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Abstract

Aims—The molecular mechanisms by which muraglitazar (peroxisome proliferator-activated
receptor y/a agonist) improves insulin sensitivity in Type 2 diabetes mellitus are not fully
understood. We hypothesized that muraglitazar would increase expression of 5’ -monophosphate-
activated protein kinase and genes involved in adiponectin signalling, free fatty acid oxidation and
mitochondrial function in skeletal muscle.

Methods—Sixteen participants with Type 2 diabetes received muraglitazar, 5 mg/day (7= 12) or
placebo (n = 4). Before and after 16 weeks, participants had vastus lateralis muscle biopsy
followed by 180 min euglycaemic hyperinsulinaemic clamp.

Results—Muraglitazar increased plasma adiponectin (9.0 £ 1.1 to 17.8 £1.5 pg/ml, £< 0.05),
while no significant change was observed with placebo. After 16 weeks with muraglitazar, fasting
plasma glucose declined by 31%, fasting plasma insulin decreased by 44%, insulin-stimulated
glucose disposal increased by 81%, HbA . decreased by 21% and plasma triglyceride decreased
by 39% (all < 0.05). Muraglitazar increased mRNA levels of 5”-monophosphate-activated
protein kinase, adiponectin receptor 1, adiponectin receptor 2, peroxisome proliferator-activated
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receptor gamma coactivator-1 alpha and multiple genes involved in mitochondrial function and fat
oxidation. In the placebo group, there were no significant changes in expression of these genes.

Conclusions—Muraglitazar increases plasma adiponectin, stimulates muscle 5’-
monophosphate-activated protein kinase expression and increases expression of genes involved in
adiponectin signalling, mitochondrial function and fat oxidation. These changes represent
important cellular mechanisms by which dual peroxisome proliferator-activated receptor agonists
improve skeletal muscle insulin sensitivity.

Introduction

Skeletal muscle insulin resistance is an early and characteristic feature of Type 2 diabetes
mellitus [1]. Multiple cellular, molecular and biochemical abnormalities have been shown to
contribute to the development of insulin resistance, including impaired insulin signalling [2],
reduced glucose transport, decreased hexokinase Il expression and activity, diminished
glycogen synthase activity, decreased pyruvate dehydrogenase activity and impaired
mitochondrial function [3]. We have previously demonstrated that nuclear-encoded
mitochondrial genes encoding proteins involved in electron transport and oxidative
phosphorylation are decreased in insulin-resistant muscle, and many of these changes could
be explained by reduced peroxisome proliferator-activated receptor gamma coactivator-1
alpha (PGC-1a.) gene expression [4].

Thiazolidinediones represent a class of insulin-sensitizing agents that effectively reduce
plasma glucose levels in participants with Type 2 diabetes. Thiazolidinediones are high-
affinity ligands for the transcription factor peroxisome proliferator-activated receptor
(PPAR). PPARs belong to the nuclear hormone receptor superfamily and there are three
isoforms: a, /6 and y [5]. PPARa is highly expressed in liver, kidney, small intestine, heart
and muscle, whereas PPARB/S is ubiquitous [6]. PPARYy is expressed in fat cells, vascular
tissue, macrophages, liver, muscle tissue and p-cells [7]. Activation of PPAR~y by
thiazolidinediones alters the expression of many genes [8], resulting in enhanced insulin
sensitivity in liver and muscle [9,10], reduced intracellular lipid content in liver and muscle
[11,12], and increased insulin receptor signalling in Type 2 diabetes [13,14]. PPARa
agonists, such as fenofibrate, have a potent effect to reduce plasma triglycerides, but they do
not augment muscle or liver insulin sensitivity or redistribute fat within the body [15].
PPARP/6 agonists have been less well studied, but preclinical data suggest that they may
improve insulin resistance in Type 2 diabetes [16].

Dual PPARs possess both y and a activity and may provide broader, more beneficial
metabolic effects through combination treatment of hyperglycaemia and dyslipidaemia [6].
Muraglitazar was one of the first dual (y/a) PPAR agonists developed for the treatment of
Type 2 diabetes, and we demonstrated that muraglitazar augments insulin sensitivity,
improves B-cell function, mobilises fat out of liver and muscle, increases the ratio of
subcutaneous to visceral fat content, improves dyslipidaemia and improves plasma
adipocytokine levels [7]. However, the molecular mechanisms by which muraglitazar exert
its insulin-sensitizing effect remain unclear. Because the metabolic effects of muraglitazar
are very similar to those observed with pioglitazone [7], we hypothesized that the molecular
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effects also would be similar. We have previously shown that chronic treatment with
pioglitazone (PPARy agonist) augments plasma adiponectin levels, increases expression of
both adiponectin receptors, activates adenosine 5’-monophosphate-activated protein kinase
(AMPK) in muscle, and increases expression of genes involved in mitochondrial function
and fat oxidation [17]. The aim of this study was to evaluate whether muraglitazar activates
the AMPK pathway and increases expression of genes involved in adiponectin signalling, fat
oxidation and mitochondrial function in human skeletal muscle from patients with Type 2
diabetes.

Participants with Type 2 diabetes were randomized to receive muraglitazar, 5 mg/day, or
placebo for 16 weeks. The metabolic data for these participants were included in a previous
publication. Briefly, in that paper we provide the metabolic effects of muraglitazar and
placebo treatment in 20 and 7 participants, respectively [7]. Only participants that received a
muscle biopsy before and after treatment were included in the present study (n7= 12 with
muraglitazar and 7 = 4 with placebo). The discrepancy in participants between the original
article and the present study was due to insufficient material to perform the studies outlined
here. Participants were free of organ system disease as determined by medical history,
physical examination, screening chemistries, complete blood cell count, urinalysis and
electrocardiogram. Glucose tolerance was established by 75 g oral glucose tolerance test
(OGTT) [7]. All participants demonstrated stable body weight for at least 3 months prior to
the study. No participants participated in any heavy exercise. Participants either were drug
naive or taking anti-diabetic medications (metformin alone, sulfonylureas alone or
metformin plus sulfonylureas) that were stable for at least 6 months. No participant ever had
taken insulin or a thiazolidinedione. All participants gave informed written consent prior to
their participation in the study. The study protocol was approved by the Institutional Review
Board of the University of Texas Health Science Center at San Antonio.

Study design

Following a 10-12 h overnight fast, participants reported to the clinical research centre at
0800 h for a screening visit and OGTT. Within 3—7 days, participants returned to the clinical
research centre at 0800 h after an overnight fast for vastus lateralis muscle biopsy [2],
followed by a 180 min euglycaemic-hyperinsulinaemic (60 mU/m2/min) clamp performed in
combination with [6-6,2H2]-glucose [7,18]. Following completion of these studies,
participants were randomized to receive muraglitazar, 5 mg/day (1= 12) or placebo (n=4)
for 16 weeks. Prior to the start of therapy, all participants received 10 h of diabetes
management in an American Diabetes Association-certified educational programme,
received one-on-one nutritional advice for 2 h and met with a dietician for 30 min on each
follow-up visit, which occurred monthly. All participants consumed a weight-maintaining
diet containing 50% carbohydrate, 30% fat and 20% protein, and were instructed not to
engage in any new physical activity programme during the study period. After 16 weeks of
the muraglitazar or placebo treatment, participants returned to the clinical research centre for
repeat OGTT and euglycaemic-hyperinsulinaemic clamp with muscle biopsy.
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Substrate and hormone determinations

Plasma glucose concentration was determined by the glucose oxidase method on a Beckman
Glucose Analyser (Beckman Instruments, Fullerton, CA, USA). Plasma insulin was
determined by radioimmunoassay (Diagnostic Products, Los Angeles, CA, USA). HbA .
was measured by affinity chromatography (Biochemical Methodology, Drower 4350; Isolab,
Akron, OH, USA) and plasma free fatty acids by enzymatic colorimetric quantification
(Wako Chemicals, Neuss, Germany). Plasma total cholesterol and triglyceride were
measured enzymatically (Boehringer-Mannheim, Indianapolis, IN, USA) on a Hitachi 704
autoanalyser. Plasma HDL cholesterol was measured enzymatically on Hitachi 704
autoanalyser after precipitation of chylomicron, and VLDL and LDL cholesterol by
phosphotungstic acid. LDL cholesterol was calculated from the Friedewald equation. Plasma
adiponectin was measured by radioimmunoassay (Linco Research, St Charles, MO, USA).

Muscle biopsy processing

RNA extraction was performed on frozen muscle biopsy specimens that were homogenized
directly in RNAStat solution (Tel-Test, Friendswood, TX, USA), using a Polytron
homogenizer (Brinkmann Instruments, Westbury, NY, USA). RNA pellets were stored in
75% (w/v) ethanol at —80 °C. Prior to use, total RNA was purified with RNeasy and Dnase |
treatment (Qiagen, Chatsworth, CA, USA). For immunoblot analysis, muscle samples were
weighed while still frozen and homogenized in ice-cold lysis buffer (1:10, w/v) containing
50 mmol/l Hepes (pH 7.6), 150 mmol/l NaCl, 20 mmaol/l sodium pyrophosphate, 20 mmol/l
B-glycerophosphate, 10 mmol/l sodium fluoride, 2 mmol/l sodium orthovanadate, 2 mmol/I
EDTA (pH 8.0), 1% (v/v) Nonidet P-40, 10% (v/v) glycerol, 1 mmol/l
phenylmethylsulfonylfluoride, 1 mmol/l MgCl,, 1 mmol/l CaCl,, 10 pg/ml leupeptin and 10
ug/ml aprotinin. Homogenates were incubated on ice for 20 min and then centrifuged at 15
000 g for 20 min at 4 °C. Supernatant fractions were collected, and protein concentrations
measured by the Lowry method. Supernatant fractions were stored at =80 °C until used.

Quantitative real-time PCR

Muscle gene expression was determined using one-step quantitative real-time PCR (Q-RT-
PCR) from total RNA. Q-RT-PCR was performed on an ABI PRISM 7900HT sequence
detection system (Life Technologies, Carlsbad, CA, USA) using TagMan One Step RT-PCR
Master Mix reagents and Assay On Demand gene expression primer pairs and probes, as
described previously [17]. Expression data were normalized by dividing the amount of the
gene of interest by the amount of ribosomal 18S gene used as the internal control.

Immunoblot analysis

Proteins were transferred to nitrocellulose membranes, and the membranes were probed with
antibody against phospho-AMPK (Thr172) (Cell Signaling, Beverly, MA, USA). Bound
antibodies were detected with anti-(rabbit immunoglobulin)-horseradish peroxidase-linked
whole antibody and by using enhanced chemiluminescent reagents (PerkinElmer Life
Science, Boston, MA, USA). The concentration used for primary and secondary antibodies
was 1:1000 and 1:2000, respectively. The amount of protein loaded was 40 pg. The
membranes were exposed to film, and band intensity was quantified using Image Tool
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Software (University of Texas Health Science Center at San Antonio, San Antonio, TX,
USA).

Statistical analysis

Results

Statistical analyses were performed with SPSS v. 20.0. All values before and after treatment
within each group were analysed using paired Student’s #test. Comparison between groups
was performed using analysis of variance (ANOVA) with Bonferroni/Dunn post hoc testing.
Data are presented as mean + se. For all analyses, £ < 0.05 was considered to be statistically
significant. Q-RT-PCR statistical analysis is described above.

Participant characteristics and in vivo data

Table 1 shows the participant characteristics pre and post 16 weeks of muraglitazar/placebo
therapy. Participants were well matched for age and metabolic parameters; BMI was
significantly lower in the placebo-treated group than in the muraglitazar-treated group (Table
1). After 16 weeks of muraglitazar, fasting plasma glucose and HbA . declined by 31% and
21%, respectively (both A< 0.05 vs. baseline) with a 3% increase in BMI from 33.3 £ 0.8 to
34.3 £ 0.8 (P<0.05). Insulin-stimulated glucose disposal increased by 81% in the
muraglitazar group (P < 0.01 vs. baseline and placebo) and by 7% in the placebo group (P=
NS). Fasting plasma triglyceride decreased by 39% following muraglitazar treatment (both P
< 0.05 vs. baseline and placebo). LDL cholesterol declined modestly but not significantly in
both groups.

Effect of muraglitazar on AMPK signalling and adiponectin receptor gene expression

Muraglitazar treatment increased AMPK gene expression in skeletal muscle by 1.5-fold (P <
0.05 versus baseline), while there was no change in the placebo group (Fig. 1). Following
muraglitazar treatment, AMPK phosphorylation in skeletal muscle increased slightly
although not significantly from 1.4 + 0.2 to 1.8 £ 0.4 a.u. There was no change in AMPK
phosphorylation in the placebo treated group (1.1 £ 0.2 before vs. 1.3 £ 0.2 a.u. after).
Plasma adiponectin concentration increased significantly from 9.0 £ 1.1 to 17.8 + 1.5 pg/ml
following muraglitazar (P < 0.01 vs. baseline and placebo) and declined from 10.3 + 4.3 to
6.8 £ 0.7 pug/ml in the placebo group (Fig. 2). The increase in plasma adiponectin
concentration and muscle AMPK1 mRNA expression after muraglitazar treatment was
accompanied by elevated adiponectin receptor 1 (AdipoR1) by 1.3-fold (P< 0.05 vs.
baseline) and adiponectin receptor 2 (AdipoR2) gene expression by 1.4-fold, respectively (P
< 0.05 vs. baseline and placebo) (Fig. 1). AdipoR1 and AdipoR2 expression did not change
significantly in the placebo group (Fig. 1).

Effect of muraglitazar on expression of PGC-1a and genes involved in mitochondrial

function

The PGC-1a mRNA level increased significantly by 1.4-fold following muraglitazar
treatment (P < 0.05 vs. baseline), whereas there was no significant change in the placebo
group (Fig. 3). Muraglitazar significantly increased the expression of MRNAs for a number
of other nuclear-encoded mitochondrial genes and genes encoding for scavenging enzymes
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that are important in protecting the mitochondria against the effects of reactive oxygen
species: cytochrome ¢ oxidase subunit Vic (1.2-fold); cytochrome b5type B (1.5-fold);
NADH dehydrogenase (ubiquinone) 1-alpha, subcomplex 5 (1.4-fold), NAD(P)H
dehydrogenase, quinine 1 (1.5-fold); nuclear respiratory factor 2 (1.4-fold); sirtuin 1 (1.3-
fold); superoxide dismutase 2 (1.6-fold); transcription factor A, mitochondrial (1.6-fold);
and voltage-dependent anion channel 1 (1.4-fold) (Fig. 3). Glycine amidinotransferase was
increased by 1.6-fold (P < 0.05 vs. baseline and placebo, Fig. 3). Peroxisome proliferator-
activated receptor gamma coactivator-1 beta (PGC-IB), nuclear respiratory factor 1 and
myocyte enhancer factor 2C mRNA was unchanged in the muraglitazar treated group. The
mitochondrial genes did not change significantly in the placebo group (Fig. 3).

Effect of muraglitazar on expression of genes involved in free fatty acid oxidation

Muraglitazar significantly increased the mRNA expression of PPARa and PPARYy by 1.4-
and 1.6-fold, respectively (both £< 0.05 vs. baseline) (Fig. 4). PPARy mRNA expression
increased slightly in the placebo group but the change was not significant. PPARa mRNA
expression was significantly decreased in the placebo group (P < 0.05, Fig. 4), and the
comparison between muraglitazar- and placebo-treated groups was significant (P < 0.05).
Other mRNAs that were significantly increased following muraglitazar treatment, but
remained unchanged in the placebo group, included acyl-CoA dehydrogenase (1.3-fold) and
cAMP-responsive element binding protein 1 (1.6-fold) (Fig. 4). Isocitrate dehydrogenase 3
(NAD+) beta was increased by 1.4-fold (P < 0.05 vs. baseline and placebo, Fig. 4). Carnitine
palmitoyltransferase 1B and hydroxyacyl-CoA dehydrogenase were increased slightly, but
not significantly following muraglitazar treatment.

Discussion

Muraglitazar treatment for 16 weeks significantly improved glycaemic control (fasting
plasma glucose and HbA ) and insulin-stimulated whole-body (primarily reflects muscle)
glucose disposal in participants with diabetes, as described previously [7]. Muraglitazar also
increased the mRNA expression of AMPK, suggesting that activation of AMPK signalling
may be involved in the insulin-sensitizing effect of the dual PPARy/a agonist, muraglitazar.
However, the increase in AMPK phosphorylation with muraglitazar did not reach statistical
significance. Poor correlation between changes in mRNA and protein expression have been
reported by Vogel and Marcotte, who demonstrated that ~ 40% of the variation in protein
concentration can be explained by knowing mRNA abundances [19]. They suggest that ~
60% of the variation in protein expression can be explained by post-transcriptional
regulation and measurements [19].

In the present study, enhanced insulin sensitivity was accompanied by a slight increase in
BMI following muraglitazar treatment. Although both groups were instructed to keep their
calorie intake and body weight constant, the placebo-treated group BMI decreased by 3%,
whereas a significant increase of 3% was observed in the muraglitazar group.
Thiazolidinediones, including pioglitazone and muraglitazar, have been associated with
weight gain, which correlates strongly with improvements in glycaemic control [20]. Other
factors have been shown to contribute to this weight gain, including fluid retention. As
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discussed elsewhere, about 30% of the weight gain in our muraglitazar group could be
accounted for by fluid retention. Importantly, we observed no peripheral oedema in our
participants [7].

An increase in plasma adiponectin following muraglitazar treatment was observed in this
study. Consistent with this, we and others have previously shown that thiazolidinediones
increase plasma adiponectin in insulin-resistant rodents and in insulin-resistant humans with
and without Type 2 diabetes [17,21-23]. Previous studies in animals have indicated that
AMPK plays a central role in mediating the metabolic effects of adiponectin [24,25]. In the
present study, the muraglitazar-stimulated increase in plasma adiponectin was associated
with an increase in AMPK gene expression; although a significant increase in AMPK
phosphorylation was not observed. Therefore, it is unclear what role, if any, AMPK plays in
mediating the effect of adiponectin

The present study also allowed us to examine the /in vivo effect of muraglitazar on the
expression of genes involved in adiponectin signalling in skeletal muscle from participants
with Type 2 diabetes. In previous studies, we documented that insulin-resistant participants
with Type 2 diabetes are characterized by reduced adiponectin signalling [26]. Adiponectin
is a hormone that is expressed only by adipocytes and it acts through its receptors, AdipoR1
and AdipoR2. Because we observed an increase in plasma adiponectin concentration and
improvements in insulin-mediated glucose disposal in the muraglitazar-treated group, we
expected to observe changes in both AdipoR1 and AdipoR2 gene expression. It was initially
thought that AdipoR1 was primarily expressed in skeletal muscle, whereas AdipoR2 was
predominantly expressed in liver [27]. However, we previously demonstrated that AdipoR2
is highly expressed in human muscle and may be the predominant isoform through which
adiponectin exerts its insulin-sensitizing effects in skeletal muscle [26]. In the present study,
both AdipoR1 and AdipoR2 mRNA increased following muraglitazar treatment in
participants with Type 2 diabetes. This was similar to our previous finding in individuals
with Type 2 diabetes treated with pioglitazone for 6 months [17]. These results suggest that
muraglitazar works through a similar mechanism to pioglitazone with regard to adiponectin
signalling.

Insulin-resistant muscle exhibits decreased expression of oxidative phosphorylation genes,
including PGC-la [4], which co-ordinately regulate the expression of multiple genes
involved in mitochondrial bioenergetics [4,28]. Previously, we demonstrated that the
pioglitazone-induced increase in peripheral tissue (muscle) glucose disposal was associated
with increased expression of PGC-la and genes that code for mitochondrial and free fatty
acid oxidation in human skeletal muscle [17]. In the present study, we observed increases in
multiple mitochondrial genes in the muraglitazar-treated group. To our knowledge, no other
study has investigated the molecular actions of muraglitazar in human skeletal muscle. We
also documented that intramyocellular fat content is increased in participants with Type 2
diabetes and is reduced following treatment with muraglitazar [7] and pioglitazone [29,30].
The increased expression of multiple genes involved in free fatty acid oxidation in the
present study provides a potential explanation via which muraglitazar reduces muscle fat
content. We did not observe significant changes in AMPK or the expression of AdipoR1,
AdipoR2, PGC-1a and genes involved in mitochondrial function and fat oxidation in the
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placebo-treated group, consistent with findings in a previous study [17]. However, a
limitation of the present study was the small sample size, particularly for the placebo group,
and additional studies with more subjects would be beneficial. Nuclear respiratory factor 1
mRNA content was unchanged following treatment with muraglitazar, a finding similar to
that observed with pioglitazone [17]. Although we observed increases in mMRNAs coding for
genes involved in adiponectin signalling, mitochondrial function and fatty acid metabolism
following muraglitazar treatment, these results may not reflect changes in the abundance of
the proteins associated with these genes, and further studies are warranted to examine this
issue.

In summary, we demonstrate that in participants with Type 2 diabetes, chronic treatment
with muraglitazar increases plasma adiponectin levels and mRNA expression of both
AdipoR1 and AdipoR2 and AMPK in muscle. Muraglitazar also increases expression of
genes involved in mitochondrial function and fat oxidation. We hypothesize that increases in
the expression of genes involved in mitochondrial function and fat oxidation lead to a
decrease in toxic intracellular lipid metabolites (fatty acyl CoA, diacylglycerol, ceramides),
which in turn leads to improvements in insulin signalling and insulin sensitivity in muscle.
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What’s new?

Skeletal muscle insulin resistance is a characteristic feature of Type 2 diabetes
mellitus.

Muraglitazar, a peroxisome proliferator-activated receptor /6 agonist
augments insulin sensitivity, improves p-cell function, mobilizes fat out of the
liver and muscle, and improves dyslipidaemia.

However, the molecular mechanisms by which muraglitazar exert its insulin-
sensitizing effect remain unclear.

This study demonstrates that muraglitazar increases plasma adiponectin levels
and mRNA muscle expression of adiponectin receptors, 5’-monophosphate-
activated protein kinase and genes involved in mitochondrial function and fat
oxidation.

To our knowledge, no other study has investigated the molecular actions of
muraglitazar in human skeletal muscle.
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FIGURE 1.
Effect of treatment with placebo or muraglitazar on mRNA expression of AMPK, AdipoR1

and AdipoR2. The dashed line indicates no change in gene expression. *£ < 0.05 versus pre-
treatment. T~ < 0.05 for the comparison between muraglitazar and placebo therapy-treated
groups. Data are shown as means * se.

Diabet Med. Author manuscript; available in PMC 2019 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Coletta et al.

Total adiponectin (ng/ml)

Page 13

P <0.05

Basal 16-week Basal 16-week
Placebo Muraglitazar

FIGURE 2.
Effect of treatment with placebo or muraglitazar on plasma total adiponectin. T£< 0.01 for

the comparison between muraglitazar and placebo therapy-treated groups. Data are shown as
means = se.
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FIGURE 3.
Effect of treatment with placebo or muraglitazar on expression of peroxisome proliferator-

activated receptor gamma coactivator-1 alpha (PGC-1a and genes involved in mitochondrial
function. The dashed line indicates no change in gene expression. *P < 0.05 versus pre-
treatment. T/~ < 0.05 for the comparison between muraglitazar and placebo therapy-treated
groups. Data are shown as means + se. COX6C, cytochrome ¢ oxidase subunit Vic; CYBS5,
cytochrome b5type B; GATM, glycine amidinotransferase; MEF2C, myocyte enhancer
factor 2C; NDUFAS5, NADH dehydrogenase (ubiquinone) 1-alpha subcomplex, 5; NQO1,
NAD(P)H dehydrogenase, quinine 1; NRF1, nuclear respiratory factor 1; NRF2, nuclear
respiratory factor 2; PGC-1b, peroxisome proliferator-activated receptor gamma
coactivator-1 beta; SIRT1, sirtuin 1; SOD2, superoxide dismutase 2; TFAM, transcription
factor A, mitochondrial; VDACL1, voltage-dependent anion channel 1.
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FIGURE 4.

Effect of treatment with placebo or muraglitazar on expression of genes involved in free
fatty acid oxidation. The dashed line indicates no change in gene expression. *£< 0.05
versus pretreatment. T2 < 0.05 for the comparison between muraglitazar and placebo
therapy-treated groups. Data as means + se. ACADM, acyl-CoA dehydrogenase; CPT1b,
carnitine palmitoyltransferase 1B; CREB1, cAMP-responsive element binding protein 1;
HADH, hydroxyacyl-CoA dehydrogenase; IDH3B, isocitrate dehydrogenase 3 (NAD+)
beta.
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