INTRODUCTION




1 Introduction

1.1 Metabolic disorder

Metabolic disorder is a generic term that describes a wide range of
diseases those affect normal body metabolism and is quite common in
industrialized countries. Approximately 20-30% of the population suffers from this
disorder and the increase in the prevalence of metabolic disorder is closely linked
to type Il diabetes, hypertension and obesity [1,2]. In other words metabolic
disorder is defined as a cluster of disorders in the metabolism of carbohydrates

and lipids which includes obesity, hyperglycemia, dyslipidemia and hypertension.
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Figure 1 : Metabolic disorder and CVD

An association between certain metabolic disorders and cardiovascular
disease has been known since 1940s. Earlier to that in 1920s hypertension,
hyperglycemia and hyperuricaemia were considered in the description of

metabolic disorders. Later in the 1940s obesity as a component was also



reported [3]. Further in 1980s it was more clearly defined and the term metabolic
syndrome (also known as syndrome X) was coined to designate a cluster of
metabolic risk factors like diabetes and cardiovascular disease that come
together in a single individual [4]. In more current times, the term metabolic
syndrome is found throughout medical literature and in the lay press as well.
There are slight differences in the criteria of diagnosis depending on which
authority is quoted. Regardless, the concept of a clustering of risks factors
leading to cardiovascular disease is well accepted.

Metabolic disorders affect the production of energy within individual
human cells. In the process of metabolism, digestive food is broken down by
several enzymes into amino acids, fatty acids, carbohydrates, and glucose and
blood transports them to the cells. After they enter in to cells, enzymes through
chemical reactions metabolize these compounds and during these processes,
the energy from these compounds is released to be use by the body or it is
stored in body tissues. Metabolic disorders are caused by defects or any
alterations in the complicated process of metabolism which results in wide range
of diseases including obesity, hyperglycemia, dyslipidemia and hypertension
(discussed further below). These abnormalities either alone or in combination
dramatically increase the risk of the development of potentially life-threatening
disease are considered as major manifestations of the syndrome and it can lead
to a high risk of developing type 2 diabetes and cardiovascular disease [5-7]. The
major classes of metabolic disorders are given below.

¢ Disorders of carbohydrate metabolism



e Disorders of amino acid metabolism
e Disorders of organic acid metabolism
e Disorders of fatty acid oxidation and mitochondrial metabolism
e Disorders of porphyrin metabolism
e Disorders of purine or pyrimidine metabolism
e Disorders of steroid metabolism
e Disorders of mitochondrial function
e Disorders of peroxisomal function
e |Lysosomal storage disorders
As mentioned, the main features of metabolic disorder include dyslipidemia,
diabetes, insulin resistance, hypertension (high blood pressure), cholesterol
abnormalities, and an increased risk of atherosclerosis. Patients are most often
overweight or obese [8,9].
1.1.1 Prevalence of metabolic disorder

The prevalence rates of metabolic disorder were 35.8-39.5% among
Urban Asian Indians. The most common abnormality found among females was
central obesity and elevated blood pressure among males. Risk factors
associated with metabolic disorder are increasing age, female gender, sedentary
lifestyle and diabetes in parents [10]. Excess weight contributes to about 90%
cases of type 2 diabetes. Because of obesity and the associated metabolic
disorder nearly 197 million people worldwide have impaired glucose tolerance as

most common effect. This number is expected to increase to 420 million by 2025



[11]. Metabolic disorder drug market is expected to increase nearly $13 Billion by

2013.
1.1.2 Dyslipidemia

The lipoproteins are made up of lipids and protein molecules. Lipoproteins

are classified on the basis of their densities (Table 1).

Table 1 : Classification of lipoproteins

Class Density Protein Cholesterol PL TG
(g/mL)

HDL >1.063 33% 30% 29% 4%

LDL 1.019-1.063 25% 50% 21% 8%

IDL 1.006-1.019 18% 29% 22% 31%

VLDL 0.95-1.006 10% 22% 18% 50%

Chylomicron  <0.95 <2% 8% 7% 84%

VLDL- Very Low Density Lipoproteins; IDL-Intermediate Density Lipoproteins; LDL-Low
Density Lipoproteins; HDL-High Density Lipoproteins; TG-Triglyceride; PL-Phospholipid.
(Note - The remaining composition is made up of apoproteins)

Cholesterol and triglycerides are main components of membrane of living cells.
In addition to their role in cell structure, cholesterol serves as a source of energy.
Dyslipidemia is characterized by the elevated levels of lipids (cholesterol and/or
triglycerides) or a low HDL (high density lipoprotein) level in the blood. There are
different types of cholesterols and the alterations in the level of cholesterols and
triglycerides in the bloodstream results in the condition called dyslipidemia. The
most common types of dyslipidemia are due to high levels of LDL (low density

lipoprotein) cholesterol, low levels of HDL (high density lipoprotein) cholesterol or

high levels of triglycerides. Dyslipidemia has been recognized as the major risk



factor in causing cardiovascular diseases. When the levels of LDL cholesterol
which is also considered as "bad" cholesterol are elevated, fatty deposits
(plaques) build up in the arteries. Over time, plaques narrow the arteries,
producing atherosclerosis (hardening of the arteries). This inturn causes heart
disease, heart attack, peripheral artery disease (reduced blood flow in the limbs,
usually the legs), or stroke.

National Cholesterol Education Program (NCEP) Adult Treatment Panel Il
(ATPIIl) recommends target levels for both LDL cholesterol and HDL cholesterol
to evaluate risk for CVD. In the 3™ report of the expert panel on detection,
evaluation, and treatment of high blood cholesterol in adults, previous and new
NCEP guidelines were compared (Table 2).

Table 2 : NCEP recommended target levels LDL and HDL

Lipoprotein Blood Lipid Previous New
Level Guidelines Guidelines
LDL optimal < 130 mg/dL < 100 mg/dL
above optimal n/a 100-129 mg/dL
borderline high 130-159 mg/dL 130-159 mg/dL
HDL high 160 mg/dL 160-189 mg/dL
very high n/a > 190 mg/dL
minimum > 35 mg/dL > 40 mg/dL

In addition to this total cholesterol (TC)/ HDL and LDL/HDL cholesterol
ratio has become recognized as a stronger risk predictor for assessing risk of
CVD than each lipid parameter [12-14]. The existing focus on monitoring levels of
LDL-C, Total cholesterol (TC) and HDL is slowly shifting towards monitoring ratio
of TC/HDL and LDL/HDL. The ratio reflects the amount of cholesterol is being

stored in cells, how much is being utilized and removed [15]. The cut-off and



target lipoprotein ratio for men and women provide information on risk factors
(Table 3) [16].

Table 3 : Risk categories and target levels for total cholesterol/HDL-C, LDL-
C/HDL-C ratio

Risk Target
Ratio Men Women Men Women
TC/HDL >5 >4.5 <45 <40
LDL/HDL >35 >3.0 <3.0 <25

Quality of life of large population in the world is affected by atherosclerosis
a peripheral vascular diseases affect. Low levels of HDL and high levels of
triglycerides can also increase fat build-up in the arteries. Whereas high levels of
HDL cholesterol protect the heart by helping to remove the build-up of LDL from
the arteries. There are studies illustrate protective effects of HDL against
progression of atherosclerosis. Thus, HDL is a crucial factor for the treatment of
patients having high levels of cholesterol [17-19]. The pathogenesis of
atherosclerosis and coronary artery diseases is discussed by Ross and Glomset
[20,21]. The most common lipid disorder is hypercholesteromia caused by high
levels of cholesterol in blood. Central obesity or insulin resistance (a condition in
which the body doesn’t use insulin properly) either alone or in combination are
risk factors for dyslipidemia are commonly found in patients with endocrine
disorders such as diabetes, hypothyroidism (low levels of thyroid hormone) and
polycystic ovary syndrome (PCOS).
1.1.3 Obesity

Worldwide, health of human being is progressively threatened by an
imbalance between increased dietary intake and decreased energy expenditure
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through physical activity, resulting in obesity, a serious and chronic disease [22].
According to WHO definition overweight and obesity are defined as abnormal or
excessive fat accumulation that presents a risk to health. The body mass index
(BMI) calculation is also used to define obesity .Overweight is defined by a body
mass index (BMI) that is equal or more than 25 kg/m? but less than 30 kg/m?, and
obesity implies a BMI equal or more than 30 kg/m?® Obesity has increased at a
striking rate over the three decades. The projection of the WHO by the year 2015
is that approximately 2.3 billion adults will be overweight and more than 700
million will be obese [23]. However, more efficient therapies to treat this
abnormality is essential, as obesity is closely associated with several diseases
such as coronary heart disease, stroke, diabetes, gout, osteoarthritis,
hyperlipidaemia and reduced fertility. Possibility of social and psychological
consequences because of obesity cannot be ignored [24].
1.1.4 Diabetes

Large portion of global population is affected by diabetes and its
associated complications. Diabetes is chronic disease in which levels of blood
glucose are higher than normal. Insulin, a hormone produced by the pancreas,
helps glucose transport from the bloodstream into cells where it is used for
energy. Diabetes occurs when the pancreas doesn’t produce enough insulin or
when the effectiveness of insulin in transporting glucose into cells is diminished,
or a combination of both. As a result glucose doesn’t enter the cells and levels in
blood are high. Over time high levels of glucose in the blood can lead to

increased plaque deposits on the inner walls of the blood vessel.



Since people with diabetes are at high risk for cardiovascular disease,

keeping blood glucose levels to normal is essential for prevention of diabetes and

related complications. Regulating blood pressure and lipid levels is equally

important to manage cardiovascular disease risk. The most distinct lipid profile in

diabetic patients consists of elevated LDL and triglyceride levels, low HDL levels

which ultimately lead to atherosclerosis. This lipid pattern is closely related to

central obesity and insulin resistance. Because type 2 diabetes plays central role

in the metabolic syndrome, there is a need for a safe and an effective drug, to

treat insulin resistance, diabetes and hyperlipidemia [25].

1.2 Currently marketed drugs for the treatment of metabolic disorder

At present following are existing treatments available for the treatment of

this life threatening disease.

Table 4 : Currently marketed drugs for the treatment of metabolic disorder

Indication Currently available therapy
Dislipidemia Statins

Niacin

Fibrates

Hyperglycemia & Insulin resistance

Sulfonylureas

Meglitinides

Alpha-glucosidase inhibitors

Dipeptidyl peptidase-4 (DPP-4) inhibitors
GLP agonists

Glitazones

Biguanides




1.3 Diagnosis and potential targets for the treatment of metabolic

disorder.

Metabolic disorder denote a cluster of metabolic risk factors, described

above. There are few criteria for diagnosing the metabolic disorder (Table 5).

According to the third report of the National Cholesterol Education Program

(NCEP) Adult Treatment Panel Il (ATP Ill) presence of three or more

components are diagnosed with metabolic syndrome [26].

Table 5 : Criteria for diagnosing the metabolic disorder

Criteria

Limit

Elevated waist circumference

Reduced HDL cholesterol

Elevated triglycerides

Elevated blood pressure

High blood glucose

Men: equal to or greater than 40 inches

Women: equal to or greater than 35 inches

Men: less than 40 mg/dL, or currently taking
medication to increase HDL

Women: less than 50 mg/dL, or currently taking
medication to increase HDL

Equal to or greater than 150 mg/dL, or currently
taking medication to lower triglycerides

Equal to or greater than 135/85 mm Hg, or
currently taking medication to reduce BP

Fasting glucose equal to or greater than 100
mg/dL, or currently taking medication to lower

glucose levels

Most people who have the metabolic disorder feel healthy and may not

have symptoms. The cluster of diseases does take place following specific
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molecular mechanisms, therefore it is difficult to find out therapeutic solution for
the treatment of such disease. Lifestyle modification is considered as the first line
therapy. Weight reduction usually requires a specifically tailored multifaceted
program that includes diet and exercise. Only lifestyle modifications do not result
in normalization of body weight, cannot improve reduce lipid levels and thus
reduce CVD risk. Individuals having high levels of cholesterol, triglycerides along
with obesity cannot be cured until they are put on intense therapy. In such
scenario of high unmet clinical need, novel therapies are necessary to reduce the
further consequences of the disease. As science has progressed, number of
approaches have been explored by virtue of the enormous interest amongst
academia and pharmaceutical industry scientists. There has been remarkable
advancement happened during last few decades to find a way to treat such
disease. Many newer genes, proteins have been identified in genomics and
proteomics area, several ways have been tried to deliver a drugs through
formulation techniques, likewise many new targets are identified to treat
metabolic disorder. The potential biological targets to treat the metabolic disorder
are discussed below.

1.3.1 Potential targets for the treatment of dyslipidemia

1.3.1.1 Targets for HDL raising drugs
— Cholesteryl ester transfer protein (CETP) inhibitors
— ATP-binding cassette transporter A1
— Liver X receptors

— Nuclear retinoid X receptor
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1.3.1.2 Targets for LDL lowering drugs
— HMG-CoA reductase inhibitors
— TR-Beta agonists
— ACAT inhibitors
1.3.1.3 Targets for triglyceride lowering drugs
— Microsomal triglyceride transfer protein
— Stearoyl-CoA desaturase-1
— Dual PPARo/yagonist
1.3.1.4 Other selected lipid modulators in development
— lleal bile acid transport inhibitors

— Acyl-coenzyme A-cholesterol acyltransferase inhibitors
1.3.2 Potential targets for the treatment of type 2 diabetes

1.3.2.1 Targeting liver

e Hepatic enzyme inhibitors
e PPARa

e Glukokinase

e Glucagon antagonists

1.3.2.2 Targeting beta cell/brain
e GLP-1

1.3.2.3 Targeting muscle/fat

e PPAR¢O

e Protein tyrosine phosphatase-1b (PTP-1b)
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* PPARy
* AMPK
* 11bHSD1
Hormone sensitive lipase
Adiponectin
1.3.2.4 Targeting the Gut
e DPP-IV inhibitors
Several drugs with different mechanisms of action are at various stages of
development. Some of the above mentioned biological targets yielded in fruitful
results. Some of the targets confronted issues mainly related to safety of a
molecule or target itself. For several targets the successful attempts delivered
molecules which was developed, marketed and still they are drug of choice e.g.
Atorvastatien (HMG-CoA reductase inhibitor), Glibenclamide (Sulfonylureas),
Xenical (lipase inhibitor), Vildagliptin, Sitagliptin (DPP-IV inhibitor). Failure, on the
other hand, where molecules could reach up to clinical trial stage but safety
concerns were flagged and hence they were discontinued e.g. Muraglitazar,
Tesaglitazar (PPARa/y agonists), Rimonabent (CB1 Antagonist), Torcetrapib
(CETP inhibitor). However, in some cases molecule has gone up to market and
at later stage it was withdrawn due to toxicity findings. e.g. Rosiglitazone.
Process of drug discovery is too complex and regular upgradation is
required. In this context some of the potential targets related to metabolic

disorder are briefly described below.
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1.4 Dyslipidemia targets
1.4.1 Cholesteryl ester transfer protein (CETP) inhibitors

Inhibition of cholesteryl ester transfer protein (CETP), a key protein
involved in reverse cholesterol transport, can lead to increases in high-density
lipoprotein cholesterol (HDL-C) levels and thus, is under evaluation as an
antiatherogenic strategy. Various CETP inhibitors currently under development
are Anacetrapib, Dalcetrapib [27].

But the unsuccessful story of Torcetrapib (CP-529,414, Pfizer) which was
developed by Pfizer has put question mark on this target. This is because its
development was halted in 2006 when phase Il studies showed excessive all
cause mortality in the treatment group receiving a combination of Atorvastatin
and the study drug [28].

1.4.2 Microsomal triglyceride transfer protein inhibitors (MTP inhibitors)

MTP has distinct function in liver as well as in intestine. In liver assembly
of triglyceride and Apo-B-100 is mediated by MTP. Similarly in intestine MTP is
responsible for the assembly of triglyceride and Apo-B-48. Altogather MTP plays
crucial role for the generation of triglyceride rich chylomicrones in liver and for
VLDL in intestine [29]. Therefore MTP inhibitor can cause reduction in plasma
triglyceride and cholesterol. Till date many compounds have progressed to
clinical trials stage and fatty liver was the main side effect observed [30,31]. To
overcome this side effect, enterocyte specific inhibitors of MTP (also known as

II"® generation MTP inhibitors ) are developed [32].
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1.4.3 HMG-CoA reductase inhibitors

Since the discovery of statins these compounds are considered as first-line
therapy for the treatment of hypercholesterolemia. HMG-CoA reductase inhibitors
are a class of drug used to lower cholesterol levels by inhibiting the enzyme
HMG-CoA reductase involved in the rate limiting step of cholesterol synthesis,
and ultimately plays a central role in the production of cholesterol in the liver [33].
Statins mainly reduces LDL-C. On the top of statins several other drugs are
being used as combination therapy. Rhabdomyolysis, elevation of liver enzymes,
creatine kinase etc are some of the common side effects of the statins [34,35].
Increased cholesterol levels are closely associated with cardiovascular diseases
(CVD), and statins are used in the prevention of these diseases. Atorvastatin, the
most successful drug belongs to this class.
1.5 Diabetes targets
1.5.1 Glucokinase (GK) Activators

The metabolism of dietary glucose has been extensively studied and

taught. The primary cellular pathway for deriving energy from glucose is
glycolysis in which glucose itself is the initial substrate for the first enzyme of this
pathway, glucokinase (GK). GK is actually one of several enzymes of the
glycolytic pathway that converts glucose to glucose-6-phosphate. Although all
tissues have a hexose kinase for this purpose, GK is expressed in
neuronal/neuroendocrine cells, hepatocytes, and pancreatic -cells and GK is the
rate-limiting step in liver and B-cells [36]. Mutations of GK results in severe

diabetic syndromes on the other hand gain of function mutations produce
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hypoglycemia and hyperinsulinemia [37,38]. Therefore it can be assessed that
GK acts as a glucose sensor, upregulating insulin (from pancreas) and promoting
glucose storage as glycogen to liver under diabetic conditions [39]. Several small
molecule activators of GK (GKA) activity have been discovered and
characterized that increases glucose-stimulated insulin secretion (GSIS) [40].
1.5.2 GLP-1 receptor (GLP-1R) agonist

Gastrointestinal hormones called incretins are insulin secretagogues. The
Glucagon-like peptide-1 (GLP-1) and Gastric inhibitory peptide (glucose-
dependent insulinotropic peptide or GIP) are two main incretin molecules. Both
GLP-1 and GIP are rapidly inactivated by the enzyme dipeptidyl peptidase-4
(DPP-4) [41]. GLP agonists (e.g. Exendin/Exenatide) bind to a membrane GLP
receptor. As a result insulin release from the pancreatic beta cells is increased.
Exenatide is a polypeptide that was originally isolated from the venom of gila
monsters and exhibits 53% identity with GLP-1 [42]. However it is 10 to 100 fold
more potent than endogenous GLP-1 owing to its resistance to degradation by
dipeptidyl peptidase-IV (DPP-1V) which typically completely degrades incretins
within a few minutes of their secretion [43]. Exenatide is administered via
subcutaneous injection twice a day and produces significant reduction in HbA1c,
fasting plasma glucose (FPG), and postprandial glucose levels. Exenatide
achieved HbA1c levels <7% (average decline of 0.8%) in 46% of patients that
failed metformin with a mean weight loss of 2.8 kg [44]. The most common side
effect is nausea and occasional hypoglycemia. Decrease in gastric motility is

mainly responsible for nausea. Exenatide is indicated as adjunctive therapy to
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improve glycemic control in DM-Il (diabetes mellitus type Il) patients who are
taking Metformin, a sulfonylurea, a TZD, or a combination thereof, but have not
achieved adequate glycemic control [45].
1.5.3 DPP-IV inhibitors

The incretin effect is limited by the action of the serine protease DPP-IV
which rapidly cleaves GLP-1 and GIP. This hypothesis was supported by the
observation in DPP-IV knockout mice in which GIP and GLP-1 levels were
increased and demonstrated enhanced insulin secretion after oral glucose
challenge [41]. Theoretical advantage of DPP-IV inhibitors is that they would also
potentiate the effects of GIP and other incretins. Sitagliptin was the first DPP-IV
inhibitor approved in 2006. Sitagliptin significantly lowers blood glucose and
HbA1c when used as monotherapy but these effects were not as potent as
Metformin [46].
1.6 Why PPARs ?

Since cardiovascular disease (CVD) and diabetes are the main risk factors
of metabolic disorder, synchronized therapies, which concurrently control
diabetes and inhibit progression of CV complications will be an attractive
therapeutic option in the treatment of metabolic disorder. It is difficult to find out
the exact cause and it is equally difficult task to chase any specific molecular
mechanisms. In order to develop such new therapeutic agents working on
pathway which addresses multiple risk factors would be the effective treatment of
metabolic disorder. PPAR has a crucial role to play in lipid metabolism, control

glucose homeostasis and also is known to improve insulin sensitivity.
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Collectively, the PPARs regulate expression of a diverse set of target genes
involved in the control of the above mentioned processes. Considering this
effects where therapeutic intervention via PPAR mediated processes may be
beneficial, PPARs can be thrilling target to develop a drug for the treatment of
metabolic disorder.

1.6.1 PPAR agonists

Type |l diabetes begins with resistance to insulin. In such condition higher
levels of insulin are needed over the time to suppress hepatic glucose production
and stimulate the glucose uptake from muscle and adipose tissue. Though
lifestyle intervention is considered as first line of therapy but still most patients
with diabetes are wunable to control their glucose levels and require
pharmacologic therapy. Metformin and Sulfonylureas are predominately used
since long time and are proven both safe and effective.

The discovery of the first PPAR date back in 1990’s in rodents and named
after their property of peroxisome proliferation. PPARs are transducer proteins
belonging to the nuclear receptor superfamily and originally identified in Xenopus
frogs, the identification of PPAR« as the leading regulator of the peroxisomal G-
oxidation pathway paved the way for subsequent research efforts into the
intriguing and diverse world of this nuclear receptor subtype. Initially, the medical
significance of PPARs in human health was unclear. Later in 1999, Pioglitazone
a new class of glucose-lowering medication known as the thiazolidinediones
(TZDs) which work through activation of peroxisome proliferator activated

receptors (PPARs) was approved for the treatment of hyperglycemia. Since then
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PPAR members have become clinically validated targets for the treatment of type
Il diabetes and dyslipidemia.

Last decade and a half witnessed a rapid advancement in biological roles
of peroxisome proliferator activated receptors (PPARs) and tremendous efforts
towards the development of PPAR ligands for the treatment of metabolic
disorder. The peroxisome is a cell organ involved in the removal of hydrogen
peroxide, lipid synthesis, cholesterol biosynthesis/catabolism, and fatty acid
oxidation [47]. Despite the name, PPAR activation does not result in peroxisome
proliferation in humans; rather, PPAR is located in the cellular nucleus and
regulates gene activity [48].

Till date three sub-types of PPAR’s, classified as PPARa, PPARy and
PPAR6 /S and cloned in most of the rodent and mammalian species. These three
subtypes share a similar sequence and structural homology despite of that they
are involved in significantly different physiological functions. The distinct tissue
distribution and physiological roles of PPARs are well documented [49,50].

1.6.2 Protein structure of PPARs
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Figure 2 : Schematic representation of the functional domains of PPARs

Domain C is a DNA binding domain, the A/B domain located at in the N-terminus with AF-1 is
responsible for phosphorylation, domain D is the concern with docking region for cofactors and a
domain E/F is the ligand binding domain (LBD) containing AF-2, which promotes the recruitment
of cofactors required for the gene transcription

Like other nuclear receptors, 3D structure PPARs consists of four distinct
functional regions called A/B, C, D and E/F (Figure 2). All three PPAR isoforms

have similar structural and functional features [51]. N-terminal A/B domain
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contains a ligand independent activation function 1 (AF-1) responsible for the
phosphorylation of PPAR. DNA binding domain (DBD) or C domain is
responsible for the binding of PPAR to the peroxisome proliferator response
element (PPRE) in the promoter region of target genes [52]. The D site is a
docking domain for cofactors. Nuclear receptor (NR) regulation of transcription
involves important roles played by numerous coregulator proteins that bind the
receptor/DNA complexes. Coregulators also termed as coactivators promotes
transcriptional activation by binding the ligand bound form of the receptor and
corepressor are involved in repression of transcription by binding the ligand free
(apo) receptor . Each PPAR is associated with a corepressor that prevents basal
transcription. The E domain or ligand binding domain (LBD) is responsible for
ligand specificity and activation of PPAR binding to the PPRE (PPAR response
elements), which increases the expression of targeted genes. The structure of
LBD of all three isotypes of PPAR is common and resembles that of other
nuclear receptors (NRs). Recruitment of PPAR co-factors to assist the gene
transcription processes is carried out by the ligand-dependent activation function
2 (AF-2), which is located in the E/F domain [53].
1.6.3 Mechanism of action of PPAR agonists

When receptor encounter a typically small lipophilic synthetic ligand or a
natural ligand, it binds and causes conformational changes in the receptor, which
dissociates corepressor and recruit coactivator which turn into transcription

factors in the nucleus controlling gene expression [54]. The receptors forms
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heterodimers with another nuclear receptor, named retinoid X-receptor (RXR)

resulting the complex (Figure 3).

pilranscription Transcription
i Ll

)

Figure 3 : PPAR’s mechanism of gene transcription

Finally this complex binds to PPREs usually as homodimers or
heterodimers along with auxiliary proteins which ultimately results in gene
transcription. The major hetereodimer partner is retinoid X receptor (RXR) that
belongs to the nuclear receptor superfamily and has high homology with the
retinoic acid receptor [55].

1.7 PPARa
1.7.1 Receptor structure of PPAR«a

Peroxisome proliferator activated receptor (PPAR@) belongs to the family
of nuclear receptors, it is a ligand activated transcriptional factor. PPAR«a was
first cloned from a mouse liver [56] and since then it has been cloned from most
of rodent and mammalian species [57-60] including humans [61].

PPAR«a has a comparable structural organization as other nuclear

receptors. As explained earlier receptor consists of four functional modules.
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These are the modulator region, the DNA binding domain (DBD), the hinge
region, and the ligand binding domain (LBD). The LBD mediates ligand binding
and dimerization with RXRa [62]. Although the three PPAR receptors hold
similar structural homology, their ligand binding domains (LBDs) exhibit lower
homology. The difference in homology of LBD opened a way for possibility of
designing selective PPAR« ligand.
1.7.2 Tissue distribution of PPAR«a

PPAR« is mainly expressed with high levels in metabolically active
tissues like liver, heart, muscle, kidney, skeletal muscle, and brown fat having
elevated mitochondrial and peroxisomal fatty acid p-oxidation rates [63,64]

(Figure 4).

Muscle

Liver

&

e
PPAR-o ] Heart
\

Monocyte 4"/ &) ~
LAY

¢ Macrophages
Monocyte

Kidny

Figure 4 : Tissue distribution PPAR«
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1.7.3 Mechanism of action, pharmacology and physiology of PPAR«

PPAR«a has a crucial role to play in lipid metabolism. The PPAR«
subtype is involved in the regulation of genes that control retrograde cholesterol
and mainly controls the expression of genes involved in f-oxidation of fatty acids
[65]. Specifically, PPAR« upregulates fatty acid transport protein (FATP), which
facilitates the uptake of long chain fatty acids by the liver. On the other hand
activation of PPAR« with endogenous or synthetic ligands reduces triglyceride
(TG) levels. This is because of the induction of enzymes involved in the £
oxidation pathway in the liver, FFA (free fatty acid) metabolism is shifted from TG
synthesis to catabolism. Consequently, the secretion of very low density
lipoproteins (VLDL) particles by the liver is strongly reduced [66].

Additionally, PPARa activators decrease plasma triglyceride rich
lipoproteins (TRLs) levels by increasing the activity of the enzyme lipoprotein
lipase (LPL) [67]. PPAR«a activators also mediate favorable actions on high-
density lipoprotein (HDL) metabolism and, therefore, affect the anti atherogenic
reverse cholesterol transport (RCT). RCT is the process in which HDL particles
mediate the uptake of cholesterol from lipid laden peripheral cells (including
those in the vascular wall) with subsequent delivery back to the liver, where
cholesterol is excreted into the bile as bile salts [68].

It was discovered that saturated and unsaturated fatty acids are the
primary natural PPAR« ligands [59]. Apart from natural ligands, Clofibrate was
identified as ligand for PPAR«a. Apart from Clofibrate, other synthetic compounds

can also activate PPAR¢, including Carbaprostacyclin [69,70] Pirinixic acid (also
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known as WY-14643), phthalate ester plasticizers, and the second generation
fibrates (e.g. Fenofibrate, Bezafibrate, and Gemfibrozil) [71].
1.7.4 History of PPAR« ligands

PPAR« activators in the form of fibrates have been used to investigate
the influence of their hypolipidemic effects on the incidence of CHD (coronary
heart disease) since 1966. Earlier Clofibrate was the only drug available in the
treatment of ischaemic heart disease [72]. In the mid 1980s it was discovered
that fibrates increase the transcription of peroxisomal fatty acid B-oxidation
genes. Since than hypolipidemic fibrate drugs have been used for several years
for the treatment of dyslipidemia and they continue to remain the treatment for
patients with hypertriglyceridemia. Thereafter second generation fibrates such as
Fenofibrate, Bezafibrate (Figure 5) were developed even though their mode of

action was not deciphered until the discovery of PPAR« in the 1990s.
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Figure 5 : PPAR« agonists

Then slowly over a period of time a novel generation of PPAR« agonists
were under development which was supported by increased knowledge of

PPAR«a structure and the mechanisms of action of fibrates. However high doses
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were required for clinical efficacy (300-1200mg/day) and all compounds had ECsg
values in the high micromolar range. Hence, uses of fibrates were limited by their
weak potency as PPAR«a agonists. As the present fibrates are relatively weak
and nonspecific ligands of PPAR«, more specific designed PPAR« activators
could have increased efficacy and decreased adverse effects, especially in
combination with statins. Till late 1990s no potent PPAR« agonist was identified
by several research groups of pharmaceutical industry or academia.

Further research towards the discovery of novel PPAR« agonists has led
to compounds with chemical and structural diversity from those of the fibrate
group. Glaxo SmithKline identified a urea derivative GW-9578 (Figure 5) as
potent and selective PPAR« agonist. Studies showed that this compound, in
addition to its lipid lowering activity prevented weight gain and the development
of hyperinsulinemia in insulin resistant rats [73]. Lilly identified a LY-518674
(Figure 5) (ECs of 42 nM) having 2,4-dihydo-3H-1,2,4 triazole-3-one (triazolone)
core in the lipophilic tail part and fibric acid as acidic head. This compound was
advanced for clinical studies [74]. However clinical results were disappointing as
the compound displayed potent hypolipidemic activity and good bioavailability but
efficacy was comparable to the weak PPAR« agonist Fenofibrate in humans.
Subsequently a GW-590735 (Figure 5) (ECso of 4 nM) was discovered from
novel series of substituted 2-[(4-aminomethyl)phenoxy]-2-methylpropionic acids
through modification and optimization of the selective PPARB/ agonist GW-
501516 (Figure 8) as a potent and selective PPAR« agonist [75]. Clinical trials

displayed reduced TG and apoB100 levels in patients. Progressing further K-111
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[76] was identified as highly selective PPARa agonist. This compound was
discontinued from phase-Il clinical trials and does negligible cross reactivity
against a panel of human nuclear receptors PPARy and PPARS even at high
doses. Nippon developed a compound NS-220 (Figure 5) [77] as highly potent
and selective PPAR«a agonist. This compound displayed potent hypolipidemic
and anti-diabetic effects in animal models. Unfortunately the development of this
compound has been terminated from phase-Il for unknown reasons [78]. In 2010
discovery of an oxybenzylglycine based PPAR« selective agonist was reported
by Li et al [79].

Over a 15 year period, significant research effort provided many
compounds featuring nanomolar PPAR« potency (Table 6).

Table 6 : Transactivation profile of PPAR«a agonists

Compound Company hPPAR« hPPARy
ECso (uM)  ECso(uM) Ref
Clofibrate Astrazeneca 55 500 [80]
Wyth
Bezafibrate Norwich Eaton 50 60 [80]
Roche
Fenofibrate Abbot fournier 30 300 [80]
GW-9578 Glaxo Smithkline 0.05 1.0 [80]
LY-518674 Eli Lilly 0.042 Inactive [81]
GW-590735  Glaxo Smithkline 0.004 10 [75]
NS-220 Nippon Shinyaku 0.019 9.6 [76]

Translation of the in vitro potency was investigated at various stages of
preclinical and clinical development. However, it appears that the progress made

by these promising PPAR« specific modulators has been terminated mainly due
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to clinically observed safety issues and in some cases they were found to be less
efficacious. As a result, a market still remains for the suitable potent PPAR«
agonists. A new generation of PPAR« targeting treatments may result in an
acceptable alternative as the medical need for the treatment of this complex
disease.
1.8 PPARy
1.8.1 Receptor structure of PPARy

As mentioned earlier thiazolidinedione class of compounds having
antidiabetic property were the first agonists with high affinity for PPARy
Research on PPARy is the most extensively investigated of the three PPAR
subtypes so far. Like PPARa, PPARy is also ligand activated transcriptional
factor that belongs to the family of nuclear receptors. The receptor consists of
DNA binding domain (DBD), the hinge region, and the ligand binding domain
(LBD). Sequence comparison of their DNA binding domains (DBD) across variety
of species shows that they are highly conserved with respect to PPARa.
However the ligand-binding domains (LBD) have a slightly lower level of
conservation across the subtypes. DNA binding domain of PPARy has 83%
identity with respect to PPARa. On the other hand ligand binding domain of
PPARy has only 68% identity [82-84].
1.8.2 Tissue distribution of PPARy

In terms of tissue distribution PPARy differs from PPARg, it is mainly
expressed in adipose tissue with lower expression detected in a wide range of
differing tissues like spleen, intestine, pancreas (Figure 6), colon, kidney,
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skeletal muscle and macrophages [85]. Prostaglandins, polysaturated fatty acids,

and leukotriene B4 are natural ligands for PPARy.

Pancreas

Intestine

Spleen

Figure 6 : Tissue distribution PPARy

1.8.3 Mechanism of action PPARy

Activation of PPARy is known to improve insulin sensitivity mainly and
control glucose homeostasis [86]. PPARy agonists stimulate adipocyte
differentiation, improve insulin sensitivity, reduce hyper glycaemia, and have
shown experimental pleiotropic prevention of atherosclerosis [87]. PPARy
activation results in transcription of insulin-sensitive genes that regulate both
carbohydrate and lipid metabolisms by increasing the uptake of both fatty acid
and glucose [48] despite the fact that the PPARy receptor is absent in skeletal
muscle [47]. Glucose transport into muscle and adipose tissue is increased due
to an increase in the number of glucose transporters and adiponectin (which
increases insulin sensitivity by increasing muscle uptake of insulin and fatty acid

oxidation). Hepatic insulin sensitivity is increased whereas hepatic glucose output

27



is decreased resulting in less circulating free fatty acids and less free fatty acids
available to the liver for gluconeogenesis [Randle cycle] [88]. As a result, insulin
sensitivity in peripheral tissues is increased whereas hepatic glucose production
is decreased [89].
1.8.4 History of PPARYy ligands

PPARy is the most studied among the other PPAR receptors. There are
several PPARy agonist thoroughly studied. In 1980’s analogue of Clofibrate (2-
chloro-3-phenylpropanoic acid ethyl ester) AL-294 (Figure 7) was identified by
Takeda Pharmaceutical. This compound had the ability to effectively lower
plasma glucose as well as triglycerides. Moving on from this medicinal chemistry
efforts towards building Structure Activity Relationships (SAR) of analogues led
to the discovery of Ciglitazone (Figure 7) [90,91]. Clinical development of
Ciglitazone was ceased mainly because of insufficient efficacy. In 1988,
Troglitazone (Figure 7) evoked as antidiabetic agent as it decrease insulin
resistance by both increasing insulin stimulated glucose utilization and reducing
hepatic gluconeogenesis. In 1995, scientists at GSK demonstrated that TZDs are
high affinity agonist ligands for PPARy [92]. These classes of compounds are
commonly called as glitazones. Troglitazone (Rezulin) was the first of the TZD
class of oral anti-diabetic agents to be launched in the United States in 1997.
Later it was withdrawn worldwide in 2000 due to associated liver toxicity [93].
Progressing in the same direction further TZD drug discovery efforts also lead to
the discovery of two other blockbuster compounds of thiazolidinedione class

Rosiglitazone and Pioglitazone (Figure 7). Both of these compounds showed
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positive effects on the glucose and lipid profiles in patients with type Il diabetes,
and were marketed as PPARyagonists. However these drugs were not devoid of

side effects. Treatment with these drugs causes weight gain and edema [94,95].

AL-294 Ciglitazone Troglitazone
N\/\ /@/\(‘(
NH U o]
Ploglltazone Rosiglitazone NC 2100
/@M N N N
@/\ OO S% O/ o 5 N
Isoglitazone Rivoglitazone RW.J 348260 ij

Figure 7 : PPARy agonists

Further SAR development yielded another molecule Isoglitazone which is
a structural homolog of Rosiglitazone, binds to PPARy with approximately 10%
affinity compared Rosiglitazone, it exhibited a more potent antidiabetic effect in
animal experiments. Studies indicated Isoglitazone activity on PPARy is
dependent on its tissue distribution, with full to partial agonism display dependent
on its localized effects. NC-2100, a structurally similar TZD to Isoglitazone
(Figure 7) having ECso values 30-50 fold higher than other comparable TZDs,
also displays specific activity on PPARydependent on its tissue localisation. The
results suggested TZD induced activation of PPARy does not directly correlate

with antidiabetic action. Another molecule Rivoglitazone (Figure 7) demonstrated
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superior ADME profile efficacy in rats when compared to Rosiglitazone and
Pioglitazone. By 2010 Rivoglitazone had entered advanced clinical trials [96].
Glitazones exert antidiabetic effects through insulin sensitization [72,82].
However treatment with glitazones is associated with adverse effects such as
weight gain and edema. Discovery of several other selective PPARy agonists
non TZD derived molecules has also been explored. RWJ-348260 [97] is a novel

non TZD PPARy agonist (Figure 7).

Table 7 : Transactivation profile of PPARy agonists

Compound Company hPPAR« hPPARy
ECs(uM)  ECa(uh)

AL-294 Takeda

Ciglitazone Takeda

Troglitazone Daiichi Sankyo 1A 0.55 [80]

Rosiglitazone  Glaxo Smithkline 1A 0.043 [80]

Pioglitazone Takeda IA 0.58 [80]

NC-2100 Nippon

Isoglitazone Mitsubishi ND 8 [98]

Rivoglitazone  Daiichi Sankyo 1A 0.005 [96]

IA- Inactive, ND — Not detected

in vitro potency of some of the PPARy agonist is given in the Table 7.
Like PPAR« still there is possibility exist for the betterment of PPAR yagonist.
1.9 PPAR/6
PPARJ also known as PPARS, is ubiquitously expressed. It promotes fatty
acid metabolism and suppresses macrophage derived inflammation [99].
Compounds such as GW-501516 (Figure 8), GW-610742 and GW-0742X are

shown to have high selectivity to PPARS [100].
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Reduced cholesterol absorption upon PPARp activation coincides with
decreased intestinal expression of NPC1L1 [101]. Studies have demonstrated
the role of PPARS in ameliorating cardiovascular complications [100,102].
PPAR&p agonists have been noted to reduce the expression of inflammatory
mediators and adhesion molecules, suggesting their potential role in attenuating
atherogenesis [100]. PPAR«a and PPARJp activators inhibit cytokine induced
nuclear translocation of NF-kappaB and expression of VCAM-1 in EAhy926
endothelial cells [103].

1.10 Concept of dual agonist of PPARa/y

As stated above PPAR« plays crucial role in lipid metabolism. It regulates
genes involved in fatty acid oxidation, It also dose the lowering of triglyceride
(TG). Another important role of PPAR« is that it is involved in lowering of
cholesterol by uptake of cholesterol which is mediated through HDL. On the other
hand PPARy improves the insulin sensitivity, controls the glucose homeostasis
thereby it reduce hyperglycemia. Combining all together targeting both PPAR«
and PPARy simultaneously could produce synergistic anti diabetic and cardio
protective effects, which means that concept of dual PPAR&/y agonists could
regulate different metabolic pathways. However, It is still unclear what ratio of

PPAR« and PPARYy activity is required to maintain this balance which ultimately
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can be translated as optimal efficacy in humans. Another question to be
answered was by activation of both receptors what will be effect on both efficacy
and toxicity? Fortunately researchers have successfully identified several
PPARo/y dual agonists that demonstrated both glucose and lipid-lowering
efficacy in animal models that are comparable to effects obtained with selective
PPAR« and PPARy agonists. Till date, a number of PPARa/y dual agonists with
structural diversity as well as diversity in ratio of PPARo/y are reported. Many of
them have advanced up to clinical trials, unfortunately majority of these dual
agonists were dropped. History of last decade has proved that dual PPARo/y
agonists hold promise in patients with T2DM and cardiovascular risk or metabolic
syndrome.
1.10.1 History of PPAR«/y dual agonist

The first PPARa/y dual agonist to be reported was KRP-297 (MK-0767)
[104]. KRP-297 (Figure 9) was thiazolidin class of compound and was
discontinued following instances of carcinogenicity. A number of diverse
PPARo/y dual agonist has been evaluated and progressed for clinical trials. E.g.,
Tesaglitazar, Naveglitazar, Ragaglitazar, Farglitazar, Imiglitazar, JTT-501,

Muraglitazar (Figure 9) and the list may go on.
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Figure 9 : PPAR/ydual agonists.

From KRP-297 to till date Muraglitazar (BMS-298585) is the first PPARa/y
dual agonist reviewed by the FDA advisory committee. This non TZD
oxybenzylglycine analogue Muraglitazar was reported to exhibit potent in vitro
activities against both PPAR« and PPARy subtypes and exert excellent glucose
and lipid lowering effects in rodent models [105]. A longer study of 24-104 weeks
resulted in a significantly increased risk in the composite end point of death,
myocardial infarction, stroke, transient ischemic attack, and congestive heart
failure [106] leading to termination of further development of Muraglitazar. In
between many structurally diversified compounds were discovered as PPARa/y

dual agonists. They were effective in animal models, however, further
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development was discontinued due to various toxicological reasons or a risk-
benefit assessment [107]. These include Farglitazar, MK-0676, Tesaglitazar (AZ-
242) [108] Ragaglitazar (DRF-2725) [109], Imiglitazar (TAK-559) [110]. There are
only a few PPAR/y dual agonists now left in the development pipelines.

Table 8 : Dual PPAR«/yagonists efficacy and comparison [111]

Name Company Status TC LDL HDL TG HbA1C FPG FPI

(Licence)

Muraglitazar ~ Bristol-Myers FDA

(BMS- Approval | ! 1 ! ! ! !

po8585) Suspended

Pargluva

ITesaglitazar AstraZeneca Suspended

(AZ-242) after

Galida ! ! 7 ! ! !
Phase Il

Ragaglitazar DRF Suspended

(DRF-2725) (Novonordisk) During l 0 l l l l
Phase Il

Imiglitazar Takeda Suspended

TAK-559 .
During Loy 1 ! ! l l
Phase Il

KRP-297 Kyotin Suspended

MIO767 (Merck) During [ S ! ! !
Phase Il

| :indicates decrease, 1 : indicates increase

The first dual agonist Farglitazar which is a potent PPARy agonist with a
moderate PPAR« activation was dropped in an advanced stage due to the
emergence of edema. Among several investigational compounds that have been
discovered in the Ilaboratory, glitazar group (Muraglitazar, Tesaglitazar,
Ragaglitazar) reached phase Il clinical trials. Adverse events with PPAR«/ydual
agonists in experimental models and/or clinical trials included edema, weight
gain, heart failure, hypertension, nasopharyngitis, arthralgia, headache, upper

respiratory tract infections, gastrointestinal discomfort, pain, bone marrow
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suppression, carcinogenesis, and renal failure [54]. In 2003, two glitazar
molecules Ragaglitazar and MK-0676 were discontinued from late clinical
development due to carcinogencity in rodent toxicity models and elevated serum
creatinine & associated decrease in glomular filtration rate respectively [112].
The only dual agonist that has been advanced to NDA filing was Muraglitazar.
Later when It was expected to became a blockbuster molecule from this class, it
was dropped due to the higher incidence of edema, heart failure and
cardiovascular deaths amongst the patients taking Muraglitazar compared with
those receiving placebo or treated with Pioglitazone. These facts though appears
to be discouraging the scientists continued the development of dual PPAR
agonists with expectation that safer dual PPAR agonists can be develop by
optimizing structural features.

Looking at the landscape of PPAR dual agonist our first aim was to search
for available structures and in vitro activities of PPAR agonists to move further for
designing novel compounds. Transactivation profile of many PPAR agonists are
mentioned in the Table 9. Unfortunately majority of these dual agonists were
dropped, as they had demonstrated appreciable dose-limiting side effects.

Since each compound showed different kind of side effect profile the ray
of hope is that, reason for discontinuation of development could be compound
specific [87,113]. It was thought that safety liabilities could be related to chemical
structures. Hence there is a possible opportunity for successful development of

new generation compounds of this class [114].
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Table : 9. Transactivation profile of PPAR agonists

Compound Company hPPAR«a hPPARy

ECso (LM) ECso(uM) Ref
KRP-297 Kyorin 0.85 0.083 [49]
Tesaglitazar  Astrazeneca 1.7 0.25 [115]
Naveglitazar  Eli Lilly 2.86 0.36 [116]
Ragaglitazar  Dr.Reddy’s 3.2 0.57 [109]
Farglitazar Glaxo Smithkline 0.45 0.0003 [117]
Imiglitazar Takeda 0.067 0.031 [118]
Muraglitazar BMS 0.32 0.11 [105]

As it appears from the above table that most potent agonist has potency
near to 1 nM. We aimed to have agonist having potency less than 1 nM range.
We hypothesized that administration of very low dose of compounds would
probably provide practical approach to minimize some of the adverse effects, as
adverse effects exerted by this class of compounds are dose dependent. The
reasons for the failure of all these compounds are quite different from each other.
So there is a hope of developing new compounds with structural modifications.

Our goal obviously is to discover the compounds with very high in vitro

potency that translates to in vivo efficacy to increase margin of safety in order to

develop efficacious and relatively safer PPAR agonists.
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