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Inflammatory injury of the endothelium leads to apoptosis and endothelial dysfunction. The
current study explored the effect and mechanisms of paeonol in inflammation-induced
apoptosis and endothelial dysfunction induced by lipopolysaccharides (LPS). The effects of
paeonol on LPS-induced inflammatory injury were assessed by Western blotting, flow
cytometry and reactive oxygen species (ROS) measurement in human umbilical vein
endothelial cells (HUVECSs) and C57BL/6J mice. Vascular reactivity of isolated mouse aortae
was examined using wire myographs. Exposure of HUVECs to LPS increased the protein
presence of toll like receptor 4 (TLR4), bone morphogenic protein 4 (BMP4), BMP receptor
type 1A (BMPR1A), nicotinamide adenine dinucleotide phosphate oxidase subunit 2 (NOX2),
mitogen-activated protein kinases (MAPK), inducible nitric oxide synthase (iINOS) and cleaved
caspase 3 as well as decreased in phosphorylated endothelial nitric oxide synthase (eNOS);
these effects were prevented by treatment with paeonol. Similarly, co-treatment with paeonol
reversed BMP4-induced apoptosis in HUVECs. Relaxations to the endothelium-dependent
vasodilator acetylcholine were impaired in mouse aortae after exposure to LPS; this endothelial
dysfunction was reversed by co-treatment with paeonol, noggin (BMP4 inhibitor), TAK242
(TLR4 antagonist), apocynin (ROS scavenger), MAPK inhibitors and aminoguanidine (iNOS
inhibitor). BMP4 siRNAs abolished LPS-induced upregulation of BMP4 and cleaved caspase
3 protein but not in cells treated with TLR4 siRNA, and vice versa. Silencing of TLR4 and
BMP4 abolished the inhibitory effects of paeonol on LPS-induced activation of cleaved caspase
3. The present results demonstrate that paeonol reduces LPS-induced endothelial dysfunction

and apoptosis by inhibiting TLR4 and BMP4 signalling independently.

Introduction
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Paeonol (Figure 1) isolated from Moutan cortex, root bark of the Paeonia suffruticosa
Andrews plant (Lau et al., 2007) possess anti-atherosclerosis, anti-inflammatory, anti-oxidant,
anti-diabetic and anti-tumor properties (Lau et al., 2007; Sun et al., 2008; Li et al., 2009). The
phytoactive compound prevents lung inflammation and fibrosis induced by bleomycin in mice
and rats (Meng-Han Liu, 2014) and lipopolysaccharide (LPS) (Li et al., 2012). In vitro and in
vivo, paeonol also decreases inflammation and injury induced by LPS in N9 microglia cells and
in murine kidneys by inhibiting the toll like receptor 4 (TLR4) and nuclear factor kB (NFxB)
signalling pathways (Tseng et al., 2012; Fan et al., 2016). Additionally, paeonol suppresses
cigarette smoke-induced release of interleukin-8 by virtue of its anti-oxidant properties and by
inhibiting both reactive oxygen species (ROS)-sensitive 5’ adenosine monophosphate-activated
protein kinase (AMPK)/ mitogen-activated protein kinases (MAPK) signalling and the
downstream NF-«B, thus reducing pulmonary inflammation (Meng-Han Liu, 2014). In the rat,
the combination of paeonol with Danshensuin exerts cardioprotective effects on isoproterenol-
induced myocardial injury (Li et al., 2012). Furthermore, paeonol protects against endoplasmic
reticulum (ER)-stress induced endothelial dysfunction by enrolling AMPK and peroxisome
proliferator-activated receptor & (PPARJ) signalling pathways (Choy et al., 2016) and by
inhibiting oxidative stress (Choy et al., 2017). Chronic supplementation with paeonol combined
with Danshensu improves vascular reactivity in the basilar artery of diabetic rats by reducing
oxidative stress and the intracellular Ca?*-concentration (Hu et al., 2012). In addition, paeonol
has a direct vasodilator effect which is attributed to inhibition of voltage-dependent and
receptor-operated Ca?* channels, as well as to inhibition of intracellular Ca?* release (Li et al.,

2010).
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Lipopolysaccharides (LPS), a major constituent of bacterial outer membranes, play an
important role in the initiation of inflammation and microvascular leaking (Mann et al., 2010).
LPS can bind to toll-like receptor 4 (TLR4), and disrupt the endothelial barrier by activating
intracellular signalling pathways that stimulate alteration of the cytoskeletal architecture of the
endothelial cells (Bannerman and Goldblum, 1999; Cuschleri et al., 2003). LPS induces
apoptosis and detachment of endothelial cells, an event which contributes to the pathogenesis
of sepsis and its attendant complications [disseminated intravascular coagulation, systemic
vascular collapse, multiorgan failure, development of vascular leaks, and acute respiratory
distress (Bannerman and Goldblum, 2003)]. Bone morphogenic protein 4 (BMP4), a member
of the transforming growth factors- (TGF-B) superfamily, was originally discovered to play
an important role in cartilage formation, bone mineralization, and early embryonic development
(Chenet al., 2004). BMP4 is upregulated in the lung during LPS-induced inflammation, and in
airway epithelial cells treated with either LPS or tumor necrosis factor-alpha (TNF-a) (Li et al.,
2014). Furthermore, BMPER (bone morphogenetic protein-binding endothelial regulator), an
extracellular modulator of bone morphogenetic protein signalling has been identified as a vital
component that regulates inflammatory responses in LPS-induced acute lung injury (Lockyer
et al., 2017). BMP4 exerts pro-inflammatory effects resulting in enhanced leukocyte adhesion
to the endothelial surface in vitro (Csiszar et al., 2006) and impairs endothelial function, in the
mouse aorta, through accumulation of reactive oxygen species (ROS) generated by subunits
(NOX1, NOX2, and NOX4) of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (Miriyala et al., 2006; Csiszar et al., 2007). In endothelial cells, BMP4 binds to
BMPR1A-receptors which in turn induces endothelial cell-apoptosis mediated by the oxidative

stress-dependent p38MAPK and JNK pathway (Tian et al., 2012).
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Limited information is available concerning the effect of paeonol on inflammation-
mediated apoptosis and endothelial dysfunction, as well how the underlying mechanism relates
to the LPS/TLR4 and BMP4 signalling pathways. Therefore, the aim of the present study was
to investigate, in a model of inflammation: (a) the molecular and cellular mechanisms
underlying the protection exerted by paeonol against endothelial dysfunction; and (b) identify
the involvement of BMP4 in LPS-induced endothelial cell apoptosis and endothelial
dysfunction as a possible pharmacological target of paeonol. In particular, the present
experiments tested the hypothesis that paeonol reduces both acute inflammation secondary to

LPS-induced apoptosis and endothelial dysfunction by inhibiting the BMP4 signalling pathway.
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Materials and Methods

Human endothelial cell culture

Human umbilical vein endothelial cells (HUVECs, ScienCell, Corte Del Cedro Carlsbad, CA,
USA) were cultured in endothelial cell medium (ECM) supplemented with 5% fetal bovine
serum, 1% penicillin-streptomycin and 1% endothelial cell growth supplement, maintained at
37 °C and aerated with 5% CO2, 95% O». The cells (passage 4 to 6) were used when reaching
80-90% confluence. For all experiments, HUVECs were seeded and grown overnight to sub-
confluence level before incubation (24 hours), in ECM, with LPS, (0.1, 0.5 and 1ug/mL),
hydrogen peroxide (H202, 200 uM) and various concentrations of paeonol (0.01, 0.1 and 1 uM,)
before collection for apoptosis and protein assays. For other drug treatments, HUVECs were
co-treated during 24 hours with one of the following: recombinant BMP4 (100 ng/mL,
dissolved in 4 mM HCI with 0.1% BSA), noggin (100 ng/mL, BMP4 antagonist), apocynin (20
uM, NADPH oxidase inhibitor), SP600125 (10 uM, JNK inhibitor), SB202190 (10 uM, p38
MAPK inhibitor), aminoguanidine (100 uM, selective inhibitor of inducible NOS) and TAK242

(1 uM, TLR4 antagonist).

Flow cytometry quantification of apoptosis

The percentage of apoptotic cells was measured using the Annexin V-FITC apoptosis assay Kit
according to manufacturer's instructions (BD Biosciences, San Jose, CA, USA). Briefly,
HUVECs were seeded in six-well plates and were treated with various concentrations of either
LPS (0.1, 0.5 and 1 pg/mL) or H.O> (200 uM; serving as a positive control) together with
paeonol (0.01, 0.1 and 1 uM) during 24 hours. After treatments, cells were harvested by
trypsinization, washed and re-suspended in 1 mL of binding buffer (1x10° cells/mL).

Approximately 1x10° cells were stained with propidium iodide (PI) and Annexin-V FITC at
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room temperature during 15 minutes in the dark before analysis with a FACSort flow cytometer
(BD Biosciences). Results were analysed with the Cell Quest Pro software (BD Biosciences).
The amount of apoptosis was determined as the percentage of annexin V-positive cells over PI-

negative cells (Bao et al., 2013).

Transient transfection with sSiRNA

HUVECs (2 x 10* per well) were seeded into six-well plates and grown overnight. The amount
of siRNA was optimized following the manufacturer’s instructions. The SIRNA targeting TLR4
or BMP4 (ON-TARGETplus SMART pool small interferingRNA; Dharmacon, Thermo
Scientific, Lafayette, CO) or scrambled siRNA (ON-TARGETplus Control Nontargeting pool;
Dharmacon) were transfected into the cells using Dharmafect 1 transfection reagent
(Dharmacon). Compared to unrelated control siRNAs and scrambled SiRNAs, the specific
siRNA-concentration resulting in more than 60% knockdown in protein levels was chosen, as
determined by Western blotting. The media were refreshed, 72 hours post transfection with
BMP4 siRNAs or 48 hours post transfection with TLR4 siRNAs, and the cells were incubated
with vehicle, LPS (1 pug/mL) and paeonol (1 uM) during 24 hours before being harvested for

Western blotting.

Animals

The experiments were performed on male mice, because they are more prone than females to
LPS-induced inflammation (Everhardt Queen et al., 2016). C57BL/6J mice were supplied by
Monash University (Sunway Campus, Selangor, Malaysia) and housed in well ventilated room
at a constant temperature of 23 °C with a 12 hours light/dark cycle. They were provided with
normal mice chow (Specialty Feeds Pty Ltd., Glen Forrest, Australia) and tap water ad libitum.

All of the experiments were conducted according to the Guide for the Care and Use of

20z ‘T |udy uosewinor 134S Y e Bio'sjeulnofisdse ied [ woly papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on December 19, 2017 as DOI: 10.1124/jpet.117.245217
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #245217

Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health,
and were approved by University of Malaya Animal Care and Ethics Committee (Ethics

reference no: 2016-170531/PHAR/R/MRM).

Induction of inflammation and chronic treatment in mice

Twelve weeks-old mice were randomly assigned into six groups (n=6-7) of mice receiving:
(a) vehicle [phosphate buffered saline, PBS, intraperitoneal injection] only (controls); (b) an
intraperitoneal injection of LPS (15 mg/kg) and vehicle (saline, 100 uL by oral gavage) (LPS);
(c) LPS plus oral administration of paeonol (20 mg/kg) (LPS+ paeonol); (d) oral administration
of paeonol (20 mg/kg) (Paeonol); (e) LPS plus intraperitoneal injections of noggin (0.5
mg/kg/day; BMP4 antagonist) one hour before and two, four and six hours after the LPS
injection (LPS + Noggin); (6) LPS plus an intraperitoneal injection of TAK242 (3 mg/kg/;
TLR4 antagonist) one hour before the LPS injection (LPS + TAK242). The doses of LPS and
paeonol were determined from the literature (Hsieh et al., 2006; Lee et al., 2013; Shi et al.,
2016) and preliminary data (Supplemental Figure 1A&B) which showed that 20 mg/kg paeonol
improved relaxations to the endothelium-dependent vasodilator acetylcholine in mice treated
with LPS (15 mg/kg). The animals were humanely sacrificed by CO; inhalation at the end of

the 24 hours of treatment.

Organ culture of isolated aortae

Aortae from C57BL/6J mouse were isolated and cultured in Dulbecco's Modified Eagle
Medium (DMEM; Gibco, Gaithersburg, MD, USA) supplemented with 10% Fetal Bovine
Serum (Gibco), containing 100 U/mL penicillin and 100 pg/mL streptomycin (Gibco). The
rings were incubated during 24 hours in the absence or presence of LPS (1 pg/mL), paeonol (1

uM), recombinant BMP4 (100 ng/mL, dissolved in 4 mM HCI with 0.1% bovine serum

10
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albumin), noggin (100 ng/mL), SP600125 (10 uM), SB202190 (10 uM), apocynin (20 puM),
aminoguanidine (100uM), TAK242 (1 uM) and indomethacin (10 uM) in an incubator (5%

COg; 37°C) and thereafter transferred to wire myographs for functional studies.

Functional Studies

After 24 hours, the mice were killed by CO- inhalation and their thoracic aortae were excised
and cleaned of adjacent connective tissues and fat with extra care to avoid any damage to the
endothelium. The aortae were cut into several rings (2 mm in length). The rings were
suspended in a Multi-Wire Myograph System (Danish Myo Technology, Aarhus, Denmark)
and bathed in oxygenated modified Krebs physiological salt solution (pH 7.4) of the following
composition (in mM): NaCl 119, NaHCOs3 25, KCI 4.7, KH2PO4 1.2, MgS04.7H20 1.2,
glucose 11.7 and CaCl,.2H,0O 2.5 (control solution). Some arteries were snap-frozen in liquid
nitrogen and stored at -80°C for further experiments. All rings were stretched to an optimal
baseline tension of 3 mN and maintained at 37 °C with continuous oxygenation with 95% O>
and 5% CO: (Choy et al., 2017). After equilibration (30 minutes), the rings were contracted
with 60 mM KCI and washed three times in control solution. Then, they were contracted with
phenylephrine (1 uM, a-adrenergic agonist) to establish a stable tension. Cumulative
concentration-response curves were obtained for both endothelium-dependent (acetylcholine,
3nM to 10 puM) and endothelium-independent (sodium nitroprusside, 1nM to 10 uM)
vasodilators. Paeonol and the other pharmacological inhibitors tested did not significantly
affect the contractions evoked by phenylephrine (data not shown). Changes in isometric
tension were recorded with a PowerLab LabChart 6.0 recording system (AD Instruments,

Bella Vista, NSW, Australia).
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Western blotting
After treatment, HUVECs and aortae were homogenized and lysed in ice-cold
radioimmunoprecipitation assay (RIPA) buffer containing leupeptin 1 pg/mL, aprotinin 5
ug/mL, PMSF 100 pg/mL, sodium orthovanadate 1 mM, EGTA 1 mM, EDTA 1 mM, NaF 1
mM, and B-glycerolphosphate 2 mg/mL (Sigma Aldrich; St.Louis, MO, USA) followed by
centrifugation (15,000 X g during 30 minutes) at 4°C to collect supernatants for Western
blotting. Protein concentrations of the supernatant were determined by a modified Lowry
assay (Bio-Rad Laboratories, Hercules, CA, USA). Samples of protein (15 pg) loaded on 7.5
or 15% sodium dodecyl sulphate polyacrylamide gels and transferred to an immobilon-P
polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA) at 100 V. The non-
specific binding was blocked with 3% bovine serum albumin in Tris-buffered saline
containing 0.1% Tween-20 (TBS-T) for one hour at room temperature under gentle shaking.
After washing in TBS-T, the blots were incubated with primary antibodies against phospho-
p38 MAPK, p38 MAPK, phospho-SAPK/INK, SAPK/ JNK (1:1000, Cell signaling
Technology, Beverly, MA, USA), caspase-3, NOX 2, TLR4, iNOS (1:1000, Abcam,
Cambridge, UK), cleaved caspase-3 (1:500 for Western blotting, Cell signaling Technology),
BMPR1A (Santa Cruz, Dallas, Texas, USA), housekeeping GAPDH (1:10000, Santa Cruz),
nitrotyrosine (1:500, Abcam), BMP4 (1:500, Sigma), phosphorylated eNOS at Ser!'’” (p-
eNOS-Ser!'’”; 1:500, Cell Signaling Technology) and eNOS (1:1000, BD Transduction
Laboratory, Oxford, UK). After overnight incubation at 4 °C, the membranes were washed
three times in TBS-T and incubated with appropriate secondary antibodies conjugated to
horseradish peroxidase for two hours at room temperature. The membranes were developed
with enhanced chemiluminescence (ECL) plus Western blotting detection system

(Amersham, Buckinghamshire, UK). The densitometric analysis was performed using
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Quantity One 1D analysis software (Bio-rad). The protein levels were normalized to the

housekeeping protein GAPDH and expressed relative to control.

ROS production

ROS production in the en face endothelium of mouse aortae was measured by
dihydroethidium (DHE, D1168, Invitrogen, Carlsbad,USA) by confocal microscopy (Choy et
al., 2017). In brief, the aortic rings were incubated in normal physiological solution (NPSS,
composition in mM: NaCl 140, KCI 5, CaCl, 1, MgCl; 1, glucose 10 and HEPES 5) containing
5 uM DHE (Molecular Probes, Eugene, OR, USA) during 15 minutes at 37 °C and then
washed twice in PBS. The aortae rings were cut open and the preparations were placed upside
down between two coverslips on the microscope. Fluorescence intensity was measured with
a confocal microscope [Leica TCS SP5 Il (Leica Microsystems, Mannheim, Germany)] with
515-nm excitation and 585-nm long pass filters. Background autofluorescence of elastin was
measured at excitation 488 nm and emission 520 nm separately to avoid overlapping of the
emission spectra. DHE fluorescence intensity was evaluated with Leica LAS-AF software
(version 2.6.0.7266) and is represented as fold changes in fluorescence intensity relative to

control.

Detection of superoxide anion formation

The amount of superoxide anions formed was quantified using the lucigenin-enhanced
chemiluminescence method (Choy et al., 2017). In short, aortic rings isolated from each groups
were pre-incubated for 45 min at 37 °C in Krebs-HEPES buffer (in mM: NaCl 99, NaHCO3 25,
KCI 4.7, KH2PO4 1, MgS041.2, glucose 11, CaCl, 2.5 and Na-HEPES 20) in the presence of
diethylthiocarbamic acid (DETCA, 1 mM) to inactivate superoxide dismutase (SOD) and B-
nicotinamide adenine dinucleotide phosphate (B-NADPH, 0.1 mM) as a substrate for NADPH
oxidase. The. inhibitor of NADPH oxidase; diphenylene iodonium (DPI; 5 mM) was used as a

13
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positive control. Then, the rings were transferred to a 96-well Optiplate containing lucigenin (5
mM, Sigma Aldrich) and B-NADPH (0.1 mM, Sigma Aldrich) in 300 ml of Krebs-HEPES
buffer per well and the signal was read with Hidex plate CHAMELEONTM V (SisLab, Turku,
Finland) in luminescent detection mode for repetitive measurements of photo emission at 30
seconds intervals over 20 minutes. Upon completion of the measurements, the rings were dried
during 48 hours at 65 °C and weighed. The data are expressed as average counts per mg of

vessel dry weight.

Statistical analysis

Results are shown as means + SEM; n reflects the number of individual experiments.
Concentration-response data were fitted to a sigmoidal curve using non-linear regression with
a statistical software [GraphPad Prism version 4 (GraphPad Software Inc., San Diego, CA,
USA)]. Statistical significance was determined using Student’s t-test for unpaired observations
and, for multiple value comparison, one-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison test. A value of P less than 0.05 was considered to indicate

statistically significant differences.

Chemicals and materials
The chemicals and pharmacological agents used are listed in Table 1, Supplemental data. The
concentrations of pharmacological agents used were selected from past experience in the

laboratory or from the literature.
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Results

LPS-induces apoptosis in HUVECs by engaging the TLR4 and BMP4 signalling pathways
independently.

Western blotting was performed to investigate the mechanism underlying LPS-induced
cell apoptosis in HUVECs. TLR4 activation by LPS in HUVECSs was inhibited significantly
by TAK242 but not affected by the other inhibitors tested (Fig. 2A&B). The phosphorylation
of p38 protein in response to LPS was prevented by SB202190, noggin, TAK242 and
apocynin without changes in total p38 protein presence (Fig. 2A&C). Similarly, the
phosphorylation of INK stimulated by LPS was inhibited by SP600125, noggin, TAK242 and
apocynin without changes in total INK protein presence (Fig. 2A&D). Furthermore, LPS
upregulated BMP4 and BMPR1A (Fig. 2A, E & F) protein levels; these effects of LPS were
inhibited by noggin but not by SB202190, SP600125, TAK242, aminoguanidine or apocynin.
LPS reduced both the total eNOS (Fig. 3A&B) as well as the phosphorylated eNOS (Fig.
3A&C) protein levels with no difference in their ratio, while increasing iINOS levels (Fig.
3A&D) and caspase-3 activation (Fig. 3A&E); these effects of LPS were reversed by all the
inhibitors tested. Noggin, TAK242 and apocynin inhibited the upregulation of nicotinamide
adenine dinucleotide phosphate oxidase subunit 2 (NOX2) caused by LPS (Fig. 3A&F).
Similarly, flowcytometry showed that LPS (0.1, 0.5 and 1 pg/mL) significantly increased the
percentage of apoptosis (Supplemental Figure 2 A&B) and augmented the presence of cleaved
caspase 3 protein (Supplemental Figure 2C) in a concentration-dependent manner compared
with control, with 1 pg/mL LPS being the optimal concentration to induce apoptosis in

HUVECs.
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To determine the link between TLR4 and BMP4 signalling pathways in LPS-induced
apoptosis, BMP4-and TLR4-siRNAs were used in HUVECSs to knock-down the expression of
BMP4 and TLR4, respectively. At 50 nM, TLR4-siRNAs and BMP4siRNAs reduced TLR4
and BMP4 protein presence, respectively, by approximately 60%, compared with scrambled
SIRNAs (Supplemental Figure 3). The protein presence of TLR4 (Fig. 4A&B) and cleaved
caspase 3 (Fig. 4A&E) was reduced significantly in HUVECs transfected with TLR4-siRNAs
compared with scrambled siRNAs, in the absence or presence of LPS. The inductions of BMP4
(Fig. 4A&C) and BMPR1A (Fig. 4A&D) protein levels by LPS were similar in both scrambled
SiIRNA and TLRA4-siRNA-transfected cells. The siRNAs against BMP4 reduced the LPS-
induced increases in BMP4 (Fig. 5A&C), BMPR1A (Fig. 5A &D), and cleaved caspase 3 (Fig.

5A &E) proteins levels, but did not affect that of TLR4 (Fig. 5A &B).

Paeonol reverses LPS-induced inflammation and apoptosis in HUVECS by inhibiting both
BMP4 and TLR4 signalling.

Flow-cytometry revealed that in HUVECs, paconol (0.01, 0.1, 1 uM) in co-treatment with
LPS (1 ug/mL) reduced apoptosis (Supplemental Figure 4) in a concentration-dependent
manner, with 1 uM exerting the most significant effect. Therefore, paconol at 1 uM was used
in further experiments. Paeonol significantly reduced the elevation in TLR4, BMP4, BMPR1A
and cleaved caspase 3 protein levels triggered by LPS in cells treated with scrambled siRNA
(Fig 4&5). Silencing of TLR4 abolished the inhibitory effects of paeonol on LPS-induced
activation of TLR4 (Fig. 4A&B) and cleaved caspase 3 (Fig. 4A&E). Similarly, silencing of
BMP4 abrogated the paeonol-mediated protection against LPS-induced activation of BMP4

(Fig. 5A&C) and cell death (Fig. 5A &E).
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To determine the effect of paeonol on the BMP4 signalling cascade leading to activation
of cell apoptosis, BMP4-treated HUVECs were co-incubated with paeonol, noggin, SB202190,
SP600125, apocynin and TAK242. Western blotting revealed that BMP4-treatment upregulated
phosphorylated p38 MAPK (Fig. 6A&B), phosphorylated JNK (Fig. 6A&C), BMPR1A (Fig.
6A&D), cleaved caspase 3 (Fig. 6A&F), and NOX 2 (Fig. 6A&G) while the phosphorylation
of eNOS (Fig. 6A&E) was reduced without affecting the total eNOS level; co-treatment with
paeonol normalised the presence of these proteins. In addition, Western blotting showed that
phosphorylation of p38 MAPK in response to BMP4 was abolished by noggin, SB202190 and
apocynin without changes in total p38 protein presence (Fig. 6A&B). Likewise,
phosphorylation of JNK stimulated by BMP4 was also prevented by noggin, SP600125 and
apocynin without changes in total INK (Fig. 6A&C). Activation of BMPR1A by BMP4 was
inhibited by noggin but not by the other inhibitors tested (Fig. 6A&D). In addition, the
downregulation of phosphorylated eNOS (Fig. 6A&E) and the activation of caspase 3 (Fig.
6A&F) by BMP4 were normalised by all inhibitors except for TAK242. NOX2 activation

induced by BMP4 was inhibited only by noggin and apocynin (Fig. 6A&G).

Paeonol reduced apoptosis induced by LPS but not by hydrogen peroxide (H202,200 uM),
which served as oxidative stress inducer and a positive control. (Fig. 7A&B). Paeonol also
reversed the changes induced by LPS (1 pug/mL) on the protein levels of TLR4 (Fig. 7C&D),
BMP4 (Fig. 7C&E) and cleaved caspase 3 (Fig. 7C&F). No significant changes were observed

between the control and the paeonol (1 uM) only groups (Fig. 7).

Paeonol reverses LPS-induced endothelial dysfunction ex vivo
The relaxations evoked by the endothelium-dependent dilator acetylcholine were

impaired, compared to the control group, in aortic rings treated with LPS (1 pg/mL) during ex
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vivo culture in DMEM for 24 hours (Figure 8A-C). Co-treatment with paeonol (0.1, 0.3 and 1
uM) for 24 hours (Supplemental Figure 5A) significantly reversed this impairment in a
concentration-dependant manner, with paeonol at 1 uM being a fully effective concentration
(Fig. 8A). To elucidate the signalling pathway involved in LPS-induced endothelial
dysfunction, the effects of the following pharmacological inhibitors were tested: SB202190 (10
pMM), SP600125 (10 puM), TAK242 (1 uM), aminoguanidine (100 uM), noggin (100 ng/mL),
and apocynin (20 uM). These inhibitors significantly reversed the impairment of the relaxation
to acetylcholine induced by LPS (Fig. 8B-C). By contrast, co-incubation with indomethacin
(10 uM, non-selective cyclooxygenase inhibitor) for 24 hours did not reduce the impairment of

acetylcholine-induced relaxations induced by LPS (Supplemental Figure 5B&C).

To determine whether or not the endothelium-protective effect of paeonol is BMP4-
dependent, BMP4 at 100 ng/mL was used to induce impairment of the relaxation to
acetylcholine. The data showed that 24 hours exposure to BMP4 attenuated the response to the
muscarinic agonist in mouse aortae and this inhibition was reversed by co-treatment with
paeonol, noggin, apocynin, SB202190 and SP600125 (Fig. 8D-F). Relaxations to sodium
nitroprusside (exogenous NO-donor) were comparable in the different experimental groups

(Supplemental Figure 5D-I).

Paeonol protects against LPS-induced endothelial dysfunction in vivo

Aortae of mice exposed to LPS (15 mg/kg/i.p) exhibited attenuated acetylcholine-induced
relaxations (Fig. 9A); this impairment was reversed by co-treatment with paeonol (Fig. 9A),
noggin (Fig. 9B) or TAK242 (Fig. 9B). Sodium nitroprusside-induced relaxations were

unchanged (Supplemental Figure 1C-E). Mice exposed to LPS also showed elevated protein
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levels of BMP4 (Fig. 9C), TLR4 (Fig. 9D), iINOS (Fig. 9E), and cleaved caspase 3 (Fig. 9F),

and these effects were reversed by paeonol, noggin and TAK242.

Next, ROS levels were determined in mouse aortae. ROS formation and superoxide anion
levels in the en face endothelium were significantly increased in mice exposed to LPS
compared to the control group, as shown by the intensity of DHE fluorescence staining (Fig 9
G&H) and lucigenin-enhanced chemiluminescence (Fig 9l), respectively. Co-treatment with
paeonol reduced the LPS-stimulated increase in ROS formation. Similarly, treatment with
noggin and TAK242 normalized the elevated ROS production in mice exposed to LPS. The
ROS level in the paeonol only group was similar to that observed in aortae of the control group

(Fig 9 H&I).
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Discussion

The present study was undertaken to investigate the anti-inflammatory properties and
mechanism of actions of paeonol in preventing the endothelial dysfunction induced by LPS.
The major finding of the present study is that paeonol attenuated LPS induced-endothelial

dysfunction and apoptosis by inhibiting the BMP4 pathway, independently of TLR4 signalling.

The endothelium forms a protective single cellular layer between the intravascular and
extravascular cells/tissues; it plays an important role in regulating vascular tone in normal and
pathological states (Cines et al., 1998). BMP4 is expressed in endothelial cells and can be
induced by oscillatory shear stress (Sorescu et al., 2003). BMP4 significantly activate local
inflammatory responses and is overexpressed in the myocardial tissue and aortae of obese mice
(Wu et al., 2015). The pro-apoptotic effect of BMP4 in endothelial cells is mediated by type |
receptors [BMPR1A, also known as activing receptor-like kinase 3 (ALK3)] which triggers
smad-independent pathways, leading to activation of NADPH oxidases producing ROS and
p38 MAPK/IJNK (Tian et al., 2012). The present results show that BMP4 is involved in the
apoptosis and endothelial dysfunction induced by LPS in human endothelial cells and the mouse
aorta. This conclusion is based on the following observations: (a) LPS increased the protein
presence of both BMP4 and BMPR1A and this was inhibited by noggin; (b) inhibition of BMP4
reduced LPS-induced inflammation, apoptosis and endothelial dysfunction. The present
findings also demonstrate that silencing of BMP4 inhibits LPS-induced apoptosis without
affecting the LPS-induced augmentation of TLR4. By contrast, silencing of TLR4 does not
affect the LPS-induced upregulation of BMP4, suggesting that BMP4 activation by LPS is

independent of TLR4 signalling.
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In the present study, LPS-induced apoptosis in the HUVECs was reversed
concentration-dependently by paeonol. Similarly, paeonol reduced the apoptotic activity in
cardiac myocytes following myocardial infarction (Li et al., 2016) and suppressed endothelial
cell apoptosis induced by oxidized low-density lipoprotein via activation of the LOX-
1/p38MAPK/NF-«B pathway (Bao et al., 2013). However, H20-induced cell apoptosis was not
reversed by paeonol, suggesting that the anti-apoptotic effect of paeonol does not involve its
anti-oxidant actions (Bao et al., 2013). Mediators of MAPK signalling induced by LPS play an
important role in cellular dysfunction, whereby p38 and JNK are activated in response to
stresses such as apoptosis, and ERK is involved in growth responses (Frey and Finlay, 1998;
Kacimi et al., 2011). Inendothelial cells, p38 MAPK and JNK/SAPK induce inflammation and
cell apoptosis by modulating ROS-production (Griendling et al., 2000; Junttila et al., 2008).
The present Western blot analysis shows that paeonol reduces the presence of BMP4 protein as
well as several downstream kinases and transcription factors (JNK, p38 MAPK, iINOS, NOX2)
activated by LPS or BMP4, and eventually attenuates the increase in cleaved caspase 3.
Paeonol also reduced the NOX2 protein level and superoxide anion production stimulated by
LPS and BMP4, suggesting that the anti-oxidant effect of paeonol is a consequences of its
inhibitory effect on TLR4 and BMP4. Silencing of TLR4 and BMP4 prevented the protective
effects of paeonol on LPS-induced upregulation cleaved caspase 3 independently, indicating
that the anti-apoptotic effect of paeonol is partially mediated by TLR4 and BMP4 signalling.
In addition, silencing of TLR4 did not prevent the inhibitory effect of paeonol on the activation
of BMP4 signalling by LPS, demonstrating that the compound modulates these two pathways
independently The present experiments do not allow to define the actual molecular targets of
paeonol to curtail LPS-induced inflammation by independently inhibiting both TLR4 and
BMP4. However, since the downstream signalling of BMP4 and TLR4 is similar, expectedly,

both BMP4 and TLR4 activation induced ROS, MAPK and cleaved caspase 3.
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Endothelial dysfunction is one of the common features of sepsis and other inflammatory
cardiovascular diseases (Didion et al., 2004). In addition, TLR4 activation by LPS increases the
expression of adhesion molecules which recruits leucocytes (Lee et al., 2012) and promotes the
transcription of NADPH oxidase, resulting in elevated reactive oxidative stress and uncoupling
of eNOS leading to endothelial dysfunction in arteries (Liang et al., 2013). Paeonol alleviates
oxidative stress, inflammation, and fibrosis in the lungs induced by bleomycin in vivo and
suppresses TGF-B1-induced fibrotic responses in vitro by inhibiting MAPKs/Smad3 signalling
(Liu et al., 2017). The improvement in endothelial function following treatment with paeonol
in vivo was accompanied by normalization of iNOS and cleaved caspase 3 protein levels as well
as of ROS production, increased by LPS. These findings are in line with the earlier finding that
INOS-generated NO suppressed eNOS expression and activity of guanylate cyclase activity,
thereby causing a state of endothelial dysfunction (Chauhan et al., 2003). However, this
dysfunction is not likely due to tolerance of the vascular smooth muscle cells to iINOS-produced
NO, since LPS treatment has a minor effect on responses to an NO donor (Chauhan et al., 2003),
an interpretation in line with the current experiments with sodium nitroprusside. By inhibiting
LPS-induced exaggerated NO production by iNOS, paeonol may additionally restore eNOS

activity and improve endothelial dysfunction.

Although the ex vivo and in vivo validation of in vitro findings were performed in
systems from two different species, with the former two being carried out on C57BL/6J mouse
aortae and the latter on human HUVECS, the results obtained from the ex vivo and in vivo
experiments were in accordance with the findings obtained on human endothelial cells in vitro.
Hence, the present findings demonstrate, across different species and with relevance to humans,
the inhibitory effects of paeonol against LPS-induced apoptosis and endothelial dysfunction are

due in part to BMP4 activation independently of TLR4 stimulation. The results suggest that
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pharmacological modulation of BMP4 activation by paeonol may provide a novel strategy for
treating inflammation-related diseases such as diabetes mellitus and obesity, in particular those

affecting endothelial function.
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Figure legends

Fig. 1: Chemical structure of paeonol.

Fig. 2: (A) Western blots and (B-F) quantitative data showing protein presences in human
umbilical vein endothelial cells (HUVECS) treated with lipopolysaccharides (LPS, 1 ug/mL)
and paeonol (1uM). Results are means + SEM of four separate experiments. *P<0.05 compared

with control, # P<0.05 compared with LPS.

Fig. 3: (A) Western blots and (B-F) quantitative data showing protein presences in human
umbilical vein endothelial cells (HUVECS) treated with lipopolysaccharides (LPS, 1 ug/mL)
and paeonol (1uM). Results are means + SEM of four separate experiments. *P<0.05 compared

with control, # P<0.05 compared with LPS.

Fig. 4: Effects of toll-like receptor 4 (TLR4) knock-down on the paeonol- induced suppression
of pro-inflammatory and apoptotic markers induced by lipopolysaccharides (LPS). TLR4
SiRNA (50 nM/well) were transfected into human umbilical vein endothelial cells (HUVECS)
for 48 hours. Transfected cells were then exposed to LPS (1 pg/mL) and paeonol (1 uM) for 24
hours. Results are means + SEM of four separate experiments; *P<0.05 vs. control SiRNA, #
P<0.05 vs. siRNA control + LPS, A P<0.05 vs. siRNA TLR4, ¢ P<0.05 vs. SiRNA TLR4 +
LPS.

Fig. 5: Effects of bone morphogenic protein-4 (BMP4) knock-down on the paeonol- induced
suppression of pro-inflammatory and apoptotic markers induced by lipopolysaccharides (LPS).
BMP4 siRNA (50 nM/well) were transfected into human umbilical vein endothelial cells

(HUVECS) for 72 hours, respectively. Transfected cells were then exposed to LPS (1 pg/mL)
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and paeonol (1 uM) for 24 hours. Results are means + SEM of four separate experiments;
*P<0.05 vs. control SiRNA, # P<0.05 vs. siRNA control + LPS, A P<0.05 vs. SiRNA BMP4, ¢

P<0.05 vs. sSiRNA BMP4 + LPS.

Fig. 6: (A) Western blots and (B-G) quantitative data showing protein presences in human
umbilical vein endothelial cells (HUVECS) treated with bone morphogenic protein-4 (BMP4,
100 ng/mL) and paeonol (1uM). Results are means + SEM of four separate experiments.

*P<0.05 compared with control, # P<0.05 compared with BMPA4.

Fig. 7: In HUVECs, paeonol reduced apoptosis induced by 24 hours-exposure to
lipopolysaccharides (LPS, 1 ug/mL) but not hydrogen peroxide (H202, 200 uM). (A) Flow
cytometry dot plots showing percentage of apoptotic cells in human umbilical vein endothelial
cells (HUVECS) treated with LPS (1 pg/ml) or H202 (200 uM) and paeonol (1 pM). In each dot
plot, the upper left quadrant corresponds to necrotic cells; the upper right quadrant contains the
late apoptotic cells, positive for Annexin V and propidium iodide (P1); the lower left quadrant
shows viable cells, which exclude Pl and Annexin V; and the lower right quadrant represents
the early apoptotic cells, Annexin V positive and Pl negative. (B) Percentage of apoptotic cells
quantified by flow cytometry. (C-F) Western blots and guantitative data showing the protein
levels of (C&D) toll-like receptor 4 (TLR4), (C&E) bone morphogenic protein-4 (BMP4) and
(C&F) cleaved caspase 3 in HUVECS treated with LPS (1 ug/mL) and paeonol (1 uM). Values
are means + SEM from four independent experiments. * P< 0.05 vs. control, #P<0.05 vs. LPS.
Fig. 8: (A) Paeonol (1 uM) improved relaxations to acetylcholine in mouse thoracic aortae
incubated with lipopolysaccharides (LPS, 1 pg/mL) in Dulbecco's Modified Eagle's Medium
(DMEM) for 24 hours. Co-incubation of LPS with (B) SB202190 (10 uM, p38 inhibitor),

SP600125 (10 pM, p-JNK inhibitor,) and TAK242 (1 uM, TLR4 antagonist) or (C)
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aminoguanidine 100uM, selective inhibitor of inducible nitric oxide synthase), noggin [100
ng/ml, bone morphogenic protein-4 (BMP4) inhibitor] and apocynin [20 UM, nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase inhibitor], for 24 hours improved the
impairment of relaxations to acetylcholine induced by 1 pg/mL LPS in mouse aortae. (D)
Paeonol (1 uM) improved the impaired response to acetylcholine in aortae exposed to BMP4
(100 ng/mL, in DMEM) for 24 hours. (E) Co-incubation of BMP4 with noggin (BMP4
inhibitor, 100 ng/ml) and apocynin (NADPH oxidase inhibitor, 20 uM) and (F) SB202190 (p38
inhibitor, 10 pM), SP600125 (p-JNK inhibitor, 10 pM) during 24 hours improved
acetylcholine-induced relaxation. Results are means+ SEM of seven experiments. * P < 0.05,

compared to control; # P < 0.05, compared to LPS and A, P<0.05 compared to BMP4.

Fig. 9: (A) Paeonol (20 mg/kg/day/oral administration) improved relaxations to acetylcholine
in aortae isolated from mice exposed to lipopolysaccharides (LPS, 15 mg/kg/i.p) during 24
hours. (B) Likewise, treatment with noggin (0.5 mg/kg/i.p) and TAK242 (3 mg/kg/ip) improved
the response to the muscarinic agonist in mice treated with LPS. Western blots and quantitative
data showing (C) bone morphogenic protein-4 (BMP4), (D) toll like receptor 4 (TLR4), (E)
inducible nitric oxide synthase (iNOS) protein and (F) cleaved caspase 3 in all groups of mice.
(G&H) Representative images and summarized results of superoxide anion production
measured in en face aortic endothelium and (1) lucigenin-enhanced chemiluminescence in the
aortae mice treated with LPS, noggin) and TAK242 for 24 hours. Red: DHE fluorescence
(excitation: 515 nm) in the nucleus. Green: autofluorescence of elastin underneath the
endothelium (excitation: 488 nm). Lower panel, merged. Bar: 100 um. The nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase inhibitor, diphenyleneiodonium (DPI, 10
mM) abolished the generation of superoxide anions. Results are meanst SEM of seven

experiments. *P<0.05 compared with control, #P<0.05 when compared with LPS.
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