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Abstract: Although nanoparticles have a great potential for biomedical applications, there is
still a lack of a correlative safety evaluation on the cardiovascular system. This study is aimed to
clarify the biological behavior and influence of silica nanoparticles (Nano-SiO,) on endothelial
cell function. The results showed that the Nano-SiO, were internalized into endothelial cells in
a dose-dependent manner. Monodansylcadaverine staining, autophagic ultrastructural obser-
vation, and LC3-I/LC3-II conversion were employed to verify autophagy activation induced
by Nano-SiO,, and the whole autophagic process was also observed in endothelial cells. In
addition, the level of nitric oxide (NO), the activities of NO synthase (NOS) and endothelial
(e)NOS were significantly decreased in a dose-dependent way, while the activity of inducible
(1))NOS was markedly increased. The expression of C-reactive protein, as well as the produc-
tion of proinflammatory cytokines (tumor necrosis factor o, interleukin [IL]-1f, and IL-6) were
significantly elevated. Moreover, Nano-SiO, had an inhibitory effect on the phosphoinositide
3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) signaling
pathway. Our findings demonstrated that Nano-SiO, could disturb the NO/NOS system, induce
inflammatory response, activate autophagy, and eventually lead to endothelial dysfunction via
the PI3K/Akt/mTOR pathway. This indicates that exposure to Nano-SiO, is a potential risk
factor for cardiovascular diseases.

Keywords: silica nanoparticles, endothelial dysfunction, autophagy, nitric oxide,
inflammation

Introduction
Numerous engineered nanomaterials, including metal nanoparticles, magnetic
nanoparticles, quantum dots, and silica nanoparticles (Nano-SiO,), have promising
applications in the delivery of drugs, proteins, vaccines, and nucleotides.'? Compared
with other nanoparticles, Nano-SiO, are one of the most widely-used nanomaterials
due to their favorable optical properties, high hydrophilicity, large surface area, fan-
tastic modification, and good biocompatibility.’ Benefitting from the development of
nanotechnology, the global market of nanotechnology-based industries will invest
beyond US$2.6 trillion in the year 2015.* In contrast, the research funding that focuses
on the safety evaluation of nanomaterials gets only 4% of the United States Food and
Drug Administration budget.’> It should be noted that nanotoxicology is not only a
government problem, but also an issue of human health. However, there is still a lack
of evaluation regarding the toxicity of nanomaterials.

Currently, attention is being paid to the relationship between nanoparticles and
autophagy. A growing body of literature suggests that autophagy dysfunction may
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contribute to the toxicity of nanomaterials.® Autophagy is
defined as a protective mechanism in cells that can degrade
proteins and/or damaged organelles to maintain cellular
homeostasis.” Nevertheless, the process of autophagy
can be stimulated by different kinds of microorganisms,
such as bacteria, viruses, or parasites. Since nanoparticles
are similar in size to some microorganisms, it is possible
that nanoparticles can be perceived as a foreign body and
activate autophagy in cells.® Protecting nanocarriers from
degradation before reaching the target organs is always a
challenge in the design of efficient and safe nano-based
delivery systems.’ Being delivered intravenously into the
target organs or cells makes nanocarrier contact with the
systemic circulation unavoidable.'* Whether nanomaterials
can influence endothelial cell function is a crucial issue in
human health and safety.

Endothelial dysfunction, first described by Panza et al'!
and Endemann and Schiffrin'? in 1990, is defined as a series of
events, mainly including vasodilation reduction, proinflam-
matory response, and prothrombic properties. Endothelial
dysfunction particularly refers to the reduction of vasodila-
tion that is closely related to the decrease of nitric oxide (NO)
bioavailability."* Yet, the biological behavior and toxic effects
of nanoparticles on the vasculature is still poorly understood.
In this study, we confirmed the association between Nano-
SiO,-induced autophagic activity and endothelial dysfunction
by conducting a series of assessments in the primary human
umbilical vein endothelial cells (HUVECs), such as cellular
uptake, ultrastructural observation, monodansylcadaverine
(MDC) staining, microtubule-associated protein 1 light chain
3B (LC3) conversion, NO and NO synthase (NOS) system,
and proinflammatory cytokine expression. We also examined
the PI3K/Akt/mTOR signaling pathway to explore the pos-
sible mechanism of the toxicity induced by Nano-SiO,. These
findings provide persuasive evidence for the toxic effects of
nanomaterials on the cardiovascular system.

Materials and methods

Preparation and characterization
of Nano-SiO,

Nano-SiO, were prepared and characterized as described in our
previous studies.'*" Briefly, 2.5 mL of tetracthylorthosilicate
was added to a premixed ethanol solution (50 mL) containing
ammonia (2 mL) and water (1 mL). The reaction mixture
was kept stirring (150 rotations [r]/minute) at 40°C for
12 hours. The particles were isolated by centrifugation
(12,000 r/minute) for 15 minutes and rinsed for three times;

they were then dispersed in deionized water (50 mL). The
size and shape of Nano-SiO, was observed under transmis-
sion electron microscopy (TEM) (JEM-2100; JEOL, Tokyo,
Japan). The size distribution of Nano-SiO, was performed
by ImagelJ software (National Institutes of Health, Bethesda,
MD, USA). In addition, the zeta potential and hydrodynamic
sizes of Nano-SiO, were detected with a Zetasizer (Nano
7S90; Malvern Instruments, Malvern, UK). Prior to experi-
mental use, the Nano-SiO, were dispersed under a sonicator
for 5 minutes (Bioruptor® UCD-200; Diagenode s.a., Liege,
Belgium). The red fluorescent-labeled Nano-SiO, was pre-
pared and characterized in our previous study'® and used for
the cellular uptake experiment only.

Cell culture experiment

The HUVECS line was purchased from the Cell Resource
Center, Shanghai Institutes for Biological Sciences (Shanghai,
People’s Republic of China). The cells were cultured in a
humidified environment (37°C; 5% CO,), maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco®;
Thermo Fisher Scientific, Waltham, MA, USA) with 10%
fetal bovine serum (Gibco®; Thermo Fisher Scientific),
100 U/mL of penicillin, and 100 pg/mL of streptomycin.
For all tests, the HUVECs were seeded in six-well plates
(1x10° cells/mL) and allowed to attach for 24 hours; they
were then exposed to different concentrations (25 pg/mL,
50 ug/mL, 75 pg/mL, and 100 pg/mL) of Nano-SiO, for
another 24 hours. The equivalent volume of culture medium
without Nano-SiO, was set as the control group. Five repli-
cate wells were used in each treatment group.

LSCM detection of cellular uptake

HUVECs were cultured in DMEM in a cell culture dish
(35 mm in diameter) and attached for 24 hours. Then, the
HUVECs were treated with red fluorescent-labeled Nano-
SiO, for another 24 hours. The cells were washed three
times by phosphate buffered saline (PBS) and fixed with
4% paraformaldehyde for 10 minutes. The cells were then
washed several times with 0.1% Triton™ X-100 and treated
with Actin-Tracker Green (phalloidin-FITC) (Jiancheng,
Nanjing, People’s Republic of China) for 30 minutes to stain
the filamentous actin. Next, 4,6-diamidino-2-phenylindole
(DAPI) (5 ug/mL) (Sigma-Aldrich Co., St Louis, MO, USA)
was used to stain the nucleus of HUVECs for 5 minutes.
After that, the cells in the culture dish were observed under
a laser scanning confocal microscope (LSCM) (Leica TCS
SP5; Leica Microsystems, Wetzlar, Germany).
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Observation of autophagy by TEM

The cell samples were fixed overnight in 3% glutaraldehyde.
Then, the samples were washed by 0.1 M PB for three times
and postfixed with 1% osmic acid for 2 hours. Then, a series
of dehydration processes (50%, 70%, 80%, 90%, and 100%
alcohol, and 100% acetone) was performed. After that, all
the cell samples were embedded in epoxy resin. The thick-
ness of the ultrathin sections was approximately 50 nm,
which were made by an ultramicrotome (Ultracut UCT;
Leica Microsystems). After being stained by lead citrate and
uranyl acetate, these samples were observed under a TEM
(JEM-2100; JEOL).

MDC staining

The fluorescent dye, MDC, is a special marker for autophagic
vacuoles. HUVECs were stained with 0.05 mM of MDC
(Sigma-Aldrich Co.) for 30 minutes in the dark, after the
cells were exposed to Nano-SiO, for 24 hours. Then, the
cells were washed with PBS three times. The visualization of
MDC staining was detected by LSCM (Leica TCS SP5; Leica
Microsystems). Intracellular MDC intensity was quantified
by the Volocity Demo 6.1.1 software (PerkinElmer, Inc.,
Waltham, MA, USA).

Detection of NO/NOS system

The levels of NO, NOS, endothelial (¢)NOS, and inducible
(1))NOS) were measured by commercial kits (Jiancheng)
according to the manufacturers’ protocols. Briefly, after
HUVECs were exposed to Nano-SiO, with various
concentrations (25 pug/mL, 50 ug/mL, 75 pg/mL, and 100
pg/mL) for 24 hours, the supernatants from the treated groups
were collected for detection. Each analysis required that
the supernatants were 100 L for measurement. Then, after
adding the distilled water and miscellaneous reagents in the
text tubes, the 100 UL supernatants were mixed and heated
in a water bath at 37°C. The sensitive chromogenic reagents
were added into the supernatants at room temperature. After
that, the absorbance was measured immediately at 450 nm
(eNOS and iNOS), 550 nm (NO), and 530 nm (NOS), using
an ultraviolet—visible spectrophotometer (Beckman DU
640B; Beckman Coulter, Inc., Brea, CA, USA).

Proinflammatory cytokine measurement

The supernatants were collected after the HUVECs were
exposed to Nano-SiO, for 24 hours. Then, the supernatants
were centrifuged and stored at —80°C until use. The levels
of human C-reactive protein (CRP), human tumor necrosis

factor (TNF)-o,, human interleukin (IL)-1[3, and human IL-6
were measured by enzyme-linked immunosorbent assay kits
(RayBiotech, Inc., Norcross, GA, USA) according to the
manufacturer’s protocols. Briefly, 100 uL of supernatants
were added in each well and incubated for 2.5 hours at room
temperature. Then, biotin antibody was added to each well
and incubated for 1 hour. After that, Streptavidin solution
was added and incubated for 45 minutes. Next, the substrate
reagent was added and incubated for 30 minutes. After the
stop solution was added to each well, the absorbance at 450
nm was detected immediately using a microplate reader
(Thermo Multiskan™ MK3; Thermo Fisher Scientific).

Western blot analysis

Equal amounts of 40 ug of lysate proteins were loaded
onto 12% sodium dodecyl sulfate—polyacrylamide gels and
electrophoretically transferred to polyvinylidene fluoride
(PVDF) membranes (EMD Millipore, Billerica, MA, USA).
After blocking with nonfat milk (5%) in Tris-buffered saline
(TBS) for 1 hour, the PVDF membrane was incubated,
respectively, with LC3, phosphoinositide 3-kinase (PI3K),
p-PI3K, protein kinase B (Akt), p-Akt, mammalian target of
rapamycin (mTOR), and p-mTOR (CST, USA) (1:1,000, rab-
bit antibodies) at 4°C overnight. Then, the PVDF membrane
was rinsed with TBS and Tween 20 (TBST) and incubated
with antirabbit immunoglobulin G secondary antibody (CST)
for 1 hour. After rinsing with TBST for a total of three times,
the proteins bound with the antibody were measured by
the enhanced chemiluminescence reagent (Thermo Fisher
Scientific). Using the Image Lab™ Software (Bio-Rad
Laboratories Inc., Hercules, CA, USA), the densitometric
analysis of the Western blot results was performed.

Statistical analysis

The statistical analysis was performed using the SPSS
16.0 software. Data were expressed as the mean + standard
deviation. Student’s #-test was performed for comparisons
between the two treatment groups. Three or more treatment
groups were compared by one-way analysis of variance
followed by the least significant difference method for
multiple comparisons. All significant differences were con-
sidered at the level of P<<0.05.

Results

Characterization of Nano-SiO,
The TEM images of Nano-SiO, exhibited a near-spherical
shape with relatively favorable dispersibility (Figure 1).
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Figure | Characterization of Nano-SiO,.

Notes: The TEM images of Nano-SiO, exhibit a near-spherical shape with relatively
favorable dispersibility. The average diameter of Nano-SiO, is approximately 62 nm.
Abbreviations: Nano-SiOz, silica nanoparticles; TEM, transmission electron micro-
scopy.

The Nano-SiO, was fully characterized in our previous
studies:'*"* the average diameter of the Nano-SiO, was approxi-
mately 62.117.2 nm. The hydrodynamic sizes and zeta poten-
tials of Nano-SiO, detected in the different media (distilled
water and DMEM) displayed good monodispersity. Finally,
the purity of the Nano-SiO, used in our study was more than
99.9%. Our results confirmed that the Nano-SiO, possessed
favorable dispersibility and stability in the culture medium.

Cellular uptake of Nano-SiO,

The cellular uptake and subcellular localization of Nano-
SiO, in HUVECs were examined by LSCM. As shown in
Figure 2, merged images obtained from LSCM demonstrated
that Nano-SiO, labeled with red fluorescent dye were taken

Control

Figure 2 Subcellular localization of Nano-SiO,.

50 pg/mL Nano-SiO,

up by HUVECs after 24 hours of exposure. Furthermore,
with the increasing dosage, the numbers of Nano-SiO, that
were internalized into the HUVECs also increased. Our data
showed that Nano-SiO, were taken by the endothelial cells
in a dose-dependent manner.

Autophagic ultrastructural features
induced by Nano-SiO,

In accordance with the LSCM results, the cellular uptake and
autophagy induction triggered by Nano-SiO, were observed
in the TEM images by ultrastructural analysis. As shown in
Figure 3, HUVECs treated with Nano-SiO, exhibited typi-
cal autophagic vacuoles with degraded cytoplasmic contents
and highly electron-dense Nano-SiO, (Figure 3C and D)
when compared to the control cells (Figure 3A and B). After
careful inspection of the TEM images, the whole process of
autophagy induced by Nano-SiO, was observed in HUVECs:
the cytoplasm was engulfed by double-membranous phago-
phores, which indicated autophagy activation, accompanied
by swollen or cristae-rupturing mitochondria (Figure 3E);
the formation of autophagosomes occurred, which contained
cytoplasmic materials inside (Figure 3F); the development
of autolysosomes occurred (autophagosome and lysosome
fusion) (Figure 3G); and the autolysosomes contained dam-
aged mitochondria and high electron-dense Nano-SiO, under-
going degradation at different stages (Figure 3H). Results
from the ultrastructural analysis clearly indicated that Nano-
SiO, activated the autophagy process in endothelial cells.

MDC staining of autophagic vacuoles

In order to investigate the activation of autophagy, fluorescent
dye MDC was employed to detect autophagic vacuoles in the

100 pg/mL Nano-SiO,

Notes: LSCM images of HUVECs after incubation for 24 hours with red fluorescent-labeled Nano-SiO, (50 pg/mL and 100 pg/mL). The cell skeleton is stained with

Phalloidin-FITC (green), and the cell nucleus with DAPI (blue).

Abbreviations: Nano-SiO,, silica nanoparticles; LSCM, laser scanning confocal microscope; HUVEC, human umbilical vein endothelial cells; FITC, fluorescein isothiocyanate;

DAPI, 4,6-diamidino-2-phenylindole.

submit your manuscript

5134

Dove

International Journal of Nanomedicine 2014:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove Silica nanoparticles and the PI3K/Akt/mTOR pathway

Figure 3 Autophagy activation in HUVECs treated with Nano-SiO, measured by ultrastructural analysis.

Notes: (A and B) Untreated cells with normally shaped organelles; (C and D) HUVECs treated with Nano-SiO, showing multiple cytoplasmic vacuoles. Some vacuoles
contained electron-dense Nano-SiO, and cellular debris (white arrows). Detailed analysis of HUVECs exposed to Nano-SiO, revealed the clear presence of: (E) double-
membranous phagophores developing into autophagosomes (white arrows) concomitant with swollen or cristae-rupturing mitochondria (black arrows); (F) autophagosomes
(white arrows); (G) autolysosomes/amphisomes containing cytoplasmic materials (white arrows); and (H) autolysosomes/amphisomes containing mitochondria and electron-
dense Nano-SiO, undergoing degradation at different stages (white arrows).

Abbreviations: HUVECs, human umbilical vein endothelial cells; Nano-SiOl, silica nanoparticles.

HUVEC:s treated with Nano-SiO, after 24 hours of exposure.  of MDC-positive cells in the Nano-SiO,-treated group was
The green fluorescence of the MDC-positive cells was more  significantly elevated (1.76-fold higher than that of the
brightly displayed in the Nano-SiO,-treated group than in  control group) (Figure 4B), which indicated that Nano-SiO,
the control group (Figure 4A). Results from the relative  triggered autophagy and autophagic vacuole accumulation
fluorescence analysis showed that the fluorescent intensity  in the HUVECs.

A Control Nano-SiO,

0 um 100

40

Relative fluorescence

Control 50
Concentration (ug/mL)

Figure 4 Detection of autophagic vacuoles induced by Nano-SiO, via MDC staining.

Notes: (A) Confocal microscopy images of MDC staining after HUVECs were exposed to 50 {ig/mL of Nano-SiO, for 24 hours. (B) Quantification of MDC staining by fluorescent
intensity analysis. Student’s t-test is used for the data analysis. Data are expressed as the mean * standard deviation from three independent experiments (*P<<0.05).
Abbreviations: Nano-SiOz, silica nanoparticles; MDC, monodansylcadaverine; HUVECs, human umbilical vein endothelial cells.
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Figure 5 LC3-I/LC3-Il conversion in HUVEC:s treated with Nano-SiO,.

Notes: (A) The autophagy marker LC3 protein is detected by Western blot analysis. (B) Relative densitometric analysis showed that the ratio of LC3-Il/LC3-I significantly
elevated in a dose-dependent manner. ANOVA followed by the LSD method are used for the data analysis. Data are expressed as the mean * standard deviation from three

independent experiments (*P<<0.05).

Abbreviations: LC3, microtubule-associated protein | light chain 33; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HUVECs, human umbilical vein endothelial cells;
Nano-SiO,, silica nanoparticles; ANOVA, one-way analysis of variance; LSD, least significant difference.

Detection of autophagy protein

biomarker LC3

Autophagy triggered by Nano-SiO, was further confirmed
by assessing the autophagy protein biomarker, LC3. Western
blot analysis demonstrated that the expression of LC3 was
enhanced with dosage elevations (Figure 5A). Results from
the densitometric analysis showed that the ratio of LC3-11/
LC3-1 was increased significantly, which confirmed that
the autophagic activity that occurred in HUVECs treated
with Nano-SiO, was enhanced in a dose-dependent manner
(Figure 5B).

Effects of Nano-SiO, on the NO/NOS
system in HUVECs

To explore the interaction between Nano-SiO,-induced
autophagy and endothelial cell dysfunction, the release of
NO and the activities of NOS, eNOS, and iNOS in HUVECs
were measured. As shown in Figure 6, when compared to the
control group, no significant difference was observed at the
lowest concentration (25 ig/mL of Nano-SiO,) in HUVEC:s.
With increased dosages, the intracellular levels of NO, NOS,
and eNOS were significantly decreased; while the level of
iNOS was evidently increased in a dose-dependent manner.

Proinflammatory factor induction
triggered by Nano-SiO,

To further evaluate the endothelial dysfunction induced by
Nano-SiO,, the proinflammatory factors and CRP protein
were measured as indicators of an inflammatory response
after HUVECs were treated with Nano-SiO, for 24 hours. As
shown in Figure 7, the secretion of proinflammatory factors
(CRP, IL-1p, and IL-6) were significantly increased in the
50 mg/mL, 75 mg/mL, and 100 mg/mL Nano-SiO, groups
when compared to that of the control. Meanwhile, the release
of TNF-o. was increased significantly in all Nano-SiO,-
treated groups. Our data indicated that Nano-SiO, induced the
proinflammatory response in a dose-dependent manner.

Effects of Nano-SiO2 on the PI3K/Akt/
mTOR signaling pathway

To further understand the mechanisms of Nano-SiO, on
autophagic activity and endothelial dysfunction, we exam-
ined the PI3K/Akt/mTOR signaling pathway by Western blot
assay. As shown in Figure 8, the total protein of PI3K, Akt,
and mTOR had no significant change after HUVECs were
exposed to Nano-SiO, for 24 hours, while the expression
of phosphorylated PI3K, Akt, and mTOR were inhibited
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Figure 6 Effects of Nano-SiO, on the NO/NOS system in HUVECs.

Notes: The release of NO (A) and the activity of NOS (B) and eNOS (C) were significantly decreased, while the level of INOS (D) increased markedly in a dose-dependent manner.
ANOVA followed by the LSD method are used for the data analysis. Data are expressed as the mean + standard deviation from three independent experiments (*P<<0.05).
Abbreviations: NO, nitric oxide; NOS, nitric oxide synthase; eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; Nano-SiOZ, silica nanoparticles;
HUVECs, human umbilical vein endothelial cells; ANOVA, one-way analysis of variance; LSD, least significant difference.
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Figure 7 Effects of Nano-SiO, on the production of CRP and cytokines in HUVECs.

Notes: The expression of CRP (A) and the production of TNF-o (B), IL-1B (C), and IL-6 (D) were significantly increased in a dose-dependent manner. ANOVA followed by
the LSD method are used for the data analysis. Data are expressed as the mean + standard deviation from three independent experiments (¥*P<<0.05).

Abbreviations: CRP, C-reactive protein; TNF, tumor necrosis factor; IL, interleukin; Nano-SiOz, silica nanoparticles; HUVECs, human umbilical vein endothelial cells;
ANOVA, one-way analysis of variance; LSD, least significant difference.
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Figure 8 Effects of Nano-SiO, on the PI3K/Akt/mTOR signaling pathway.

Notes: (A) The expression of p-PI3K, PI3K, p-Akt, Akt, p-mTOR, and mTOR were measured by Western blot assay. (B) Relative densitometric analysis of the protein bands
was performed and presented. Nano-SiO, inhibited the PI3K/Akt/mTOR signaling pathway. ANOVA followed by the LSD method are used for the data analysis. Data are
expressed as the mean * standard deviation from three independent experiments (¥*P<<0.05).

Abbreviations: PI3K, phosphoinositide 3-kinase; Akt, protein kinase B; mTOR, mammalian target of rapamycin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
Nano-SiO,, silica nanoparticles; ANOVA, one-way analysis of variance; LSD, least significant difference.

remarkably in a dose-dependent manner. The downregulation
of the PI3K/Akt/mTOR signaling pathway is a typical
representation of autophagy activation induced by the Nano-
SiO,. In addition, PI3K/Akt is also involved in endothelial
cell survival, migration, and vascular permeability. The
inhibition of p-PI3K and p-Akt expression indicated that
Nano-SiO, could disturb endothelial cell function.

Discussion

Although the unique physicochemical properties of
nanoparticles make them attractive for biomedical applications,
the safety evaluation of nanoparticles has always been a chal-
lenge. Previously, we had reported that Nano-SiO, induced
oxidative stress and DNA damage via the Chkl-dependent

G2/M checkpoint signaling pathway in HUVECs.!” We
also proved that oxidative stress caused by Nano-SiO, led
to autophagy and autophagic cell death in HepG2 cells.'s
However, the relationship between autophagy and endothelial
dysfunction remains unclear. In this study, we explored the
relationship between Nano-SiO -induced autophagic activity
and endothelial cell dysfunction, which provided persuasive
evidence for the safety evaluation of nano-based products.
The study of the cellular uptake of nanomaterials is nec-
essary for understanding their biological behavior in vitro."
With elevating dosages, a number of Nano-SiO, were taken
up by HUVECS in a dose-dependent manner (Figure 2). In
addition, cellular uptake and the induction of autophagy were
observed after HUVECs were treated with Nano-SiO, for
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24 hours (Figure 3). The typical autophagic ultrastructures
and the damaged mitochondria were found in the TEM
images (Figure 3), and this was consistent with our previ-
ous results that Nano-SiO, could induce the depolarization
of mitochondria and lead to mitochondrial damage.? It was
reported that nanomaterial-induced mitochondrial damage
had a close connection with autophagy.’'*> The damaged
mitochondria can be removed by mitophagy (mitochondria-
specific autophagy).?® Given that the vasculature delivers
oxygen rather than consumes it, mitophagy plays a key role
in vascular biology. To minimize the oxygen consumption
in vasculature, one of the potential mechanisms is to reduce
the amount of mitochondria through mitophagy.® In this
regard, it is not surprising that the number of mitochondria
in endothelial cells is less than that in hepatic cells.*** The
entire process of autophagy in endothelial cells exposed to
Nano-SiO, was also present in the TEM images (Figure
3), which was similar to the titanium dioxide nanoparticle-
induced autophagy noted in keratinocytes,* indicating that
different nanomaterials may share a similar pathway to
activate autophagy.

In order to further confirm the autophagy activation
triggered by Nano-SiO, in endothelial cells, MDC stain-
ing and LC3-I/LC3-II conversion were employed to detect
autophagic vacuoles. Results from MDC staining suggested
that Nano-SiO, was the autophagy activator in endothelial
cells (Figure 4). The autophagy protein marker, LC3, is
converted from cytosolic LC3-I into enzymatic LC3-1I when
autophagy is activated; thus, the ratio of LC3-II to LC3-I
is a standard marker for the detection of autophagy.?’-*
In this study, we verified that the ratio of LC3-II/LC3-1
had increased significantly in a dose-dependent manner
(Figure 5). This was also in line with the results of the MDC
staining and the ultrastructural analysis in endothelial cells
treated with Nano-SiO, (Figures 3 and 4). Yet, autophagy
acts as a double-edged sword. The abnormal induction of
autophagy, either from the upregulated or blocked autophagy
flux, will result in toxic effects on endothelial cells and on the
vascular system. The ability to maintain normal intracellular
homeostasis will be reduced if the decrease in mitochondria
is below the threshold value in endothelial cells. As a result,
this will lead to endothelial cell dysfunction and the disrup-
tion of vascular homeostasis.*

Given that the NO/NOS system is directly related to
endothelial cell functions,?” we measured the level of NO and
the activities of NOS, eNOS, and iNOS. NO can be synthe-
sized by the synthase, which is produced in endothelial cells.
The NO/NOS system is one of the initial events that occurs

in microvascular endothelial cells to maintain homeostasis.*
In this study, the results showed that Nano-SiO, decreased
the production of NO and inhibited the activities of NOS and
eNOS, while iNOS activity increased (Figure 6). In addition,
NO is essential for maintaining endothelial cell functions and
vascular homeostasis through the induction of vasorelaxation
and the inhibition of platelet adhesion and aggregation.’!
Disruption of the NO/NOS system leads to vasodilation
impairment and inflammatory response, which accelerates the
progress of several cardiovascular diseases (eg, atherosclero-
sis, diabetes, and hypertension).*> Meanwhile, recent studies
have identified that there was a link between the NO/NOS
system and autophagic flux.?* Therefore, more studies are
needed to investigate the mechanism of the NO/NOS system
and the autophagic flux triggered by nanomaterials.

CRP, an independent and important predictor of cardio-
vascular disease, is stimulated by oxidative stress or proin-
flammatory cytokines (eg, TNF-a, IL-1p, or IL-6).3*3 In
clinical studies, it was reported that the elevated level of CRP
was associated with monocyte infiltration and could promote
the progress of atherogenesis by amplifying inflammatory
responses.* In the present study, our data demonstrated that
Nano-SiO, could enhance the expression of CRP and the
generation of proinflammatory cytokines (TNF-a, IL-1p,
and IL-6) (Figure 7). Similar to our findings, several stud-
ies reported that exposure to nanomaterials could lead to a
proinflammatory response in endothelial cells.!*37* When
the primary barrier of the endothelium is disturbed by an
inflammatory progress, nanoparticles can impair endothelial
and vascular functions, lead to unexpected effects on the
human cardiovascular system, and even cause cardiovascular
disease. It should be noted that there is crosstalk between
autophagy and cytokines in regard to the inflammatory
response.’® The cytokines (eg, TNF-a, IL-1B, and IL-6)
have been shown to induce autophagic activity; in contrast,
autophagy can regulate the production of proinflammatory
cytokines.* A bidirectional interaction between autophagy
and cytokines can amplify the inflammatory response and
lead to endothelial dysfunction.

To gain insight into the mechanism of Nano-SiO,-
induced autopagic activity and endothelial dysfunction,
we examined the PI3K/Akt/mTOR signaling pathway by
Western blot assay. The serine/threonine kinase mTOR,
which is mainly mediated by PI3K/Akt signaling transduc-
tion, can negatively regulate autophagy.* PI3K and Akt are
also involved in vascular endothelial growth factor recep-
tor 2-mediated endothelial cell function. Downregulation
of p-PI3K and p-Akt influence endothelial cell survival,

International Journal of Nanomedicine 2014:9

submit your manuscript

5139

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Duan et al

Dove

migration, and vascular permeability.*' Results from the
Western blot analysis confirmed that the Nano-SiO, induced
endothelial cell dysfunction, as well as activated autophagy
(Figure 8). The endothelial cell function is of great impor-
tance in maintaining vascular homeostasis. Endothelial
dysfunction is an initial event that has been implicated in
several cardiovascular diseases.** Thus, more investigations
are required to explore the biological mechanisms of the
interaction between autophagy, endothelial dysfunction, and
cardiovascular diseases triggered by nanomaterials.

Conclusion

In the present study, the results showed that Nano-SiO, can
induce autophagic activity, accompanied by NO/NOS system
disorder and an inflammatory response, eventually leading to
endothelial cell dysfunction via the inhibition of the PI3K/
Akt/mTOR signaling pathway. Our findings confirm that
Nano-SiO,-induced endothelial cell dysfunction is associated
with autophagy, which may be an important mechanism and
adverse outcome pathway of cardiovascular diseases caused
by nanoparticles. This will, in turn, be beneficial for the evalu-
ation and reduction of the hazardous effects of nano-based
products in medical applications.
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