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Abstract: Endothelial lesion response to injurious stimuli is a necessary step for initiating
inflammatory cascades in blood vessels. Hypaphorine (Hy) from different marine sources is shown
to exhibit anti-inflammatory properties. However, the potential roles and possible molecular
mechanisms of Hy in endothelial inflammation have yet to be fully clarified. We showed that
Hy significantly inhibited the positive effects of lipopolysaccharide (LPS) on pro-inflammatory
cytokines expressions, including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), monocyte
chemoattractant protein 1 (MCP-1) and vascular cellular adhesion molecule-1 (VCAM-1), as well as
induction of the phosphorylation of Akt and mTOR in HMEC-1 cells. The downregulated peroxisome
proliferator-activated receptor γ (PPAR-γ) and upregulated toll-like receptor 4 (TLR4) expressions in
LPS-challenged endothelial cells were prevented by Hy. Inhibition of both PI3K and mTOR reversed
LPS-stimulated increases in TLR4 expressions and decreases in PPAR-γ levels. Genetic silencing of
TLR4 or PPAR-γ agonist pioglitazone obviously abrogated the levels of pro-inflammatory cytokines
in LPS-treated HMEC-1 cells. These results suggest that Hy may exert anti-inflammatory actions
through the regulation of TLR4 and PPAR-γ dependent on PI3K/Akt/mTOR signal pathways.
Hy may be considered as a therapeutic agent that can potentially relieve or ameliorate endothelial
inflammation-associated diseases.
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1. Introduction

The vascular endothelium is a dynamic barrier between blood and blood vessel walls [1].
The endothelium is critically involved in vascular homeostasis via producing various vasoactive
mediators including nitric oxide, adhesion molecules, growth factors, prostanoids, cytokines, and
endothelins [2]. Chronic inflammation in endothelial cells produces a variety of inflammatory mediators
to exacerbate endothelial dysfunction [3]. Endothelial dysfunction from inflammation plays a dominant
role in atherosclerosis, hypertension and diabetes-induced vasculopathy and vascular remodeling [4,5].
Endothelial inflammation is also taken as a high-risk factor for cardiovascular adverse events [6,7].
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Toll-like receptors (TLRs) are considered to be key participants in tissue damage and
inflammation [8]. Activation of TLRs triggers an adaptive immune response, which includes cytokine
production [8]. Among TLRs, lipopolysaccharides (LPSs) from Gram-negative bacteria interact with
TLR4 to induce an inflammatory response in endothelial cells [9]. The expression of TLR4 is increased
in atherosclerotic plaques of animal models, and atherosclerosis-associated inflammation is alleviated
in TLR4 knockout mice [10]. Peroxisome proliferator-activated receptors (PPARs) belong to the nuclear
receptor super family members that exert fundamental roles in cardiovascular protection [11]. PPAR-γ
appears to be highly expressed in atherosclerotic lesions, and PPAR-γ activation efficiently ameliorates
inflammatory response in cardiovascular cells, particularly in endothelial cells [12]. PPAR-γ ligands
improve endothelial cell function via attenuating inflammation in diabetes and atherosclerosis [13].
PPAR-γ activation accelerates the apoptosis of esophageal cancer cells by the inhibition of the
TLR4 pathway [14]. Chronic activation of TLR4 suppresses PPAR-γ transactivation to block brown
adipogenesis of multipotent mesodermal stem cells and brown pre-adipocytes [15]. Crosstalk between
TLR4 and PPAR-γ pathways contributes to the arachidonic acid-induced inflammatory response in
pancreatic acini [16]. This current research establish the potential relationship between TLR4 and
PPAR-γ in various biological functions.

Hypaphorine (Hy) is an indole alkaloid from Erythrina velutina, which promotes sleep effects
in normal mice [17]. Hy from different marine sources exhibits anti-inflammatory properties [18].
However, whether and how Hy is involved in endothelial inflammation remains largely unclear.
In this study, we investigated the effects of Hy on LPS-induced inflammation response, and we
further explored whether TLR4 and PPAR-γ are involved in the potential roles of Hy in endothelial
inflammation response to LPS.

2. Results

2.1. Effects of Hy on the Expressions of TNF-α, IL-1β, VCAM-1 and MCP-1 in HMEC-1 Cells Response
to LPS

Vascular adhesion molecules and inflammatory cytokines are overexpressed in activated
endothelial cells [19,20]. First, we examined whether Hy (Figure S1) protected HMEC-1 cells against
LPS-mediated inflammation. Incubation of HMEC-1 cells with LPS resulted in a dose-dependent
stimulation of the pro-inflammatory cytokines expressions of TNF-α (3.8-fold for 200 ng/mL, p < 0.05,
4.6-fold for 500 ng/mL, p < 0.05), IL-1β (9.2-fold for 200 ng/mL, p < 0.05, 11.7-fold for 500 ng/mL,
p < 0.05), MCP-1 (6.4-fold for 100 ng/mL, p < 0.05, 28.1-fold for 200 ng/mL, p < 0.05, 39.7-fold
for 500 ng/mL, p < 0.05) and VCAM-1 (4.4-fold for 200 ng/mL, p < 0.05, 6.2-fold for 500 ng/mL,
p < 0.05) (Figure 1A). However, different concentrations of Hy had no obvious effect on TNF-α, IL-1β,
MCP-1 and VCAM-1 levels (Figure 1B). It is interesting that Hy at higher dose (100 µM) abolished the
upregulated expressions of TNF-α (decreased by 55.6% for 100 µM at mRNA level, p < 0.05; decreased
by 33.8% for 100 µM at protein level, p < 0.05), IL-1β (decreased by 86.3% for 100 µM at mRNA level,
p < 0.05; decreased by 31.7% for 100 µM at protein level, p < 0.05), MCP-1 (decreased by 72.5% for
50 µM at mRNA level, p < 0.05, decreased by 91.6% for 100 µM at mRNA level, p < 0.05; decreased by
36.8% for 100 µM at protein level, p < 0.05) and VCAM-1 (decreased by 82.2% for 100 µM at mRNA
level, p < 0.05; decreased by 26.4% for 100 µM at protein level, p < 0.05) induced by LPS in HMEC-1
cells (Figures 1C and S2).
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Figure 1. Effects of different doses of Hy on the mRNA expressions of TNF-α, IL-1β, VCAM-1 and 
MCP-1 response to LPS-treated HMEC-1 cells in vitro. (A) Effects of various concentrations of LPS (0, 
100, 200 and 500 ng/mL for 48 h) on the TNF-α, IL-1β, VCAM-1 and MCP-1 levels in HMEC-1 cells; 
(B) Effects of different doses of Hy (0, 25, 50 and 100 μM for 48 h) on the mRNA expressions of TNF-
α, IL-1β, VCAM-1 and MCP-1 HMEC-1 cells; (C) Effects of different doses of Hy (0, 25, 50 and 100 
μM) on the TNF-α, IL-1β, VCAM-1 and MCP-1 expressions in LPS (500 ng/mL)-stimulated HMEC-1 
cells. The HMEC-1 cells were pretreated with different doses of Hy for 6 h before LPS incubation for 
another 48 h. Values are mean ± S.D. * p < 0.05 vs. 0 ng/mL, 0 μM or control, † p < 0.05 vs. LPS. n = 4 
for each group. LPS, lipopolysaccharide; TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; 
VCAM-1, vascular cellular adhesion molecule-1; MCP-1, monocyte chemoattractant protein 1.  

2.2. Inhibition of TLR4 Was Involved in the Anti-Inflammatory Action of Hy on HMEC-1 Cells Response  
to LPS  

A variety of studies have shown that TLR4 activation is majorly responsible for the initiation of 
proinflammatory responses in endothelial cells [21–23]. We investigated whether the inhibitory 
effects of Hy on inflammatory mediators production was related to the modulation of TLR4. LPS 
strongly stimulated TLR4 expression at both protein (1.6-fold for 200 ng/mL, p < 0.05, 2.4-fold for 500 
ng/mL, p < 0.05) and mRNA (23.4-fold for 200 ng/mL, p < 0.05, 27.4-fold for 500 ng/mL, p < 0.05) levels 
in a dose-dependent manner (Figure 2A,B), whereas Hy exhibited no effect on the protein and mRNA 
expressions of TLR4 (Figure 2C,D). Western blot results showed that Hy effectively suppressed the 
protein (decreased by 53.8% for 100 μM, p < 0.05) and mRNA (decreased by 84.2% for 100 μM, p < 
0.05) expressions of TLR4 induced by LPS (Figure 2E,F). The inhibitory effects of Hy on TLR4 levels 
in LPS-stimulated HMEC-1 cells were also demonstrated by immunofluorescence staining (Figures 
2G and S3). Furthermore, the inhibition of TLR4 with siRNA markedly prevented the expressions of 
TNF-α (decreased by 60.3% at mRNA level, p < 0.05; decreased by 38.9% at protein level, p < 0.05), IL-
1β (decreased by 82.9% at mRNA level, p < 0.05; decreased by 34.1% at protein level, p < 0.05), MCP-
1 (decreased by 67.1% at mRNA level, p < 0.05; decreased by 29.1% at protein level,  

Figure 1. Effects of different doses of Hy on the mRNA expressions of TNF-α, IL-1β, VCAM-1 and
MCP-1 response to LPS-treated HMEC-1 cells in vitro. (A) Effects of various concentrations of LPS
(0, 100, 200 and 500 ng/mL for 48 h) on the TNF-α, IL-1β, VCAM-1 and MCP-1 levels in HMEC-1 cells;
(B) Effects of different doses of Hy (0, 25, 50 and 100 µM for 48 h) on the mRNA expressions of TNF-α,
IL-1β, VCAM-1 and MCP-1 HMEC-1 cells; (C) Effects of different doses of Hy (0, 25, 50 and 100 µM)
on the TNF-α, IL-1β, VCAM-1 and MCP-1 expressions in LPS (500 ng/mL)-stimulated HMEC-1 cells.
The HMEC-1 cells were pretreated with different doses of Hy for 6 h before LPS incubation for another
48 h. Values are mean ± S.D. * p < 0.05 vs. 0 ng/mL, 0 µM or control, † p < 0.05 vs. LPS. n = 4 for
each group. LPS, lipopolysaccharide; TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; VCAM-1,
vascular cellular adhesion molecule-1; MCP-1, monocyte chemoattractant protein 1.

2.2. Inhibition of TLR4 Was Involved in the Anti-Inflammatory Action of Hy on HMEC-1 Cells Response
to LPS

A variety of studies have shown that TLR4 activation is majorly responsible for the initiation of
proinflammatory responses in endothelial cells [21–23]. We investigated whether the inhibitory effects
of Hy on inflammatory mediators production was related to the modulation of TLR4. LPS strongly
stimulated TLR4 expression at both protein (1.6-fold for 200 ng/mL, p < 0.05, 2.4-fold for 500 ng/mL,
p < 0.05) and mRNA (23.4-fold for 200 ng/mL, p < 0.05, 27.4-fold for 500 ng/mL, p < 0.05) levels in
a dose-dependent manner (Figure 2A,B), whereas Hy exhibited no effect on the protein and mRNA
expressions of TLR4 (Figure 2C,D). Western blot results showed that Hy effectively suppressed the
protein (decreased by 53.8% for 100 µM, p < 0.05) and mRNA (decreased by 84.2% for 100 µM, p < 0.05)
expressions of TLR4 induced by LPS (Figure 2E,F). The inhibitory effects of Hy on TLR4 levels in
LPS-stimulated HMEC-1 cells were also demonstrated by immunofluorescence staining (Figure 2G
and Figure S3). Furthermore, the inhibition of TLR4 with siRNA markedly prevented the expressions
of TNF-α (decreased by 60.3% at mRNA level, p < 0.05; decreased by 38.9% at protein level, p < 0.05),
IL-1β (decreased by 82.9% at mRNA level, p < 0.05; decreased by 34.1% at protein level, p < 0.05),
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MCP-1 (decreased by 67.1% at mRNA level, p < 0.05; decreased by 29.1% at protein level, p < 0.05) and
VCAM-1 (decreased by 54.1%, p < 0.05; decreased by 24.5% at protein level, p < 0.05) in LPS-incubated
HMEC-1 cells (Figure S4).
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scale bar = 50 μm. Values are mean ± S.D. * p < 0.05 vs. 0 ng/mL or Veh, † p < 0.05 vs. Hy, ‡ p < 0.05 vs. 
Veh + LPS. n = 4 for each group. LPS, lipopolysaccharide; TLR4, toll-like receptor 4.  

2.3. Activation of PPAR-γ Mediated the Protective Role of Hy against LPS-Evoked Inflammation in  
HMEC-1 Cells  

The decreased PPAR-γ is a critical determinant for ox-LDL-induced endothelial dysfunction [24]. 
Endothelial PPAR-γ is recognized as a potential candidate for vascular protection from 
atherosclerosis [25]. To confirm whether PPAR-γ was involved in the protective effects of Hy against 
LPS-induced inflammation, the protein and mRNA levels of PPAR-γ were determined. LPS dose-
dependently decreased the protein (decreased by 32.6% for 200 ng/mL, p < 0.05, decreased by 54.3% 
for 500 ng/mL, p < 0.05) and mRNA (decreased by 69.2% for 200 ng/mL, p < 0.05, decreased by 82.3% 
for 500 ng/mL, p < 0.05) levels of PPAR-γ (Figure 3A,B), but Hy had no obvious effect on either protein 
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Figure 2. Inhibition of TLR4 was involved in the anti-inflammatory action of Hy on HMEC-1 cells
response to LPS. (A) Representative photos showing the effects of various concentrations of LPS
(0, 100, 200 and 500 ng/mL for 48 h) on TLR4 protein levels in HMEC-1 cells; (B) Effects of various
concentrations of LPS (0, 100, 200 and 500 ng/mL for 48 h) on TLR4 mRNA levels in HMEC-1 cells;
(C) Effects of different doses of Hy (0, 25, 50 and 100 µM for 48 h) on TLR4 protein levels in HMEC-1
cells; (D) Effects of different doses of Hy (0, 25, 50 and 100 µM for 48 h) on TLR4 mRNA levels in
HMEC-1 cells; (E) Representative photographs showing the effects of Hy (100 µM) on TLR4 protein
expressions in LPS (500 ng/mL)-challenged HMEC-1 cells. The HMEC-1 cells were pretreated with
Hy for 6 h before LPS incubation for another 48 h; (F) Effects of Hy (100 µM ) on TLR4 mRNA
expressions in LPS (500 ng/mL)-challenged HMEC-1 cells; (G) Immunofluorescence staining showing
the effects of Hy (100 µM ) on TLR4 protein expressions in HMEC-1 cells response to LPS (500 ng/mL),
scale bar = 50 µm. Values are mean ± S.D. * p < 0.05 vs. 0 ng/mL or Veh, † p < 0.05 vs. Hy, ‡ p < 0.05
vs. Veh + LPS. n = 4 for each group. LPS, lipopolysaccharide; TLR4, toll-like receptor 4.

2.3. Activation of PPAR-γ Mediated the Protective Role of Hy against LPS-Evoked Inflammation in
HMEC-1 Cells

The decreased PPAR-γ is a critical determinant for ox-LDL-induced endothelial dysfunction [24].
Endothelial PPAR-γ is recognized as a potential candidate for vascular protection from atherosclerosis [25].
To confirm whether PPAR-γ was involved in the protective effects of Hy against LPS-induced
inflammation, the protein and mRNA levels of PPAR-γ were determined. LPS dose-dependently
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decreased the protein (decreased by 32.6% for 200 ng/mL, p < 0.05, decreased by 54.3% for 500 ng/mL,
p < 0.05) and mRNA (decreased by 69.2% for 200 ng/mL, p < 0.05, decreased by 82.3% for 500 ng/mL,
p < 0.05) levels of PPAR-γ (Figure 3A,B), but Hy had no obvious effect on either protein or mRNA levels
of PPAR-γ (Figure 3C,D). Nevertheless, Hy rescued both the protein (2.1-fold for 100 µM, p < 0.05) and
mRNA (3.3-fold for 100 µM, p < 0.05) expression of PPAR-γ in LPS-treated HMEC-1 cells (Figure 3E,F).
Immunofluorescence results further demonstrated that the reduced PPAR-γ expressions in LPS-challenged
HMEC-1 cells were reversed by Hy (Figure 3G and Figure S3). In addition, PPAR-γ agonist pioglitazone
significantly attenuated the overexpression of TNF-α (decreased by 60.7% at mRNA level, p < 0.05;
decreased by 37.8% at protein level, p < 0.05), IL-1β (decreased by 56.1% at mRNA level, p < 0.05;
decreased by 37.1% at protein level, p < 0.05), MCP-1 (decreased by 73.8% at mRNA level, p < 0.05;
decreased by 22.5% at protein level, p < 0.05) and VCAM-1 (decreased by 54.1% at mRNA level, p < 0.05;
decreased by 23.4% at protein level, p < 0.05) in LPS-pretreated cells (Figure S5).
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2.4. Interaction of PPAR-γ with TLR4 in HMEC-1 Cells in Response to LPS 

We hypothesized that TLR4 and PPAR-γ interaction may participate in LPS-induced 
inflammation. PPAR-γ activation had no effect on basal TLR4 in quiescent HMEC-1 cells (Figure 
4A,B). Pretreatment with pioglitazone abolished TLR4 expressions at both protein (decreased by 

Figure 3. Activation of PPAR-γ mediated the protective role of Hy against LPS-evoked inflammation
in HMEC-1 cells. (A) Representative photos showing the effects of various concentrations of LPS
(0, 100, 200 and 500 ng/mL for 48 h) on PPAR-γ protein levels in HMEC-1 cells; (B) Effects of various
concentrations of LPS (0, 100, 200 and 500 ng/mL for 48 h) on PPAR-γ mRNA levels in HMEC-1 cells;
(C) Effects of different doses of Hy (0, 25, 50 and 100 µM for 48 h) on PPAR-γ protein levels in HMEC-1
cells; (D) Effects of different doses of Hy (0, 25, 50 and 100 µM for 48 h) on PPAR-γ mRNA levels in
HMEC-1 cells; (E) Representative photographs showing the effects of Hy (100 µM) on PPAR-γ protein
expressions in LPS (500 ng/mL)-challenged HMEC-1 cells. The HMEC-1 cells were pretreated with Hy
for 6 h before LPS incubation for another 48 h; (F) Effects of Hy (100 µM) on PPAR-γ mRNA expressions
in LPS (500 ng/mL)-challenged HMEC-1 cells; (G) Immunofluorescence staining showing the effects of
Hy (100 µM) on PPAR-γ expressions in HMEC-1 cells response to LPS (500 ng/mL), scale bar = 50 µm.
Values are mean ± S.D. * p < 0.05 vs. 0 ng/mL or Veh, † p < 0.05 vs. Hy, ‡ p < 0.05 vs. Veh + LPS. n = 4
for each group. LPS, lipopolysaccharide; PPAR-γ, peroxisome proliferator-activated receptor γ.
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2.4. Interaction of PPAR-γ with TLR4 in HMEC-1 Cells in Response to LPS

We hypothesized that TLR4 and PPAR-γ interaction may participate in LPS-induced inflammation.
PPAR-γ activation had no effect on basal TLR4 in quiescent HMEC-1 cells (Figure 4A,B). Pretreatment
with pioglitazone abolished TLR4 expressions at both protein (decreased by 54.4%, p < 0.05,
Figure 4A,B) and mRNA (decreased by 78.2%, p < 0.05, Figure 4C) levels from LPS-stimulated HMEC-1
cells. Knockdown of TLR4 with siRNA effectively downregulated the protein and mRNA levels of
TLR4 in HMEC-1 cells (Figure S6). Reduction of TLR4 remarkably interrupted the downregulated
PPAR-γ protein (1.6-fold, p < 0.05, Figure 4D,E) and mRNA (3.3-fold, p < 0.05, Figure 4F) levels in
HMEC-1 cells response to LPS. It is interesting that the activation of PPAR-γ with pioglitazone not
only abated the basal TLR4 expression (decreased by 56.6%, p < 0.05) in quiescent cells, but also
tremendously compromised LPS-induced TLR4 expression (decreased by 72.4%, p < 0.05) in EA.hy926
cells (Figure S7). Moreover, GW9662, a PPAR-γ antagonist, blocked pioglitazone-mediated inhibition
of TLR4 in LPS-challenged HMEC-1 cells (Figure S8).
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or mTOR inhibitor rapamycin, respectively. Incubation of HMEC-1 cells with LPS significantly 
enhanced the phosphorylated Akt (1.2-fold for 100 ng/mL, p < 0.05, 1.8-fold for 200 ng/mL, p < 0.05, 
1.9-fold for 500 ng/mL, p < 0.05) and mTOR (1.4-fold for 100 ng/mL, p < 0.05, 2.7-fold for 200 ng/mL, 
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Figure 4. Interaction of PPAR-γ with TLR4 in HMEC-1 cells in response to LPS. (A) Western blotting
of TLR4 in HMEC-1 cells. The HMEC-1 cells were pre-incubated with pioglitazone (20 µM) for
6 h followed by LPS (500 ng/mL) stimulation for 48 h; (B) Relative density of TLR4 protein bands
determined by densitometry of the blots, (C) TLR4 mRNA levels; (D) Western blotting of PPAR-γ in
HMEC-1 cells. The HMEC-1 cells were transfected with 100 nM control siRNA or TLR4 siRNA for
24 h followed by LPS (500 ng/mL) stimulation for 48 h; (E) Relative density of PPAR-γ protein bands
determined by densitometry of the blots; (F) PPAR-γ mRNA levels. Values are mean± S.D. * p < 0.05 vs.
control or Veh, † p < 0.05 vs. Con(control) siRNA, ‡ p < 0.05 vs. control + LPS or Veh + LPS. n = 4 for each
group. LPS, lipopolysaccharide; TLR4, toll-like receptor 4, PPAR-γ, peroxisome proliferator-activated
receptor γ.

2.5. PI3K/Akt/mTOR Signaling Pathway Was Responsible for the Inhibitory Effect of Hy on LPS-Induced
Inflammation Response in HMEC-1 Cells

Blockade of PI3K/Akt/mTOR signaling pathway represses senescence-associated inflammation in
endothelial cells [26]. Mango polyphenolics diminishes inflammation in intestinal colitis by modulating
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the PI3K/Akt/mTOR pathway [27]. To investigate the roles of PI3K/Akt/mTOR signaling in an
LPS-mediated inflammation cascade, HMEC-1 cells were treated with PI3K inhibitor LY294002 or
mTOR inhibitor rapamycin, respectively. Incubation of HMEC-1 cells with LPS significantly enhanced
the phosphorylated Akt (1.2-fold for 100 ng/mL, p < 0.05, 1.8-fold for 200 ng/mL, p < 0.05, 1.9-fold for
500 ng/mL, p < 0.05) and mTOR (1.4-fold for 100 ng/mL, p < 0.05, 2.7-fold for 200 ng/mL, p < 0.05,
3.4-fold for 500 ng/mL, p < 0.05, Figure 5A,B). Hy had no significant effect on the phosphorylated Akt
and mTOR (Figure 5C,D), but dramatically counteracted the phosphorylated Akt (decreased by 57.9%,
p < 0.05) and mTOR (decreased by 55.6%, p < 0.05) in HMEC-1 cells response to LPS (Figure 5E,F).
Moreover, both LY294002 and rapamycin eliminated the overproduction of TNF-α (decreased by 73.4%
and 55.1% at mRNA level, p < 0.05; decreased by 37.1% and 29.2% at protein level, p < 0.05), IL-1β
(decreased by 75.9% and 82.1% at mRNA level, p < 0.05; decreased by 27.3% and 33.6% at protein level,
p < 0.05), MCP-1 (decreased by 65.6% and 59.3% at mRNA level, p < 0.05; decreased by 32.1% and
33.7% at protein level, p < 0.05) and VCAM-1 (decreased by 66.1% and 50.7% at mRNA level, p < 0.05;
decreased by 38.2% and 27.3% at protein level, p < 0.05) induced by LPS (Figure S9).
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Finally, we wanted to examine whether the PI3K/Akt/mTOR signaling pathway modulated the 
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inhibition of the PI3K/Akt/mTOR signaling pathway prevented both protein and mRNA levels of 

Figure 5. PI3K/Akt/mTOR signaling pathway is involved in the inhibition effect of Hy on LPS-induced
inflammation response in HMEC-1 cells. (A) Effects of LPS on the protein expressions of total Akt
(T-Akt), phosphorylated-Akt (p-Akt), mTOR, and phosphorylated-mTOR (p-mTOR) at indicated
doses (0, 100, 200 and 500 ng/mL) in HMEC-1 cells. The confluent HMEC-1 cells were stimulated
with different doses of LPS (0, 100, 200 and 500 ng/mL) for 15 min; (B) Quantitative analysis of
phosphorylated Akt and mTOR; (C) Effects of Hy on the expressions of Akt, p-Akt, mTOR, and
p-mTOR at indicated doses (0, 25, 50 and 100 µM) in HMEC-1 cells. The HMEC-1 cells were starved for
12 h and then stimulated with different doses (0, 25, 50 and 100 µM) of Hy for 15 min; (D) Quantitative
analysis of phosphorylated Akt and mTOR; (E) Effects of Hy on phosphorylated Akt and mTOR in
HMEC-1 cells response to LPS. The HMEC-1 cells were pretreated with Hy for 6 h before LPS incubation
for 15 min; (F) Quantitative analysis of phosphorylated Akt and mTOR protein bands determined
by densitometry of the blots. Values are mean ± S.D. * p < 0.05 vs. 0 ng/mL or Veh, † p < 0.05 vs.
Hy, ‡ p < 0.05 vs. Veh + LPS. n = 4 for each group. LPS, lipopolysaccharide; TNF-α, tumor necrosis
factor-α; IL-1β, interleukin-1β; VCAM-1, vascular cellular adhesion molecule-1; MCP-1, monocyte
chemoattractant protein 1.
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2.6. Negative Correlation of TLR4 and PPAR-γ in LPS-Stimulated HMEC-1 Cells Was Dependent on the
PI3K/Akt/mTOR Signaling Pathway

Finally, we wanted to examine whether the PI3K/Akt/mTOR signaling pathway modulated the
relationship between PPAR-γ and TLR4 in LPS-treated HMEC-1 cells. The results showed that the
inhibition of the PI3K/Akt/mTOR signaling pathway prevented both protein and mRNA levels of
TLR4 (decreased by 51.4% and 65.1%, p < 0.05, Figure 6A,B) and PPAR-γ (2.2-fold and 2.1-fold, p < 0.05,
Figure 6C,D). We confirmed that the negative correlation of TLR4 with PPAR-γ in LPS-incubated
HMEC-1 cells was closely related with the PI3K/Akt/mTOR signaling pathway.
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3. Discussion

Accumulated evidence indicates that endothelial inflammation plays an important role in
endothelial dysfunction and accelerates the development and progression of atherosclerosis [28].
In the present study, our results showed that Hy exerted a protective role against LPS-induced
inflammation response in HMEC-1 cells, and that Hy may potentially serve as a protective candidate
against LPS-induced inflammation in endothelial cells.

Activation of endothelial cells stimulates the expression of adhesion molecules and
proinflammatory cytokines, which is essential for plaque rupture and occlusive event in
atherosclerosis [29]. In the present study, our results displayed that LPS dramatically upregulated
pro-inflammatory cytokines expressions of TNF-α, IL-1β, MCP-1 and VCAM-1, while pretreatment
with Hy abolished the increased expressions of TNF-α, IL-1β, MCP-1 and VCAM-1 induced by
LPS in HMEC-1 cells. These results suggested that Hy-mediated anti-inflammatory effects offered a
therapeutic strategy for the management of endothelial inflammatory diseases.

TLRs are abundantly expressed in a plethora of cell types, such as endothelial cells [30,31].
A growing body of evidence suggests that TLR4 modulates endothelial inflammation and
atherosclerotic disease [32]. LPS stimulates IL-6, MCP-1 and VCAM-1 mRNA expression in endothelial
cells [33]. Isobavachalcone significantly retards leukocyte adhesion to brain endothelial cell via the
inhibition of TLR4 signaling [34]. Our results showed that LPS obviously enhanced both protein
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and mRNA levels of TLR4, while gene silencing of TLR4 inhibited the production of inflammatory
mediators and adhesion molecules in LPS-treated cells. Hy effectively impeded the increased TLR4
expressions in HMEC-1 cells response to LPS. These results indicated that Hy may counteract
LPS-stimulated endothelial inflammation via the blockade of TLR4.

PPAR-γ, one of the nuclear receptors of ligand-activated transcriptional factors, plays a pivotal
role in vascular endothelial function and atherosclerosis [35,36]. PPAR-γ activation is able to alleviate
inflammation response in endothelial cells [37]. Pharmacological activation of PPAR-γ ameliorates
the levels of TNF-α, IL-6, soluble intercellular adhesion molecule-1 (sICAM-1) and soluble vascular
cellular adhesion molecule-1 (sVCAM-1) in endothelial cells [38]. In this study, we exhibited that LPS
dose-dependently inhibited both protein and mRNA levels of PPAR-γ, and Hy obviously attenuated
LPS-induced suppression of PPAR-γ expression. In addition, LPS-induced TNF-α, IL-1β, MCP-1
and VCAM-1 productions can be reversed by PPAR-γ agonist pioglitazone. These results hinted that
Hy could suppress LPS-induced expressions of inflammatory cytokines and adhesion molecules via
activating PPAR-γ.

Our additional data showed that the pretreatment of HMEC-1 cells with pioglitazone abolished
TLR4 expressions triggered by LPS. Reduction of TLR4 by siRNA remarkably restored the
downregulated PPAR-γ levels in HMEC-1 cells response to LPS. Moreover, GW9662 (a PPAR-γ
antagonist) blocked the pioglitazone-mediated inhibition of TLR4 in LPS-challenged HMEC-1 cells.
These results further confirmed that PPAR-γ functioned as an antagonist against LPS by its interaction
with TLR4. These results implied that both PPAR-γ activation and TLR4 suppression may coordinately
participate in the protective effects of Hy on endothelial inflammation induced by LPS. It has been
reported that PPAR-γ is believed to inhibit TLR4 expression in quiescent vascular cells, such as
endothelial cells and vascular smooth muscle cells [37,39,40]. It is an interesting question why PPAR-γ
activation had no obvious effect on TLR4 expression in quiescent HMEC-1 cells. We tested whether
PPAR-γ activation affects TLR4 protein expression in the human umbilical vein cell line, EA.hy926 cells.
It is shown that activation of PPAR-γ with pioglitazone not only abated the basal TLR4 expression in
quiescent cells, but also tremendously compromised LPS-induced TLR4 expression in EA.hy926 cells.
HMEC-1 cells are of the human dermal microvascular endothelial cell line, while EA.hy926 cells are
established by fusing primary human umbilical vein cells with a thioguanine-resistant clone of A549
by exposure to polyethylene glycol (PEG). We speculated that the exogenous stimulation of PPAR-γ
did not modulate the TLR4 expression under physiological conditions, but played an inhibitory role in
the LPS-stimulated expression of TLR4 in HMEC-1 cells.

PI3K/Akt/mTOR signaling cascade is supposed to contribute to allergic airway inflammation
in asthma models [41]. Silica nanoparticles evoke an inflammatory response and endothelial
dysfunction associated with the activation of the PI3K/Akt/mTOR pathway [42]. Nicotine is
identified to upregulate both mannose receptor and TLR4 levels via the PI3K-Akt-mTOR-p70S6
pathway in dendritic cells [43]. The ascochlorin derivative 4-O-methylascochlorin (MAC) prevents
the differentiation of 3T3-L1 preadipocytes through the modulation of PI3K-mTOR-PPAR-γ signaling
pathways [44]. In this study, we showed that LPS-challenged HMEC-1 cells had higher levels
of phosphorylated Akt and mTOR, which was substantially prevented by Hy. Blockade of both
PI3K and mTOR diminished the excessive expressions of inflammatory cytokines and adhesion
molecules induced by LPS. Moreover, the negative interactions between TLR4 and PPAR-γ caused
by LPS were retarded by the inhibition of the PI3K/Akt/mTOR signaling pathway. These results
unveiled that PI3K/Akt/mTOR-dependent modulation of TLR4 and PPAR-γ might be one of the key
mechanisms by which Hy antagonized LPS-mediated endothelial inflammation. Perturbation of PI3K
induces TLR4 changes in macrophages and VSMCs [45,46]. However, we found that the inhibition of
PI3K/Akt/mTOR did not influence the basal TLR4 and PPAR-γ in quiescent HMEC-1 cells. The results
suggested that the endogenous PI3K/Akt/mTOR signaling pathway is required for the regulation of
both TLR4 and PPAR-γ expressions in LPS-incubated HMEC-1 cells, but is not involved in regulating
basal TLR4 and PPAR-γ levels in the normal state.
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4. Material and Methods

4.1. Reagents and Antibodies

Hy was purchased from Shanghai Shifeng Technology Co., Ltd. (Shanghai, China). RNAiso
Plus reagent was purchased from Takara Co. (Takara, Otsu, Shiga, Japan). Cell culture supplies
were purchased from Costar (Corning Inc., Cypress, CA, USA). MCDB 131, lipopolysaccharide (LPS),
GW9662 and pioglitazone were purchased from Sigma Chemical Co. (St Louis, MO, USA). Antibody
against glyceraldehyde phosphate dehydrogenase (GAPDH), total or phosphorylated mTOR and
goat anti-rabbit IgG H&L (Alexa Fluor® 488) were purchased from Abcam (Cambridge, MA, USA).
Antibodies against total or phosphorylated Akt were obtained from Cell Signaling Technology (Beverly,
MA, USA). Antibodies against toll-like receptor 4 (TLR4), peroxisome proliferator-activated receptor γ
(PPAR-γ) and HRP-labeled goat anti-rabbit secondary antibody were purchased from Wuhan Sanying
Biotechnology Co., Ltd. (Chinese branch, Wuhan, China). LY294002, rapamycin, and DAPI were
obtained from Beyotime Biotechnology Research Institute (Shanghai, China). The specific primers,
siRNA sequences targeted TLR4 and negative siRNA sequences were synthesized by SangonBiotech
(Shanghai, China) Co., Ltd. (Shanghai, China). The concentration of inhibitors used in the present
study was determined according to previous studies and our preliminary studies. All experiments
were conformed to the Medical Ethics Committee of Jiangnan University.

4.2. Cell Culture

Human microvascular endothelial cells HMEC-1 were obtained from the Health and Medicine
Research of French National Institute. HMEC-1 cells were cultured in MCDB 131 medium
supplemented with 10% fetal bovine serum, 2 mM L-glutamine and 1× Antibiotic-Antimycotic
Solution. Human EA.hy926 endothelial cells were cultured in dulbecco modified eagle medium
(DMEM) medium supplemented with 10% bovine serum. These cells were incubated at 37 ◦C in
humidified air containing 5% CO2. The growth medium was replaced every 2–3 days and the cells
were seeded onto petri dishes or multi-well plates at a ratio of 1 to 3 upon 80% confluency.

4.3. Real-Time Quantitative PCR Analysis

The mRNA levels of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), vascular cellular
adhesion molecule-1 (VCAM-1) and monocyte chemoattractant protein 1 (MCP-1) were detected by
a fluorescence quantitative LightCycler 480 Real Time PCR system (Roche, Basel, Sweden). In short,
total RNA of each sample was extracted by Trizol reagent according to the manufacturer’s instructions.
Equal RNA levels (0.5 µg) from each sample were used for cDNA synthesis using HiScriptQ RT
SuperMix for qPCR (Vazyme, Nanjing, China). The real-time quantitative PCR was conducted using
ChamQTM SYBR® qPCR Master Mix (Vazyme, Nanjing, China). The relative quantification of gene
expression was reported as a relative quantity to the control value by using 2−∆∆Ct methods. GAPDH
was used as an internal control for each sample. The sequences of primers are listed in the supplemental
table (Table S1).

4.4. Western Blot Analysis

The stimulated cells were washed by cold phosphate-buffered saline (PBS) three separate times,
and then lysed in radioimmunoprecipitation assay (RIPA) lysis for 1 h on ice. The cell debris was
discarded after centrifugation at 13,000× g for 15 min. Total protein was measured using BCA
Protein Assay Kit (Beyotime, Nanjing, China), and an equal amount of whole cell lysates was loaded
onto sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and electro-transferred onto
nitrocellulose membranes (Millipore, Darmstadt, Germany). Nonspecific sites were blocked in for
1 h at room temperature before overnight incubation with indicated primary antibodies at 4 ◦C.
The blots were then subsequently incubated with the appropriate secondary antibodies conjugated



Int. J. Mol. Sci. 2017, 18, 844 11 of 15

to horseradish peroxidase. Immunoreactive bands were visualized by enhanced chemiluminescence
(Millipore, Darmstadt, Germany). Data were normalized to GAPDH.

4.5. Immunofluorescence Microscopy

Four independent experiments are conducted to measure the TLR4 and PPAR-γ expressions in
HMEC-1 cells. HMEC-1 cells were preincubated with or without Hy (100 µM) for 6 h before LPS
incubation for another 48 h. The collected cells were fixed with 4% formaldehyde for 30 min, and
then permeabilized with 0.1% Triton X-100 in PBS for 15 min. After incubation with 10% goat serum
for 30 min, they were incubated with the indicated primary antibody rabbit anti-TLR4 or PPAR-γ
overnight at 4 ◦C. After three separate washes with PBS, cells were incubated with goat anti-rabbit IgG
H&L Alexa Fluor® 488 for 30 min. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI)
after immunofluorescence staining. Immunofluorescence signals were visualized on a fluorescence
microscope (80i, Nikon, Japan). The fluorescence intensity was quantified using Image J software
(ver. 1.43u, National Institutes of Health, Bethesda, MD, USA). The fluorescence intensity was averaged
from at least six independent visual fields for each group, and the relative fluorescence intensity was
assessed as previously described [47,48].

4.6. siRNA Transfections

HMEC-1 cells were seeded onto six wells with an initial density of 105 cells/mL to form
a monolayer on the day before the transfection. HMEC-1 cells at 30–40% confluent were
washed and resuspended in fresh medium without antibiotics and transfected separately with
siRNA-TLR4 (100 nM), scramble (control) siRNA (100 nM) by using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA), following the manufacturer’s protocols. After 6 h of incubation, the
medium was changed to flesh medium supplemented with 10% serum and antibiotics. Cells were
incubated with LPS for an additional 48 h. The siRNA sequences-targeted TLR4 were as follows:
sense, 5′-GGGCUUAGAACAACUAGAATT-3′; antisense, 5′-UUCUAGUUGUUCUAAGCCCTT-3′.
The control siRNA sequences were as follows: sense, 5′-UUCUCCGAACGUGUCACGUTT-3′;
antisense, 5′-ACGUGACACGUUCGGAGAATT-3′. The siRNA-targeted TLR4 has been demonstrated
to exhibit the most efficient silencing of TLR4, as previous reported [49].

4.7. Enzyme-Linked Immunosorbent Assay (ELISA)

The protein levels of TNF-α, IL-1β, VCAM-1 and MCP-1 were detected by commercial ELISA kits
(BOSTER, Wuhan, China) according to the manufacturer’s instructions, as previously described [50].
The blanks, diluted standards, or samples were added appropriately into coat wells in 96-well
plates and horseradish heroxidase (HRP)-conjugated antibody was co-incubated at 37 ◦C for 30 min.
The reaction system was terminated with stopped solution, and the absorbance was determined using
a microplate reader (STNERGY/H4, BioTek, Vermont, Winooski, VT, USA).

4.8. Statistical Analysis

All results were defined as mean ± SD. Comparisons within two groups were made by Student’s
t-test. Statistical analysis was performed by ANOVA/Dunnet t-test for multiple group comparisons.
A difference of p < 0.05 was considered statistically significant.

5. Conclusions

Taken together, our results demonstrate that Hy protects HMEC-1 cells against LPS-induced
inflammation by inhibiting PI3K/Akt/mTOR signaling pathways, followed by the interactive
modulation of TLR4 with PPAR-γ. Hy may be a therapeutic agent for use in the treatment of endothelial
inflammatory diseases such as atherosclerosis. It was noted that the 48-h timepoint of stimulating
conditions in our study, however, provided enough time for secondary effects that may alter the
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intended analysis. The effects of Hy on LPS-induced inflammation in endothelial cells at earlier
timepoints will be explored in our future studies.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/4/844/s1.
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