiNPs characterization

TEMmicrographsmanifested SiNPswere spherical or near-spherical
shape, no aggregation but goodmonodispersibility (Fig. 1). The primary
particle size was 57.66 ± 7.30 nm as calculated by Image J software,
with a relatively good normal distribution. DLS and zeta potential
measurements showed that SiNPs had a hydrodynamic mean particle
diameter of 106 nm, a polydispersity index of 0.12, and zeta potential
of−34mV in ultrapure water up to 24 h. The purity analysis confirmed
of b0.004% (w:w) of Ca, Mg, Fe, Mn, Al, and Cr. Additionally, no endo-
toxin was detectable in SiNPs suspensions.
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3.2. SiNPs cellular uptake in Raw264.7 cells

SiNPs cellular uptakewas investigated after 24 h' treatment of SiNPs.
As manifested in Fig. 2A, the intracellular silicon content in macro-
phages was increased in a dose-dependent manner. Moreover, in line
with the previous study (Hashimoto and Imazato, 2015), TEM image
showed the internalized particles were mainly observed in the cell ves-
icles (as depicted in Fig. 2B).

3.3. SiNPs aggravated oxLDL-induced cytotoxicity in RAW264.7 cells

Results showed the oxLDL treatment (25 μg/mL, 24 h) reduced cell
viability by approximately 13.2% asmeasured usingMTT assay. Further-
more, SiNPs (12.5–100 μg/mL) remarkably enhanced the cell viability
inhibitory effect induced by oxLDL (Fig. 3A). Next, the cytotoxic effect
of SiNPs on RAW264.7 cells was further certified by using LDH leakage
assay. As shown in Fig. 3B, LDH release into culturemedia increased dra-
matically after oxLDL-treated cells co-incubatedwith SiNPs. All these in-
dicated that SiNPs aggravated cytotoxicity of Raw264.7 cells induced by
oxLDL.

3.4. SiNPs promoted oxLDL-induced apoptosis in RAW264.7 cells

Results showed the oxLDL treatment (25 μg/mL, 24 h) induced apo-
ptosis by approximately 11.1% as measured using FCM, whereas SiNPs
cotreatment (100 μg/mL) enhanced oxLDL-induced apoptosis, which
increased the apoptotic rate up to 21.0% (Fig. 4A). Since Caspase-3 acti-
vation was an indicator of apoptosis, we further determine the expres-
sion of cleaved caspase-3. Expectedly, the expression of cleaved
caspase-3 was increased after oxLDL treatment, and became higher fol-
lowing the cotreatment of SiNPs and oxLDL (Fig. 4B).

3.5. SiNPs enhanced oxLDL-induced lipid accumulation in RAW264.7 cells

Foam cell formation, a hallmark event of atherosclerosis, can be in-
duced by excess oxLDL. The Oil red staining showed that SiNPs pro-
moted oxLDL-induced lipid accumulation in RAW264.7 cells (as
depicted in Fig. 5A). Similarly, as illuminated in Fig. 5B, the intracellular
TC contentmeasurement also confirmed a promotion effect of SiNPs on
lipid accumulation. Next, we detected the gene expressions of factors
involved in cholesterol efflux and influx. Exactly, as manifested in Fig.
5C, the expressions of CD36, SRA were up-regulated, while that of
SRB1, ABCA1 and ABCG1 were down-regulated in oxLDL-treated
Raw264.7 cells. Moreover, oxLDL-induced gene alterations were signif-
icantly enhanced by SiNPs coexposure, suggesting that SiNPs may en-
hance the lipid accumulation via promoting CD36, SRA expression for
cholesterol influx to macrophages, and also via inhibiting SRB1, ABCA1
Fig. 1. Morphological image of detected SiNPs under TEM. All particles had a near-
spherical shape, and dispersed well. The scale bar, 50 nm.
and ABCG1 to alleviate cholesterol efflux, which consequently resulting
in lipid accumulation, even foam cell formation.

3.6. SiNPs enhanced oxLDL-induced ER stress response in RAW264.7 cells

Under ER stress, GRP78/BiP (binding immunoglobulin protein) was
displaced from the stress sensors PERK (protein kinase RNA-like ER ki-
nase), IRE1 (inositol-requiring endonuclease 1), and ATF6 (activating
transcription factor-6) in the ER lumen, finally leading to the activation
of three signaling pathways: PERK/eIF2α (eukaryotic translation initia-
tion factor 2α), IRE1/XBP1 (X-box binding protein-1) and ATF6 path-
ways. Therefore, the expressions of the key indicators of ER stress
were detected. As seen in Fig. 6, oxLDL remarkably triggered the expres-
sions of three-key ER stress markers, GRP78/BiP, CHOP and XBP1S,
which were all further significantly upregulated when co-exposed to
SiNPs. Meantime, the expression of ER stress-associated apoptotic exec-
utor, Caspase-12 was increased after oxLDL or SiNPs exposure, and be-
came even higher upon their co-exposure condition. Results of the
three key ER stress signaling showed that protein expressions of p-
PERK (the active form of PERK), p-IRE1α (the active form of IRE1α),
and alsomRNA expressions of ATF4 and homocysteine-inducible, endo-
plasmic reticulum stress-inducible, ubiquitin-like domain member 1
(HERPUD1) were all increased in oxLDL-treated RAW264.7 cells, and
further significantly upregulated when co-exposed to SiNPs (Fig. 7).
As compared with the control group, oxLDL induced a slight increase
in the expression of p-eIF2α (the active form of eIF2α), but with no sta-
tistical significance. Nevertheless, its expression was remarkably in-
creased when co-exposed to SiNPs. No significant alteration on ATF6
mRNAwas shown in our study. Besides, results acquired from LSCMob-
servation confirmed that after SiNPs or oxLDL plus SiNPs co-exposure,
the intracellular calcium (Ca2+) levels reflected by the fluorescent in-
tensity of Fluo-3 AM were enhanced in macrophages (Fig. 8). All these
data indicated that SiNPs enhanced oxLDL-induced ER stress in
Raw264.7 cells.

4. Discussion

Atherosclerosis as a major pathological basis of CVD, results from a
combination of abnormalities in lipoprotein metabolism, oxidative
stress, chronic inflammation, and susceptibility to thrombosis. Hyper-
lipidemia affects millions of people worldwide, and has been reported
as an independent risk factor for CVD. People with hyperlipidemia
have elevated levels of serum cholesterol and an increased risk of
thrombosis and atherosclerosis. Oxidation of LDL results in the genera-
tion of oxidized LDL, oxLDL, a heterogeneous mixture of oxidized lipid
and proteins. Accumulative epidemiological studies have confirmed
that oxLDL level is themarker of lipoprotein abnormalities, and a poten-
tial early marker for CVD (Ramos-Arellano et al., 2014). oxLDL contrib-
utes to the development of a pro-thrombotic state, and oxLDL in the
arterial wall is central to the pathogenesis of atherosclerosis. Recently,
the exponential growth in production and application of engineered
nanomaterials/NPs inevitably brings potentially environmental and
human exposure. By analogy with PM, cumulative studies have sug-
gested that exposure to engineered NPs could induce adverse cardio-
vascular effects (Donaldson et al., 2013). Notably, serum lipoprotein
abnormalities were involved in the NPs-induced progression of ath-
erosclerosis (El-Hussainy el et al., 2016; Yan et al., 2017). Macro-
phage is the major cell for plaque progression, and its-derived foam
cell is central in the pathophysiology of atherosclerosis. To date,
the effects of NPs on macrophage lipid metabolism and apoptosis
are poorly understood, especially under hyperlipidemia condition.
Therefore, the investigation of adverse effects of SiNPs and oxLDL
coexposure on macrophage-derived lipid metabolism, foam cell
and apoptosis would provide guide for the prevention and control
of cardiovascular diseases.



Fig. 2. SiNPs cellular uptake in Raw264.7 macrophage cells. (A) ICP-AES measurements of intracellular silicon content in macrophage, which revealed a dose-dependent SiNPs cellular
uptake in Raw264.7 cells. Data are expressed as the mean ± S.D. of at least three independent experiments. *P b 0.05 vs control. (B) Visualization of intracellular nanoparticle uptake
in macrophage cells exposed to 50 μg/mL SiNPs for 24 h. Scale bar 1.0 or 2.0 μm.
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In the present study, our primary results showed that oxLDL treat-
ment resulted inmacrophage injury as assessed bydecreased cell viabil-
ity and elevated LDH leakage and increased apoptosis. That was
consistent with previous study (Yao et al., 2017). Moreover, oxLDL can
be easily uptake by macrophage, and then the marked accumulation
of cholesterol converts macrophages to foam cell, which could be well
manifested in our findings acquired by Oil red staining and cellular TC
Fig. 3. SiNPs aggravated oxLDL-induced cytotoxicity in RAW264.7 cells. Cells were treated with
determined byMTT assay (A), and also LDH activity in cellmediawas quantified (B). Data are ex
#P b 0.05 vs oxLDL group; $P b 0.05 vs SiNPs treatment.
measurement (Fig. 5). Foldbjerg et al. revealed that among the biologi-
cal effects induced by SiNPs, the disturbance on lipid/cholesterolmetab-
olism and biosynthesis were crucial (Foldbjerg et al., 2013). As for the
effects on macrophage foam cell formation or lipid content induced by
NPs, some in vitro studies addressed a promotion effect of NPs on mac-
rophage foam cell formation, but themolecularmechanismwas contro-
versial (Cao et al., 2016). As early as in 2007, Niwa et al. had reported
oxLDL (25 μg/mL) in the absence or presence of SiNPs for 24 h, and the cell viability was
pressed as themean± S.D. of at least three independent experiments. ⁎P b 0.05 vs control;



Fig. 4. SiNPs promoted oxLDL-induced apoptosis in RAW264.7 cells. Cells were treatedwith oxLDL (25 μg/mL) in the absence or presence of 100 μg/mL SiNPs for 24 h, then apoptosis was
quantified by flow cytometry with FITC-conjugated Annexin V/propidium iodide (PI) double-staining assay (A), and also expression of cleaved caspase-3, an executor of apoptosis, was
determined by Western blot and the relative densitometric analysis was performed (B). Data are expressed as the mean ± S.D. of at least three independent experiments. ⁎P b 0.05 vs
control; #P b 0.05 vs oxLDL group; $P b 0.05 vs SiNPs treatment.

Fig. 5. SiNPs enhanced oxLDL-induced intracellular lipid accumulation in RAW264.7 cells. Cellswere treatedwith oxLDL (25 μg/mL) in the absence or presence of 100 μg/mL SiNPs for 24 h,
and the intracellular lipid droplets were stained by oil red O. Representative lipid droplet staining images are shown (A). Scale bar= 20 μm. (B) Under the similar conditions as in (A), the
intracellular total cholesterol (TC) contents were measured using a tissue/cell TC assay kit. Moreover, the relative mRNA expressions of key factors involved in cholesterol efflux/influx
were quantified using real-time PCR (C). Data are expressed as the mean ± S.D. of at least three independent experiments. ⁎P b 0.05 vs control; #P b 0.05 vs oxLDL treatment.
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Fig. 6. SiNPs enhanced oxLDL-induced ER stress response in Raw264.7 cells. (A) XBP1 splicing and (B) the up-regulated transcription of GRP78/BiP andCHOP induced by oxLDL (25 μg/mL)
in the absence or presence of SiNPs for 24 h. Moreover, when cells were treated with oxLDL (25 μg/mL) in the absence or presence of 100 μg/mL SiNPs for 24 h, the protein expressions of
GRP78/BiP and CHOP, as well as Caspase-12were detected byWestern blot (C). Data are expressed as themean± S.D. of at least three independent experiments. ⁎P b 0.05 vs control; #P b
0.05 vs oxLDL group; $P b 0.05 vs SiNPs treatment.
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that engineered nanomaterials (water-soluble fullerene and carbon
black) induced oxLDL cellular uptake and foam cell-like formation
(Niwa and Iwai, 2007). Here, we firstly reported SiNPs induced macro-
phages to uptake oxLDL and become foam cell in vitro (Fig. 5A). In
line with our study, Petrick et al. observed a modest increase in choles-
terolmass and a significant increase in triglyceride content on SiNPs-ex-
posed macrophages, and also a colocalization of SiNPs with lipid
droplets in macrophages (Petrick et al., 2016). But no in-depth molecu-
lar mechanistic investigation was included in their study. It was previ-
ously showed that some metallic NPs could induce lipid droplet
formation, and co-localization of lipid droplets with lysosomes was
also observed (Khatchadourian and Maysinger, 2009). Besides lipid
droplets, the amorphous SiNPs were mainly accumulated in lysosomes
of macrophages (Hashimoto and Imazato, 2015), which cause the lyso-
somes to become enlarged even like a balloon under TEM observation.
To be noted, we only observed an internalization of SiNPs in macro-
phages at the present study (Fig. 2B), but a more accurate intracellular
location of SiNPs was not included, which might limit our explanation
of observed promoting effects of SiNPs on lipid accumulation and
foam cell formation. Otherwise, interestingly, TiO2 NPs penetrated
lipid droplets, but it was suspected to cause the decrease in intracellular
lipid accumulation (Xu et al., 2017). To date, there is no in vivo evidence
for the macrophage foam cell formation in the atherosclerotic plaques
after engineered NPs exposure. Certain previous studies have demon-
strated that SiNPs could increase apoptosis of Raw264.7 macrophage
cells (Duan et al., 2016; Wilhelmi et al., 2012), and even cause DNA
damage (Duanet al., 2016;Hashimoto and Imazato, 2015). Bioinformat-
ics analysis done by Zhang et al. found that the majority of differentially
expressed genes in SiNPs-treated Raw264.7 cells were mainly involved
in the regulation of macrophage apoptosis, inflammatory response and
cell differentiation (Zhang et al., 2017), indicating macrophage apopto-
sis as one of themost important cellular process affected by exposure to
SiNPs. Further, our finding showed that SiNPs enhanced oxLDL-induced
effects on the toxicity, lipid uptake and even apoptosis of macrophages,
implying a more deleterious influence when human facing the coexis-
tence of hyperlipidemia and NPs pollution. Since hyperlipidemia and
NPs exposure are common worldwidely, more detailed investigations
related to the interaction between hyperlipidemia and NPs are needed,
and further research on the exact mechanism is urgently warranted for
exploration.

ER is an important organelle which regulates calcium homeostasis,
protein synthesis andmodification, especially lipid production,metabo-
lism, post-translational modification and trafficking. A large body of ev-
idence suggests a connection between ER stress and lipid homeostasis
(Zhang et al., 2016; Zhou et al., 2016). Prolonged or overwhelming ER
stress induced abnormal lipid metabolism through a transcriptional
regulation of lipogenesis and also a inhibition of lipid degradation
(Zhao et al., 2010), contributing to many human disorders, including
dyslipidemia, insulin resistance, diabetes, obesity, and even cancer.
Meanwhile, severe ER stress could trigger macrophage apoptosis, in
turn resulting in plaque necrosis (Tsukano et al., 2010). Both humans
and animal evidence confirmed ER stress markers were enhanced in
atherosclerotic lesions, and ER stress and associated apoptosiswere cor-
related with plaque instability and rupture in atherosclerosis (Ivanova
and Orekhov, 2016). To date, ER stress (also known as unfolded protein
response, UPR) has mainly three signaling pathways by stress sensors:
PERK/eIF2α/ATF4, IRE1α/XBP1, and ATF6. Normally, the three stress-
sensing proteins (PERK, IRE1 and ATF6) are held in inactive state by
ER-chaperone protein GRP78/BiP. Under ER stress condition, the disso-
ciation of GRP78/BiP from any of the three ER stress sensors results in
the activation of the three different UPR signaling pathways. IRE1medi-
ates XBP1 splicing (a removal of 26 nucleotides long intron from XBP1
mRNA and introducing a frame-shift and an alternative C-terminus in
the spliced form, XBP1S). Generally, the induction of GRP78/BiP tran-
scription and XBP1 splicing are frequently used as specific markers of
ER stress response (van Schadewijk et al., 2012). It has been well dem-
onstrated that ER stress participates in the harmful effects of oxLDL in
many types of cells (Hong et al., 2014; Plaisance et al., 2016). Indeed,



Fig. 7. SiNPs enhanced oxLDL-induced activation of ER stress signaling pathway in Raw264.7 cells. Cells were treatedwith oxLDL (25 μg/mL) in the absence or presence of 100 μg/mL SiNPs
for 24 h, and the protein expressions of key factors involved in ER stress signaling pathways, including PERK, p-PERK, eIF2α, p-eIF2α, IRE1α, p-IRE1αwere detected byWestern blot, and
their relative densitometric analysiswere preformed and presented. (B) Under the similar conditions as in (A), themRNA expressions ofHERPUD1, ATF4 andATF6were quantifiedby real-
time PCR. Data are expressed as the mean ± S.D. of at least three independent experiments. ⁎P b 0.05 vs control; #P b 0.05 vs oxLDL group; $P b 0.05 vs SiNPs treatment.
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weobservedup-regulatedGRP78 andCHOP expressions (in bothmRNA
and protein levels) and XBP1 splicing in the oxLDL-treatedmacrophages
(Fig. 6). Furthermore, as the results indicated, two out of the three
branches of ER stress signaling (PERK/eIF2α/ATF4 and IRE1α/XBP1)
were triggered by oxLDL. We detected no significant alteration on
ATF6 mRNA level in macrophages after oxLDL treatment; whereas Yao
et al. reported ER stress-related proteins, particularly ATF6 and CHOP,
were involved in oxLDL-induced cholesterol accumulation and apopto-
sis in macrophages (Yao et al., 2013). That might be associated with a
relative lower dose of oxLDL (25 μg/mL) used in our study. At themean-
time, another important ER stress marker gene HERPUD1 was remark-
ably increased after oxLDL treatment, indicating an accumulation of
the unfolded proteins in ER. In addition, the elevation of cytosolic Ca2
+ level is known as a typical ER stress response of cells (Krebs et al.,
2015). Actually, a slightly increased Ca2+ level was observed after
Fig. 8. SiNPs enhanced oxLDL-induced cytosolic calcium overload in Raw264.7 cells. Cells were t
the intracellular calcium level was detected using Ca2+-specific fluorescent dye, Fluo-3 AM. The
after SiNPs or oxLDL treatment, especially upon SiNPs and oxLDL coexposure condition. Scale b
oxLDL treatment (Fig. 8). Reportedly, the cytosolic Ca2+ overload
would be followed by uptake of Ca2+ intomitochondrion, leading tomi-
tochondrial injury and ultimately apoptosis (Bhandary et al., 2012;
Deniaud et al., 2008). Recently, ER stress and NPs exposure had been
well reviewed (Cao et al., 2017). A large body of evidence suggested
ER stress could be themechanisms responsible for NPs-induced toxicity.
Modulation of ER stress byNPs could be a potentialway for disease ther-
apy, especially for cardiovascular andmetabolic diseases. Moreover, the
induction of ER stress could enhance the toxicity of NPs tomacrophages
(Chen et al., 2017). However, the induction of ER stress was varied ac-
cording to the NPs or cell type under investigation. For instance, the in-
duction of ER stress was not observed in brain microvascular
endothelial cells upon the different-sized gold NPs modified with vari-
ous polymers (Anspach et al., 2016). Here, similar to oxLDL, a trigger
of ER stress in macrophages was induced by SiNPs as evidenced by
reatedwith oxLDL (25 μg/mL) in the absence or presence of 100 μg/mL SiNPs for 24 h, and
representative LSCM image showed an enhancement of cytosolic calcium inmacrophages
ar = 25 μm.
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GRP78 and CHOP upregulation, and also the activation of PERK/eIF2α
and IRE1α signaling. In line with our study, SiNPs perturbated the ER,
leading to the ER stress response in human liver lineHuh7, aswell as sil-
ver-coated SiNPs (Christen and Fent, 2012; Christen and Fent, 2016).
Under the oxLDL and SiNPs co-exposure condition, the observed
ER stress responses were all enhanced when compared with the
oxLDL treatment group. Therefore, SiNPs enhanced the oxLDL-trig-
gered activation of ER stress signaling, implying a vital role of ER
stress in the observed macrophage toxicity upon SiNPs and oxLDL
coexposure.

The intracellular cholesterol homeostasis in mammalian cells was
highly, precisely regulated by cholesterol influx and efflux. An interrupt
of this balance would fuel atherogenesis. oxLDL could be trafficked by
the scavenger receptors of macrophage (CD36, SRA1) to the ER in the
cytoplasm, while the accumulation of toxic lipids in macrophages can
lead to a prolonged ER stress. Moreover, ER stress could modulate cho-
lesterol homeostasis through promoting cholesterol influx and
impairing cholesterol efflux via regulating the expressions of CD36
(Hua et al., 2010; Yao et al., 2014), also ABCA1 (Castilho et al., 2012)
onmacrophages, and thus promotedmacrophage-derived foamcell for-
mation and apoptosis (Yao et al., 2014). That could well explain our ob-
servation on up-regulated expressions on CD36 and SRA, and down-
regulated expressions on ABCA1, ABCG1 and SRB1 upon oxLDL and
SiNPs coexposure. The impairment onmembrane integrity, as indicated
by the increase in LDH release upon oxLDL and SiNPs coexposure, might
be an important reason for the inhibition of ABC efflux transporters (Liu
et al., 2016). Similarly, NPs exposure has been shown to induce the ex-
pression of scavenger receptors by several investigators (Shannahan et
al., 2015; Suzuki et al., 2014). Additionally, ER stress-mediated NPs-in-
duced apoptosis in many cell types has been well elucidated recently
(Cao et al., 2017). CHOP transcription factor is up-regulated after ER
stress, and can initiate apoptotic cell death through triggering a Ca2+ re-
lease from ER (Tabas, 2010). Capase-12 is regarded as an executor of ER
stress-mediated apoptotic event (Urano et al., 2000). Ourfindings about
the activation of CHOP and Caspase-12 implied the detected apoptosis
induced by oxLDL or SiNPs was mediated by an ER stress-dependent
way. The induction of CHOP indicated an increase in ER-initiated apo-
ptosis, while that of GRP78 represented for the adaptive response,
which suppressed apoptosis (Yao et al., 2013). ER stress may act as a
protective role initially, but prolonged ER stress would lead to macro-
phage apoptosis. Reportedly, inhibition of ER stress could effectively re-
verse the oxLDL-mediated formation and apoptosis of macrophage-
derived foam cell (Tian et al., 2015; Yao et al., 2015). In this context,
ER stress may participate in the oxLDL- or SiNPs-induced accumulation
of cholesterol in the cytoplasm, and finally foam cell formation and
apoptosis.
5. Conclusion

In summary, our results showed that oxLDL-incubatedmacrophages
displayed the declined cell viability, increased apoptosis, caspase-3 acti-
vation, and cellular cholesterol level, and activation of ER stress, which
were all augmented by SiNPs coexposure. These results implied that
SiNPs markedly enhanced oxLDL-triggered lipid accumulation and apo-
ptosis ofmacrophages via triggering ER stress signaling pathway. To our
best knowledge, our study firstly revealed the induction of foam cell
along with the disturbance on cholesterol influx/efflux balance, and
promotion of apoptosis via ER stress PERK/eIF2α/ATF4 and IRE1α/
XBP1 signaling cascade by SiNPs and oxLDL coexposure in a macro-
phage model. Our findings may provide an in vitro evidence for athero-
genic properties of SiNPs, and also offer essential information for a
better understanding of the toxicity or interaction of hyperlipidemia
and NPs coexposure.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.02.312.
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