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ABSTRACT
OF THE DISSERTATION OF

Rana Ali Alaaeddine for Doctor of Philosophy
Major: Biomedical Sciences

Title: Anti-inflammatory approaches to mitigate endothelial dysfunction in early metabolic
impairment

Endothelial dysfunction is a hallmark of diabetic vasculopathies. Although hyperglycemia is
believed to be the culprit causing endothelial damage, the mechanism underlying early
endothelial insult in prediabetes remains obscure. The majority of studies attributed early
endothelial damage to an impairment in nitric oxide (NO)-mediated vasodilation in isolation
of other endothelial mechanisms. Nevertheless, the low-grade inflammation process and the
associated imbalances in lipid assimilation implicated in the pathogenesis of metabolic
disease are known to affect the molecular effectors of endothelium-dependent
hyperpolarization (EDH). Indeed, such an early deterioration in the interplay between EDH
and NO pathways, culminating in endothelial dysfunction, might be triggered by a lipid
mediator. Yet, whether the contribution of EDH-type relaxation to the integrative endothelial
response is altered in the prediabetic stage remains unclear. To address this issue, we used a
non-obese high-calorie-fed rat model with hyperinsulinemia, hyperlipidemia, and delayed
development of hyperglycemia. Compared with aortic rings from control rats, HC-fed rat
rings displayed attenuated acetylcholine-mediated relaxation. While sensitive to nitric oxide
synthase (NOS) inhibition, aortic relaxation in HC-rat tissues was not affected by blocking
the inward-rectifier potassium (Kir) channels using BaCl,. Although Kir channel expression
was reduced in HC-rat aorta, Kir expression, endothelium-dependent relaxation, and the
BaClz-sensitive component improved in HC rats treated with atorvastatin to reduce serum
lipid. Remarkably, HC tissues demonstrated increased reactive species (ROS) in smooth
muscle cells, which was reversed in rats receiving atorvastatin. In vitro ROS reduction, with
superoxide dismutase, improved endothelium-dependent relaxation in HC-rat tissues.
Significantly, connexin-43 expression increased in HC aortic tissues, possibly allowing ROS
movement into the endothelium and reduction of eNOS activity. In this context, gap junction
blockade with 18-B-glycyrrhetinic acid reduced vascular tone in HC rat tissues but not in
controls. This reduction was sensitive to NOS inhibition and SOD treatment, possibly as an
outcome of reduced ROS influence, and emerged in BaCl,-treated control tissues. Such
vascular alterations in HC-fed rats were accompanied by a localized perivascular adipose
tissue (PVAT) inflammation, as manifested by an increase in macrophage infiltration and
inflammatory markers exclusively in PVAT depot. In this context, custom-designed novel



multi-targeting drug ligands (MTDLs), targeting COX-2, 15-LOX, and/or PPARYy, were
developed in an attempt to halt inflammation. In vitro, in silico and biological screening of
these compounds demonstrated selective but moderate COX-2/15-LOX inhibitory activity as
well as partial PPARy agonistic actions. Given that the pro-inflammatory phenotype of
PVAT is thought to drive FFA spill-over possibly underlying the observed endothelial
derangements, we tested whether the modulation of different inflammatory targets will
ameliorate the observed endothelial insults at this stage. Therefore, endothelial dysfunction
was studied in rat thoracic aortic rings resulting from ex vivo exposure to increased
concentrations of saturated fatty acids. Only treatment with anti-inflammatory triple targeting
MTDLs affecting COX-2, 15-LOX, and PPARY restored endothelium-dependent relaxation.
Whereas the impact of the triple-targeting MTDLs 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 Kir channel expression in tissues exposed to palmitic
acid. Altogether, these results suggest that early metabolic challenge, associated with local
PVAT inflammation, leads to reduced Kir-mediated EDH, increased vascular ROS
potentially impairing NO synthesis and highlight these channels as a possible target for early
intervention with vascular dysfunction in metabolic disease. Also, our results provide
insights on the potential efficacy of using novel anti-inflammatory agents to alleviate
vascular dysfunction in metabolic disease.
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CHAPTER |

INTRODUCTION

A. Diabetes mellitus

1. Definition

Diabetes is a heterogeneous metabolic disease defined by constant hyperglycemia
(American Diabetes Association, 2020). The most common forms of diabetes are types 1
and 2. Type 1 diabetes, formerly referred to as juvenile-onset or insulin-dependent diabetes,
results from autoimmune destruction of B-cells of the pancreas and causes absolute insulin
deficiency (American Diabetes Association, 2020). Previously known as adult-onset or
non-insulin dependent diabetes, type 2 diabetes is mainly characterized by a progressive
loss of pancreatic beta cell secretory function on a background of insulin resistance, and
accounts for majority (90-95%) of diabetes cases (American Diabetes Association, 2020).
The pathophysiology of this heterogeneous type is less characterized than that of type 1, yet
various contributors, including chronic inflammation, metabolic stress, and genetic factors,

may promote the progression of type 2 diabetes (American Diabetes Association, 2020).

2. Global Burden

Diabetes is a growing epidemic with a global prevalence of 463 million individuals
in 2019 (Saeedi et al., 2019). In the Middle East and North Africa (MENA) region, it’s

estimated that 1 in 8 people have diabetes (Saeedi et al., 2019). Globally, the highest
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number of deaths attributable to diabetes were reported in 60-69 age group (Saeedi et al.,
2019). However, nearly 50% of deaths due to diabetes were in people under 60 in the
MENA region (Saeedi et al., 2019). This region is expected to witness a 96% increase in
the number of diabetic cases by the year 2045, which is the second highest increase among
the IDF Regions (Saeedi et al., 2019). Interestingly, such a steep rise in diabetes is
attributed to the accelerated shift towards energy-dense Western Diets, rich in saturated fats

and refined sugars (Kuhnlein & Receveur, 1996).

3. Atherosclerotic Cardiovascular Disease

Diabetic complications, whether microvascular or macrovascular, are a major
contributor to the rise in diabetes morbidity and mortality (Ahlgvist, van Zuydam, Groop,
& McCarthy, 2015). Microvascular complications —due to damage at the level of
microvessels— include chronic kidney disease (CKD), neuropathy and retinopathy, whereas
macrovascular complications —due to damage at the level of arteries— comprise
hypertension and dyslipidemia (American Diabetes, 2017; Forbes & Cooper, 2013).
However, the leading cause of death in diabetes is atherosclerotic cardiovascular disease
(ASCVD), defined as cardiovascular events that are attributed to atherosclerosis (American
Diabetes Association, 2020). Established risk factors for ASCVD encompass hypertension
and dyslipidemia, the two major diabetic macrovascular complications, in addition to
diabetes itself (American Diabetes, 2017). Risk of cardiovascular complications is not only
limited to individuals with established hyperglycemia, but also extends to prediabetic

patients who have worse cardiovascular outcomes compared to normoglycemic individuals
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(Giraldez-Garcia et al., 2015; Huang, Cai, Mai, Li, & Hu, 2016). Endothelial dysfunction
(ED), which is defined as a shift of the endothelium towards a non-adaptive phenotype, is
regarded as an independent predictor of ASCVD that is involved in the pathogenesis of the
different stages of vascular diseases (Gimbrone & Garcia-Cardena, 2016; Mudau, Genis,

Lochner, & Strijdom, 2012).

B. Physiology of endothelium-dependent relaxation

The endothelium was once thought of as a passive layer separating circulating blood
from the smooth muscle cells that make up the majority of the blood vessels wall but is
now recognized to control a broad range of homeostatic functions. Metabolic disorders
such as hyperlipidemia and hyperglycemia cause deleterious changes in endothelial
function associated with increased risk of cardiovascular disease. Release of nitric oxide
(NO) and electrotonic spread of charge from endothelial to smooth muscle cells (SMCs),
termed endothelium-dependent hyperpolarization (EDH), are the two major mechanisms by
which the endothelium regulates arterial diameter, and thus blood flow and pressure
(Vanhoutte, Boulanger, & Mombouli, 1995; Vanhoutte, Shimokawa, Feletou, & Tang,
2017). To date, these two pathways have been generally regarded as acting independently
to mediate endothelium-dependent vasodilation. The endothelium releases a wide range of
vasoactive factors but herein, we will focus on the two major mediators of endothelium-

dependent vasorelaxation, NO and EDH (Vanhoutte et al., 1995; Vanhoutte et al., 2017).

1. NO-dependent vasorelaxation

13



NO was the first endothelium-dependent relaxing factor to be identified. It is
synthesized in endothelial cells through the enzymatic conversion of L-arginine by
endothelial NO synthase (eNOS), an enzyme that can be activated via both calcium-
dependent and -independent mechanisms(Vanhoutte et al., 2017). NO activates soluble
guanylate cyclase (sGC) in vascular smooth muscle cells (VSMCs) leading to increased
cyclic guanylyl monophosphate (cGMP), activation of cGMP-dependent kinase (cGK), and
consequent relaxation (Katsuki, Arnold, Mittal, & Murad, 1977). Insulin is an example of
calcium independent eNOS activators. It promotes eNOS activation through protein kinase
B (Akt)-phosphorylation(Muniyappa, Montagnani, Koh, & Quon, 2007). The subsequent
NO-mediated vasodilation increases microvascular perfusion to facilitate glucose uptake by
skeletal muscles, thereby augmenting the metabolic actions of insulin(Muniyappa et al.,

2007).

2. EDH-mediated vasorelaxation

Reports of endothelium-dependent vasorelaxation persisting in the presence of
inhibitors of eNOS and accompanied by hyperpolarization of the vascular SMC membrane
potential, led to identification of the EDH pathway. Hyperpolarization of SMCs decreases
the open probability of voltage-dependent Ca?* channels to reduce Ca?* influx, and thus,
cause relaxation. A number of endothelium-derived molecules such as epoxyeicosatrienoic
acids, produced by metabolism of arachidonic acid by cytochrome P450 enzymes, H20-,
and carbon monoxide can activate K* channels to cause SMC hyperpolarization. However,

it is now widely accepted that rather than a diffusible factor, EDH is largely mediated by
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direct electrical coupling between endothelial and smooth muscle cells via myoendothelial

gap junctions (reviewed in(Edwards, Feletou, & Weston, 2010)).

EDH-mediated relaxation is initiated by an increase in endothelial Ca?* levels
activating small (SKca) and intermediate (IKca) conductance Ca?*-dependent K* channels to
hyperpolarize the endothelial cell membrane potential(Billaud et al., 2014; Feletou &
Vanhoutte, 2009). This hyperpolarization spreads electrotonically to surrounding SMCs via
myoendothelial gap junctions, consequently recruiting Na*/K*ATPase and/or inwardly
rectifying potassium (Kir) channels(Edwards G, 1998). Inhibition of Kir channels by BaCl>
or knockout of Kir2.1 channels reduced the response to endothelium-dependent
vasodilators in rat mesenteric arteries(Sonkusare, Dalsgaard, Bonev, & Nelson, 2016).
Thus, Kir channels, whether present on the endothelium or SMCs, are regarded as “end-
stage amplifiers” of EDH(Johnson, Marrelli, Steenberg, Childres, & Bryan, 1998;

Sonkusare et al., 2016).

Myoendothelial gap junctions conduct charges between endothelial and SMC layer.
Vascular gap junctions are made up of sub-units belonging to one or more isoforms called
connexins (Cxs): Cx37, 40, 43 and 45(Abed, Dussaule, Boffa, Chatziantoniou, &
Chadjichristos, 2014; Figueroa & Duling, 2009). Cx40 is involved in both radial and
longitudinal transmission of signals amongst and along ECs and SMCs(de Wit et al., 2000).
Cx43 is of particular interest as it is abundant in both SMC and ECs, and plays an
important role in vascular-endothelial communication. In the context of radial
communication, myoendothelial gap junctions permit transit of signaling molecules (Ca?*

and inositol triphosphate (IP3)) and charge. Such a tight coupling of the two cell types
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allows for control of vascular tone not only through active relaxation, but by opposing
vasoconstriction(Xavier F. Figueroa, 2004). For example, in rat basilar and mesenteric
arteries, agonist-evoked depolarization was opposed by endothelial hyperpolarization; IP3
produced in SMCs in response to the az-adrenoceptor agonist phenylephrine passes through
myoendothelial gap junctions, leading to calcium release, activation of endothelial IKca
channels, and hyperpolarization opposing depolarization and SMC contraction(Kerr et al.,

2015).

3. Interactions between NO and EDH pathways

NO and EDH pathways co-exist amongst all vascular beds. However, the density of
myoendothelial gap junctions is inversely proportional to arterial size and directly
proportional to the contribution of EDH to vasorelaxation(Sandow & Hill, 2000; Hiroaki
Shimokawa et al., 1996). Both components have widely been viewed as separate
mechanisms of endothelium-dependent relaxation (EDR). However, several lines of
evidence support a more complex relationship between NO and EDH whereby activation of
endothelial Kca channels may enhance NO production/availability, and in turn, NO may
play a role in EDH. Data from experiments employing small molecule modulators of
endothelial SKca and 1Kca channels indicate that NO production/release may be modulated
by changes in endothelial membrane potential. An IKca/SKca channel opener enhanced
ATP-evoked membrane hyperpolarization and NO synthesis in cultured human umbilical
vein endothelial cells and rat cremaster arterioles(Sheng & Braun, 2007; Sheng, Ella,

Davis, Hill, & Braun, 2009), and elicited NO-dependent increases in coronary blood flow
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in anesthetized dogs(Kurian, Berwick, & Tune, 2011). IKca channel activity was shown to
underpin NO-mediated myoendothelial feedback in rat basilar and mesenteric arteries(Kerr
et al., 2015) and loss of SKca channels impaired NO-mediated dilation to both acetylcholine

and shear stress in mouse carotid and skeletal muscle arterioles in vivo(Brahler et al., 2009).

Conversely, block of EDH by eNOS inhibitors points to the possibility that
endothelium-derived NO itself may be a mediator of EDH(Cohen et al., 1997; Plane &
Garland, 1993; Rand & Garland, 1992; Tare, Parkington, Coleman, Neild, & Dusting,
1990). Indeed, a rich body of literature shows that NO produces SMC hyperpolarization
contributing to endothelium-dependent relaxation of a variety of vascular beds e.g. rabbit
aorta, carotid and mesenteric arteries, rat aorta, tail and middle cerebral arteries as well as
in guinea-pigs uterine and mesenteric vessels(Bolotina, Najibi, Palacino, Pagano, & Cohen,
1994; Cohen et al., 1997; Mistry & Garland, 1998; Tare et al., 1990; Vanheel, Van de
Voorde, & Leusen, 1994). Some studies implicated K*-channels in this effect including Kca
channels(Bolotina et al., 1994; Brakemeier et al., 2003; Mistry & Garland, 1998; Pickkers,
Dorresteijn, Bouw, van der Hoeven, & Smits, 2006), and ATP-activated K
channels(Musser et al., 2004) However, NO is not able to cause SMC hyperpolarization in
all arteries, and an alternative explanation for the sensitivity of EDH-mediated responses to
eNOS, which has yet to be fully explored, is that endothelium-derived NO may play a
permissive or fascilitatory role in the EDH response. In support of this idea, rat mesenteric
and basilar arteries, in which NO failed to elicit SMC hyperpolarization(Garland &
McPherson, 1992), block of eNOS inhibited both relaxation and EDH to

acetylcholine(Waldron & Garland, 1994; Wei R., 2014).
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C. Abnormalities in endothelium-dependent relaxation in metabolic disorders
1. NO-dependent pathways in metabolic disorders

a. Insulin Resistance

Insulin resistance is accompanied by ED that is partly due to a shift in endothelial
signaling in favor of the production of the vasoconstrictor endothelin-1 rather than NO.
This can be attributed to the selective impairment of the phosphoinositide 3-kinase
(PI3K)/Akt pathway with preserved activity of mitogen-activated protein kinase (MAPK)-
dependent signaling. Thereby, components of PI3K-dependent pathway, such as insulin
receptor substrate-1, P13k and Akt are downregulated while components of the opposing

pathway remain unaltered(Sowers, 2013; Wheatcroft, Williams, Shah, & Kearney, 2003).

b. eNOS Uncoupling

Accumulating evidence indicate that the impairment of the eNOS/NO pathway,
leading to decreased NO bioavailability, might be an early predictor of ED(Z. Yang &
Ming, 2006). Although it is well-established in the literature that increased NO production
is protective against atherosclerosis(van Haperen et al., 2002), another line of evidence
supports an opposing point of view and documents that overexpression of eNOS
accelerates atherosclerosis progression in hypercholesterolemia(Ozaki et al., 2002). Such
controversy can be attributed to “eNOS uncoupling”(H. Li, Horke, & Forstermann, 2014).

Under physiological conditions, the catalytic function of eNOS is dependent on enzyme
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dimerization followed by binding of the cofactor tetrahydrobiopterin and substrate L-
arginine. The phenomenon of “eNOS uncoupling” occurs when eNOS monomers do not
couple to their cofactors/substrates and instead produce superoxide anions (O27)(J. Lee,
Bae, Ma, & Kim, 2016). O2™ production, in turn, promotes impairment of endothelial
function and mediates vasoconstriction(Lawson, Mehta, Nichols, Mehta, & Donnelly,
1990). Despite the fact that SMCs and adventitial cells can produce reactive oxygen
species, endothelium-derived Oz has been shown to be the main contributor to
cardiovascular disease linked to metabolic disorders such as hyperlipidemia(Sohn et al.,

2000).

2. Abnormalities in EDH in metabolic disorders

Studies examining EDH abnormalities in metabolic disorders have largely focused
on the contribution of EDH abnormalities to ED in type Il diabetes(Matsumoto et al., 2017;
Schach, Resch, Schmid, Riegger, & Endemann, 2014). Although ED might occur in the
absence of hyperglycemia in prediabetic patients(Wasserman David, Wang Thomas, &
Brown Nancy, 2018), few studies have investigated the changes in EDH at the early stages
of metabolic disease. In mesenteric arteries from a fructose-fed rat model of insulin
resistance, impairment of EDRs to acetylcholine was primarily due to loss of EDH(Miller,
Hoenig, & Ujhelyi, 1998). Despite these observations, our knowledge regarding the
mechanism underlying impairment of EDH is not complete, and extensive efforts are

required to characterize the pathophysiological changes underlying the early loss of EDH.
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An outline of the possible aberrations leading to EDH dysfunction in metabolic diseases is

provided below.

a. Channelopathies

i. SKca/lKca channels

Alterations in these two channels are associated with ED in various cardiovascular
diseases, such as hypertension(Kohler, Olivan-Viguera, & Wulff, 2016). A recent study
showed that in rats, diet-induced hypertension is associated with reduced function and
expression of SKca/lKca channels(Gradel, Salomonsson, Sorensen, Holstein-Rathlou, &
Jensen, 2018). Significantly, coronary microvessels of diabetic patients also displayed
reductions in endothelial SKca/lKca channel activity without changes in expression or
distribution(Y. Liu et al., 2015). This decrease in Kca channel function could be attributed
to advanced glycation end products that are formed in diabetes(Zhao et al., 2014). Changes
in Kca channel function but not expression support the potential therapeutic use of small
molecules that modulate these channels in metabolic diseases. However, it is noteworthy
that both studies described above examined arteries at relatively advanced stages of the
disease where hypertension and diabetic hyperglycemia were established, and so time

course of such changes remains to be established.

ii. Kir channels
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Kir channels play an essential role in amplifying EDH responses, and act as “end-
stage boosters of endothelium-dependent vasodilation”(Sonkusare et al., 2016). The
negative slope conductance of Kir2.1-containing channels leads to increased activity as a
function of membrane potential hyperpolarization(Jantzi et al., 2006). In a rat model of
early stages of metabolic disease prior to overt glycemic or hemodynamic impairment, the
primary changes in EDH were attributed to defective Kir2.1 channel expression/function(R.
Alaaeddine et al., 2018). In a similar model, a longer duration of exposure to high fat/ high
fructose led to a hypertensive phenotype, in which not only Kir2.1 channel
expression/function was reduced, but also SKca/IKca channels were affected(Gradel et al.,
2018). These results indicate that EDH alteration may be of an insidious onset, where
various channels could be affected at different stages. Significantly, an inverse relationship
between Kir channel activity and high cholesterol levels in the channel microenvironment
was described. One study showed that exposing human endothelial cells to a cholesterol-
rich environment suppressed Kir currents and inhibited flow-induced
hyperpolarization(Fang et al., 2006). These results were verified by ex vivo experiments
conducted on aortae from a pig model of hypercholesterolemia, that showed a reduction in
Kir channel activity and a shift to a more depolarized state(Fang et al., 2006). Moreover,
electrophysiology and biochemical data suggest a negative effect of hypercholesterolemia
on the activity of Kir2 series subunits in both the endothelial and muscular layers in mouse
cerebral arteries(Maria Sancho & Welsh, 2018). These observations provide a framework
for functional alteration of Kir channel activity and EDH impairment with slight cholesterol

changes early in metabolic diseases.
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b. Alterations in Gap Junctions/ Cxs

Changes in Cx expression have been shown to be associated with the different
macro- and micro-vascular complications of diabetes, ranging from atherosclerosis,
hypertension, dyslipidemia to peripheral vascular disease(Josephine A. Wright, 2011).
However, discrepancies in vascular expression levels of different Cx isoforms were
observed in these conditions. Cx40 downregulation is implicated in ED in coronary arteries
from streptozotocin-induced type | diabetic mice(Makino A1, 2008). Similarly, in long-
term dyslipidemia, a reduction in endothelial Cx37 and 40 expression levels was detected
in mouse aorta(Yeh et al., 2003). On the other hand, Cx43 was upregulated in smooth
muscle cells in early stages of atherosclerotic plaque formation and was also identified in
the endothelial cells covering the shoulder of the atherosclerotic lesion(Kwak, Mulhaupt,
Veillard, Gros, & Mach, 2002). Furthermore, Cx43 is increased in the endothelium and
tunica media of the aorta in hereditary hypertriglyceridemic rats, an effect reversed by
treatment with the antihyperlipidemic drug atorvastatin or omega-3 fatty acids(Dlugosova
et al., 2009). This apparent discrepancy could be reconciled upon examining some of the
molecular mechanisms regulating the expression patterns of different Cx isoforms.
Whereas GATA4, which is down-regulated in endothelial cells by hyperglycemia (Xu,
Wang, Sun, Ni, & Zheng, 2018), was shown to be an important mediator of Cx40
expression(Oyamada, Oyamada, & Takamatsu, 2005), Cx43 was the only isoform whose
expression was driven by factors that are upregulated in metabolic disease including the

Whnt and Ras/Map kinase pathways(Oyamada et al., 2005).

22



While the downregulation of Cx37 and Cx40 is in line with reduction of EDH
conduction expected as a part of the ED in metabolic disorders, changes in Cx43 appear to
be paradoxical. Yet, this has to be viewed in the context of overall vascular activity, where
flow-mediated EDR occurs simultaneously with increased SMC depolarization leading to
myogenic contractility in response to increased intravascular pressure(Eid et al., 2018; El-
Yazbi & Abd-Elrahman, 2017). Under these circumstances, facilitated myoendothelial
conduction could lead to a situation whereby depolarization originating in SMCs may
overwhelm the compromised hyperpolarization in the endothelium. Under such conditions,
a reduction in Cx43 expression may afford protection against ED and exaggerated

vasoconstriction.

3. Endothelial Dysfunction and Perivascular Adipose Tissue

The cross-talk between the vasculature and surrounding adipose tissue is integral for

proper vascular function, whereby the perivascular adipose tissue (PVAT) layer releases a
number of vasoactive factors that modulate the contractility of the vascular layer (Y. J.

Gao, Lu, Su, Sharma, & Lee, 2007). However, adipose remodeling and inflammation was
shown to be implicated in the pathogenesis of cardiovascular dysfunction in the early
course of metabolic disease, prior to hyperglycemia (Choe, Huh, Hwang, Kim, & Kim,
2016; M. A. W. Elkhatib et al., 2019), whereby PVAT acquires proinflammatory and
proatherogenic properties that culminate in vascular remodeling (Chang, Milton, Eitzman,
& Chen, 2013). As such, a state of insulin resistance creates an imbalance in the nature of

secreted substances, favoring the production of pro-inflammatory cytokines and NADPH
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oxidase-derived reactive oxygen species, which contribute to the aggravation of endothelial

dysfunction (Gil-Ortega et al., 2014; Ketonen, Shi, Martonen, & Mervaala, 2010).

D. Adipose tissue Inflammation

Our view of the adipose tissue has advanced from being a simple energy storage
depot to a dynamic organ with multiple immunological and endocrine functions. Chronic,
low grade adipose tissue inflammation has been linked to the progression of type 2 diabetes
and vascular dysfunction (AlZaim et al., 2020). With excess energy intake associated with
metabolic challenge, adipose tissue undergoes expansion to meet the enhanced metabolic
demand in one of two mechanisms, either through increasing the number of cells, known as
hyperplasia, or enhancing the size of adipocytes, referred to as hypertrophy (Jo et al.,
2009). While hyperplasia of adipocytes is a more physiologically-relevant mechanism that
occurs as a function of enhanced adipogenesis to accommodate surplus energy,
hypertrophy is rather observed in obesity and insulin resistance, and even aggravated in the
presence of high levels of inflammatory mediators (Arner et al., 2010; Tchkonia et al.,
2013). Interestingly, a saturated free fatty acid (SFA)-rich high fat diet was shown to favor

the hypertrophic phenotype of adipose tissue (Finucane et al., 2015).

In the absence of sufficient vascularization, hypertrophied adipose tissue creates a
hypoxic environment that drives the accumulation of macrophages, hence triggering
adipose tissue inflammation (AlZaim et al., 2020). Given that adipocyte hypertrophy is

associated with adipose tissue necrosis, the early infiltration of macrophages into adipose
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tissue may be viewed as a mechanism that is intended to be protective, aiming at
sequestering adipocyte debris and residual lipid droplets (Cinti et al., 2005). However, the
continuous recruitment of these macrophages into adipose tissue results in a state of
chronic, low-grade inflammation that precipitates cardiometabolic manifestations of
metabolic disease (Xu et al., 2003). Given that insulin inhibits lipolysis, insulin resistance
drives a surge in free fatty acids (FFASs) originating from adipose tissue depots (Guilherme,
Virbasius, Puri, & Czech, 2008). Not only does this rise in FFAs trigger inflammation and
insulin resistance to neighboring tissues, but also it can exacerbate adipose tissue
inflammation in an autocrine manner (mechanisms discussed below). Under such
circumstances, macrophages and adipocytes become involved in a cross-talk loop, further

accentuating adipose tissue inflammation.

E. Free Fatty Acids

FFAs are carboxylic acids with long aliphatic chains, with a methyl group at one
end and a carboxylic group at the other end (Thijssen & Mensink, 2005). They can be
categorized into three groups depending on the presence of double bonds: saturated fatty
acid (SFAs) containing no double bonds, monounsaturated fatty acids (MUFAS) having
only one double bond, and polyunsaturated fatty acids (PUFA) with two or more double
bonds (Thijssen & Mensink, 2005). FFAs are further classified according to the length of
their aliphatic chain into short-chain fatty acids (less than 6 carbons), medium-chain fatty
acids (6-12 carbons), and long-chain fatty acids (more than 12 carbons) (Miyamoto et al.,

2016).
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These different types of FFAs exert various functions in health and disease. For
example, MUFA-rich diets were linked to a reduction in cardiovascular risk and found
beneficial in hypertension and diabetes (Schwingshackl & Hoffmann, 2012). However,
palmitic acid, which is a saturated FFA most commonly found in western diet, is the
predominant contributing element to atherosclerosis progression, according to a
metabolomics study (X. Chen et al., 2010). In fact, metabolic challenge results in “FFA
spill-over”, accumulation in metabolic tissues, and triggering a pro-inflammatory
phenotype that culminates in disease progression (van Herpen & Schrauwen-Hinderling,
2008). As such, FFAs have emerged as an important link between metabolic disease,
insulin resistance and development of cardiovascular diseases (Boden, 2008). Circulating
levels of palmitic acid were also found to exhibit increased levels in diabetic patients

(Prescott, Owens, Collins, Johnson, & Tomkin, 1999).

Previously labeled as an orphan class of G-protein coupled receptors, FFA-sensing
receptors (FFARS) are now known to be important mediators of certain FFA functions
(Briscoe et al., 2003). There are four well-characterized FFARs, including FFAR1/GPR40,
FFAR2/GPR43, FFAR3/GPR41, and FFAR4/GPR120, and are distributed among different
tissues (Secor, Fligor, Tsikis, Yu, & Puder, 2021). More importantly, FFAs were also
shown to exhibit the ability to bind to other types of receptors, such as toll-like receptors,
and elicit their corresponding immune actions (Shi et al., 2006). Due to the presence of
these receptors on the surface of immune cells, FFAs are thought to possess an immune-

regulatory role, especially in metabolic inflammation (Hidalgo, Carretta, & Burgos, 2021).
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As a matter of fact, infiltration of immune cells to adipose tissue depots represents the

initial stage of metabolic inflammation.

1. FFAs as Immune Modulators of Adipose Tissue Inflammation

Toll-like receptor (TLR)-4 signaling plays a crucial role in the FFA-induced
upregulation of pro-inflammatory mediators in macrophages, through downstream Myd88-
(Kochumon et al., 2018; Sindhu, Al-Roub, Koshy, Thomas, & Ahmad, 2016) or TRIF-
dependent (Hasan et al., 2019) downstream pathways. As such, SFAs promote the
expression of chemotactic cytokines, such as I1L-8, and macrophages inflammatory proteins
(MIPs), in addition to nuclear factor kappa B (NF-kB), all which were previously reported
to be implicated in the pathogenesis of metabolic inflammation (Hasan et al., 2019;
Kochumon et al., 2018; Suganami et al., 2007). Moreover, SFAs induce the formation of
matrix metalloproteinase (MMP)-9, which is important in adipose tissue remodeling in

obesity-related inflammation and insulin resistance (Sindhu et al., 2016).

In the presence of FFA-induced pro-inflammatory milieu, palmitate can cooperate
with TNF-a, to induce the expression of MIP1o/CCL3 and MIP1p/CCL4, which further
amplify the immune response in metabolic disease. The synergistic effect of palmitate and
TNF-a on promoting MIP1a secretion was found to be mediated by TLR4-IRF3 pathway
and signaling that involves c-Jun/NF-kB, a mechanism which is exacerbated by the
presence of oxidative stress in metabolic inflammation (Sindhu et al., 2020). Similarly,

palmitate and TNF-a together can trigger the expression of CCL4/MIP-18 chemokine via
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the activation of TLR4-MyD88 axis and MAPK/NF-kB pathways (Sindhu et al., 2019).
Furthermore, the synergy between palmitate and TNF-a plays an important role in
upregulating the chemokine CCL2 or monocyte chemoattractant protein (MCP)-1 via the
TLR4/TRIF/IRF3 signaling cascade (Ahmad et al., 2018). Furthermore, elevated levels of
FFAs, in the presence of hyperinsulinemia observed in metabolic disease, can favor adipose
tissue inflammation progression in a feed forward loop. This is evident in a study
demonstrating that palmitate, cooperatively with insulin, instigates the synthesis of PGE:in
macrophages, which further enhances IL-8 formation, known to promote insulin resistance
and inflammation (Henkel et al., 2021). Not only does SFAs enhance the production of
inflammatory mediators, but also it can downregulate the expression of players with an
anti-inflammatory role, including peroxisome proliferator-activated receptor-gamma

(PPARY) (Engin, 2017).
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Figure 1. Proposed mechanisms for monocyte/macrophage activation and upregulation
of pro-inflammatory markers as a function of FFA exposure. A FFA flux, possibly
through the fatty acid transporter protein (FATP), induces saturation of phosphatidylcholine
that impairs the cell membrane fluidity and disrupts Na/K ATPase, which then triggers a
potassium efflux sufficient to activate NLRP3 inflammasome, leading to the production of
IL-1p and IL-8. NLRP3 inflammasome can be also be activated as a function of an increase
in mitochondrial reactive oxygen species (ROS) production, resulting from FFA-induced
suppression of AMP-activated protein kinase (AMPK) signaling and subsequent
mitochondrial autophagy. Moreover, the lipid metabolites of FFAs, ceramide and
diacylglycerol (DAG) may also activate NLRP3 inflammasome, via stimulating NADPH
oxidase and enhancing ROS production. Furthermore, Toll-like receptor (TLR)-4 signaling
plays a crucial role in the FFA-induced upregulation of pro-inflammatory mediators in
macrophages, through downstream Myd88- or TRIF- dependent downstream pathways. The
activation of TLR4/Myd88/NF-kB pathway by FFAs can lead to the upregulation of
macrophage-inducible C-type lectin (mincle), which is a type Il transmembrane C-type lectin
triggered in macrophages specifically upon interaction with adipose tissue. As well, FFAs
modifies the expression of urokinase-type plasminogen activator receptor (UPAR) through
p38 MAPK-dependent mechanisms. The combination of FFAs and tumor necrosis factor
(TNF-a), potentially originating from adipose tissue, can enhance the expression of CCL4
(Chemokine (C-C motif) ligand 4), which contributes to the recruitment of monocytes into
adipose tissue.
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NLRP (NOD-, LRR- and pyrin domain-containing protein)-3 inflammasome plays
an important role in modulating western-diet induced inflammation, mainly by responding
to changes in metabolic intermediates, such as free fatty acids, ceramide, and glucose
(Donath, Dalmas, Sauter, & Boni-Schnetzler, 2013; Legrand-Poels et al., 2014). In fact,
metabolically unhealthy patients exhibited enhanced activation of NLRP3 inflammasome in
macrophages resident in visceral adipose tissue, in line with the low-grade inflammation
observed in this fat depot in metabolic disease (Esser et al., 2013). More recent evidence
demonstrated that SFAs promotes the activation of NLRP3 inflammasome, via impairing
cell membrane fluidity and disrupting Na/K ATPase, which then triggers a potassium efflux
sufficient to activate NLRP3 inflammasome, leading to the production of IL-1 and IL-8
(Gianfrancesco et al., 2019). In another study, FFA-induced activation of NLRP3
inflammasome was shown to be mediated by suppressing the signaling of AMP-activated
protein kinase (AMPK), a pleiotropic metabolic sensor, and subsequent accumulation of
mitochondrial reactive oxygen species (ROS) production, which impairs insulin signaling
in certain target tissues (H. Wen et al., 2011). Such activation of NLRP3 is not only
restricted to SFAS, but also the lipid metabolites of FFAs, ceramide and diacylglycerol
(DAG), can in turn activate NLRP3, via stimulating NADPH oxidase and enhancing ROS

production (Brookheart, Michel, & Schaffer, 2009).

Adipose tissue macrophages are directly influenced by an increase in FFAs
associated with metabolic inflammation. This subpopulation of macrophages was shown
undergo a phenotypic switch from an anti-inflammatory alternative M2 to a pro-

inflammatory M1 phenotype with insulin desensitizing actions as a function of SFAs,
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palmitate in particular (K. L. Chan et al., 2015). Interestingly, such an enhancement in
M1/M2 macrophages polarization is not only restricted to patients with metabolic
syndrome, but it was also demonstrated that the polarization towards M1 proinflammatory
macrophages resident in adipose tissue was positively related to the proportion of palmitate
in the cell membrane in healthy individuals (Poledne et al., 2019). The cross-talk between
adipose tissue-resident macrophages and adipocytes was illustrated by an in vitro co-culture
model, composed of 3T3-L1 adipocytes and RAW?264 cell line of macrophages (Suganami,
Nishida, & Ogawa, 2005). This study showed that macrophage-derived TNF-a is induced
by palmitate, released in large quantities from hypertrophised adipocytes, as a result of
macrophage-induced adipocyte lipolysis (Suganami et al., 2005). Thereby, TNF-o and
palmitate are involved in “paracrine loop” that exacerbates the inflammatory phenotype of
adipose tissue. In an attempt to further characterize this interaction, cONA microarray
analyses revealed an upregulation in macrophage-inducible C-type lectin (Mincle), which is
a type Il transmembrane C-type lectin suggested to play a role in pathogenesis of obesity-
related metabolic derangements (Ichioka et al., 2011). In fact, palmitate was shown to
promote the upregulation of Mincle, through the activation of TLR4/Myd88/NF-xB

signaling pathway (Ichioka et al., 2011).
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Figure 2. Possible mechanisms for FFA-induced adipose tissue inflammation. FFAS can
upregulated the expression of pro-inflammatory mediators via TLR4/NF-«xB signaling. FFA-
induced ER stress also results in activation of IKK[3, a master kinase for regulating expression
of inflammatory gene. Moreover, FFAs can increase the expression of NAPDH oxidase,
hence leading to an enhanced production of ROS, with its deleterious consequences on
insulin signaling pathway. The inflammatory phenotype of adipose tissue is exacerbated by
the actions of proinflammatory cytokines originating from macrophages, especially TNF-a,
which activates downstream JNK/IKKf. The expression of peroxisome proliferator-activated
receptor-gamma (PPARY), a transcription factor with known anti-inflammatory properties,
is reduced in response to FFAs. In the presence of insulin resistance, the enhanced lipolysis
ensures the continuous mobilization of FFAs from adipocytes, thus causing further
recruitment and activation of macrophages. In conclusion, adipocytes and macrophages are
involved in a vicious self-exacerbating cycle that leads to an upregulation of the
inflammatory phenotype of adipose tissue. Adipose tissue hypertrophy and subsequent
hypoxia drive the accumulation of macrophages, hence exacerbating the effects of FFA-
induced adipose tissue inflammation.
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2. FFAs and Endothelial Dysfunction

A significant body of evidence has suggested a role for SFAs as key drivers of
metabolic stress-evoked endothelial dysfunction. In fact, elevated circulating levels of
FFAs were directly associated with an impairment of endothelium-dependent relaxation
(Steinberg et al., 1997). Previous studies investigating FFA-induced endothelial
dysfunction demonstrated NO as the principal compromised relaxing component, whereby
shear-stress mediated NO production was shown to be impaired in insulin-sensitive
individuals upon infusion with FFAs (Steinberg et al., 2000). Thus, by inducing a state of
insulin resistance in the endothelium, FFAs can contribute to the derangements in
endothelial function. These inhibitory effects of FFAs on endothelial NO were mainly
attributed to a palmitate-induced reduction of phosphorylation of IRS-1, which interrupts

PI3K/Akt/eNOS insulin signaling pathway (Fratantonio et al., 2017).

Oxidative stress is another mechanism by which FFAs can impair NO-mediated
responses in the endothelium. FFAs can enhance the production of ROS through PKC-
dependent activation of NADPH oxidase (Inoguchi et al., 2000). Furthermore, palmitate,
via the activation of ER stress pathways, was shown to increase the formation of ROS and
trigger the apoptosis of endothelial cells (Y. Lu et al., 2013). In addition, the role of FFA-
evoked oxidative stress in impairing endothelial function is further illustrated by the
findings a study demonstrating that NF-kB-dependent COX-2 upregulation of ROS may
underlie palmitate-induced endothelial dysfunction (Z. Gao et al., 2014). In this study, ex
vivo treatment of aortic rings with palmitate attenuated acetylcholine-mediated relaxation in

a concentration-dependent manner, which was improved upon superoxide scavenging and
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COX-2 inhibition/knockout (Z. Gao et al., 2014). However, the observed profile of
endothelium-dependent relaxation was not altered in COX-1"" mice (Z. Gao et al., 2014).
Interestingly, these effects were shown to be mediated by the actions of thromboxane,

downstream of COX-2 (Z. Gao et al., 2014).

The pro-inflammatory phenotype triggered by FFASs is also proposed as a possible
mechanism that may cause insulin resistance and impair endothelial function. In fact, the
FFA-induced pro-inflammatory microenvironment in vascular walls is aggravated by two
main factors: (1) the upregulation of cytokines and adhesion molecules in endothelial that
attracts macrophages, (2) the close proximity of PVAT layer, that also acts a continuous
source of FFAs. The activation of IKKf by SFAs, and the consequent NF-«kB p65
phosphorylation and increase in IL-6 and TNF-a, was found to play an integral role in
decreasing IRS-1 tyrosine phosphorylation, hence altering IRS-1/Akt/eNOS pathway (Kim
etal., 2005; K. Liu et al., 2012). The insulin-signaling pathway is also impaired by FFA-
induced activation of NLRP3 inflammasome in endothelial cells, that culminates in the
formation of IL-1B (Xing et al., 2019). These effects were found to be mediated by
palmitate through the inactivation of AMPKa (Xing et al., 2019). Activated NLRP3
inflammasome in endothelial cells in response to FFAs was also associated FFAs with a
reduction in inter-endothelial tight junction proteins zona occludens (ZO)-1/Z0-2 in
microvascular endothelial cells (MVECS), hence enhancing endothelial permeability (L.
Wang et al., 2016). As such, FFA-induced endothelial dysfunction was also reported in
adipose microvasculature, where palmitate was shown to enhance monocyte transmigration

and impair insulin transport in primary endothelial cells from human adipose tissue
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microvasculature (HAMEC), through TLR4/NF-«xB signaling (Pillon et al., 2015). Another
study conducted on human aortic endothelial cells proposed that palmitate-induced
mitochondrial damage is a possible mechanism behind endothelial inflammation, where the
consequent leakage of mitochondrial DNA, sensed by cyclic GMP-AMP synthase, triggers
the activation of the stimulator of interferon genes protein (STING). Hence, this critical
signaling molecule promotes the phosphorylation of interferon regulatory factor 3 (IRF3),
which in turn, upregulates the expression of intercellular adhesion molecule 1 (ICAM-1)

and facilitate monocyte-endothelial cell adhesion (Mao et al., 2017).

Despite the interaction between the two endothelial mechanisms, the effect of FFAs
on EDH responses is poorly investigated in the literature. Up to our knowledge, only one
study conducted on human subjects has provided evidence on the impairment of NO-
independent vasodilation in response to infusion with FFAs, mainly through suppression of
Kir channels (de Kreutzenberg et al., 2003). Interestingly, FFAs is able to induce an
upregulation of gap junction connexin 43, a common pathological alteration previously

reported to exist in vascular diseases (Kiec-Wilk et al., 2012).
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Figure 3. Potential mechanisms by which FFAs trigger endothelial dysfunction. In
endothelial cells, FFAs upregulate the expression of different pro-inflammatory mediators
and adhesion molecules via activation of TLR4/NF-kB or IKKB/NF-kB. The production of
IL-1pB can be further enhanced through the actions of FFAs on NLRP3 inflammasome, which
is mediated by the FFA-induced inactivation of AMPKa. This will cause a disruption of the
insulin-signaling pathway, leading to the reduction in the generation of the vasorelaxing
component NO. Another mechanism by which NO is reduced is in the presence of oxidative
stress. FFAs can enhance the production of reactive oxygen species through the induction of
NADPH oxidase and NLRP3 inflammasome. FFAs can also impair endothelial relaxation
mechanisms by suppressing inward rectifier potassium (Kir) channels and reducing EDH
responses. Furthermore, FFAs can promote endothelial permeability, through targeting zona
occludens and impairing endothelial tight junctions. FFASs is able to induce an upregulation
of gap junction connexin 43, which ensures proper endothelial-smooth muscle cross-talk for
efficient control of vascular tone. In vascular smooth muscle cells, inflammatory markers are
also upregulated as a function of FFA/TLR4/Myd88/NF-kB signaling. Besides enhancing
the expression of COX-2, FFAs is responsible for the glycosylation of this enzyme, as a form
of posttranslational modification. FFAs also upregulates lectin-like oxidized low-density
lipoprotein receptor 1 (LOX-1), thus favoring ox-LDL uptake. TLR4/ROS/p53 pathway
activation by FFA may lead to the apoptosis of vascular smooth muscle.
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F. Multi-targeting Drug Ligands

Designing highly selective single-target ligands for specific diseases has been the
predominating paradigm in drug discovery programs in the 20" century (Ramsay, Popovic-
Nikolic, Nikolic, Uliassi, & Bolognesi, 2018; Zhou et al., 2019). Indeed, this paradigm was
very effective in many instances, yet it did not show the same success in complex diseases
such as cancer, neurodegenerative diseases, metabolic diseases and inflammatory disorders
(Ramsay et al., 2018; Zhou et al., 2019). These diseases are under the control of several
biochemical processes and hence display complexities and redundancies that frequently
compensate for the action of single-targeted therapies making them more prone to adaptive
resistance mechanisms (Proschak, Stark, & Merk, 2019; Ramsay et al., 2018). Hence, the
pharmaceutical pipeline has now perceived the notion that “Simple Drugs Do Not Cure
Complex Diseases”, which called for “The Need for Multi-Targeted Drugs”. In this regard,
multi-targeting affinity profiles have established themselves to be the rule rather than the
exception in drug discovery campaigns and among clinically useful drugs for complex
multifactorial diseases (Shahid et al., 2012). This is quite evident as multi-target drugs
represent 21% of the drugs approved by the Food and Drug Administration (FDA) in the
period from 2015 to 2017 (Sanchez-Tejeda, Sanchez-Ruiz, Salazar, & Loza-Mejia, 2020).

In this context, inflammation emerges as a major predisposing factor for many
complex diseases. Of particular interest, metabolic disorders, such as insulin resistance,
type 2 diabetes, obesity, and their relevant cardiovascular complications, are thought to be
driven by a chronic state of inflammation (Hotamisligil, 2006). The multifaceted nature of

these diseases requires intervention via targeting multiple underlying inflammatory
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pathways. In the complexity of the inflammatory response, arachidonic acid (AA)
metabolites play a significant role in mediating inflammation besides their homeostatic
function. AA metabolism is mainly mediated by two key enzymes: lipoxygenase (LOX)
and cyclooxygenase (COX). On one hand, LOX enzymes (5-, -12 or 15-LOX) catalyze the
dioxygenation of polyunsaturated fatty acids (PUFA), linoleic acid and AA, producing
different oxygenated lipid mediators (Mashima & Okuyama, 2015). On the other hand, the
action of COX enzymes (COX-1 or COX-2) on AA leads to the generation of a number of
metabolites, including prostaglandin F», (PGF2,), prostaglandin D2 (PGDy), prostaglandin
E> (PGE»), prostacyclin (PGl2), and thromboxane A2 (TxA>), collectively known as
prostanoids (Schauberger, Peinhaupt, Cazares, & Lindsley, 2016). Although, LOXs, COXs,
and their corresponding metabolites showcase a physiological and homeostatic importance,
a body of research highlighted the involvement of LOX and COX pathways in metabolic
diseases (Singh & Rao, 2019; D. Wang & Dubois, 2010). In this context, LOX and COX
AA metabolites modulate the activity of a major molecular switch of metabolic and
inflammatory processes, peroxisome proliferator-activated receptor gamma
(PPARy)(Mateu, Ramudo, Manso, & De Dios, 2015; Sun et al., 2015), that is intimately
intertwined in the complex pathology of these disorders. In the below sections, we highlight
the contribution of 15-LOX, COX-2, and PPARY targets in the etiology of metabolic
diseases. More importantly, we present our novel multi-targeting drug ligands (MTDLS),

that were designed based on COX-2 and 15-LOX inhibition as well as PPARy agonism.
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1. 15-LOX as a potential target in metabolic disease

a. 15-LOX pathway in inflammation

Lipoxygenases are dioxygenase enzymes that are responsible for the catalysis of
dioxygenation of polyenoic fatty acids, such as AA and linoleic acid, yielding peroxidase
derivatives (Kuhn, Banthiya, & van Leyen, 2015). The nomenclature of LOXs depends on
the location of the carbon in the AA chain on which a hydroxyperoxy- moiety is added
(Brash, 1999). Thus, the family of LOXs include 5-, 8-, platelet-type 12(S)-, epidermal-type
12(R)-, and 15-LOXs (Kuhn, Walther, & Kuban, 2002). 15-LOX is also sub-classified into
two isoforms: 15-LOX-1 and 15-LOX-2, whose genes are referred to as ALOX15 and
ALOX15B respectively (Kuhn et al., 2002). The LOX pathway generates a plethora of
bioactive metabolic products that include leukotrienes, lipoxins, eoxins, resolvins, and
others (Kuhn et al., 2015). LOX enzymes metabolize AA into 5-, 8-, 12- and 15-
hydroperoxyeicosatetraenoic acids (HPETES), which are readily transformed to their
corresponding hydroxy fatty acids, hydroxyeicosatetraenoic acids (HETEs) (C. Schneider
& Pozzi, 2011). Primarily, both 15-LOX-1 and 15-LOX-2 generate 15-HPETE upon
metabolism of AA. Yet, 15-LOX-1 can additionally metabolize m-3 and w-6 PUFA
obtained from food, such as Docosahexaenoic acid (DHA) and linoleic acid, thus forming
17-HPDHA and 13-hydroxyoctadecadienoic acid (13-HODE) respectively (C. Schneider
& Pozzi, 2011). Similar metabolites can be produced by both the human reticulocyte-type
15-LOX-1 and leukocyte-type 12-LOX, thus they can be alternatively referred to as 12/15-
LOXs (Dobrian et al., 2011). There is a remarkable interspecies variability in the products

formed by 12/15-LOX enzymes (Singh & Rao, 2019). The human ALOX15 mainly yields
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15(S)-HETE and small amounts of 12(S)-HETE, whereas its murine orthologue produces
both 12(S)-HETE and 15(S)-HETE in 3:1 ratio (Singh & Rao, 2019). Therefore, these

differences limit the translational potential of data obtained from animal studies.

b. 15-LOX and Vascular Dysfunction

Various studies proved the involvement of 12/15-LOX enzyme in the phenotypic
alterations of the endothelial layer under inflammatory conditions, which is characterized
by a disruption of endothelial barrier function and enhanced interaction with leucocytes
(Pober & Sessa, 2007). Early stages of endothelial dysfunction, also referred to as type |
activation of endothelial cells, include the opening of intracellular tight junctions and
increased vascular permeability (Pober & Sessa, 2007). In vivo and ex vivo evidence
demonstrated that the major 15-LOX metabolite, 15-(S)HETE, is involved 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, Dyukova, Hansen, & Rao, 2013). Moreover, 15-(S)HETE can also induce tight
junction opening via PKCe-dependent zonula occludens-1 phosphorylation (R.
Chattopadhyay et al., 2014). In more advanced stages of endothelial dysfunction, changes
that comprise regulation of gene expression lead to the upregulation of adhesion molecules,
hence permitting leucocyte-endothelial interaction. 15(S)-HPETE was shown to induce the
upregulation of adhesion molecules in human umbilical vein endothelial cells (HUVECS),
thus allowing the transendothelial migration of monocyte-like HL-60 cells (Sultana, Shen,
Rattan, & Kalra, 1996). The expression of the intercellular adhesion molecule 1 (ICAM-1)

was also elevated in the aortic endothelial cells isolated from 12/15-LO transgenic mice,
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through RhoA/protein kinase C[]-dependent activation of the transcription factor NF-kB
(Bolick et al., 2005). Such a signaling pathway leading to enhanced monocyte-endothelial
interactions was found in the aortic endothelium of atherosclerotic apoE” mice (Bolick,
Srinivasan, Whetzel, Fuller, & Hedrick, 2006). Selective inhibition of 12/15-LOX
prevented monocyte adhesion to aortic endothelium (Bolick et al., 2006). Moreover, the
increase in 12/15-LOX-derived eicosanoids, especially 13(S)-HODE, facilitated monocyte-
endothelial cell interaction in db/db diabetic mice (Hatley, Srinivasan, Reilly, Bolick, &
Hedrick, 2003). It is worth mentioning that the pleiotropic effects of the
antihypercholesterolemic drug atorvastatin on endothelial dysfunction was found to be

mediated by modulation of ALOX15 expression in endothelial cells (P. Zhang et al., 2016).

c. 15-LOX and Adipose Tissue Inflammation

Given that adipose tissue inflammation is regarded as a hallmark of metabolic
diseases, the contribution of ALOX15 was extensively investigated in inflammation-
mediated metabolic alterations. The murine orthologue of ALOX15 was found to be
upregulated in white epididymal fat of high-fat diet (HFD) fed mice (Chakrabarti, Cole,
Wen, Keller, & Nadler, 2009). These observations were confirmed by in vitro evidence,
where fully differentiated murine 3T3-L1 adipocytes exhibited elevated levels of 12/15-
LOX in response to treatment with palmitic acid (Chakrabarti et al., 2009). This
upregulation of 12/15-LOX in adipose tissue was shown to be implicated in adipose tissue
macrophage infiltration and inflammatory cytokine expression in HFD-fed rats

(Nunemaker et al., 2008; Sears et al., 2009). Furthermore, 12/15-LOX knock out was also
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found to be protective against HFD-induced whole body insulin resistance, as confirmed by
hyperinsulinemic euglycemic clamp technique (Sears et al., 2009). The notion that adipose
12/15-LOX is responsible for insulin resistance and inflammation was supported by a
study, where adipose tissue-specific deletion of 12/15-LOX reduced serum insulin levels
and macrophage infiltration respectively (Cole, Morris, Grzesik, Leone, & Nadler, 2012).
Recent findings have described a possible role for 12/15-LOX enzyme in mediating ER
stress in the adipocytes of HFD-fed mice (Cole, Kuhn, et al., 2012), a mechanism that has
been implicated in insulin resistance and diabetes mellitus (Boden, 2009; Boden et al.,
2008). Such pro-inflammatory effects of 12/15-LOX was shown to be at least partly
mediated by its product 15-(S)HETE. Investigation of adipose tissue of db/db pre-diabetic
mice demonstrated an enhanced expression of both 12/15-LOX and 15-(S)HETE (Dobrian
et al., 2018). Also, 15-(S)HETE was shown to promote adipogenesis in human bone
marrow mesenchymal stem cells (hBMSCs) (Y. S. Song et al., 2016). Human 15-LOX
isoforms were reported to have differential expression in the visceral fat of morbidly obese
patients (Dobrian et al., 2010).While 15-LOX-2 was detected in both subcutaneous and
omental visceral fat, 15-LOX-1 was exclusively found in omental adipose tissue (Dobrian
et al., 2010). This selective increase in 15-LOX-1 expression in omental fat may provide a
possible mechanism behind the cardiometabolic risk associated with the increase of visceral

adipose tissue in obese patients (Dobrian et al., 2010).
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2. COX-2 as a potential target in metabolic disease

a. COX-2 pathway in Inflammation

The synthesis of prostanoids is catalyzed by the two isoforms of the COX enzyme:
COX-1 and COX-2. Although these two enzymes demonstrate analogy in structure and
kinetics, COX-1 and COX-2 exhibit distinctive tissue distribution and regulation
mechanisms, which is reflected on the pharmacological and biological level (W. L. Smith,
DeWitt, & Garavito, 2000). COX-1, constitutively expressed in most tissues, is the major
source of prostanoids that serve homeostatic functions. On the contrary, COX-2, known as
the inducible isoform, is responsible for the increased production of prostanoids in
inflammatory conditions and proliferative diseases, as in cancer (P. C. Chan, Liao, &
Hsieh, 2019; S. G. Harris, Padilla, Koumas, Ray, & Phipps, 2002; Ricciotti & FitzGerald,

2011).

b. COX-2 and Vascular Dysfunction

Although clinical observations report cardiotoxic effects for selective COX-2
inhibitors, these findings are still a subject of controversy. It has been suggested that COX-
2 inhibition may still be beneficial in the case of active inflammation within patients with
unstable atherosclerotic plagues, where PGE: is the predominant prostaglandin (Cipollone
& Fazia, 2006). However, this is not the case in patients with a low inflammatory profile,
where the use of COX-2 inhibition may be harmful as it inhibits the predominant

endothelial PGl (Cipollone & Fazia, 2006). Such a dual role of selective COX-2 inhibition
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was supported by the results of a study investigating the effect of selective COX-2
inhibitors on atherosclerosis progression in apoE-deficient mice, where coxibs exhibited
anti-atherogenic effects in advanced stages while enhancing atherosclerosis progression in

early stages (Metzner et al., 2007).

Several lines of evidence support a possible beneficial effect of COX-2 blockade in
the context of atherosclerotic vascular dysfunction in metabolic disorders. As demonstrated
by the Diabetes Heart Study, elevated levels of COX-2 mRNA expression were found in
atherosclerotic plaques of patients with type 2 diabetes (Baldan et al., 2014). COX-2
expression was elevated in arteries of HFD-induced metabolically obese and normal weight
rabbits (Alarcon et al., 2018) and was shown to be implicated in the pathogenesis of
atherosclerotic lesions in the aortas of apoE~”" mice, partly through facilitating monocyte
recruitment by upregulating endothelial adhesion molecules (Jacob, Laury-Kleintop, &
Lanza-Jacoby, 2008). Treatment with celecoxib in combination with atorvastatin attenuated
the size of atherosclerotic lesions and the expression of adhesion molecules, such as
VCAM and MCP-1, in the vessels of apoE” mice fed a western diet (Raval, Frank, Laury-
Kleintop, Yan, & Lanza-Jacoby, 2010). Linoleic acid was shown to induce monocyte
chemotaxis and binding in a COX-2-dependent manner (Matesanz et al., 2012). High dose
irbesartan and celecoxib exhibited anti-atherosclerotic properties by inhibition of NF-KB-
dependent activation of COX-2 and MMP-9 in in the atherosclerotic aortas obtained from

HFD-fed rabbits (L. Li, Li, Yi, Liu, & Lei, 2018).

Moreover, TNF-a- and angiotensin ll-induced COX-2 activation is implicated in

vascular smooth muscle proliferation (Young, Mahboubi, Haider, Li, & Ferreri, 2000).
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Anti-atherosclerotic properties of certain nuclear receptor activators were attributed to their
ability to inhibit COX-2 in smooth muscle cells (Rival et al., 2009). COX-2-derived PGD>
is responsible for phenotypic switching of VSMCs from the contractile to synthetic
phenotype, a phenomenon observed in vascular injury and atherosclerosis leading to
neointima formation (H. S. Lee et al., 2019). Celecoxib exhibited remarkable inhibitory
effects on neointimal hyperplasia, through blocking of Akt activation (H. M. Yang et al.,
2004). The enhanced expression of PGE; from lipopolysaccharide-stimulated monocytes
obtained from 291 subjects was associated with higher mean carotid intima-media
thickness, suggesting PGE2 as a potential biomarker in subclinical atherosclerosis (Beloqui
et al., 2005). Production of PGE2 might lead to plaque instability and rupture, via induction

of matrix metalloproteinase by macrophages (Gargiulo et al., 2018).

c. COX-2 and Adipose Tissue Inflammation

Substantial evidence from human and animal studies has illustrated that COX-2 and
COX-derived prostanoids, mainly PGE_, are responsible for the etiology of obesity-induced
adipose tissue inflammation and insulin resistance. This was evident in a HFD-fed rodent
model, where selective inhibition of COX-2 by using celecoxib led to an attenuation in
adipose tissue infiltration and inflammation, as well as insulin resistance indices (Hsieh et
al., 2009; C. H. Lu, Hung, & Hsieh, 2016). Consistent findings were recorded in human
adipocytes isolated from obese patients, where both COX-2 and its receptor prostaglandin
E receptor 3 (EP3) expression were correlated with higher body mass index values (P. C.

Chan, Hsiao, Chang, Wabitsch, & Hsieh, 2016). A recent study proposed that COX-
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2/PGE2/EP3 signaling axis is implicated in the progression of adipose tissue inflammation
and insulin resistance (P. C. Chan et al., 2016). As suggested by this study, activation of
this pathway enhanced pro-inflammatory adipokine expression, such as monocyte
chemoattractant protein 1 (MCP-1) and RANTES, while inhibiting the production of
adiponectin, via a NF-kB-mediated mechanism (P. C. Chan et al., 2016). As such, this
increase in pro-inflammatory molecules was responsible for driving the recruitment of
immune cells, which exacerbates adipocyte inflammation and insulin resistance (P. C. Chan
et al., 2016). Furthermore, LC-MS/MS lipidomic analysis of human omental white adipose
tissue obtained from obese patients detected elevated PGE: levels, attributed to
significantly enhanced COX-2 expression in the absence of overexpression of
prostaglandin E synthases (Garcia-Alonso et al., 2016). Moreover, there is a growing
interest in the role of adipose tissue macrophages (ATMs) in insulin resistance. The amount
of ATM accumulating in adipose tissue was found to positively correlated with insulin
resistance markers (Weisberg et al., 2003). In fact, HFD feeding in mice promoted a
phenotypic switch of ATMs from the anti-inflammatory, protective M2 state towards a pro-
inflammatory M1 (Lumeng, Bodzin, & Saltiel, 2007). It has been suggested that COX-2-
dependent macrophage migration inhibitory factor (MIF) secretion from hypertrophic and
hypoxic adipocytes may underlie the observed phenotypic switch of ATMs through CD74,

a transmembrane protein that is part of the MIF receptor complex (P. C. Chan et al., 2018).
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3. PPARy as a potential target

Peroxisome Proliferator-Activated Receptors (PPARs) are members of the nuclear
hormone receptor superfamily of ligand-activated transcription factors that regulate various
genes implicated in cellular metabolism, proliferation and function (Marx, Duez, Fruchart,
& Staels, 2004). After interaction with specific PPAR ligands, PPARs heterodimerize with
the retinoid X receptor (RXR), translocate to the nucleus where they undergo a
conformational change and consequently transactivate transcription (Berger, Akiyama, &
Meinke, 2005). In addition, PPARSs can repress the transcription of genes by negatively
interfering with other transcription factors independent from DNA binding. PPAR family
comprises three members PPARa, PPARB/S and PPARy (Holm, Mgnsted, Haupt-
Jorgensen, & Buschard, 2020). PPARYy is highly expressed in the adipose tissue where it
regulates adipogenesis, lipid metabolism and insulin sensitivity but also in endothelial cells,
VSMCs and various immune-related cell types such as macrophages, dendritic cells and
microglia (L. Han, Shen, Bittner, Kraemer, & Azhar, 2017). Genetic polymorphisms in
PPARYy have been associated with the development of metabolic syndrome, partial
lipodystrophy, essential hypertension and insulin resistance (Petrosino et al., 2017; R. M.
Rocha et al., 2015). PPARy agonism with thiazolidinediones (TZDs) has emerged as a
therapeutic approach in the treatment of type 2 diabetes (T2D). Nevertheless, PPARy
expression in various cell types and the pleiotropic effects of TZDs suggest a role played by
PPARy in metabolic diseases, inflammation, atherosclerosis, insulin resistance and

diabetes.
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a. PPARY in inflammation

PPARYy plays a major role in the regulation of inflammatory pathways in several
organ systems. PPARYy drives the alternative activation of macrophages in a myriad of
inflammatory diseases thus conferring an anti-inflammatory and pro-resolving response
(Chinetti et al., 1998; Linares et al., 2018; Tokutome et al., 2019). The administration of
rosiglitazone, a PPARy agonist ameliorated HFD-induced hepatic steatosis by reducing
hepatic TLR4/NF-«xB expression and M1-polarized Kupffer cells whereby suggesting an
ameliorative role of PPARy agonism in non-alcoholic fatty liver disease (NAFLD) (Luo,
Xu, Wang, Wu, & Hua, 2017; Wu et al., 2020). PPARy deletion in mouse primary
macrophages reduced IL-1 release in response to lipotoxic stimulation by transcriptionally
inhibiting the expression of multiple activators of the NLRP3 inflammasome. Conversely,
PPARy activation selectively suppressed IFN-B expression in activated macrophages
(Weber et al., 2018). In addition to TZDs, several other molecules have been shown to
mediate macrophage alternative activation through PPARy agonism including statins (Q.
Wang et al., 2017; T. Zhang, Shao, & Liu, 2017). Furthermore, PPARy was also shown to
reverse microglial polarization and thus play a neuroprotective effect in inflammatory
neurological disorders such as epilepsy, traumatic brain injury, ischemic stroke and
Parkinson’s disease (Bonato, Bassani, Milani, Vital, & de Oliveira, 2018; He et al., 2018;
Hussein, Moghimi, & Roohbakhsh, 2019; Kinouchi et al., 2018; R. Liu et al., 2018; Meng

etal., 2019; Peng et al., 2019; Yuan et al., 2017).
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b. PPARy and Vascular Dysfunction

Impaired endothelial PPARYy activity results in excessive oxidative stress, promotes
the emergence of a pro-inflammatory phenotype, and enhances the development of
atherosclerosis. Age-related vascular dysfunction and inflammation was attributed in part to
a perturbed PPARYy function in vascular endothelial cells (De Silva, Li, Kinzenbaw,
Sigmund, & Faraci, 2018). In addition, it was found that HFD-induced obesity is associated
with a reduction of vascular endothelial PPARy which resulted in exaggerated
inflammation in response to chronic intermittent hypoxia (Y. Zhang, Zhang, Li, & Hou,
2017). PPARy was found to protect endothelial cells against IL-1p-mediated dysfunction by
reducing oxidative stress (Mukohda et al., 2016). Indeed, PPARy agonism was shown to
convey endothelial cell protection against tumor necrosis factor (TNF)-a in humans with an
increased cardiovascular risk due to type 2 diabetes (Martens, Rabelink, op 't Roodt, de
Koning, & Visseren, 2006). Endothelial PPARy agonism with TZDs was shown to
ameliorate endothelial insulin resistance, protect against high-glucose-mediated endothelial
dysfunction and lipopolysaccharide (LPS)-mediated endothelial inflammation (C. Chen et
al., 2017; Ji, Ji, Li, Lu, & Luo, 2018; Y. Zhang et al., 2015). Moreover, PPARy agonism

with TZDs enhanced endothelial migration and tube formation (Rudnicki et al., 2016).

c. PPARy and Adipose Tissue Inflammation

Immune cell infiltration into the hypoxic adipose tissue environment and the

subsequent production of proinflammatory cytokines play a pivotal role in driving chronic
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adipose tissue inflammation. In addition to its roles in adipogenesis and energy metabolism,
PPARYy plays a pivotal role in regulating the function of adipose tissue-infiltrating immune
cells. In fact, obesity results in a hypermethylation at the PPARy promoter region
promoting the proinflammatory activation of macrophages (X. Wang et al., 2016; X. Yang
et al., 2014). Moreover, the deficiency of PPARy in macrophages favors the predominance
of M1 markers in white adipose tissue (Bassaganya-Riera, Misyak, Guri, & Hontecillas,
2009). Resident alternatively activated macrophages were shown to maintain a homeostatic
state and were proposed as a useful strategy in the treatment of T2D (Dai et al., 2017;
Odegaard et al., 2007). Natural, synthetic and exercise-induced upregulation of PPARy
promoted an anti-inflammatory state either through promoting macrophages alternative
activation or through inhibiting the expression of pro-inflammatory genes (Ricote, Li,
Willson, Kelly, & Glass, 1998; Ruffino et al., 2016). Indeed, dual PPARa/y agonism
reduced adipose tissue inflammation and dysfunction (D. Kumar et al., 2018). In HFD-fed
129SV mice, rosiglitazone increased the number of adipose tissue-infiltrating alternatively
activated macrophages and it was suggested that these macrophages mediated the effects of

PPARYy on the expansion and remodeling of the adipose tissue (Stienstra et al., 2008).

It was shown that the perivascular adipose tissue (PVAT) possesses a heightened
proinflammatory state in comparison to other fat depots (Chatterjee et al., 2009). HFD-
induced PVAT dysfunction exacerbated vascular derangements and interventions targeting
PVAT inflammation are emerging as valuable therapeutic approaches in the treatment of
vascular complications of metabolic diseases (R. Rafeh, A. Viveiros, Gavin Y. Oudit, &

Ahmed F. El-Yazbi, 2020). In addition, Pioglitazone ameliorated PVAT inflammation-
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mediated arterial stiffness (Chang, Zhao, Garcia-Barrio, Zhang, & Eugene Chen, 2018). We
have recently reported that the administration of pioglitazone in a non-obese prediabetic rat
model devoid of systemic inflammation, ameliorated PVAT inflammation and vascular

dysfunction (M. A. W. Elkhatib et al., 2019).

4. Introducing Multi-targeting Drug Ligands

The underpinning concept of simultaneous targeting of multiple pathways stems
from the peculiarities of traditional Chinese medicine (TCM) that have been developed and
used for centuries to treat complex diseases (Tang, Zhang, Nie, Yao, & Chen, 2009). TCMs
are designed based on the principle of “syndrome differentiation” allowing a match of the
pharmacological properties of multiple compounds with the symptoms exhibited by
patients (Shao, 2009). Great efforts have been made towards the extraction and isolation of
newly identified compounds that have been pivotal to drug discovery and development (Q.-
W. Zhang, Lin, & Ye, 2018). Several approaches have been adopted to establish the
multiple target network of these compounds taking into consideration the available known
drug-target network information to construct complex predictive models to predict ligands
and targets (W. Zhang, Huai, Miao, Qian, & Wang, 2019). Indeed, systems pharmacology
provided strategies for efficient combination of novel compounds for the treatment of
complex diseases (W.-Y. Lee, Lee, Kim, & Kim, 2019). Nevertheless, and in contrast to
Western medicine, several issues halt the extensive use of TCMs including the purity of the
extract, the overall efficacy, the pharmacokinetic profile of the compounds and their

underlying mechanisms of action.
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The phenomenon of modulating multiple biomolecular targets was first described
by the immensely broad term “Polypharmacology”. Polypharmacology entails either a
single agent acting on multiple targets of a specific disease pathway, or a single entity
modulating various targets related to multiple disease pathways (Reddy & Zhang, 2013).
Moreover, polypharmacology for intricate diseases involves multiple drugs acting on
distinct targets, that are implicated in the complex networks regulating several
physiological responses (Reddy & Zhang, 2013). Combination and multicomponent
therapies also come under the umbrella of this term (Morphy & Rankovic, 2005). As a
matter of fact, many drugs possess multi-targeting activities and represent the
polypharmacological approach despite not being designed on purpose. For example,
Aspirin, is an analgesic, antipyretic and anti-inflammatory medication. Additionally, it has
been reported to be used in the prophylaxis of transient ischemic attacks, strokes,
pregnancy loss and cancer (Reddy & Zhang, 2013). Also, Sildenafil, the phosphodiesterase
inhibitor, was initially intended for hypertension and ischemic heart disease. Nonetheless, it

is currently used to treat erectile dysfunction (Reddy & Zhang, 2013).

Evans et al. in 1988 described the concept of privileged structures from a chemistry
point of view, which paved the way for the evolution of both the concept and terminology
of multi-targeting (Evans et al., 1988; Shahid et al., 2012). By the first decade of this
century, Morphy et al. used “designed multiple ligands “ to describe the phenomenon of
multi-targeting (Morphy & Rankovic, 2005). However, and according to SCOPUS and
PubMed, the term “multi-target directed ligands” and the acronym “MTDLs” were first

introduced in 2007 by Bolognesi et al., reporting some quinone-bearing polyamines for the
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treatment of Alzheimer’s disease (Bolognesi et al., 2007). Since then, it is not surprising
that most (if not all) Alzheimer’s medicinal chemistry papers contain this term or that
acronym. In 2010, Metz and Hajduk provided a more comprehensive description of ‘multi-
targeted” drug design or MTDD as the ability to modulate the activity of multiple protein
targets. In essence, this designation can also refer to ‘treating complex, heterogeneous
diseases that tend to result from multiple molecular abnormalities (such as cancer,
cardiovascular, and psychiatric disorders) with a highly specific drug that concertedly

modulates two or more targets (Metz & Hajduk, 2010).

In brief, regardless of all the terms used to describe the phenomenon of multi-
targeting by a single ligand, the term “multi-target directed ligands or the acronym MTDLs
gained much popularity within medicinal chemistry literature and their use have extended
from Alzheimer’s disease to all other complex disorders. We also envisage setting up a
sharp boundary, especially from a medicinal chemistry viewpoint, by reserving the term
multi-target designed ligands to single chemical agents modulating multiple (and closely
related) targets of a specific disease pathway or distinct targets implicated in highly
networked disorders. Moreover, they have to be rationally or purposefully designed and not
serendipity based. Simultaneous Modulation of multiple targets that are distantly related or
of two or more diseases does not fall under the definition of MTDLs, but still can be

included under the umbrella of the broader term “polypharmacology”.

The process of rational design and development of MTDLs is definitely a
challenging task both in terms of selecting the “right” combination of targets for a certain

disease and small molecule discovery (Ramsay et al., 2018). Concerning the former issue,
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an in-depth understanding of pathway-target-drug-disease relationships (also known as
network pharmacology (Hopkins, 2008)), target-disease associations and adverse effects
profiling is essential (Ramsay et al., 2018). This will not only result in the identification of
compounds with enhanced efficacy and/or safety, but also the introduction of novel target
combinations that can lead to synergistic (if targets exist in complementary pathway),
additive (if targets are located in the same pathway) or beneficial (such as evading drug
resistance) effects (Rastelli & Pinzi, 2015) (Ramsay et al., 2018). In this context, partial
inhibition of a specific number of targets can be more rewarding than the total inhibition of
a single target, especially when dealing with complex and multifactorial diseases (Rastelli
& Pinzi, 2015). Moreover, prediction of the activity profile of ligands on a number of
targets is facilitated by computational approaches such as statistical data analysis and
bioinformatics, structure-based (docking) and ligand-based (pharmacophore) approaches

(Rastelli & Pinzi, 2015).

As for generation of chemical libraries of multi-target ligands, this is classically
accomplished by hybridization of more than one pharmacophoric scaffolds, from
previously reported compounds or well-known drugs acting on targets of interest, into a
single framework. These elements can be combined together either by conjugation, fusion
or merging (Ramsay et al., 2018). The former separates the essential pharmacophoric
elements for each target, by distinct linker group (cleavable or not) that is absent in either
of the selective ligands. In this particular type, some physicochemical limitations may arise.
MTDLs can be regarded as “fused” if the pharmacophoric elements are directly connected

to each other. The frameworks can be “merged” by overlapping commonalities in the
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structures of the starting ligands. These result in smaller and simpler molecules (Morphy &
Rankovic, 2005; Zhou et al., 2019). Owing to the scope of this review, we refer the reader
to the recent review article by Zhou et al to have a deeper perspective about the exact
details of each type (Zhou et al., 2019). Proper structure-activity relationship studies should
be established for the ligands in order to ensure a balanced degree of modulation for
different intended targets while, at the same time, designing-out off-target interactions as
much as possible (Ramsay et al., 2018). The latter aspect is of particular relevance when
dealing with targets that belong to the same family of proteins (such as multi-target kinase
inhibitors) and also with structurally distinct targets but bearing local binding site
similarities (Ramsay et al., 2018). In addition, if the targets are unrelated or distantly
related to each other, this might necessitate extensive rounds of optimization to identify the
best hits (Ramsay et al., 2018). Thus, the successful design of MTDLSs is the resultant of
many factors, the most important of which is adopting an effective target combination and
its balanced modulation in addition to preserving the drug-like characters of the designed
compounds. Accordingly, in the context of our interest in the intertwining roles of COX-2,
15-LOX, and PPARY in inflammatory changes encompassing metabolic disorders and their
interaction with vascular dysfunction and diabetic complications, we present the design,
synthesis and pharmacological evaluation of COX-2/15-LOX dual-targeting and COX-

2/15-LOX/PPARYy triple-targeting compounds.
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G. Mild Hyper-Caloric Animal Model

The mild hyper-caloric (MHC) fed animal model that is adopted in our study is a
modified form of the high-fat diet (HFD) animal model. HFD, first introduced by Surwett
et al.in 1988, is used to study metabolic syndrome and impaired glucose tolerance (Surwit,
Kuhn, Cochrane, McCubbin, & Feinglos, 1988; Winzell & Ahren, 2004). In contrast to
other animal models, the HFD model permits the investigation of molecular mechanisms
during the early stages of diabetes (Winzell & Ahren, 2004). Increased fat intake (20-60%
energy as fat) results in weight gain, hyperinsulinemia and eventually hyperglycemia
(Buettner, Scholmerich, & Bollheimer, 2007). Since the increased prevalence of type 11
diabetes has been attributed to the accelerated changes in dietary habits, it is pivotal to
select a dietary composition that reflects the western diet rich in refined sugars and
saturated fats. Fructose is one component that is enriched in the western diet, particularly
present in carbohydrate beverages, syrup additives, and prepared foods (Elliott, Keim,
Stern, Teff, & Havel, 2002). The high fat, high fructose fed rat model has been used by
many to study vascular and metabolic dysfunction (Balakumar et al., 2016; Hazarika,
Kalita, Chandra Boruah, Chandra Kalita, & Devi, 2016; Lozano et al., 2016a; Poudyal et
al., 2017). Unlike HFD fed rat model where fasting hyperglycemia was not maintained,
long-term (8 months) animal feeding with the combination of high fat and high fructose led
to the progression of a more robust phenotype of type Il diabetes with stable fasting and
postprandial hyperglycemia and increased insulin resistance (Lozano et al., 2016a). The
ADA recommends the ideal daily fat intake to range between 20-35 % of energy for

management of diabetes and its cardiovascular complication in adults (Evert et al., 2013).
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The fat composition of the MHC fed rat model is 38% of energy, that is slightly higher than
that recommended by the ADA, however is still within the low range of HFD composition
in the literature, thereby minimizing weight again and permitting a longer timeframe for
studying the vascular and metabolic pathogenesis before the achievement of diabetes. The
body weight gain in this rat model was not significant in comparison to the normal fed rats,
thus omitting the interference of obesity. The stable hyperglycemia and impaired glucose
tolerance were not observed, and MHC rats responded to glucose intake in the same
manner as normal rats after 12 weeks of feeding. This rat model develops stable fasting
hyperglycemia after 16 weeks of MHC feeding, thus allowing proper development of
pathological mechanisms of cardiovascular complications (M. A. W. Elkhatib et al., 2019).
Details of the dietary composition and biometric and biochemical characterization of these

rats will be provided in the methods and results section.
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CHAPTER II

HYPOTHESIS AND AIMS OF THE STUDY

While ED and ASCVD were thought to initiate after the onset of diabetes, recent
studies indicated that ED could occur before hyperglycemia manifests. Despite the cross-
talk between NO and EDH mechanisms, studies focused on derangements in NO-
dependent pathway in the context of metabolic disease development, and little emphasis
was given to alteration in EDH in response to caloric excess. Under such circumstances,
adipose tissue inflammation and insulin resistance might contribute to vascular
derangement. Thus, we hypothesize that early metabolic impairment, associated with
adipose inflammation and insulin resistance, will trigger a lipid-mediated endothelial
dysfunction, likely resulting from an inflammation-evoked perturbation of the Nitric
Oxide/Endothelium-dependent Hyperpolarization interplay. Amelioration of the potential
inflammatory processes via modulation of targets such as COX-2, 15-LOX, PPARy will
result in the improvement of endothelial function in this early stage of metabolic

impairment.
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Figure 4. A schematic representation of the proposed hypothesis

Our specific aims are:

1. Investigate the mechanism underlying the early endothelial dysfunction in

metabolic disease

» Investigate the changes in Kir channels as the main contributors EDH-type

relaxation

= Elucidate the changes in myoendothelial gap junctions in response to metabolic

stress

= Examine the role of oxidative stress in NO pathway impairment following altered

EDH and myoendothelial coupling

2. Elucidate the mechanism underlying the lipid-induced endothelial dysfunction in

early metabolic impairment

= Assess the effect of lipid-lowering agents on the impaired endothelial phenotype
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= Evaluate the effect of free fatty acids on endothelium-dependent relaxation

mechanisms ex vivo

3. Assess the impact of anti-inflammatory approaches on the observed pathological

alterations ex vivo

= Evaluate the effect of MTDLs on free fatty acid-induced impairment of

endothelium-dependent mechanisms ex vivo
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CHAPTER II

METHODS

A. Ethical Approval

All animal experiments were conducted according to an experimental protocol
approved by the Institutional Animal Care and Use Committee at the American University
of Beirut in compliance with the Guide for Care and Use of Laboratory Animals of the

Institute for Laboratory Animal Research of the National Academy of Sciences, USA.

B. Rationale for Drug Design and Synthesis

1. COX-2/15-LOX Dual-targeting compounds

The design of the dual COX-2/15-LOX targeting compounds were based on five
main lead structures: 1) phenolic arylidene thiazolidinones darbufelone (Structure I, Figure
5) (Y. Song et al., 1999), 2) CI-987 (Structure Il, Figure 5) (Mullican et al., 1993) that
showed low ulcerogenicity and potent COX/LOX inhibitory activity, 3) morpholinoethyl
thiazolidin-4-ones (Structure 111, Figure 5), which reduced ear oedema in mice and
possessed COX inhibitory activity (Pires Gouvea et al., 2016), 4) the pyrazoline derivative
(Structure 1V, Figure 5) reported by Abdellal et al., which showed more selectivity than
celecoxib towards COX-2 and more potency than meclofenamate sodium towards 15-LOX
(Abdelall & Kamel, 2016), and 5) the pyrazole-containing hydroxamic acid COX/LOX

inhibitor, tepoxalin (Structure V, Figure 5), which was authorized for use in veterinary

61



settings in the European Union and the United States under the brand name Zubrin® for the
relief of pain associated with musculoskeletal disorders (Curry, Cogar, & Cook, 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 (Kaur, Devi, Kumari, Devi, & Banerjee, 2018; Pires Gouvea et

al., 2016; Shaquiquzzaman et al., 2015).

R = NH,, Darbufelone (I)
R = OH, CI-987 (II)

.‘\
INNl OH
I
cl <

Figure 5. Rationale for the design of COX-2/15-LOX dual-targeting compounds
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2. COX-2/15-LOX/PPAR Triple-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 (Chadha, Bahia, Kaur, & Silakari, 2015;
Kaminskyy, Kryshchyshyn, & Lesyk, 2017; Naim et al., 2017). They were also reported to
prevent the progression of atherosclerotic lesions in patients with type 2 diabetes (B. R.
Kumar et al., 2011). Over and above, telmisartan-rosiglitazone hybrid molecules were
evaluated as dual PPARY agonists/angiotensin II antagonists for management of metabolic
syndrome (Chittiboyina et al., 2009). In particular, TZDs, known as high-affinity PPARY
agonists, have been introduced into clinical practice for the treatment of type 2 diabetes (B.
R. Kumar et al., 2011). 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) (Rudnicki et al., 2016; Santin et al., 2013),
pioglitazone (B), a reported LOX-inhibiting thiazolidinedione (C) (Choi et al., 2011) and a
dual COX-2 / 15-LOX inhibitor (D) (Moussa et al., 2018) recently reported by our
laboratory, we adopted a pharmacophoric molecular hybridization approach to design and
synthesize some novel 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 three 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

63



C (Figure 6), 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 6) (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. We thought that this would be more 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 (Silva et al., 2016; Yasmin et al., 2017). To the best of our knowledge, the
click chemistry-derived 1,4-disubstituted-1,2,3-triazoles have not been explored before for
their synchronous PPARY agonistic and COX-2/LOX inhibitory activities. Together with

their wide-ranging biological activities, bioorthogonal nature, being non-classical
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bioisosteres of the amide group and their propensity to be involved in hydrogen bond and
n-1 stacking interactions with potential targets (Silva et al., 2016), it would be tempting to

employ this easily accessible structural motif into the aforementioned framework.

Ploglltazone (B)

l TZD LOX-inhibitor (C)
PPARy & COX-2  COX-2 & LOX
motif motif
e —— P i — e —
N=N

Polar acidic i Aromatic i Hydrophobic

head ' linker ' tail

o cl 1,2,3-Triazole dual
. COX-2/LOX-inhibitor (D)

Figure 6. Rationale for the design of the triple-targeting compounds.

C. Experimental Design

Male Sprague-Dawley rats (5-6 weeks of age; 150 g) were randomly divided into

three groups (7 rats per group): (1) rats fed with normal chow (control, 3 Kcal/g), (2) rats
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fed with mild hypercaloric diet (HC, 4.035 Kcal/g) for 12 weeks (3) rats fed with mild
hypercaloric diet for 12 weeks and treated with 20 mg/kg atorvastatin once daily at week 8.
All rats had free access of food and water throughout the 12-week period. Rats were kept in
a temperature- and humidity-controlled room, in a 12-hour light/dark cycle. Body weight
was measure weekly. The treatment group received atorvastatin incorporated with the HC
chow. The calculated dose was geometrically mixed with a 5 g HC diet pellet. The drug-
containing food pellet was administered once daily starting week 8 and continued for four
weeks till the end of the twelve-week feeding period. Ad libitum access to HC diet resumed
after the drug-containing 5 g pellet was consumed. HC diet was administered to the HC-fed

group in the same manner during that period.

D. Food Preparation and macronutrient composition

HC diet was prepared as described previously (Al-Assi et al., 2018; Mohammed A.
W. Elkhatib et al., 2019). Normal chow diet (ENVIGO) was obtained from Teklad Rodent
Diets (Madison, WI). This diet offers 3 Kcal/g divided as follows: 54% from
carbohydrates, 32% from protein, and 14% from fat (0.9% saturated fat by weight). The
HC diet was prepared in-house and consists of food grade fructose (20% by weight,
Santiveri foods, Spain) and hydrogenated vegetable oil (Mazola®, 15% by weight, BFSA)
added to the normal chow diet. Major electrolytes and vitamins were supplemented to
match the concentration in ENVIGO diet and as recommended by the American Institute of
Nutrition (Reeves, Nielsen, & Fahey, 1993). The final composition of the HC diet was

confirmed by bomb calorimetry and found to be: by weight (calorie content) 18.06% fat
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(38.68%, 5% saturated fat by weight), 15.8% protein (15.66%) and 46.13% carbohydrates

(45.73%).

E. Blood Chemistry

Total serum cholesterol, serum insulin, random blood glucose levels, and glucose
tolerance were assessed in all groups. Rats were fasted in metabolic cages with free access
to drinking water for either 6-8 hours prior to glucose tolerance testing or 12 hours for
cholesterol measurement. Blood samples (0.7 ml) were taken by retro-orbital bleeding and
centrifuged at 4000 rpm for 10 minutes. The supernatant serum was isolated and stored at -
80°C till the time of analysis. Total serum cholesterol was measured using
electrochemiluminescence on a Cobas 6000 reader (Roche Diagnostics, Basel,
Switzerland). Measurement of rat insulin in serum was carried out using a rat insulin
ELISA kit (Thermo-Fisher Scientific, Waltham, MA) according to manufacturer's protocol.
Intraperitoneal glucose tolerance was evaluated in fasting rats as described previously
(Lozano et al., 2016b) following a 2 g/Kg intraperitoneal glucose load. Glucose was
measured in blood droplets collected by a tail prick at baseline, 15, 30, and 60 minutes

using Accu-check Performa glucometer (Roche Diagnostics, Rotkreuz, Switzerland).

F. Non-invasive blood pressure measurement:

Non-invasive blood pressure measurement was done by tail-cuff using CODA High

Throughput Monitor (Kent Scientific, Torrington, CT) (Y. Wang, Thatcher, & Cassis,
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2017). Blood pressure data were collected at the end of week 11 of feeding. Any irregular
or unacceptable recording noted as a false recording by the system was excluded. The

parameters obtained are: systolic, diastolic, mean arterial blood pressure, and heart rate.

G. InVitro Aortic Vessel Reactivity

At the end of the 12-week period, the rats were anesthetized by isoflurane and
sacrificed by decapitation. The thoracic cavity was exposed and the thoracic aorta was
isolated for tension measurements as outlined in previous studies (EI-Mas et al., 2011;
Kimmoun et al., 2015; Plane et al., 2005). Specifically, thoracic aorta was excised from
beneath the aortic arch to immediately above the diaphragm and dissected free of
connective tissue. Aortic rings 0.3-0.5 cm in length were used for contractility experiments.
The rings were assigned to experiments in the same given order among all groups in such a
way that rings from equivalent positions were used to perform the same assay across all
groups. The rest of the rings were flash frozen in liquid nitrogen and stored at -80°C. Aortic
rings were mounted in a multichannel organ bath system (World Precision Instrument,
Inc.). Each ring was suspended in a 15-ml oxygenated Krebs solution organ bath (NaCl 118
mM, KCI 4.7 mM, MgSO4.7H20 1.2 mM, NaHCO3 25 mM, CaCl>.2H>0 2.5 mM, KH2PO4
1.2 mM, Glucose 11.1 mM; pH 7.4 upon aeration with 95%0,/5%CO> gas mixture). The
bath was constantly aerated with 95% O>/ 5% CO> gas mixture and temperature was
maintained at 37°C. Digital recording of changes in aortic tissue tension was performed
using Transbridge TBM4M force transducer (World Precision Instrument, Inc.) and an

Acgknowledge 3.9.1 data acquisition system (World Precision Instrument, Inc.). The aortic
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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.

Our recent findings in this rat model (Mohammed A. W. Elkhatib et al., 2019)
indicated signaling changes in the aortic smooth muscle layer in response to phenylephrine
stimulation and increased ROS production, possibly interfering with endothelial function.
Thus, we opted to use a fixed concentration of the contractile agonist to expose the tissue to
the same stimulus to be better able to assess the myoendothelial feedback. This approach
was used previously despite changes in the initial contractile tone (Fleischhacker et al.,
1999; Keegan, Walbank, Cotter, & Cameron, 1995; McNally et al., 1994; Oyama,
Kawasaki, Hattori, & Kanno, 1986; Pieper & Gross, 1988; Shaligram et al., 2018; Taylor,
McCarthy, Thomas, & Poston, 1992). Aortic tissues were constricted with phenylephrine
(30 uM) or U-46619 (0.5 uM) (Plane & Garland, 1996). The concentration of PE used to
constrict the aortic rings was selected within the upper submaximal range obtained from PE
concentration-response curves conducted in preliminary experiments to accentuate the
difference between control and HC-fed rats allowing dissection of the role of individual
endothelial pathways. Nevertheless, to confirm the findings in experiments with different
initial contractile tone, an additional set of experiments were conducted using equi-effective
concentrations of phenylephrine (10-10° M to produce ~1 g tension) and a reduced
concentration of U46619 (0.1 uM to produce ~ 3g tension). Aortic endothelial
vasoreactivity was assessed by response to acetylcholine (ACh, 1x10°-1x10* M) (Grizelj
et al., 2015), or diazoxide (100 uM). Several concentrations of diazoxide, within the range

of 1x107" -1x10™* M were tested and a concentration of 1x10™* M was selected as it
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produced reproducible relaxations of a considerable magnitude. The sensitivity of ACh-
mediated relaxation to a number of blockers (Table 1) was assessed. Effect of ACh was
represented as percentage of residual constriction calculated based on 100% contraction of

PE/U-46619.

In order investigate the effect of FFAs on endothelium-dependent mechanisms, aortic rings
obtained from twelve-week old control male rats were incubated with 800 uM of the free
fatty acid palmitic acid (PA) for 4 hours. Afterwards, rings were constricted with
phenylephrine (30 uM). Aortic endothelial vasoreactivity was assessed by response to
acetylcholine (ACh, 1x10°-1x10** M). Corresponding treatment with MTDLSs, reference

compounds, or blockers (Table 1) were added 30 min prior to constriction with PE.

Table 1: Concentrations of different agents used in vascular reactivity experiments.

Name Supplier Concentration Vehicle
Phenylephrine ICN Biochemicals 30 uM Water
U46619 Sigma (St. Louis, MO) [0.5 uM (Plane & | DMSO

Garland, 1996)

Acetylcholine (ACh) ICN Biomedicals 1x107%-1x10* M | Water

(Grizelj et al., 2015)

Diazoxide Sigma (St. Louis, MO) | 100 uM DMSO
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L-NAME Sigma (St. Louis, MO) | 100 uM (Grizelj et al., | Water
2015)
Apamin Tocris Bioscience 1 uM  (Martinez- | Water
Orgado, Gonzalez,
Alonso, & Marin,
1999)
Tram-34 Sigma (St. Louis, MO) | 1 uM (Weietal., 2018) | DMSO
BaCl; Mallinckrodt chemical | 30 uM (Subramaniam, | Water
works Achike, & Mustafa,
2009)
Indomethacin Sigma (St. Louis, MO) [ 10 uM  (Roghani- | DMSO
Dehkordi & Roghani,
2016)
Atrasentan Sigma (St. Louis, MO) (10 nM  (Thakali, | DMSO
Galligan, Fink,
Gariepy, & Watts,
2008)
18-B-glycyrrhetinic ICN Biomedicals 100 uM (M. L. Rocha | DMSO

acid (18-B-GA)

et al., 2008)
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COX-2 inhibitor)

SOD Sigma (St. Louis, MO) | 200U/ml (Tep- | Water
areenan, Wetchasit, &
Sawasdee, 2015)

4b  (Triple targeting | - 10 uM DMSO

compound, COX-2/15-

LOX inhibitor, PPARy

partial agonist)

7  (Dual targeting | - 10 uM DMSO

compound, COX-2/15-

LOX inhibitor)

Pioglitazone  (PPARYy | - 10 uM DMSO

full agonist)

Celecoxib  (selective | - 0.1 uM DMSO

H. Cerebral Arterial Pressure Myography

After decapitation, the brain was immediately removed and placed in an ice-cold

buffer solution containing (NaCl 130 mM, KCI 4 Mm, MgS04.7H20 1.2 mM, NaHCOs 4

mM, CaCl,.2H,0 1.8 mM, HEPES 10 mM, KH2PO4 1.18 Mm, Glucose 6 mM, EDTA 0.03

Mm, pH 7.4). Rat middle cerebral artery was isolated from surrounding connective tissue
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and dissected into segments of 2-3 mm of length. Cerebral artery segments were mounted
in a chamber attached to a pressure myograph (DMT, Hinnerup, Denmark) for
measurement of arterial diameter. Arteries were allowed to warm up to 37°C and
equilibrate for 15-20 min at 10 mm Hg. The vessels were then pressurized to 60 mmHg and
allowed to develop a stable myogenic tone over 30 min. Pressure was then dropped to 20
mmHg and then increased again to 80 mmHg in a series of pressure steps until a
reproducible myogenic response is obtained. Endothelial function was evaluated using ACh
(10 uM) in the presence or absence of potassium channel blocker BaClz (30 uM) at 80 mm
Hg. The vasodilatory effect of ACh was estimated as a percentage of the active tone
produced at 80 mm Hg defined as the difference in the vessel diameter in normal and

calcium-free buffer solution with 2 mM EGTA.

I. Quantitative Polymerase Chain Reaction (Q-PCR):

Q-PCR was performed as described previously (Al-Assi et al., 2018). Total RNA
was extracted from aortic tissue using RNeasy Mini kit with DNase treatment (Qiagen,
Hilden, Germany) and first strand cDNA was produced with the Sensiscript RT kit
(Qiagen, Hilden, Germany) with oligo d(T) primer. Primer pairs for rat Kir2.1, Kir2.2,
Cx37, Cx40, Cx43, and Cx45, and GAPDH were designed and obtained from Sigma (St.
Louis, MO). Primer sequence was Kir2.1 (KCNJ2), forward
AAAGCGTGTGTGTCTGAGGT, reverse ATCGGGCACTCGTCTGTAAC,; Kir2.2
(KCNJ12), forward CCACTGACCGAGAAGTGCCC, reverse

ATCGTAGCCCGTAGCCAATG; Cx37 (Gja4d) forward
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TTGACCACCGAGGAGAGACT, reverse AGCCCCAGAGCCCTATACAT,; Cx40 (Gja5)
forward CCAGTCTCCAACACTTGGCA, reverse GCGGAAAATGAACAGGACGG;
Cx43 (Gjal) forward TTCATTGGGGGAAAGGCGTG, reverse
CTGGGCACCTCTCTTTCACTT; Cx45 (Gjc) forward
GTTAACAGGGCAAACCAATTCCA, reverse AGATGGACTCTCCTCCTACCG and
GAPDH forward AGACAGCCGCATCTTCTTGT and, reverse
CTTGCCGTGGGTAGAGTCAT. Q-PCR was carried out with SYBR-Green and threshold
cycle was established using Bio-Rad iCycler (Hercules, CA). Transcript abundance was

computed by the 224 method with GAPDH as a reference.

J. Western Blotting

Western blotting was carried out as described in our previous studies (Al-Assi et al.,
2018; El-Yazbi, Abd-Elrahman, & Moreno-Dominguez, 2015; Moreno-Dominguez et al.,
2014). Briefly, 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
needed for protein extraction. Samples were 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 10% sodium
dodecyl sulphate polyacrylamide gel electrophoresis, 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
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room temperature (RT). 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, 1:500
for anti-phospho-Akt Thr308, 1:1000 for rabbit polyclonal anti-Akt, and 1:1000 for rabbit
polyclonal anti-caspase 3, Abcam, Cambridge, UK; 1:1000 for rabbit polyclonal anti-Cx43,
Sigma-Aldrich, St. Louis, MO; 1:1000 for rabbit polyclonal anti-phospho-eNOS Ser1177,
rabbit polyclonal anti-eNOS, 1:500 for rabbit polyclonal anti-1L-1p and 1:1000 for rabbit
monoclonal anti-GAPDH, Cell Signaling, Danvers, MA) overnight at 4°C. Afterwards, the
membranes were washed with 0.02% TBST (4 x 5min) and incubated with 1:40,000
biotinylated goat anti-rabbit Ig secondary antibody (Abcam, Cambridge, UK) in 0.1%
TBST for one hour at RT. Membranes are then washed with 0.02% TBST (4 x 5min) and
incubated with 1:200,000 HRP-conjugated streptavidin (Abcam, Cambridge, UK) in 0.1%
TBST for 30 min at RT. After washing with 0.02% TBST (2 x 5min) and TBS (2 x 5 min),
membranes were developed using Clarity Western ECL substrate for 5 min prior to image
detection by Chemidoc imaging system (BioRad, Hercules, CA). ImageJ software was used
to measure optical density of protein bands. A ratio of arbitrary density units was obtained
for the protein band of interest and the density of the band representing total protein for p-
eNOS and p-AKTt after stripping and re-probing, while eNOS, Cx43, and Kir2.1 bands were
normalized to GAPDH. Membrane stripping was done 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).
Membranes were 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. Afterwards, membranes
were washed with 0.5% TBST (2 x 5min) and then with TBS (2 x 5 min), and used for re-
probing.
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K. Histopathological and fluorescent microscopy

1. DHE Staining

Auortic tissue sectioning and staining was done as described previously (Al-Assi et
al., 2018). Dihydroethidium (DHE) staining was performed on cryosections to demonstrate
reactive oxygen species (ROS) load. Fluorescent images were obtained using a Zeiss Axio
inverted microscope (Carl Zeiss, Germany) through the Alexa Fluor 568 filter for the DHE
red fluorescence and measured against the green collagen autofluorescence obtained
through the Alexa Fluor 488 filter. Images were taken from three sections for each animal.

The obtained images were analyzed using Zen software.

2. Hematoxylin & Eosin (H&E) staining

Serial sectioning and staining of formalin-fixed PVAT segments were performed
simultaneously for accurate comparison as previously described (Al-Assi et al.,

2018). Hematoxylin & Eosin staining was used for gross examination of tissue structure.

L. Flow Cytometry

Stromal vascular cells were isolated from freshly dissected PVAT as described
previously (Cho, Morris, & Lumeng, 2014). CD45/CD68/CD86 staining was used to
identify M1 polarized macrophages, while M2 macrophages were identified by
CD45/CD68/CD163 staining (Rubio-Navarro et al., 2016). An aliquot of the stromal
fraction containing cells was incubated in FACS buffer with DAPI (1:100), 1:50 APC-
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Cy780-conjugated anti-CD45, 1:10 PEconjugated anti-CD68, 1:125 FITC-conjugated anti-
CD86 (Thermo Fisher Scientific, Waltham, MA), and 1:200 APC647-conjugated anti-
CD163 (Bioss Antibodies, Woburn, MA) on ice for 30 minutes in the dark. Cells were
gently washed for three times and resuspended in FACS buffer. Stained cells were counted
using a BD FACS Aria Cell Sorter (BD Biosciences, San Jose, CA) and M1/M2 ratio was
determined. Antibody-beads mixtures, fluorophore-conjugated isotypes, and unstained cells
were used to set compensation and gating. Cellular Debris were removed and alive singlet
cells were selected from the acquired events based on the height and area of the forward
and side scatters and negativity for the DAPI stain. Thereafter, the subsequent identification
of leukocytes (CD45+), macrophages (CD45+,CD68+), M1 macrophages
(CD45+,CD68+,CD86+), and M2 macrophages (CD45+,CD68+,CD163+) was done

according to the gating strategy depicted in figure 18 and 19.

M. In vitro COX-1/2 inhibition assay

All synthesized compounds were subjected to an in vitro COX-1/COX-2 inhibition
assay using an ovine COX-1/human recombinant COX-2 assay kit (Catalog no. 560131;
Cayman Chemicals Inc. Ann Arbor, MI, USA). The half maximal inhibitor concentrations
(IC50 pM) were determined and the selectivity index (SI) values were calculated as IC50
(COX-1)/ 1C50 (COX-2). Celecoxib (selective COX-2 inhibitor), diclofenac and
indomethacin (non-selective COX inhibitors) were used as references for COX inhibition

assay.
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N. Invitro 15-LOX inhibition assay

Synthesized compounds were subjected to in vitro lipoxygenase inhibition assay using
soybean 15-LOX assay kit (Catalog no. 760700; Cayman Chemicals Inc. Ann Arbor, Ml,
USA). Both soybean LOX and human 15-LOX are structurally similar in terms of the
presence of both C-terminal catalytic domain and N-terminal membrane binding domain
(Sadeghian & Jabbari, 2016). Also, their catalytic domains display a high level of
conservation. More specifically, within 10 Angstrom of the catalytic binding site they show
more than 50 % identity (Sadeghian & Jabbari, 2016). Hence, soybean LOX has been used
by a lot of research groups as a valid model to gauge the ability of many novel compounds
to inhibit human 15-LOX (Sadeghian & Jabbari, 2016). In vitro 15-LOX enzymatic
inhibitory activities are expressed as ICso values of the tested compounds. The universal
LOX inhibitor, nordihydroguaiaretic acid (NDGA) (Q. H. Chen, Rao, & Knaus, 2006;
Meyers et al., 2009) and selective 12/15-LOX inhibitor quercetin (Sadik, Sies, & Schewe,
2003; 1. Schneider & Bucar, 2005), and the LOX inhibitory drug meclofenamate were used

as positive controls for LOX inhibition assay.

O. Invivo inflammatory models

The in vivo anti-inflammatory activity of compounds was assessed both in acute and
chronic inflammatory models by using the formalin-induced paw edema (Subramanium,
2015) and cotton pellet-induced granuloma screening protocols (Mishra et al., 2011),

respectively. Diclofenac sodium (5 mg/kg) and celecoxib (5 mg/kg) were used as
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references. Animals were randomly split into six groups, where each group consisted of six
rats, and was treated with different test compounds. Sets treated with celecoxib and
diclofenac sodium acted as reference and those given the vehicle only (DMSO) were used

as control.

1. Formalin-induced paw edema test (acute inflammation model)

A freshly prepared 5% formalin solution (prepared from 37% formaldehyde and
saline (Merck, Germany)) was used as a phlogistic agent. Test and reference compounds (5
mg/kg body weight) were dissolved in DMSO and given orally with gastric gavage once
per day for seven consecutive days, whereas DMSO was administered to the control group.
On the 8" day, the initial paw volume was determined by a VVernier caliper. Then, a
subcutaneous injection of 40 pl formalin was introduced into the right hind paw of all
groups under light ether anesthesia. The paw volume was measured 4 h after the formalin
injection and the edema volume was calculated by the difference in paw volume before and
4 h after the formalin injection. The percentage inhibition of edema (or % protection
against inflammation) was calculated for each compound as previously reported

(Subramanium, 2015).

2. Cotton pellet-induced granuloma assay (chronic inflammation model)

The rat abdomen was prepared by shaving and swabbing with 70% ethanol then two

sterilized cotton pellets (each weighing 20 = 1 mg) were subcutaneously implanted, on both
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sides of the abdomen under xylazine/ketamine anesthesia (intraperitoneally, 9 mg/kg and
50 mg/kg, respectively). Intramuscular gentamycin injection (4 mg/kg) was used for three
days after the experiment to guard against post-operative infection. Test compounds,
celecoxib, diclofenac sodium or vehicle (DMSQ) were administered orally as before. On
the 8™ day after implantation, rats were subjected to light ether anesthesia. The pellets were
excised, dried at 60°C for 24 h and weighed after cooling. The mean weights of the dried
cotton pellets of all groups were calculated then % granuloma inhibition of all compounds

was calculated relative to control (Mishra et al., 2011).

P. Monocyte-to-macrophage differentiation assay

Monocytes were cultured and differentiated as described previously (Vasamsetti et
al., 2015). THP-1 cells (human acute monocytic leukaemia lineage, American Type Culture
Collection, Manassas, VA) were seeded at a density of 20x10° cells/ml. A set of cells were
exposed to 25 nM of phorbol myristate-acetate (PMA, Calbiochem, Darmstadt, Germany)
for 24 hours to drive differentiation. Another set was similarly treated with PMA followed
by 100 ng/ml of lipopolysaccharide (LPS, invivogen, San Diego, CA, USA) for 72 hours.
After incubation, the supernatant was aspirated and the density of the adherent cells was
estimated using MTS colorimetric cell viability kit (Abcam, Cambridge, UK). The
inhibitory actions of different compounds on the differentiation process were evaluated by
pre-incubation with different concentrations of each compound for 6 h. Cell viability after
treatment was normalized to the reading after PMA exposure following a 6-hour incubation

with DMSO. All experiments were conducted in triplicates. A positive control for the effect
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of COX1/COX2 inhibition on monocyte-to-macrophage differentiation was obtained by
treatment with diclofenac. ICsg values for each compound were determined by non-linear
regression as the best fit values of the log [inhibitor] vs. response curve using GraphPad

Prism software.

Q. Cytotoxicity assay

To confirm that the previous observations were a consequence of interference of the
compounds with the differentiation process rather than a reduction in monocyte viability,
THP-1 monocytes were incubated with different concentrations of the compound for 30
hours. No difference in cell viability was detected. Moreover, the cytotoxic effects of the
drugs on differentiated macrophages were evaluated. Following the incubation of THP-1
cells with 25 nM PMA for 24 hours and 100 ng/ml LPS for 24 hours, the differentiated
macrophages were treated with different concentrations of the compounds for 24 hours.
Cell viability was assessed using MTS colorimetric cell viability kit (Abcam, Cambridge,

UK).

R. Caspase-3 activity determination

THP-1 cells were activated with 25 nM PMA for 24 hours, followed by 100 ng/ml
LPS for 4 hours. For treatment, cells were exposed to 100 uM of the test compounds.
Afterwards, adherent macrophages were detached using 2.5% trypsin in PBS (abcam,

Cambridge, UK). Caspase activity was assessed using the Caspase-3 Assay Kit (Abcam,
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Cambridge, UK). Measured activity was normalized to sample protein concentration

determined by Bradford protein assay.

S. Invitro glucose uptake using rat hemi-diaphragm model

Reagent preparation and testing procedures for glucose uptake using in vitro rat hemi-
diaphragm model of the tested compounds were carried out following the instructions in
accordance with a previously reported method. In brief, rats weighing 150-250 g were used.
The animals were euthanized under ether anesthesia and diaphragms were taken out swiftly
avoiding trauma and divided into two halves and weight was noted. The hemi-diaphragms
were then rinsed in cold Tyrode solution (without glucose) to remove any blood clots and
used accordingly. The glucose content of the working solutions was measured by
GOD/POD enzymatic method using VITRO SCIENT glucose kit. The working solutions

(n=3) were categorized as follows:

. A negative control that was provided by 2 ml of Tyrode solution with 2000
mg/l glucose with and without regular insulin (Novo Nordisk, 40 IU/ml) 5 pl
containing 0.2 units of insulin.

. Test solutions which contained 2 ml of Tyrode solution with 2000 mg/I
glucose and 2 mg of the test compound with and without regular insulin
(Novo Nordisk, 40 IU/ml) 5 ul containing 0.2 units of insulin.

o A positive control which contained: 2 ml of Tyrode solution with 2000 mg/I

glucose and 2 mg of pioglitazone (standard) with and without regular insulin
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(Novo Nordisk, 40 TU/ml) 5 ul containing 0.2 units of insulin.
The glucose content of the working solution was measured, and the glucose uptake was
calculated as the difference between the initial and final glucose content at 2 mg of
optimized drug concentration. The glucose uptake by rat hemi-diaphragm was measured in

mg/dl/45 min.

T. Immunohistochemical analysis of ligand-stimulated PPARY nuclear localization

Primary rat adipocytes were isolated from perivascular adipose tissue and
differentially cultured as described previously (Fernyhough et al., 2004). Adipocytes were
seeded on sterile coverslips in a 12-well plate at a density of 3000 cells/well. Cells were
cultured in DMEM F-12 (Lonza, Basel, Switzerland) containing 10% fetal bovine serum
(FBS, Sigma, St. Louis, MO), penicillin (100 U/mL), and streptomycin (100pg/mL); and
incubated at 37°C in a humidified atmosphere with 5% CO2 and 95% O,. Forty-eight hours
post seeding, cells were incubated with 10 uM concentration of either pioglitazone, 4b, 5b,
5e, or 5g; or the equivalent amount of the vehicle (DMSO) in triplicates. Following a three-
hour exposure interval, treatment media were discarded, cells were washed with phosphate-
buffered saline (PBS) and fixed with 2% formaldehyde in PBS for 20 minutes at room
temperature. After rinsing with PBS, cells were permeabilized by 0.1% Triton X-100 for 30
minutes at room temperature. Cells were then blocked with 3% normal goat serum (Abcam,
Cambridge, UK) in PBS for one hour at room temperature followed by incubation in 1:200

rabbit polyclonal anti-PPARYy (Abcam, Cambridge, UK) in PBS containing 1% normal goat
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serum overnight at 4°C. Cells were rinsed three times with PBS followed by incubation
with 1:100 FITC-conjugated goat anti-rabbit 1g (Abcam, Cambridge, UK) in PBS
containing 1% normal goat serum in a light-proof container for one hour at room
temperature. Afterwards, cells were rinsed with PBS and mounted on microscopic slides
with Fluoroshield anti-fade mounting medium containing DAPI (Abcam, Cambridge, UK).
Negative control slides were prepared by omission of either the primary or the secondary
antibodies. Slides were left at 4°C overnight. FITC green fluorescence representing PPARy
staining and DAPI nuclear staining were recorded on an Axiovert Observer Z1 High
Resolution Fluorescent Imaging Microscope (Zeiss, Oberkochen, Germany). Fluorescence
distribution profiles along line scans in both the FITC and DAPI channels was generated
using ImageJ software (National Institutes of Health, Bethesda, MD) to show cellular

localization of PPARYy relative to the nucleus.

U. PPARYy functional reporter gene assay

HEK293T cells were transiently co-transfected with a hybrid receptor comprising
the N-terminal Gal4 DNA binding domain fused to the ligand binding domain of Human
PPARy. The reporter vectors comprise the Renilla luciferase gene functionally linked to the
Gal4 upstream activation sequence. Cells were treated with vehicle (DMSQO), pioglitazone
or test compounds for 24 h. Following the incubation period, treatment media were
discarded and luciferase activity was measured using reporter luciferase assay kit according

to the manufacturer’s instructions and as reported earlier (Kojo et al., 2003). Luciferase
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activity was normalized to Renilla luciferase activity and reported as fold induction
compared to vehicle. Each experiment was performed in triplicate and repeated at least

three times.

V. X-ray Crystallography

The PPARy LBB was expressed in E. coli, purified, and concentrated as described
previously (Rajapaksha, Bhatia, Wegener, Petrovsky, & Bruning, 2017). Apo crystals of
PPARY were created by using the hanging drop vapour diffusion method with 500 pL well
solution comprising 0.8-1.2M sodium citrate and 0.1M Tris 8.0. The hanging drop was
made using 1pL protein plus 1uL well solution. Crystals were cubic, approximately
400microns in each dimension, and formed within 3 days at 16 °C. Crystals were soaked
with a final concentration of 2mM 4b in the crystallization well for 2 weeks. Crystals were
harvested and transferred to well solution containing 15% ethylene glycol as a cryo-
protectant. Crystals were flash cooled by direct submersion into liquid nitrogen and data
collection was carried out at beamline MX2 of the Australian Synchrotron. 0.1 degree
oscillations were collected using the Eiger 16M detector. Data was processed in XDS
(Kabsch, 2010). Molecular replacement using Phaser (McCoy, 2007), PDB ID: 5U5L
(Rajapaksha et al., 2017) as a search model, with ligands and water molecules removed),
electron density for 4b was visible initial difference density maps. Two subunits were
found per asymmetric unit. Phenix.refine (Afonine et al., 2012) and Coot (Emsley,
Lohkamp, Scott, & Cowtan, 2010) were used for refinement and multiple rounds of manual

rebuilding. MolProbity was used for structure validation (Williams et al., 2018). A Feature
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Enhanced Map (FEM) 2F, — F. electron density map was calculated using Phenix to help
reduce model bias and improve map quality (Afonine et al., 2015). Coordinates and

structure factors were deposited in the Protein Data Bank under accession code 6E5A.

W. Chemicals

All chemicals were obtained from Sigma (St. Luis, MO) unless otherwise indicated.
Pharmaceutical grade atorvastatin was obtained as a kind gift from a regional

pharmaceutical manufacturer (PharoPharma).

X. Statistics

Data were expressed as mean +SEM. Comparisons between groups were done using
Student’s t-test, one-way ANOVA followed by Tukey post hoc test, as well as two-way
ANOVA followed by Sidak's multiple comparisons test in comparing the effect of different
concentrations among groups using Graphpad Prism software. The specific test used is
mentioned in the corresponding figure legend. P value < 0.05 was considered statistically

significant.
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CHAPTER IV

RESULTS

A. Metabolic consequences of a twelve-week mild hypercaloric feeding

Full metabolic and hemodynamic profiling of the HC rat model was done previously
(Al-Assi et al., 2018; Mohammed A. W. Elkhatib et al., 2019). To confirm the metabolic
characteristics in the cohort used in the present study, body weight, blood glucose, glucose
tolerance, serum insulin, triglycerides and cholesterol were assessed at the end of the
twelve-week feeding period. Similar to previous observations, no differences were detected
in body weight (Fig. 7A), random blood glucose levels (Fig. 7B), glucose tolerance (Fig.
7C), and hemodynamic parameters including systolic blood pressure (Fig. 7G), diastolic
blood pressure, and heart rate (data not shown) between control and HC-fed rats. However,
as expected, HC-fed rats exhibited elevated plasma insulin (Fig. 7D), total serum
cholesterol levels (Fig. 7E) and total serum triglyceride levels (Fig. 7F) compared to the

control group.

87



IS
5 O )
QT %,
4 . ' i D
o (=] (=] (=] o
& =€ e W
L 5 (BH ww) 4g sAs
A O
.3 g
E
V]
& E .
= |
- ©
g 8 8 8 °
o~ e - I
o
&
(Ip/Bw) 199
(1p/Bw) ap11adA|Bu) wnisg
o L.
= . | .
%, %
/00 ‘//0
- - - : o —— o'
g & B F g 88 3% 8 °
(1p/Bw) 198 wopuey (1p/Buu)
m |043)s3j0YyD Wnias [ejol
% B %
4 %
O%o %
r . . i 53 — o
§ § e s 8 ¢ 8 & & °
TNiw
< (B) 3yBiam Apog a |eAa7 ulnsu] ewseld

Figure 7. Metabolic and hemodynamic properties of HC-fed rats following 12-week
mild hypercaloric feeding. A, body weight after 12 weeks of feeding compared to control;
B, Random blood glucose level on sacrifice day; C, intra-peritoneal glucose tolerance test;
D, Fasting plasma insulin level; E, Fasting total serum cholesterol; F, serum triglyceride; and
G, systolic blood pressure measurement. Data presented are mean = SEM of seven separate
observations. Statistical significance was assessed by unpaired Student’s t-test for A, B, and

D-F and by two-way ANOVA for C. * denotes P < 0.05 vs. the corresponding value in control
rats.
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B. Endothelium-dependent relaxation is impaired in HC-fed rats with an intact SNP-

mediated relaxation

In order to examine endothelium-dependent relaxation (EDR), in vitro contractility
experiments were conducted on thoracic aortas obtained from control and HC-fed rats at
the end of the twelve-week feeding duration. Fig. 8A depicts representative tracings of the
relaxation of pre-constricted aortic rings to increasing concentrations of ACh. A
progressive relaxation was observed in rings from control rats that reached a maximum of
~75% of the initial PE tone. On the other hand, aortic rings from HC-fed rats demonstrated
an impaired ACh-mediated relaxation (~25% of the PE tone) which levelled off at a lower
ACh concentration (1 uM, Fig. 8B). Whereas the aortic rings from HC-fed rats exhibited an
exaggerated contractile response upon exposure to PE (Fig. 8C, left), the maximal absolute
tension reduction in response to ACh was less in rings from HC-fed rats confirming the
endothelial deficit (Fig. 8C, right). The NO donor SNP produced similar relaxation patterns
in both groups (Fig. 8D). Further, to investigate the possibility of release of the contractile
endothelial mediator, endothelin-1 as the underlying cause for the observed dysfunction in
aortic rings from HC-fed rats, ACh-mediated relaxation was assessed in these rings in the
presence of endothelin-1 receptor antagonist atrasentan (Fig. 8). However, this intervention
did not alter the aortic response to ACh observed in the HC group. Atrasentan was also

without effect in preliminary experiments conducted on control tissue.
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Figure 8. Impaired ACh-mediated endothelium dependent relaxation in HC-fed rats’
aortic segments. A, representative tracings of the relaxation response to increasing ACh
concentrations. The dotted line represents the basal tension level before constriction with PE.
Time points where ACh was added are marked by arrow heads; B, Summary of the ACh-
evoked relaxation in aortic rings from 7 control and 7 HC rats; C, Absolute tension increase
(left) and decrease (right) in response to PE and ACh, respectively, in experiments
summarized in B; D, Relaxant response to SNP in control (5 rats) vs. HC-fed (5 rats) aortic
rings; E, ACh-mediated relaxation in HC-fed rat aortic rings in presence (5 rats) and absence
(7 rats) of 10 nM atrasentan. Data presented are mean + SEM. Statistical significance was
assessed by unpaired Student’s t-test for C and by two-way ANOVA for A, B, D, and E. *
denotes P < 0.05 vs. the corresponding value in control rats in B, C, and D; and the
corresponding values in absence of atrasentan in E.
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C. Impaired endothelial function in aorta of HC-fed rats is related to an altered

endothelial relaxing mediator profile

We examined the relative contribution of different endothelial relaxing mediators in
rat aorta and the differential impact of HC-feeding on them. On the one hand, blockade of
endothelial NO production by L-NAME significantly reduced ACh-mediated relaxation in
aortic rings from both rat groups (Fig. 9A). Yet a residual relaxation that gradually
increased to ~25% at higher ACh concentrations was observed only in aortic rings from
control rats. To address the role of EDH-type relaxation, the effect of blockade of SK/IK
with apamin and Tram-34 (Fig. 9B) and Kir channels with BaCl, (Fig. 9B) was assessed.
SK/IK channel blockers appeared to attenuate ACh-mediated relaxations in either group,
albeit more effectively in aortic rings from control rats. Interestingly, while BaCl.
attenuated the ACh-mediated relaxation in rings from control rats, particularly towards the
higher ACh concentrations, aortic rings obtained from HC-fed rats were not sensitive (Fig.

9C).
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Figure 9. The effect of blockade of different endothelium-relaxing pathways on ACh-
evoked relaxation in aortic rings from control (top panels) and HC-fed (bottom panels)
rats. A, ACh-evoked relaxation in presence (5 rats) and absence (7 rats) of 100 uM L-
NAME; B, ACh-evoked relaxation in presence (5 rats) and absence (7 rats) of 1 uM apamin
and Tram-34; C, ACh-evoked relaxation in presence (5 rats) and absence (7 rats) of 30 uM
BaCl,. Data presented are mean + SEM. Statistical significance was assessed by two-way
ANOVA. * denotes P < 0.05 vs. the corresponding value in absence of the different blockers.
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D. Impairment of endothelial function is likely attributed to the loss of endothelium-

dependent hyperpolarization-type relaxation

In order to confirm the potential impairment of EDH-type relaxation, ACh-mediated
relaxation profile of aortic rings was examined following pre-constriction with the
thromboxane analogue, U46619. This contractile agent produces vasoconstriction mainly
through calcium sensitization (Plane & Garland, 1993), likely ruling out the potential
vasodilatory effect of EDH. As predicted, aortic rings from both control and HC-fed rats
produced equal contractions to U46619 and relaxed similarly to ACh (Fig. 10 A & B).
Inhibition of NO production by L-NAME attenuated the relaxation response to ACh
equally in aortic rings from both control and HC-fed rats (Fig. 10C), while BaCl, was

without effect on ACh-mediated relaxation (Fig. 10D).
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Figure 10. ACh-evoked relaxation in aortic rings pre-constricted with the thromboxane
analogue, U46619. A, representative tracings of the relaxation response to increasing ACh
concentrations (left). Time points where ACh was added are marked by arrow heads, and
summary of the ACh-evoked relaxation in aortic rings from control and HC rats (right, five
rats per group); B, Absolute tension increase (left) and decrease (right) in response to U46619
and ACh, respectively, in experiments summarized in A; C, ACh-evoked relaxation in
presence and absence of 100 uM L-NAME in control (top) and HC-fed (bottom) rat aortic
rings pre-constricted with U46619 (5 rats per group); D, ACh-evoked relaxation in presence
and absence of 30 uM BaCl: in control (top) and HC-fed (bottom) rat aortic rings pre-
constricted with U46619 (5 rats per group). Data presented are mean + SEM. Statistical
significance was assessed by unpaired Student’s t-test for B and by two-way ANOVA for A,
C and D. * denotes P < 0.05 vs. the corresponding control value in A and B and the
corresponding value in absence of the blockers in C and D.
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E. The observed endothelial impairment in HC-fed rats is likely due to Kir channel

dysfunction

Given the previous observations indicating the likelihood of Kir channel dysfunction
in HC-fed rat aortic rings, we further examined their role as “end-stage amplifiers” of
hyperpolarization (Sonkusare et al., 2016). We assessed the aortic response to the
potassium channel opener, diazoxide (Fig. 11A). Diazoxide produced an 80% tone
reduction in control aortic rings pre-constricted with PE; a response that was much
attenuated in aortic rings from HC-fed rats. Interestingly, blockade of Kir channels with
BaCl» lacked any effect in HC-fed rat aortic rings, but brought the diazoxide-evoked
relaxation in control rats to a level similar to that seen in the HC-fed group. Recent studies
implicated Kir2.1 and 2.2 subunits as the molecular carrier of the inward rectifier potassium
current in rat vasculature (M. Sancho et al., 2019). We examined the relative expression of
both channel subunits in our vessel preparation using Q-PCR revealing that Kir2.1 was the
predominant subunit expressed (Fig. 11B). Western blotting showed a reduction of Kir2.1

subunit expression in aortic tissues of HC-fed rats compared to control rats (Fig. 11C).
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Figure 11. Dysfunctional Kir channels in HC-fed rat aortic rings. A, representative
tracings for the diazoxide-mediated relaxations in control and HC-fed rat aortic rings (left).
Arrow heads indicate the time point PE was added, while asterisks indicate the points where
diazoxide was added; and average magnitude of these relaxations in presence and absence of
30 uM BaCl: (right, rings from five rats in each experiment); B, mMRNA expression levels of
Kir2.1 and Kir2.2 in control rat aortic tissue (data from four rats); C, Kir2.1 protein
expression level in aortic tissue of control vs. HC-fed rats (data from four rats). Data
presented are mean + SEM. Statistical significance was assessed by two-way ANOVA for A
and unpaired Student’s t-test for B and C. * denotes P < 0.05 vs. the corresponding control
value in A and C, and the Kir2.2 value in B; while # denotes P < 0.05 vs. the value in rings
unexposed to BaCl,.
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F. Gap junction contribution to the observed endothelial dysfunction in HC-fed rat

aorta

Since gap junctions are an essential element of myoendothelial feedback, we
examined the effect of the gap junction blocker 18-B-GA on ACh-mediated relaxation (Fig.
12A). As expected, the gap junction blocker greatly attenuated the response to ACh in
control aortic rings. Conversely, 18-B-GA did not alter the ACh-dependent relaxation in
rings from HC-fed rats. Interestingly, the addition of 18-B-GA to the pre-constricted aortic
rings produced disparate effects (Fig. 12B). Control rings exhibited an increase in
contractile tone consistent with the interruption of EDH conduction and hence EDH-
mediated relaxation. Surprisingly, rings from HC-fed rats demonstrated a decrease in
vascular tone indicating that gap junctions might mediate the conduction of an entity
impairing endothelial function. On the other hand, the examination of the relative
expression of connexin subtypes in our vessel preparation showed that Cx43 is the most
abundant (Fig. 12C). As such, we proceeded to examine the relative expression of Cx43
between control and HC-fed rat aortic tissues. Western blotting showed that Cx43
expression was higher in aortic tissues from HC-fed rats (Fig. 12D, left). Such a change
was accompanied by an enhancement in phosphorylation of ERK1/2 in aortic rings from

HC-fed rats, as demonstrated by western blotting (Fig. 12D, right).
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Figure 12. Effect of gap junction blockade on ACh-evoked relaxation and PE-induced
constriction. A, ACh-evoked relaxation in presence (5 rats) and absence (7 rats) of 100 uM
18-B-GA in control (left) and HC-fed (right) rat aortic rings; B, representative tracings of the
effect of 100 uM 18-B-GA on PE-induced tone in control and HC-fed rat aortic rings (left).
Asterisks represent the time points where 18-B-GA was added in the continued presence of
PE, and average absolute tension change in these experiments (rings from five rats per group,
right); C, mRNA expression levels of Cx37, Cx40, Cx43, and Cx45 in control rat aortic tissue
(data from four rats); D, Cx43 protein expression level in aortic tissue of control vs. HC-fed
rats (data from four rats). Data presented are mean + SEM. Statistical significance was
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assessed by two-way ANOVA for A, one-way ANOVA for C, and unpaired Student’s t-test
for B and D. * denotes P < 0.05 vs. the corresponding value in absence of blocker in A,
control rat value in B and D, and the Cx43 value in C.

G. Reactive oxygen species play a role in the impairment of endothelium-dependent

relaxation in HC-fed rats

ROS examination using DHE staining showed a significant increase in aortic
sections obtained from HC-fed rats (Fig. 13A). In vitro scavenging of ROS by incubating
aortic rings from HC-fed rats with superoxide dismutase (SOD), not only reduced the ROS
staining intensity, but also improved the ACh-mediated relaxation (Fig. 13B). SOD
treatment was without effect on ACh-mediated relaxation in preliminary experiments done
on control rat aortic rings. Since ROS was reported to spread across gap junctions among
different vascular cell types (Feine, Pinkas, Salomon, & Scherz, 2012), and are known to
inhibit eNOS activity (Ohara, Peterson, & Harrison, 1993b), we investigated whether the
reduction in tone observed post-gap junction blockade in HC-fed rat tissues was because of
an interruption of eNOS inhibition by ROS. First, inhibition of eNOS in HC-fed rat aortic
rings by pre-incubation with LNAME precluded the loss of tone upon treatment with 18-p-
GA (Fig. 13C). As well, ROS scavenging by SOD had a similar effect. In order to
investigate whether the loss of Kir channel function was related to this observation, similar
experiments were conducted in control rat aortic rings incubated with BaCl» to block Kir
channels. Not only did incubation with BaClz increase ROS upon DHE staining (Fig. 13D),
BaCl,-treated control aortic rings also exhibited a loss of tone upon treatment with 18--

GA (Fig. 13E) similar to the observations in HC-fed rat tissues.
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Figure 13. Aortic ROS levels and the effect of in vitro ROS modulation on endothelial
function of rat aortic rings. A, representative micrographs of DHE staining of aortic tissues
from control, HC-fed, and HC-fed rat aortic rings exposed to SOD in vitro (left), and average
quantified data (right, data obtained from three sections per rat and four rats per group). DHE
staining appears as red fluorescence on a background of green collagen autofluorescence.
Scale bars are 40 um; B, representative tracings of the relaxation response to increasing ACh
concentrations in aortic rings from HC-rats in presence (5 rats) and absence (7 rats) of 200
U/ml SOD (left). Time points where ACh was added are indicated by arrowheads, and
average responses at different concentrations (right); C, representative tracings of the effect
of 100 uM 18-B-GA on PE-induced tone in HC-fed rat aortic rings in the continued presence
of PE, PE/LNAME, or PE/SOD as indicated in the bar beneath the tracings (left). Asterisks
represent the time points where 18-p-GA was added, and average absolute tension change in
these experiments (rings from five rats per group, right). D, representative micrographs of
DHE staining of aortic tissues from control rats with and without pre-incubation with BaCl,
(left), and average quantified data (right, data obtained from three sections per rat and four
rats per group). Scale bars are 40 um; E, representative tracings of the effect of 100 uM 18-
B-GA on PE-induced tone in control rat aortic rings in the continued presence of PE or
PE/BaCl; as indicated in the bar beneath the tracings (left). Asterisks represent the time points
where 18-B-GA was added, and average absolute tension change in these experiments (rings
from five rats per group, right). Data presented are mean + SEM. Statistical significance was
assessed by one-way ANOVA for A and C, two-way ANOVA for B, and unpaired Student’s
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t-test for D and E. * denotes P < 0.05 vs. the control rat value in A and the corresponding
HC-fed rat values in B and C.

H. Atorvastatin treatment improved endothelium-dependent hyperpolarization

profile

Since hypercholesterolemia was shown previously to impair Kir channel function
and reduce EDH (Fancher et al., 2018; M. Sancho et al., 2019), we examined the effect of
blood cholesterol reduction in HC-fed rats on ACh-mediated relaxation in general, and the
BaClz-sensitive component in particular. Four-week treatment of the HC-fed rats with the
lipid-lowering agent atorvastatin restored their serum cholesterol levels to values
comparable to that of the control group without affecting body weight, blood glucose, or
serum insulin levels (Fig. 14A). This improvement was associated with an enhanced ACh-
mediated relaxation compared to that of the HC-fed rat group (Fig. 14B). Significantly,
BaCl, attenuated the ACh-mediated relaxation in aortic rings from atorvastatin-treated HC-
fed rats in a pattern similar to that observed in rings from control rats (Fig. 14C). Similarly,
further indication of the restoration of Kir channel function was demonstrated by the
increased diazoxide-mediated relaxation in atorvastatin-treated HC-fed rat aortic rings
compared to their untreated counterparts (Fig. 14D). Alongside, western blotting showed an
increase of Kir2.1 subunit expression in the aorta of atorvastatin-treated rats (Fig. 14E).
Moreover, DHE staining intensity indicative of ROS was also reduced by atorvastatin

treatment (Fig. 14F).
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Figure 14. Serum cholesterol lowering improves ACh-evoked relaxations and restores
Kir channel function. A, the effect of 4-week atorvastatin treatment in HC-fed rats on (left
to right): total serum cholesterol, body weight, random blood glucose level, and plasma
insulin level; B, Representative tracings of the ACh-mediated relaxation in untreated (7 rats)
and atorvastatin-treated (5 rats) HC-fed rats (left). Arrowheads indicate time points where
ACh was added, and average responses and different concentrations (right); C, the effect of
BaCl> on ACh-mediated relaxation in atorvastatin-treated HC-fed rats (rings from 5 rats); D,
Representative tracings for the diazoxide-induced relaxation of aortic rings from untreated
and atorvastatin-treated HC-fed rats (left). Arrowheads indicate the time points where PE
was added, while asterisks indicate the time points where diazoxide was added, and average
vasorelaxant response (five rats, right); E, Kir2.1 protein expression in aortic tissues from
untreated and atorvastatin-treated HC-fed rats (data for 4 rats); F, representative micrographs
of DHE staining of aortic tissues from untreated and atorvastatin-treated HC-fed rats and
average quantified data. Data are obtained from three sections per rat and four rats per group.
DHE staining appears as red fluorescence on a background of green collagen
autofluorescence. Scale bars are 40 um. Data presented are mean + SEM. Statistical
significance was assessed by one-way ANOVA for A, two-way ANOVA for B and C, and
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unpaired Student’s t-test for D-F. * denotes P < 0.05 vs. the control rat value in A, the
corresponding value in untreated HC-fed rats in B, E and F, and the corresponding value in
absence of blocker in C.

I.  Impairment of endothelium-dependent relaxation is not related to altered eNOS or

Akt expression/phosphorylation

In order to rule out the potential contribution of insulin resistance to the observed
endothelial impairment, we investigated whether eNOS and Akt phosphorylation were
altered in aortic tissues from HC-fed rats. Western blotting was used to examine the
phosphorylated and total forms of either protein. Neither eNOS expression (Fig. 15A),
phosphorylation (Fig. 15B), nor Akt phosphorylation (Fig. 15C) levels were altered in

aortic rings from HC-fed rats.
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Figure 15. HC-feeding does not alter Akt or eNOS phosphorylation. A, representative
blots for total eNOS in aortic tissues from control and HC-fed rats together with average
quantified data normalized to GAPDH (three rats per group) B, representative blots for
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phospho-eNOS Ser1177 and total eNOS in aortic tissues from control and HC-fed rats
together with average quantified data (three rats per group); C, representative blots for
phospho-Akt Thr308 and total eNOS in aortic tissues from control and HC-fed rats together
with average quantified data (three rats per group). Data presented are mean + SEM.
Statistical significance was assessed by unpaired Student’s t-test. * denotes P < 0.05 vs. the
control rat value.

J. Endothelium-dependent hyperpolarization was attenuated in the microcirculation

by HC-feeding and restored by atorvastatin

Given the increased relative contribution of EDH in the microvasculature (Garland &
Dora, 2017), we examined the endothelium-dependent relaxation pattern in middle cerebral
arterioles from HC-fed rats to confirm our findings regarding EDH impairment. In
pressure myography experiments, middle cerebral arteriole segments produced spontaneous
myogenic tone in response to increased intravascular pressure. The vasodilatory response to
10 uM ACh was assessed across different groups. Cerebral arteriole segments from control
rats showed considerable dilation in response to 10 puM ACh accounting for ~40% of active
tone generated by the vessel (Fig. 16A). Blocking Kir channels with 30 uM BacCl;
attenuated the ACh-induced relaxation to ~10% of the active tone (Fig. 16D). Of note,
addition of BaCl produced a phasic constriction indicating an interference with an ongoing
hyperpolarization (Fig. 16A & C). On the other hand, not only was ACh-mediated
vasodilation much reduced in cerebral arteriole segments from HC-fed rats (~10%, Fig.
10A & B), but also this attenuated response was not affected by BaCl, treatment (Fig.
16D). Moreover, the phasic contraction in response to Kir channel blockade by BaCl, was

blunted in vessel segments from HC-fed rats (Fig. 16C). Significantly, cerebral arterioles
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from atorvastatin-treated HC-fed rats demonstrated responses to ACh and BaCl, that were

similar to those from control rats.
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Figure 16. Impaired ACh-evoked cerebral artery dilation in HC-fed rats is ameliorated
by atorvastatin treatment. A, Representative tracings of the cerebral arteriolar dilation to
10 uM ACh in presence and absence of 30 uM BaCl; in vessel segments from control,
untreated and atorvastatin-treated HC-fed rats. Time points where ACh was added are
indicated by heads, while time points were BaCl> was added are indicated by asterisks.
Tracings were recorded during continuous pressurization to 80 mm Hg as indicated beneath
them and Ca?*-free buffer solution was added as indicated by the bar towards the end of the
recording; B, average ACh-evoked relaxations (4 rats/group); C, average BaCl,-induced
constrictions (four rats/group); D, the effect of BaCl. on ACh-mediated vasodilation (four
rats/group). Data presented are mean + SEM. Statistical significance was assessed by one-
way ANOVA for B and C, and two-way ANOVA for D. * denotes P < 0.05 vs. the control
rat value in B and C, and the value in absence of BaClzin D.
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K. Twelve-week HC feeding was associated with localized PVAT inflammation

Given the aforementioned role of adipose tissue inflammation in exacerbating
endothelial damage, the expression of markers of inflammation was assessed in
perivascular and visceral white adipose tissue depots in HC-fed rats. As shown by western
blotting, PVAT obtained from HC-fed rats exhibited elevated levels of UCP-1 and HIF-1a,
indicative of increased adipose tissue browning and hypoxia respectively (Fig. 17A).
Moreover, this adipose tissue pool manifested enhanced protein expression levels of
inflammatory markers, including IL-1p and NF-kB as well as reduced PPARY expression
(Fig. 17A). In addition, H & E staining showed an increase in adipocyte size in PVAT from
HC-fed rats compared to that of the control (Fig. 17B). On the other hand, white adipose
tissue exhibited no differences in UCP-1, HIF-1a, or IL-1p protein expression between HC-
and NC-fed rats (Fig. 17C), albeit a significant increase in adipocyte size in HC-fed rats

(Fig. 17D).
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Figure 17. HC-feeding is associated with perivascular, but not visceral adipose tissue
inflammation. A, Representative western blots of UCP-1, HIF-1a, IL-1B, NF-kB and
PPARy in PVAT from NC- and HC-fed rats, together with average quantified data
normalized to GAPDH (three rats per group); B, Representative micrographs of serial
sections of PVAT from control and HC-fed rats stained with H&E (bottom, scale bars are 50
um), together with quantified average size of adipocytes (three rats per group); C,
Representative western blots of UCP-1, HIF-1a and IL-1B in white visceral adipose tissue
from NC- and HC-fed rats, together with average quantified data normalized to GAPDH
(three rats per group); D, Representative micrographs of serial sections of white visceral
adipose tissue from control and HC-fed rats stained with H&E (bottom, scale bars are 50
um), together with quantified average size of adipocytes (three rats per group). Data
presented are mean + SEM. Statistical significance was assessed by unpaired Student’s t-test.
* denotes P < 0.05 vs. the control rat value.
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L. HC feeding induces alteration of PVAT macrophage polarization

Resident macrophages contribute to adipose tissue homeostasis by adopting a wide
range of activation phenotypes within the M1/M2 model of polarization. While M2
polarization is prevalent in a healthy adipose tissue, obesity and adipose expansion tend to
alter the macrophages towards the M1 polarization concomitant with adipose tissue
inflammation (Morris, Singer, & Lumeng, 2011). In line with the inflammatory changes,
flow cytometric examination of the stromal vascular cell fraction of PVAT for macrophage
markers showed that the ratio of CD45+/CD68+/CD86+ cells corresponding to M1
polarized macrophages to the CD45+/CD68+/CD163+ corresponding to M2 cells increased

in animals receiving HC diet. Results of the FACS experiments are summarized in Fig. 19.
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Figure 18. Representative gating strategy for flow cytometric analysis of macrophage
polarization.
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Figure 19. Hypercaloric diet induced M1 macrophage polarization in PVAT.
Representative FACS scattergrams showing PVAT leukocytes expressing M1 vs. M2
macrophage polarization markers in rats fed NC or HC diet. Summary of the ratio of M1/M2
PVAT macrophages in controls vs HC-fed rats. Data presented are mean + SEM. Statistical
significance was assessed by unpaired Student’s t-test. * denotes P < 0.05 vs. the control rat
value.

M. In vitro and in vivo evaluation of COX-2/15-LOX dual-targeting compounds
demonstrated potential anti-inflammatory properties

1. Invitro COX-1/2 and 15-LOX inhibition assays

Generally speaking, as depicted in Table 2, all compounds showed submicromolar

IC50 values for COX-2 inhibition along with being one to two orders of magnitude lower
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than those for COX-1 inhibition. They were both more active and selective than the
reference drugs diclofenac and indomethacin as COX-2 inhibitors. For 15-LOX inhibition,
IC50 values for all compounds operated in the one-digit micromolar range and were more
potent than both meclofenamate and NDGA. Additionally, compounds 1-3,6 and 7 were

either more potent or equipotent to quercetin.

Regarding thiazolones (1 and 2) originating from 5-chloropyrazole-aldehyde (a), the
piperidino-derivative 1 showed 1.7 times the activity of quercetin towards 15-LOX
inhibition. Switching to the morpholino analog 2 slightly decreased 15-LOX inhibitory
activity but still spanning within the same order of magnitude. Concerning thiazolones (3
and 4) derived from 1,3-diphenyl pyrazole-aldehyde (b), piperidine derivative 3
demonstrated higher 15-LOX inhibition that somewhat decreased upon replacement with
morpholine moiety, yet, retaining the same one-digit micromolar range of inhibition. As for
thiazolones (5 and 6) obtained from 1-phenyl-3-p-tolyl pyrazole-aldehyde (c), the lowest
activity for 15-LOX inhibition was noticed with the piperidine derivative 5. Enhancement
of activity occurred upon switching to the morpholino-analog 6, showing IC50 value of
2.85 uM for 15-LOX inhibition. While in case of the thiazolones (7 and 8) bearing an EDG
methoxy group on the pyrazole-aldehyde moiety, the piperidine analog 7 was almost
equipotent to quercetin for 15-LOX inhibition but the activity decreased upon shifting to
the morpholine derivative 8. Finally, the thiazolones (9 and 10) carrying bromo substituent
on the pyrazole-aldehyde moiety had 15-LOX inhibitory activities corresponding to 59%

and 74% of the activity of quercetin, respectively.
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As for COX-2 inhibition, careful inspection of the results revealed no appreciable
differences in the 1C50 values (0.09-0.19 uM) of the synthesized compounds, with the
exception of compound 5 (IC50 value of 0.34 uM). This is in addition to some unique
structural difference between the synthesized compounds, which impeded extracting
sharper structure-activity relationships. However, the outcome of this study represents a
good starting point to attempt a wider variety of substitution patterns that might aid in
establishing decisive structure-activity relationships. However, and with regards to COX
selectivity indices, it was clearly evident that thiazolones (7-10), bearing methoxy or bromo
substitution, showed the highest selectivity (103-114). While for thiazolones (1-6), a
decreased selectivity was generally observed with SI values ranging from 27-90. Among
the latter, the morpholine derivatives 2, 4 and 6 demonstrated superior selectivity to the

piperidine derivatives 1, 3 and 5.

Table 2: In vitro COX-1/2, 15-LOX inhibition 1Cso values and COX selectivity indices of
the newly synthesized compounds

Code ICs0 (UM)? SIP
Structure 15- COX- COX-2 (COX-1/
LOX 1 COX-2)
Celecoxib nd® 14.8 0.05 296
Diclofenac Na nd 3.9 0.8 4
Indomethacin nd 0.039 0.49 0.08
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nd nd nd

5.64

Meclofenamate

Na

nd nd nd

3.34

Quercetin

nd nd nd

10.56

NDGA

0.11 59

6.56

1.96

8.14 0.09 90

2.42

0.19 41

7.86

2.54

0.14 80

11.32

4.63

9.23 0.34 27

4.23
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0.18 69

12.54

2.85

114

0.09

10.34

3.52

0.11 113

12.45

4.64

0.13 107

14.02

5.64

Br

0.11 103

11.33

4.52

Br

10
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2. Invivo anti-inflammatory activity

Following in vitro COX and LOX inhibition assays, the three most active
compounds were challenged using the acute inflammation model formalin-induced rat paw
edema bioassay. Inflammation was stimulated by subcutaneous injection of formalin and
the test compounds were administered as an oral dose of 5 mg/kg body weight. The %
inhibition of edema after 4 h was measured to determine potencies of the test compounds in
comparison to the control. The positive controls used were celecoxib and diclofenac
sodium. Results indicated that compounds (4,7,8) were as effective as either diclofenac or
celecoxib in suppressing acute inflammation measured by reduction in paw edema volume
(Fig. 20A). In the cotton pellet induced-granuloma test used as a chronic model of
inflammation, all tested compounds demonstrated clear anti-inflammatory activity of a
magnitude equal or superior to reference compounds (Fig. 20B). Specifically, compounds
(7 and 8) showed a significant increase in inhibition of granuloma weight in comparison to

celecoxib.

3. Inhibition of monocyte-to-macrophage differentiation assay

In order to further evaluate the anti-inflammatory potential of the compounds, we
assessed their effect on inhibition on monocyte recruitment and subsequent activation into
macrophages. For this purpose, we utilized the PMA-induced THP-1 differentiation assay
as a typical in vitro model of this process (Sakamoto et al., 2001). We tested the inhibitory

effects of the compounds on monocyte differentiation into pro-inflammatory M1
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macrophages, using PMA and LPS consecutively for THP-1 stimulation (Genin, Clement,
Fattaccioli, Raes, & Michiels, 2015) (Fig. 20C). The effects of these dual inhibitors were
compared to diclofenac as a reference compound. The range of concentrations used for the
assay was shown not to induce any cytotoxicity on THP-1 cells (Fig. 20D). As shown in
Fig. 20E, pre-incubation of THP-1 monocytes with any of the three compounds inhibited
their differentiation into M1 macrophages in a concentration-dependent manner, with 4 and

7 demonstrating higher potency compared to diclofenac.

116



0 E

2 504 2 60 "

3 = #

S 40- s

£3 S5 40-

§2 a0 3 8

oS 85

£9 204 99

c £ 201

S =

T 'll

@ 0+ v r 2 0 T T

\z«‘&o 00“:9 " ® A ¢ o“é‘ & " ® *
S & S &
& P © o
& S & S
C ®®
@
ORORON @ _ 0®
ONMOMOMO —_— _ @
THP-1 monocytes Macrophages stuck to Estimation of cell abundance

in suspension glass cover by metabolic activity

200 1 -e- Diclofenac

- 4

=

o

o
i

=T

(% Control)

o
o
a2

o
L

THP-1 Cell Viability
(% Control)
]
o
Differentiated macrophage
metabolic activity

——
5 5 4 -6 -5 4

log[inhibitor], M log[Agonist], M

Figure 20. COX-2/15-LOX dual-targeting compounds demonstrated potential anti-
inflammatory properties. In vivo anti-inflammatory activities of compounds (4, 7, 8) in; A,
formalin-induced rat paw edema assay (model of acute inflammation) (A) and in cotton pellet
induced granuloma test (model of chronic inflammation) (B). C, a schematic representation
for monocyte-to-macrophage differentiation assay; D, THP-1 cell viability at the different
drug concentrations used for the assay; E, concentration-dependent inhibition of monocyte
differentiation into macrophage in response to sequential stimulation with PMA and LPS.
Data presented are mean = SEM. Statistical significance was assessed by one-way ANOVA
followed by Tukey multiple comparisons test. * and * denote P-values < 0.05 vs. diclofenac
and celecoxib, respectively.
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4. IL-1p Expression

Previous studies have demonstrated an association between 15-LOX activation and
cytokine production in multiple cell lines (Abrial et al., 2015; C. Liu et al., 2009; L. Zhang
etal., 2014). In particular, 15-LOX and its metabolites were shown to induce the
production of a number of proinflammatory cytokines in macrophages, including tumor
necrosis factor-o. (TNF-a), IL-1p, IL-6, IL-12, and monocyte chemo-attractant protein-1
(Middleton, Rubinstein, & Pure, 2006; Y. Wen et al., 2007). The produced IL-1p causes
further activation of a signaling pathway leading to the enhancement of phospholipase A2-
dependent arachidonate release and metabolism in a positive feedback loop (Walters et al.,
2011). Interestingly, 15-LOX expression in macrophages also contributes to atherosclerosis
progression, via enhancing lipid accumulation and cytokine production (Magnusson et al.,
2012). Furthermore, a body of evidence has proposed a role for COX-2 in increasing the
production of the pro-inflammatory cytokine IL-1B. PGE2, a major COX-2 metabolite,
enhanced NLRP3 inflammasome-dependent IL-1 production in macrophages through
enhancing cCAMP levels (Hua et al., 2015; Park et al., 2004). In this context, various studies
demonstrated that COX-2 inhibition abolished the expression of IL-1p (da Silva et al.,
2018; Y. Liu et al., 2018). In an attempt to provide a pathophysiological context for the
dual COX-2/15-LOX inhibition, we tested the effect of our hybrid compounds on IL-1p
expression in THP-1 monocytes challenged with PMA and LPS (Fig. 21A). PMA/LPS
treatment exhibited a marked increase in IL-1B production when compared to untreated
control. Such an increase in IL-1p expression was significantly attenuated in cells treated

with our compounds.
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N. COX-2/15-LOX dual-targeting compounds’ anti-inflammatory properties are
linked to their ability to induce apoptosis of M1 macrophages

Although our dual COX-2/15-LOX inhibitors did not demonstrate cytotoxic effects
on THP-1 monocytes up to the highest concentration used (100 uM), 4 and 7 tended to
slightly decrease PMA/LPS-stimulated THP-1 (M1 macrophages) cell viability (Fig. 21B).
In view of the enhanced inhibitory effects of the compounds on M1 macrophages, such an
observation proposed a possible cell death mechanism induced by our dual inhibitors.
Therefore, we examined the protein expression and activity of caspase-3, a key regulator of
apoptosis. Our hybrid compounds attenuated the protein expression of non-cleaved
procaspase-3, hence suggesting an enhanced cleavage of procaspase-3 into its active form
caspase-3 (Fig. 21A). Consistently, these dual inhibitors also produced a significant

enhancement of caspase-3 activity in PMA/LPS-induced THP-1 monocytes (Fig. 21C).
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Figure 21. The effect of selected compounds on IL-1f expression and apoptotic changes
in M1 macrophages. A, representative blots for IL-1p and procaspase-3 (left) and the
quantified protein expression levels for IL-1f and procaspase-3 (right); B, M1 macrophage
viability at the different drug concentrations; C, increased caspase-3 activity in Ml
macrophages treated with different compounds. Data presented are mean + SEM. Statistical
significance was assessed by one-way ANOVA followed by Tukey multiple comparisons
test. * and * denote P-values < 0.05 vs. untreated control and PMA/LPS differentiated
macrophages, respectively.
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O. Triple-targeting compounds exhibit significant COX-2 and 15-LOX inhibitory
activities

1. Invitro COX-1 and COX-2 inhibitory assay

As summarized in Table 3; all synthesized compounds, with the exception of
compound 5f, were more potent COX-2 inhibitors than the two reference drugs diclofenac
and indomethacin. They also showed higher Sl than two reference drugs diclofenac and
indomethacin. Although they showed lower COX-2 inhibition in comparison to celecoxib,

they operated within the same range of sub-micromolar activity.

All compounds inhibited COX-1 in concentrations that are at least one order of
magnitude higher than that experienced with COX-2, which highlights the selectivity
displayed towards COX-2. For triazoles prepared from benzyl azides, we observed that the
addition of 4-bromo substitution enhanced both COX-2 inhibitory activity and Sl values
when compared to the unsubstituted analogs. The thiazolidine-2,4-dione derivative 5b was
slightly more potent than the rhodanine 5a. It reached about 8 times the activity of
diclofenac and 5 times that of indomethacin. Intriguingly, 5b showed the highest Sl value
(159) out of all the synthesized compounds in the study, which accounts for almost one half

that of celecoxib activity and selectivity towards COX-2.

Within the triazole series prepared from aryl azides, it was noticed that 4-
substitution with lipophilic n-deficient or zt-rich substituents as was seen with 4-bromo (5e
and 6e) and 4-methoxy (5g and 6g) remarkably enhanced both COX-2 inhibitory activity
and Sl values over the unsubstituted congeners. 4-Bromophenyl triazolyl compounds 5e

and 6e showed about 4-5 times the inhibitory activity of indomethacin with about 950 times
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its SI towards COX-2. They reached about 6-8 times the inhibitory activity of diclofenac
with about 19 times its SI towards COX-2. 4-Methoxyphenyl triazolyl compounds 5¢g and
6g showed about a 3.5-6 times the inhibitory activity of indomethacin with about 700 and
1260 times its SI towards COX-2, respectively. They reached about 5-8 times the inhibitory

activity of diclofenac with about 14 and 25 times its SI towards COX-2, respectively.

On the other hand, 4-substitition with methyl (5f and 6f) and carboxylic
functionalities significantly reduced COX-2 inhibitory activity and SI values in comparison
to their unsubstituted counterparts. Surprisingly, the novel propargyl rhodanine 4b showed
higher COX-2 inhibitory activity and SI value than that of propargyl thiazolidine-2,4-dione

4a and was among the most active compounds in the whole study.

Cycloaddition reaction of 4a and 4b with 4-substituted phenacyl azides generally
enhanced the activity with the highest difference observed with the 4-bromo substituted
derivatives 5j and 6j. It is noteworthy that rhodanine derivatives demonstrated superiority
in both COX-2 inhibitory activity and Sl values in comparison to their thiazolidine-2,4-
dione counterparts, with the exception of 5a and 5b. A general trend was observed that

bromo-containing compounds were among the most active within the whole study.

2. Invitro 15-LOX inhibitory assay

Compounds that showed the highest in vitro COX-2 inhibitory activity (4b, 5b, 5e,
59, 5j, 6b, 6e, 6g, 6i and 6j) were. In vitro 15-LOX enzymatic inhibitory activities are

expressed as 1Cso values of the tested compounds and shown in Table 3. All ten
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compounds showed substantial LOX inhibitory activity with ICs in the range of 3.14-5.92
HUM. They operated in the same order of magnitude as NDGA and quercetin. All ten
compounds showed superior LOX inhibitory activity to that of NDGA while displaying
varying activity when compared to quercetin. Interestingly, the most and least potent
derivatives 4b and 5b had almost thrice and twice the activity of NDGA, respectively.
Additionally, 4b was more potent than quercetin while 5e and 5g were almost equipotent to
quercetin. Other compounds appeared in the following descending order of activity; 6i, 5e,
6b, 6], 5], 6g and 5b. Consequently, the above results showed that all ten compounds have

promising LOX inhibitory activity.

Table 3: In vitro COX-1, COX-2, 15-LOX inhibitory 1Cso values and COX Sl values of
synthesized compounds.

Code Structure I1Cso uM? Sl

COX-1 COX-2 15-LOX COX-1/

COX-2P
Celecoxib 14.8 0.05 - 296
Diclofenac Na 3.9 0.8 - 4.9
Indomethacin 0.039 0.49 - 0.1

6a N 0 8.4 033 - 25.5
N* N
JAO/QMNH
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Quercetin - - 3.27 -

P. Triple-targeting compounds demonstrate selective agonism of PPARYy

1. Invitro glucose uptake using rat hemi-diaphragm model

In order to assess the antidiabetic activity of compounds that showed the highest in
vitro COX and LOX inhibitory activities (4b, 5b, 5e, 5g, 5j, 6b, 6e, 6g, 6i and 6j), their
glucose uptake potential by rat hemi-diaphragm method was measured as previously
reported (Kar et al., 2014; B. R. Kumar et al., 2011; Walaas & Walaas, 1952). The glucose
content of the working solution was measured, and the glucose uptake was calculated as the
difference between the initial and final glucose content at 2 mg of optimized drug
concentration. The glucose uptake by rat hemi-diaphragm was measured in mg/dl/45 min.
Results of the in vitro glucose uptake assay revealed that compounds 4b, 5e, 6g and 6j
showed equal or higher glucose uptake than pioglitazone without insulin and significantly
higher uptake with insulin. Compounds 5j and 6i showed lower glucose uptake without
insulin than pioglitazone but equal or higher uptake with insulin. Interestingly, compounds
5b and 5g showed equal or higher glucose uptake than pioglitazone in an insulin-

independent fashion.
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2. Immunohistochemical analysis of ligand-stimulazed PPARy nuclear localization

The ability of the synthesized compounds to induce PPARY nuclear translocation
was studied in rat primary adipocytes as described previously (Maresca et al., 2013;
Yasmin & Jayaprakash, 2017). Four compounds were selected; 4b & 5e shown to have an
insulin-sensitive glucose uptake effect comparable to pioglitazone, and 5b & 5g shown to
have a significant insulin-independent glucose uptake. The effect of a 3-hour exposure to
10 uM concentration of each of those compounds on the nuclear localization of PPARY in
rat adipocytes was compared to that of an equivalent concentration of pioglitazone. Figure
17 shows representative micrographs of control and treated adipocytes. Untreated controls
(exposed to an equivalent volume of DMSO as the vehicle) showed diffuse cytosolic
PPARYy staining. Adipocytes treated with pioglitazone or the selected test compounds
showed redistribution of PPARY staining that is superimposed with nuclear staining as
depicted in the fluorescence intensity profiles along the line scans showed in Figure 22.
This is suggestive of the ability of the selected compounds to induce PPARy nuclear
translocation similar to pioglitazone. The confirmation of PPARy nuclear translocation
together with insulin-independent glucose uptake of compounds 5b & 5g raise the

possibility of selective targeting of signaling pathways.
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Figure 22. Triple-targeting compounds exhibit selective PPARy agonism. A, in vitro
glucose uptake activity of the most active compounds both in absence and presence of insulin
using rat hemi-diaphragm model. Data represented are mean + SD of three replicates.
Statistical analysis was performed using two-way ANOVA followed by Sidak post hoc test.
P-values < 0.05 was considered significant. * denotes significance vs. the corresponding
effect of each compound in absence of insulin, # denotes significance vs. the corresponding
arm of tyrode exposure, while $ denotes significance vs. the corresponding arm of
pioglitazone treatment; B, immunofluorescent staining of PPARY in untreated rat primary
adipocytes and those exposed to 10 uM of pioglitazone and different test compounds for 3
hours. Phase contrast cell contours are delineated in white. Nuclei were stained with DAPI.
The corresponding graphs show staining intensity for PPARy (green) and DAPI (blue) along
the scan line indicated on the corresponding micrographs.
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Q. Triple-targeting compounds exhibit partial PPARy agonism

1. PPARy functional reporter gene assay

The effect of the selected compounds showing PPARY nuclear translocation on its
transcriptional activity was assessed using a functional gene reporter assay (Kojo et al.,
2003). Human embryonic kidney (HEK?293) cells 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
HEK?293 cells were exposed to different concentrations of pioglitazone, 4b, 5b, 5e, and 5¢g
for 24 hours. Luciferase activity was measured and compared to basal activity in cells
treated with the vehicle (DMSO). As shown in Figure 18A, 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 2-3-fold increase, with
transcriptional activity of 25-45% that of pioglitazone. Based on the transcriptional

response, a partial PPARy agonistic activity can be assumed for the tested compounds.

2. Structure determination of compound 4b bound to PPARy

Although the biological activity of 4b was confirmed by multiple lines of evidences
(molecular then cellular and finally in vivo), we wanted to rule out any skepticism about its
proven biological activity and exclude the presence of any assay artifacts. Hence, we

determined the X-ray crystal structure of compound 4b in complex with the PPARy ligand
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binding domain (LBD) which will give us the chance to probe its binding mode and detect
specific binding interactions (Fig. 18B). Coordinates and structure factors were deposited in
the Protein Data Bank under accession code 6E5A. Two subunits per asymmetric unit were
found and both subunits were found bound to 4b in a similar manner. The overall fold of
PPARYy was similar to most other observed structures, for example the 4b bound structure
displays an RMSD to the rivoglitazone bound structure (PDB:5U5L) of 0.48A (over 512
Ca atoms), signifying that the binding of compound 4b does not induce major
conformational changes as compared to other TZD based compounds. Compound 4b is
located in the LBD with the ring systems of the compound located between H3 and the
beta-sheet region and the carbon tail inserted into the hydrophobic patch below the AF2
region. 4b makes only one hydrogen bond to PPARY, via its non-protonated nitrogen atom
to the protonated nitrogen backbone atom of Ser342 (3.0A). All other contacts are
hydrophobic and Van der Waals interactions. The double ring system of compound 4b sits
between H3 and the beta sheet region making these contacts with 11e281 (H3), lle341 side
chain (beta-sheet), the non-polar portion of Ser342 side chain (beta-sheet), the non-polar
portion of Arg288 side chain (H3), Leu353 side chain (H6), and the side chain of Met364
(H7). The carbon tail of 4b makes hydrophobic interactions with H6 and H7 which include
those to the side chain of Met364, the side chain of Phe363 (H7), the side chain of Phe360

(H7), and the side chain of Leu353 (H6) as shown in Figure 23B.
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Figure 23. Triple-targeting compounds exhibit partial PPARy agonism. A, graphical
representation of the increased PPARy-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. Data
presented are mean = SEM. Luciferase activity values were compared to vehicle with One-
way ANOVA followed by Dunett Multiple Comparisons test. * denotes a P-value < 0.05 vs.
DMSO treated cells; B, Binding mode of 4b to PPARy as determined by X-ray
crystallography (PDB accession code 6E5A). PPARY is shown in green ribbons, compound
4b is shown in yellow sticks, and residues of PPARY within 3.5A of the ligand are depicted
as green sticks. 1) Overview of the entire PPARy LBD bound to 4b. 2) Interactions of 4b

132



with the beta-sheet and H3 region. 3) Interactions of the carbon tail of 4b with residues of the
hydrophobic pocket formed by H7, and H3.

R. Triple-targeting compounds manifest potent anti-inflammatory potential

1. Invivo anti-inflammatory activity

Formalin-induced rat paw edema protocol as an acute inflammation model was used
to test the in vivo anti-inflammatory activity of the four most active compounds (4b, 5e and
50). Intriguingly, all tested compounds with the exception of 4b showed equivalent
inhibitory effect to celecoxib and diclofenac (Fig. 24A). Additionally, 4b demonstrated a

statistically significant higher potency compared to celecoxib.

2. Inhibition of monocyte to macrophage differentiation

We anticipated that the three compounds (4b, 5e, and 5g) that showed dual COX-2
and 15-LOX inhibitory activities together with PPARy partial agonistic activities, would
maintain a similar, if not enhanced, activity against THP-1 monocyte differentiation into
macrophages. Towards this end, we used the PMA-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 to diclofenac and pioglitazone as reference
compounds. Diclofenac produced a concentration-dependent inhibition of the
differentiation process yielding an IC50 value close to that previously reported in a similar
assay (Moussa et al., 2018). Surprisingly, pioglitazone did not produce an appreciable

inhibition of PMA-induced monocyte differentiation up to 300 uM concentration. While 5g
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produced effects similar to pioglitazone, 5e showed effects close to that of diclofenac (Fig.
24B). 4b appeared to be more potent than diclofenac in inhibiting this process. Yet, it is
worth mentioning that this assay measures the differentiation of monocytes into adherent
macrophages with no indication of potential differences in differential polarization, if any.
Thus, a negative result might not completely rule out the beneficial effect of PPARy

agonistic activity represented by pioglitazone.

3. IL-1pand TNF-« expression and 20-HETE production assay

Previous literature consistently showed that 15-LOX activation is associated with
increased cytokine production in variety of cell types (Abrial et al., 2015; C. Liu et al.,
2009; L. Zhang et al., 2014). Specifically, both the addition of 15-LOX arachidonate
metabolites or their de novo synthesis in monocytes triggered cytokine production in
macrophages, including tumor necrosis factor-o. (TNF-a), interleukin-18 (IL-1p), IL-6, and
monocyte chemo-attractant protein-1 (Y. Wen et al., 2007). Moreover, the produced IL-1
contributes to further stimulation of signaling pathways leading to the enhancement of
phospholipase A2-mediated arachidonate release and metabolism in a positive feedback
loop (Walters et al., 2011). We attempted to provide a pathophysiological context for the
15-LOX inhibitory action of our hybrid compounds. We examined the effect of the three
compounds (4b, 5e & 5g) on TNF-a and IL-1f production in THP-1 monocytes
differentiated into macrophages by PMA, and activated by a lipopolysaccharide (LPS)
challenge. Compared to the negative control, LPS-treated macrophages showed massive

increases in both TNF-a and IL-1f production (Fig. 24C). The increase in both cytokines’
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expression was greatly attenuated in cells treated with our compounds. As well, we tested
the effect of these compounds on the 20-hydroxyeicosatetraenoic acid (20-HETE)
production in these cells as a general indicator of arachidonate metabolism. The
concentration of 20-HETE produced in the conditioned medium of PMA-differentiated
THP-1 monocytes that were challenged with LPS was measured by enzyme-linked
immunosorbent assay (ELISA). 20-HETE production increased following LPS challenge
compared to untreated controls. Cells treated with our compounds showed reduced 20-
HETE production indicating a possible decrease in arachidonic acid release possibly as a

result of the interruption of the IL-1p positive feedback loop (Fig. 24D).
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Figure 24. Triple-targeting compounds exhibit anti-inflammatory properties. A,
Graphical representation of in vivo anti-inflammatory activities of selected compounds in
formalin-induced rat paw edema bioassay (acute inflammation model). B, inhibition of
monocyte-to-macrophage differentiation by diclofenac, pioglitazone, and the selected
synthetic compounds. Results are represented as percentage macrophage metabolic activity
of the PMA control at different exposure concentrations. C, representative western blotting

of IL-1B, TNF-a, and GAPDH from THP-1 cells exposed to different treatment conditions

136



(left). The bar graphs summarize the quantification of three separate experiments (right). D,
20-HETE concentration in the conditioned medium of THP-1 cells exposed to the indicated
treatment conditions. Concentration is normalized to the values measured in untreated cells
challenged with LPS. Results presented are Mean = SD. Statistical significance was
measured by one-way ANOVA followed by Tukey Multiple Comparisons post hoc test. *
denotes significance vs. celecoxib in the in vivo anti-inflammatory assay. * denotes a P-value
< 0.05 vs. untreated control while # denotes a P-value < 0.05 vs. LPS-challenged cells in

western blots.

S. Exvivo exposure of rat aortic rings to PA as a model for lipid-induced ED

Myobath experiments were conducted on thoracic aortic rings obtained from control
rats groups. Increasing concentrations of PE produced higher aortic contraction in control
aortic rings pre-incubated with 800 uM PA (Fig. 25B). Indeed, the increased sensitivity of
PA-exposed vessels to the contractile effect of PE was demonstrated as a reduced EC50

(increased pEC50) in comparison to the control group (Fig. 25C).
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Figure 25. PE-mediated contractility in control and PA-incubated rings. A,
Representative tracings showing the contractility response to PE on control (top left) and PA
incubated aortic rings (bottom left); B, PE concentration-response curve of control and PA
group; C, Effective concentration (EC50) of both control and PA-treated groups. Statistical
significance was tested by unpaired t-test. * denotes a P-value < 0.05 vs. control rings.

Analysis of endothelium-dependent relaxation showed an impaired ACh-mediated
relaxation in rings incubated with 800 uM 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 (Fig. 26B). Despite that PA-incubated control aortic
rings exhibited an exaggerated response to PE (Fig. 26C), the maximal absolute values of
ACh-induced relaxation in the control group remained higher than that of the PA-incubated
group (Fig. 26C). Also, PA-treated rings exhibited an enhancement in ROS expression as
demonstrated by DHE staining and a reduction in Kir channel expression as shown by

western blotting (Fig. 26D).
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Figure 26. ACh-mediated endothelium-dependent relaxation of aortic rings from
control and PA-incubated aortic rings. A, Representative tracings showing the relaxant
response to ACh in aortic rings pre-constricted with PE from control (top left) and PA
incubated aortic rings (bottom left); B, mean normalized ACh-evoked relaxations in presence
and absence of PA in aortic rings pre-constricted with PE; C, PE-induced constriction in g
tension (left panel) and maximal Ach-induce relaxation in g tension (right panel). D,
representative micrographs of DHE staining of control and PA-treated rat aortic rings with
the average quantified data. DHE staining appears as red fluorescence on a background of
green collagen autofluorescence (left). Scale bars are 40 um. Representative western blots of
Kir2.1 channels in control and PA-treated rings, together with average quantified data
normalized to GAPDH (three rats per group, right). Statistical significance was tested by
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two-way ANOVA followed by Sidak multiple comparisons tests for B and t-test for C and
D. * denotes a P-value < 0.05 vs. control rings.

T. Exvivo evaluation of the effect of MTDLSs on the PA-induced endothelial
dysfunction

In order to assess understand the potential effect of MTDLs (compounds 4b and 7)
on ameliorating PA-induced endothelial damage, we examined the contractile responses of
PA-exposed aortic rings following treatment with compounds 4b or 7. Interestingly,
concentration-response curves of PE in PA-incubated aortic rings treated with either 4b or 7
showed that only treatment with 4b restored the increased sensitivity to PE to control levels
(Fig. 27A), which indeed was reflected on pEC50 values (Fig. 27B). Furthermore,
treatment with 4b was able to improve ACh-induced relaxation, which reached about ~80%
of the PE tone at 30 uM concentration (Fig. 27D). In contrast, no significant difference was
observed in the endothelium-dependent relaxation profile in the PA-incubated vessels
treated with compound 7 (Fig. 27D). As such, treatment with 4b produced less PE
contractility (nearly 2g tension) when compared to that of the aortic rings treated with PA
alone (nearly 4g tension) (Fig. 27E), and restored the absolute value of the maximal ACh-

induced relaxation (Fig. 27F).
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Figure 27. Ex vivo evaluation of the impact of MTDLs on PA-induced impaired
endothelial function. A, PE concentration-response curve on aortic rings treated with
different conditions; B, PE pEC50 values for the different groups; C, representative traces
showing the relaxant response to ACh on aortic rings pre-constricted with PE; D, mean
normalized ACh-evoked relaxations in aortic rings pre-constricted with PE for the different
groups; E, PE-induced constriction in g tension; F, maximal ACh-induced 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 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.
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U. 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 the selective COX-2 inhibitor,
celecoxib, and pioglitazone, a full PPARY agonist. Neither the dual-targeting compound 7
nor celecoxib did produce any improvement in ACh-induced relaxation profile in aortic
rings pre-constricted with PE (Fig. 28A). However, the addition of pioglitazone
demonstrated a significant enhancement of ACh-mediated relaxation, similar to that

observed with 4b (Fig. 28B).
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Figure 28. The effect of single target agents on endothelial dysfunction compared to
MTDLs. Panels A & B, mean normalized ACh-evoked relaxations in aortic rings pre-
constricted with PE and incubated with different compounds. # 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.

142



V. Evaluation of Kir activity/expression and ROS production as a function of MTDLs

treatment

In an attempt to predict the possible enhanced mechanisms accounting for the
improved endothelial responses observed with treatment with the triple-targeting compound
4b, we assessed the effect of differential blockade of NO- and EDH-mediated responses on
ACh-evoked relaxation in PA-incubated control rings treated with 4b. Interestingly, the
addition of L-NAME and BaCl2 significantly attenuated the ACh-induced relaxation (Fig.
29A), indicating that 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 (Fig.
29B). Western blotting showed a reduction in protein content of this subunit in aortic
tissues of PA-treated aortic rings, with a restoration of expression of Kir 2.1 channel
proteins following treatment with 4b. Moreover, DHE staining demonstrated a reduction in
ROS production in PA-treated aortic rings in response to treatment with both compounds

(Fig. 29C).
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Figure 29. The impact of MTDLs treatment on components on endothelium mediated
relaxation with correlation to inward-rectifier potassium channel expression. A, mean
normalized ACh-evoked relaxation in PA-treated aortic rings pre-incubated with 4b +
endothelial blockers; 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 7). C, representative micrographs of DHE
staining of rat aortic rings of different treatments with the average quantified data. DHE
staining appears as red fluorescence on a background of green collagen autofluorescence.
Scale bars are 40 um. * 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.
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W. Assessment the effect of MTDLSs on endothelium-dependent relaxation in 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. Myobath experiments showed a significant
enhancement of ACh-induced relaxation in HC-fed rat aortic rings treated with compound
4b ex vivo. However, the addition of single target compounds such as pioglitazone or
celecoxib did not improve ACh-mediated relaxation. (Fig. 30B). Attenuation of the
improvement of endothelial function in response 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 (Fig. 30D).
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Figure 30. Assessment of MTDLs effect on endothelium dependent relaxation in HC-fed
rat aortic rings. A and C, representative traces showing the relaxant response to ACh on
aortic rings pre-constricted with PE for different groups; B, mean normalized ACh-evoked
relaxations in aortic rings pre-constricted with PE for the different groups; D, mean
normalized ACh-induced relaxations in aortic rings pre-constricted with PE for 4b, and
4b+BaCl2. * denotes a P-value < 0.05 Vs HC panel B; * denotes a P-value < 0.05 Vs
4b+BaCl2 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

The optimal approach for mitigating diabetic vascular complications remains
elusive ("The effect of intensive treatment of diabetes on the development and progression
of long-term complications in insulin-dependent diabetes mellitus. The Diabetes Control
and Complications Trial Research Group,” 1993; Genuth & Ismail-Beigi, 2012; Heller,
2009), especially that a significant proportion of diabetic patients presents with established
vascular complications at initial diagnosis (Fowler, 2008). As such, studying the early
detrimental mechanisms contributing to ED in the course of diabetes development becomes
paramount. In this context, localized perivascular adipose tissue inflammation emerges as a
high-yield target for such an intervention (R. Rafeh, A. Viveiros, G. Y. Oudit, & A. F. EI-
Yazbi, 2020). Nevertheless, presenting as a multi-faceted process with several intertwining
and redundant cascades, this inflammatory change together with others triggered

downstream pose a considerable challenge.

Towards this end, we used a rat model of mild metabolic challenge allowing a fairly
wide window of opportunity to study vascular dysfunction prior to the development of
hyperglycemia. To our knowledge, this is the first report to highlight an impairment of Kir
channels as the primary cause of endothelial damage during early metabolic alterations,
potentially triggered by hypercholesterolemia. Our results also highlight the potential inter-

dependence among different endothelium-mediated vasodilatory pathways in producing
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integrated myoendothelial feedback, whereby a defect in one would be augmented due to a

lack of positive interaction with the other.

The rat model used in the present study is a modified form of the high-fat diet
animal model, which permits the examination of the development of pathological
mechanisms in impaired glucose tolerance and early type Il diabetes (Winzell & Ahren,
2004). Our model receives a limited increase in daily calorie intake from fat. Data from
previous studies in our laboratory showed that this diet produced stable fasting and random
hyperglycemia after 16-20 weeks of treatment (Mohammed A. W. Elkhatib et al., 2019).
However, no changes in glucose tolerance, body weight, or blood pressure were observed
at 12 weeks (Al-Assi et al., 2018; Mohammed A. W. Elkhatib et al., 2019), thus permitting
the study of functional changes occurring in the course of early metabolic alterations
without interference from hyperglycemia, impaired glucose tolerance, obesity, or

hypertension.

Whereas aortic rings from both control and HC-fed rats had similar vasodilatory
responses to the exogenous NO donor sodium nitroprusside, HC-fed-rat aortic tissues
showed an impaired ACh-mediated relaxation proposing that the observed defect was likely
related to an endothelial, rather than a smooth muscle, dysfunction. This was coupled with
an increased initial contraction to 30 uM PE indicating a potential dysfunction in
myoendothelial feedback. The persistence of the same defective ACh-mediated relaxation
pattern in HC-fed rat tissues in experiments where equi-effective concentrations of PE were
used rules out the possibility that the difference in pre-constrictor tone affected the ACh

response. While a rich body of literature describes a role for the increased production of
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endothelin-1, acting through ETa receptors, in ED observed in diabetes, obesity, and
metabolic syndrome (A. K. Harris, Elgebaly, Li, Sachidanandam, & Ergul, 2008; W. Li,
Abdul, Ward, & Ergul, 2018; Samsamshariat, Sakhaei, Salehizadeh, Keshvari, & Asgary,
2019; Schinzari, Tesauro, & Cardillo, 2018), this did not appear to be the case in aortic
rings from HC rats. In vitro exposure to the ETa receptor antagonist atrasentan did not alter
aortic response to ACh. This was similar to previous observations in another animal model
of early prediabetes where vascular response was not altered by endothelin-1 (Knudson et
al., 2006). Indeed, the above studies citing a role for endothelin-1 in ED in diabetes or
obesity reported these findings in advanced disease states with overt hyperglycemia and
increased body weight, contrary to the observed phenotype in our rat model. In fact, even
studies describing a role for endothelin-1 in impaired flow-mediated dilation in prediabetic
patients linked the observed increase in plasma endothelin-1 to post-prandial
hyperglycemia (McDonald, Mah, Chitchumroonchokchai, et al., 2019; McDonald, Mah,

Dey, et al., 2019), not observed in our model.

We then set to investigate the relative contribution of different EDR mechanisms
and the effect of HC-feeding on them. Similar to prior reports of endothelium-mediated
vasodilation in conduit arteries (Joannides et al., 1995; H. Shimokawa & Godo, 2016), our
results show that NO was the predominant mediator of EDR in aortic rings, but left a
residual relaxation that corresponded to the contribution of EDH-type relaxation. EDH-type
relaxation is typically described to be initiated by a calcium-triggered endothelial
hyperpolarization mediated by SK and IK channel activation, which is followed by further

amplification of hyperpolarization through the action of Kir channels (Garland & Dora,
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2017). In control aortic rings, the contribution of EDH-type relaxation to the ACh-induced
EDR was confirmed in experiments where either SK/IK or Kir channels were blocked
significantly attenuating ACh-mediated responses. Although unlikely based on the large
difference between the apamin and Tram-34 concentration used and their functional 1Cso
values (Table 1), their lack of effect at the higher ACh concentrations could be due to a
competitive relief of channel inhibition. The more pronounced effect of BaCl at higher
ACh concentrations is in line with previous literature showing a more prominent role for
Kir blockade in responses to higher ACh concetrations (Hangaard, Jessen, Kamaev,
Aalkjaer, & Matchkov, 2015; Mclintyre et al., 2001; Rasmussen, Braunstein, Salomonsson,

& Brasen, 2016).

On the other hand, while aortic rings from HC-fed rats appeared to have a relatively
intact NO contribution to the reduced EDR, the lack of a residual relaxation, similar to that
observed in the control rings, suggested a possible impairment of the EDH-type response.
This was further confirmed in experiments using SK/IK and Kir channel blockers. Whereas
apamin/tram-34 reduced ACh response at low concentrations to some extent, albeit not as
marked as in control tissues; BaCl, did not alter the ACh effect implicating Kir channel
dysfunction in the observed deficit. Significantly, PE-evoked contraction increased in
control rings treated with apamin/Tram-34, BaCl» or L-NAME. This was not the case in
rings from HC-fed rats suggesting that EDH impairment attenuated not only the feedback
pathway mediated by Kir channels, but also that driven by NO, in a first indication of the

interplay between both pathways in our vessel preparation.
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To further demonstrate that EDH impairment underlies the endothelial deficit in
HC-fed rat aortic rings, we examined the ACh-mediated relaxation following pre-
constriction with the thromboxane mimetic, U46619 (Plane & Garland, 1996). PE produces
vascular contraction via calcium-sensitization and membrane depolarization and increased
cytosolic calcium levels (Plane & Garland, 1996). Under such circumstances, EDH would
promote smooth muscle relaxation by opposing the agonist-induced depolarization. On the
other hand, U46619-mediated contractions were accompanied by much less depolarization
than that observed with PE, thus limiting contribution from EDH-type relaxation (Plane &
Garland, 1996). As well, U46619 inhibits intracellular endothelial calcium increase
(Ratnayake et al., 2018) potentially interfering with the activation of calcium-dependent
potassium channels implicated as an early effector involved in EDH. Moreover, a previous
study reported that thromboxane analogues reduced endothelial intercellular
communication through gap junctions via increased Cx43 internalization (Ashton et al.,
1999), further reducing the likelihood for conduction of EDH into the vascular smooth
muscle (VSMC) layer. As such, not only was the ACh-mediated relaxation of the U46619
contractile tone insensitive to BaCly, but also it was similar in aortic rings from both control
and HC-fed rats. Therefore, these results confirm a selective impairment of EDH in aortic
rings from HC-fed rats, which did not manifest once this relaxant mechanism was
excluded. Of interest though, while initial constrictions to PE were higher in tissues from
HC-fed rats, U46619 produced equal contractions in both groups. Indeed, our previous
work showed that the nature of vasoconstrictor agent determined the functional components

of myoendothelial feedback (Wei et al., 2018).
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Kir channels are described as “end-stage amplifiers” of EDH (Sonkusare et al.,
2016), owing to their essential role in amplifying hyperpolarization in VSMCs. The
negative slope conductance property of the kir2.1 subunit allows Kir channels to respond to
the increase in membrane hyperpolarization by enhancing its activity (Jantzi et al., 2006).
Thus, we hypothesized that reduced EDH-type relaxation could potentially be attributed to
defective Kir channel expression/function. As such, to emphasize the role of dysfunctional
Kir channels, we adopted an approach previously used by Smith et al (P. D. Smith et al.,
2008) and Allen et al (Allen, Iftinca, Cole, & Plane, 2002), where a non-endothelium
triggered hyperpolarization was induced by the application of the Katp channel opener
diazoxide. Smith et al (P. D. Smith et al., 2008) showed that functional Kir channels were
able to amplify this hyperpolarization and produce a sustained vasodilation, which was
reduced upon pharmacological intervention with BaCl, or if Kir 2.1 expression was low.
This indeed was the case in our experiments where aortic rings from control rats responded
by a more profound relaxation to diazoxide compared to rings from HC-fed rats, wherein
the response to diazoxide was rendered insensitive to BaCl, because of the potential
deterioration of Kir channel function. Results from western blots demonstrated a
downregulation in protein content of Kir2.1 subunit in HC-fed rats, providing a molecular

confirmation for the lack of Kir-mediated endothelial relaxing component.

An additional determinant of the vascular response to EDH-type relaxation is
myoendothelial gap junctions that provide tight coupling among endothelial cells and
VSMCs allowing for a bidirectional gate for electrotonic spread of charge and small

molecules (Xavier F. Figueroa, 2004). Given the concluded reduction in myoendothelial
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feedback in HC-fed rat aortic tissue, suggested by the increased initial PE response and its
lack of sensitivity to L-NAME and BaCl,, the effect of gap junction blockade by 18-B-GA
on ACh-mediated relaxation was assessed. Congruent with a lack of EDH-type relaxation
in HC-fed rat tissue, gap junction blockade did not affect the vasorelaxant response, which
was the opposite of observations in control tissue where ACh responses where greatly
attenuated. This was despite the observation that Cx43 subunit expression levels increased
in aortic tissues from HC-fed rats. Cx43 upregulation is in line with previous literature
showing that, while the vascular expression of some connexin subunits (Cx37 and 40)
tended to decrease in metabolic disease, Cx43 expression was found to increase (R. A.
Alaaeddine et al., 2019). Cx43 is highly expressed in VSMCs and endothelial cells,
specifically at the myoendothelial junction (Abed et al., 2014), and is thought to increase in
metabolic disturbance as a consequence of increased ERK phosphorylation (Ho et al.,
2013), a common observation in the vascular tissue in our rat model (Al-Assi et al., 2018;
Mohammed A. W. Elkhatib et al., 2019). Paradoxically, while PE-constricted control
tissues exposed to 18-B-GA responded by further constriction possibly due to the
interruption of myoendothelial feedback, HC-fed rat aortic segments responded by tone
reduction. This observation could be explained by previous evidence linking vascular
depolarization to eNOS dysfunction. Previous studies showed that depolarization induced
an increased NADPH oxidase-mediated production of ROS leading to impairment of
endothelial NO-mediated vasodilation (Oelze et al., 2006; Sohn et al., 2000). Cx43 was
consistently implicated in the transfer of ROS across different cell types (Hutnik, Pocrnich,
Liu, Laird, & Shao, 2008; Le et al., 2014; Ramachandran, Xie, John, Subramaniam, & Lal,

2007; Raza, Ghoshal, Chockalingam, & Ghosh, 2017; Taniguchi Ishikawa et al., 2012)
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with protective or detrimental outcomes. The ability of ROS to spread among different
vascular cell types across gap junctions was described (Feine et al., 2012) together with
their well-documented role in inducing eNOS dysfunction (Ohara, Peterson, & Harrison,
1993a). Thus, it follows that smooth muscle depolarization, produced by PE, when left
unopposed by EDH could potentially impair eNOS activity in a manner that is gap
junction-dependent. Under such circumstances, gap junction blockade will restore some
eNOS activity by interrupting the detrimental outcome of myoendothelial communication.
Indeed, this notion was supported by our current observation that tone reduction observed
in HC-fed rat tissue following 18-B-GA exposure was abolished in tissues pre-incubated

with L-NAME.

To further confirm and reconcile these findings, we assessed whether aortic tissues
from HC fed rats showed an increased ROS production and if in vitro scavenging of ROS
improved the relaxation response to ACh. Indeed, DHE staining showed an increased ROS
levels in the smooth muscle layer of HC-fed rat aortic tissues. In vitro exposure to the ROS
scavenger SOD not only reduced ROS, but also improved ACh-evoked relaxation. This
was also associated with a reversal of the tone reduction observed when gap junctions were
blocked with 18-B-GA, since ROS no longer flowed into the endothelium and affected
NOS function. Conversely, when reduced Kir channel function was simulated in control
aortic rings treated with BaCl., not only did ROS levels increase, but also the tone
reduction associated with gap junction blockade was recapitulated providing further
support for the role of the interaction between vascular hyperpolarization, ROS production

and an integrated myoendothelial feedback. Interestingly, the persistence of DHE staining
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in smooth muscle layer of HC tissues and BaCl-treated control tissues after gap junction

blockade possibly confirms that ROS production originated in smooth muscle.

To establish a link between these observations and changes occurring in vivo, we
considered previous evidence describing a reciprocal relationship between Kir channel
activity and levels of cholesterol in the microenvironment of the channel (Fang et al., 2006;
Maria Sancho & Welsh, 2018). Moreover, a recent study showed that hypercholesterolemia
suppressed Kir2.1 channel function and attenuated flow-induced vasodilation (Fancher et
al., 2018). Significantly, not only did cholesterol reduction by in vivo treatment with
atorvastatin improve ACh-evoked relaxation in aortic tissues of HC-fed rats, the sensitivity
of these relaxation to BaCl, was also restored indicating a possible amelioration of Kir
channel dysfunction. Indeed, western blotting showed an increase in the expression level of
Kir2.1 channel. Along the same lines, vasorelaxation to diazoxide was also improved. It is
noteworthy as well that ROS levels in the vascular smooth muscle layer were reduced in

HC-fed rats treated with atorvastatin further confirming the proposed model.

Since our rat model is hyperinsulinemic, it could be argued that insulin resistance
impairs the PI3K/AKkt signaling pathway downstream of insulin receptor (Sowers, 2013;
Wheatcroft et al., 2003) possibly reducing Akt-mediated eNOS phosphorylation and eNOS
activity leading to the observed endothelial phenotype. However, western blotting showed
no difference in the phosphorylation of Akt and eNOS in both groups. Moreover, the
improvement in endothelial function observed in atorvastatin-treated HC-fed rats was not
associated with an amelioration of hyperinsulinemia. Furthermore, examination of ACh-

mediated effects in rat middle cerebral artery, as an example of a microvessel where EDH
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predominates the endothelial response (Garland & Dora, 2017), confirmed that the
attenuated vasodilatory response in vessel segments from HC rats are rather a consequence
of Kir channel dysfunction. Moreover, control vessels responded to BaCl, exposure by a
phasic constriction consistent with the blockade of functional Kir channels. This phasic
contraction was greatly reduced in cerebral vessel segments from HC-fed rats.
Significantly, atorvastatin treatment restored both the BaCl,-sensitive ACh-mediated
vasodilation and the phasic contraction to BaCl> indicating an amelioration of Kir channel

function.

Therefore, the present study demonstrates for the first time that early endothelial
dysfunction in the course of metabolic disease is a consequence of impaired EDH-type
relaxation due to a dysfunctional Kir2.1 channel activity. The endothelial deficit at this
stage is further compounded by a potential reduction of eNOS activity resulting from
increased production of ROS in vascular smooth muscle accessing the endothelium through

gap junctions.
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Figure 31. The proposed model of dysfunctional myoendothelial interaction in early

metabolic disease. (A) In healthy vessels, stretch/contractile agonists trigger the activation

of non-selective cation channels and voltage-

dependent calcium channels in the VSMC layer,

activation of myosin light

, phosphorylation of myosin and consequent vasoconstriction. VSMC

causing depolarization and an increase in intracellular calcium

chain kinase (MLCK)

depolarization is transmitted to the endothelial layer by myoendothelial gap junctions, which

together with the flow/agonist

mediated response trigger a local burst of calcium in the

endothelium activating two vasorelaxant mechanisms: (1) EDH: activation of SKca/lKca
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channels by calcium results in a local hyperpolarization, which is in turn amplified via the
negative slope conductance property of Kir channels, spreading to neighboring cells via
myoendothelial gap junctions and opposing the depolarizing current in the VSMCs, and (2)
NO-mediated response where eNOS is activated by calcium-dependent or Akt-mediated
pathways. NO then diffuses to the VSMCs and activates sSGC, leading to an increase in cGMP
and consequent relaxation mediated by cGMP-dependent protein kinase (cGK). Both
pathways act synergistically in an integrated endothelial response where NO might contribute
to the hyperpolarization response in the vascular wall and EDH potentiates and maintains the
activity of eNOS by opposing the VSMC-driven depolarization. (B) In early metabolic
disease, insulin resistance triggers a biased activation of Erky2-dependent pathway producing
endothelin-1, with reduced Akt-mediated signaling resulting in decreased NO production.
Moreover, hypercholesterolemia suppresses Kir channel function and expression, hence
attenuating the hyperpolarization currents. In more advanced disease states, IKca and SKca
channel function/expression is compromised as well. This leaves the depolarization
originating in the VSMC layer unopposed. This prevailing depolarization gains access to the
endothelial layer potentially due to increased Cx43 expression, further decreasing the activity
of eNOS and NO availability. eNOS impairment likely occurs as a consequence of
depolarization-evoked production of ROS potentially via NADPH oxidase (NOX) activation.
Moreover, eNOS uncoupling can also contribute to ROS production further compromising
vascular function.

In this context, Kir2 channels are found within lipid-rich domains of the cell
membrane (lipid rafts) (Levitan, 2009). Hence, they are widely known to exhibit lipid-
binding sites in their cytosolic domains, allowing these channels to be regulated by
different lipid modulators (Rosenhouse-Dantsker, Epshtein, & Levitan, 2014). As
previously mentioned, the dominant effect of cholesterol on Kir2 channels was shown to
cause inhibition of channel function, with kir2.1 and 2.2 being the most sensitive to
cholesterol (Romanenko et al., 2004). Conversely, interaction of kir2 channels with
phosphatidylinositol 4,5-bisphosphate (PIP2), despite being a minor lipid constituent of the
cell membrane, led to stabilization of the channels in the open state (Enkvetchakul,

Jeliazkova, & Nichols, 2005). However, changes in Kir2.1 channels cannot be attributed to
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a simple interaction with cholesterol, as previous studies have provided evidence that diet-
induced ED may occur independent of perturbations of cholesterol levels. In high fat diet
(HFD)-fed Wistar rats, the reduction in EDR and EDH responses of mesenteric arteries was
not associated with cholesterol elevation (Gerber et al., 1999). Although the atorvastatin-
induced restoration of Kir channels observed in the present study may be explained by the
ability of statins to liberate Kir channels from the inhibitory effects of cholesterol, previous
findings have proposed that rosuvastatin is able to reverse EDH-type relaxation,
independent of their ability to reduce plasma cholesterol levels, which is suggestive of the
possibility of involvement of more complex mechanisms and additional players (Cameron,
Cotter, Inkster, & Nangle, 2003). In fact, statin therapy was previously shown to induce a
reduction in plasma FFASs concentrations, independent of the extent of reduction in plasma
low-density lipoprotein cholesterol level (Sahebkar et al., 2016). Interestingly, FFAs, which
are enriched in western diets, are presented as an important link between metabolic disease,
insulin resistance and cardiovascular complications (Boden, 2008). A strong body of
evidence has illustrated a role for FFAs in inducing vascular and endothelial changes as

well as adipose tissue inflammation in metabolic disease.

The pro-inflammatory phenotype acquired by adipose tissue in response to
hyperinsulinemia is considered as a key contributor to cardiovascular complications
(Fitzgibbons & Czech, 2014). Alterations in the cytokine and adipokine profile of PVAT
has been proposed to drive vascular derangements, thus providing a context for the vascular
dysfunction observed in early metabolic impairment (Yudkin, Eringa, & Stehouwer, 2005).

Importantly, the inflammatory and oxidative microenvironment of adipose tissue
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culminates in the progression endothelial dysfunction in response to insulin resistance (Gil-
Ortega et al., 2014; Ketonen et al., 2010). In fact, the hyperinsulinemia, observed in the rat
model used in this study, was previously shown to induce adipose tissue inflammation
through triggering adipocyte hypertrophy (Pedersen et al., 2015), in line with our findings
demonstrating the presence of hypertrophied PVAT and visceral white adipose tissue in
HC-fed rats. In the absence of signs of systemic inflammation (M. A. W. Elkhatib et al.,
2019), we tested for the presence of localized PVAT inflammation, that may underlie the
reported endothelial defects. The inflammatory profile PVAT was evident from the
upregulation of protein expression levels of IL-1B. Such an inflammatory response in
adipose tissue is thought to be a result of hypertrophy, to accommodate the increased
caloric intake causing a reduction of the interstitial oxygen tension (Y. S. Lee et al., 2014).
In addition to adipose hypertrophy, PVAT from HC rats exhibited an enhanced HIF-1a,
expression, indicative of PVAT hypoxia, which in turn, can trigger upregulation and
activation of NF-kB, known to mediate the production of inflammatory cytokines,
including IL-1p (Scortegagna et al., 2008). Macrophage infiltration and increased
polarization towards an M1 phenotype, confirmed by flow cytometry results, is also
thought to further accentuate the inflammatory state of adipose tissue (Morris et al., 2011).
Our findings also reported additional manifestations of AT impairment, namely reduced

PPAR-y expression (M. Chattopadhyay et al., 2018).

In contrary to PVAT, the inflammatory and hypoxia phenotype was found absent in
visceral white adipose tissue, despite the observed adipocyte hypertrophy. This disparity in

sensitivity to inflammation between PVAT and visceral white adipose pools in response to
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metabolic stress can be attributed to the unique characteristics of each adipose tissue depot
(M. J. Lee, Wu, & Fried, 2013). Hence, PVAT, which combines properties of both brown
and white adipose tissue, exhibits a higher expression of UCP-1 (Hildebrand, Stumer, &
Pfeifer, 2018). Knowing that UCP-1 increases mitochondrial energy dissipation in the form
of heat in what is known as non-shivering thermogenesis, its expression level is linked to
an enhanced oxygen consumption (K. Schneider et al., 2016; Shabalina et al., 2013; Vijgen
et al., 2013). Hence, PVAT depot could become more sensitive to changes in oxygen
tension as a result of early adipocyte hypertrophy when compared to visceral white adipose
depot. The hypoxic state can also be exacerbated in cases of selective insulin resistance in
adipose tissue, where UCP-1 was also shown to be upregulated (Guerra et al., 2001). This
is in line with our current findings demonstrating an upregulation of UCP-1 expression in
HC-fed rats, while white visceral adipose tissue manifested no UCP-1 expression,

congruent with a lack of change in HIF-1a.

Surprisingly, some of the key changes leading to adipose tissue inflammation,
including adipose tissue hypertrophy and UCP-1 upregulation, were previously found to be
triggered by elevated levels of FFAS, increasing in abundance following western diets
(Fedorenko, Lishko, & Kirichok, 2012; Finucane et al., 2015). Furthermore, macrophage
recruitment and the observed phenotypic switch towards pro-inflammatory M1
macrophages is also precipitated by FFAs (K. L. Chan et al., 2015). In a state of insulin
resistance, lipolysis is enhanced in adipose tissue, thus driving a surge in FFAs levels,
spilling out and affecting neighboring cells, specifically vascular and endothelial layers

(Guilherme et al., 2008). Congruent with an insulin-desensitizing role for recruited
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macrophages (Bing, 2015), the increase in FFAs may exacerbate adipose tissue
inflammation and insulin resistance in an autocrine manner. As such, macrophages and
adipocytes become involved in a feed-forward vicious cycle, that results in aggravating of

inflammation and its detrimental consequences on adjacent vascular cells.

In our attempt to address the multifaceted inflammatory nature of metabolic
disorders, we adopted a hybrid pharmacophore approach to design the first-in-class multi-
targeting drug ligands (MTDLSs) as potential simultaneous COX-2/15-LOX inhibitors
and/or PPARYy agonists. In light of the important role of COX and 15-LOX enzymes in
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 halting
possible risks. The triple-targeting compounds were designed to act as partial PPARy
agonists, which would diminish the unfavorable effects of full PPARY agonism (Berger et
al., 2003; Silva et al., 2016). Therefore, maximizing pharmacological benefit and
minimizing adverse effects is 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.

We conducted a series of in vitro and in vivo experiments to assess the anti-
inflammatory actions of our dual-targeting compounds. First, in vitro COX inhibition assay

data identified seven out of the ten compounds as submicromolar COX-2 inhibitors with
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IC50 values ranging from 0.09 to 0.14 uM, compared to 0.05, 0.8 and 0.49 uM for the
reference drugs celecoxib, diclofenac sodium and indomethacin, respectively. In addition,
these compounds displayed relatively weak COX-1 inhibitory activities (6.45-14.02 uM).
Moreover, six compounds showed reasonable selectivity indices (COX-1/2) of 80-114. 15-
LOX inhibitory activities of the test compounds were also assessed. Interestingly, five
compounds exerted substantial activities with 1C50 values spanning from 1.96 to 3.52 uM,
compared to 3.34 uM for the reference quercetin. Afterwards, three of the most active
compounds (4, 7, and 8) were chosen for further biological evaluation. Biological screening
results indicated that all compounds showed a significant in vivo anti-inflammatory
activity, equivalent to that of celecoxib and diclofenac in the acute inflammatory model. In
the chronic model, compounds (7, 8) displayed superior anti-inflammatory activity, when
compared to diclofenac and celecoxib. As expected, two of these compounds (4, 7)
demonstrated potent inhibitory effects on monocyte-to-macrophage differentiation, an
important and early step in the inflammatory process, with more selective ability to inhibit
differentiation into the pro-inflammatory M1 polarization. Moreover, COX-2/15-LOX
inhibitory effects of three compounds (4, 7, 8) were manifested by attenuating IL-1
production in M1 macrophages. Interestingly, these compounds also showed apoptotic
effects on M1 macrophages, a mechanism that further augments their anti-inflammatory

activity.

We also presented the evaluation of novel triazolyl-thiazolidinedione/rhodanine
hybrids as potential simultaneous COX-2/LOX inhibitors and PPARYy partial agonists. Most

of the synthesized hybrids showed micromolar inhibitory activities towards COX-2 and 15-
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LOX in in vitro assays. In vitro glucose uptake assay identified compounds 4b, 5e as
stronger glucose uptake inducers than pioglitazone in the presence and absence of insulin,
and compounds 5b, 5g as equal or higher glucose uptake inducers in an insulin-independent
fashion, which raises the possibility of selective targeting of PPARY signaling pathways.
Immunohistochemical analysis of ligand-stimulated PPARY nuclear localization confirmed
the ability of compounds 4b, 5b, 5e and 5g to induce PPARY nuclear translocation, similar
to pioglitazone. Moreover, PPARY functional reporter gene assay confirmed the partial
agonistic activity of the latter 4 compounds towards PPARy. X-ray crystallography of
compound 4b with PPARY showed its binding outside AF2 part of LBD, which is the part
responsible for the full activation of PPARy and hence complete recruitment of downstream
signaling molecules. Instead, it managed to pursue other hydrophobic interactions with
residues in H3, H6 and H7 parts of LBD via its phenyl ring and propargyl tail. Also, a key
hydrogen bonding interaction with Ser342 in beta sheet was observed. We believe that the
presence of only one carbonyl group in rhodanine part of 4b probably changed its ability to
bind to AF2 and hence might be partly responsible for its partial agonistic activity. Another
part of the partial agonistic activity could be attributed to the hydrophobic interactions,
especially those of the propargylic tail. Three compounds with the most favorable
properties (4b, 5e & 5g) were chosen for further biological evaluation. While compounds
5e and 5g showed equivalent inhibitory effect to the reference drugs, compound 4b
demonstrated a statistically significant higher potency compared to celecoxib in formalin-
induced rat paw edema assay. Compounds 5e and 4b were capable to inhibit monocyte to
macrophage differentiation, which is a pivotal and early step in inflammatory response. As

expected, the most potent 15-LOX inhibitors, 4b, 5e & 59 reduced inflammatory cytokine
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production and arachidonate metabolism in a human macrophage model challenged by

PMA and LPS.

In order to assess the role of MTDLSs in halting the observed endothelial impairment
in metabolic disease, we used an ex vivo model of lipid-induced endothelial dysfunction,
where control aortic rings were exposed to palmitic acid, being one of the major FFAS
elevated in diabetic individuals (Prescott et al., 1999). This approach was previously used
by another study investigating the effect of palmitate on endothelial function, whereby ex
vivo treatment of aortic rings with palmitate attenuated acetylcholine-mediated relaxation in
a concentration-dependent manner (Z. Gao et al., 2014). These results are consistent with
our findings demonstrating an increased sensitivity to PE and a decrease in endothelium-
dependent relaxation in PA-treated rings, accompanied by a reduction in the expression of
Kir channels and an enhancement in ROS expression. As such, this ex vivo model is able to
recapitulate the endothelial changes reported in the in vivo HC-fed rat model, possibly

induced by chronic low-grade adipose tissue inflammation.

Plenty of studies highlighted inflammation as a possible mechanism underlying the
detrimental effects of FFAs on endothelial function (Kim et al., 2005; K. Liu et al., 2012;
Xing et al., 2019). In fact, the inflammatory phenotype induced by FFAs can be aggravated
by the close proximity of the inflamed PVAT acting as an ongoing source of FFAS in
insulin resistance (Guilherme et al., 2008). Accumulating evidence illustrated a critical role
for alterations in the three inflammatory mediators, COX-2, 15-LOX, and PPARY in the
progression of endothelial dysfunction, being a hallmark of atherosclerotic cardiovascular

diseases occurring in metabolic disease (discussed in the introduction). Hence, for the
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purpose of assessing the effectiveness of MTDLs in ameliorating endothelial dysfunction,
in vitro vascular reactivity experiments were conducted on PA-incubated aortic rings that
were pretreated with compounds 4b and 7. 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, a significant change was only produced by 4b.
Along these lines, 4b was able to reduce PE contractility and enhance maximal ACh-
induced relaxation. Altogether, these results show that only the triple-targeting compound
exhibited a benefit in reducing PA-induced impairment in endothelium-dependent

relaxation.

In order 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 PPARY
full agonist, respectively. While the treatment with either celecoxib or compound 7 did not
produce a significant change in ACh-mediated relaxation, pioglitazone was able to induce a
remarkable improvement in the response to ACh. Therefore, these findings highlight the

importance of PPARy 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 two 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
EDR. Interestingly, the reduction due to BaCl2 led us to think of an alternative possible

player that was restored by 4b. In-line with these findings, western blotting showed that 4b
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was able to restore the expression of Kir2.1 channels, congruent with a reduction in ROS

expression.

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 (Castellon & Bogdanova, 2016). We assessed whether
these compounds can enhance the endothelial responses in HC-fed rats that demonstrate a
chronic state of low-grade 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.

In this context, the ability of our anti-inflammatory MTDLSs to reverse PA-induced
alterations in EDH-responses raises the possibility of interference of inflammatory
pathways in the reduction of Kir channels expression/activity observed as a result of caloric
excess. Being associated with lipid rafts (Levitan, 2009), the function of Kir2 channels is
negatively modulated by caveolin-1 (Cav1l), the major constituent of caveolae, which form
the smooth invaginations in the lipid rafts of the plasma membrane (H. Han et al., 2014).
Although it was strongly believed that cholesterol depletion modifies Kir channel function
via disrupting caveolae, this notion was previously negated (H. Han et al., 2014),

suggesting the possible involvement of other modulators that trigger Cav1-dependent Kir

167



silencing. Interestingly, FFAs and TNF-a were proposed as active inducers of Cavl
expression in endothelial cells (L. Wang, Lim, Toborek, & Hennig, 2008; Zheng et al.,
2009). In particular, the effect of these mediators on the expression of inflammatory
markers, most importantly COX-2, was shown to be reduced by Cavl1 silencing (L. Wang
et al., 2008). In another study, ERK/NF-kB-dependent upregulation of COX-2 by FFAs
was found to be mediated by Cav1 in endothelial cells (Zheng et al., 2009). As such,
adipose tissue inflammation demonstrated in our HC-fed model, being associated with
enhanced TNF-a and FFAs production, may trigger an increase in the expression of
endothelial Cavl and downstream inflammatory mediators, with their potentially

deleterious effects on Kir channels.

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
elucidate the possible mechanism for the MTDLs-evoked enhancement of Kir channel
expression. Furthermore, the possibility of potential adverse effects with the use of MTDLs
must be assessed 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, 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.
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