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A Contemporary Overview of PPARa/y Dual Agonists for the Manage-
ment of Diabetic Dyslipidemia
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Abstract: Background: Diabetes mellitus and concomitant dyslipidemia, being referred to as ‘diabetic
dyslipidemia’, are the foremost detrimental factors documented to play a pivotal role in cardiovascular
illness. Diabetic dyslipidemia is associated with insulin resistance, high plasma triglyceride levels, low
HDL-cholesterol concentration and elevated small dense LDL-cholesterol particles. Maintaining an
optimal glucose and lipid levels in patients afflicted with diabetic dyslipidemia could be a major task
that might require a well-planned diet-management system and regular physical activity, or otherwise
an intake of combined antidiabetic and antihyperlipidemic medications. Synchronized treatment which
efficiently controls insulin resistance-associated diabetes mellitus and co-existing dyslipidemia could
indeed be a fascinating therapeutic option in the management of diabetic dyslipidemia. Peroxisome
proliferator-activated receptors a/y (PPARo/y) dual agonists are such kind of drugs which possess
therapeutic potentials to treat diabetic dyslipidemia. Nevertheless, PPARo/y dual agonists like muragli-
tazar, naveglitazar, tesaglitazar, ragaglitazar and aleglitazar have been reported to have undesirable
adverse effects, and their developments have been halted at various stages. On the other hand, a recently
introduced PPARa/y dual agonist, saroglitazar is an emerging therapeutic agent of glitazar class ap-
proved in India for the management of diabetic dyslipidemia, and its treatment has been reported to be
generally safe and well tolerated.
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Conclusion: Some additional and new compounds, at initial and preclinical stages, have been recently
reported to possess PPARa/y dual agonistic potentials with considerable therapeutic efficacy and re-
duced adverse profile. This review sheds light on the current status of various PPARo/y dual agonists
for the management of diabetic dyslipidemia.

1. INTRODUCTION receptor superfamily that act as ligand-dependent transcrip-
tion factors and expressively regulate the lipid and glucose
metabolism. PPARs act on the DNA response elements as
heterodimers with the nuclear retinoic acid receptor to modu-
late the expression of a target gene. Three isoforms of
PPARs have been recognized namely PPARa, PPARY and
PPARGS [3, 4]. Activation of PPARa decreases triglyceride
levels, whereas activation of PPARY causes insulin sensitiza-
tion to enhance glucose metabolism (Fig. 1). Fibrate class of
hypolipidemic drugs activates PPARa, while thiazolidinedi-

Dyslipidemia is a crucial menace for cardiovascular dis-
ease in patients afflicted with diabetes mellitus. The diabetic
dyslipidemia is associated with high plasma triglycerides,
reduced high-density lipoproteins (HDL), and elevated levels
of small dense low-density lipoproteins (LDL) [1]. These
changes could be caused by an increase in free fatty acid flux
secondary to insulin resistance and be aggravated by eleva-
tion of inflammatory adipokines [1]. Principle consequence
is required to prevent the incessant growing of morbidity and

mortality associated with diabetes mellitus and hyperlipide-
mia across the world.

Peroxisome proliferator-activated receptors (PPARs) are
documented as major regulators of lipid and glucose metabo-
lism [2]. PPARs are the member of nuclear hormone
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one class of antidiabetic agents activates PPARYy [5-7]. Pa-
tients with diabetes mellitus are at higher risk of having the
cardiovascular disease onset. In addition, the cardiovascular
disease risk is further high in those diabetic patients afflicted
with hyperlipidemia [8]. Therefore, diabetic dyslipidemia is
a major concern and needs an optimal therapeutic strategy
for consistent management. Concurrent activation of PPARa
and PPARy alongside targeting both lipid and glucose me-
tabolism could be a beneficial therapeutic option for the
management of diabetic dyslipidemia (Fig. 1). In view of this
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Fig. (1). Therapeutic rationale of PPARa/y dual agonism for the management of diabetic dyslipidemia.

context, various PPARa/y dual agonists such as muraglita-
zar, naveglitazar, tesaglitazar, ragaglitazar and aleglitazar
were studied for their therapeutic potentials and safety pro-
files; however, the undesirable adverse effects of these drugs
noted in preclinical and clinical studies (Table 1) raised a
safety concern, and as a result, the development of these
glitazars has been halted at various stages [9-13]. On the
other hand, saroglitazar, a recently developed PPARa/y dual
agonist, is emerging as a potent therapeutic agent of glitazar
class for the management of diabetic dyslipidemia [14]. The
Phase III clinical trial results indicate that saroglitazar is de-
void of conventional side effects caused by fibrates and pio-
glitazone [14]. This opens up a new way of hope for the de-
velopment of novel PPARa/y dual agonists for the manage-
ment of diabetic dyslipidemia. The present review enlightens
the current status of dual acting PPARa/y agonists in the
management of diabetic dyslipidemia.

2. UNDESIRABLE ADVERSE EFFECTS OF PPARo/y
DUAL AGONISTS: PRECLINICAL AND CLINICAL
EVIDENCES

The simultaneous activation of PPARa and PPARy had
been initially anticipated to provide improvements in glyce-
mic control and dyslipidemia in type 2 diabetic patients, and
therefore PPARa/y dual agonists were evaluated preclini-
cally and clinically for their therapeutic potentials. Muragli-
tazar is a non-thiazolidinedione, oxybenzylglycine PPARa/y
dual agonist [15]. Initially, Buse et al. [16] reported that 24
weeks muraglitazar treatment was effective in type 2 diabetic
patients who were inadequately controlled with diet and ex-
ercise [16]. Subsequent studies, however, pointed out some
serious adverse effects of this PPARo/y dual agonist [9,17].
In diabetic patients, when compared with pioglitazone
(PPARY agonist), muraglitazar was reported to be associated
with an excess incidence of the composite endpoint of death,
congestive heart failure, and major adverse cardiovascular

events like myocardial infarction, stroke and transient
ischemic attack [9]. In addition, oedema-related event was
noted to occur with muraglitazar in a dose-dependent inci-
dence in patients with type 2 diabetes mellitus [18].

Another agent, naveglitazar, a gamma-dominant PPARo/y
dual agonist, was suggested to be associated with hypertrophic
and proliferative effects on the urothelium in rats [19]. Of
note, Fagerberg et al. [20] evaluated the effect of tesaglitazar,
another dual acting PPARa/y agonist, on lipid and glucose
metabolism in patients having evidence of insulin resistance.
Tesaglitazar, in this study, was noted to be well tolerated and
it produced dose-dependent improvements in the lipid and
glucose metabolism as well as in the insulin sensitivity [20]. In
addition, this study suggested that tesaglitazar could have a
potential to prevent vascular complications and delay the pro-
gression to diabetes in these patients [20]. However, in subse-
quent studies, tesaglitazar was noted to be associated with a
greater increase in serum creatinine level than placebo in type
2 diabetic patients [21, 22]. Moreover, tesaglitazar treatment
was shown to be associated with an increase in body weight
and peripheral oedema in a dose-dependent manner in patients
afflicted with type 2 diabetes mellitus [22]. Furthermore, it
was shown that tesaglitazar-treated type 2 diabetic patients
have had a reduction in glomerular filtration rate [23]. Another
dual-acting PPARo/y agonist, ragaglitazar, had a carcinogenic
effect in the rodent urinary bladder urothelium [24]. In the
urothelium of ragaglitazar-treated rats, hypertrophy was noted
to be an early change that affected the whole bladder urothelial
cell population [24].

Further intense research in the PPAR area has yielded a
balanced dual-acting PPARa/y agonist, aleglitazar [25]. This
balanced PPARa/y dual agonist had also been evaluated for its
safety and therapeutic potentials. Aleglitazar was shown to
produce dose-dependent improvements in fasting and post-
prandial glucose levels, insulin resistance as well as lipid pa-
rameters in type 2 diabetic patients [26]. Despite the reduction
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Table 1. Key adverse effects pertaining to some PPARa/y dual agonists in bench and clinical studies.
PPARo/y Dual Agonists Adverse Effects
Muraglitazar Oedema, congestive heart failure, and major adverse cardiovascular events like myocardial infarction, stroke and tran-
sient ischemic attack in diabetic patients [9, 18].
Naveglitazar Hypertrophic and proliferative effects on the urothelium in rats [19].
Tesaglitazar Elevation of serum creatinine, increase in body weight and peripheral oedema, and reduction in glomerular filtration

rate in type 2 diabetic patients [21-23].

Ragaglitazar

Carcinogenic effect in the rodent urinary bladder urothelium [24].

Aleglitazar

It increases the risks of heart failure, renal dysfunction and gastrointestinal hemorrhage in diabetic patients [27].
In addition, aleglitazar increases the incidence of hypoglycemia and muscular events as compared to placebo [13].

in glycated hemoglobin and improvement in serum HDL-
cholesterol and triglyceride levels, aleglitazar did not signifi-
cantly decrease the incidence of cardiovascular risk, rather
aleglitazar was noted in the AleCardio randomized clinical
trial to increase the risks of heart failure, renal dysfunction and
gastrointestinal hemorrhage [27]. In addition, aleglitazar has
been reported to increase the incidence of hypoglycemia and
muscular events as compared to placebo [13]. Aleglitazar was
reported to be associated with adverse events even within a
short duration of exposure [13]. Based on these results, it was
suggested that coupled with the previous failure, the dual ago-
nists of PPAR o/y might hold a little promise for cardiovascu-
lar therapeutics [13]. However, current research is still active
in identifying the novel PPARa/y dual agonists for the man-
agement of diabetic dyslipidemia.

3. SAROGLITAZAR: A NEWLY INTRODUCED
PPARa/y DUAL AGONIST

Saroglitazar has predominant PPARa and moderate
PPARYy agonistic activities [28]. Saroglitazar is the first ap-
proved agent in the Glitazar class for the management of dia-
betic dyslipidemia, and it has been approved in India [29].
Saroglitazar treatment was reported to be generally safe and
well tolerated while no serious adverse events were reported,
and it appeared to be an effective therapeutic option for im-
proving hypertriglyceridemia in type 2 diabetic patients
[30, 31]. An observational study evaluated, in Indian diabetic
dyslipidemia patients, the safety and efficacy of saroglitazar
[32]. In this study, saroglitazar was suggested to be a potential
therapeutic option for type 2 diabetic patients with high
triglyceride (TG) levels, not controlled by statins, for compre-
hensive lipid and glycemic control with acceptable safety pro-
file [32]. A recent study reported that, in Indian patients with
diabetic dyslipidemia, the add on therapy of saroglitazar with
metformin  significantly decreased TG, glycosylated
haemoglobin, fasting plasma glucose and post prandial plasma
glucose levels as compared to the add on therapy of fenofi-
brate with metformin [33]. The aforementioned studies indi-
cate the therapeutic potentials of saroglitazar for the manage-
ment of diabetic dyslipidemia.

4. AN UPDATE ON THE NEW PPARo/y DUAL AGO-
NISTS BEING EXPLORED

Recent basic drug discovery studies aim to identify and
develop potential PPARo/y dual agonists devoid of un-

wanted adverse effects. The compound, LT175 has been
reported to be a novel PPARo/y ligand with potent insulin-
sensitizing effects and reduced adipogenic properties [34].
Administration of LT175 to high-fat diet fed mice was re-
ported to decrease body weight, adipocyte size and white
adipose tissue mass. In addition, LT175 has been shown to
significantly reduce the plasma glucose, non-esterified fatty
acids, triglycerides and cholesterol [34]. Jeong et al. [35]
have reported that via activation of PPARa/y, a compound
named, CG301269 improved the lipid and glucose metabo-
lism. CG301269 was reported to enhance the fatty acid oxi-
dation in vitro and to ameliorate the insulin resistance and
hyperlipidemia in vivo. Moreover, CG301269 was noted to
reduce inflammatory responses and fatty liver without body
weight gain in db/db mice [35].

Interestingly, a recent study by Jung ef al. [36] reported
that amodiaquine, an antimalarial agent, has a potential to
concurrently activate PPARa and y. The authors showed that
amodiaquine has a potential to improve insulin resistance
and lipid metabolism in diabetic mice model [36]. Intrigu-
ingly, amodiaquine not only ameliorated insulin resistance,
hyperlipidemia and fatty liver; but, also decreased the body
weight gain in high-fat diet-induced obese and genetically
modified obese/diabetic mice [36]. In a recent study, Ren
et al. [37] have reported a novel PPARo/y dual agonist, pro-
pane-2-sulfonic acid octadec-9-enyl-amide (N15), which was
shown to ameliorate insulin resistance and gluconeogenesis
in vivo and in vitro. The compound, N15 has exerted benefi-
cial action over the glucose and lipid metabolism without
triggering the weight gain and hepatotoxicity in mice [37].
The authors suggested that N15 could have the potential to
be a prophylactic and therapeutic agent for the management
of type 2 diabetes mellitus and associated metabolic disor-
ders [37].

Continued research has identified a few more potential
dual activators of PPARa and PPARYy. In this regard, Jung
et al. [38] have reported antidiabetic effect of a compound,
(E)-N-(4-(3-(5-bromo-4-hydroxy-2-methoxyphenyl)acryloyl)
phenyl)-4-tert-butylbenzamide (SN158) via PPARw/y dual
activation in ob/ob mice. This study showed that SN158
markedly lowered the plasma glucose, TG and free fatty acid
levels in ob/ob mice without severe weight gain and hepa-
tomegaly, suggesting that SN158 could have a potential for
the management of type 2 diabetes mellitus and associated
metabolic disorders by alleviating glucose and lipid abnor-
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malities [38]. A recent study evaluated the effect of
Huangkui capsule (HKC), an extract from Abelmoschus
manihot (L.) medic (a natural medicinal plant of China), in a
diabetic nephropathic rat model [39]. In this study, HKC was
noted to enhance the transcriptional activity of PPARa and
PPARYy in cultured cells, liver and kidney of diabetic neph-
ropathic rats, while it reduced the serum levels of TG and
cholesterol and the fat in the liver of diabetic nephropathic
rats [39]. Moreover, HKC was shown to reduce inflamma-
tory genes expression in the kidney of diabetic nephropathic
rats. This study showed that HKC improved lipid metabolic
disorders by activating PPARo/y, and it could ameliorate
renal inflammation and glomerular injury in diabetic neph-
ropathic rats [39].

Another study investigated the effect of 2-[4-(5-
chlorobenzothiazothiazol-2-yl)phenoxy]-2-methyl-propionic
acid (MHY908), a synthetic dual acting PPARa/y agonist, in
aged rats [40]. The aged rats administered with MHY908
showed a reduced levels of serum glucose and TG, and re-
duced liver TGs as well. In addition, MHY908 was shown to
reduce endoplasmic reticulum stress and activate c-Jun N-
terminal kinase in the liver of aged rats, which were sug-
gested to consequently improve the insulin signaling [40].
Moreover, in the kidney of the aged rats, the anti-
inflammatory potential of MHY908 was shown by its sup-
pression of NF-kB activation via an inhibition of the Akt/IxB
kinase signaling system. This preclinical study suggested
that MHY908 could have a therapeutic potential against age-
related inflammation and associated insulin resistance
through activation of PPARa and PPARy [40]. In another
study, the effect of amorphastilbol on glucose and lipid me-
tabolism was evaluated using in vitro and db/db mice models
[41]. Amorphastilbol was noted to selectively stimulate the
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transcriptional activities of both PPARa and PPARy, which
were able to enhance fatty acid oxidation as well as glucose
utilization [41]. Importantly, there were no significant ad-
verse effects such as weight gain or hepatomegaly in
amorphastilbol-treated animals [41]. The authors suggested
that amorphastilbol could have a therapeutic potential against
type 2 diabetes mellitus and associated metabolic disorders
by enhancing glucose and lipid metabolism [41]. A recent
study has reported a new thiazolidine compound, namely
GQ-11, as a partial PPAR a/y dual agonist having experi-
mental antidiabetic effects [42]. Moreover, GQ-11 has been
reported to improve the lipid profile and ameliorate the
chronic inflammation associated with obesity in atheroscle-
rosis-prone mice [42]. Taken in concert, the aforementioned
literature have outlined the early stage potentials of newly
identified dual activators of PPARa and PPARy.

A recent study has identified some marine
oxohexadecenoic acids such as (7E)-9-oxohexadec-7-enoic
acid, and (10E)-9-oxohexadec-10-enoic acid (from the ma-
rine algae Chaetoceros karianus) having a potential to acti-
vate PPARa and PPARYy [43]. The authors, through the syn-
thesis and biological evaluations, have denoted both com-
pounds as semi-potent dual PPARa/y agonists [43]. Of note,
both compounds have been shown to induce anti-diabetic
gene programs in adipocytes by upregulating insulin-
sensitizing adipokines and repressing pro-inflammatory cy-
tokines [43]. Developing such kind of natural products as
dual acting PPARo/y agonists might be associated with
minimal adverse effects; however, further studies are needed
to assess their therapeutic potentials and adverse profile. The
key pharmacological actions and chemical structures of
newly identified PPARa/y dual agonists which are under
preclinical stages have been provided in Table 2.

Table2. The chemical structures of some novel PPARa/y dual agonists which are under preclinical stages and their key pharma-
cological effects.
PPARo/y Dual Agonist Chemical Structure Key Effects/Advantages
o} . . . s
In mice fed a high-fat diet, the LT175 administration
O OH has decreased body weight, adipocyte size and the
LT175 white adipose tissue mass, and it also significantly
reduced the plasma glucose, insulin, non-esterified fatty
acids, triglycerides and cholesterol [34].
CG301269 has a potential to selectively stimulate the
9 N transcriptional activities of PPARa and PPARy. Inter-
\N A\ — estingly, CG301269 was noted to reduce the inflamma-
CG301269 o ”< )f——j Q tory responses and fatty liver without inducing the body
FaC —— \N _ ﬁ\o weight gain in db/db mice. Moreover, CG301269 was
8 | noted to ameliorate insulin resistance and hyperlipide-
S/‘ mia in vivo [35].
OH
( Amodiaquine has a potential to selectively activate
N PPARw/y transcriptional activities. Intriguingly, in high
L HN fat diet-induced obese and genetically modified obese-
Amodiaquine . Lo Co
diabetic mice, amodiaquine was noted to remarkably
N ameliorate insulin resistance, hyperlipidemia and fatty
P liver, and also to decrease the body weight gain [36].
Cl N

Table (2) contd....
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PPARo/y Dual Agonist Chemical Structure

Key Effects/Advantages

Propane-2-sulfonic acid
octadec-9-enyl-amide
(N15)

HoL
80

/

oo

The compound, N15 has advantageous effects on glu-
cose and lipid metabolism without triggering the weight
gain in mice. Its glucose-lowering effect has been sug-
gested to be associated with PPARy-mediated upregula-
tion of hepatic glucose consumption and downregula-
tion of gluconeogenesis [37].

SN158

The compound, SN158 has been shown to interact with
PPARa and PPARY and to increase the transcriptional
activities of both. Interestingly, SN158 has been noted
to significantly lower the plasma glucose, triglycerides,
and free fatty acids in ob/ob mice without having se-
vere weight gain and hepatomegaly [38].

MHY908

Supplementation with MHY908 showed reduced serum
glucose and triglyceride levels, and also reduced liver
triglyceride levels in aged rats [40].

Amorphastilbol

Amorphastilbol has been shown to selectively stimulate
the transcriptional activities of PPARa and PPARYy. It
improved glucose and lipid impairment in db/db mice.

Moreover, there were no significant adverse effects like
weight gain or hepatomegaly noted in amorphastilbol-

treated animals [41].

Synchronized treatment which proficiently manages insu-
lin resistance-and associated diabetes mellitus and co-
existing hyperlipidemia is considered a promising therapeu-
tic option for effective management of diabetic dyslipidemia.
The novel PPARa/y dual agonists currently being explored at
preclinical stages might need to be evaluated clinically in
order to determine their therapeutic efficacies and adverse
profiles. An ideal dual acting PPARa/y agonist is expected to
efficiently manage type 2 diabetes mellitus and concurrent
hyperlipidemic conditions without showing major adverse
effects especially cardiovascular and renal events and meta-
bolic abnormalities like weight gain.

CONCLUSION

The diabetic prevalence is incessantly increasing across
the world, while preventing the diabetes-associated high
morbidity and mortality is of great clinical importance. Op-
timal glycemic control and effective lipid management, in
order to avert cardiovascular complications, are the most
important therapeutic goals in patients afflicted with chronic
type 2 diabetes mellitus and dyslipidemia. Activating PPARs
has long been an efficient target for developing antidiabetic
therapy owing to their key role in insulin sensitization, gly-
cemic management and lipid metabolism. Despite the unde-
sirable adverse profile of PPARa/y dual agonists like mura-
glitazar, naveglitazar, tesaglitazar, ragaglitazar and aleglita-
zar, the development of promising PPARa/y dual agonists
with potential therapeutic effects in diabetic dyslipidemic
patients without any serious adverse effects is of continued
interest. The early stage drug discovery studies have recently

identified some novel PPARa/y dual agonists such as LT175,
CG301269, amodiaquine, propane-2-sulfonic acid octadec-9-
enyl-amide (N15), SN158, MHY908, amorphastilbol, GQ-11
and some marine oxohexadecenoic acids; however, further
studies are needed to precisely determine the therapeutic
potentials and adverse profile of these newly identified com-
pounds at clinical levels for the efficient management of
diabetic dyslipidemia.
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