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ABSTRACT
OF THE THESIS OF

Baraa Omar Hamze for Master of Science
Major: Pharmacology and Therapeutics

Title: Multi-Target Directed Ligands (MTDLs) with Anti-inflammatory Activity
Improve Lipid-induced Endothelial Dysfunction

Introduction

The World Health Organization estimates that Cardiovascular diseases (CVDs) are
responsible for 17.9 million lives per year. Inflammation plays a major role in the
pathology of atherosclerosis, a major component of CVDs. Of special interest,
metabolic disorders, like obesity, insulin resistance, type 2 diabetes, are associated with
a chronic state of low-grade inflammation predisposing to CVDs. Lipid disorders in
these conditions trigger an immunoinflammatory response in medium-sized and large
arteries predisposing to atherosclerosis. Evidence show that endothelial dysfunction
(ED) is one of the early events in the pathogenesis of atherosclerotic progression.
Previous studies show that the Free fatty acids (FFASs) are major risk factors of CVDs
and are closely related to metabolic syndrome (MetS). Recent observation implicated
FFAs in inducing vascular inflammation via a number of intertwining pathways
possibly leading to ED.

Hypothesis

Vascular exposure to high FFA levels will induce ED through the activation of multiple
inflammatory pathways. Simultaneous interruption of these pathways using multi-target
directed ligands (MTDLs) will improve endothelial function.

Results

ED was studied in rat thoracic aortic tings resulting from ex vivo exposure to increased
concentrations of saturated fatty acids (800 uM palmitic acid). Only treatment with anti-
inflammatory triple targeting MTDLs affecting cyclooxygenase, lipoxygenase, and
PPARY restored endothelium-dependent relaxation. Whereas the impact of the triple
targeting MTDL appeared to be similar to the single targeting pioglitazone in acute ex
vivo exposure, it was more effective on aortic tissues isolated from prediabetic rats with
chronic vascular inflammation. Importantly, treatment with the triple targeting MTDL
restored inward rectifier potassium channel expression in tissues exposed to palmitic
acid.

Conclusions

Ex vivo pretreatment with MTDLs will prevent the inflammatory response and reverse
the functional Impairment.
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CHAPTER I

INTRODUCTION

A. Cardiovascular Diseases
1. Definition

Cardiovascular diseases (CVDs) are a combination of disorders of blood vessels
and the heart, comprising peripheral arterial disease, coronary heart disease,
cerebrovascular disease, rheumatic heart disease, congenital heart disease, and deep
vein thrombosis, and pulmonary embolism (Vos et al., 2020). CVDs are a major cause
of premature mortality and elevated healthcare costs (Mensah et al., 2019). Plenty of
evidence showed that atherosclerosis is a common occurrence in CVDs patients.
Moreover, many studies reported that endothelial dysfunction (ED) is a major

contributor to the pathogenesis of atherosclerotic progression (Dd et al., 2015).

2. Global Prevalence and Concern

According to World Health Organization (WHO), CVDs caused a predestined
17.8 million deaths globally, congruous to 330 million years of life lost and another
35.6 million years within life disability. Approximately 80% of worldwide CVD deaths
are presented in low- and middle-income countries, where CVDs and risk factor burden
are elevated as a consequence of an ongoing epidemiological transition (Fuster,
2014);(Mensah et al., 2014). Atherosclerotic cardiovascular disease (ASCVD) is still
an important cause of premature death in Europe, and more than 80% of all CVD

mortality appearing in developing countries (Van Camp, 2014).



Literature examining CVDs in Lebanon is scarce emphasizing the need for accurate

baseline data (Deek et al., 2015).

3. Atherosclerosis

Atherosclerosis is an inflammatory disease that lies at the root of CVDs
(Frostegard, 2005). It constitutes a multifocal, immunoinflammatory disease of
medium-size and large arteries containing high lipids amount. Endothelial cells (ECs),
leukocytes, and intimal smooth muscle cells are the main contributors in the progression
of the disease (Falk, 2006);(Frostegard, 2013). Furthermore, in atherosclerosis, the main
lesions are characterized by the deposition of lipids in artery parts with smooth muscle
cell and fibrous matrix proliferation, which gradually develop into atherosclerotic
plaque formation. Significantly, inflammation is implicated in all stages of the
atherosclerotic process (Ross, 1999),(Libby et al., 2011). Particularly, in the early stages
of atherosclerosis, the main etiology of endothelial injury is accompanied by flow-
mediated inflammatory changes in ECs (Tabas et al., 2015).

When the activation of ECs occurs, several inflammatory factors become
involved in the attraction of lymphocytes and monocytes that attach to the endothelium
and infiltrate the arterial wall (Chistiakov et al., 2018). Besides, low-density lipoprotein
(LDL) is turned into oxidized LDL (oxLDL), which then accumulates in the internal
wall of vessels leading to the development of atherosclerotic plaque. Moreover, foam
cells will be formed by the differentiation of monocytes to macrophages, which in turn
engulf oxLDL deposits (Pirillo et al., 2013). On the other hand, the late stages of
atherosclerosis are characterized by a large number of macrophages and other

inflammatory cytokines infiltrating the vessel wall that lead to matrix



metalloproteinases (MMPs) activation and degradation of collagen fibers in the
extracellular matrix of the plaque. Consequently, plaque rupture, bleeding, and

thrombosis ensues (Libby, 2001; Y. Liu et al., 2008).

B. Physiology of Endothelium

1. Biology of Endothelium

The vascular endothelium is a continuous single layer of endothelial cells lining
the inner surface of the blood vessels (Sato, 2001), between flowing blood and vascular
smooth muscle cells (VSMCs) (Lai & Kan, 2015). Indeed, the endothelium regulates
the vascular permeability, vascular tone, macromolecular transport, coagulation,
inflammation, and structure of the vascular wall. A large body of research shows that
ECs play a critical role in the conservation of vascular relaxation and constriction by
several factors that contribute to the vascular function (Aird, 2003); (Boffa &

Karmochkine, 2016).

2. Endothelium-dependent Relaxation

Nitric oxide (NO) and endothelium-dependent hyperpolarization (EDH) are two
important mechanisms by which the endothelium regulates arterial diameter, pressure,
and blood flow. These two pathways mediate endothelium-dependent vasodilation

(Vanhoutte et al., 2017).

a. Nitric oxide (NO)

Nitric oxide is the main endothelium regulator for vascular relaxation. NO is

synthesized from L-arginine, through the endothelial nitric oxide synthase (eNOS)



producing L-citrulline as a side product. In addition, this biosynthesis requires many co-
factors, such as tetrahydrobiopterin (BH4), flavin adenine dinucleotide (FAD),
nicotinamide adenine dinucleotide phosphate (NADPH), calmodulin, and flavin
mononucleotide (FMN) (Vallance & Chan, 2001). Following its production, NO
diffuses across the ECs membranes and penetrates into VSMCs where it stimulates
guanylate cyclase (GC) resulting in the increase of the intracellular cyclic guanosine-
3',5-monophosphate (cGMP), as a second messenger, that mediates the biological

actions of NO, mainly the vascular tone control (Deanfield John E. et al., 2007).

b. Endothelium-dependent Hyperpolarization (EDH)

The stimulation of ECs by shear stress or an agonist results in releasing
vasoactive mediators like NO, as well as electrical coupling between endothelial cells
and smooth muscle cells via myoendothelial gap junctions (MEGJs). Specifically,
following the stimulation, intracellular calcium concentrations rise producing
endothelial hyperpolarization through the opening of small (SKCa) and intermediate
conductance (IKCa) Ca2+-activated K+ channels (Murphy & Sandow, 2019);(Fleming,
2016);(Coleman et al., 2017). Afterwards, the hyperpolarization spreads to adjacent
smooth muscle cells via MEGJs resulting in recruiting Na+/K+ATPase and/or inwardly
rectifying potassium (Kir) channels. This hyperpolarization diminishes the open
probability of voltage-dependent Ca2+ channels to reduce Ca2+ influx resulting in
relaxation (Edwards et al., 1998). Studies showed that the knockout of Kir2.1 channel
or the inhibition of Kir channels by BaCl. reduced the response to endothelium-
dependent vasodilators in rat mesenteric arteries. Thus, Kir channels, regarded as ‘end-

stage amplifiers’ of EDH (Sonkusare et al., 2016), (Johnson et al., 1998).
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3. Endothelial dysfunction (Pathogenesis and mechanisms)

Endothelial dysfunction (ED) is a significant contributor to the pathogenesis and
clinical manifestation of atherosclerotic vascular disease. ED is the inability of ECs to
maintain the vascular homeostasis and balance between the vasodilation and
vasoconstriction mediators. The reduction of NO is a main hallmark of ED (Cahill &
Redmond, 2016);(lantorno et al., 2014);(Virdis, 2016);(Hadi et al., 2005);(Donato et al.,

2015).

a. Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) are groups of molecules comprising molecular
oxygen and their derivatives obtained from all aerobic cells. ROS overproduction is
involved in the oxidation of biological macromolecules, like, carbohydrates, lipids,
DNA, and protein. One of the pivotal mechanisms that result in ED is through an
increase of superoxide anion (0%) level. Superoxide is produced by several oxidative
enzyme systems like NADPH oxidase, myeloperoxidases (MPO), xanthine oxidase
(X0), lipoxygenases (LOX), cyclooxygenases (COX), cytochrome P450
monooxygenase, and peroxidases. (Hamilton Carlene A. et al., 2001);(Avogaro & de
Kreutzenberg, 2005).

The elevation of ROS production suppresses the expression and function of
eNOS. Morover , ROS scavenge NO, resulting in the formation of peroxynitrite
(ONOO-). ONOO- oxidizes proteins, DNA, and lipids and interferes with vascular
signaling pathways. Hence, the increased ROS levels and subsequent ONOO— formation

reduce the bioavailability of NO and cause ED (Farrow et al., 2008; Hubel, 1999).
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Moreover, eNOS uncoupling is an alternative way that leads to O%" synthesis
instead of NO production, where the cofactor tetrahydrobiopterin (BH4) is insufficient,

resulting in decreasing in NO production (Eskurza et al., 2005);(Wever et al., 1997).

b. Insulin Resistance

Insulin resistance is related to the diminished ability of insulin to promote
glucose uptake in skeletal muscle and adipose tissues and to repress hepatic glucose
output (Reaven, 1988). Insulin signaling proceeds via two main pathways that mediate
hemodynamic and metabolic effects, namely P1-3K and the Ras—mitogen-activated
protein kinase (MAPK) pathways. Both pathways also participate in the regulation of
gene expression, cell growth, and differentiation (Avruch, 1998). Under normal
conditions, insulin stimulates NO production in endothelial cells through the activation
of NOS via the P1-3K pathway. Besides, in the case of insulin resistance (IR), this
pathway is impaired, and the production of NO is decreased, (Kim Jeong-a et al., 2006).
Also, the insulin resistance shifts the balance into mitogen-activated protein
kinase/extracellular signal-regulated kinase (MAPK/ERK), which mediates
vasoconstriction, inflammation, and vascular smooth muscle cell proliferation (Hsueh &
Quifiones, 2003).

Specifically, the MAPK pathway is activated by insulin, resulting in cytosolic
growth factor receptor-bound protein 2 (Grb2) attached to the plasma membrane. Grb2
interacts with IRS by Src homology and collagen protein (Shc). Besides, Grb2 is also
associated with a proline-rich domain of the son of sevenless (SOS), which is the
guanyl nucleotide exchange factor. This process triggers the transformation of inactive

GDP-bound Ras to an active form of GTP-bound Ras(Taniguchi et al., 2006). The
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active Ras stimulates serine/threonine kinase Raf, which phosphorylates and activates
MEKZ1/2. By turn, the MEK1/2 phosphorylate ERK, an element of the MAPK signaling
enzymes(Manna & Stocco, 2011). The MAPK pathway is related to endothelial cells
secretion of endothelin one ET-1, a potent vasoconstrictor agent(Sarafidis & Bakris,

2007).

c. The role of inflammation in endothelium and vascular dysfunction.

Inflammation is a major contributing factor for many complex diseases. Obesity,
type 2 diabetes, insulin resistance, and their relevant cardiovascular complications are
believed to be triggered by a chronic state of inflammation. Arachidonic acid (AA)
metabolites have a big role in mediating inflammation besides their homeostatic
function. The metabolism of AA is basically mediated by two key enzymes:
lipoxygenase (LOX) and cyclooxygenase (COX) (Hotamisligil, 2006). LOX enzyme
system catalyzes the dioxygenation of linoleic acid, polyunsaturated fatty acids (PUFA),
and AA producing different oxygenated lipid mediators (Mashima & Okuyama, 2015).
While, COX enzyme (COX-1 or COX-2) processing of AA leads to the generation of a
number of metabolites known as prostanoids including prostaglandin E2 (PGE2),
prostaglandin F2a (PGF2a), prostaglandin E2 (PGE2), prostaglandin D2 (PGD2),
prostacyclin (PGI2), and thromboxane A2 (TxA2) (Schauberger et al., 2016).

The LOX family includes 5-, 8-, platelet type 12(S)-, epidermal-type 12(R)-, and
15-LOXs, depending on the position of the carbon in the AA chain on which a
hydroxyperoxy- moiety is added. Several studies demonstrate the involvement of 12/15-
LOX enzyme in the phenotypic alterations of the endothelial layer beneath

inflammatory conditions, which is characterized by a perturbation of endothelial barrier
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function and enhanced interaction with leucocytes (Pober & Sessa, 2007), 15-LOX is
classified into two isoforms 15-LOX-1 and 15-LOX-2, respectively (Kuhn et al., 2002)
that produce 15-HPETE upon AA metabolism.

Furthermore, 15-LOX-1 additionally metabolizes ®-3 and m-6 PUFA from food,
such as docosahexaenoic acid (DHA) and linoleic acid, thus forming 17-HPDHA and
13-hydroxyoctadecadienoic acid (13-HODE), respectively (Schneider & Pozzi, 2011).
Plenty of evidence showed that the main 15-LOX metabolite, 15-(S)HETE, is
implicated in HFD-induced endothelial tight junction disruption via Src and Pyk2-
induced zonula occludens-2 tyrosine phosphorylation and its detachment from the tight
junction complexes (Kundumani-Sridharan et al., 2013). Also, 15-(S)HETE induced the
opening of the tight junction through PKCe-dependent zonula occludens-1
phosphorylation (Chattopadhyay et al., 2014). Several studies shown that the 15-LOX
and its corresponding metabolites play a major role in the pathogenesis of
atherosclerosis. Furthermore, animal studies demonstrated that 12/15-LOX is
responsible for the oxidative modification of low-density lipoproteins (LDL) (Cd & T,
2001). Studies consistently demonstrated that 15-LOX enzyme mediates the oxidation
of LDL in human atherosclerotic lesions (Folcik et al., 1995). Besides, the lipoxygenase
product of linoleic acid, 13-hydroperoxyoctadecadienoic acid (13-HPODE), contributed
to the progression of atherosclerosis via activation of signaling pathways that enhanced
transcription of genes involved in VSMCs inflammation (Natarajan et al., 2001).

Another inflammatory pathway involved in ED is the prostanoid synthesis
through the two isoforms of the COX enzyme, COX-1 and COX-2. However, COX-1
and COX-2 exhibit different tissue distribution and regulation mechanisms, which is

reflected on the biological and pharmacological level (Smith et al., 2000). On the one
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hand, COX-1 is the major source of prostanoids that have homeostatic functions and are
constitutively expressed in most tissues. On the other hand, COX-2 is an inducible
isoform responsible for the elevated production of prostanoids in inflammatory
conditions (Harris et al., 2002),(Ricciotti & FitzGerald, 2011). According to the
Diabetes Heart Study, increased levels of COX-2 mRNA expression were found in
atherosclerotic plaques of patients with type 2 diabetes (Baldan et al., 2014). In
addition, COX-2 was highly expressed in arteries of HFD-induced metabolically obese
and normal weight rabbits and contributed to the pathogenesis of atherosclerotic lesions
in the aortas of apoE-/- mice, partly through upregulating endothelial adhesion
molecules, consequently facilitating monocyte and leukocytes recruitment (Jacob et al.,
2008). Cellular adhesion molecules are expressed on the vascular endothelium and
circulating leukocytes in response to several inflammatory stimuli. Three main families
of adhesion molecules are involved in the development or progression of
atherosclerosis, Selectins and their ligands (L-selectin, E-selectin, and P-selectin),
Immunoglobin-like molecules (intercellular adhesion molecules (ICAM-1, ICAM-2)),
and Integrins (beta 1and beta 2);(Hafezi-Moghadam et al., 2001; Leeuwenberg et al.,
1992; Springer, 1990).

Plenty of evidence demonstrated that the peroxisome Proliferator-Activated
Receptors (PPARS) play a main role in the regulation of inflammatory pathways in
several organ systems. (PPARS) are members of the nuclear hormone receptor
superfamily of ligand-activated transcription factors that are involved in the regulation
of various genes participating in cellular metabolism, proliferation, and function (Marx
et al., 2004). Moreover, PPARY drives the alternative activation of macrophages in

inflammatory diseases resulting in an anti-inflammatory response. Indeed, the

15



polarization of macrophage into either a proinflammatory (M1) macrophages producing
IFN-y and IL-12 or the alternative anti-inflammatory (M2) macrophages producing IL-
10 dictates the outcome of the inflammation response (Chinetti et al., 1998),(Tokutome
et al., 2019). Importantly, PPARY activation suppressed the expression of IFN-f in
activated macrophages (Weber et al., 2018). The perturbation of endothelial PPARYy
activity resulted in increased oxidative stress, promoted the pro-inflammatory
phenotype, and enhanced the progression of atherosclerosis (De Silva et al., 2018).
Evidence showed that the protective effects of PPARy on endothelial cells against IL-
1B-mediated dysfunction proceeds by the reduction of oxidative stress (Mukohda et al.,
2016). Besides, PPARy agonism reduced endothelial NF-xB signaling and production
of TNF-a involved in the monocyte-endothelial cell adhesion (Lim et al., 2015). In
addition, ligands of PPARYy lowered the expression of iNOS, IL-6 and TNF-a, thus
resulting in the reduction of inflammation associated with atherosclerosis (Ricote et al.,

1998).

C. Free Fatty Acids

Free fatty acids (FFAS), or non-esterified fatty acids (NEFAS), are CVDs risk
factors (Egan et al., 2001), and are tightly related to metabolic syndrome (MetS) and its
complications, such as type 2 diabetes mellitus (T2DM) , and obesity (Boden, 2008).
Recent studies indicated that not only are FFAs main causes of insulin resistance
(Capurso & Capurso, 2012), but also are responsible for inflammatory events in the
tissues targeted by insulin, such as ECs, liver and skeletal muscle (Haus et al., 2010).
Therefore, increasing FFAs in blood could be considered as an important link between

insulin resistance, inflammation, obesity, T2DM, hypertension (HTN) and
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atherosclerosis (Egan et al., 2001). Besides, long-term exposure to western-like diets
that contain high amounts of FFAs elicit detrimental effects on endothelial function
(Dow et al., 2015).

Several studies examining HFD-induced ED in rats showed that the impairment
of endothelium-dependent relaxation was worsened with the elevation of plasma FFAs

levels (Garcia-Prieto et al., 2015).

1. Structures and classifications

Fatty acids (FASs) basically are carboxylic acids with long aliphatic chains
including a methyl group at one end and a carboxylic group at the other end. According
to the existing of double bonds, FAs are classified into saturated fatty acids (SFAS)
without double bonds, monounsaturated fatty acids (MUFAS) contain only one double
bond and polyunsaturated fatty acids or (PUFASs) have two or more double bonds
(Thijssen & Mensink, 2005). SFAs are mainly obtained from dairy products, palm oils,
coconut and animal, while unsaturated FAs (UFASs) like MUFAs and PUFAs are in
olive oil, nuts, also can be found in some fatty fish (Vadivel et al., 2012). Fatty acids are
categorized into three groups according to their chain lengths: short, medium and long-
chain fatty acids, (SCFAs, MCFAs, and LCFAs, respectively). SCFAs contain no more
than 6 carbons, whereas MCFAs contain 6-12 carbons, and LCFAs hold higher than 12

carbons (Miyamoto et al., 2016).

2. Free Fatty Acids role in the vascular and Endothelial dysfunction

Dyslipidemia is associated with vascular endothelial dysfunction and has been

suggested as a contributing factor in the pathogenesis of atherosclerosis. Free fatty acids
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(FFAs) are produced through the metabolism of triglycerides and investigations
reported that FFAs inhibited insulin-induced NO production resulting in impaired
vasodilation (Steinberg et al., 2000). In addition, dyslipidemia directly impairs
endothelial function by activating the production of endogenous Asymmetric
dimethylarginine (ADMA) involved in antagonizing NO synthesis by competition with
L-arginine (Lundman et al., 2001). Furthermore, clinical studies reported a diminished
release of endothelial NO in obese patients presenting with high plasma levels of
ADMA (Siervo et al., 2011),(Siervo & Bluck, 2012). Plenty of studies showed that
FFAs affect the NO production and bioavailability by impairing P13-K/PKB/eNOS
route in endothelial cells (Wang et al., 2006),(C.-H. Lee et al., 2014). Moreover,
induction of iINOS production and pro-inflammatory markers in response to FFA, has
been reported to deteriorate NO system resulting in ED (Kim et al., 2005),(Kim et al.,
2007). Consequently, a FFAs overload in ECs contributed to eNOS uncoupling by
altering calcium-induced eNOS activation resulting in a decreased NO production
(Esenabhalu et al., 2003). Furthermore, a human study provided evidence on the
impairment of NO-independent vasodilation resulting from the infusion of FFAs,
mainly through Kir channels suppression, and reduced EDH responses (de
Kreutzenberg et al., 2003).

Several studies reported that FFAs induce cellular damage through the activation
of various inflammatory pathways. Specifically, in the target tissues, FFAs demonstrate
direct upregulation of inflammatory genes basically through activation of Toll-like
receptor (TLR) 4 (TLR4/NF-kB) or (IKKB/NF-kB), and NLRP3 inflammasome (K. Liu
etal., 2012). FFAs produce IL-1p through the action on the NLRP3 inflammasome,

which is mediated by the FFA-induced inactivation of AMPKa resulting in insulin
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pathway interruption and reduction of NO production (Yuan et al., 2020). Besides, in
vivo and ex vivo investigation showed that FFA-mediated eNOS inhibition in rat aortas
occurred through the activation of PKC and IkB-a/NF-«kB inflammatory pathways (Li et
al., 2011). Evidence showed that FFAs induced the expression of the enzymes of the
arachidonic acid pathway, cyclooxygenases (COXs), and lipoxygenases (LOXs) (Serna-
Marquez et al., 2012),(Kadotani et al., 2009). Specifically, palmitic acid-induced NF-
kB-dependent COX-2 activation triggering oxidative stress in endothelial cells and
impairing endothelium-dependent relaxation (Z. Gao et al., 2014). According to
previous evidence, the activation of NF- kB, and induction of COX-2 expression was
mediated mainly by Toll-like receptor 4 (TLR-4)(H. Shi et al., 2006),(J. Y. Lee et al.,

2001).

D. Early Metabolic Impairment Endothelial Dysfunction
Endothelial dysfunction (ED) associated with vascular perturbation, is

considered an early independent predictor of ASCVD (Sitia et al., 2010). The risk of
ASCVD extends to prediabetic patients, which manifests worse cardiovascular
outcomes compared with healthy individuals, and is not only restricted to patients who
have hyperglycemia (Giraldez-Garcia et al., 2015). Several studies suggested different
mechanisms that link ED to type Il diabetes, such as oxidative stress, impaired insulin
signaling, proinflammatory signaling, and the direct hyperglycemia effect (Roberts &
Porter, 2013). Therefore, research interest in identifying the onset of ED and the
underlying pathological mechanisms early in the development of diabetes has elevated

significantly, especially in the prediabetic stage.
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Previous studies have been shown that hypercholesterolemia impairs Kir
channel function and reduces EDH (Fancher et al., n.d.; Sancho et al., 2019). Our
laboratory investigated the effect of blood lipid reduction in high-calorie fed (HC-fed)
rats on ACh-mediated relaxation in general and the BaCl2-sensitive component in
particular. After, a four-week treatment with atorvastatin as a lipid lowering agent, the
prediabetic fed rats demonstrated a normalized ACh-mediated relaxation without
affecting body weight, blood glucose, or serum insulin levels. This improvement was
associated with a restoration of the Kir channel expression levels and the inhibitory
effect of BaCl2 on the Ach-mediated relaxation in aortic rings in a pattern analogous to
that observed in rings from control rats. Besides, a further indication of the restoration
of Kir channel function was indicated by the elevation of diazoxide-mediated relaxation
in atorvastatin treated HC-fed rat aortic rings compared with their non-treated

counterparts (R. Alaaeddine et al., 2019).

E. Drug Interventions

Plenty of evidence demonstrated the involvement of inflammation as an
underlying mechanism for FFA-induced ED (Ghosh et al., 2017). Within this context,
inflammation arises as a major predisposing factor for multiple complex diseases.
Particularly, metabolic disorders, such as insulin resistance, type 2 diabetes, obesity,
and their corresponding cardiovascular complications, are considered to be driven by a
chronic inflammatory state (Hotamisligil, 2006). The multifaceted nature of these

diseases requires intervention via targeting multiple underlying inflammatory pathways.
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1. Celecoxib

Celecoxib is a nonsteroidal anti-inflammatory drug (NSAID) that selectively
inhibits the COX-2 enzyme. Celecoxib is used to relieve pain and inflammation-related
diseases (S. Shi & Klotz, 2008),(F et al., 2016). Several lines of evidence support a
possible beneficial effect of COX-2 blockade in the context of atherosclerotic vascular
dysfunction in metabolic disorders. Selective COX-2 inhibition resulted in an
antiatherogenic effect in apoE-deficient mice, where coxibs delayed progression to
advanced stages (Metzner et al., 2007, p. 2). Furthermore, a study in a HFD-fed rodent
model showed that the use of celecoxib led to an attenuation of adipose tissue
infiltration and inflammation, and reduction of insulin resistance indices (Hsieh et al.,

2009; Lu et al., 2016).

2. Pioglitazone

Pioglitazone is a thiazolidinedione antidiabetic drug used for the treatment of
type 2 diabetes mellitus. Thiazolidinediones are strong synthetic peroxisome
proliferator-activated receptor (PPARY) agonists (J. Berger & Moller, 2002).
Furthermore, pioglitazone reduces insulin resistance in the liver and periphery, resulting
in increasing insulin-dependent glucose disposal and reducing hepatic glucose output.
Besides, in animal models of diabetes, pioglitazone reduced the hyperinsulinemia,
hyperglycemia, and hypertriglyceridemia characteristic of insulin-resistant states like
type 2 diabetes (Russo et al., 2003). A study showed that the administration of
pioglitazone in HFD-fed Apo-E-deficient mice reduced atherosclerotic plaque area and
the number of complicated plaques through the RAGE signaling pathway inhibition (H.

Gao et al., 2017). In addition, pioglitazone administration in a non-obese prediabetic rat
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model devoid of systemic inflammation leading to ameliorate PVAT inflammation and

vascular dysfunction (R. Alaaeddine et al., 2019).

3. Multi-target Directed Ligands (MTDLS)

This pharmacological approach provided new strategies for the effective
combination of novel compounds for the treatment of multifactorial and complex
diseases (W.-Y. Lee et al., 2019). Furthermore, Poly-pharmacology is described as a
phenomenon of modulating multiple biomolecular targets using a single agent acting on
multiple targets of a specific pathway of a disease, or a single entity modulating
different targets linked to multiple disease pathways. Besides, several drugs possess a
multi-targeting function and represent the polypharmacological approach regardless of
not being designed for this purpose, such as Aspirin, which is an analgesic, anti-
inflammatory, and antipyretic medication (Reddy & Zhang, 2013). According to
PubMed and SCOPUS, the term “multi-target directed ligands” (MTDLs) was
introduced in 2007 by Bolognesi et al. by reporting some quinone-bearing polyamines
for Alzheimer’s disease treatment (Bolognesi et al., 2007),(Metz & Hajduk, 2010).
MTDLs, according to the pharmaceutical chemistry viewpoint, are multi-target ligands
designed to play role in modulating multiple and related targets of a specific pathway of
a disease or distinct targets involve in highly networked disorders. Moreover, the novel
target combinations can lead to synergistic (targets found in the complementary
pathway), additive (targets are placed into common pathway), or beneficial (like
avoiding resistance to a drug) effects. Interestingly, the partial inhibition of a specific
number of targets could be more promising than the total inhibition of one single target,

especially in complex and multifactorial diseases. Besides, the estimation of the activity
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profile of target ligands is obtained by computational approaches like bioinformatics
and statistical data analysis, structure-based (docking) and ligand-based
(pharmacophore) approaches (Rastelli & Pinzi, 2015).

To investigate effective multi-targeting drug ligands (MTDLSs) to address
metabolic disorders that are characterized by multifaceted inflammatory nature, an
approach of hybrid pharmacophore was adopted to design and synthesize the first-in-
class MTDLs as potential simultaneous COX-2/15-LOX inhibitors and/or PPARy
agonists. Given the important role of COX and 15-LOX enzymes in normal
physiological conditions, MTDLs were designed to target particularly the isoforms that
are involved in chronic inflammatory pathways, COX-2 and 15-LOX-1, while
preserving the function of other isoenzymes presenting more protective roles, such as
COX-1 and 15-LOX-2. In addition, the targeting of PPARy in drug design was intended
to supply an effective approach for targeting the complexity of metabolic diseases'

nature.
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CHAPTER I
HYPOTHESIS AND AIMS OF THE STUDY

Vascular exposure to high FFA levels in the context of early phases of
atherosclerosis will induce ED through the activation of multiple inflammatory
pathways. Simultaneous interruption of these pathways using multi-target directed

ligands (MTDLs) will improve endothelial function.

Our specific aims are:
¢ ldentify the influence of the increasing concentrations of free saturated fatty acids
on the impairment of endothelium-dependent relaxation.
e Investigate alteration of the expression of inward rectifier potassium channels as
consequences of elevated free saturated fatty acids concentrations.
e Access the role of the MTDLs in the prevention of the inflammatory response and

the reversal of the functional Impairment.
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CHAPTER I1lI

METHODS

A. Ethical Approval

All animal experiments were done according to an experimental protocol
approved by the Institutional Animal Care and Use Committee in compliance with the
Guide for Care and Laboratory Animals uses of the Institute for Laboratory Animal

Research of the National Academy of Sciences, USA.

B. Drugs Designs and Synthesis (rationale)
1. Triple COX-2/15-LOX/PPARYy targeting compounds
Thiazolidine-2,4-diones (TZDs)/rhodanines constitute diverse scaffolds that are

known to exert a vast array of pleiotropic benefits, including insulin-sensitizing, anti-
inflammatory and antiproliferative activities (Naim et al., 2017). Over and above,
telmisartan-rosiglitazone hybrid molecules were evaluated as dual PPARy
agonists/angiotensin 11 antagonists for management of metabolic syndrome
(Chittiboyina et al., 2009). Particularly, TZDs, known as high-affinity PPARYy agonists,
have been introduced into clinical practice for the treatment of type 2 diabetes
(Yoshioka et al., 1989). Thus, in our search for multi-target anti-inflammatory leads
with potential efficacy in metabolic disorders, and based on the structural features of
four pleiotropic lead compounds; LYSO-7 (A), pioglitazone (B), a reported LOX-
inhibiting thiazolidinedione (C) and a dual COX-2/15-LOX inhibitor (D) (Moussa et
al., 2018; Rudnicki et al., 2016), recently reported by our laboratory, we adopted a

pharmacophoric molecular hybridization approach to design and synthesize some novel

25



triazolyl-thiazolidinedione/rhodanine hybrids as potential simultaneous COX-2/LOX
inhibitors and PPARY agonists. It is worth mentioning that developing a small molecule
modulating these 3 targets was not encountered before. Over and above, the designed
assembly has its pharmacophoric parts rooted from pioglitazone. It comprises the
essential pharmacophore TZD or its rhodanine bioisostere.

This pharmacophore is decorated with a methoxybenzylidene group like
compounds A and C (Fig. 1), which in turn is connected to the 1,2,3-triazole moiety.
This should retain the 3-carbon atom spacer between the oxygen of the phenoxy-linker
and nitrogen atom of the pyridine ring (as in pioglitazone) or N-1 of the triazole nucleus
(in our designed compounds). Substitution pattern at N-1 of the triazole ring with
various aryl and aralkyl groups is attempted to grant variable electronic and lipophilic
environments to investigate their effect on the anticipated biological activity and with
the hope of achieving better binding interactions with the potential biological targets. In
addition, our design agrees with the three-module framework proposed by Pirat et al. to
represent PPARY agonist glitazones (Pirat et al., 2012).

It is composed of an acidic polar head group, TZD or rhodanine, joined to a
hydrophobic tail through an aromatic linker (Pirat et al., 2012). We altered the tail
group to afford chemical and biological uniqueness while conserving the polar head and
the linker regions (Pirat et al., 2012). Our tail moiety was carefully chosen to be 1,4-
disubstituted-1,2,3-triazole which is a pharmacophore we recently reported to show dual
COX-2 and LOX inhibitory activity (Structure D, Figure. 1) (Moussa et al., 2018).
Furthermore, target compounds were mapped out with a benzylidene attachment
between the polar head and the linker instead of the usual benzyl, which is one distinct

difference from pioglitazone (Figure. 1). We thought that this would be more
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convenient since recent reports indicated benzylidene TZD derivatives are endowed
with partial PPARY agonistic properties, which retain the desired pharmacological

actions while avoiding the untoward adverse effects (Yasmin et al., 2017).

2. Dual COX-2/15-LOX targeting compound

The phenolic arylidene thiazolidinones darbufelone (Structure I, Figure 2) (Song
etal., 1999) and CI-987 (Structure Il, Figure 2) (Mullican et al., 1993), showed low
ulcerogenicity and potent COX-LOX inhibitory activity. Moreover, some
morpholinoethyl thiazolidin-4ones (Structure 111, Figure 5) reduced ear edema in mice
and possessed COX inhibitory activity (Pires Gouvea et al., 2016). Besides, the
pyrazoline derivative (Structure IV, Figure 2) reported by Abdellal et al, showed more
selectivity than celecoxib towards COX-2 and more potency than meclofenamate

sodium towards 15-LOX (Abdelall & Kamel, 2016).
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Figure 1 The design of the dual-targeting compounds (Rationale).
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Figure 2 The design of the dual-targeting compounds (Rationale).

Furthermore, pyrazole-containing hydroxamic acid tepoxalin (Structure V,
Figure 2) was approved for veterinary use in the United States and the European Union
under the brand name Zubrin® for the relief of pain associated with musculoskeletal
disorders (Curry et al., 2005). In view of the above facts, we envisioned that a hybrid
design that combines both pyrazolyl and thiazolyl privileged scaffolds might be a good

candidate for a dual COX-2/LOX inhibitor.

In addition, we reasoned that adding a cyclized secondary amine moiety (such
as; morpholine, piperidine and piperazine) might enhance the anti-inflammatory activity
as indicated by several reports (Pires Gouvea et al., 2016). Consequently, we
synthesized and evaluated the anti-inflammatory activity of the designed targeted
Pyrazolyl-thiazolones (Structure VI, Figure 2). In vitro COX-1/2 and 15-LOX
inhibitory assays were performed. Moreover, in vivo and in vitro anti-inflammatory

activity was assessed. Finally, Docking and drug likeness studies were carried out.
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C. MTDLs Anti-inflammatory Assessment

1. Triple target compounds PPARYy functional reporter gene assay
The effect of the triple targeting compounds on PPARYy transcriptional
activity was assessed using a functional gene reporter assay (Kojo et al., 2003). Human
embryonic kidney (HEK293) cells were transiently transfected with two components: 1)
a hybrid receptor comprising the N-terminal Gal4 DNA binding domain fused to the
ligand-binding domain of human PPARy and 2) reporter Renilla luciferase gene
functionally linked to the Gal4 upstream activation sequence.

The transfected HEK293 cells were exposed to different concentrations of
pioglitazone and test compounds for 24 h. Following the incubation period, treatment
media were discarded, and luciferase activity was measured using a reporter luciferase
assay kit according to the manufacturer's instructions.

Luciferase activity was normalized to Renilla luciferase activity and reported as
fold induction compared to vehicle. Luciferase activity was measured and compared to
basal activity in cells treated with the vehicle (DMSO). Each experiment was

performed in triplicate and repeated at least three times.

2. Monocyte To Macrophage Differentiation Assay

It is widely recognized that the early stages of the inflammatory response
involve monocyte-to macrophage differentiation (Auffray et al., 2007). As such, we
anticipated that the compounds that have dual COX-2 and LOX inhibitory activities
with or without PPARYy partial agonistic activities would maintain activity against THP-
1 monocyte (human acute monocytic leukemia lineage, American Type Culture

Collection, Manassas, VA) differentiation into macrophages. Furthermore, we used the
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phorbol myristate-acetate (PMA, Calbiochem, Darmstadt, Germany) induced THP-1
differentiation assay as an accepted in vitro model of this process (Sakamoto et al.,
2001).

The effects of these compounds in the assay were compared with diclofenac and
pioglitazone as reference compounds. THP-1 cells (human acute monocytic leukemia
lineage, American Type Culture Collection, Manassas, VA) were cultured and
differentiated as described previously (Vasamsetti et al., 2015). Shortly, cells were
cultured in RPMI-1640 (Lonza, Basel, Switzerland) containing 10% FBS, glucose (11
mmol/L), L-glutamine (4 mmol/L), pyruvate (1 mM), penicillin (100 U/mL), and
streptomycin (100 mg/mL) and incubated at 37 C in a humidified atmosphere of 5%
CO2 and 95% air. THP-1 monocytes were seeded at a density of 2 x 10° cells/ml in 24-
well plates. THP-1 monocytes were differentiated into macrophages by incubation with
25 ng/ml of phorbol myristate-acetate (PMA, Calbiochem, Darmstadt, Germany) for 24
h (Park et al., 2007). Following incubation and cell attachment, supernatants were
removed, and wells were washed 3x with phosphate-buffered saline. The attached cell
density was estimated using an MTS colorimetric cell viability kit (Abcam, Cambridge,
UK). Control treatment without PMA was used as a blank. To examine the inhibitory
effect of different drugs on the differentiation process, THP-1 cells were incubated with
different concentrations of each drug for 6 h before exposure to PMA. Cell viability
readings of attached macrophages in each drug treatment were normalized to the count

after PMA.
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D. Ex-vivo Vessel Reactivity to assess the effect of FFAs on endothelium-

dependent relaxation mechanisms.

Male Sprague-Dawley rats were anesthetized by isoflurane and sacrificed by
decapitation. The thoracic cavity was opened, and the thoracic aorta was isolated. The
aorta was cut into 3-4 mm rings approximately. Aortic rings were used for myobath
experiments, one ring in each experiment, and the rest of the rings were divided into
two parts: part was flash frozen in liquid nitrogen and stored at -80°C, the other part was
fixed in formaldehyde. Aortic rings were mounted in the myobath multichannel organ
bath system (World Precision Instrument, Inc.). Each ring was suspended in a 10-ml
oxygenated Krebs solution (NaCl 118 mM, KCI 4.7 mM, MgS0O4.7H20 1.2 mM,
NaHCO3 25 mM, CaCl2.2H20 2.5 mM, KH2P0O4 1.2 mM, Glucose 11.1 mM; pH 7.4
upon aeration with 95%02/5%CQ02 gas mixture).

The bath was constantly aerated with 95% O2 / 5% CO2 gas mixture and the
temperature was maintained at 37°C. Digital recording of changes in aortic tissue
tension was performed by using Transbridge TBM4M force transducer (World
Precision Instrument, Inc.) and an Acgknowledge 3.9.1 data acquisition system (World
Precision Instrument, Inc.). Besides, the aortic rings were exposed to a resting tension
of 2 grams and allowed to stabilize for 1 hour, during which rings were washed with
Krebs solution, and tension was adjusted. After achieving a basal tone of 2-gram
tension, control aortic rings were incubated with 1 mM of the free fatty acid palmitic
acid (PA) for 4 hours. Afterwards, rings were constricted with phenylephrine (30 uM)
(Plane & Garland, 1996). The concentration of PE used to constrict aortic rings was
selected within the upper submaximal range obtained from PE concentration-response

curves conducted in preliminary experiments. Aortic endothelial vasoreactivity was
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assessed by response to several acetylcholine concentrations (1x10-8-1x10-4 M)
(Grizelj et al., 2015), Blockers used in this experiment include the following: nitric
oxide synthase inhibitor nitro-L-arginine-methyl ester (L-NAME, 100 uM) (Grizelj et
al., 2015), potassium channel blocker barium chloride (BaCl2, 30 pM) (Subramaniam,
Achike, & Mustafa, 2009), selective COX-2 inhibitor celecoxib (0.1 uM), 4b (Triple
targeting compound, COX-2/15-LOX inhibitor, PPARY partial agonist) (10 uM), Pd3
(Dual targeting compound, COX-2/15-LOX inhibitor) (10 uM), pioglitazone (PPARy
full agonist) (10 uM). Corresponding dose-response curves were presented by the
percentage of residual constriction, which was calculated based on 100% contraction of
PE.

Some of the ex-vivo vessel experiments were conducted on aortic rings obtained
from our early non-obese prediabetic animal model. This rat model developed in our
laboratory receives a dietary mixture of fructose (20% by weight) and hydrogenated
vegetable oil (15% by weight) added to the normal chow diet, thus consuming 4 Kcal/g
compared to 3 Kcal/g in the control diet for 12 weeks. Moreover, major electrolytes
and vitamins were supplemented to match the concentration in normal diet and
according to the American Institute of Nutrition for diets supporting rodents growth
(Reeves et al., 1993). The final composition of the high-calorie (HC) diet, as confirmed
by bomb calorimetry, show 5% saturated fat content and 38.68% calorie contribution
from fat, compared to 0.9% saturated fat and 14% calorie contribution from fat in rat
control diet. We consider the fat contribution to energy intake only mildly higher than
the ideal recommendation for human intake based on the American Diabetes

Association guidelines of 20-35% (Evert et al., 2013).
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However, this mild elevation is meant to allow for a slow metabolic
deterioration whereby a moderately wide window is achieved to study functional
changes occurring in the course of early metabolic alterations. This has been validated

in previous studies and consistently reproduced over multiple batches of rats.

E. Western Blot Assay

The aortic tissue samples stored at -80°C were crushed under liquid nitrogen. 50
mg of aortic tissue were added to a 1 ml protein extraction buffer composed of 100 mM
dithiothreitol, 1% sodium dodecyl sulphate (SDS), 0.9% NaCl, and 80 Mm Tris
hydrochloride (PH 6.8). Preliminary experiments were done to optimize tissue amounts
desired for protein extraction. The sample was heated at 95°C for 10 min and left
overnight on a rocking shaker at 4°C. Aliquots of equal protein content were loaded on
a 15% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), and
the separated proteins were transferred and fixed on a nitrocellulose membrane.
Membranes were then blocked with 5% skimmed milk and TBST (Tris-buffered saline
with 0.1% Tween 20) for 2 hours at room temperature.

The membranes were then incubated with a dilution of the primary antibody in
1% skim milk and 0.1% TBST (1:200 for rabbit polyclonal anti-Kir2.1, Abcam,
Cambridge, UK, and 1:1000 for rabbit monoclonal anti-GAPDH, Cell Signaling,
Technologies, Danvers, MA) overnight at 4°C. Afterward, the membranes were washed
with 0.5% TBST (4 x 5min) and incubated with 1:5000 horse radish peroxidase-
conjugated goat anti-rabbit secondary antibody in 0.1% TBST at room temperature for
one hour. After washing with 0.5% TBST (2 x 5min) and TBS (2 x 5 min), membranes
were developed using Clarity Western ECL substrate for 5 min before image detection

by Chemidoc imaging system (BioRad, Hercule, CA). ImageJ software was used to
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measure the optical density of protein bands. Kir2.1 bands were normalized to GAPDH
to correct variabilities in loading and sample concentration. Membrane stripping was
done by using freshly prepared mild stripping buffer (15 g glycine, 1 g SDS and 10 ml
Tween in 1 L of ultrapure water, pH 2.2).

The membrane was inserted in enough volume of the buffer to be covered at RT
for 5-10 min. Buffer was discarded and another volume was added for 5-10 min.
Afterward, membranes were washed with 0.5% TBST (2 x 5min) and then with TBS (2

X 5 min), and then were ready for reprobing.

F. Statistical parameters
The data were expressed as mean +SEM. The groups Comparisons were done
using one-way ANOVA followed by Dunnett post hoc test, as well as two-way
ANOVA followed by Sidak’s multiple comparisons test in comparing different
concentrations among groups using Graphpad Prism software. P-value < 0.05 was

considered statistically significant.
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CHAPTER IV

RESULTS

A. Invitro anti-inflammatory activity of MTDLSs:
1. PPARy Functional Reporter Gene Assay

The effect of the selected compounds with presumed PPARy agonist activity
on its transcriptional function was assessed using a functional gene reporter assay. The
transfected HEK293 cells were exposed to different concentrations of pioglitazone, 4b,
5b, 5e, and 59 for 24 h. Luciferase activity was measured and compared to basal activity
in cells treated with the vehicle (DMSO). As represented in (Figure 3), at the highest
concentration (10 uM), pioglitazone showed a 6-fold increase in luciferase activity
compared to vehicle. At the same concentration, the tested compounds showed a 2 to 3
fold increase, with transcriptional activity of 25-45% that of pioglitazone. Therefore,
based on the transcriptional response, a partial PPARg agonistic activity can be

assumed for the tested compounds.

2. Inhibition of monocyte to macrophage differentiation

It is widely recognized that the early stages of the inflammatory response
involve monocyte-to-macrophage differentiation. Furthermore, The effects of MTDLs
compounds in the assay were compared to diclofenac and pioglitazone as reference
compounds. Results and IC50 values are shown in (Figure 3). Interestingly,
pioglitazone did not produce an appreciable inhibition of PMA-induced monocyte
differentiation. Diclofenac produced a concentration-dependent inhibition of the

differentiation process yielding an IC50 value higher than 4b (figure 3B) and close to
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Pd3 (figure 3C). while 4b appeared to be more potent than diclofenac in inhibiting this

process.
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Figure 3 In vitro anti-inflammatory activity of MTDLSs.

Panel A, Graphical representation of the increased PPARx-mediated
transcriptional activity following treatment with different concentrations of pioglitazone
and selected synthetic compounds. Results are expressed as fold change compared to
luciferase activity in vehicle-treated cells and represented as Mean + Standard
deviation. Luciferase activity values were compared to a vehicle with One-way

ANOVA followed by Dunnett Multiple Comparisons test. * denotes a P-value < 0.05
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vs. DMSO treated cells; Panels B and C, represent the inhibition of monocyte to
macrophage differentiation by diclofenac, pioglitazone, and the selected synthetic
compounds 4b, and Pd3. Results are represented as percentage macrophage metabolic

activity of the PMA control at different concentrations exposure.

B. Palmitic acid-induced endothelial impairment in control rat aortic rings

Myobath experiments were conducted on thoracic aortic rings obtained from
control rats groups. Increasing concentrations of Phenylephrine (PE) produced higher
aortic contraction with the PA incubated control rats' aortic rings (Figure 4). Indeed, the
increased sensitivity of PA-exposed vessels to the contractile effect of PE was
demonstrated as a reduced ECsg (increased pECso) in comparison to the control group
(Figure 4C).

Analysis of endothelium-dependent relaxation showed an impaired ACh-
mediated relaxation in rings incubated with 800 pM PA in comparison to control rings.
In aortic rings from the control group, ACh induced a maximum relaxation of ~70% of
the PE tone at 30 uM concentration, while the PA incubated aortic ring presented a
lower percentage of maximal ACh-mediated relaxation (Figure 5). Despite the increased
PE contractility of the PA incubated group (Figure 5C), the maximal absolute values of
Ach-induced relaxation in the control group remained higher than the PA incubated

group (Figure 5D).
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Figure 4 phenylephrine mediated contractility in control and palmitic acid incubated rings.

Panel A, representative traces showing the contractility response to PE on
control (top left) and PA incubated aortic rings (bottom left); panel B, PE
concentration-response curve of control and PA group; panel C, show the effective
concentration EC50 of both group control and PA. * denotes a P-value < 0.05 vs.

control rings. Statistical significance was tested by t-test.
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Figure 5 ACh-mediated endothelium-dependent relaxation of aortic rings from control
and PA incubated aortic rings.

Panel A, representative traces showing the relaxant response to ACh on aortic
rings pre-constricted with PE from control (top left) and PA incubated aortic rings
(bottom left); panel B, mean normalized ACh-evoked relaxations in presence and
absence of PA in aortic rings pre-constricted with PE; panel C, PE-induced constriction
in g tension; panel D maximal Ach-induce relaxation in g tension. * denotes a P-value <
0.05 vs. control rings. Statistical significance was tested by two-way ANOVA followed

by Sidak multiple comparisons tests for B and t-test for C and D.
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C. Exvivo evaluation of the effect of MTDLs on the PA-induced endothelial
dysfunction

To understand the effect of MTDLs (4b and pd3 ) on the impaired Ach-
mediated relaxation in PA exposed rings, several experiments were examined (Figure
6). Interestingly, concentration-response curves of PE in PA-incubated aortic rings
treated with either 4b or Pd3 showed that only treatment with 4b restored the increased
sensitivity to PE to control levels (Figure 6A). The EC50 of PE in 4b treated vessels
were less that PA-treated ones (Figure 6B).

Analysis of endothelium-dependent relaxation showed that PA-incubated aortic
rings treated with 4b produced an improved ACh induced relaxation, about ~80% of the
PE tone at 30 uM concentration (figure 6D). In contrast, no improvement in the
endothelium-dependent relaxation was observed in the PA-incubared vessels treated
with 4b (Figure 6D). Importantly, treatment with 4b decreased the PE contractility
(nearly 2g tension) in comparison with the PA incubation alone (nearly 4g tension)
(figure 6E) and restored the absolute value of the maximal Ach-induced relaxation

(Figure 6F).
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Figure 6 Ex vivo evaluation of the impact of MTDLs on PA-induced impaired

endothelial function.

Panel A, PE concentration-response curve on aortic rings. Panel B, PE pEC50 values
for the different groups; panel C, representative traces showing the relaxant response to ACh on
aortic rings pre-constricted with PE; panel D, mean normalized ACh-evoked relaxations in
aortic rings pre-constricted with PE for the different groups; panel E, PE-induced constriction in
g tension; panel F maximal Ach-induce relaxation in g tension. * and # denote a P-value < 0.05

vs. control and PA-exposed rings, respectively. Statistical significance was tested by two-way
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ANOVA followed by Sidak multiple comparisons tests for D and one-way ANOVA followed

by Tukey’s multiple comparisons tests for B, E and F.

D. The effect of MTDLs on endothelium-dependent relaxation Compared to

Single Target Compounds.

Further experiments were conducted in order to evaluate the beneficial effect of

the MTDLs compared to single target compounds such as celecoxib selective COX-2

inhibitor and pioglitazone a PPARYy full agonist. The addition of Pd3 and celecoxib did

not result in a significant Ach-induced relaxation in aortic rings pre-constricted by PE

(figure 7A). However, the addition of pioglitazone showed a significant improvement of

Ach-mediated relaxation similar to that observed with 4b (Figure 7B).
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Figure 7 The effect of single target agents on endothelial dysfunction comapred to

MTDLs.
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Panels A & B, mean normalized ACh-evoked relaxations in aortic rings pre-constricted
with PE for the different groups. # denotes a P-value < 0.05 vs. PA-exposed rings.
Statistical significance was tested by two-way ANOVA followed by Sidak multiple

comparisons tests for A and B.

E. Inward-rectifier potassium channel activity and expression in correlation with

MTDLs treatment

To predict the possible mechanism for the 4b compound we assessed the effect
of specific blockers, nitric oxide synthase inhibitor nitro-L-arginine-methyl ester (L-
NAME), and the potassium channel blocker barium chloride (BaClz) on the improved
Ach-evoked relaxation. The addition of the L-NAME and BaCl; to pre-incubated aortic

rings with PA and 4b attenuated the Ach-induced relaxation (Figure 8A) indicating that
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Figure 8 The impact of MTDLs treatment on components on endothelium mediated
relaxation with correlation to inward-rectifier potassium channel expression.

4b treatment potentially enhanced both endothelial NO and EDH. As such, the effect of
4b on Kir 2.1 channel expression in these tissues was examined. Western blotting

Showed a reduction in protein content of this subunit in aortic tissues of PA incubated
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aortic rings, while the addition of 4b demonstrates the increase of expression of Kir 2.1
channel proteins (Figure 8B). Panel A represents the mean of Ach-evoked relaxation on
aortic rings pre-constricted with PE under different conditions; panel B, representative
Western blots showing the change in protein expression of kir 2.1 channel in PA
incubated aortic rings, and the expression of these channels with the addition of MTDLs
(4b and Pd3). * denotes a P-value < 0.05 Vs PA+4b . Statistical significance was tested

by two-way ANOVA followed by Sidak multiple comparisons tests for A.

F. Assessment of MTDLs Effect on endothelium-dependent relaxation in High

calorie fed (HC-fed) rat aortic rings

In order to assess the effect of MTDLS in a state of chronic inflammation, we

used aortic rings obtained from HC-fed rats. The myobath experiments showed a
significant enhancement of Ach-induced relaxation in HC-fed rat aortic rings treated
with 4b compound ex vivo. However, the addition of single target compounds such as
pioglitazone or celecoxib did not improve Ach-mediated relaxation. (Figure 9B).
Attenuation of the improvement of endothelial function due to 4b treatment in the
presence of BaCl> indicates that the triple targeting compound was able to enhance

EDH responses that were previously compromised in HC-fed rats (Figure 9D).
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Figure 9 Assessment of MTDLs effect on endothelium dependent relaxation in HC-fed rat
aortic rings.

Panels A and C are representative traces showing the relaxant response to ACh
on aortic rings pre-constricted with PE for different groups; panel B shows mean
normalized ACh-evoked relaxations in aortic rings pre-constricted with PE for the
different groups; panel D, represent the mean normalized ACh-induced relaxations in
aortic rings pre-constricted with PE for 4b, and 4b+BaCl,. * denotes a P-value < 0.05
Vs HC panel B; * denotes a P-value < 0.05 Vs 4b+BaCl; Statistical significance was

tested by two-way ANOVA followed by Sidak multiple comparisons tests for B and D.
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CHAPTER V

DISCUSSION

Inflammation is a main predisposing factor for many complex diseases.
Particularly, metabolic disorders, such as type 2 diabetes, insulin resistance, obesity,
and their related atherosclerotic cardiovascular complications, are thought to be driven
by a chronic state of inflammation. Plenty of evidence showed that atherosclerosis is a
common occurrence in CVDs patients (Hotamisligil, 2006). Moreover, many studies
reported that endothelial dysfunction (ED) is a major contributor to the pathogenesis of
atherosclerotic progression. The polyfactorial nature of these diseases requires a multi-
faceted intervention targeting the various underlying inflammatory pathways. In this
study, we used aortic rings incubated with free fatty acid (palmitic acid, PA) as a mode
for lipid-induced endothelial dysfunction to investigate the incidence of ED early in the
course of development of inflammation before the establishment of atherosclerosis. We
attempted to examine whether Multi-target Directed Ligands (MTDLS) could produce
an anti-inflammatory effect that would reverse these changes.

In light of the important roles of COX and 15-LOX enzymes under normal
physiological conditions, MTDLs were designed to selectively target the isoforms that
are implicated in chronic inflammatory pathways, namely COX-2 and 15-LOX-1, while
maintaining the function of other isoenzymes with a relatively more protective role,
such as COX-1 and 15-LOX-2. This will preserve the desired activity while minimizing
possible risks. Moreover, triple-targeting compounds were designed to act as partial
PPARY agonists, which would diminish the unfavorable effects of full PPARy agonism

(J. P. Berger et al., 2003; Silva et al., 2016). Therefore, the choice of targets that could
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maximize pharmacological benefit and minimize adverse effects considered in the
preliminary drug design rationale. Plenty of evidence supports the feasibility of the
design and biological utility of MTDLs modulating COX-2 and 15-LOX activities.
Several studies also demonstrated the possibility of including other targets, the most
multilateral of which being PPARY.

In order to evaluate the anti-inflammatory effects of the synthesis compounds,
we examined In vitro anti-inflammatory activity of MTDLs. PPARYy functional reporter
gene assay confirmed the partial agonistic activity of the latter 4 compounds towards
PPARy. Further, the inhibition of monocyte to macrophage differentiation is another
experiment we used to assess the anti-inflammatory effects of synthesis compounds.
Indeed, COX-2 expression is induced during monocytes activation into macrophages
with a subsequent contribution to the inflammatory response and oxidant/anti-oxidant
cellular imbalance (Martinez et al., 2006; Wallner et al., 2014). Of special interest,
prostaglandin E2, via its action on EP2 and EP4 receptors, was demonstrated to
stimulate the production and release of Interleukin-10 (IL-10), a cytokine with
reprogramming effects on monocytes and macrophages (Németh et al., 2009). In
addition, macrophage activation and adhesion were shown to be dependent on 15- LOX
activation (Moussa et al., 2018). Specifically, the two compounds (4b and Pd3) were
capable of inhibiting monocyte to macrophage differentiation, which is a pivotal and
earlier step in the inflammatory response.

The assessment of the response of aortic rings to PE constriction demonstrates
that the pre-incubation with palmitic acid will provoke an increased sensitivity to PE.
This is also emphasized by looking at the pECsg values, which signified a decrease in

EC50 demonstrating more sensitivity towards PE. Indeed, such a change was shown to
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occur in HC-fed rats suffering from early low-grade inflammation (Elkhatib et al.,
2019), and appeared to be a consequence of impaired endothelium dysfunction (R.
Alaaeddine et al., 2019).

Disruption of the endothelial function demonstrated as impaired endothelium-dependent
vasodilation is known to be an early marker of cardiovascular diseases. Several studies
have proposed various mechanisms that link FFA to ED, such as biased oxidative stress
and pro-inflammatory signaling. Recently, research interest in identifying the possible
mechanism of FFA induced ED and the corresponding pathological mechanisms at the
early development of CVD has increased significantly. Such deterioration of the
function of the endothelium was confirmed to start at early stages of atherosclerosis in
the form of elevated inflammation, decreased NO bioavailability, impaired prostacyclin
production, or increased endothelial vasoconstrictor production (Ghosh et al., 2017,
Kuroda et al., 2001; Steinberg et al., 2000).

Myobath experiments were conducted on rings obtained from the thoracic aorta
to evaluate vascular endothelial function following the incubation with PA. Aortic rings
pre-incubated with PA showed a reduction in ACh-mediated relaxation compared to
that of the control. Furthermore, Maximal ACh-induced relaxation was less in the same
group, which confirmed that PA triggered an impaired endothelium-dependent
relaxation.

Plenty of studies show the correlation between inflammation and ED, which is
also considered a major possible mechanism for FFA, such as PA, induced ED (Ghosh
etal., 2017; Jh et al., 2019; Kim et al., 2005). Literature demonstrated a critical role for
alterations in the three inflammatory mediators, COX-2, 15-LOX, and PPARy in the

pathogenesis of inflammatory diseases such as atherosclerosis (Chan et al., 2016, p. 3).
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Thus, in search for the effectiveness of multi-targeting drug ligands (MTDLSs) to
address the multifaceted inflammatory nature of metabolic disorders, moybath
experiments were conducted on the aortic rings treated with 4b, and Pd3 pre-incubated
with PA in comparison with control and PA incubated tissues. The triple target
compound 4b, was able to reverse the enhanced sensitivity to PE induced by PA. Also,
although both compounds seem to enhance ACh-dependent relaxation, only 4b was able
to produce a significant change. Along these lines, 4b was able to reduce PE
contractility and enhance maximal Ach-induced relaxation.

To investigate the relative contribution of different targets in alleviating PA-
induced ED, we compared the effect of incubation of PA-treated rings with single
targeting compounds such as celecoxib and pioglitazone; the selective cox-2 inhibitor,
and PPARYy full agonist, respectively. The treatment with either celecoxib or Pd3 did
not produce a significant change in ACh-mediated relaxation. However, pioglitazone
was able to produce a remarkable improvement in the response to ACh. Therefore, this
highlights the importance of PPARYy as an anti-inflammatory target in counteracting
FFA-induced ED.

To assess the underlying mechanism for 4b induced improvement of ED, we
added blockers of the 2 endothelial mechanisms: L-NAME to block NO mechanisms
and BaCl2 to block EDH, both of which produced significant attenuation of ACh-
dependent relaxation. The reduction due to L-NAME is expected, due to the critical role
of NO in the EDH. Interestingly, the reduction due to BaCl2 led us to think of an
alternative possible player that was restored by 4b. Indeed, the western blotting showed
that the incubation with PA reduced the expression of Kir2.1 channels, which were

mainly restored by 4b. Further experimentation exploring the potential disparity in Akt-
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dependent eNOS phosphorylation among different groups is required. Also, the impact
of treatment with 4b on ROS production in response to PA and its contribution to the
FFA induced impairment of endothelial function.

Plenty of evidence demonstrates that atherosclerosis is a major component of
cardiovascular diseases that are characterized by a chronic inflammatory state. Given
the chronic state of inflammation that drives metabolic disorders and cardiovascular
diseases, several lines of evidence highlighted the contribution of inflammatory
mediators in the etiology of vascular dysfunction (R. A. Alaaeddine et al., 2020).

We assessed whether these compounds can enhance the endothelial responses in
HC-fed rats that demonstrate a chronic state of low-grrade perivascular adipose
inflammation. Whereas the treatment with single-targeting compounds failed to enhance
endothelium-dependent relaxation, only treatment with the triple targeting compound
was able to induce a significant change in ACh-mediated relaxation, further
emphasizing the importance of shooting more than one target to address the different
layers of the metabolic disease.

A potential limitation of this study is the lack of direct evidence on the link
between the MTDLs mechanism and the EDH pathway. Further studies should be
conducted to figure out a possible mechanism for the MTDLs evoked enhancement of
Kir channel expression. Furthermore, the possibility of potential adverse effects with
the use MTDLs must be studied through in vivo evaluation. While the available
literature shows various levels of biological screening ranging from cellular and
molecular assays to in vivo anti-inflammatory assays, a structured translational effort is
still required to support the adoption of rationally designed molecules in this category

into clinical investigation. Our results showed particularly FFA-induced ED, however,
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future research is required to address the involvement of other lipid mediators in
endothelial dysfunction, such as the effects of cholesterol on the endothelial cells.
In conclusion, the results of our present study establish a framework for early FFA-
induced ED in the course of the development of atherosclerosis. These alterations
project on a common end effect of reduced EDH. The MTDLs compounds show
efficacy in the enhancement of the endothelial function through a significant anti-

inflammatory effect.
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