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Abstract

Aims/hypothesis—The molecular mechanisms by which thiazolidinediones improve insulin 

sensitivity in type 2 diabetes are not fully understood. We hypothesised that pioglitazone would 

activate the adenosine 5′-monophosphate-activated protein kinase (AMPK) pathway and increase 

the expression of genes involved in adiponectin signalling, NEFA oxidation and mitochondrial 

function in human skeletal muscle.

Methods—A randomised, double-blind, parallel study was performed in 26 drug-naive type 2 

diabetes patients treated with: (1) pioglitazone (n=14) or (2) aggressive nutritional therapy (n=12) 

to reduce HbA1c to levels observed in the pioglitazone-treated group. Participants were assigned 

randomly to treatment using a table of random numbers. Before and after 6 months, patients 

reported to the Clinical Research Center of the Texas Diabetes Institute for a vastus lateralis 

muscle biopsy followed by a 180 min euglycaemic–hyperinsulinaemic (80 mU m−2 min−1) clamp.

Results—All patients in the pioglitazone (n=14) or nutritional therapy (n=12) group were 

included in the analysis. Pioglitazone significantly increased plasma adiponectin concentration by 

79% and reduced fasting plasma NEFA by 35% (both p<0.01). Following pioglitazone, insulin-

stimulated glucose disposal increased by 30% (p<0.01), and muscle AMPK and acetyl-CoA 

carboxylase (ACC) phosphorylation increased by 38% and 53%, respectively (p<0.05). 

Pioglitazone increased mRNA levels for adiponectin receptor 1 and 2 genes (ADIPOR1, 

ADIPOR2), peroxisome proliferator-activated receptor gamma, coactivator 1 gene (PPARGC1) 

and multiple genes involved in mitochondrial function and fat oxidation. Despite a similar 

reduction in HbA1c and similar improvement in insulin sensitivity with nutritional therapy, there 

were no significant changes in muscle AMPK and ACC phosphorylation, or the expression of 

ADIPOR1, ADIPOR2, PPARGC1 and genes involved in mitochondrial function and fat oxidation. 

No adverse (or unexpected) effects or side effects were reported from the study.

Conclusions/interpretations—Pioglitazone increases plasma adiponectin levels, stimulates 

muscle AMPK signalling and increases the expression of genes involved in adiponectin signalling, 

mitochondrial function and fat oxidation. These changes may represent an important cellular 

mechanism by which thiazolidinediones improve skeletal muscle insulin sensitivity.
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Introduction

Skeletal muscle insulin resistance is an early and characteristic feature of type 2 diabetes 

mellitus [1, 2]. Recent studies have implicated mitochondrial dysfunction as an important 

contributing factor in skeletal muscle insulin resistance [3, 4]. We [5] and others [6] have 

demonstrated that insulin-resistant patients have decreased expression of nuclear-encoded 

mitochondrial genes, accompanied by a decrease in expression of the PPARGC1A gene 

encoding peroxisome proliferator-activated receptor gamma, coactivator 1 alpha, a key 

transcriptional factor that regulates the coordinated expression of genes that code for 

multiple mitochondrial proteins.

Thiazolidinediones (TZDs) represent a class of insulin-sensitising agents that have proven 

effective in the treatment of patients with type 2 diabetes. TZDs are high-affinity ligands for 

the transcription factor peroxisome proliferator-activated receptor gamma (PPARG) [7]. 

Activation of PPARG alters the expression of many genes [7, 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]. 

However, TZDs may also improve glucose tolerance via adenosine 5′-monophosphate-

activated protein kinase (AMPK), a fuel gauge and key regulator of both glucose and lipid 

metabolism [15]. Thus, cell culture and animal studies suggest that TZDs work by 

increasing fat cell secretion of adiponectin, which stimulates muscle AMPK. AMPK, in 

turn, augments muscle glucose uptake and fatty acid oxidation, and inhibits hepatic glucose 

production, triacylglycerol synthesis and lipogenesis [16–18]. Despite the widespread 

clinical use of TZDs, the precise molecular mechanisms by which they exert their insulin-

sensitising effects in man remain unclear. Because of the similarities between the metabolic 

effects of AMPK activation and TZDs, we hypothesised that AMPK might play a role in 

mediating the metabolic actions of TZDs. Therefore, the goal of the present study was to 

evaluate whether pioglitazone activates the AMPK pathway and increases the expression of 

genes involved in adiponectin signalling, NEFA oxidation and mitochondrial function in 

human skeletal muscle of type 2 diabetes patients.

Methods

Patients

Twenty-six drug-naive patients with type 2 diabetes participated in the study. All patients 

were free of cardiovascular, renal or major organ disease, as determined by medical history, 

physical examination, screening blood chemistries, complete blood cell count and 

electrocardiogram. Bodyweight was stable (±1 kg) for at least 3 months prior to enrolment 

and no patient participated in an excessively heavy physical activity programme. Patients 

were excluded from the study if they had ever received insulin, metformin, sulfonylureas, 

TZDs, exenatide or dipeptidyl peptidase-IV inhibitor. Four patients in the pioglitazone group 
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and three in the nutritional therapy group had mild hypertension treated with ACE inhibitor 

alone or with a diuretic; two patients in each group were receiving statin therapy. All 

patients gave informed written consent prior to participation in the study, which 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, patients came to the Clinical Research Center (CRC) of 

the Texas Diabetes Institute at 08:00 hours for a screening visit and OGTT. Patients 

consumed a weight-maintaining diet containing 50% carbohydrate, 30% fat and 20% protein 

(wt/wt) and were instructed not to engage in any new physical activity programme during 

the study period. Within 3–7 days, patients returned to the CRC at 08:00 hours after an 

overnight fast for vastus lateralis muscle biopsy [19], followed by a 180 min euglycaemic–

hyperinsulinaemic (80 mU m−2 min−1) clamp [20]. Briefly, a catheter was inserted into an 

antecubital vein for infusion of all test substances. A second catheter was inserted into a vein 

on the dorsum of the hand for blood withdrawal and the hand was placed in a 

thermoregulated box (70°C). At 08:00 hours (−180 min) a prime (9.25×105 Bq×[FPG/

5.55])–continuous (9.25×103 Bq/min), where FPG is fasting plasma glucose (mmol/l), 

infusion of [3-3H]glucose (NEN-Dupont, Boston, MA, USA) was started. Blood samples for 

determination of plasma glucose, insulin, NEFA and adiponectin concentrations and 

[3H]glucose radioactivity were obtained at −30, −20, −10 and 0 min. At 11:00 hours, a 

prime-continuous (80 mU m−2 min−1) insulin infusion was started. Plasma glucose 

concentration was allowed to decrease to 5.6 mmol/l, at which level it was maintained by a 

variable infusion of 20% (wt/vol.) glucose. At −60 min and at the end of the insulin clamp, 

biopsies of the vastus lateralis muscle were obtained. One week after the euglycaemic–

hyperinsulinaemic clamp, patients were randomised to receive pioglitazone, 45 mg/day 

(n=14), or aggressive nutritional therapy (n=12) for 6 months. Prior to randomisation, 

pioglitazone-treated patients received 45 min of dietary advice, consistent with ADA 

guidelines. The medical nutritional therapy group received 10 h of diabetes management in 

an ADA-certified educational programme, an additional 2 h of one-on-one nutritional 

advice, and met with a dietitian for 30 min on each follow-up visit, which occurred monthly. 

After 6 months of treatment, patients returned to the CRC for repeat euglycaemic–

hyperinsulinaemic clamps with muscle biopsies.

Muscle biopsy processing

For mRNA analyses, muscle biopsy specimens were homogenised directly in RNAStat 

solution (Tel-Test, Friendswood, TX, USA), using a Polytron homogeniser (Brinkmann 

Instruments, Westbury, NY, USA). RNA pellets were stored in 75% (wt/vol.) ethanol at 

−80°C. Prior to use, total RNA was purified with RNeasy and DNase I treatment (Qiagen, 

Chatsworth, CA, USA). For immunoblot analysis, muscle samples were weighed while still 

frozen and homogenised in ice-cold lysis buffer (1:10, wt/vol.) containing 50 mmol/l 

HEPES (pH 7.6), 150 mmol/l NaCl, 20 mmol/l sodium pyrophosphate, 20 mmol/l β-

glycerophosphate, 10 mmol/l sodium fluoride, 2 mmol/l sodium orthovanadate, 2 mmol/l 

EDTA (pH 8.0), 1% (vol./vol.) Nonidet P-40, 10% (vol./vol.) glycerol, 1 mmol/l 

phenylmethylsulfonylfluoride, 1 mmol/l MgCl2, 1 mmol/l CaCl2, 10 μg/ml leupeptin and 10 
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fig/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.

Determination of malonyl-CoA

Muscle malonyl-CoA levels were measured following extraction with 10% (wt/vol.) 

trichloroacetic acid. After centrifugation of precipitated proteins and ether extraction, 

samples were lyophilised and stored at −70°C [21]. Malonyl-CoA was assayed with a 

radioactive method using fatty acid synthase [21].

Quantitative real-time PCR

Muscle expression of various genes 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 (Applied Biosystems, Foster City, CA, USA) using TaqMan One 

Step RT-PCR Master Mix reagents and Assay On Demand gene expression primer pairs and 

probes [see Electronic supplementary material (ESM) Table 1]. Expression data were 

normalised by dividing the amount of the gene of interest by the amount of RN18S 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), phospho-

acetyl-CoA carboxylase (ACC) (Ser79) (Cell Signaling), AMPK panα (Cell Signaling) and 

PPARGC1A (Calbiochem, San Diego, CA, USA). ACC was detected using streptavidin 

(Pierce Biotech, Rockford, IL, 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 1:1,000 and 1:2,000, 

respectively. The amount of protein loaded was 40 μg. The membranes were exposed to 

film, and band intensity was quantified using Image Tool Software (University of Texas 

Health Science Center at San Antonio, San Antonio, TX, USA).

Laboratory analyses

Plasma insulin (Diagnostic Products, Los Angeles, CA, USA) and adiponectin (Linco 

Research, St Charles, MO, USA) were measured by RIA, plasma glucose by the glucose 

oxidase method (Beckman Instruments, Fullerton, CA, USA), and HbA1c using a DCA2000 

Analyzer (Bayer, Tarrytown, NY, USA). Plasma NEFA concentration was determined using 

a colorimetric method (Wako, Richmond, VA, USA).

Calculations

During the postabsorptive state, steady-state conditions prevail and the rate of endogenous 

glucose appearance, which equals rate of total body glucose uptake, was calculated as 

[3H]glucose infusion rate (dpm/min) divided by steady-state plasma [3H]glucose specific 

activity (dpm/mg). During the insulin clamp, non-steady-state conditions prevail, and the 

Coletta et al. Page 5

Diabetologia. Author manuscript; available in PMC 2016 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rate of glucose appearance (Ra) was calculated using Steele's equation [22]. The rate of 

endogenous glucose production (EGP) during the insulin clamp equals the tracer-derived Ra 

minus the exogenous glucose infusion rate. The rate of whole-body glucose disposal equals 

the rate of residual EGP plus exogenous glucose infusion rate during the 150–180 min time 

period. The basal hepatic insulin resistance index (IRI) is the product of basal EGP and 

fasting plasma insulin (FPI).

Statistical analysis

All data are expressed as means±SEM. Differences within a group, before vs after treatment, 

were determined using a paired t test. Between-group differences were determined by 

ANOVA. For all analyses, p<0.05 was considered statistically significant.

Results

Patient characteristics and in vivo data

Pioglitazone- and nutritional therapy-treated groups were well matched for age, body weight 

and BMI. Clinical, laboratory and metabolic variables are shown in Table 1. Of the 14 

patients treated with pioglitazone, 11 responded, as defined by a decline in HbA1c ≥0.5%. 

After 6 months of pioglitazone treatment, FPG and HbA1c were reduced by 17% and 15%, 

respectively (both p<0.001), despite increased body weight and BMI (both p<0.05). 

Following pioglitazone treatment, FPI concentrations decreased by 41% (p<0.05), and 

insulin-stimulated glucose disposal increased by 30% (p<0.01). Pioglitazone treatment 

decreased plasma NEFA by 35% (p<0.01). In the nutritional therapy group there was a 

decline in FPG (14%), fasting plasma NEFA (19%) and HbA1c (12%, p<0.05), and insulin-

stimulated glucose disposal increased by 20% (p<0.05) in association with weight loss.

Effect of pioglitazone on AMPK signalling, malonyl-CoA and adiponectin receptor gene 
expression

Pioglitazone treatment increased AMPK phosphorylation in skeletal muscle by 38% (p<0.05 

vs baseline and nutritional therapy; Fig. 1a), while there was no change in the nutritional 

therapy group. Consistent with activation of AMPK, pioglitazone increased ACC 

phosphorylation by 53% (p<0.05 vs baseline and nutritional therapy; Fig. 1b). ACC 

phosphorylation did not change in the nutritional therapy group. There was no difference in 

AMPK and ACC proteins between pioglitazone and nutritional therapy groups at baseline, 

and treatment had no effect on these proteins (data not shown). Plasma adiponectin 

concentration increased by 79% in the pioglitazone group and remained unchanged in the 

nutritional therapy group (Table 1). The increase in plasma adiponectin concentration and 

AMPK phosphorylation in muscle after pioglitazone treatment was accompanied by elevated 

expression of the genes ADIPOR1 (Fig. 2a) and ADIPOR2 (Fig. 2b) for adiponectin 

receptor 1 and 2 (both p<0.05 vs baseline and nutritional therapy). ADIPOR1 and ADIPOR2 
expression did not change in the nutritional therapy group. Pioglitazone (before 2.71±0.36 

vs after 2.75±0.40; p=NS) and nutritional therapy (before 2.76±0.50 vs after 2.75±0.18; 

p=NS) treatment had no effect on muscle malonyl-CoA content.
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Effect of pioglitazone on expression of PPARGC1 and genes involved in mitochondrial 
function

Pioglitazone significantly increased PPARGC1A protein in skeletal muscle (p<0.05 vs 

baseline and nutritional therapy; Fig. 3a), while there was no change in the nutritional 

therapy group. PPARGC1A and PPARGC1B mRNA levels were significantly increased 

following pioglitazone treatment (Fig. 3b,c; p<0.05 vs baseline and nutritional therapy), and 

were unchanged in the nutritional therapy group. Unexpectedly, NRF1, the gene for nuclear 

respiratory factor 1, was not affected by pioglitazone (before 0.87±0.23 vs after 0.86±0.12; 

p=NS). Likewise, NRF-2 was not affected by pioglitazone (before 8.28±2.13 vs after 

8.54±1.78; p=NS). The mRNA levels for a number of nuclear-encoded mitochondrial genes 

and genes encoding for scavenging enzymes that are important in protecting mitochondria 

against the effects of reactive oxygen species are shown in Table 2. The genes encoding 

cytochrome c oxidase subunit VIc (COX6C), NADH dehydrogenase (ubiquinone) 1-alpha 

subcomplex, 5 (NDUFA5), cAMP-responsive element binding protein 1 (CREB1), myocyte 

enhancer factor 2C (MEF2C) and sirtuin 1 (SIRT1) all increased following pioglitazone 

treatment (all p<0.05). There were no significant changes in expression of any mRNAs in 

the nutritional therapy group. In addition, mRNA expression of the genes for NAD(P)H 

dehydrogenase, quinone 1 (NQO1) and superoxide dismutase 2 (SOD2) increased following 

pioglitazone treatment, but did not change in the nutritional therapy group.

Effect of pioglitazone on expression of genes involved in NEFA oxidation

Pioglitazone increased expression of genes required for fatty acid oxidation (Table 2). The 

CPT1B gene for muscle type carnitine palmitoyltransferase 1B, the enzyme that catalyses 

the initial reaction in mitochondrial import of long-chain fatty acids, was significantly 

increased after pioglitazone. Other mRNAs that were increased following pioglitazone 

treatment, but remained unchanged in the nutritional therapy group, included those for the 

genes for acyl-CoA dehydrogenase (ACADM), hydroxyacyl-CoA dehydrogenase (HADH), 

isocitrate dehydrogenase 3 (NAD+) beta (IDH3B), peroxisome proliferator-activated 

receptor alpha (PPARA) and PPARG.

Discussion

Pioglitazone treatment for 6 months significantly improved glycaemic control (FPG and 

HbA1c) and insulin-stimulated whole-body (primarily reflecting muscle) glucose disposal in 

type 2 diabetes patients, consistent with previous results from our laboratory [23, 24] and 

others [25, 26]. Pioglitazone also increased the phosphorylation of AMPK (by 38%) and 

ACC (by 53%), consistent with animal and cell culture studies, which demonstrate that 

TZDs activate AMPK in skeletal muscle [27–29]. Collectively, these observations suggest 

that activation of AMPK signalling is involved in the insulin-sensitising effect of the TZDs.

To exclude the possibility that improved glycaemic control could explain the increases in 

AMPK and ACC phosphorylation, age-, sex- and BMI-matched patients with type 2 diabetes 

were randomised to receive intensive medical nutritional advice. Body weight decreased 

significantly in this group. Despite reduction in HbA1c and improvement in insulin-

stimulated glucose disposal of similar magnitude to that in the pioglitazone-treated group, no 
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changes in phosphorylation of AMPK and ACC were observed. This excludes improved 

glycaemic control as a causative factor in the improved AMPK and ACC phosphorylation 

observed with pioglitazone.

Enhanced insulin sensitivity was accompanied by a 79% increase in plasma adiponectin 

levels (Table 1), consistent with other studies demonstrating that TZDs increase plasma 

adiponectin in insulin-resistant rodents, insulin-resistant individuals without type 2 diabetes, 

and individuals with type 2 diabetes [30–32]. In transgenic mice, TZD-induced stimulation 

of adiponectin secretion from adipocytes plays a key role in its glucose-lowering action [33]. 

In rodents, adiponectin stimulates AMPK activity in muscle, liver and fat [16–18], resulting 

in increased glucose transport in skeletal muscle and adipocytes and enhanced fatty acid 

oxidation in muscle and liver [16–18]. These metabolic effects of adiponectin are blocked by 

inhibiting AMPK activity with a dominant negative mutant [16] and with a chemical 

inhibitor of AMPK [18], indicating that AMPK plays a central role in mediating the 

metabolic effects of adiponectin. The present results are consistent with these observations 

in rodents, but they do not allow us to definitively establish whether the stimulatory effect of 

pioglitazone on AMPK activity is mediated via adiponectin, or represents a possible direct 

effect of the TZD on AMPK. Thus, TZDs have been documented to directly activate AMPK 

in various tissues [28].

The present study also allowed us to examine the in vivo effect of pioglitazone on expression 

of genes involved in adiponectin signalling in skeletal muscle from patients with type 2 

diabetes. Insulin-resistant patients are characterised by reduced adiponectin signalling [34]. 

We observed an increase in mRNAs for ADIPOR1 and ADIPOR2 following pioglitazone 

treatment in insulin-resistant type 2 diabetes patients. Although our results are in contrast to 

some previous studies, it should be noted that the treatment period (6 months) was much 

longer than the studies by Li et al. [35] (3 weeks) and Tan et al. [36] (12 weeks).

Insulin-resistant muscle exhibits decreased expression of oxidative phosphorylation 

(OXPHOS) genes, including PPARGC1 [5, 6], which coordinately regulates the expression 

of multiple genes involved in mitochondrial bioenergetics [37, 38]. In a previous study we 

demonstrated that an experimental increase in plasma NEFA concentration in healthy 

individuals resulted in a 30–40% reduction in insulin-stimulated glucose disposal and 

decreased expression of PPARGC1 and nuclear-encoded mitochondrial genes [39]. In this 

study, we hypothesised that the pioglitazone-induced increase in peripheral glucose disposal 

would be associated with increased expression of PPARGC1 and genes that code for 

mitochondrial proteins. We also hypothesised that genes involved in fatty acid oxidation in 

human skeletal muscle would be upregulated by pioglitazone, since TZDs have been shown 

to increase expression of fatty acid oxidation genes in human subcutaneous adipose tissue in 

vivo [38]. As hypothesised, the present results demonstrate that pioglitazone increased the 

expression of multiple genes involved in mitochondrial function and NEFA oxidation in 

human skeletal muscle in association with an increase in AMPK activity. The causality of 

this association remains to be seen. Consistent with this, polycystic ovary syndrome patients 

treated with pioglitazone for 4 months had increased expression of oxidative 

phosphorylation genes [40]. In contrast, Boden et al. [41] failed to observe any effect of 

TZDs on expression of genes coding for proteins related to mitochondrial function and fatty 
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acid oxidation in skeletal muscle from patients with type 2 diabetes [41]. Likewise, 

Schrauwen-Hinderling et al. [42] demonstrated that rosiglitazone treatment for 2 months did 

not change muscle mitochondrial function in patients with type 2 diabetes. However, the 

treatment period in these studies was much shorter (2 months) than the present study (6 

months), and patients in the prior study were on a variety of other glucose-lowering drugs 

[41], which could plausibly explain the contrasting results. Our results also demonstrate that 

pioglitazone increases the expression of SOD2 and NQO1, genes for enzymes that protect 

cells against the deleterious effects of reactive oxygen species. A prior study also 

demonstrated that adiponectin and 5-aminoimidazole 1 carboxamide ribonucleoside 

(AICAR) increased SOD2 activity in human myotubes [37]. We expected that NRF1 mRNA 

would be upregulated [5], but its expression was unaltered by pioglitazone. Consistent with 

this, a recent study in human subcutaneous adipose tissue also failed to demonstrate any 

effect of pioglitazone on NRF1 expression [38]. Although we observed increases in mRNAs 

coding for genes involved in mitochondrial function and fatty acid metabolism, these results 

may not reflect changes in the abundance of these proteins following pioglitazone treatment, 

and further studies are warranted. Importantly, the mRNA changes observed in the present 

study cannot be explained by improved glycaemic control, since they were not observed in 

patients receiving medical nutritional therapy. In contrast, Civitarese et al. [43] demonstrated 

increased expression of genes encoding proteins involved in mitochondrial function such as 

PPARGC1A, transcription factor A, mitochondrial (TFAM), endothelial nitric oxide 

synthase (eNOS), SIRT1 and presenilin associated, rhomboid-like (PARL) in their energy-

restricted healthy young overweight individuals. Differences in gene expression responses to 

weight loss in the present study vs the study of Civitarese et al. [43] may be explained by 

differences in the study population: diabetic vs normal glucose tolerant; severity of obesity 

(BMI 30.1 vs 27.8 kg/m2); differences in weight loss (1.9 vs 8.3 kg). Another mechanism by 

which pioglitazone could enhance gene expression is via changes in the plasma insulin 

concentration. However, we have previously shown that insulin infusion has no effect on the 

mRNA expression of genes involved in mitochondrial oxidative phosphorylation [44] and 

the plasma insulin concentration decreased, not increased, following TZD therapy.

ACC is a key regulator of fatty acid oxidation and catalyses the conversion of acetyl-CoA to 

malonyl-CoA, a potent allosteric inhibitor of CPT1B. Studies in rat muscle showed that 

stimulation of AMPK by contraction or chemical activation with AICAR causes 

phosphorylation and inactivation of ACC [45, 46]. The decline in ACC activity leads to a 

decrease in malonyl-CoA content, and the resultant increase in CPT1B activity augments 

fatty acid entry into mitochondria for oxidation. Consistent with this scenario, pioglitazone 

increased ACC phosphorylation and expression of CPT1B and multiple genes involved in 

fatty acid oxidation. However, to our surprise, muscle malonyl-CoA levels were not affected 

by pioglitazone. In skeletal muscle from insulin-resistant obese and type 2 diabetic patients, 

Bandyopadhyay et al. [47] demonstrated increased malonyl-CoA levels, which they 

attributed to increased ACC and decreased AMPK activity. In these same patients, 

rosiglitazone treatment for 3 months normalised basal phosphorylated ACC levels, AMPK 

activity and malonyl-CoA [47]. A study in mice demonstrated that rosiglitazone treatment 

for 10 days led to the activation of AMPK and ACC, resulting in a significant reduction in 

both hepatic and muscle malonyl-CoA content [33]. Contrary to results of the present study, 
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activity and protein content of AMPK was not increased following pioglitazone treatment in 

patients with polycystic ovary syndrome [48], suggesting that there may be other 

mechanisms, independent of AMPK, which mediate the effect of TZDs. Dean et al. [49] 

demonstrated that human muscle only has one-tenth of the amount of malonyl-CoA content 

of rat muscle and that acute exercise inhibited ACC activity and increased fat oxidation 

without a detectable reduction in muscle malonyl-CoA content. It is possible that the close 

association between malonyl-CoA content and ACC activity observed in rat muscle [45, 46] 

does not operate in the same manner in humans. Moreover, because of the very low malonyl 

concentration in skeletal muscle, changes would be difficult to detect. This may derive from 

the fact that cytosolic malonyl-CoA is the ACC-derived signal that regulates fat oxidation, 

although malonyl-CoA appears to be present in additional compartments, in particular the 

mitochondria and peroxisomes [50]. Perhaps, total malonyl-CoA in rat muscle better reflects 

cytosolic levels of this metabolite than in human muscle. However, it should be noted that 

the number of muscle biopsy samples available for malonyl-CoA measurement was 

relatively small and additional studies examining the effect of TZDs on muscle malonyl-

CoA content are warranted.

In summary, we demonstrate that in patients with type 2 diabetes, chronic treatment with 

pioglitazone increases plasma adiponectin levels and expression of both ADIPOR1 and 

ADIPOR2, activates AMPK and ACC in muscle, and increases expression of genes involved 

in mitochondrial function and fat oxidation. We hypothesise that the increases in AMPK, 

ACC, CPT1B and 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 improves insulin signalling in muscle and augments insulin sensitivity 

(Fig. 4).
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Fig. 1. 
Effect of pioglitazone and nutritional therapy on AMPK (a) and ACC (b) phosphorylation 

(P). Data are expressed as arbitrary units (AU). Protein extracts were available for 12 

pioglitazone- and nine nutritional therapy-treated patients. Representative blots for two 

patients are shown. *p<0.05 vs pretreatment; †p<0.05 for the comparison between 

pioglitazone- and nutritional therapy-treated groups (change from baseline). Means±SEM
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Fig. 2. 
Effect of pioglitazone and nutritional therapy on mRNA expression of ADIPOR1 (a), and 

ADIPOR2 (b). Expression data were normalised by dividing the amount of the gene of 

interest by the amount of RN18S gene used as an internal control. *p<0.05 vs pre-

treatment; †p<0.05 for the comparison between pioglitazone- and nutritional therapy-treated 

groups (change from baseline). Means±SEM
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Fig. 3. 
a Effect of pioglitazone and nutritional therapy on PPARGC1A protein levels. Data are 

expressed as arbitrary units (AU). Protein extracts were available for 12 pioglitazone- and 

nine nutritional therapy-treated patients. Representative blots for two patients are shown. b, 
c Effect of pioglitazone and nutritional therapy on mRNA expression of PPARGC1A (b) and 

PPARGC1B (c). Expression data were normalised by dividing the amount of the gene of 

interest by the amount of RN18S gene used as an internal control. *p<0.05 and **p<0.01 vs 

pretreatment; †p<0.05 for the comparison between pioglitazone- and nutritional therapy-

treated groups (change from baseline). Means±SEM
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Fig. 4. 
Proposed mechanism of action of pioglitazone. Pioglitazone increases plasma adiponectin 

concentration. AMPK and ACC activity is increased following pioglitazone, which is 

mediated via adiponectin or represents a possible direct effect of pioglitazone on AMPK. 

Pioglitazone stimulates the expression of PPARGC1A, CPT1B and a number of mRNAs 

involved in mitochondrial function and NEFA oxidation. P-, phosphorylated; DAG, 

diacylglycerol; FACoA, fatty acyl CoA
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