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PHARMACOLOGICAL EFFECTS OF PAEONOL AGAINST ENDOPLASMIC
RETICULUM STRESS AND INFLAMMATION-INDUCED ENDOTHELIAL
DYSFUNCTION
ABSTRACT
Endoplasmic reticulum (ER) stress and inflammation leads to endothelial dysfunction
which are associated with the pathogenesis of cardiovascular diseases such as
atherosclerosis, ischemic heart disease, cardiac hypertrophy and hypertension.
Endothelial dysfunction is characterized by reduction of the endothelium-derived
relaxing factors (EDRFs), particularly nitric oxide (NO), and/or an increase in
endothelium-derived contracting factors (EDCFs), resulting in impairment of
endothelium-dependent relaxation (EDR). Paeonol (20-hydroxy-40-
methoxyacetophenone) is the most abundant phenolic component of Moutan cortex, the
root of Paeonia suffruticosa Andrews which is widely used in traditional Chinese
medicine. However, limited information is available concerning the pharmacological
effects of paeonol in protecting against vascular endothelial dysfunction due to ER stress
and inflammation. The present study investigates the pharmacological effects of paeonol
against ER stress and inflammation-mediated endothelial dysfunction using in vitro, ex
vivo and in vivo models. Our findings revealed that ex vivo and in vivo treatments with
paeonol reversed the impaired EDR in C57BL/6J and peroxisome proliferator-activated
receptor 6 (PPARS) wild-type mouse aortas following exposure with ER stress inducer,
tunicamycin. Treatment with paeonol or tempol reversed the elevated blood pressure, ER
stress and reactive oxygen species (ROS) as well as reduced NO bioavailability induced
by tunicamycin in human umbilical vein endothelial cells (HUVECs), C57BL/6J and
PPARGS wild-type mouse aorta. These protective effects of paeonol were diminished by
co-incubation with PPARS antagonist, GSK0660 and 5’ adenosine monophosphate-

activated protein kinase (AMPK) antagonist, compound C as well as in aorta from PPARS



knockout mouse. These findings suggest that paeonol protects against tunicamycin-
induced endothelial dysfunction in mice by inhibiting ER stress and ROS production by
elevating NO bioavailability via the AMPK/PPARS pathway. The protective effect of
paeonol was further examined against inflammation-induced endothelial dysfunction.
Exposure of HUVECs to lipopolysaccharide (LPS), an inflammatory stimuli increased
the protein expression 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 (iNOS) and cleaved caspase 3 and decreased the protein
expression of phosphorylated endothelial nitric oxide synthase (eNOS). Co-treatment
with paeonol reversed the LPS-induced inflammatory responses in HUVECs and in
addition prevented the BMP4-induced apoptosis of the endothelial cells. In the mouse
aorta, LPS impaired EDR was subsequently reversed by co-treatment with paeonol,
noggin (BMP4 inhibitor), TAK242 (TLR4 inhibitor), apocynin (ROS scavenger), MAPK
inhibitors and aminoguanidine (iNOS inhibitor). Blockade by BMP4 small interfering
RNA (siRNAs) but not with TLR4 siRNA, abolished LPS-induced increases in BMP4
protein expression and vice versa. Silencing of TLR4 and BMP4 abolished the protective
effects of paeonol on LPS-induced activation of cleaved caspase 3. The present findings
imply that paeonol reduces LPS-induced endothelial dysfunction and cell apoptosis by
inhibiting BMP4-triggered ROS production, independent of TLR4 signalling. Taken
together, the results demonstrate the protective effects of paeonol against endothelial
dysfunction induced by ER stress and inflammation. The present study further support
other potential use of paeonol as a novel endothelial protective agent in cardiovascular

diseases associated with ER stress and inflammation.
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KESAN FARMALOGIKAL PAEONOL TERHADAP DISFUNGSI
ENDOTELIAL YANG DISEBABKAN OLEH STRES RETIKULUM
ENDOPLASMA DAN INFLAMASI
ABSTRAK
Stres retikulum endoplasma (ER) dan inflamasi menyebabkan disfungsi endotelial yang
dikaitkan dengan patogenesis pelbagai penyakit jantung atau vaskular seperti
aterosklerosis, penyakit iskemik jantung, hipertrofi jantung dan darah tinggi. Disfungsi
endotelial dikaitkan dengan pengurangan faktor relaksi terbitan endotelium terutamanya
nitrik oksida (NO) atau peningkatan faktor kontraksi terbitan endotelium pada tisu
vaskular. Ketidakseimbangan ini menyebabkan kerosakan pada relaksi bergantungan
endotelium. Paeonol (20-hydroxy-40-methoxyacetophenone) merupakan sebatian
fenolik yang utama dalam Moutan cortex daripada akar Paeonia suffruticosa Andrews
dan banyak digunakan dalam perubatan tradisional Cina. Namun, maklumat kesan
farmakologikal paeonol terhadap disfungsi endotelial yang disebabkan oleh stres
retikulum endoplasma dan inflamasi adalah terhad. Oleh itu, kajian ini berhasrat untuk
menyiasat kesan farmakologi paeonol terhadap disfungsi endotelial yang disebabkan oleh
stres retikulum endoplasma dan inflamasi dengan menggunakan model in vitro, ex vivo
dan in vivo. Penemuan kami menunjukkan bahawa rawatan paeonol secara ex vivo dan in
vivo mengurangkan gangguan relaksi bergantungan endotelium pada aorta yang diinduksi
dengan tunicamycin (pencetus stres ER) pada tikus C57BL/6J dan peroxisome
proliferator-activated receptor 6 (PPARS) wild type. Rawatan dengan paeonol dan
tempol membalikkan peningkatan ER stress, darah tinggi, spesies oksigen reaktif dan
pengurangan kandungan NO yang dicetuskan oleh tunicamycin pada sel endotelial vena
umbilical manusia (HUVECS), aorta tikus C57BL/6J dan PPARS wild type. Namun,
paeonol tidak mempunyai kesan apabila aorta tikus C57BL/6J diinkubasikan dengan

antagonis peroxisome proliferator-activated receptor 6 (PPARGJ), GSK0660 atau



antagonis 5' adenosine monophosphate-activated protein kinase (AMPK), compound C
dan pada aorta tikus PPARS knockout. Keputusan kajian ini menunjukkan bahawa
paeonol memulihkan disfungsi endotelium yang dicetuskan oleh tunicamycin dengan
merencat stres ER dan oxidatif melalui laluan AMPK/PPARS untuk meningkatkan
bioavailabiliti NO. Kesan anti-inflamatori paeonol ke atas disfungsi endotelial yang
disebabkan oleh inflamasi juga dikaji. Pendedahan kepada lipopolisakarida, (LPS,
pencetus inflamasi) meningkatkan protein 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 (iNOS) dan cleaved caspase 3 serta mengurangkan
phosphorylated endothelial nitric oxide synthase (eNOS) dalam HUVECs. Kesan-kesan
ini diperbalikkan dengan rawatan paeonol. Rawatan paeonol juga mengurangkan
apoptosis yang dicetuskan oleh BMP4 pada HUVECs. Ganguan pada relaksi
bergantungan endotelium oleh LPS juga diperbalikkan oleh paeonol, noggin (perencat
BMP4), TAK242 (perencat TLR4), apocynin (perencat ROS), perencat MAPK dan
aminoguanidine (perencat iNOS). Penyekatan laluan oleh BMP4 siRNAs memansuhkan
peningkatan BMP4 dan cleaved caspase 3 yang disebabkan oleh LPS pada sel.
Sebaliknya, TLR4 SiRNA tidak menyekat laluan BMP4 yang dirangsang oleh LPS.
Penyekatan laluan oleh siRNAs BMP4 dan siRNAs TLR4 memansuhkan kesan paeonol
ke atas pengaktifan cleaved caspase 3 oleh LPS. Data ini mencadangkan bahawa paeonol
mengurangkan disfungsi endotelial, apoptosis dan spesies oksigen reaktif yang
dicetuskan oleh LPS dengan menghadang laluan TLR4 dan BMP4. Secara
kesimpulannya, kajian ini menunjukkan kesan perlindungan paeonol terhadap disfungsi
endotelial yang dicetus oleh stres retikulum endoplasma dan inflamasi. Kajian

menyokong selanjutnya penggunaan paeonol sebagai agen terapeutik novel untuk
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perlindungan kepada penyakit vaskular yang berpunca daripada stres retikulum

endoplasma atau inflamasi.

Kata kunci: paeonol, stres retikulum endoplasma, inflamasi, disfungsi endotelial, spesies

oksigen reaktif.
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CHAPTER 1: GENERAL INTRODUCTION

1.1  Endothelium and endothelial dysfunction

The vascular endothelium is the inner unicellular layer of the blood vessels which acts
as an interface between the blood stream and the vessel wall (Vanhoutte, 1989). Vascular
endothelial cells line the entire circulatory system, from the heart to the smallest
capillaries (Augustin et al., 1994). The endothelium serves a number of crucial roles in
physiology and pathophysiology, including modulating vascular tone, platelet function,
inflammatory responses, vascular smooth muscle cell growth and migration (Cines et al.,
1998). Under normal physiological condition, the healthy endothelium maintain the
balance between vasoconstriction and vasodilation factors (Schwartz et al., 2010). Nitric
oxide (NO) which is released from the endothelial cells is a critical modulator of the local
vascular tone (Cannon, 1998). Endothelial dysfunction is commonly associated with
reduced NO bioavailability and represented by the loss of vasodilatory responses to
stimuli such as acetylcholine or shear stress (Mudau et al., 2012). Endothelial dysfunction
is attributable to impaired release of endothelium-derived relaxing (EDR) and augmented
production of endothelium-derived contracting (EDC) factors (Bijl, 2003). Endothelial
dysfunction leads to the development of various cardiovascular diseases such as
atherosclerosis, ischemic heart disease, hypertension and coronary heart disease (Zhang

etal., 2017).

1.2  Risk factors of endothelial dysfunction

Endoplasmic reticulum (ER) stress and inflammation have been identified as risk
factors of endothelial dysfunction (Widlansky et al., 2003). The endoplasmic reticulum
is the cellular organelle where protein translation, folding and trafficking occurs (Galan

et al., 2014). Prolonged perturbation of the endoplasmic reticulum leads to ER stress and



unfolded protein response (UPR) (Shen et al., 2004). ER stress and UPR pathways
activation leads to increased oxidative stress in endothelial cells, resulting in endothelial
dysfunction (Zeeshan et al., 2016). The ER stress-induced oxidative stress involves
activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Santos et
al., 2009). Activation of CCAAT-enhancer-binding protein homologous (CHOP) from
UPR induces NOX2 (a member of the NOX family of enzymes) which transfer electrons
from NADPH to molecular oxygen (O.), forming hydrogen peroxide (H20.) or
superoxides (Santos et al., 2014). The superoxides interact with NO to form peroxynitrite
which inactivates tetrahydrobiopterin (BH4), an essential cofactor for endothelial nitric
oxide synthase (eNOS), resulting in the uncoupling of eNOS from NO and reducing its

bioavailability to cause endothelial dysfunction (Hamilton et al., 2001; Loo et al., 2000).

Besides ER stress, prolonged inflammation may similarly lead to endothelial
dysfunction. Lipopolysaccharide (LPS), a major component of the outer membrane of
gram-negative bacteria is a potent trigger of the inflammatory response (Wang et al.,
2009). LPS binds to toll-like receptors 4 (TLR4), a receptor in innate immunity which
stimulate up-regulation of chemokines, adhesion molecules, and other inflammatory
factors (Geng et al., 2010) including high production of NO through the activation of
inducible nitric oxide synthase (iNOS) (Chuaiphichai et al., 2016). In LPS-induced
endotoxemia of mice, iINOS-generated NO plays a key role in mediating endothelial
dysfunction of conduit (aorta) and resistance (mesenteric) arteries. The iINOS-generated
NO suppresses the expression of eNOS and inhibit the activity of guanylate cyclase,
resulting in reduction of acetylcholine-induced relaxation (Chauhan et al., 2003).
Activation of TLR4 by LPS also augment the expression of NADPH oxidase triggering
further oxidative stress (Kim et al., 2010). Other than LPS, bone morphogenic protein 4

(BMP4) also induced pro-inflammatory response in endothelial cell through oxidative



stress pathway (Csiszar et al., 2006). Increased level of reactive oxygen species (ROS)
reduces eNOS coupling, reduces NO production, increases the activity of cyclooxygenase
1 (COX-1) and augmented EDCF-mediated contractions (Tang & Vanhoutte, 2009).
These effects combine and contribute to endothelial dysfunction in arteries during

inflammation (Liang et al., 2013b).

1.3 Research justification

Various pharmacological agents are reported to ameliorate endothelial dysfunction and
treat cardiovascular diseases. Metformin, a widely used antidiabetic drug with an insulin-
sensitizing effect attenuated oxidative stress-induced cardiomyocyte apoptosis and
prevented the development of heart failure in dogs, through activation of 5' adenosine
monophosphate-activated protein kinase (AMPK) (Sasaki et al., 2009). Pravastatin, a
member of the drug class of statins, reduced cardiac remodelling due to pressure overload
in mice, through inhibition of the ER stress signalling pathway (Zhao et al., 2008).
Amlodipine, inhibits the transmembrane influx of calcium ions (Ca2*) into vascular
smooth muscle and cardiac muscle, and has been used to treat angina and hypertension
(Lee et al., 2014a). However, prolonged usage of these drugs may cause adverse effects
such as constipation, oedema, drowsiness, blurred vision, fatigue, nausea and vomiting
(Mohebbi et al., 2010). The present cardiovascular drugs remain ineffective in reducing
mortality, for example, approximately 14 million individuals died of cardiovascular
disease in 1990, and deaths are projected to rise to 25 million by 2020 in developing
nations (Ohlstein, 2010). Large subgroups of patients with ischemia and arrhythmias
underwent interventional procedures for treatment including angioplasty and ablation, but
they are still left with significant morbidity (Wolfram & Donahue, 2013). There exists an
unmet need for improved clinical outcomes in treating cardiovascular disease without

side effects.



Recently, traditional Chinese medicine has rapidly regained interest amongst the
pharmaceutical industries as new drug leads to provide innovative treatments for the
benefits of human healthcare (Liu et al., 2016b). Treatment option for cardiovascular
diseases has extended to multitherapy which offers more enormous potential and holistic
approach nowadays (Rodgers, 2003). Traditional Chinese medicine functions as a multi-
target drug that act through a diversity of molecular mechanisms and therefore, more

comprehensive in treating cardiovascular diseases (Liu et al., 2016a).

Paeonol (2'-hydroxy-4'-methoxyacetophenone) is a major phenolic compound from
the root bark of Chinese herb Paeonia suffruticosa (Cortex Moutan) (Matsuda et al.,
2001). In traditional Chinese medicine, Cortex Moutan is used to clear heat from blood,
promote blood circulation and for the treatment of amenorrhea and dysmeorrhea (Zhu,
1998). Paeonol has been reported to have anti-oxidant (Ding et al., 2016; Hsieh et al.,
2006), anti-apoptosis (Bao et al., 2013; Wang et al., 2011) and anti-inflammatory (Liao
et al.,, 2016; Liu et al., 2017) effects both in vitro and in vivo. However, the
pharmacological effects of paeonol on ER stress and inflammation related cardiovascular

diseases has not been fully characterized.

1.4 Research Objectives and Hypothesis
Pharmacological therapies that can improve endothelial dysfunction may offer new

potential therapeutic opportunities for treating cardiovascular diseases.

The first objective of this thesis is to investigate the effect of paeonol in ER stress-
induced endothelial dysfunction, followed by a detailed investigation of the mechanisms

through pharmacological approach in vitro, ex vivo and in vivo. We hypothesize that



paeonol improves EDR by alleviating ER stress and subsequently reduced ROS

overproduction, normalized blood pressure and increased phosphorylation of eNOS.

The second objective of this study is to investigate the endothelial protective effect of
paeonol and its underlying molecular mechanisms in inflammation-induced endothelial
dysfunction and apoptosis in vitro, ex vivo and in vivo. We hypothesize that paeonol
reduced inflammation-induced endothelial dysfunction by inhibiting BMP4 and TLR4,
subsequently reducing ROS and iNOS-induced NO production as well as improving

eNOS activity.



CHAPTER 2: LITERATURE REVIEW

2.1  Vascular Endothelium: structure and function

Endothelium comprised of a monolayer of endothelial cells that lines the inner wall
of the blood vessel of the entire circulatory system (Rajendran et al., 2013). The
endothelium together with the extracellular matrix comprises the tunica intima in the
blood vessel (Figure 2.1) (Waller et al., 1992). The size of the endothelial cell is
approximately 20-40 um in length, 10-15 pm in width and 0.1-0.5 um thickness (Cahill
& Redmond, 2016). Under electron microscopy, the arterial endothelium appears as a
continuous layer with tight junctions at the lateral borders of each cell which limit the
movement of macromolecules (Bowyer et al., 1977). Despite its apparent morphological
simplicity and relative homogeneity, there is regional and species variations manifested
by differences in permeability, responsiveness and biosynthesis (Cahill & Redmond,

2016).

Vascular endothelium functions as a selective permeable barrier between extravascular
and intravascular compartments for the cardiovascular system (Rajendran et al., 2013).
Its anatomic location permits communication between circulating blood components and
cells as well as interaction between the cells in the vessel wall (Deanfield et al., 2007). It
senses mechanical stimuli, such as pressure and shear stress, and hormonal stimuli, such
as vasoactive substances. In response to these stimuli, it release mediators that regulate
vasomotor function, trigger inflammatory processes, and affect haemostasis (Endemann
& Schiffrin, 2004). The endothelium regulate the vascular tone by balancing the levels
between the endothelium derived relaxing factors (EDRFs) and endothelium derived

contracting factors (EDCFs) (Feletou, 2011). Therefore, endothelium is now perceived as



an organ which is important to maintain vascular health, and its dysfunction plays a key

role in the development of several vascular diseases (Waller et al., 1992).
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Figure 2.1: A general diagram illustrating the layers of the wall of blood vessel

(Modified from Davis et al., 2003).




2.2 Endothelium-derived relaxing factors (EDRFs)

Triggered by several neurohumoral mediators and physical stimuli, endothelial cells
influence the tone of the surrounding vascular smooth muscle cells by releasing
vasodilator substances called EDRFs (Bassenge et al., 1988; Vanhoutte et al., 1995).
Furchgott and Zawadzki (1980) were the first to conclude that the presence of endothelial
cells is necessary to stimulate acetylcholine-induced endothelium-dependent relaxation
of isolated arteries. The three main EDRFs released by the endothelium are (i) nitric oxide
(NO), (ii) endothelium-derived hyperpolarizing factor (EDHF), and (iii) prostacyclin
(PGIo) (Figure 2.2). These EDRFs perform synergistically in a complex manner to
maintain the vascular well-being and tone (Ozkor & Quyyumi, 2011). Studies have
shown that the EDRFs are differently released in various vascular regions. Small
resistance artery like mesentery arteries rely on EDHF while in larger conduit arteries like

the aorta, NO is the predominant EDRF (Hwa et al., 1994; White et al., 1996).

Endothelium-derived NO is the main EDRFs in the vasculature. NO is formed from
the conversion of a semi-essential amino acid, L-arginine to L-citrulline by an enzyme
called nitric oxide synthase (NOS) in endothelial cells (Griffith et al., 1988). There are
three isoforms of NOS named according to their activity or type of tissue (Forstermann
& Sessa, 2012). The isoforms of NOS are neuronal NOS (nNOS or type I NOS), inducible
NOS (iNOS or type 11 NOS) and endothelial NOS (eNOS or type 111 NOS) (Forstermann
& Sessa, 2012). This enzymatic transformation can be inhibited competitively by L-
arginine analogs like NG-monomethyl-L-arginine and NG-nitro- L-arginine (Griffith et
al., 1988). The extend of NOS activation is determined by the Ca2* concentration present
in the endothelial cell, therefore it’s calmodulin dependent (Moncada et al., 1991). Once
released, NO diffuses into the smooth muscle to activate a cytosolic enzyme called

soluble guanylate cyclase (sGC) which accelerates the conversion of guanosine 5’-



triphosphate (GTP) to cyclic nucleotide cyclic 3°, 5’-guanosine monophosphate (cyclic
GMP) which ultimately leads to vasodilatation (Rapoport & Murad, 1983). Besides
maintaining vascular tone, NO also plays a role in inhibiting the aggregation of platelets
within the vessels to prevent thrombosis. In physiological environment, oxyhemoglobin
in the erythrocytes instantly neutralizes the NO to prevent the adhesion of platelets and
leukocytes to the endothelium (Vanhoutte et al., 1995). In addition, NO act synergistically
with prostacyclin to prevent platelet aggregations (Dalman & Porter, 1990) and growth

of vascular smooth muscle cells (ScottBurden & Vanhoutte, 1993).

In smaller arteries, although NO is released, EDHF has been shown as the predominant
EDRF (Hwa et al., 1994; White et al., 1996). Although the identify and exact role of
EDHF is pathological as well as under normal conditions are not completely understood,
K+ ion, gap junctions, eicosatrienoic acids (ETT) and hydrogen peroxide have been
proposed as EDHF candidates (Kang, 2014). EDHF hyperpolarizes vascular smooth
muscle cells by opening potassium (K*) channels, closing voltage-dependent Ca?
channels, thus allowing K* efflux along its chemical gradient and as a consequence,
relaxes the vascular smooth muscle (Ozkor & Quyyumi, 2011). The release of EDHF by
the endothelial cell is also controlled by the cytosolic Ca* concentration, and is inhibited
by calmodulin antagonists (Nagao & Vanhoutte, 1993). Acetylcholine causes
hyperpolarization of vascular smooth muscle in aorta with an intact endothelium but not
in its absence (Ozkor & Quyyumi, 2011). In addition, increased in intracellular calcium
activates phospholipase A2 (PLC) to produce arachidonic acid (AA). AA metabolites
derived from cytochrome P450 monooxygenases that generates eicosatrienoic acids
(EETs) and hyperpolarize the smooth muscle cells by activating large conductance
calcium-activated potassium channels (BKC,) in blood vessels including large and small

coronary arteries (Feletou & Vanhoutte, 2006). EETs may also act in an autocrine manner



on endothelial cells by activating transient receptor potential (TRP) V4 channels, which
promote Ca* influx further increasing the calcium concentration and activating calcium
dependent potassium (Kca") channels to cause hyperpolarization and release of K™ ions
into the subendothelial space (Ozkor & Quyyumi, 2011). H20- has been reported to cause
hyperpolarization by several mechanisms including the cGMPor cAMP-mediated
pathway, activation of PKA/PLA2 to release PGI2, or direct activation of various K+

channels (Kang, 2014).

Another important EDRF that elicits vasodilation is prostacyclin (PGl2). PGl> is the
metabolite of AA formed by COX enzyme in endothelial cells (Moncada & Vane, 1978).
It activates prostacyclin (IP) receptor on vascular smooth muscle to elicit relaxation in
most normal arteries through cAMP stimulation (Feletou, 2006). Prostacyclin appears to
be released more in vivo than in vitro (Shimokawa et al., 1988). Endothelium-dependent
relaxations potentiated by prostacyclin are most pronounced in the coronary and basilar

arteries (Shimokawa et al., 1988).
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Figure 2.2: Endothelium-derived relaxing factors (EDRFs). The three EDRFs are: i)
Nitric oxide (NO) which is produced from amino acid L-arginine (L-Arg) by NO synthase
(NOS) enzyme diffuses to smooth muscle and activates soluble guanylate cyclase (sGC),
causing increased production of guanosine 3’,5’-cyclic monophosphate (cGMP), which
results in relaxation; ii) Prostacyclin (PGIl2) formed by cyclooxygenase-1 (COX-1) from
arachidonic acid (AA), diffuses to vascular muscle where it activates adenylate cyclase,
causing increased production of adenosine 3’,5’-cyclic monophosphate (CAMP) that
relaxes smooth muscle; iii) Endothelium-derived hyperpolarizing factor (EDHF) is
probably a product of AA metabolism, diffuses to vascular muscle to activate potassium
(K*) channels. Augmented potassium channels activity results in hyperpolarization and

relaxation of vascular smooth muscle (Modified from Faraci and Heistad, 1998).
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2.3 Endothelium-derived contracting factors

Other than EDRFs, the endothelium also release a variety of vasoconstrictor factors
called endothelium-derived contracting factors (EDCFs) (Luscher et al., 1992). Among
the EDCFs released by the endothelium are endothelin (ET)-1 and endoperoxidases

(Figure 2.3).

The vasoconstrictor peptide ET was discovered as one of the major EDCF
(Yanagisawa et al., 1988). ET acts as a natural counterpart of NO (Luscher et al., 1990).
Several factors modulate ET production and release such as shear stress, angiotensin 11,
thrombin, adrenaline, oxidised low-density lipoproteins and inflammatory cytokines
(Barton et al., 1997; Kohno et al., 1989; Woods et al., 1998; Yoshizumi et al., 1989).
Three isoformes of the peptide (ET-1, ET-2 and ET-3) exist, which are converted by the
endothelin converting enzyme (ECE) from their precursors big endothelin originating
from pre-proendothelin peptides cleaved by endopeptidases (Ikegawa et al., 1990;
Shimada et al., 1994). Among the several peptides, ET-1 is the most known, and its
vasoactive properties have been extensively researched. ET-1 mediate vasoconstriction
through the stimulation of receptors, namely ETa and ETg receptors, in the VSMC
membrane (Virdis et al., 2010). This peptide promotes a long-lasting vasoconstriction
essential to the vessel tone control in coronary arterioles, as reduction ET-1 induces an
elevation of coronary blood flow in increased demand situations such as increased

metabolism (Merkus et al., 2002).

Endoperoxidases are derived from the metabolism of AA by the enzymatic activity of
cyclooxygenas (COX), which then transformed into several other prostanoids and various
prostaglandins (Virdis et al., 2010). Stimulation of specific membrane receptors such as

muscarinic receptors for acetylcholine (Boulanger et al., 1994), ADP (activating

12



purinoceptors) (Mombouli & Vanhoutte, 1993) or calcium-increasing agents, such as the
calcium ionophore A23187 (Tang et al., 2007) as the initial trigger of EDCFs. These
EDCFs cause a raise in endothelial cytosolic Ca?* entry activating phospholipase A2
(PLA2) and makes AA available for metabolism (Tang et al., 2007). COX-1 breakdown
AA into endoperoxides, which is ultimately converted to prostanoids namely
thromboxane A2 (TXA:) and prostaglandins (PGs), such as prostacyclin (PGl.),
prostaglandin F2a (PGF2,), prostaglandin D2 (PGD.), prostaglandin E2 (PGE>) (Bos et
al., 2004; Vanhoutte et al., 2005). These prostanoids and prostaglandins activate
thromboxane-prostanoid (TP) receptors of the vascular smooth muscle cells to elicit

contraction (Vanhoutte & Tang, 2008).

Oxygen-derived free radicals can facilitate the production and/or the action of EDCF
(Figure 2.3) (Shi & Vanhoutte, 2008). ROS including superoxide anions, hydroxyl
radicals (OH-) and H2O: are formed as by-products during production of prostanoids by
COX (Wong & Vanhoutte, 2010). ROS, in turn, can stimulate COX both in the
endothelium and vascular smooth muscle (Vanhoutte & Tang, 2008). ROS formed in the
endothelium may diffuses into the layer of smooth muscle via passive diffusion or
myoendothelial gap junctions and subsequently stimulate COX-1 to amplify TP receptor-
mediated contractions of the vascular smooth muscle (Vanhoutte & Tang, 2008). ROS
can also either act directly as EDCF (Katusic & Vanhoutte, 1989) or indirectly potentiate
EDCF-mediated responses by reducing the bioavailability of NO (Paolocci et al., 2001)

and stimulating COX in the vascular smooth muscle cells (Yang et al., 2002).
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Figure 2.3: Schematic diagram shows action of endothelium-derived contracting
factors (EDCF) produced in the blood vessel wall. Endothelin-1 (ET-1) which are
converted by the endothelin converting enzyme (ECE) mediate vasoconstriction through
the stimulation of receptors, namely ETa and ETg receptors, in the VSMC membrane.
Besides, receptor-dependent agonists such as transforming growth factor (TGFg1),
thrombin (Thr), angiotensin-I1 (Ang Il), acetycholine (ACh), adenosine diphosphate
(ADP), bradykinin (BDK) or 5-hydrotryptamine (5-HT) stimulated the increased in
intracellular calcium and activates phospholipase A2 (PLA>) to release arachidonic acid.
The endothelial COX-1 isoform metabolizes the fatty acid into endoperoxides and
ultimately to prostanoids namely thromboxane A2 (TXA>) and prostaglandins (PGs) that
subsequently causes contraction by activating the thromboxane-prostanoid (TP) receptors
of the underlying vascular smooth muscle cells. Reactive oxygen species (ROS) produced
in the endothelium may reach the smooth muscle layer via passive diffusion or through
myoendothelial gap junctions, which activates the COX and eventually amplify TP
receptor-mediated contractions of the vascular smooth muscle (Modified from Fonseca,
2016) .
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2.4  Pathogenesis of Endothelial dysfunction: Molecular Mechanism of eNOS
Uncoupling

Under physiological conditions, NO is produced mainly by the eNOS in the
vasculature (Li & Forstermann, 2013). eNOS serves as a critical enzyme in maintaining
vascular pressure by producing NO; hence, it has a crucial role in the regulation of
endothelial function (Vanhoutte et al., 2009). In endothelial cells, during resting stage,
eNOS which is located at the plasma membrane caveolae is bound to caveolin 1 (cav-1)
(Kietadisorn et al., 2012). Upon activation, eNOS disassociates from cav-1 and binds
with calmodulin (CAM), heat shock protein 90 (Hsp90) and together with
phosphorylation of serine sites (e.g., Ser1177) (Kietadisorn et al., 2012). This functional
eNOS protein is called “coupled eNOS” (Figure 2.4). BH4, an essential cofactor of eNOS
generated from enzyme guanosine-5’-triphosphate cyclohydrolase (GTPCH), is required
to maximise eNOS activity that convert L-arginine to NO and relaxes smooth muscle

through the cGMP-dependent downstream signalling cascade (Kietadisorn et al., 2012).

Under pathological conditions, eNOS can be converted from an NO-producing
enzyme to a one that generates superoxide, a condition referred as “eNOS uncoupling”
(Figure 2.4) (Li & Forstermann, 2013). As a consequence of eNOS uncoupling, NO
production is attenuated (Li & Forstermann, 2013). The bioavailability of NO produced
by eNOS depends on several factors such as a) eNOS mRNA or protein expression, b)
availability of its substrate c-arginine, which may compete with asymmetric
dimethylarginine (ADMA), c) decrease of BH4 bioavailability from enhanced oxidation
of BHs, 4) protein-protein interaction such as cav-1 and Hsp90, 5) interaction between

NO and superoxide to form peroxynitrite (Huang, 2009).

The bulk of ROS generated in the vasculature is derived from NADPH oxidases

(NOX) and eNOS uncoupling. Activation of NOX is due to phosphorylation of the
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oxidase components and translocation of the cytosolic components to the cell membrane,
allowing complete oxidase complex assembly (Babior, 2004). Electron transfer from
NADPH to O? to generate O, which is rapidly converted to H20,, and eventually to OH"
(Zorov et al., 2014). Increased activity of NOX can impair endothelial function via
several mechanisms (Santos et al., 2009). For instance, the resulting superoxide interacts
with NO which decreases its bioavailability (Hamilton et al., 2001). This interaction
forms peroxynitrite which oxidizes and inactivates BH4 (Forstermann & Sessa, 2012). As
the result, eNOS is uncoupled from NO production and augment the pre-existing
oxidative stress (Loo et al., 2000). Peroxynitrite also propagates oxidative stress by
causing nitration of critical antioxidants, including superoxide dismutase (Macmillan-
Crow & Cruthirds, 2001). Enhanced EDCFs also increase the production of superoxide

anion and cause cellular oxidative damage (Pryor & Squadrito, 1995).

The phenomenon of uncoupling of eNOS eventually leads to endothelial dysfunction
(Lerman & Burnett, 1992). Endothelial dysfunction has become a hallmark and a
predictor of cardiovascular diseases (Landmesser et al., 2002). Endothelial dysfunction
associated with eNOS uncoupling is reported both in animal models such as angiotensin
I1-induced hypertension (Mollnau et al., 2002), streptozotocin (STZ)-induced diabetes
(Hink et al., 2001) and hypertension-induced heart failure (Takimoto et al., 2005) as well
as in patient with diabetes, hypertension, hypercholesterolemia and atherosclerosis (Hadi

et al., 2005).
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Figure 2.4: Role of endothelial nitric oxide synthase (eNOS) uncoupling in the

pathogenesis of endothelial dysfunction. In the healthy endothelium, the eNOS play a
key role in vascular nitric oxide (NO) production. However, in the pathological state, the
L-arginine or tetrahydrobiopterin (BH4) availability are reduced. Subsequently, eNOS
becomes unstable and uncoupled, leading to less NO production and more superoxide
(O27) generation. In addition, interaction between NO and superoxide leads to formation
of peroxynitrite (ONOQ"), a potent oxidant, which further oxidizes BHa4, resulting in
eNOS uncoupling as a vicious cycle, with subsequent endothelial dysfunction (Source
from Kietadisorn et al., 2012).
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2.5 Endoplasmic Reticulum stress and the unfolded protein response

The endoplasmic reticulum (ER) is an intracellular organelle covered by an extensive
membrane network located in eukaryotic cells (Hong et al., 2017). The ER lumen has a
unique environment which contains high concentration of Ca?* within the cell because of
active transport of Ca?* by Ca?* ATPases (Schroder & Kaufman, 2005). ER is the primary
site for controlling various intracellular physiological functions such as secretary protein
translocation, protein folding, Ca?* storage as well as biosynthesis of steroids, cholesterol
and lipids (Duan et al., 2009). Because of its role in protein folding and transport, the ER
is also rich in Ca?*-dependent molecular chaperones, such as glucose-regulated protein
(GRP) 78, GRP94, and calreticulin, which stabilize protein folding intermediates (Shen

et al., 2004).

Aging, hypoxia, genetic mutations, nutrient deprivation, pathogen infection and
overexpression of folding-defective proteins may disrupt ER homeostasis (Yoshida,
2007). Disturbances in ER function results in overexpression of unfolded and misfolded
proteins which accumulate in the ER lumen and leads to potential cellular dysfunction
and pathological consequences, namely ER stress (Minamino et al., 2010). ER stress can
similarly be induced using chemicals such as tunicamycin, dithiothreitol and thapsigargin
which inhibit protein glycosylation, reduce formation of disulfide bonds or depleting Ca®*

from the ER lumen (Oslowski & Urano, 2011).

The initial response of the UPR is to adapt to the changing environment, and re-
establish normal ER function by attenuating protein synthesis, inducing transcriptional
ER chaperone genes to enhance folding capacity of the ER and promoting ER-associated
degradation (ERAD) component genes to remove misfolded proteins (Yoshida, 2007).

However, prolonged ER stress trigger three transmembrane sensors and initiates UPR in
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the ER lumen, leading to oxidative stress, inflammation, and apoptotic response
(Kadowaki & Nishitoh, 2013), which may be an important factor in the pathogenesis of
cardiovascular diseases, such as ischemia/ reperfusion (I/R) injury, cardiomyopathy,
cardiac hypertrophy, heart failure, and atherosclerosis (Zhang et al., 2017). In general,
ER stress-induced cell apoptosis and inflammation causing endothelial cells damage and

dysfunction eventually leading to cardiovascular diseases (Tabas, 2010).

2.5.1 The adaptive and apoptotic pathway of unfolded protein response (UPR)
During unstressed conditions, the ER chaperone, GRP78 or immunoglobin binding
protein (BiP) binds to the luminal domains of three ER transmembrane sensors: Inositol
Requiring 1 (IRE1), PKR-like ER kinase (PERK), and Activating Transcription Factor 6
(ATF6), keeping them inactive (Oslowski & Urano, 2011). ER stress is triggered by
cellular stresses such as perturbations in Ca?" homeostasis, redox imbalance, altered
protein glycosylation, or protein folding defects which leads to unfolded or misfolded
proteins accumulating in the ER lumen (Senft & Ronai, 2015). During protein misfolding,
the protein which gathered in the ER lumen activate an adaptive response to survive the
ER stress conditions called UPR (Kadowaki & Nishitoh, 2013). BiP or GRP78 dissociates
from these sensors permitting their oligomerization and thereby initiating the UPR to
clear the accumulated unfolded proteins (Oslowski & Urano, 2011). This ER
transmembrane sensors detect the unfolded proteins accumulated in the ER to initiate 3
distinct UPR branches mediated by IRE1, PERK and ATF6 (Figure 2.5). Activation of
UPR results in regulation of the size, shape, and the components of the ER to re-establish
homeostasis of protein folding in various physiological and pathological conditions
(Schuck et al., 2009). If UPR is unable to normalise and regulate the ER, cell dysfunction
and apoptosis occurs (Bhandary et al., 2012). ER sensor proteins including PERK and

IRE1 plays a crucial role in both the adaptive and the pro-apoptotic pathways of UPR
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(Bernales et al., 2006). Once the adaptive UPR pathway is overcome by prolonged ER
stress, it can no longer maintain ER homeostasis, the UPR-mediated proapoptotic signal
becomes dominant, thereby inducing apoptotic cell death of the damaged cells (Inagi et

al., 2014).

25.111IRE1

IRE1 is the most fundamental ER stress sensor of the UPR (Ron & Walter, 2007).
Mammalian IRE1 has two homologues, IRE1a which is expressed in all cells or tissues,
and IRE1p which is expressed specifically in the intestinal epithelium (Galan et al., 2014).
During ER stress, IRE1 autophosphorylation stimulate an endoribonuclease respond that
cleaves the mMRNA encoding the transcription factor X-box binding protein (XBP) 1 (Kim
et al., 2008; Minamino & Kitakaze, 2010; Ron & Walter, 2007). This results in the
translation of transcriptionally active (spliced) XBP1s which merge to the ER stress
response element in the promoter region of a various UPR-target genes to fold and
degrade the proteins (Kim et al., 2008; Minamino & Kitakaze, 2010; Ron & Walter,
2007). XBP1 translocate into the nuclear and targets many genes encoding proteins for
ER membrane biogenesis, ER protein folding, ER-associated protein degradation
(ERAD), and secretion of protein from the cell (Acosta-Alvear et al., 2007; Lee et al.,
2003) (Figure 2.5). The nuclear translocation of XBP1 is accelerated by the regulatory
subunit of phosphatidylinositol 3-kinase (PI3K) called p85a (Park et al., 2010). In
addition, IRE1a activation is related to apoptosis and inflammatory signalling (Minamino
et al., 2010). IRE1a causes the initiation of a apoptosis signal-regulating kinase (ASK)1
and cJUN NH-terminal kinases (JNK) by interacting with the adaptor protein tumor
necrosis factor TNF receptor-associated factor (TRAF) 2 (Nishitoh et al., 2002; Urano et

al., 2000). JNK has pro-apoptotic effects, including phosphorylation-induced activation
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of the pro-apoptotic (Bak and Bax), and inactivation of the anti-apoptotic Bcl2 proteins

(Malhi & Kaufman, 2011).

2.5.1.2 PERK

PERK is another ER stress sensor and is a serine threonine kinase. PERK activation
phosphorylates elF2a at Ser51 which decreases the synthesis of global protein and
attenuate protein influx into the ER lumen for pro-survival (Scheuner et al., 2001; Shi et
al., 1998). Additionally, it also phosphorylates nuclear erythroid 2 p45-related factor 2
(NRF2), an antioxidant transcription factor for initiation of antioxidant response genes
such as heme oxygenase 1 and glutathione S-transferase (Cullinan et al., 2003).
Phosphorylation of elF2a also lead to preferential translation of activating transcription
factor-4 (ATF4) protein over other upstream reading frames in the mRNA (Harding et
al., 2000). ATF4, a transcription factor stimulate gene expression related to ER function,
ER stress-mediated cell death, ER stress-associated oxidative stress and an inhibitory
feedback loop to prevent hyperactivation of the UPR through dephosphorylation of elF2a
(Harding et al., 2003) (Figure 2.5). ATF4 restores cap-dependent translation by binding
to the promoter of the gene encoding GADD34, the regulatory subunit of the phosphatase
that dephosphorylates elF2a (Ma & Hendershot, 2003). ATF4 pathways regulates
CCAAT/ enhancer-binding protein homologous protein (CHOP), the pro-apoptotic basic-
leucine zipper transcription factor (Kim et al., 2008; Minamino & Kitakaze, 2010; Ron
& Walter, 2007). CHOP induce cell death by activating pro-apoptotic protein (Bax and
Bak) and inhibit anti-apoptotic (Bcl-2) protein (Fu et al., 2010; McCullough et al., 2001).
These proteins oligomerize in the mitochondrial membrane, induces the generation of
cytochrome ¢ from the mitochondria, forms a complex with other apoptosome

components, stimulates caspase-3 and causes apoptosis (Scull & Tabas, 2011). Thus, the
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PERK-elF2a. pathway functions to promote redox balance activation of ATF4 and NRF2

pathway during ER stress.

25.1.3 ATF6

ATF6, an ER-associated type 2 transmembrane basic leucine zipper (bZIP)
transcription factor is the third ER stress member (Kim et al., 2008; Minamino &
Kitakaze, 2010; Ron & Walter, 2007). Upon activation of ER stress, GRP78 is released
from ATF6 and allows ATF6 to translocate from the ER to the Golgi for cleavage by
serine protease site-1 (S1P) and metalloprotease site-2 (S2P) to produce a
transcriptionally active cytosolic fragment (Schindler & Schekman, 2009) (Figure 2.5).
Dissociation of GRP78 and disulfide bond cleavage with ER assist the translocation of
about 90-kDa ATF6 monomers to the Golgi lumen (Shen et al., 2002). Cleaved ATF6
binds to the ER stress response element in the promoters of UPR target genes and
activates transcription of ATF6-inducible ER stress response-element genes (Kondo et
al., 2005; Omori et al., 2001). Major ATF6 targets include chaperone proteins, the

transcription factor XBP1, and CHOP (Toth et al., 2007).
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Figure 2.5: The unfolded protein response (UPR). During ER stress, ER chaperone
(GRP78/BiP or GRP94) dissociates from 3 ER transmembrane sensors for the activation
of IRE1, PERK and ATF6. Dimerization and phosphorylation of UPR modulators PERK
and IREL1 as well as cleaved ATF6 in the Golgi apparatus inducing the activation of UPR
transcription factors XBP1s, ATF4 and ATF6. These transcription factors initiate the
adaptive UPR pathway and regulate the ER function via the IRE1-XBP1, PERK-elF-20-
ATF4 or ATF6 pathways. Additionally, PERK also phosphorylates NRF2, an antioxidant
transcription factor for initiation of antioxidant response genes. If the adaptive UPR
pathway fails to normalize the cells, ER stress is prolong, inducing apoptotic UPR
pathway involving IRE1-TRAF2-ASK1-JNK or PERK-elF-20-ATF4-CHOP pathway.
Abbreviations: ASK1, apoptosis signal-regulating kinase 1; ATF, activating transcription
factor; BiP, immunoglobin binding protein; CHOP, C/EBP-homologous protein; elF-2a,
ERAD, endoplasmic-reticulum-associated protein degradation; elF2a, eukaryotic
translation initiation factor 2a; ER, endoplasmic reticulum; GRP78, glucose-regulated
protein 78; GRP94, glucose-regulated protein 94; IREL, inositol-requiring protein 1;
JNK, c-Jun N-terminal kinase; NRF2, nuclear erythroid 2 p45-related factor 2; P,
phosphorilate; PERK, protein kinase RNA-like endoplasmic reticulum kinase; ROS,
reactive oxygen species; TRAF2, tumour necrosis factor receptor-associated factor 2;
UPR, unfolded protein response; XBP1, X-box binding protein 1; XBP1s, spliced form
of XBP1 (Modified from Inagi et al., 2014).
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2.5.2 ER stress and ROS

Accumulating evidence revealed that protein misfolding in the ER are closely linked
to the production of ROS. Studies have suggested the interrelation of ER stress and ROS
with redox signalling mediators such as i) protein disulfide isomerase (PDI)-endoplasmic
reticulum oxidoreductin (ERO)-1, ii) glutathione (GSH)/glutathione disulphide (GSSG),

iii) NADPH oxidase and iv) calcium (Figure 2.6) (Zeeshan et al., 2016).

During enhanced protein folding, ROS are formed as a by-product of
nonpathological protein folding in the ER, which are likely sources of oxidative stress
(Santos et al., 2009). Protein disulphide isomerase (PDI), a family of ER oxidoreductases,
is an essential and well-characterized enzyme of disulfide bond formation in the ER
(Braakman & Bulleid, 2011). During chaperone-assisted disulphide bond formation
between polypeptide chain substrates, two electrons from thiol residues are provided to
the cysteine residue within the PDI active site (Kramer et al., 2001). This transfer of
electrons results in the reduction of the PDI active site and oxidation of the substrate
(Kramer et al., 2001). The reduced PDI transfers its electrons through ER oxidoreductase
1 (ERO1) to molecular oxygen as the final electron acceptor (Tu & Weissman, 2004).
The sequential action of PDI and EROL1 in transferring electrons from thiol groups in
proteins to molecular oxygen formed H2O- that can diffuse out of mitochondria into the

cytoplasm (Tu & Weissman, 2004).

In addition, ROS may be formed as a consequence of the GSH depletion that occurs
as GSH reduces unstable and improper disulphide bonds. The consumption of GSH
would return thiols involved in non-native disulphide bonds to their reduced form so they
may again interact with ERO1/PDI to be reoxidized (Zeeshan et al., 2016). This would

generate a futile cycle of disulphide bond formation and breakage in which each cycle
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would generate ROS and consume GSH. As a consequence, it is expected that proteins
that have multiple disulphide bonds may be more prone to generating oxidative stress
(Malhotra et al., 2008). The ROS generated by these processes appear to be a critical
second signal to initiate apoptosis. In addition, ROS can further disrupt protein misfolding
in the ER. Intriguingly, antioxidants can improve protein folding and reduce apoptosis

under conditions of ER stress (Santos et al., 2009).

Increasing evidence suggests that NOX NADPH oxidases are important ROS sources
during the UPR in distinct cell types (Zeeshan et al., 2016). The two NOX isoforms so
far reported to be involved in ER stress are NOX2 and NOX4 which exists as a
membrane-bound heterodimer with a lower molecular weight p22phox subunit (Touyz et
al., 2005). NADPH oxidase subunit, NOX2 is induced through a CHOP/CAMKII
pathway to mediate oxidative stress and apoptosis while NOX4 plays a dual
prosurvival/proapoptotic role (Laurindo et al., 2014). ER stress-induced ROS formation
is abolished in CHOP deficient cells and mice (Li et al., 2010a). Activation of CHOP up-
regulated NOX2 expression, which catalyze the transfer of electrons from NADPH to
molecular O, forming H:0: or superoxide (Li et al., 2010a). The lumen of NOX2-
containing vesicles is topologically analogous to the extracellular milieu regarding
superoxide production (Laurindo et al., 2014). Endothelium-dependent relaxations
(EDR) improved when NADPH oxidase subunits, NOX1 and NOX4 mRNA expression
were reduced by ER stress inhibitors in aortas and mesenteric arteries of Ang Il-induced
hypertensive mice (Kassan et al., 2012). In contrast, NADPH oxidase subunit, NOX2
protected ER-stressed mice from renal dysfunction via the inhibition of CHOP-induced
apoptosis pathway (Li et al., 2010a). Several findings showed that ER stress inhibitor,
taurine-conjugated tursodeoxycholic acid (TUDCA) blocked the superoxide anion

production or NADPH oxidase activity in Ang Ill-induced hypertensive animals, implying
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that ER stress might be upstream of the oxidant stress in hypertension (Kassan et al.,

2012; Young et al., 2012).

ER stress may increase Ca?* leak from the ER lumen to cytosol (Gorlach et al., 2006).
Increases in cytosolic Ca?* leads to accumulation of Ca?* near mitochondria, thereby
increasing mitochondrial ROS production and leading to opening of the permeability
transition pore (Jacobson & Duchen, 2002). Increased mitochondrial Ca?* loading
ultimately leads to cytochrome c release and ROS generation (Malhotra & Kaufman,
2007). Furthermore, ROS can also feedback to sensitize the Ca?*-release channels at the
ER membrane which further increase Ca®* release from the ER (Viner et al., 2000). For
example, this may occur through ROS or reactive nitrogen species that can oxidize a
critical thiol in the ryanodine receptor and cause its inactivation, thereby enhancing Ca?*
release from the sarcoplasmic reticulum (Favero et al., 1995). The vicious cycle of Ca?*

release and ROS production becomes more threatening to cell survival.
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Figure 2.6: Endoplasmic reticulum (ER) stress-mediated oxidative stress pathway.
ER stress causes the incorrect disulphide bonds formation which require breakage and
reformation for proteins to attain the appropriate folded conformation. Protein disulphide
isomerase (PDI) catalyses disulphide bond formation and isomerization, whereas
glutathione (GSH) transported into the ER reduces improperly paired disulphide bonds.
Reoxidation of PDI is mediated by ERO1; however, reactive oxygen species (ROS) are
produced in the process. Cellular ROS can deplete GSH and increase the misfolded
protein load in the ER. In turn, ROS can also cause ER stress through modification of
proteins and lipids that are necessary to maintain ER homeostasis. ER stress also causes
Ca?* leak from the ER for accumulation in the inner mitochondrial matrix. This Ca?*
loading in the mitochondria can generate additional ROS through disruption of electron
transport and opening of the mitochondrial permeability pore. ROS also produced by
NADPH oxidase during ER stress. Thus, accumulation of misfolded protein in the ER
increases ROS production that can further amplify ER stress and cause cell death (Source
from Kaufman et al., 2010).
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2.5.3 ER stress and endothelial dysfunction

Various studies have shown that ER stress promotes impairment of endothelium
dependant relaxation (EDR). ER stress induce endothelial dysfunction by i) reduction of
eNOS phosphorylation, ii) increased endothelin-1 (ET-1), iii) endothelial inflammation

and iv) oxidative stress (Figure 2.7) (Battson et al., 2017).

Study by Cheang et al., (2014) have shown ER stress decreased expression and
phosphorylation of eNOS in the vasculature and in isolated endothelial cells from mice,
and this effects were reversed by ER stress inhibitors such as tauroursodeoxycholic acid
(TUDCA) and 4-phenylbutyrate (PBA). In CHOP-/- mice, eNOS expression were
elevated, indicating that CHOP inhibits NO production in endothelial cells by directly

binding to the eNOS promoter (Loinard et al., 2012).

Other than reduction of NO, ER stress inducers elevate the endothelial expression of
ET-1, a potent vasoconstrictor (Lenna et al., 2010). This is shown by restoration of ER
stress-induced reductions in EDR by inhibition of ET-1 receptors in isolated rat aortic

rings (Padilla & Jenkins, 2013).

In addition to its direct effects on endothelium- derived vasoactive substances, ER
stress may also impair endothelial function indirectly by increasing pro-inflammatory
mediators (Cao et al., 2016). ER stress triggers inflammatory reaction through activation
of the transcription factor nuclear factor-xB (NF-«B) (De Martin et al., 2000). NF-«B is
a negative regulator of eNOS expression and is increased in individuals with endothelial
dysfunction (Lee et al., 2014b). Inhibition of NF-«B restores EDR in experimental
animals and humans (Pierce et al., 2009; Read et al., 1994). Besides NF-«B, increase in

transcriptional regulator of inflammation MAP kinase, JNK has been demonstrated with
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ER stress inducer, tunicamycin and inhibited by PBA in endothelial cells (Fiorentino et
al., 2015). In experimental animals and endothelial cells isolated from diabetic
individuals, inhibition of JNK restored eNOS activation and endothelial function (Osto et
al., 2008). In liver cells, JNK inhibition prevented ER stress-induced insulin resistance
(Ozcan et al., 2004). Activation of both JNK and NF-«B triggers other inflammatory
mediators including interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) which both
independently promote endothelial dysfunction (De Martin et al., 2000; Zhang et al.,
2009). These findings indicate that ER stress activates various inflammatory pathways in

the vasculature and consequently disrupt the endothelial function.

Oxidative stress is another recognised mechanism by which ER stress may impair
endothelial function. Elevated cellular levels of H20: generated from the disulfide bond
formation from PDI and EROL1 are sufficient to reduce NO bioavailability and impair
endothelial function (Cai, 2005). Mitochondria-derived ROS resulted from Ca?* leak from
ER also lead to endothelial dysfunction (Walsh et al., 2009). ER-stress induced
superoxide act with NO to form peroxynitrite, which reduced availability of NO and BH4
(Loo et al., 2000). In addition, mice lacking the NOX p47phox subunit (p47phox--) and
treatment with NOX inhibitor apocynin also prevented tunicamycin-induced endothelial

dysfunction in mesenteric arteries (Galan et al., 2014).
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Figure 2.7. Mechanism of ER stress-induced endothelial dysfunction. NO, nitric
oxide; eNOS, endothelial nitric oxide synthase; ET-1, endothelin-1; BHg,
tetrahydrobiopterin; NOX, NADPH oxidase; SOD, superoxide dismutase; ONOO™,
peroxynitrite, O2", superoxide anion, H.O>; hydrogen peroxide (Source from Kaufman et
al., 2010).
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2.5.4 ER stress and AMPK/PPARd

5’ adenosine monophosphate-activated protein kinase (AMPK) is a physiological
regulator that regulates cell’s energy balance and metabolism (Hardie, 2007) by
stimulating defensive response to stress (Hardie, 1999). Activation of AMPK may
attenuate ER stress, suggesting that AMPK could be a novel therapeutic target for the
treatment of ER stress-induced pathologies (Kim et al., 2015). AMPK activation
protected against hypoxic injury in cardiomyocytes by suppressing ER stress (Terai et al.,
2005) and suppressed heavily-oxidised glycated LDL (HOG-LDL) induced ER stress by
inhibiting NADPH oxidase-derived ROS and sarcoplasmic/endoplasmic reticulum Ca?*
ATPase (SERCA) oxidation (Dong et al., 2010b). In contrast, inhibition of AMPK

promotes ER stress and atherosclerosis (Dong et al., 2010a).

Besides AMPK, peroxisome proliferator-activated receptor & (PPARS) may also
inhibit ER stress and improve endothelial function through various mechanisms. Recent
finding demonstrated that PPARS reduces ER stress and restore endothelial function via
interaction with AMPK (Cheang et al., 2014). Similarly, PPARS prevents ER stress,
inflammation and insulin resistance in skeletal muscle cells by activating AMPK
(Salvado et al., 2014). PPARS attenuates palmitate-induced ER stress and induces
autophagic markers, and subsequently reduced apoptotic cell death in myocardium of
mice (Palomer et al., 2014). PPARGS activation also protected pancreatic -cells from ER
stress by promoting oxidation of fatty acid (Cao et al., 2012). PPARS which are expressed
universally in adipocytes and endothelial cells may protect against atherosclerosis and
endothelial dysfunction (Piqueras et al., 2007). Activation of PPARS protects endothelial
function in diabetic mice by mediating through PI3K and Akt with a subsequent increase

of eNOS activity and NO production (Tian et al., 2012a).

31



2.6 Inflammation

Vascular inflammation results from physical injury, lipid peroxidation, infection or
risk factors including hypertension, diabetes, and smoking (Roifman et al., 2011;
Willerson & Ridker, 2004). Clinical and epidemiological research suggest a strong and
consistent relationship between markers of inflammation and risk of future cardiovascular
events (Kaplan & Frishman, 2001). The endothelium plays a vital role in normalising the
inflammatory response in the vasculature (Levi et al., 2002; Reinhart et al., 2002).
Dysregulation of the inflammatory response leads to capillary leak syndrome,
hemodynamic instability and subsequently endothelial cell injury, apoptosis or loss of
endothelial integrity (Assaly et al., 2001; Haimovitz-Friedman et al., 1997). As
inflammation is a key process in the progression of cardiovascular diseases, targeting
specific inflammatory proteins or pathways can be effective in reducing the risk of

cardiovascular events (Golia et al., 2014).

2.6.1 LPS/TLR4 signalling pathway

Lipopolysaccharide (LPS), a glycolipid component of the outer wall of gram-negative
bacteria, has been demonstrated to expose vascular endothelial cells to systemic injury by
causing systemic inflammatory response syndrome (Chakravortty et al., 2000; Dunn,
1991). LPS is commonly used to mimic clinical septic syndrome by inducing a
hyperinflammatory response in hosts (Van der Poll & Opal, 2008). LPS activates many
of the proinflammatory and procoagulant responses in endothelial cells, leading to

endothelial injury (Choi et al., 1998).

In response to stimuli, LPS bind to membrane-localized toll-like receptors, and disrupt
the endothelial barrier by activating intracellular signalling pathways that stimulate

alteration to endothelial cell cytoskeletal architecture (Bannerman & Goldblum, 1999;
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Cuschleri et al., 2003). Toll-like receptor (TLR) family is a key set of innate immune
receptors that recognize bacterial components, with TLR4 being the main receptor target
for LPS (Faure et al., 2000; Lien et al., 2000). Recognition of LPS by TLR4 is necessary
for the establishment of an immune response against bacteria (Ulevitch & Tobias, 1995).
Mice deficient in TLR4 are associated with decreased inflammatory responses (Caso et
al., 2007). Activation of TLR4 initiate a variety of inflammatory process through
activation of the three members of the MAPK family which are ERK (extracellular-
signal-regulated kinase), JNK (c-Jun N-terminal kinase) and p38 and also activation of
the NF-xB (Emre et al., 2007) (Figure 2.8). NF-kB facilitates the pro-inflammatory
cytokines release, such as TNF-a, interleukin- 1 (IL-1), IL-6, transforming growth factor-

beta (TGF-pB), and prostaglandins (Medvedev et al., 2000; Sanlioglu et al., 2001).

LPS induces ROS production, which constitutes a primordial signalling pathway
potentiating MAPK activation (Cakir & Ballinger, 2005). In response to LPS,
polymorphonuclear cells and macrophages produce ROS, such as 0%, H20,, and OH-
(Simon & Fernandez, 2009). One of the main sources of LPS-induced ROS generation in
endothelial cells is the NADPH oxidase protein complex (DelLeo et al., 1998). LPS-
induced ROS production triggers apoptosis in HUVECs, which involved TLR4 and
NOX2 as well as NOX4, independently from cytokine expression (Simon & Fernandez,
2009). NO generated by eNOS reacts with ROS to generate other reactive species such
as nitric oxide radical and peroxynitrite (Bolisetty & Jaimes, 2013). The generation of
peroxynitrite will cause substantial oxidation and destruction of host cellular constituents,
which result in the dysfunction of critical cellular mechanism and the induction of cell
apoptosis (Bonfoco et al., 1995; Virag et al., 2003). Although ROS are necessary for
bacterial killing, it may induce oxidative stress within the tissues when present in excess

(Gougerot-Podicalo et al., 1996). As the result, this response may causes deleterious

33



effects, such as alteration of cell function, and exaggerated systemic inflammatory

response (DeLeo et al., 1998).

During the course of an inflammatory response, activation of several downstream
kinase and transcription factors (JNK, p38 MAPK and NF-kB) by TLR4 leads to
activation of immune molecules including inducible isoform of nitric oxide synthase
(INOS) (Kacimi et al., 2011). iNOS is the enzyme which catalyzes the oxidation of one
of the equivalent guanidino nitrogens of arginine to produce NO (Forstermann & Sessa,
2012). Large amounts of NO formed by the action of iNOS surpass the physiological
amounts of NO, which are usually produced by the action of nNOS and eNOS,
respectively (Xie et al., 1994). NO generated by iNOS is a free radical species that
accounts for cytotoxic and cytostatic effects against pathogenic microbes and tumor cells
(Aktan, 2004; Hibbs et al., 1988). Thus, iNOS-generated NO overproduction act as a
ubiquitous mediator for inflammatory conditions and reflects the extent of inflammatory
process (Farley et al., 2006). Diseases such as septic shock, cerebral infarction, diabetes
mellitus, neurodegenerative disorders, rheumatoid arthritis and other inflammatory events
are associated with NO overproduction by iINOS (Moncada et al., 1991). NO derived
from iNOS causes an inhibitory effect on eNOS that impair the endothelium-dependent

relaxation (Chauhan et al., 2003).
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Figure 2.8: Proposed mechanism of LPS signalling leading to endothelial cell death.
LPS binds toll-like receptor 4 (TLR4) on the surface of endothelial cells and activates
several signalling pathways including NF-kB, the MAPKSs and JAK-STAT. MAPKSs then
activate JINK (JNK kinase) and the p38 MAPK (p38). NF-xB, JAK-STAT and to a lesser
extent, JNK lead to upregulation of immune factors iINOS and NADPH oxidase (NOX).
These factors lead to the production of nitric oxide (NO) and superoxide (0O2-),
respectively. These molecules are themselves known to be directly cytoxic, but may also
combine to form peroxynitrite (ONOO-) which can also kill cells (Modified from Kacimi
etal., 2011).
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2.6.2 BMP4 signalling pathway

Bone morphogenic protein 4 (BMP4), a member of BMPs which belongs to the
transforming growth factors-p superfamily, plays a vital role in embryonic development,
cartilage formation, and bone mineralization (Hogan, 1996). BMP4 can be induced under
the oscillatory shear stress stimulation (Sorescu et al., 2003). BMP endothelial cell
precursor-derived regulator (BMPER) controls bone morphogenetic protein BMP4 which
exerts pro-inflammatory effects on the endothelium (Csiszar et al., 2007) and decreased
expression of eNOS in human umbilical vein endothelial cells (HUVECSs) (Dyer et al.,
2014; Helbing et al., 2011). BMP4 induced pro-inflammatory response and caused

enhanced leukocyte adhesion to the endothelial surface in vitro (Csiszar et al., 2006).

BMPs bind to 2 types of serine threonine kinase receptor: BMPR1 and BMPR2 (Figure
2.9) (Miyazono et al., 2005). BMPRL1 can be divided into 2 subgroups: activin receptor-
like kinase 3 (ALK3 or BMPR1a) and ALK6 (BMPR1b) group and the ALK1 and ALK2
group (Cai et al., 2012). BMP4 has a much higher affinity to bind with BMPR1a/
BMPR1b to form a binding complex and to stimulate the downstream signalling
(Miyazono et al., 2005). BMP4 signalling activation leads to SMAD-dependent and
SMAD-independent pathways (Cai et al., 2012). Activation of SMAD -dependent results
in initiation of SMAD 1, 5, and 8 (SMAD 1/5/8) in the cytoplasm (Chen et al., 2004).
SMAD 1/5/8 associates with co- SMAD, SMAD 4, and translocate to the nucleus, where
this SMAD complex will bind to the SMAD-responsive element and induce the
transcription of SMAD-target genes (Dyer et al., 2014). SMAD-independent pathway

involves activation of mitogen-activated proteins kinases MAPKs (Guzman et al., 2012).

Activation of BMP4 leads to activation of NADPH oxidases that increase production

of ROS (Miriyala et al., 2006), p38 mitogen-activated protein kinases activation (Yang
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et al., 2005), and COX- 2 upregulation (Wong et al., 2010). NADPH-dependent ROS
production subsequently increase pro-inflammatory cytokines and adhesion molecules
(Bostrom et al., 2011; Sorescu et al., 2003). BMP4-induced ROS production is mediated
through the NOX1, NOX2, and NOX4 activation (Miriyala et al., 2006; Sorescu et al.,
2004). In db/db diabetic mice and endothelial cells exposed to high glucose, ROS
production are inhibited by BMP4 inhibitors, BMP4 silencing, and ROS scavengers
(Zhang et al., 2014). Besides, BMP4 induced up-regulation of NADPH oxidase also leads
to initiation of NF-«B, increased intercellular adhesion molecule 1 (ICAM-1) expression,

and subsequent elevated monocyte adhesively to endothelial cells (Jo et al., 2006).
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Figure 2.9: Bone morphogenetic protein (BMP4) signal transduction pathway.
BMP4 binds to serine-threonine kinase receptors known as BMPR1 and BMPRI2, which
induces the SMAD and the non-SMAD signal transduction pathways independently

within the cell (Source from Miyazono et al., 2010).
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2.6.3 Inflammation-induced apoptosis and endothelial dysfunction

Inflammation and apoptosis both play important roles in the pathophysiology of
cardiovascular diseases such as atherosclerosis, heart failure, and hypertension (Diez,
2000; Richards, 2010). Apoptosis is a fundamental process that is important for
homeostasis, but also contributes to diverse pathologic processes (Shioiri et al., 2009).
Apoptosis is a byproduct of inflammatory signalling probably due to the absence of
sufficient antiapoptotic signals, or due to the presence of overwhelming proapoptotic
triggers (Bannerman & Goldblum, 2003). Apoptosis is characterized by cell shrinkage,
nuclear fragmentation and membrane blabbing (Kockx, 1998). Two major pathways
involved in death receptors and cell stress pathway converge at caspase-3 activation to
induce apoptosis, thus caspase-3 is recognised as a key enzyme in the pathogenesis of cell
apoptosis (Sugawara et al., 2004). LPS can interrupt the integrity of endothelial
monolayer and cytoprotective mechanism through caspase cleavage of adherens junction
proteins (Aliprantis et al., 2000). The endothelial responds to LPS by reorganizing actin
and cell detachment from the underlying matrix, thereby breaching the endothelial barrier
(Aliprantis et al., 2000; Szabo et al., 1997). A minor breach in endothelial barrier may
cause significant deleterious effects in vivo (Schwartz et al., 1999). A widespread
endothelial cell apoptosis has been shown in LPS-challenged mice and in cultured
endothelial cells (Hull et al., 2002; Szabo et al., 1997). Meanwhile, BMP4 induce
apoptosis by activating caspase-3 which is mediated through ROS-dependent p38 and
JNK activation in the endothelial cells (Figure 2.10) (Tian et al., 2012c). The knockdown
of BMPR1A, NOX4, or JNK which interfere with BMP4 signalling abolished BMP4-

induced endothelial cells apoptosis (Tian et al., 2012c).

Inflammation and apoptosis is highly associated with endothelial dysfunction

(Reinhart et al., 2002). The endothelium regulate the inflammatory response by recruiting
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leukocytes, and facilitating their transmigration into tissues (Pober, 1998). During
inflammation, the microcirculation undergoes major changes which causes systemic
vascular collapse, disseminated intravascular coagulation, and vascular leak syndrome
(Pober, 1998; Reinhart et al., 2002). LPS has functional effects on leukocytes that can
directly or indirectly affect the viability of endothelium in vivo (Varani & Ward, 1994).
Neutrophils activated by cytokine and mononuclear cells activated by LPS can elicit
endothelial damage (Figure 2.10) (Lindner et al., 1997). Key mediator of inflammation-
induced endothelial dysfunction is due to high levels of NO expressed by iNOS during
LPS stimulation (Chauhan et al., 2003; McNeill et al., 2015). Endothelial dysfunction in
aorta and mesenteric arteries of mice showed an increased iNOS protein expression
(Chauhan et al., 2003). In the endothelium and vascular smooth muscle, proinflammatory
stimuli up-regulated BHa4 levels followed by an increase in INOS mRNA and protein
(Gross & Levi, 1992; Radomski et al., 1990). Induction of iNOS in cerebral arteries
reduced NO-mediated vasodilation initiated by eNOS (Mathewson & Wadsworth, 2004).
Mice with deficiency of global iINOS were shown to be protected against LPS-induced
vascular dysfunction and hypotension (MacMicking et al., 1995). Vascular tissues from
experimental models of severe septic shock showed attenuation of eNOS expression,
suggesting that vascular eNOS expression is dependent on the severity of disease induced
by LPS (Chauhan et al., 2003). LPS exposure increased iNOS-derived NO, which down-
regulated sGC activity in the vascular smooth muscle and demonstrated an inhibitory
effect on eNOS, thereby inhibiting acetylcholine-induced relaxation in conduit (aorta)

and resistance (mesenteric) arteries in mice (Chauhan et al., 2003).

Similar to LPS, BMP4 also impairs endothelium-dependent vasodilatation (Figure

2.10) (Wong et al., 2010). BMP4 has been shown to induce endothelial dysfunction

through ROS-dependent p38 MAPK activation and COX-2 upregulation in endothelial
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cells (Wong et al., 2010). Miriyala et al. (2006) has shown that chronic exposure of BMP4
triggers endothelial dysfunction and arterial hypertension in mice. Noggin, a negative
regulator binds to and inactivates BMP4 has been shown to improve BMP4 induced
endothelial dysfunction and hypertension in mice, and counteracts the proatherogenic
effects of BMP4 in endothelial cells (Chang et al., 2007). BMP4 inhibition also reversed
endothelial dysfunction in db/db diabetic mice by attenuating oxidative stress production
in endothelial cells and eventually increases NO bioavailability in blood vessels through

BMP4 receptor 1a (ALK3) (Zhang et al., 2014).
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Figure 2.10: From local inflammation to systemic endothelial dysfunction.

Inflammatory cytokines spread from the local inflammation into the systemic circulation

to propagate a systemic inflammatory response. The byproducts of systemic

inflammation elicit independent and complementary effects on the endothelium, leading

to a state of endothelial dysfunction characterized by increased adhesion molecule
expression (VCAM, ICAM), leukocyte diapedesis, ROS production and decreased NO-

mediated smooth muscle relaxation and vascular dilation. Abbreviations: VCAM,

vascular cell adhesion molecule; ICAM, intercellular adhesion molecule; BMP4, bone

morphogenetic protein 4; ROS, reactive oxygen species; iNOS, NO, nitric oxide; O,

superoxide anion; LPS, lipopolysaccharides (Modified from Steyers & Miller, 2014).
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2.7  Paeonol

The root bark of Chinese herb Paeonia suffruticosa Andrew (Moutan Cortex), has
been widely used in traditional Chinese medicine for centuries as remedies to alleviate
sickness in humans by eliminating heat, promoting blood flow, and removing blood stasis
(Zhu, 1998). Paeonol (2’-hydroxy-4’-methoxyacetophenone, CoH1003) (Figure 2.11) is a
main active phenolic compound extracted from this plant. Paeonol exists as white needle

crystal with relatively low melting point of 51°C to 52°C (Wu et al., 2014).

Paeonol is used in traditional oriental medicines in treating various diseases and
inflammatory diseases including hepatitis (Wu, 1966; Zhang et al., 1996) and
subsequently identified to have various pharmacological and physiological effects. It has
been reported that paeonol possesses an anti-inflammatory property such as attenuating
airway inflammation and hyperresponsiveness in a murine model of asthma (Du et al.,
2010), protect against cigarette smoke-induced lung inflammation (Liu et al., 2014b) and
protecting rat vascular endothelial cells from oxidized low-density lipoprotein (ox-LDL)-
induced injury (Liu et al., 2014c). Accumulating evidence suggests that paeonol exhibits
free-radical scavenging properties by reducing the superoxide anion and microglia
activation in ischemia-reperfusion injured rats which reduced cerebral infarction (Hsieh
et al., 2006), suppressed cigarette smoke-induced interleukin-8 (IL-8) in vitro via its
antioxidant function by inhibiting both ROS-sensitive 5° AMPK/MAPK signalling
pathway and the downstream transcriptional factors NF-kB and improve lung
inflammation (Liu et al., 2014a). Paeonol and ‘“danshensu” combination attenuate
apoptosis in myocardial infarction in rat models by inhibiting oxidative stress (Li et al.,
2016). Recent literature has revealed that paeonol possess anti-apoptotic effects by
reducing the expression of caspases 3, 8, 9, and Bax, and increasing Bcl-2 (Gong et al.,

2017). Paeonol also suppressed ox-LDL by suppressing sequential events such as lectin-
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like low density lipoprotein receptor-1 (LOX-1) up-regulation, reactive oxygen species
(ROS) overproduction, caspase-3 activation and B-cell lymphoma 2 (Bcl-2) down-

regulation (Bao et al., 2013).

Despite the wide spread traditional medicinal use of paeonol, very few scientific
evaluation has been undertaken to investigate its vascular protective effects against ER
stress and inflammation-induced endothelial dysfunction. The present study would
provide further information on protective effects of paeonol against ER stress and

inflammation-induced endothelial dysfunction.
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Figure 2.11: (A) The plants of Moutan Cortex (Paeonia suffruticosa Andrew), (B)

root bark, (C) decoction pieces and (D) chemical structure of paeonol (Modified from

Li et al., 2010b).
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CHAPTER 3: EFFECT OF PAEONOL IN ENDOPLASMIC RETICULUM

STRESS-INDUCED ENDOTHELIAL DYSFUNCTION

3.1 Introduction

The ER is the cellular site for protein translation, translocation, folding and post-
translational modifications including glycosylation, disulfide bond formation, and
chaperone-mediated protein folding processes (Hampton, 2002). When the function of
the ER is disturbed by oxidative stress, ischemia or disturbances in Ca?* homeostasis,
unfolded proteins will accumulate within ER and leads to ER stress (Kim et al., 2008;
Minamino et al., 2010). Activation of ER stress will release GRP78 from ER and activate
transcriptional and translational pathways known as the UPR to regulate the buildup of
unfolded protein (Ron & Walter, 2007). Activation of UPR triggers 3 distinct UPR called
protein kinase-like ER kinase (PERK), inositol requiring kinase 1 (IRE1), and activating
transcription factor 6 (ATF6) (Minamino et al., 2010). Pro-apoptotic pathway is activated
through IRE1 and CHOP (C/EBP-homologous protein) (Scull & Tabas, 2011) when UPR
is prolonged. Excessive and prolonged UPR contribute to the development of
cardiovascular diseases such as arteriosclerosis (Scull & Tabas, 2011),
hypercholesterolemia (Sozen & Ozer, 2017) and diabetes (Demirtas et al., 2016). There
are also compelling evidence showing that ER stress is involved in vascular endothelial
dysfunction (Galan et al., 2014; Kassan et al., 2012). Thus, targeting UPR component
molecules and reducing ER stress offers a favourable strategy to treat cardiovascular

diseases.

Peroxisome proliferator-activated receptor (PPAR) 6 is a member of nuclear receptor
proteins located in numerous tissues such as vascular endothelial and smooth muscle cells

(Katusic et al., 2012). PPARS activation increases vascular endothelial growth factor
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(VEGF), triggers PI3K-Akt pathway in the vascular walls and control the genes involved
in lipid and glucose metabolism indirectly (Wang et al., 2006). In the endothelial cells
lining of the vasculature, activation of PPARS increases Bcl-6 expression and the
regulators of G protein-coupled signalling pathway to exhibit anti-inflammatory, anti-
atherosclerotic, and stimulate angiogenesis (Piqueras et al., 2007; Takata et al., 2008).
PPARS activation is shown to reduce ER stress and mitigate endothelial dysfunction in

diet-induced obese mice (Cheang et al., 2014).

AMP-activated protein kinase (AMPK) is the central regulator of cellular and
organismal metabolism in eukaryotes which regulate the energy balance of the cells
(Hardie, 2007), and initiate protective reaction to combat cellular stresses (Hardie et al.,
1994). AMPK has been demonstrated to enhance the target transcriptional activity of
PPARGS in transcriptional regulation of skeletal muscle metabolism directly (Narkar et al.,
2008). AMPK activation reduced ER stress by inhibiting NADPH oxidase-derived ROS
(Dong et al., 2010b) in atherosclerosis, insulin resistance, obesity and type 2 diabetes
mellitus (Ozcan et al., 2004). On the other hand, AMPK inhibition has been shown to
augment ER stress and increase aortic lesions in LDLr/AMPKa2~~ mice (Dong et al.,

2010a).

ER stress and oxidative stress are closely associated in the pathogenesis of
cardiovascular diseases (Liang et al., 2013a; Minamino et al., 2010). Oxidative stress is
triggered by activation of NADPH oxidase induced by ER stress and this involves Ca?*
and Ca?*/calmodulin-dependent protein kinase Il (CaMKII) (Li et al., 2010a; Zhang &
Ren, 2011). Activation of NADPH generates reactive oxygen species (ROS) such as
superoxide anion in the blood vessels (Kalinowski & Malinski, 2004; Santos et al., 2009).

Superoxide anion reacts rapidly with NO released by the endothelium to generate
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peroxynitrite which in turn leads to eNOS uncoupling to produce more superoxide anion
(Harrison et al., 2012). Besides, ROS-producing enzymes such as NADPH, xanthine
oxidase, COX, inactivation of the antioxidant system, and uncoupling of endothelial NO
synthase also cause oxidative stress (Higashi et al., 2014). Oxidative stress induces
accumulation of intracellular calcium, inflammatory signalling pathways initiation and
elevated extracellular matrix deposition, leading to endothelial dysfunction (Baradaran et

al., 2014; Tabet et al., 2004; Touyz, 2004).

Earlier study reported that paeonol increase the efficacy of chemotherapeutic drugs
efficacy by reversing the ER stress-induced resistance to doxorubicin in human
hepatocellular carcinoma cells (Fan et al., 2012). Despite this pharmacological findings,
the effects of paeonol on ER stress-induced endothelial dysfunction remains obscure.
Thus, the present study seek to investigate the protective effects of paeonol against ER
stress-induced endothelial dysfunction in mice. We hypothesized that paeonol protects
against ER stress-induced endothelial dysfunction via up-stream activation of PPARS
leading to the inhibition of superoxide generation and elevation of NO bioavailability in
the vascular walls. The results of this investigation will provide new insights on the role

of paeonol to mitigate endothelial dysfunction related to ER stress.

3.2  Methods
3.2.1 Cell culture

HUVECs (Lonza, Basel, Switzerland, No. CC-2517) were grown in endothelial cell
growth medium (EGM, Gibco, Invitrogen) supplemented with 10% FBS, 100 U/mL
penicillin, 100 pg/mL streptomycin and endothelial cell growth supplement (50 ug/L, BD
Transduction Laboratory, San Diego, CA, USA). The cells were cultured in a humidified

atmosphere containing 5% carbon dioxide (CO:)at 37 °C. Cells from passages between 4
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and 6 were used. Once the cells reached 90% confluency, experiments were performed.
The cells were made quiescent by incubation in FBS-free EGM for 4 hours before
treatment with tunicamycin (ER stress inducer, 0.5 ug/mL), paconol (0.001, 0.01, 0.1
uM), tauroursodeoxycholic acid (TUDCA, 10 uM), compound C (AMPK inhibitor, 5
uM), GSK0660 (PPARS antagonist, 500 nM) and tempol (ROS scavenger, 100 uM) for
16 hours. The concentration and time duration were chosen based on previously reported

effective concentration and time (Choy et al., 2016; Murugan et al., 2015).

3.2.2 Gene Reporter Assay

Mouse heart microvascular endothelial cell line H5V were seed in 48 well plates. The
PPAR reporter plasmid PPRE-LUC (100 ng) were co-transfected with Renilla (5 ng)
internal control pRL, plasmid over-expression PPAR heterodimer RXR (50 ng) as well
as plasmid over-expression PPARS (50 ng) with Lipofectamine™ 3000 according to
manufacturer’s instructions (Invitrogen, USA). After transfection for 16 hours, cells were
treated with paeonol (0.1 puM) with or without compound C (5 uM) and GW1516 (100
nM, a PPARGS receptor agonist) for 24 hours. Cells were lysed and luciferase activity was
measured by Dual-Luciferase Reporter Assay System (Promega, USA). Values are means
+ SEM of fold changes of luciferase activity over controls after normalization to the

renilla luciferase activity.

3.2.3 Ex-vivo study
3.2.3.1 Animal preparation

Approval for animal care and experimental protocol was gained from the Animal
Research Ethics Committee of the Chinese University of Hong Kong and performed in
compliance with the Guide for the Care and Use of Laboratory Animals (National

Institutes of Health publication, eighth edition, updated 2011). In this study, 10 weeks old
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male PPARS wild-type (WT) and PPARS knockout (KO) mice generated from
C57BL/6N x Sv/129 background, (Peters et al., 2000) and C57BL/6J mice were used.
Mice were housed in a well-ventilated room with 12 h light/dark cycles at constant
temperature of 24 + 1°C and provided with normal rat chow (Specialty Feeds Pty Ltd.,
Glen Forrest, Australia) and tap water ad libitum. Mice were given 2 weeks to acclimate

to the housing facility. Mice were killed by CO> inhalation for subsequent experiment.

3.2.3.2 Ex vivo culture of mouse aortic rings

The isolated mouse thoracic aorta from C57BL/6J, PPARS WT or PPARS KO mice
was carefully isolated and cleaned from adjacent connective tissues in sterile phosphate
buffered saline (PBS). The aortas were cut into several ring segments of around 2 mm in
length each. Aortic rings were incubated in Dulbecco’s Modified Eagle’s Media (DMEM,;
Gibco, Gaithersburg, MD, USA) with 10% fetal bovine serum (FBS; Gibco), 100 pg/mL
streptomycin and 100 U/mL penicillin and co-incubated with tunicamycin (ER stress
inducer, 0.5 pg/mL), paconol (0.001, 0.01, 0.1 uM), tauroursodeoxycholic acid (TUDCA,
10 uM), compound C (AMPK inhibitor, 5 uM) and GSK0660 (PPARS antagonist, 500
nM) at 37 °C for 16 hours and subsequently, functional studies were carried out. Some

of the rings were snap frozen in liquid nitrogen and stored in -80 °C for protein analysis.

3.2.4 Invivo study

All experiments were conducted with approval from Institutional Animal Care and
Use Committee (IACUC) of University of Malaya (Ethics reference no: 2016-
170531/PHAR/R/MRM). A total of 48 C57BL/6J male mice aged 10 weeks old
purchased from Monash University (Sunway Campus, Malaysia) were randomly divided
into the following groups: 1) control group; 2) group that received intra-peritoneal injection

of ER stress inducer, tunicamycin (Tu, 1 mg/kg, 2 injections/week for 2 weeks) and vehicle
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(saline, oral gavage, daily for 2 weeks); 3) group that received tunicamycin and oral
administration of paeonol (20 mg/kg/day for 2 weeks) (Tu + Paeonol); 4) group that received
only oral administration of paeonol (20 mg/kg/day for 2 weeks); 5) group that received
tunicamycin and daily oral administration of a ROS scavenger, tempol (20 mg/kg/day) for
2 weeks (Tu + Tempol); 6) group that received tunicamycin and daily intra-peritoneal
injection of ER stress inhibitor, TUDCA (150 mg/kg/day) for 2 weeks (Tu + TUDCA). The
dose of paeonol was determined from literature (Hsieh et al., 2006; Lee et al., 2013; Shi
et al., 2016) and our preliminary data (Figure 3.16B & C) that showed paeonol treatment
at 20 mg/kg improved endothelium-dependent relaxation in mice treated with

tunicamycin.

During the experimental period, body weights were taken daily while systolic blood
pressure of the mice was measured at day 0, day 7 and before sacrifice (day 14) using the
tail-cuff blood pressure system (NIBP Monitoring System, IITC Inc., Woodland Hills,
CA, USA). Prior to the blood pressure measurement, the mice were restrained in a pre-
warmed chamber (28-30 °C) for at least 30 minutes. The arterial blood pressure
measurements were performed at the same time of the day (between 9 a.m. and 11 a.m.)
to avoid the influence of the circadian cycle. The value of systolic blood pressure was

reported as the average of 6 successive measurements.

Mice were anaesthetized with CO> inhalation at the end of the treatment period, and
blood samples were collected. Blood samples were centrifuged at 2500 rpm for 10
minutes at 4 °C to obtain serum and was stored at -80 °C immediately until further use.
Then, mouse aorta was isolated immediately and processed accordingly for subsequent

experiments.
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3.2.5 Functional study with wire myograph

Isometric tone changes in aortic rings were measured by Multi Wire Myograph System
(Danish Myo Technology, Aarhus, Denmark) in oxygenated Krebs solution containing
(mM) NaCl 119, NaHCOs25, KCI 4.7, KH:PO.1.2, MgSO..7H-0 1.2, glucose 11.7 and
CaCl..2H.0 2.5. Two mounting wires were threaded through the isolated mouse aorta
rings and secured to two supports in a Multi Wire Myograph System (Danish Myo
Technology, Aarhus, Denmark). One support was attached to a micrometer for the
adjustment of vessel circumference and application of tension. The other support was
attached to an isometric transducer. The rings were stretched to an optimal baseline
tension of 3 milinewton (mN) with continuously oxygenated of 95% O.and 5% CO.at
37°C. After equilibration for 45 minutes, rings were pre-contracted with 60 mM KCI to
prime the tissues and then were rinsed with Krebs solution for 3 times. Once tissues were
stabilised, phenylephrine (Phe, 3 uM) was added to induce a stable contraction.
Endothelium-dependent relaxation (EDR) was generated by cumulative addition of
acetylcholine (3 nM to 10 uM; Sigma-Aldrich) and a2-adrenoceptor agonist, UK14304
(3 nM to 10 uM; Sigma-Aldrich). Endothelium-independent relaxation to sodium
nitroprusside (SNP, 1 nM to 10 uM) was also constructed. The changes of isometric
tension were recorded using the PowerLab LabChart 6.0 recording system (AD
Instruments, Bella Vista, NSW, Australia). Concentration-response curves for both
endothelium-dependent and -independent relaxation were expressed as the percentage of
reduction in contraction induced by Phe before the application of acetylcholine, UK14304
or SNP independently. The maximum effect (Rmax) and concentration inducing 50% of

Rmax (PECs0) were determined from the cumulative concentration-response curves.
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3.2.6  Western blotting

Treated mouse aortas and HUVECs were homogenized in ice-cold 1X RIPA buffer
containing leupeptin 1 pg/mL, aprotonin 5 pg/mL, PMSF 100 pg/mL, sodium
orthovanadate 1 mM, EGTA 1 mM, ethylenediaminetetraacetic acid (EDTA) 1 mM, NaF
1 mM, and B-glycerolphosphate 2 mg/mL. The lysates were centrifuged at 20,000 g for
20 minutes at 4°C. The supernatant was collected and the protein concentrations were
measured using Lowry assay (Bio-Rad Laboratories, Hercules, CA, USA). Protein
samples (15 ug) was electrophoresed through 7.5% or 10% sodium dodecyl sulphate
(SDS)-polyacrylamide gels and transferred to an immobilon-P polyvinylidene difluoride
(PVDF) membrane (Millipore, Billerica, MA, USA) at 100 V using wet transfer (Bio-
Rad). Non-specific binding sites were blocked by 3% bovine serum albumin (BSA) in
0.05% Tween-20 phosphate-buffered saline with gentle shaking. After blocking, the
membranes were incubated with primary antibodies against GRP78 (1:1000, Santa Cruz),
ATF6 (1;1000, Abcam, Cambridge, UK), phosphorylated elF2o at Ser®? (1;1000,
Invitrogen, Carlsbad, CA, USA), elF2a (1;1000, Cell Signaling), phosphorylated
AMPKa at Thr'’2, AMPKa (1;1000, Cell Signaling Technology, Danvers, MA, USA),
PPARS (1;1000, Cayman Chemcial, Ann Arbor, MI, USA), phosphorylated endothelial
nitric oxide synthase (eNOS) at Ser!'’” and at Ser'!’® (1;1000, Abcam), eNOS (1;1000,
BD Transduction laboratory, San Diego, CA, USA), NOX2 (1;1000, Abcam, Cambridge,
UK), nitrotyrosine (1;1000, Abcam, Cambridge, UK) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, Ambion, Austin, TX, USA), at 4°C overnight. The membrane
were then washed three times with TBS-T (Tris-buffered saline with 0.1% Tween 20),
followed by incubation with respective horseradish peroxidase-conjugated secondary
antibodies (DakoCytomation, Carpinteria, CA, USA) for 2 hours at room temperature.
The membranes were developed with an enhanced chemiluminescence detection system

(ECL reagents, Millipore Corporation, Billerica, MA) and exposed on X-ray films.
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Densitometric analysis was performed using Quantity One analysis software (Bio-Rad).
Equal protein loading was verified with use of GAPDH as housekeeping protein. The
respective protein expression levels for ATF6, PPARS, GRP78, NOX2 and nitrotyrosine
were normalized to GAPDH, peNOS to eNOS, pelF2a to elF2a, pAMPK to AMPK and

then compared with control.

3.2.7 Immunofluorescence

Treated aortic rings were fixed with 4% paraformaldehyde and permeabilized by
0.01% TritonX100 for 15 minutes as previously described (Lau, 2013). Following rinsing
three times with PBS, the aortic rings were blocked with 5% normal donkey serum in
PBS at room temperature for 2 hours. Then, the rings were incubated with primary
antibody against ATF6 (1:100, anti-rabbit, Abcam) and VE-cadherin (CD144, 1:100,
anti-goat, Santa Cruz Biotechnology). After incubation at 4°C overnight, the aortic rings
were incubated with secondary antibody Alexa Fluor 488 anti-rabbit and 546 anti-goat
for 2 hours at room temperature in dark. Non-specific control for immunofluorescence
was done by omitting the primary antibody (ATF6) only and then incubated the isolated
mouse aorta with secondary antibody to check for unspecific binding or for cross-reaction
between the secondary antibodies. The rings were cut open carefully and laid between
two coverslips with the endothelium placing upside down on the microscope. The
fluorescent images were taken with the Fluoview F\V1000 laser scanning confocal system
(Olympus, Tokyo, Japan) with sequential excitation 488 nm to 546 nm and emission 520
nm to 585 nm. The endothelial cells was confirmed with positive staining with endothelial
cell-specific marker VE-cadherin. The images were merged to identify the localization of
target protein. The average fluorescence intensity in an area of interest was analyzed using

Fluoview FV10-ASW software (Olympus) and was normalized to the control.
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3.2.8 Detection of ROS formation in HUVECs and en face endothelium of mouse
aortas

The level of oxidative stress in HUVECs and en face endothelium of mouse aorta was
assessed using dihydroethidium (DHE) dye by confocal microscopy (San Cheang et al.,
2015). The treated HUVECSs and aortic rings were incubated with DHE (5 pM, Invitrogen,
Carlsbad, CA, USA) for 15 minutes in normal physiological saline solution (NPSS,
composition in mM: NaCl 140, KCI 5, CaCl.1, MgCl. 1, glucose 10 and HEPES 5) with
pH 7.4. After incubation, cells and the aortic rings were rinsed 3 times with NPSS. The
aortic rings were cut open and the endothelium was placed upside down between two
coverslips on the microscope. Fluorescence intensity was captured by confocal
microscope Leica TCS SP5 Il (Leica Microsystems, Mannheim, Germany) with 515 nm
excitation and 585 nm long pass filter. Background autofluorescence of elastin in aortic
rings were taken at excitation 488 nm and emission 520 nm separately to avoid
overlapping of the emission spectrum. DHE fluorescence intensity was analyzed by Leica
LAS-AF software version 2.6.0.7266 as represented by the fold change in fluorescence

intensity relative to the control group.

3.2.9 Detection of vascular superoxide formation

The vascular superoxide anion formation was quantified with lucigenin-enhanced
chemiluminescence method (Lau et al., 2013). Aortic rings were pre-incubated for 45
minutes at 37 °C in Krebs-HEPES buffer (in mM: NaCl 99.0, NaHCOs 25, KCI 4.7,
KH:PO.1.0, MgSO.1.2, glucose 11.0, CaCl.2.5 and Na-HEPES 20.0) in the presence of
diethylthiocarbamic acid (DETCA, 1 mM) to inactivate superoxide dismutase (SOD) and
B-NADPH (0.1 mM) as substrate for NADPH oxidase. Inhibitor of NADPH oxidase,
diphenylene iodonium (DPI; 5 mM) was used as the positive control. A 96-well Optiplate

containing lucigenin (5 mM) and B-NADPH (0.1 mM) in 300 mL of Krebs-HEPES buffer
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per well was loaded into the Hidex plate CHAMELEONTM V (Finland). Background
photo emission reading was measured with 30 seconds intervals over 20 minutes. The
rings were then transferred into wells and measurement was taken again. Upon
completion of measurement, the rings were dried for 48 hours at 65 °C and weighed. The

data are expressed as average counts per mg of vessel dry weight.

3.2.10 Measurement of NO production and total nitrite/nitrate level in HUVECs and

mouse aortas

Treated HUVECs were incubated with 1 puM 4-amino-5-methylamino-2’,7’-
difluorofluorescein (DAF-FM DA; Molecular Probes) at 37°C for 15 minutes (Tian et al.,
2012b). Then, the cells were rinsed with NPSS and stimulated with 1 pM calcium
ionophore A23187 (Sigma-Aldrich, St Louis, MO, USA). The intensity of the
fluorescence excited at 495 nm and emitted at 515 nm was determined using Olympus
Fluoview FV1000 laser scanning confocal system. The differences in intracellular NO
level were calculated as relative fluorescence intensity (F1/FO, where FO = average
fluorescence signals before addition of A23187 and F1 = fluorescence signal at defined

time intervals when A23187 was added).

Total nitrite and nitrate level from media of cultured HUVECs and mouse aorta were
detected using Nitrate/Nitrite Colorimetric Assay Kit (Cayman Chemical Company, Ann
Arbor, MI, USA) according to manufacturer protocol. Absorbance was measured at 540
nm using Hidex plate CHAMELEON™ V (Turku, Finland) and compared with a

standard nitrite curve. Results were expressed in uM.
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3.2.11 Data analysis

Results are represented as means + SEM from n experiments. Concentration-response
curves were fixed to a sigmoidal curve using non-linear regression using statistical
software GraphPad Prism version 4 (GraphPad Software Inc., San Diego, CA, USA).
Statistical significance was determined using two-tailed Student's t-test for comparison
of two groups and one-way ANOVA followed by Bonferroni multiple comparison tests
when more than two treatments were compared. P<0.05 was considered statistically

significant.

3.3  Results
3.3.1 Paeonol inhibited tunicamycin-induced endothelial dysfunction in mouse aorta

ex vivo
Incubation with tunicamycin (0.5 pg/ml) for 16 hours impaired EDR to acetylcholine
in aortic rings from C57BL/6J. The impaired relaxation were reversed by co-incubation
with paeonol in a concentration dependent manner, with 0.1 uM being the most
significant concentration (Figure 3.1A, Figure 3.1B & Table 3.1). Treatment with paeonol
alone did not affect acetylcholine-induced relaxations. In addition, co-incubation with
TUDCA (10 uM, ER stress inhibitor) also reversed the endothelial dysfunction induced
by tunicamycin (Figure 3.1A, Figure 3.1C & Table 1). Compound C (5 uM, AMPK
inhibitor) and GSK0660 (500 nM, PPARS antagonist) inhibited paeonol-induced
improvement of EDR in tunicamycin-treated aortas (Figure 3.1A, Figure 3.1C & Table
3.1). SNP-induced endothelium-independent relaxations was not affected in all groups
(Figure 3.2 & Table 3.1). Removal of endothelium abolished acetylcholine -induced

relaxations in all groups (Figure 3.3).

57



ex vivo

A ACh(3nM-10pM)

//_rv'*-“i.h'._.\ A
"%

. : L) D-

pre Control 3

(3un) c
§e)
"Q 504 C57BL/6J

-0~ Control
% |- Tu il K
o’ =0~ Tu + Paeonol 0.01 uM “eag  #
100 =& Tu + Paeonol 0.1 pM B

- Paeonol 0.1 uM
-9 -8 -7 -6 -5
Acetylcholine (Log M)

Tu + Paeonol C
— D-
/"‘-"“‘;\_f-’-: .-.Jn.__. g
LA} c
| 2 C57BLI6
=
— m 50'-0- Control
. = . s - Tu
Tu+ TUDCA o 4= Tu + Paeonol
o = Tu+ TUDCA

A Tu+ Paeonol + GSK0B60 T
s W 100 1y + Paconal + cC
\, 9 8 7 B 5
™~

Acetylcholine (Log M)
Tu + Paeonol + GSK0660

AN
j /““ _\m.\{k

L

" Tu+ Paeonol + CC 2.5 min

Figure 3.1: The effects of paeonol in improving endothelial dysfunction induced by
tunicamycin (Tu, 0.5 pg/ml) for 16 hours. (A) Representative traces showing
acetylcholine-induced endothelium-dependent relaxation in C57BL/6J mouse aortas
precontracted with phenylephrine (Phe). (B) Ex vivo treatment with paeonol improved
acetylcholine-induced endothelium-dependent relaxation in a concentration-dependent
manner in C57BL/6J mouse aorta. (C) The effects of paeonol (0.1 puM) in reversing
tunicamycin-induced impairment of acetylcholine-induced relaxations was inhibited by
compound C (5 uM) and GSK0660 (500 nM). Results are means = SEM of 6 experiments.
*P< 0.05 vs. control, # P< 0.05 vs. Tu, A P<0.05 vs. Tu plus paeonol.
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Figure 3.2: The effects of paeonol on sodium nitroprusside induced relaxation
following tunicamycin (Tu, 0.5 pg/ml) incubation for 16 hours. Endothelium
independent relaxations were not altered in all groups after ex vivo incubation to
tunicamycin (0.5 ug/ml), paeonol (0.01 uM and 0.1 uM), TUDCA (10 uM), compound
C (5 uM), GSK0660 (500 nM) for 16 hours.
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Table 3.1: Agonist sensitivity (pECso) and % maximum response (Rmax) of
endothelium-dependent and -independent vasodilators by acetylcholine and sodium
nitroprusside (SNP), respectively, in C57BL/6J mouse aortic rings incubated with
Tu, paeonol, CC, GSK0660 and TUDCA for 16 hours in DMEM. Results are means
+ SEM (n=6). *P<0.05 compared with control, # P<0.05 vs. Tu, AP<0.05 compared with

Tu plus paeonol.

Acetylcholine SNP
pEC50 Rimax pECSO Rimax
Groups o o

(log M) %) (log M) %)
Control 7.18 +0.06 91.84 +1.48 7.12+0.14 9638 +1.27
Tu (0.5 pg/ml) 7.16 +0.07 68.70 + 1.15 * 7.50+0.14 93.81 +2.41
Tu + Paeonol 7.24+0.12 74.24 +3.28 7.40+0.11 95.91 +£0.98
(0.01 uM)
Tu + Paeonol 7.09 +0.09 87.78 +1.217 7.35+0.11  96.42+0.98
(0.1 uM)
Tu + TUDCA  6.99+0.08 90.79 +0.50* 7.194+0.08 96.56 +1.21
(10 uM)
Tu + Paeonol +  7.17 +0.10 71.76 +3.13 4 7.33+0.14 9598 +0.98
GSK0660
(500 nM)
Tu + Paeonol + 7.15+0.21 79.72+4.71 4 7344009 95.65+1.63
CC (5 uM)
Paeonol (0.1  7.20+0.07 90.78 £2.22 7.28+0.08 97.85+0.52

uM)
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3.3.2 Paeonol upregulated PPARS transactivation activity in HSV cells

To explore whether paeonol stimulates PPARS activation, PPARS reporter gene
activity was quantified in H5V cells treated with paeonol. The result demonstrated that
paeonol upregulated PPARGS transactivation activity in H5V cells significantly, signifying
that PPARS can be regulated by paeonol. Incubation with AMPK inhibitor, compound C
reversed paeonol induced PPARGS activation, indicating that AMPK mediated paeonol
induced PPARGS activity. As a positive control, GW 1516 significantly increased PPARS

reporter activity (Figure 3.4).

62



Relative Luciferase activity
(fold change)

Figure 3.4: Paeonol promotes PPAR®d activation through AMPK. H5V cells were
transfected with PPAR reporter plasmids and exposed to paeonol (0.1 uM), compound C
(CC, 5 uM) or GW1516 (100 nM) as positive control. Paeonol significantly increased
PPARS activity compared to the control, which was reversed by compound C, an AMPK
inhibitor. Values are expressed as means + SEM of fold change over control after

normalization to the renilla luciferase activity of 6 experiments. *P< 0.05 vs. control, Tp<

0.05 vs. paeonol alone.
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3.3.3 Paeonol inhibited ER stress via AMPK/PPARS signalling in mouse aortas
and HUVECs

Tunicamycin exposure for 16 hours reduced the AMPKa phosphorylation (Figure
3.5A and 3.6A), PPARS (Figure 3.5B & 3.6B) and phosphorylation of endothelial NO
synthase (eNOS) at Ser''’” (Figure 3.5F & 3.6F), whereas ER stress proteins, namely
phosphorylated of eukaryotic translation initiation factor 2 alpha (elF2a), ATF6 and
GRP78 (Figure 3.5C-3.5E & 3.6C-3.6E) were all elevated in mouse aortas isolated from
C57B/6J and HUVECs respectively compared to control. Treatment with paeonol
augmented the reduced AMPK phosphorylation, PPARS protein expression and
phosphorylation of eNOS at Ser''’” in mouse aortas (Figure 3.5A, 3.5B & 3.5F) and
HUVECs (Figure 3.6A, 3.6B & 3.6F). However, phosphorylation of AMPK was
unaffected by co-incubation of paeonol with GSK0660 in mouse aortas and HUVECs
(Figure 3.5A & 3.6A). Co-treatment of paeonol with compound C (AMPK inhibitor) and
GSK0660 (PPARS inhibitor) respectively reduced the expression of PPARS and
phosphorylation of eNOS at Ser'*’”in mouse aortas and HUVECs. Co-treatment with
paeonol or TUDCA (ER stress inhibitor) reduced the expression of ER stress proteins
elevated by tunicamycin in mouse aortas and in HUVECs. Co-incubation with compound
C (AMPK inhibitor) and GSK0660 (PPARS inhibitor) inhibited the protective effects of
paeonol against tunicamycin-upregulated ER stress proteins in mouse aortas (Figure

3.5C- 3.5E) and in HUVECs (Figure 3.6C - 3.6E).
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Figure 3.5: Inhibition of ER stress by paeonol via AMPK and PPAR& up-regulation
in C57BL/6J mouse aorta. Western blot and quantitative data showing phosphorylation
of AMPKa (A), PPARS (B) and ER stress markers (C,D,E) and phosphorylation of eNOS
(F) in C57BL/6J mouse aorta during ex vivo incubation with tunicamycin, (Tu, 0.5 ug/ml),
paeonol (0.1 uM), compound C (5 uM), GSK0660 (500 nM) and TUDCA (10 uM) for
16 hours. Results are means + SEM of 4-5 separate experiments. *P< 0.05 compared with
control, # P< 0.05 compared with Tu, AP< 0.05 compared with Tu plus paeonol.
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Figure 3.6: Paeonol reduces ER stress via activation of AMPK and PPARS in
HUVECs. Western blot and quantitative data showing the phosphorylation of AMPKa
(A), PPARS (B) and ER stress markers (C,D,E) and phosphorylation of eNOS (F) in
HUVEC treated with tunicamycin (Tu, 0.5 pg/ml), paconol (0.1 uM), compound C (5
uM),: GSK0660 (500 nM) and TUDCA (10 uM) for 16 hours. Results are means + SEM
of 4-5 separate experiments. *P< 0.05 compared with control, # P< 0.05 compared with
Tu, AP< 0.05 compared with Tu plus paeonol.
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3.3.4 PPAROS contributes to the beneficial effect of paeonol on endothelial function

Ex vivo exposure of tunicamycin was performed in PPARS WT and KO mice to
confirm the mechanism associated with the protective effects of paeonol against ER
stress. Exposure to tunicamycin (0.5 pg/ml) for 16 hours impaired EDR in aortas from
both PPARS WT (Figure 3.7A) and PPARS KO mice (Figure 3.7B) compared with
control. Co-treatment with paeonol (0.1 pM) reversed endothelial dysfunction induced
by tunicamycin in PPARS WT mice (Figure 3.7A), but not in PPARS KO mice (Figure
3.7B). TUDCA significantly improved EDR in both PPARS WT and KO mice (Figure
3.7A & 3.7B). SNP-induced endothelium-independent relaxations were similar in all

treatment groups in PPARS WT or PPARS KO mice (Figure 3.8).

Tunicamycin reduced AMPKoa phosphorylation, PPARS and phosphorylation of
eNOS at Ser''’’, whereas ER stress markers such as GRP78, ATF6 and elF2a were
increased in aortas from PPARS WT and KO mice (Figure 3.9A-F). Co-incubation with
paeonol (0.1 uM) enhanced PPARS protein expression in aortas from PPARS WT mice,
while AMPKa phosphorylation was increased in aortas of both PPARS WT and KO mice.
Paeonol reduced the expression of ER stress markers in aortas from PPARS WT mice,
but these inhibitory effects of paeonol were absence in PPARS KO mice. Paconol
promoted phosphorylation of eNOS at Ser}””in aortas from PPARS WT mice but not

from PPARS KO mice (Figure 3.9A & G).

Immunofluorescence staining showed that paeonol reduced ATF6 protein upregulated
by tunicamycin in endothelial cells en face of PPARS WT mouse aorta (Figure 3.10).
However, this effect of paeonol was diminished in endothelial cells en face of PPARS
KO mouse aortas. TUDCA reversed the effect of tunicamycin in both PPARS mouse

genotypes.
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Figure 3.7: PPARS plays a role in the vascular benefits of paeonol. Paeonol (0.1 uM)
reversed endothelial dysfunction induced by tunicamycin (Tu, 0.5 pg/ml) for 16 hour in
aortas of PPARS WT mice (A) but not in PPARS KO mice (B). Results are means + SEM
of 6 separate experiments. *P< 0.05 compared with control; #P< 0.05 compared with Tu

from each genotype respectively.
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Figure 3.8: SNP-induced endothelium-independent relaxations were similar in all
treatment groups in PPARd WT or PPAR& KO mice. Results are means + SEM of 6

separate experiments.
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Figure 3.9: Representative bands and densitometry of Western blotting showing the
level of p-AMPKa, PPARS and ER stress markers in PPARSd WT and KO mouse
aorta during ex vivo incubation with tunicamycin (Tu, 0.5 pg/ml), paeonol (0.1 pM)
and TUDCA (10 uM) for 16 hours. Results are means + SEM of 6 separate experiments.
*P < 0.05 compared with control; #P < 0.05 compared with Tu from each genotype

respectively.
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Figure 3.10: Paeonol reduced tunicamycin-induced ATF6 protein expression in
PPAR& WT mice but not in PPARS KO mice treated with tunicamycin (Tu, 0.5
pg/ml), paeonol (0.1 pM) and TUDCA (10 pM) for 16 hours during ex vivo
incubation. In en face immunofluorescence staining assay, endothelium of thoracic aorta
was stained with anti-vascular endothelial-cadherin (VE-cadherin) antibody for
endothelial cell-cell junction staining (green) and anti-ATF6 antibody (red) and
photographed under a confocal microscope. Results are means + SEM of 6 separate
experiments. Bar: 100 um. *P < 0.05 compared with control; #P < 0.05 compared with

Tu from each genotype respectively.
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3.3.5 Paeonol reduced superoxide production through AMPK/PPARS signalling
pathway

Exposure with tunicamycin increased oxidative stress level in HUVECs and en face

of mouse aortas (Figure 3.11) as measured by DHE fluorescence. Acute treatment with

paconol (0.1 uM) and TUDCA for 16 hours reduced the elevated ROS in HUVECs

(Figure 3.11A & C) and en face endothelium of mouse aortas (Figure 3.11B & D), which

were prevented by co-treatment with compound C (AMPK inhibitor) and GSK0660

(PPARGS antagonist).

In aortas of PPARS WT and PPARS KO mice, intracellular ROS and superoxide anion
were measured using DHE (Figure 3.12A & 3.12B) and LEC (Figure 3.12C).
Tunicamycin elevated DHE fluorescence intensity and superoxide anion production in
both genotypes. Incubation with paeonol reduced tunicamycin-induced ROS (Figure
3.12A & 3.12B) and superoxide anion levels (Figure 3.12C) in PPARS WT mouse aorta
but paeonol’s effect was ineffective in PPARS KO mouse aorta. TUDCA reduced
tunicamycin-induced ROS and superoxide anion levels while paeonol alone was

comparable to control in both genotypes (Figure 3.12).
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Figure 3.11: Paeonol reduces tunicamycin-stimulated superoxide production but its
effect was normalized by co-incubation with AMPK inhibitors compound C (5 pM)
and PPARS antagonist GSK0660 (500 nM). Representative images and summarized
results of superoxide production measured by DHE in (A&C) HUVECs and (B&D) en
face endothelium of aorta of C57BL/6J aortic rings incubated with tunicamycin, (Tu, 0.5
ug/ml) for 16 hours. Red: DHE fluorescence (excitation: 515 nm) in the nucleus. Green:
autofluorescence of elastin underneath the endothelium (excitation: 488 nm). Lower
panel, merged images. Bar: 100um. Results are means + SEM of six separate
experiments. *P<0.05 compared with control, # P<0.05 compared with Tu, AP< 0.05

compared with Tu plus paeonol.
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Figure 3.12: Acute paeonol treatment inhibits the increased generation of
superoxide anion in tunicamycin-treated aortas of PPARd WT mice but not in those
from PPARS KO mice as detected by (A&B) DHE fluorescence in the en face
endothelium of aorta and (C) LEC method. Red: DHE fluorescence (excitation: 515
nm) in the nucleus. Green: autofluorescence of elastin underneath the endothelium
(excitation: 488 nm). Lower panel, merged images. Bar: 100 um. Results are means +
SEM of six separate experiments. *P<0.05 compared with control, # P< 0.05 compared
with Tu.
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3.3.6 Paeonol enhanced NO bioavailability in HUVECs

NO production is indicated by the increase of 4-amino-5-methylamino-2',7'
difluorofluorescein fluorescence (DAF-FM DA) signal stimulated by addition of A23187,
an Ca?*ionophore in HUVECs. HUVECs incubated with tunicamycin showed reduction
of NO production, which was normalized by co-incubation with paeonol and TUDCA
(Figure 3.13A, B & C). However, this effect of paeonol was abolished by compound C
(AMPK inhibitor) and GSK0660 (PPARS inhibitors). Treatment with paeonol alone did

not show any difference from the control.

Additionally, treatment with paeonol significantly increased the reduction of total
NO metabolites (nitrite and nitrate) level induced by tunicamycin in the cultured media.
However, the elevated level of NO induced by paeonol was significantly inhibited by

compound C (AMPK inhibitor) and GSK0660 (PPARS inhibitors) (Figure 3.14).
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Figure 3.13: Paeonol increased NO bioavailability in endothelial cells. Representative
images (A) and summarized results (B & C) of fluorescence imaging of 4-amino-5-
methylamino-2',7'-difluorofluorescein (DAF-FM DA) which measures intercellular NO
production before and after addition of calcium ionophore A23187 (1 uM) for 10 minutes
in HUVEC incubated with tunicamycin (Tu; 0.5 pg/mL), paeonol (0.1 uM), GSK0660
(500 nM), compound C (5 uM) and TUDCA (10 uM) for 16 hours. Results are means +
SEM (n=5-6). *P<0.05 compared with control, # P<0.05 compared with Tu, AP< 0.05

compared with Tu plus paconol.
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Figure 3.14: Paeonol increased total NO metabolites (nitrite and nitrate) level in
HUVECs. Changes in total nitrate and nitrite level in HUVECs cultured with tunicamycin
(Tu; 0.5 pg/mL), paeonol (0.1 uM), GSK0660 (500 nM), compound C (5 pM) and
TUDCA (10 uM) for 16 hours. Results are means + SEM (n=5-6). *P< 0.05 compared
with control, # P< 0.05 compared with Tu, AP< 0.05 compared with Tu plus paeonol.
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3.3.7 General parameters: systolic blood pressure and body weight in mice in vivo

Chronic treatment with tunicamycin in mice demonstrated a significant increase in
systolic blood pressure compared with the control group (125.20 £ 3.01 versus 94.03 +
3.36 mmHg; P<0.05) at the end of two weeks. Increment in blood pressure was
significantly alleviated by chronic treatment with paeonol (103.70 + 6.83 mmHg),
TUDCA (103.70 + 6.19 mmHg) and tempol (98.84 = 1.53 mmHg) as shown in Figure

3.15A.

Mice treated with tunicamycin for two weeks demonstrated a reduction in body
weight, which was prevented following co-treatment with paeonol, TUDCA and tempol
(Figure 3.15B). There were no significant changes in both systolic blood pressure and

body weight between the paeonol only and control group (Figure 3.15 A and B).
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Figure 3.15: (A) Systolic blood pressure and (B) body weight (g) measured in all
groups of C57BL/6J mice treated 2 weeks with or without tunicamycin (Tu, 1 mg/kg,
2 injections/week/i.p.), paeonol (20mg/kg/2 weeks/oral gavage), tempol (20
mg/kg/day/oral gavage) or TUDCA (150 mg/kg/day/ip) respectively. Results are
means + SEM of 6-7 separate experiments. *P< 0.05 compared with control, # P< 0.05

compared with tunicamycin.
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3.3.8 Chronic treatment with paeonol protects against tunicamycin-induced
endothelial dysfunction in vivo

To evaluate the effect of chronic treatment with paeonol in ER stress-induced
endothelial dysfunction in mice, we examined EDR and endothelium-independent
relaxation produced by acetylcholine, UK14304 and SNP in aorta respectively in a
concentration dependent manner. Mice exposed with tunicamycin for 2 weeks showed
reduction of acetylcholine and UK14304-induced EDR compared to the aorta from the
control group. Chronic treatment with paeonol (Figure 3.16A-C & Table 3.2) and
TUDCA significantly improved EDR impaired by tunicamycin (Figure 3.16A, D, E &
Table 3.2). To identify the involvement of vascular oxidative stress in mice during
tunicamycin exposure, the mice was treated chronically with tempol, a superoxide
scavenger. Co-treatment with tempol prevented the tunicamycin-induced impairment of
relaxations to acetylcholine and UK14304 in mice (Figure 3.16A, D, E & Table 3.2). The
EDR of the paeonol only group were similar to the control group (Figure 3.16A-E &
Table 3.2). Sodium nitroprusside induced endothelium-independent relaxation were not
altered in all treatment groups, suggesting the sensitivity of vascular smooth muscle to

NO remained intact (Figure 3.17 & Table 3.2).
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Figure 3.16: Chronic treatment with paeonol reversed endothelial dysfunction
induced by tunicamycin for two weeks. (A) Representative traces showing
acetylcholine-induced endothelium-dependent relaxation in C57BL/6]J mouse aortas
precontracted with phenylephrine (Phe). (B-E) Endothelium-dependent relaxations
(EDR) induced by acetylcholine or UK14304 of aortae rings in mice exposed to chronic
treatment of tunicamycin (Tu, 1 mg/kg, 2 injections/week/i.p.), paeonol (10 or 20
mg/kg/day/oral gavage), tempol (20 mg/kg/day/oral gavage) and TUDCA (150
mg/kg/day/i.p.) for 2 weeks. Results are means + SEM of seven experiments. * P< 0.05
when compared with control, #P< 0.05 when compared with tunicamycin.
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Figure 3.17: Endothelium-independent relaxations induced by sodium nitroprusside
(SNP) of aortae rings in mice with or without 2 weeks chronic treatment of
tunicamycin (Tu, 1 mg/kg, 2 injections/week/i.p.), paeonol (20 mg/kg/day/oral
gavage), tempol (20 mg/kg/day/oral gavage) and TUDCA (150 mg/kg/day/i.p.).
Results are means + SEM of 6-7 experiments.
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Table 3.2: Agonist sensitivity (pECso) and % maximum response (Rmax) of
endothelium-dependent vasodilators, acetylcholine (ACh), UK14304 and
endothelium-independent vasodilator sodium nitroprusside (SNP), in isolated aorta
from C57BL/6J mice treated with tunicamycin (Tu), paeonol, tempol and TUDCA
for 2 weeks. Results are means £ SEM (n=6-7). *P<0.05 compared with control, # P<0.05

vs. tunicamycin.

ACh UK14304 SNP
Groups PECso Rmax PECso Rmax PECso Rmax
0 0, 0
(log M) 06) (log M) ) (log M) )

Control 6.64 + 89.73 + 6.42 + 0.07 93.30 + 7.22 +0.52 94.30 +

0.07 1.64 1.95 1.66
Tu 6.87 + 55.20 + 6.44 +0.19 60.50 + 7.30 +0.26 94.12 +

0.18 429 * 5.40* 1.93
Tu+ 6.72 + 85.08 + 6.40 +0.12 86.67 + 7.24 +0.52 95.91 +
Paeonol 0.18 1.99# 2.95# 2.97
Paeonol 6.47 + 90.10 + 6.67 +0.10 91.24 + 7.25+0.43 92.76 +

0.12 2.16 2.05 2.45
Tu+ 6.72 + 84.50 + 6.50 + 0.07 87.83 + 7.39 +0.28 96.82
Tempol 0.14 3.49* 4.22* +0.94
Tu+ 6.74 + 85.75 + 6.36 +0.14 85.05 3.92 7.40+0.18 96.51 +
TUDCA 0.15 4.69% # 2.22
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3.3.9 Chronic treatment with paeonol inhibited ER stress-induced oxidative stress
In mouse aorta

Chronic exposure of tunicamycin in mice elevated GRP78 (Figure 3.18A), ATF6
(Figure 3.18B) and phosphorylation of eukaryotic translation initiation factor 2 alpha
(elF2a) (Figure 3.18C) protein. The increase of these proteins were reversed following
co-treatment with paeonol and TUDCA. In addition, co-treatment with either paeonol or
tempol inhibited the increase of NADPH subunit, NOX2 and nitrotyrosine (marker for
peroxynitrate, an index for increased oxidative stress) in mice induced with tunicamycin
compared with the control group (Figure 3.18D & 3.18E). The protein presence of ER
and oxidative stress markers were similar between the control and the paeonol only

groups (Figure 3.18A - E).
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Figure 3.18: Western blot and quantitative data showing the ER stress markers, (A)
glucose-regulated protein 78 (GRP78), (B) activating transcription factor-6 (ATF6),
(C) phosphorylation of eukaryotic translation initiation factor 2 alpha (elF2a) and
oxidative stress markers, (D) NOX2 and (E) nitrotyrosine in C57BL/6J mice treated
with or without tunicamycin (Tu, 1 mg/kg, 2 injections/week/i.p.), paeonol (20
mg/kg/day/oral gavage), tempol (20 mg/kg/day/oral gavage) and TUDCA (150
mg/kg/day/i.p.) for 2 weeks. Results are means + SEM of 6-7 separate experiments. *P<
0.05 compared with control, # P< 0.05 compared with tunicamycin.
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3.3.10 Chronic treatment with paeonol reduced the superoxide production in mouse
aorta in vivo

Mice treated with tunicamycin for 2 weeks increased the ROS formation in en face
endothelium and O>" level compared to control group as reflected by the intensity of DHE
fluorescence staining (Figure 3.19A & B) and LEC (Figure 3.19C) respectively. Co-
treatment with paeonol, TUDCA or ROS scavenger, tempol normalized the elevated ROS
production in mice treated with tunicamycin (Figure 3.19). The NADPH oxidase inhibitor
diphenyleneiodonium (DPI, 10 mM) as a positive control abolished the generation of

superoxide anion in all groups (Figure 3.19C).
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Figure 3.19: Representative images and summarized results of superoxide
production measured by (A&B) DHE fluorescence in the en face endothelium of
aorta and (C) LEC method in the aorta of C57BL/6J mice of all groups. Red: DHE
fluorescence (excitation: 515 nm) in the nucleus. Green: autofluorescence of elastin
underneath the endothelium (excitation: 488 nm). Lower panel, merged. Bar: 100pm.
Results are means + SEM of 6-7 separate experiments. *P< 0.05 compared with control,

# P< 0.05 compared with tunicamycin.
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3.3.11 Chronic treatment with paeonol enhanced nitric oxide bioavailability in
mouse aorta

Chronic exposure to tunicamycin in mice showed a significant decrease in tissue total
nitrate/nitrite level compared to the control mice (Figure 3.20A), which was reversed by
chronic co-treatment with paeonol, TUDCA and tempol respectively. In addition, chronic
paeonol treatment increased phosphorylation of eNOS at Ser''’®in aortas which was
reduced in tunicamycin treated mice (Figure 3.20B). Similarly, chronic exposure of
tempol and TUDCA increased phosphorylation of eNOS at Ser'!’® compared to mice
induced with tunicamycin (Figure 3.20B). There were no significant differences in mice

treated with paeonol only and control group (Figure 3.20).
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Figure 3.20: Paeonol (20 mg/kg/day/oral), tempol (20 mg/kg/day/oral) and TUDCA
(150 mg/kg/day/i.p.) treatment for two weeks increased (A) tissue total nitrite/nitrate
level and (B) phosphorylation of eNOS which was reduced in C57BL/6J mice
induced with intra-peritoneal injection of tunicamycin (Tu, 1 mg/kg, 2
injections/week for two weeks) as measured by colorimetric assay kit and western
blot respectively. Data are expressed as means + SEM of 6-7 separate experiments. *P<

0.05 compared to control; #P <0.05 compared to mice induced with tunicamycin.
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3.4  Discussion

The main findings of this study was paeonol reverse tunicamycin-induced endothelial
dysfunction by inhibiting ER stress via activation of AMPK/PPARS/ROS pathway. The
present study demonstrated that acute and chronic treatment with paeonol reversed the
deleterious effects of tunicamycin as evident by an improvement of endothelium-
dependent relaxations, increased NO production, reduced superoxide production and
normalized systolic blood pressure in C57BL/6J and PPARS WT mouse, respectively.
These protective effects of paeonol is inhibited by co-treatment with AMPK inhibitor and
PPARS antagonist and was absent in PPARS KO mouse aortas, suggesting the
involvement of AMPK and PPARGS signalling in attenuating ER stress by paeonol (Yoon
et al., 2016). In addition, these beneficial effects of paeonol were comparable to those
produced by tempol, indicating that chronic treatment of paeonol inhibited ER stress-
mediated oxidative stress pathway. TUDCA, a specific antagonist of ER stress reduced
tunicamycin-induced endothelial dysfunction in C57BL/6J and PPARS mouse via Akt-
dependent cellular prion protein and Akt-Manganese-dependent superoxide dismutase

pathway, therefore was used as a positive control in this study (Yoon et al., 2016).

There is growing evidence that AMPK is an important regulator of vascular
homeostasis (Zou & Wu, 2008). AMPK controls the balance of systemic energy and
metabolism, and exerts its protective effects by inhibiting proliferation of vascular smooth
muscle cell and elevating NO production (Davis et al., 2006). Activation of AMPK
phosphorylated PPARS and reduced ER stress in high-fat-induced obesity (Cheang et al.,
2014) and hypertension (Liu et al., 2015). Activation of PPARS regulate various pro-
inflammatory pathways to suppress atherosclerosis (Barish et al., 2008), function as a
versatile regulator of lipid homeostasis (Bojic & Huff, 2013) and protects against cardiac

dysfunction and organ inflammation in septic mice (Kapoor et al., 2010). PPARS also
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inhibited palmitate induced-ER stress through initiation of autophagic markers in human
cardiac cells (Palomer et al., 2014) and by increasing fatty acid oxidation (Cao et al.,
2012). Previously, paeonol has been described to reduce ER stress-induced resistance to
doxorubicin in human hepatocellular carcinoma cells (Fan et al., 2013), to reduce neuro-
inflammation by activating AMPK-a in microglial cells (Lin et al., 2015) and to activate
PPARy in diabetic rats (Ou et al., 2014). In our study, paeonol improved endothelial
function impaired by tunicamycin, and its effect were inhibited by selective AMPK
inhibitor, compound C and PPARGS antagonist, GSK0660. These results are in line with
the effect of paeonol which increased the tunicamycin-induced downregulation of AMPK
phosphorylation and PPARS protein expression in HUVECs and aortas from C56BL/6J
and PPARS WT mice, proposing that paeonol attenuate ER stress via AMPK/PPARS
pathway. In addition, AMPKa phosphorylation was not affected in the presence of
GSK0660 in HUVECs and isolated mouse aortic rings, suggesting that AMPKa
phosphorylation is an up-stream event of PPARS similar to the previously reported

literature by Cheang et al. (2014).

ER stress triggers an augmentation in oxidative stress in ER lumen by increasing
cytosolic Ca?* and maximize ROS production above basal levels (Bhandary et al., 2012).
Increased unfolded proteins in the ER stimulates Ca?* leakage into the cytosol and further
augment oxidative phosphorylation of the electron transport chain, increase cytochrome
c release, impairing electron transfer, altering mitochondrial membrane potential and
increasing the generation of ROS (Bhandary et al., 2012; Malhotra & Kaufman, 2007).
ROS generation (Kassan et al., 2011) and increased NADPH oxidase activity (Minamino
et al., 2010) causes eNOS uncoupling in endothelial cells. AMPK has been shown to
reduce ER stress through inhibition of NADPH oxidase-derived ROS (Dong et al.,

2010b). Inhibition of AMPK enhances NOX4 and NADPH oxidase activity in epithelial
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cells (Eid et al., 2010). Meanwhile, PPARS agonist reduced superoxide production,
NADPH oxidase activity, and mRNA expression of prepro-endothelin-1, phox22,
phox47, and NOX-1 which eventually improved endothelial dysfunction in type 1
diabetic rats (Quintela et al., 2012). Current finding demonstrates that acute treatment of
paeonol relieved the ROS induced by tunicamycin by activating the AMPK and PPAR
signalling pathway. The protective effects of paeonol was blocked by compound C and
GSKO0660 in HUVECS and in aortas from C57BL/6J and PPARS WT mice, but not in
those from PPARS KO mice, which further supports that paeonol inhibits ER stress-
induced ROS via AMPK/PPARS activation. In addition, ER stress inhibitor, TUDCA
reduced tunicamycin-mediated superoxide generation further supports the relationship
between ER stress and its downstream activation of oxidative stress. During ER stress,
NADPH oxidase (NOX) family, especially NOX2 increased ROS production and was
reported to involve in blood pressure regulation (Montezano & Touyz, 2012) and
augmentation of pro-apoptotic signalling (Laurindo et al., 2014). Silencing of NOX2 has
been demonstrated to suppress two atherosclerosis-relevant inducers of ER stress,
cholesterol loading and 7-ketocholesterol in macrophages, indicating that NOX2 plays an
important role in the oxidative stress and apoptotic responses of macrophages subjected
to ER stress (Li et al., 2010a). In our study, chronic treatment with paeonol inhibited the
tunicamycin-induced vascular expression of NOX2 and nitrotyrosine, a marker for
peroxynitrite in a similar manner to tempol, a free radical scavenger. The alleviation of

ROS following paeonol treatment was accompanied with increased bioavailability of NO.

ER stress has a negative impact on endothelium-dependent relaxation in large and
small arteries (Kassan et al., 2012; Spitler et al., 2013). ER stress increases the
contractility of vascular smooth muscle in hypertension (Liang et al., 2013a), activates

caspase-12 and triggers apoptosis (Xie et al., 2002), increases inflammatory signalling
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(Hotamisligil, 2010), reduces eNOS phosphorylation (Galan et al., 2014) and
subsequently leads to endothelial dysfunction (Galan et al., 2014). ER stress causes an
increase in ROS generation via activation of NF-«kB and transforming growth factor beta
1 which results in vascular dysfunction and hypertension (Santos et al., 2014). PPARS
agonists GW1516 elevated eNOS activity and NO production in endothelial cells (Tian
et al., 2012a). Paeonol reversed the tunicamycin-induced reduction of eNOS
phosphorylation in only PPARS WT mouse aortas, suggesting that the improved
endothelial function by paeonol is attributable to increase NO bioavailability via PPARS
activation. In p47phox—/— mice, tunicamycin did not show impairment of EDR to
acetylcholine in mouse aorta compared to wild type control mice which indicate that ER
stress is associated with enhanced NADPH oxidase-ROS activity (Galan et al., 2014).
During UPR, disulfide bond formation dysregulation leads to ROS accumulation and
induced oxidative stress (Cao & Kaufman, 2014). Some UPR components such as CHOP
causes apoptosis, release ROS and impairs the endothelium (Wang & Kaufman, 2012).
Our results showed that acute and chronic exposure of tunicamycin causes endothelial
dysfunction and increased ER stress proteins in isolated C57BL/6J and PPARS WT
mouse aortas, which were reversed by paeonol and tempol independently. These effects
of paeonol was inhibited by compound C and GSK0660 in C57BL/6J mice and abolished
in PPARS KO mouse aortas. These indicate that paconol improves EDRs probably
through activation of AMPK and PPARS which leads to inhibition of ER stress-mediated

ROS.

Prolonged ER stress will lead to advanced lesional macrophage death, plague necrosis
and increases contractility of vascular smooth muscle contributing to increase blood
pressure (Liang et al., 2013a; Scull & Tabas, 2011). Previous study reported that ER stress

may increase blood pressure by increasing cardiac output and peripheral vascular
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resistance (Liang et al., 2013a). In addition, ER stress has been reported to be associated
with hypertensive patients (Xu et al., 2009), animals with metabolic syndrome (Galan et
al., 2012), high salt intake-induced hypertensive rats (Isodono et al., 2010) and
angiotensin Il-induced hypertensive mice (Kassan et al., 2012). Recent literature have
shown that ER stress inhibitor, TUDCA reduced blood pressure and improved vascular
activity in spontaneously hypertensive rats (SHRs) through inhibition of ER stress (Choi
et al., 2016), suggesting that ER stress is involved in hypertension. Besides, oxidative
stress contributes to the development of hypertension (Baradaran et al., 2014; Taniyama
& Griendling, 2003). ROS causes vascular cell inflammation and apoptosis as well as
extracellular matrix alterations (Dornas et al., 2017; Mihalj et al., 2016). Inhibition of ER
stress in hypertension improved macrovascular endothelial function by transforming
growth factor-p1 (TGF-B1)-dependent mechanism and microvascular endothelial
function by an oxidative stress-dependent mechanism (Kassan et al., 2012). Similarly,
our results demonstrated that mice exposed to tunicamycin showed elevated blood
pressure and reduction in body weight (Kassan et al., 2011; Liang et al., 2013a). Chronic
treatment of paeonol normalised the blood pressure and body weight comparable to those
produced by ER stress inhibitor (TUDCA) and antioxidant (tempol) or both, suggesting
that paeonol may work by inhibiting ER stress-mediated oxidative stress pathway

(Brozovic et al., 2013; Zuo et al., 2015).

3.5  Conclusion

In summary, the current study shows that paeonol improves EDR through activation
of AMPK and PPARS pathway; the latter alleviates ER stress, reduced ROS
overproduction, increased phosphorylation of eNOS and normalized the blood pressure
(Figure 3.21). Our finding further suggests a therapeutic potential of paeonol to protect

vascular function in ER stress-related cardiovascular diseases such as hypertension.
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Figure 3.21: Schematic diagram showing paeonol treatment alleviates endoplasmic
reticulum (ER) stress, inhibits reactive oxygen species (ROS) production and
improves NO bioavailability via AMPK/PPARGS signalling. Subsequently, it reverses
the endothelial dysfunction and normalized blood pressure in mice. AMPK, 5' AMP-
activated protein kinase; PPARS, Peroxisome proliferator-activated receptors delta; ER,
endoplasmic reticulum; ATF6, activating transcription factor 6; PERK, PKR-like
eukaryotic initiation factor 2 kinase; IRE1, inositol-requiring enzyme-1; O%, superoxide;
NO, nitric oxide; ONOO", peroxynitrite; NOS; NADPH, Nicotinamide adenine

dinucleotide phosphate.
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CHAPTER 4: EFFECTS OF PAEONOL IN INFLAMMATION-INDUCED

ENDOTHELIAL DYSFUNCTION

4.1 Introduction

When the vasculature is exposed to injury, lipid peroxidation and infection, a
sequential of pro-inflammatory cascades is activated (Willerson & Ridker, 2004).
Endotoxaemia is a systemic response to infection characterised by inflammation and
microvascular leakage leading to widespread hypotension and cardiovascular collapse
(Staehr et al., 2011). A key mediator of these phenomena is the excessive generation of
NO by iNOS, triggered by endotoxin such as LPS (McNeill et al., 2015). LPS bind to
TLR4, stimulate intracellular signalling pathways that alter the cytoskeletal architecture
of the endothelial cells and eventually disrupt the endothelial barrier (Bannerman &
Goldblum, 1999; Cuschleri et al., 2003). The low grade chronic inflammation present
within the vessel wall transiently increased the risk of cardiovascular diseases, including

carotid artery disease and atherosclerosis (Aljada, 2003; Virdis & Schiffrin, 2003).

LPS induces severe microvascular injury and endothelial cells detachment,
subsequently leading to apoptosis (Bannerman & Goldblum, 2003). Apoptosis
contributes to a diversity of pathological processes including tissue injury and its
attendant complications such as disseminated intravascular coagulation, systemic
vascular collapse, multiorgan failure, vascular leaks or acute respiratory distress (Kockx,
1998). The main enzyme associated with the pathogenesis of cell apoptosis is activation
of caspase-3 (Sugawara et al., 2004). Subsequently, it leads to endothelial dysfunction, a
condition defined as incapability of arteries and arterioles to dilate fully when triggered

by vasodilator stimuli such as acetylcholine or shear stress (Cai & Harrison, 2000). LPS-
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stimulation of iINOS also leads to impairment of endothelium-dependant vasodilatation

(Chauhan et al., 2003).

BMP4, a proinflammatory protein was reported to enhance leukocyte adhesion to the
endothelial surface in vitro (Csiszar et al., 2006). BMP4 impairs endothelial function in
the mouse aorta via oxidative stress signalling pathway by generation of NADPH subunits
(Csiszar et al., 2007; Miriyala et al., 2006). BMP4 induces endothelial cells apoptosis by
binding to type I receptors called BMPR1A-receptors which triggers SMAD-independent
pathways, leading to oxidative stress-dependent p38 MAPK and JNK pathway (Tian et

al., 2012c).

Paeonol reduced LPS-induced lung inflammation and fibrosis in mice and rats (Li et
al., 2012; Liu et al., 2014a). Similarly, paeonol reduced inflammation and injury triggered
by LPS in N9 microglia cells and in murine kidneys by inhibiting the TLR4 and nuclear
factor kB (NF-xB) signalling pathways both in vitro and in vivo (Fan et al., 2016; Tseng
et al., 2012). However, the effect of paeonol on inflammation-mediated apoptosis and
endothelial dysfunction, as well as its effects on LPS/TLR4 and BMP4 signalling
pathways are yet to be fully elucidated. Therefore, the objectives of the study is to explore
the endothelial protective effect of paeonol and identify the involvement of BMP4 as
possible pharmacological target of paeonol in LPS-induced endothelial cell apoptosis and

endothelial dysfunction in HUVECS, isolated mouse aorta and in vivo.

4.2  Methods
4.2.1 Human endothelial cell culture

HUVECs (ScienCell, Corte Del Cedro Carlsbad, CA, USA) were cultured in
endothelial cell medium (ECM) composed of 5% fetal bovine serum, 1% penicillin-

streptomycin and 1% endothelial cell growth supplement at 37 °C with 5% CO> and 95%
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0O,. HUVECs from passage four to six were used. For all experiments, HUVECs were
seeded and grown overnight to sub-confluence before incubation (24 hours), in ECM,
with LPS (0.1, 0.5 and 1 pg/mL), H2O2 (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 with one of the following: recombinant BMP4 (100
ng/mL, dissolved in 4 mM HCI with 0.1% BSA), noggin (BMP4 antagonist, 100 ng/mL),
apocynin (NADPH oxidase inhibitor, 20 pM), SP600125 (JNK inhibitor, 10 uM),
SB202190 (p38 MAPK inhibitor, 10 uM), aminoguanidine (selective inhibitor of iINOS,

100 pM) and TAK242 (TLR4 inhibitor, 1 uM) for 24 hours.

4.2.2 Flow cytometry quantification of apoptosis

Annexin V-FITC apoptosis assay were performed according to manufacturer's
instructions (BD Biosciences, San Jose, CA, USA) to evaluate the percentage of apoptotic
cells. In brief, 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 H2O2 (200 uM; serving as a
positive control) together with paeonol (0.01, 0.1 and 1 uM). After 24 hours, the cells
were trypsinized, washed and re-suspended in 1 mL of binding buffer (1x10° cells/mL).
Then, 1x10° cells were stained with propidium iodide (PI) and Annexin-V FITC,
incubated for 15 minutes in the dark at room temperature and analysed 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 Pl-negative cells (Bao et al., 2013).

4.2.3 Measurement of mitochondrial membrane potential
Mitochondrial depolarization is an early event in the apoptosis cascade. The changes

in mitochondrial membrane potential (MMP) were determined using potential-sensitive
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JC-1 (5, 5°, 6, 6’-tetrachloro-1,1",3,3’- tetraethyl benzimidazolylcarbocianine iodide)
cationic dye (Molecular probes), which displays potential-dependent accumulation in
mitochondria. JC-1 monomers assemble into J-aggregates with red fluorescence
(emission 590 nm) in healthy cells with high MMP (metabolically active mitochondria
with polarized inner membranes), whereas JC-1 non-specifically accumulates in the
cytosol as a green fluorescent monomer (emission 525 nm) in apoptotic cells with low
MMP. HUVECs were seeded in 12 well plates and were treated with LPS (0.1, 0.5and 1
pug/mL) or paeconol (0.01, 0.1 and 1 uM) for 24 hours. Then, the cells were washed twice
with NPSS and loaded with JC1 (5 ug/mL) for 15 min at 37-C in the dark. The cell images
were analysed by confocal microscope FluoView FV10-ASW software (Olympus). The

changes in MMP was expressed as the red/green JC-1 fluorescence intensity of ratio.

4.2.4 Transient transfection with small interfering ribonucleic acid (SIRNA)
HUVECs were seeded into six-well plates at 2 x 10* per well and were grown
overnight. The amount of siRNA was optimized following the manufacturer’s
instructions. The siRNA targeting TLR4 or BMP4 (ON-TARGETplus SMART pool
small interfering RNA; 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). The specific SIRNA-
concentration (5, 25, 50 nM) and time duration (24, 48 and 72 hours) resulting in more
than 60% knockdown in protein levels compared to control siRNAs and scrambled
siRNAs as determined by Western blotting were chosen. The media were refreshed post-
transfection with BMP4 siRNAs or TLR4 siRNAs and treated with vehicle, LPS (1

ug/mL) or paeonol (1 uM) for 24 hours before being harvested for Western blotting.
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4.2.5 Animals

C57BL/6J male mice were obtained from 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 fed 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 Laboratory Animals as
approved by University of Malaya Animal Care and Ethics Committee (Ethics reference

no: 2016-170531/PHAR/R/IMRM).

4.2.5.1 Induction of inflammation in mice in vivo

Twelve weeks-old mice were randomly assigned into six groups receiving: (a) vehicle
[phosphate buffered saline, PBS, intraperitoneal injection] only (control); (b) an
intraperitoneal injection of LPS (15 mg/kg) and vehicle (saline, 100 puL 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 our preliminary which showed that 20
mg/kg paeonol improved relaxations to the endothelium-dependent vasodilator
acetylcholine in mice treated with LPS (15 mg/kg) (Figure 4.24). The animals were
humanely sacrificed by CO> inhalation at the end of the 24 hours of treatment and blood
samples were collected. Blood samples was allowed to clot at room temperature, and then
centrifuged at 1 000 x g for 15 min to obtain the serum for NO and ELISA assay. Then,

mouse aorta was isolated immediately for functional studies and Western blotting.
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4.2.5.2 Organ culture of isolated aortae

The isolated aortae rings from C57BL/6J mouse were cultured in Dulbecco's Modified
Eagle Medium (DMEM,; Gibco, Gaithersburg, MD, USA) supplemented with 10% FBS
(Gibco), containing 100 U/mL penicillin and 100 pg/mL streptomycin (Gibco) in
incubator with atmosphere of 5% CO2 and 37°C. The rings were incubated with or
without LPS (1 pg/mL), paeonol (1 uM), recombinant BMP4 (100 ng/mL), noggin (100
ng/mL), SP600125 (10 uM), SB202190 (10 uM), apocynin (20 uM), aminoguanidine
(100uM), TAK242 (1 uM) and indomethacin (10 uM, non-selective COX inhibitor) for

24 hours and thereafter transferred to wire myographs for functional examination.

4.2.5.3 Functional Studies

The aortae were excised, cleaned of adjacent connective tissues and were cut into
several ring segments approximately 2mm 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, NaHCO325, KCI 4.7, KH2PO41.2, MgS04.7H,0 1.2,
glucose 11.7 and CaCl».2H,0 2.5. 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..
After equilibration for 30 minutes, the rings were contracted with 60 mM KCI to prime
the tissues until an equal contractions were attained. The rings were washed three times
in Krebs solution and then contracted with Phe (1 uM, a-adrenergic agonist) to establish
a stable tension. The presence of functional endothelium in pre-contracted aortic rings
was confirmed by a relaxant response to acetylcholine (10 mM). Thereafter, cumulative
concentration-relaxation curves were obtained for both endothelium-dependent
relaxation with acetylcholine (3nM to 10 uM) and UK14304 (3nM to 10 uM) as well as

endothelium-independent relaxation with SNP (1nM to 10 uM). Changes in isometric
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tension were recorded with a PowerLab LabChart 6.0 recording system (AD Instruments,

Bella Vista, NSW, Australia).

4.2.6 Western blotting

HUVECs and aortae were homogenized and lysed in ice-cold
radioimmunoprecipitation assay (RIPA) buffer containing leupeptin 1 pg/mL, aprotinin
5 ng/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). The
lysates were then centrifuged at 15,000 X g for 30 minutes at 4°C to collect supernatants.
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% SDS polyacrylamide gels and transferred to an immobilon- PVDF membrane
(Millipore, Billerica, MA, USA) at 100 V. The non-specific binding was blocked with
3% BSA in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) for one hour at room
temperature with gentle shaking. After washing in TBS-T, the blots were incubated with
primary antibodies against phospho-p38 MAPK/ p38 MAPK (1:1000, Cell signaling
Technology, Beverly, MA, USA), phospho-JNK/JNK, (1:1000, Cell signaling
Technology, Beverly, MA, USA), caspase-3 (1:1000, Abcam, Cambridge, UK), NOX 2
(1:1000, Abcam, Cambridge, UK), TLR4 (1:1000, Abcam, Cambridge, UK), iNOS
(1:1000, Abcam, Cambridge, UK), cleaved caspase-3 (1:500, 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) overnight at 4 °C. The next day, 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
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were developed with enhanced chemiluminescence (ECL) plus Western blotting
detection system (Amersham, Buckinghamshire, UK). The densitometric analysis was
performed using Quantity One 1D analysis software (Bio-rad). The protein levels were

normalized to the housekeeping protein GAPDH and expressed relative to control.

4.2.7 Vascular superoxide anion production

To measure vascular superoxide anion formation at en face endothelium in mouse
aortas, DHE (D1168, Invitrogen, Carlsbad, USA) fluorescence staining was performed
by confocal microscopy. The aortic rings were incubated with 5 uM DHE (Molecular
Probes, Eugene, OR, USA) in normal physiological solution (NPSS, composition in mM:
NaCl 140, KCI 5, CaClz 1, MgCl> 1, glucose 10 and HEPES 5) for 15 minutes at 37 °C.
The aortae rings were then washed twice in PBS, cut open and 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 was represented as fold changes in

fluorescence intensity relative to control.

Other than DHE staining, the amount of superoxide anions at aortae rings was
quantified using the LEC method (Choy et al., 2017). The aortic rings from each groups
were pre-incubated for 45 min at 37 °C in Krebs-HEPES buffer (in mM: NaCl 99,
NaHCO325, KCI 4.7, KH2PO4 1, MgS04 1.2, glucose 11, CaCl, 2.5 and Na-HEPES 20)
in the presence of DETCA (1 mM) to inactivate superoxide dismutase (SOD) and 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 positive control. Then, the rings were
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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.

4.2.8 Determination of NO level

NO level was determined by measuring its stable metabolites nitrite and nitrate in the
mouse serum using Nitrate/Nitrite Colorimetric Assay Kit (Cayman Chemical Company,
Ann Arbor, MI, USA) as described by manufacturer protocol. Typically, a nitrate
standard solution was serially diluted and duplicated in a 96-well, flat-bottomed,
polystyrene microtiter plate. The plate was rapidly loaded with sample to each well and
followed by the addition of the Griess reagents. Absorbance was measured at 540 nm
using Hidex plate CHAMELEON™ V (Turku, Finland) and NO production was
determined by comparison with a sodium nitrite standard curve. Results were expressed

in uM.

4.2.9 Measurement of IL-6 and TNFa cytokines

The circulating TNFa and IL-6 cytokines levels in the mouse serum were determined
by enzyme-linked immunosorbent assay (ELISA) assay, using cytokine-specific mouse
monoclonal antibodies and recombinant mouse cytokines purchased from Elabscience
(Houston, Texas) according to the manufacturers’ instructions. The ELISA plates
provided in the kits had been pre-coated with an antibody specific to IL-6/TNF-a.

Standards or samples are then added to the appropriate micro ELISA plate wells and
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combined to the specific antibody for 90 minutes at 37°C. Then a biotinylated detection
antibody working solution specific for IL-6/TNF-a was added to each micro plate well
and incubated for 1 hour. Solution was aspirated and wash for three times. Then,
horseradish peroxidase (HRP) conjugate working solution was added before adding
substrate reagent and stop solution independently. The optical density (OD) was
measured spectrophotometrically at a wavelength of 450 nm using Hidex plate
CHAMELEONTM V (SisLab, Turku, Finland). The OD value was proportional to the
concentration of IL-6 and TNF-a. The calculation of concentrations of IL-6/TNF-a in the

samples was done by comparing the OD value of the samples to the standard curve.

4.2.10 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) for groups with one independent variable and two way ANOVA for groups
that has two independent variable followed by Bonferroni’s multiple comparison test
were carried out. A value of P less than 0.05 was considered to indicate statistically

significant differences.

4.3 Results

4.3.1 Paeonol inhibited LPS-induced apoptosis and depolarization of MMP
Annexin V/PI flow cytometry and JC-1 staining analysis were performed to investigate

the inhibitory effects of paeonol on LPS-induced cell apoptosis and decreased MMP. LPS

(0.1,0.5 & 1 pg/mL) increased the percentage of apoptosis (Figure 4.1A & B), augmented
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the presence of cleaved caspase 3 protein (Figure 4.1C) and decreased the MMP (Figure
4.2) in a concentration-dependent manner compared with control, with 1 pug/mL LPS
being the optimal concentration to induce apoptosis in HUVECs. In HUVECSs exposed to
LPS (1 pg/mL), co-treatment with paeonol (0.01, 0.1, 1 uM) reduced apoptosis (Figure
4.3) and restored MMP (Figure 4.2) in a concentration-dependent manner, with 1 pM
exerting the most significant effect. Therefore, paeonol at 1 puM was chosen for
subsequent experiments. However, paeonol (1 uM) did not reduce apoptosis induced by
H202 (200 uM), which served as oxidative stress inducer and a positive control (Figure

4.3). The effects of paeonol (1 uM) alone is similar to the control.

To further confirm the inhibitory effects of paeonol on LPS-induced cell apoptosis,
Western blotting was performed. LPS (1 pg/mL) increased the protein levels of cleaved
caspase 3, which was reversed in a concentration-dependant manner when co-treated with
paeonol (0.001, 0.1, T uM) (Figure 4.4A). Paeonol (0.001, 0.1, 1 uM) also reduced LPS-
induced BMP4 (Figure 4.4B) and TLR4 (Figure 4.4C) protein level in a concentration-

dependant manner.
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Figure 4.1: Flowcytometric analysis showing LPS-induced apoptosis in a
concentration dependant manner in HUVECSs after 24 hours. (A) Flow cytometry dot
plots of apoptotic cells. In each dot plot figure, the upper left quadrant corresponds to
necrotic cells; the upper right quadrant contains the late apoptotic cells, which are positive
for Annexin V and propidium iodide (PI); the lower left quadrant shows viable cells,
which exclude Pl and Annexin V; 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) Western blot and quantitative data showing the protein presence of
cleaved caspase 3 in HUVECs treated with various concentration of LPS. Values are

means + SEM from four independent experiments. * P< 0.05 vs. control.
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Figure 4.2: The mitochondrial membrane potential monitored with JC-1 dye in
HUVECs treated with or without LPS, paeonol or H20: for 24 hours. The red
fluorescence indicates healthy cells with high mitochondrial transmembrane potential,
whereas the green fluorescence indicates apoptotic cells with low mitochondrial
transmembrane potential. Data are presented as means + SEM Dby four independent

experiments. *P< 0.05 versus the control, # P< 0.05 compared with LPS.
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Figure 4.3: Paeonol reduced HUVECs cell apoptosis induced by LPS in a
concentration dependant manner, except in cell apoptosis induced by H202 for 24
hours. (A) Flow cytometry dot plot figures showing percentage of apoptotic cells in
HUVECs treated with LPS (1 pg/ml) or H202 (200 uM) and various concentration of
paeonol (0.01, 0.1 and 1 puM). (B) Percentage of apoptotic cells quantified by flow
cytometry. Values are means + SEM from three independent experiments. * P< 0.05 vs.
control, #P< 0.05 vs. LPS.
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Figure 4.4: Paeonol reduced LPS-induced up-regulation of cleaved caspase 3, BMP4
and TLR4 in HUVECs in a concentration-dependant manner. Western blot and
guantitative data showing the protein expression of (A) cleaved caspase 3, (B) BMP4, (C)
TLR4 in HUVECs treated with LPS (1 ug/ml) and various concentration of paeonol (0.01,
0.1 and 1 pM). Values are means + SEM from three independent experiments. * P< 0.05
vs. control, #P< 0.05 vs. LPS.
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4.3.2 Paeonol reversed LPS-induced endothelial dysfunction ex vivo

Aortic rings exposed with LPS (1 pg/mL) during ex vivo culture in DMEM for 24
hours showed impairment of endothelium-dependent relaxation by acetylcholine (Figure
4.15A). Co-treatment with paconol (0.1, 0.3 and 1 uM) for 24 hours significantly reversed
this impairment in a concentration-dependant manner, with paeonol at 1 uM being the

effective concentration (Figure 4.15A).

To determine the signalling pathway involved in LPS-induced endothelial
dysfunction, aortic rings exposed with LPS were co-incubated with the following
pharmacological inhibitors: SB202190 (10 puM), SP600125 (10 puM), TAK242 (1 uM),
AG (100 uM), noggin (100 ng/mL) and apocynin (20 uM) for 24 hours. These inhibitors
significantly reversed the LPS-induced impairment of the relaxation to acetylcholine
(Figure 4.15B & C). However, co-incubation with indomethacin (10 uM) for 24 hours
did not reverse the acetylcholine-induced relaxations impaired by LPS (Figure 4.6).
Endothelium-independent relaxations induced by SNP were similar in all experimental

groups (Figure 4.7).

To elucidate whether or not the endothelium-protective effect of paeonol is BMP4-
dependent, aortic rings were exposed with BMP4 (100 ng/mL). The results displayed that
BMP4 induced impairment of the relaxation to acetylcholine and this impairment was
reversed by co-incubation with paeonol, noggin, apocynin, SB202190 and SP600125
(Figure 4.8). Relaxations to SNP were comparable in the different experimental groups

(Figure 4.9).
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Figure 4.5: The effects of paeonol and various inhibitors in LPS-induced impairment
of the relaxation to acetylcholine in mouse aorta. (A) Paeonol improved relaxations to
acetylcholine in mouse thoracic aortae incubated with LPS (1 pg/mL) for 24 hours in a
concentration-dependent manner. (B & C) Co-incubation of LPS with SB202190 (10
puM), SP600125 (10 pM) and TAK242 (1 uM) or (C) aminoguanidine (AG, 100uM),
noggin (100 ng/ml) and apocynin (20 uM) for 24 hours improved the impairment of
relaxations to acetylcholine induced by LPS in mouse aortae. 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.
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Figure 4.6: The effect of indomethacin in LPS-induced endothelial dysfunction in
mouse aorta. (A) Ex vivo incubation with indomethacin (10 puM, cyclooxygenase
inhibitor) for 24 hours did not improve the impairment of acetylcholine-induced
relaxation induced by 1 pg/mL LPS in the aortae. (B) Area under the curve. Results are

meanst SEM of six to experiments. * P< 0.05, compared to control.
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Figure 4.7: Endothelium-independent relaxations induced by SNP were similar in
all groups. Endothelium-independent relaxations of mouse aortic rings treated in the
presence or absence of LPS (1 pg/mL), paeonol (0.1, 0.3, 1 uM), SB202190 (10 uM),
SP600125 (10 uM), TAK242 (1 uM), aminoguanidine (AG, 100uM), noggin (100 ng/ml)

and apocynin (20 uM) for 24 hours. Results are means + SEM of seven experiments.
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Figure 4.8: The effects of paeonol and various inhibitors in BMP4-induced
impairment of the relaxation to acetylcholine in mouse aorta. (A) Paeonol (1 uM)
improved the impaired response to acetylcholine in aortae exposed to BMP4 (100 ng/mL)
for 24 hours. (B & C) Co-incubation of BMP4 with noggin (100 ng/ml), apocynin (20
puM), SB202190 (10 uM), SP600125 (10 uM) during 24 hours improved acetylcholine-
induced relaxation. Results are meansx SEM of seven experiments. *P< 0.05, compared
to control; A, P< 0.05 compared to BMP4.
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Figure 4.9: Endothelium-independent relaxations induced by SNP were similar in
all groups. Endothelium-independent relaxations induced by SNP of aorta rings in mice
treated with or without BMP4 (100 ng/mL), paeonol (1 uM), noggin (100 ng/ml),
apocynin (20 uM), SB202190 (10 uM), SP600125 (10 uM) for 24 hours. Results are

means + SEM of seven experiments.
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4.3.3 Paeonol attenuated LPS-induced inflammation and apoptosis in HUVECs
through inhibition of TLR4 and BMP4 signalling pathway.

To characterize further the mechanism of anti-inflammatory action of paeonol, we
studied the expression of inflammation and apoptosis markers via Western blotting. As
shown in Figure 4.10, TLR4 (Figure 4.10A & B), phosphorylated p38 MAPK (Figure
4.10A & C), phosphorylated JNK (Figure 4.10A & D), BMP4 (Figure 4.10A & E),
BMPR1A (Figure 4.10A & F), iINOS (Figure 4.10A & 1), cleaved caspase 3/caspase 3
(Figure 4.10A & J) and NOX 2 (Figure 4.10A & K) were markedly increased after LPS
treatment. However, co-treatment with paeonol (1 uM) suppressed these proteins levels.
Phosphorylation of eNOS (Figure 4.10A & G) and eNOS (Figure 4.10A & H) was down-
regulated with LPS treatment, which were reversed with paeonol treatment. There are no

differences between control and treatment with paeonol alone.

To elucidate the signalling pathway involved in LPS-induced inflammation and
apoptosis in HUVECSs, specific inhibitors of p38 MAPK (SB202190), JNK (SP600125),
TLR4 (TAK242), inducible NOS (AG, aminoguanidine hydrochloride), BMP4 (noggin),
and NADPH oxidase (apocynin) were used. LPS-induced TLR4 up-regulation was
inhibited significantly by TAK242 but not affected by the other inhibitors tested (Figure
4.11A & B). The phosphorylation of p38 MAPK protein in response to LPS was
prevented by SB202190, noggin, TAK242 and apocynin without changes in total p38
MAPK protein presence (Figure 4.11A & C). The phosphorylation of INK activated by
LPS was inhibited by SP600125, noggin, TAK242 and apocynin without changes in total
JNK protein presence (Figure 4.11A & D). Up-regulation of BMP4 (Figure 4.12A & B)
and BMPR1A (Figure 4.12A & C) protein levels were inhibited by noggin but not by
SB202190, SP600125, TAK242, aminoguanidine or apocynin. LPS reduced both the total

eNOS (Figure 4.13A & B) as well as the phosphorylated eNOS (4.13A & C) protein
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levels with no difference in their ratio, while increasing iNOS levels (4.14A & B) and
caspase 3 activation (4.14A & C); these effects of LPS were reversed by all the inhibitors
tested. Noggin, TAK?242 and apocynin inhibited the increased of NADPH oxidase subunit

2 (NOX 2) induced by LPS (4.14A & D).
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Figure 4.10: (A) Western blot and (B-K) quantitative data showing the protein
expression in HUVECSs treated with LPS (1 pg/mL) and paeonol (1 pM). Results are
means + SEM of four separate experiments. *P< 0.05 compared with control, #P< 0.05
compared with LPS.
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Figure 4.11: (A) Western blots and (B-D) quantitative data showing protein
presences of TLR4, p38 MAPK and JNK in HUVECs treated with LPS (1 pg/mL)
and paeonol (1 pM). Results are means + SEM of five separate experiments. *P< 0.05
compared with control, # P< 0.05 compared with LPS.
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Figure 4.12: (A) Western blots and (B-C) quantitative data showing protein
presences of BMP4 and BMPR1A in HUVECs treated with LPS (1 pg/mL) and
paeonol (1 pM). Results are means + SEM of five separate experiments. *P< 0.05

compared with control, # P< 0.05 compared with LPS.
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Figure 4.13: (A) Western blots and (B-C) quantitative data showing protein
presences of eNOS and p-eNOS in HUVECs treated with LPS (1 pg/mL) and
paeonol (1 pM). Results are means + SEM of five separate experiments. *P< 0.05
compared with control, # P< 0.05 compared with LPS.
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Figure 4.14: (A) Western blots and (B-C) quantitative data showing protein
presences of INOS, cleaved caspase 3 and NOX 2 in HUVECs treated with LPS (1

pg/mL) and paeonol (1 pM). Results are means + SEM of five separate experiments.

*P< 0.05 compared with control, # P< 0.05 compared with LPS.
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4.3.4 Paeonol protected against BMP4-induced inflammation and apoptosis in
HUVECs.

To evaluate the effect of paeonol on the BMP4 signalling cascade leading to cell
apoptosis, HUVECs exposed to BMP4 were co-incubated with paeonol, noggin,
SB202190, SP600125, apocynin and TAK242. Result from western blotting showed that
BMP4 treated cells increased phosphorylated p38 MAPK (Figure 4.15A & B),
phosphorylated JNK (Figure 4.15A & C), BMPR1A (Figure 4.15A & D), cleaved caspase
3 (Figure 4.16A & C), and NOX 2 (Figure 4.16A & D) while reduced the phosphorylation
of eNOS (Figure 4.16A & B) without affecting the total eNOS level; co-treatment with
paeonol normalised the presence of these proteins. Phosphorylation of p38 MAPK
induced by BMP4 was abolished by noggin, SB202190 and apocynin without changes in
total p38 MAPK protein presence (Figure 4.15A & B). Similarly, phosphorylation of INK
stimulated by BMP4 was also prevented by noggin, SP600125 and apocynin without
changes in total JINK (Figure 4.15A & C). BMPR1A activated by BMP4 was inhibited
by noggin but not by the other inhibitors tested (Figure 4.15A & D). Moreover, all
inhibitors except for TAK242 normalised BMP4-induced downregulation of
phosphorylated eNOS (Figure 4.16A & B) and the activation of caspase 3 (Figure 4.16A
& C). BMP4 induced activation of NOX2 was inhibited only by noggin and apocynin

(Figure 4.16A & D).
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Figure 4.15: (A) Western blots and (B-D) quantitative data showing protein
presences of p38 MAPK, JNK and BMPR1A in HUVECs treated with BMP4 (100
ng/mL), paeonol (1 pM), noggin (100 ng/mL), SB202190 (10 pM), SP600125 (10 pM),
apocynin (20 uM) and TAK242 (1 uM). Results are means + SEM of four separate

experiments. *P< 0.05 compared with control, # P< 0.05 compared with BMP4.
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Figure 4.16: (A) Western blots and (B-D) quantitative data showing protein
presences of p-eNOS, cleaved caspase 3 and NOX2 in HUVECs treated with BMP4
(100 ng/mL), paeonol (1 pM), noggin (100 ng/mL), SB202190 (10 nM), SP600125 (10
pM), apocynin (20 pM) and TAK242 (1 pM). Results are means + SEM of four separate

experiments. *P< 0.05 compared with control, # P< 0.05 compared with BMP4.
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4.3.5 Paeonol reversed LPS-induced apoptosis in HUVECs via BMP4 which is
independent of TLR4 signalling pathway.

To confirm the connection between TLR4 and BMP4 signalling pathways in LPS-
induced apoptosis, the expression of BMP4 and TLR4 were knocked down respectively
using BMP4 siRNAs (Figure 4.17) and TLR4 siRNAs (Figure 4.18) in HUVECs at
concentration of 5, 25 or 50 nM for 24, 48 or 72 hours respectively. BMP4 siRNAs at 50
nM for 72 hours (Figure 4.17B) and TLR4 siRNAs at 50 nM for 48 hours (Figure 4.18B)
reduced TLR4 and BMP4 protein presence respectively by approximately 60% compared

with scrambled siRNAs.

The siRNAs against BMP4 reduced the LPS-induced increases in BMP4 (Figure
4.19A & C), BMPR1A (Figure 4.19A & D), and cleaved caspase 3 (Figure 4.19A & E)
proteins levels, but did not affect that of TLR4 (Figure 4.19A & B), suggesting TLR4 and
BMP4 activation by LPS is independent of each other. Knockdown of BMP4 abrogated
paeonol-mediated protection of the cells from LPS-induced cell death, which indicate that

the anti-apoptotic effects of paeonol is mediated via BMP4 signalling pathway.

Our results showed that the expression of TLR4 (Figure 4.20A & B) and cleaved
caspase 3 (Figure 4.20A & E) was significantly blocked in HUVECs transfected with
TLR4 siRNA compared with scrambled siRNA treated with or without LPS. LPS-induced
BMP4 (Figure 4.20A & C) and BMPR1A (Figure 4.20A & D) protein level was similar
in both scrambled siRNA and TLR4-siRNA-transfected cells, indicating that BMP4
signalling pathway is not medicated via TLR4. Paeonol treatment decreased TLR4,
BMP4, BMPR1A and cleaved caspase 3 proteins level in LPS-treated cells transfected
with scrambled siRNA. Silencing of TLR4 completely blocked the inhibitory effects of

paeonol on LPS induced activation of TLR4 (Figure 4.20A & B) and cleaved caspase 3
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(Figure 4.20A & E), suggesting that the anti-apoptotic effect of paeonol is also mediated

through TLR4.
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Figure 4.17: The extents of BMP4 knockdown assessed by Western blotting. BMP4
siRNA (5, 25 or 50 nM) or control siRNA were transfected into HUVECs for (A) 48 and
(B) 72 hours, respectively, before incubation with LPS (1 ug/mL) for 24 hours. Results
are expressed as means + SEM of three separate experiments, *P< 0.05 vs. control BMP4
SiRNA, # P< 0.05 vs. control BMP4 siRNA+ LPS.
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Figure 4.18: The extents of TLR4 knockdown assessed by Western blotting. TLR4
siRNA (5, 25 or 50 nM) or control siRNA were transfected into HUVECs for (A) 24 and
(B) 48 hours, respectively, before incubation with LPS (1 pg/mL) for 24 hours. Results
are expressed as means + SEM of three separate experiments, *P< 0.05 vs. control TLR4
SiIRNA, # P< 0.05 vs. control TLR4 siRNA+ LPS.
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Figure 4.19: Effects of BMP4 knockdown on the paeonol- induced suppression of
pro-inflammatory and apoptotic markers induced by LPS. BMP4 siRNA (50
nM/well) were transfected into HUVECs for 72 hours before 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. BMP4
SiRNA, ¢ P< 0.05 vs. BMP4 siRNA + LPS.
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Figure 4.20: Effects of TLR4 knockdown on the paeonol- induced suppression of
pro-inflammatory and apoptotic markers induced by LPS. TLR4 siRNA (50
nM/well) were transfected into HUVECs for 48 hours before exposed to LPS (1 pg/mL)
and paeonol (1 pM) for 24 hours. Results are means + SEM of four separate experiments;
*P< 0.05 vs. control siRNA, #P< 0.05 vs. siRNA control + LPS, AP< 0.05 vs. TLR4
SIRNA, ¢P< 0.05 vs. TLR4 siRNA + LPS.
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4.3.6 General parameters: Body weight and systolic blood pressure in mice in vivo
Mice exposed to LPS (5, 10, 15 mg/kg), paeonol (10, 15, 20 mg/kg), noggin (0.5
mg/kg/day) and TAK242 (3 mg/kg) for 24 hours had no changes in body weight within

groups (Figure 4.21).

Mice exposed to LPS (15 mg/kg) also demonstrated reduced blood pressure compared
to the control group (86.7 £ 4.9 versus 107.4 + 4.9 mmHg; P<0.05) at the end of 24 hours,
which was alleviated by chronic treatment with paeonol (107.0 + 8.0 mmHg), noggin
(105.7 £ 7.1 mmHg) and TAK242 (102.5 = 7.2 mmHg) (Figure 4.22). Blood pressure of

mice exposed to paeonol only (103.4 + 6.3 mmHg) was similar to control.
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Figure 4.21: Body weight (g) measured in all groups of mice. Results are means +

SEM of seven separate experiments.

134



In vivo

A (O]
e
5
2 -
@ 120
(O]
Dh_ ~—~~
(@) -& Control
o £ ¥ LPS 5 mykg
oM -¢- LPS 10 mg/kg
% g’ 100 % =& LPS 15 mg/kg
- 90
g -
n o 8 16 24
B Hour(s)
O]
) _—
®
7)) 120'
(O]
0O~
© % 110 -8 Control
S E # -8 LPS 15 mg/kg
O =%~ LPS + Paeonol 10mg/kg
m é 1004 =& LPS + Paeonol 15mg/kg
O % =#- LPS + Paeonol 20mg/kg
e
o 90-
2 0 8 6 24
C Hour(s)
(O]
| -
?
@ 120
(O]
| -
e =) 110- -@ Control
8L -e- LPS 15 mg/kg
0 & % %~ LPS + Paeonol 20 mg/kg
M, £ 1004 =& Paeonol 20 mg/kg
o -¢- LPS + Noggin
2—3 % - LPS +TAK242
Z’, 90-
n o 8 16 24
Hour(s)

Figure 4.22: Systolic blood pressure (mmHg) measured in all groups of mice. Results
are means + SEM of seven separate experiments. *P< 0.05 compared with control, #P<

0.05 when compared with LPS.
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4.3.7 Paeonol protected against LPS-induced endothelial dysfunction in vivo

Mice exposed to LPS (5, 10, 15 mg/kg) exhibited attenuated acetylcholine and
UK14304-induced relaxations in a dose-dependent manner, with LPS at 15mg/kg being
the optimum dose to impair the EDR (Figure 4.23). The impairment was reversed by
paeonol co-treatment with paeonol (10, 15, 20 mg/kg) in a dose-dependent manner, with
paeonol at 20 mg/kg being the most effective dose (Figure 4.24). Mice treated with
paeonol only has similar EDR compared to control (Figure 4.24). Meanwhile, co-
treatment with noggin or TAK242 also improved the acetylcholine and UK14304-
induced relaxations (Figure 4.25). Sodium nitroprusside-induced relaxations were

unchanged in all treatment groups (Figure 4.26).

Mice exposed to LPS also demonstrated increased protein levels of BMP4 (Figure

4.27A), TLR4 (Figure 4.27B), cleaved caspase 3 (Figure 4.27C) and iNOS (Figure

4.27D). These effects were reversed by paeonol, noggin and TAK242.
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Figure 4.23: The effect of various doses of LPS (5, 10, 15 mg/kg) in impairment of
acetylcholine and UK14304-induced endothelium-dependent relaxation (EDR) in
C57BL/6J mice. Results are mean £ SEM of six experiments. *P< 0.05 compared with

control.
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Figure 4.24: The effect of various doses of paeonol (10, 15, 20 mg/kg) in acetylcholine
and UK14304-induced endothelium-dependent relaxation impaired by LPS in
C57BL/6J mice. Results are mean + SEM of seven experiments. *P< 0.05 compared with
control, #P< 0.05 when compared with LPS.
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Figure 4.25: The effect of noggin (0.5 mg/kg/day) and TAK242 (3 mg/kg) in
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Figure 4.27: Western blots and quantitative data showing (A) BMP4, (B) TLR4, (C)
cleaved caspase 3 and (D) iNOS protein in all groups of mice. Results are means +
SEM of seven experiments. *P< 0.05 compared with control, #P< 0.05 when compared
with LPS.
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4.3.8 Paeonol decreased ROS in HUVECs and mice

Intracellular ROS formation in HUVECs was markedly increased in LPS treated group
compared to control group (Figure 4.28). Co-treatment with paeonol, SB202190,
SP600125, TAK242, AG, noggin and apocynin normalized the elevated ROS production

in LPS treated group in HUVECs. Paeonol treatment alone is similar to the control group.

Mice exposed to LPS in vivo showed significant increase in ROS formation and
superoxide anion levels in the en face endothelium, as shown by the intensity of DHE
fluorescence staining (Figure 4.29A & B) and LEC (Figure 4.29C). Co-treatment with
paeonol, noggin and TAK242 normalized the LPS-stimulated increase of ROS formation
in mice aorta. The ROS level in the paeonol only group was similar to that observed in
aortae of the control group in mice. The NADPH oxidase inhibitor, DPI (10 mM)

abolished the generation of superoxide anions.
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Figure 4.28: Paeonol reduced superoxide production in HUVECs. (A) Representative
images and (B) summarized results of superoxide production measured by DHE in
HUVECs incubated with LPS (1 pg/mL), paeonol (1 uM), SB202190 (10 puM), SP600125
(10 uM), Aminoguanidine hydrochloride (AG, 100 uM) and Noggin (100 ng/mL) and
apocynin (20 pM). Bar: 100 um. Results are means + SEM of three separate experiments.

*P< 0.05 compared with control, # P< 0.05 compared with LPS.
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Figure 4.29: Paeonol reduced superoxide production in mouse aorta. Representative
images and summarized results of superoxide anion production measured (A & B) in en
face aortic endothelium with DHE and (C) LEC in the aortae mice treated with LPS,
noggin and TAK242 for 24 hours. Red: DHE fluorescence in the nucleus. Green:
autofluorescence of elastin underneath the endothelium. Lower panel, merged. Bar: 100
um. Results are means+ SEM of seven experiments. *P< 0.05 compared with control,

#P< 0.05 when compared with LPS.
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4.3.9 Paeonol reduced NO and cytokines levels in mice treated with LPS
Macrophages will produce nitric oxide when activated by LPS. Nitric oxide can react

with oxygen to produce the stable products nitrate and nitrite, which can be determined

with Griess reagent. As shown in Figure 4.30, paeonol, noggin and TAK?242 suppressed

NO production in serum of mice exposed to LPS as measured by total nitrate/nitrite assay.

To investigate the immunosuppressive role of paeonol on the production of cytokines
in vivo, cytokine levels of IL-6 and TNFo were measured by ELISA. The level of IL-6
(Figure 4.31A) and TNFa (Figure 4.31B) in LPS group increased significantly after LPS
was given compared to those in the control group (P<0.01). Paeonol, noggin and TAK242

significantly reduced IL-6 and TNFa production compared to those in the LPS group.
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Figure 4.30: Paeonol (20 mg/kg), noggin (0.5 mg/kg) and TAK242 (3 mg/kg)
treatment ameliorated serum total nitrite/nitrate level increased by LPS-treated
mice as measured by colorimetric assay kit. Data are expressed as means + SEM of
seven experiments. *P< 0.05 compared to control; #P< 0.05 compared to mice induced
with LPS.
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Figure 4.31: Paeonol (20 mg/kg), noggin (0.5 mg/kg) and TAK?242 (3 mg/kg) reduced
the production of pro-inflammatory cytokines of (A) IL-6 and (B) TNF-a elevated
in blood serum of LPS-induced mice. Data are expressed as means + SEM of six
experiments. *P< 0.05 compared to control; #P< 0.05 compared to mice induced with
LPS.
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4.4  Discussion

Inflammation of endothelial cells leads to endothelial dysfunction and is involved in
the pathogenesis of several cardiovascular diseases such as obesity, diabetes mellitus and
atherosclerosis (Hung et al., 2017). Controlling inflammation at the level of endothelial
cells may efficiently retard or reverse the pathogenetic process (Mako et al., 2010). The
present study examined the anti-inflammatory action and mechanism of paeonol in
reversing LPS-induced apoptosis and endothelial dysfunction. The major finding of the
present study showed that paeonol inhibited LPS-induced apoptosis and endothelial
dysfunction through inhibition of both TLR4 and BMP4 signalling pathway

independently.

During infection, endothelial cells are constantly exposed to mediators such as
bacterial LPS, a highly pro-inflammatory agent and a component of the outer membrane
of gram-negative bacteria (Bannerman & Goldblum, 1999). LPS induces apoptosis by
activating the TLR4/ROS/MAPK-dependent pathway (Bannerman & Goldblum, 2003;
Lee et al., 2012; Zhang et al., 2016). Components of MAPK such as p38 and JNK are
activated in response to environmental stress such as apoptosis, whereas ERK is involved
in growth responses (Frey & Finlay, 1998; Kacimi et al., 2011). During apoptosis,
mitochondrial transmembrane potential is reduced followed by activation of caspase
cascade (Bustamante et al., 2004). The present study demonstrated that paeonol reversed
LPS-induced apoptosis and depolarized MMP in endothelial cells in vitro and in vivo. In
addition, Western blotting analysis shows that paeonol reduces the presence of BMP4
protein as well as several downstream kinases and transcription factors (JNK, p38 MAPK,
INOS, NOX2), and eventually attenuates the increased in cleaved caspase 3 activated by
LPS or BMP4. However, current study showed that paeonol did not reduce H2O>-induced

cell apoptosis, suggesting that the anti-apoptotic effect of paeonol is mainly due to anti-
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inflammatory effect and not the direct consequent of scavenging effect (Bao et al., 2013).
H20.-induced oxidative stress in endothelial cells by increasing intracellular superoxide
levels through NOS and NADPH oxidase (Coyle et al., 2006). Other studies demonstrated
that paeonol reduced the apoptotic activity in cardiac myocytes following myocardial
infarction (Li et al., 2016) and suppressed ox-LDL induced endothelial cell apoptosis via
initiation of the LOX-1/p38 MAPK/NF-kf pathway (Bao et al., 2013). Paeonol and
danshensu combination attenuates apoptosis in rats with myocardial infarct rats by

inhibiting oxidative stress pathway (Li et al., 2016).

One of the prominent feature of inflammatory cardiovascular diseases is endothelial
dysfunction (Didion et al., 2004). LPS-induced TLR4 activation elevates adhesion
molecules expression that recruits leucocytes (Lee et al., 2012) as well as stimulate
NADPH oxidase transcription, leading to elevated oxidative stress and endothelial
dysfunction in arteries (Liang et al., 2013b). LPS activate mononuclear phagocytes
(monocytes and macrophages) to secrete inflammatory cytokines such as TNF-o and IL-
6 (Soromou et al., 2012). TNF-a has a crucial role in endothelial dysfunction in type II
diabetic mice by activating the glycation end (AGE) product/receptor of AGE (RAGE)
and the nuclear NF-kB signaling pathway (Zhang, 2008). Exogenous IL-6 treatment to
C57BL/6J mice caused endothelial dysfunction in aorta through upregulation of
angiotensin Il type 1 receptor (Wassmann et al., 2004). The interaction of TNF-a and IL-
6 impaired endothelium-dependent vasodilation through exacerbation of oxidative
stress that subsequent in impairment in NO-mediated signaling pathway (Lee et al.,
2017). In our model, mice induced with LPS showed a decreased low blood pressure.
This is the effect of LPS-induced low grade inflammation that causes the immune system
reacts by generating inflammatory cytokines, leading to a lowered total peripheral

resistance of the circulatory system (Ehrentraut et al., 2007). Present study also revealed
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that mouse treated with paeonol in vivo showed improvement in endothelial function
followed by normalization of iNOS, cleaved caspase 3 protein levels, ROS and
inflammatory cytokines production increased by LPS. By inhibiting LPS-induced
exaggerated NO production by iINOS, paeonol may additionally restore eNOS activity
and improve endothelial function. Our result is in accordance with previous literature
which stated that INOS-generated NO exerts an inhibitory effect on eNOS and suppresses
guanylate cyclase activity, thus induces endothelial dysfunction (Chauhan et al., 2003).
In addition, our study demonstrated ex vivo co-incubation with indomethacin (COX
inhibitor) did not improve LPS-induced endothelial dysfunction in mouse thoracic aorta
as reported previously (Franchi-Micheli et al., 2000), suggesting that LPS signalling
pathway is not dependent on COX (Wang et al., 2009). The potent vasodilatory effect of
paeonol was also reported via voltage-dependent and receptor-operated Ca?* channel as
well as intracellular Ca?* release inhibition (Li et al., 2010b). Chronic exposure of
paeonol improved vascular reactivity in the cerebral basilar artery of diabetic rats through
the reduction of oxidative stress and intracellular Ca?* regulatory mechanisms (Hu et al.,

2012).

One of the sources of LPS-induced apoptosis in endothelial cells is the NADPH
oxidase derived ROS, especially NOX 1, NOX 2, and NOX 4 (Basuroy et al., 2009; Li et
al., 2007; Quagliaro et al., 2003). Through the regulation of ROS in endothelial cells,
MAPKSs signalling components especially p38 MAPK and JNK/SAPK induce
inflammation and cell apoptosis upon stress stimuli (Griendling et al., 2000; Junttila et
al., 2008). In this study, paeonol reduced LPS and BMP4-induced NOX 2 protein up-
regulation and superoxide production. These effects of paeonol are comparable to the
effect of apocynin, which suggests that paeonol reduced apoptosis by scavenging free

radicals, a consequences of its inhibitory effect on TLR4 and BMP4. Earlier performed
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studies have also supported the potency of paeonol as a scavenger of different free
radicals observed in several biological models (Ding et al., 2016; Liu et al., 2013;
Matsuda et al., 2001). Previous literature showed that paeonol reduced oxidative stress,
inflammation, and fibrosis in the lungs induced by bleomycin in vivo and the suppression
of the TGF-B1-induced fibrotic responses in vitro through inhibition of MAPKs/ SMAD3

signalling (Liu et al., 2017).

BMP4 can be stimulated during oscillatory shear stress in endothelial cells (Sorescu et
al., 2003). BMP4 also induce local pro-inflammatory responses and is expressed
abundantly in the myocardial tissue and aortae in obese mice (Wu et al., 2015). Current
result revealed that LPS-induced apoptosis and endothelial dysfunction is mediated
through BMP4 in endothelial cells and mouse aorta based on the following observations:
(@) LPS-induced up-regulation of BMP4 and BMPR1A was inhibited by noggin, (b)
inhibition of BMP4 reduced LPS-induced inflammation and apoptosis; and (c) co-
treatment with noggin improved acetylcholine and UKZ14304-induced relaxations
following LPS treatment ex vivo and in vivo. In addition, silencing of BMP4 does not
affect the LPS-induced upregulation of TLR4. Similarly, silencing of TLR4 inhibited
LPS-induced apoptosis without affecting the LPS-induced augmentation of BMP4. This
suggest that LPS mediated BMP4 up-regulation is independent of TLR4. Silencing of
BMP4 and TLR4 abolished the effects of paeonol on LPS-induced up-regulation of
cleaved caspase 3, which confirmed that paeonol protect endothelial cells against LPS-

induced inflammation and apoptosis through BMP4 and TLR4 signalling independently.

4.5 Conclusion

In conclusion, paeonol reduced LPS-induced apoptosis and endothelial dysfunction by

inhibiting independently both BMP4 and TLR4, subsequently reducing ROS and iNOS-
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induced NO production as well as improving eNOS activity (Figure 4.32). The present
findings provide a potential therapeutic use of paeonol to improve endothelial function
during inflammation-related diseases by pharmacological modulation of either BMP4 or

TLR4 activation.
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Figure 4.32: Diagram showing that paeonol treatment alleviates LPS-induced

apoptosis and endothelial dysfunction via the TLR4 and BMP4 signalling pathways.

The response to LPS is mediated via BMP4 activation independently of TLR4. LPS,

lipopolysaccharides; BMP4, bone morphogenic protein 4; BMPR1A, bone

morphogenetic protein receptor type 1A; ROS, reactive oxygen species; MAPK, mitogen-

activated protein kinases; iINOS, inducible nitric oxide synthase; eNOS, endothelial nitric

oxide synthase.
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CHAPTER 5: GENERAL CONCLUSION

ER stress and inflammation have been associated with augmentation of ROS and
reduced NO bioavailability, leading to attenuation of EDR in blood vessels. The present
study highlights the pharmacological effects of paeonol against ER stress and

inflammation-induced endothelial dysfunction.

The first part of the study focused on the effects of paeonol against endothelial
dysfunction induced by ER stress. Induction of ER stress by tunicamycin attenuated EDR
in mouse aortas, leading to ROS over-production, and diminished NO production in the
endothelial cells. Paeonol restored the impaired EDR ex vivo and in vivo through
inhibition of ER stress in C57BL/6J and PPARS WT mouse aorta, but not in PPARS KO
mouse aorta. Treatment with PPARS antagonist, GSK0660 and AMPK antagonist,
compound C abolished the protective effects of paeonol in HUVECs and C57BL/6J
mouse aorta. Chronic treatment of paeonol reduced the elevated blood pressure induced
by tunicamycin through a ROS-dependent mechanism; this is confirmed with the use of
pharmacological ROS scavenger, tempol which prevented tunicamycin-induced up-
regulation of ROS. These findings propose that paeonol protects against tunicamycin-
induced endothelial dysfunction in mice via activation of AMPK/PPARS pathway, thus

inhibit ER stress and oxidative stress as well as augment NO bioavailability.

The second part of the study focused on the effects of paeonol against LPS-induced
apoptosis and endothelial dysfunction. Exposure of HUVECs and C57BL/6J mouse aorta
to LPS resulted in increased apoptosis and inflammatory markers, thus leading to
impairment of EDR. We observed that paeonol reduced the TLR4 and BMP4 proteins

increased by LPS exposure in HUVECs and mouse aortas. We demonstrated that in
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addition of blocking TLR4 pathway, paeonol also reversed LPS induced-endothelial
dysfunction and apoptosis by inhibiting BMP4 pathway. Our study demonstrated that
silencing of TLR4 didn’t affect the inhibitory effect of paeonol on BMP4 signalling
pathway upon the exposure of LPS, suggesting that paeonol works against these two
pathways independently. The current findings imply that paeonol reduces LPS-induced
endothelial dysfunction and cell apoptosis by inhibiting BMP4 signalling independent of

TLRA.

To summarize, the present investigation demonstrated the protective
effects of paeonol in improving endothelial function via several mechanism including
activation of AMPK/PPARGS to inhibit ER stress as well as inhibition of BMP4 and TLR4
signalling pathways to reduce vascular inflammation. These pharmacological actions of
paeonol collectively reverse the imbalanced productions between ROS and NO, and
improve the EDR. The present results further support the potential use of paeonol as a
natural and effective antioxidant and anti-inflammatory agent which may protect against

endothelial dysfunction associated with ER stress and inflammation.

Although the present study supports an endothelial protective effect of paeonol against
ER stress and inflammation-induced endothelial dysfunction, there are several
considerations which need to be further researched. Firstly, the effect of paeonol
treatment in improving EDR may not reflect the overall effects of its treatment, as
endothelium-dependant contraction may also play a role in the control of vascular tone.
Further studies involving endothelial-dependent contractions should be incorporated to
provide better understanding on the role of paeonol in improving the endothelial function.
Effects of paeonol on other vascular modalities such as arterial stiffness, endothelial

permeability or blood flow may similarly affect endothelial function and thus should be
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investigated in future studies. Secondly, cells in our in vitro study are grown in monolayer
with controlled environment and are devoid of influence of other cells in the proximity
such as the absent of biological interactions between endothelial and vascular smooth
muscle cells. These may not mimic the anatomical structure in the blood vessels which
consists of various layers of cells. Therefore, the potential endothelial protective effect of
paeonol could be further explore in 3D co-culture in vitro model using isolated primary
endothelial cells and vascular smooth muscle cells from blood vessel of patients with
other disease model such as diabetes mellitus or obesity which are also associated with
altered vascular function. Thirdly, paeonol absorption, distribution and toxicity in whole
animals in vivo are much lacking. To address this, pharmacokinetic and
pharmacodynamics effect of paeonol during in vivo study should be performed further to
enhance the discovery and development of paeonol as the potential therapeutic agent. In
addition, further study should investigate the effects of other possible mechanism to
support the potential of paeonol as a multi-target drug, including other mechanism such
as autophagy and calcium signalling pathways. Finally, the synergistic effects of paeonol
in combination with current drugs for cardiovascular disease related to ER stress and

inflammation remains to be investigated.
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