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Laminar shear stress upregulates the expression of PPARSs in
vascular endothelial cells under high free fatty acid-induced stress
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Abstract. Shear stress has been reported to result in various
metabolic effects in endothelial cells (ECs), which in turn
contribute to the regulation of their vascular functions.
Peroxisome proliferator-activated receptors (PPARs) have
been reported to regulate lipid metabolism and have been
implicated in metabolic disorders. The present study assessed
the effects of laminar shear stress on the expression of PPARs
in ECs in the presence of high concentrations of free fatty
acids (FFAs). Human aortic ECs (HAECs) were treated with a
high concentrations of palmitic acid (PA) and exposed to high
shear stress (HSS) or low shear stress (LSS). Western blotting
and ELISA were performed to quantify protein expression
and assess prostacyclin production. The results revealed
that long-term application of HSS to PA-treated HAECs
induced PPAR-q, -0 and -y protein expression. Additionally,
LSS induced higher levels of PPAR-a protein expression in
PA-treated HAECs compared with those after HSS. HAECs
exposed to HSS also released prostacyclin (PGI,). However,
HAECG:s treated with high concentrations of PA also produced
high levels of PGI, in the perfusion media in response to HSS
compared with the static PA group. HSS also reduced the static
PA-induced expression of intercellular adhesion molecule-1 and
monocyte chemoattractant protein-1. The results demonstrated
that HAECsS increases the expression of all three peroxisome
proliferator-activated receptor isoforms in response to shear
metabolic stress at high FFA concentrations. The present study

Correspondence to: Dr Min-Chien Tsai, Department of
Physiology and Biophysics, Graduate Institute of Physiology, National
Defense Medical Center, No. 161, Section 6, Minquan East Road,
Taipei 114, Taiwan, R.O.C.

E-mail: mctsai6108@gmail.com

*Contributed equally

Key words: laminar shear stress, palmitic acid, peroxisome
proliferator-activated receptors, endothelial cell

may provide preliminary insights into the potential roles of
PPARs as an effective treatment method against metabolic
disturbances that can result in EC dysfunction.

Introduction

Endothelial cells (ECs) constitute the major cell type that line
the interior surface of blood vessels. Consequently, ECs are
constantly subjected to fluid shear stress (1). Hemodynamic
forces generated by blood flow serve a critical role in
maintaining EC function, vascular structure and homeo-
stasis (1). High fluid shear stress or high shear stress (HSS)
exhibits a protective effect against atherosclerosis (1). Previous
studies have provided strong evidence for the protective role
of HSS in vascular homeostasis by inhibiting the expression
of proinflammatory and adhesion molecules in ECs (1,2).
By contrast, pathological shear stress is characterized by
flow disturbance and low rates of shear stress (LSS) (1).
Accumulating evidence is suggesting that LSS contributes to
the dysregulation of vascular function and increases suscepti-
bility to atherosclerosis (1,2). HSS enhances defenses against
reactive oxygen species (ROS)-induced damage by preventing
lipid peroxidation induced by high concentrations of glucose
and free fatty acids (FFAs) (3). Therefore, laminar HSS exerts
important effects on EC function, particularly under condi-
tions of metabolic disorder.

Metabolic disorders, such as type 2 diabetes mellitus or
hyperlipidemia, are frequently accompanied with dysregula-
tions in the metabolism of glucose or lipids. In particular,
abnormal fatty acid metabolism is a common feature (4). High
plasma levels of FFA are considered to be reliable indices
for the diagnosis of type 2 diabetes (4-6). Additionally, high
concentrations of plasma FFA is a risk factor for disturbances
in EC function for the pathogenesis of vascular diseases,
including atherosclerosis and vascular complications associ-
ated with diabetes (7,8). High plasma levels of FFA can also
induce an inflammatory response and aggravate oxidative
stress, promoting the pathogenesis of cardiovascular
disease (9). An in vitro study has previously demonstrated
that high concentrations of glucose and FFA can inhibit EC
proliferation and result in cell death (10). Increased plasma
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concentrations or treatment with high concentrations of
palmitic acid (PA) impair endothelial progenitor cell (EPC)
bioavailability, reduce the re-endothelialization ability of
EPCs and accelerate EPC senescence (11,12). In addition, high
concentrations of FFAs have been demonstrated to induce
nucleotide-binding oligomerization domain, leucine rich
repeat and pyrin domain containing 3 inflammasome activa-
tion, which further increases endothelial permeability (13-15).

Peroxisome proliferator-activated receptors (PPARSs)
belong to the nuclear receptor superfamily of ligand-activated
transcription factors, which are involved in regulating lipid
and glucose metabolism, energy homeostasis and inflamma-
tion (16,17). All three PPAR isoforms have been reported to
be involved in metabolic disorders, including atherosclerosis,
dyslipidemia and diabetes (18). Previous studies have
demonstrated that shear stress acting on ECs induces the
expression and activation of PPAR-a, -8 and -y, which regu-
late EC function (19,20). However, studies reporting the role
of PPARs in the regulation of EC function under metabolic
stress remain insufficient. Increased expression of PPAR-y
ameliorates PA-induced cytotoxicity in sertoli cells, a non-EC
type cell (21). A previous in vivo study has demonstrated
that a PPAR-8 agonist reversed PA-induced impairments
in endothelium-dependent relaxation (22). These results
suggested that PPARs serve protective roles in different cell
types in the presence of a PA-induced metabolic disturbance
within the vasculature.

Although the effect of blood flow-induced biomechanical
force on vascular homeostasis has been extensively investigated,
little is known regarding the tolerance of ECs against constant
shear stress at high concentrations of PA. The present study
utilized a parallel plate flow chamber model to exert fluid
laminar shear stress on ECs. It was subsequently determined
whether different patterns of laminar flow shear stress affected
PPAR expression and cellular energy metabolism regulators
in ECs following treatment with high PA concentrations and
exposure to shear stress.

Materials and methods

Cell culture and treatments. Human aortic ECs (HAECSs)
(cat. no. 304-05) were obtained from Cell Applications
Inc. and cultured on a glass slide coated with fibronectin
(BD Biosciences). Cells were maintained in M199 medium
(Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with
20% FBS (Gibco; Thermo Fisher Scientific, Inc.), EC growth
medium (Cell Applications Inc.) and 100 U/ml penicillin and
streptomycin. HAECs were observed under light microscopy
and used between passages 5 and 7 for all experiments. Human
aortic smooth muscle cells (HASMCs; cat. no. 354-05a) were
obtained commercially (Cell Applications Inc.) and maintained
in F12K medium (Gibco; Thermo Fisher Scientific, Inc.) supple-
mented with 10% FBS. Cells were maintained in 37°C and
5% CO, environment. PA was purchased from Sigma-Aldrich,
Merck KGaA). A solution of 10% bovine serum albumin
(BSA; Gibco; Thermo Fisher Scientific, Inc.) was used as the
solvent control. In the present study, 300 uM PA was used to
treat confluent HAECs for 24 h at 37°C. Subsequently, HAECs
were subjected to either static or shear stress in a PA-containing
medium for an additional 20 h at 37°C.

Flow shear stress system. The flow system was constructed
by the Department of Physiology and Biophysics, Graduate
Institute of Physiology, National Defense Medical Center.
The system was established based on the study by
Chiu et al (23,24). A series of studies have been conducted
using this flow system (19,25,26). Flow system was set up at
37°C in a 5% CO, environment as previously described (19).
Confluent HAECs were seeded onto a fibronectin-coated glass
slide (6x10° cells/cm?) and maintained in culture medium in a
humidified atmosphere with 5% CO, at 37°C overnight prior
to flow shear stress exposure. For shear stress experiments,
HAECs were subjected to either static conditions, exposed to
12 dyn/cm? (HSS) or 4 dyn/cm? (LSS) for 20 h at 37°C.

Western blotting. HAECs were harvested using RIPA buffer
(Merck KGaA) containing a protease inhibitor mixture
(Sigma-Aldrich; Merck KGaA). The protein concentration was
determined using a Bradford assay (Bio-Rad Laboratories,
Inc.). The protein supernatant from the total cell lysate (20 pg)
was separated using 10% SDS-PAGE and transferred onto
PVDF membranes. The membrane was blocked with 5%
non-fat milk in TBS-T for 1.5 h at room temperature and
further incubated with primary antibodies with 2.5% BSA in
TBS-T (all, 1:1,000) targeting the indicated proteins overnight
at 4°C. The membrane was hybridized using specific primary
rabbit polyclonal antibodies (from Cell Signaling Technology,
Inc.) against endothelial nitric oxide synthase (eNOS; cat.
no. 32027), a-smooth muscle actin (a-SMA; cat. no. 19245),
PPAR-y (cat. no. 2430), intercellular adhesion molecule-1
(ICAM-1; cat. no. 4915S), monocyte chemoattractant protein-1
(MCP-1; cat. no. 2027) and rabbit polyclonal antibodies against
PPAR-a (cat. no. ab24509) and -0 (cat. no. ab23673; Abcam).
The membranes were subsequently incubated with corre-
sponding Peroxidase-AffiniPure Goat Anti-Mouse IgG (H+L)
(cat. no. 115-035-003; 1:5,000) and Goat Anti-Rabbit IgG
(H+L) (cat. no. 111-035-003; 1:5,000) secondary antibodies
diluted in blocking buffer for 1 h at room temperature (each,
Jackson ImmunoResearch Laboratories, Inc.). Immunoblots
were visualized using the Immobilon™ western chemilumi-
nescent horseradish peroxidase substrate (EMD Millipore)
and the Western-Light chemiluminescent detection system
(Applied Biosystems; Thermo Fisher Scientific, Inc.) was used
for immunodetection. Relative band intensities were quanti-
fied using ImageJ 1.47 software (National Institutes of Health).

Measurement of 6-keto-prostaglandin Fla. Perfusion medium
was collected from HAECs exposed to static conditions or HSS
in the presence or absence of PA for 20 h at 37°C. The medium
was collected (supernatant only) and centrifuged at 270 x g
for 10 min at room temperature, after which the concentra-
tion of a stable hydrolyzed metabolite of prostacyclin (PGI,),
6-keto-prostaglandin Fla (6-keto-PGFla), was measured
using a 6-keto-PGFla ELISA kit (cat. no. ADI-900-004)
(Assay designs; Enzo Life Sciences, Inc.) in accordance with
the manufacturer’s protocol.

Statistical analysis. Data were expressed as the mean + SEM
from three or four independent experiments. Data were
analyzed using SigmaPlot version 12.0 (Systat Software, Inc.).
Two-way ANOVA followed by Bonferroni test were used for
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multiple comparisons. P<0.05 was considered to indicate a
statistically significant difference.

Results

Identification of HAECs and morphological changes in
response to shear stress and PA treatment. The identity of
primary HAECs was confirmed by measuring the expres-
sion of eNOS, a specific marker of endothelial cells (7), by
western blot analysis. Immunoblotting of the lysates showed
no contamination with other vascular cells such as HASMCs,
as the HAECs of Fig. 1 did not present the smooth muscle cell
marker. a-SMA expression was used as the smooth muscle cell
marker (Fig. 1). To investigate the effect of different types of
shear stress with PA treatment on EC morphology, HAECs
were exposed to LSS or HSS for 20 h. ECs exposed to laminar
HSS were elongated and aligned in the direction of flow with
long shapes (27). As presented in Fig. 2, HAECs exhibited
alignment shapes, which is more physiological, following HSS
with PA treatment. However, the morphology of the HAECs
were shaped more polygonally, which is more pathophysi-
ological, in response to LSS with PA treatment (Fig. 2).

Laminar shear stress in PA-treated HAECs induces PPAR-a
expression. The present study next assessed the effects of
flow-induced shear stress and high PA concentrations on
the expression of PPARa in HAECs. A laminar flow model
with pathological LSS (4 dyn/cm?) or physiological HSS
(12 dyn/cm?) (27) was used to assess HAECs treated with
300 uM PA. There was no difference between control and PA
treatment in the static group (Fig. 3). To investigate the role of
shear stress on PA-treated HAECs, cells were exposed to either
LSS or HSS for 20 h in the presence of PA. Although the expres-
sion of PPARa was similar in PA-untreated HAECs between
the LSS and HSS groups, they remained significantly higher
compared with those in PA-untreated HAECsS in the static
group (Fig. 3). PPARa expression in the PA-treated HAECs
of the LSS and HSS groups was significantly higher compared
with that in their corresponding PA-untreated HAECs within
the same groups (Fig. 3). Among the three PA-treated groups,
PPAR-a expression was significantly higher after LSS and
HSS compared with that in static conditions (Fig. 3). These
results suggest that PA-treatment in HAECs subjected to LSS
and HSS induces the expression of PPAR-a.

PA-treated HAECs exposed to HSS exhibit high PPAR-0
expressions. To investigate the effects of the application of
shear stress to HAECs exposed to a high concentration of
PA on PPARS expression, HAECs were subjected to static
conditions, LSS or HSS in the presence or absence of high
PA concentrations for 20 h. PA-treated HAECs exhibited
significantly higher PPAR-0 expression compared with that
in PA-untreated HAEC:sS, irrespective of whether the HAECs
were maintained under static conditions or subjected to LSS
or HSS (Fig. 4). However, PA-treated HAECs under HSS
exhibited significantly higher expression levels of PPARS
compared with those in PA-treated HAECs under static or
LSS conditions (Fig. 4). These results indicated that only PA
treatment sufficiently increased PPARS expression. However,
among the cell groups that were not treated with PA, HAECs
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Figure 1. Identification of human aortic endothelial cells. Endothelial nitric
oxide synthase, an endothelial cell maker, was used to identify human aortic
endothelial cells. a-SMA was used as the smooth muscle cell marker. Human
aortic smooth muscle cells served as a negative control. eNOS, endothelial
nitric oxide synthase; a-SMA, a-smooth muscle actin, HAECs, human aortic
endothelial cells; HASMCs, human aortic smooth muscle cells.

that were exposed to HSS exhibited higher levels of PPAR-d
expression compared with that in HAECs under static or LSS
conditions (Fig. 4).

Laminar HSS applied to PA-treated HAECs increases
PPARy expression. Since it was previously demonstrated
that shear stress induced PPARa and PPARg expression in
PA-treated HAECs, the present study subsequently investi-
gated the effects of shear stress applied to PA-treated HAECs
on PPARy expression. PPARy expression in PA-treated
HAECs was lower compared with that in PA-untreated
HAECs in both the static and LSS groups, but neither of
these observations were significant (Fig. 5). In cells exposed
to HSS, PA treatment significantly increased PPARYy
expression (Fig. 5). By contrast, HAECs exposed to HSS
significantly increased the expression of PPAR-y compared
with that in cells in static and LSS groups, regardless of
whether PA was present (Fig. 5). These results suggest that
HSS increased PPARY expression in HAECs, particularly
after PA treatment.

PGI, is produced by PA-treated HAECs in the presence
of shear stress. PGI, is a well-known vasoprotector factor
produced by ECs under shear stress and serves as a ligand for
PPARa and 6 (19). The present study therefore investigated the
effects of PA treatment on HAEC PGI, production in response
to shear stress. The levels of 6-keto-PGF1a, a stable metabolite
of PGI,, in the media of shear stress-stimulated HAECs were
significantly higher compared with those in the HAECs of
static control both in the absence and presence of PA treat-
ment (Fig. 6). These findings suggest that the application of
shear stress to HAECs increases the secretion of PGI, in the
presence of PA.

HSS inhibits PA-induced HAEC inflammation. EC inflamma-
tion-induceddysfunctionasaresultofhigh FFA concentrationsis
arisk factor for the development of cardiovascular diseases (7,8).
To investigate the effects of HSS on PA-induced EC inflam-
mation, HAECs were subjected to HSS for 20 h, after which
the expression levels of inflammatory markers ICAM-1 and
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Figure 2. Representative images of human aortic endothelial cells in response to HSS or LSS with PA treatment for 20 h. Cells cultured (A) under normal static
conditions, (B) in response to HSS with PA treatment and (C) in response to LSS with PA treatment. Magnification, x100. HSS, high shear stress; LSS, low

shear stress; PA, palmitic acid.
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Figure 3. Effects of PA and shear stress on PPARa expression in human aortic endothelial cells. Human aortic endothelial cells were exposed to either
static conditions, low shear stress (4 dyn/cm?) or high shear stress (12 dyn/cm?) in the presence or absence of 300 uM PA for 20 h. Cells treated with
10% bovine serum albumin represented the solvent control. The protein expression of PPARo was determined by western blot analysis. Data are presented as
the mean = SEM from > three independent experiments. “P<0.05. PPAR«, peroxisome proliferator-activated receptor-a; HSS, high shear stress; LSS, low shear

stress; PA, palmitic acid; con, control.
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Figure 4. Effects of PA and shear stress on PPARS expression in human aortic endothelial cells. Western blotting results demonstrating PPARS expression in
human aortic endothelial cells that were subjected to static conditions, low shear stress (4 dyn/cm?) or high shear stress (12 dyn/cm?) in the presence or absence
of 300 #M PA for 20 h. Cells treated with 10% bovine serum albumin represented the solvent control. PPARS protein expression was determined by western
blot analysis. Data are presented as the mean + SEM from > three independent experiments. "P<0.05. PPARS, peroxisome proliferator-activated receptord;

HSS, high shear stress; LSS, low shear stress; PA, palmitic acid; con, control.

MCP-1 (1) were examined by western blot analysis. High PA
concentrations caused significant increases in the expression
of inflammatory markers ICAM-1 and MCP-1 under static
conditions (Fig. 7). Furthermore, when the ECs were exposed
to long-term HSS, PA-induced protein expression of ICAM-1
and MCP-1 was decreased significantly. These results suggest
that HSS exerted protective effects against PA-induced EC
inflammation.

Discussion

PA is a 16-carbon saturated long chain fatty acid that is the
main constituent of FFAs frequently observed in metabolic
disorders (28). In healthy individuals, low serum concentra-
tions of FFAs are maintained (28). However, concentrations
can reach up to 1,000-fold higher compared with that in
healthy individuals in patients with diabetes (28). Elevated
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Figure 5. Effects of PA and shear stress on PPARYy expression in human aortic endothelial cells. Western blotting results demonstrating PPARY expression in
human aortic endothelial cells that were subjected to static conditions, low shear stress (4 dyn/cm?) or high shear stress (12 dyn/cm?) in the presence or absence
of 300 #M PA for 20 h. Cells treated with 10% bovine serum albumin represented the solvent control. PPARY protein expression was determined by western
blot analysis. Data are presented as the mean + SEM from > three independent experiments. “P<0.05. PPARY, peroxisome proliferator-activated receptor-v;

HSS, high shear stress; LSS, low shear stress; PA, palmitic acid; con, control.
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Figure 6. Effects of PA and shear stress on prostacyclin secretion by human
aortic endothelial cells. Concentration of the prostacyclin stable metabolite
6-keto-PGFlo. was determined in the conditioned media obtained from
human aortic endothelial cells that were subjected to static conditions or high
shear stress, in the presence or absence of 300 #M PA for 20 h. The concentra-
tion of 6-keto-PGFla was measured using ELISA. Data are presented as the
mean + SEM from = three independent experiments. "P<0.05 and *P<0.05 cells.
PA, palmitic acid; con, control; HSS, high shear stress; PGF1a, prostaglandin la.

plasma FFAs cause metabolic stress, which has been revealed
to disrupt EC function (29). Excessive serum FFAs has been
reported to cause or facilitate EC dysfunction by inducing
inflammation and lipid peroxidation, which are associated
oxidative stress (9,29). In particular, three isoforms of PPAR
are implicated in various physiological processes, including
the suppression of inflammation and oxidative stress (30).
It has been demonstrated that laminar fluid shear stress and
PPARY serve key roles in the regulation of EC function (20).
However, their role in the presence of high concentrations of
FFA remains unclear. The present study treated HAECs with
PA to mimic metabolic imbalance and serve as a model of
metabolic stress. To the best of our knowledge, the present
study was the first to investigate the effects of varying levels
of shear stress on the expression of PPAR in HAECs when
combined with PA. The results revealed that PA-treated
HAECs expressed PPARa, PPARS and PPARY in response to
shear stress.

It has been previously demonstrated that perfusion media
obtained from shear-treated HAECs also induces PPAR
ligand-binding activities in smooth muscle cells (19). Previous
reports have also demonstrated that the application of shear
stress to ECs can induce the expression of all three isoforms
of PPAR proteins and the release of PPAR ligands (20,31).
A recent study revealed that activating PPARa and PPARYy
ameliorated total FFA accumulation in macrophages (32). The
results of the present study further demonstrated that all three
PPAR isoforms were induced in HAECs that were treated with
HSS and high concentrations of PA. These findings suggest
that activating PPAR signaling may be a promising therapeutic
strategy for the treatment of metabolic stress-induced vascular
complications. Although the present results demonstrated
that HSS serves an important role in the regulation of PPAR
expression under PA-induced metabolic stress, additional
experiments are required to examine the associated mecha-
nisms involved in this phenomenon.

HSS can suppress inflammatory responses by inhibiting
ROS and control the release of anti-inflammatory factors from
ECs (27). The present study revealed that the PPARS and
PPARY expression profiles were similar in HAECs that were
subjected to static and LSS conditions in the presence of PA.
However, HSS was observed to increase PPARS and PPARYy
protein expression regardless of the presence or absence of
PA stimulation, suggesting that HSS alone can regulate the
biosynthesis of these two PPAR isoforms under metabolic
disturbance. These results may indicate the regulatory role
of shear stress in HAECs under high PA concentrations. In
the present study, in the presence of high PA concentrations,
LSS-treated HAECs exhibited a similar magnitude of
increased PPAR-a expression as that in HSS-treated HAECs.
According to previous reports, PGI, is one of the endog-
enous ligands of PPARa, where only high shear stress could
result in high levels of PGI, secretion whilst low shear stress
could not (33,34). Therefore, it remains a possibility that low
shear stress can increase the expression of PPARa through a
PGI,-independent pathway. There is insufficient information
regarding the effects of low shear stress on the expression of
PPAR-a, regardless of PA stimulation, on endothelial cells.
Nevertheless, it can be hypothesized that PPARa expression
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Figure 7. HSS suppresses PA-induced endothelial cell inflammation. Human aortic endothelial cells were conditioned with 300 M PA and subjected to HSS
(12 dyn/cm?) for 20 h. Intercellular adhesion molecule-1 and monocyte chemoattractant protein-1 protein expression was determined by western blot analysis.
Data are presented as the mean = SEM from > three independent experiments. “‘P<0.05 and “P<0.05. HSS, high shear stress; PA, palmitic acid; con, control,
ICAM-1, intercellular adhesion molecule-1; MCP-1, monocyte chemoattractant protein-1.

is more susceptible to shear stress. The molecular mechanism
underlying these effects warrants additional investigation.

Consistent with a previous report (35), shear-stress
treated HAECs in the present study released high levels of
6-keto-PGFla into the perfusion medium. Additionally,
HAECs conditioned under high PA concentrations following
exposure to HSS produced higher levels of PGI, in the perfu-
sion media compared with those in the static PA-treated
HAECs. PGI, is an important vasoprotective factor that has
been previously characterized as an anti-inflammatory agent,
antioxidant and a potent vasodilator (36,37). Previous reports
have demonstrated that reductions in PGI, bioavailability
contributes to EC dysfunction (38,39). Therefore, it was postu-
lated that increased PGI, biosynthesis in shear stress-treated
HAECs may serve a protective effect on cells that are under
PA-induced metabolic stress.

The results of the current study suggested strategies to
promote HSS generated by the vessel wall. For example,
continuous exercise may be potentially advantageous for
preventing or ameliorating FFA-induced EC dysfunc-
tion. A limitation of the present study is that the potential
regulatory mechanism underlying the induction of PPAR
expression under shear stress and high PA concentrations
was not elucidated. PPARs are critical factors in sculpting the
metabolic phenotype in the vasculature (17,18). Additional
functional experiments are required to determine whether
PPARSs exert vasoprotective effects against high FFA-induced
EC dysfunction. The present study further demonstrated
that HSS may serve an essential role by upregulating PPARs
and releasing PGI, to exert protective effects against high
FFA-induced EC dysfunction.

In conclusion and to the best of our knowledge, the
present study was the first to demonstrate that sustained
HSS induced the expression of PPARs in HAECs during
PA-induced metabolic stress. Metabolic stress is a critical
risk factor for vascular disease and therefore results from
the present study may provide a potential target for future
therapeutic strategies.
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