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ABSTRACT
Aims/Introduction: Low aerobic capacity is a strong and independent predictor of all-
cause mortality in patients with metabolic syndrome (MetS). Here, we investigated the
effects of pioglitazone treatment on whole-body aerobic capacity and skeletal muscle
energy metabolism in MetS patients.
Materials and Methods: A total of 14 male patients with MetS received oral pioglita-
zone 15 mg/day for 4 months. To assess whole-body aerobic capacity, exercise testing
with a bicycle ergometer was carried out before and after pioglitazone treatment. To
assess skeletal muscle energy metabolism, intramyocellular lipid in the resting leg and
high-energy phosphates in the calf muscle during plantar-flexion exercise were measured
using 1proton- and 31phosphorus magnetic resonance spectroscopy, respectively.
Results: Pioglitazone significantly increased peak oxygen uptake (25.1 – 4.9 mL/kg/min
pretreatment vs 27.2 – 3.9 mL/kg/min post- treatment, P < 0.05) and anaerobic threshold
(12.7 – 1.9 mL/kg/min pretreatment vs 13.6 – 1.6 mL/kg/min post-treatment, P < 0.05),
although daily physical activity was comparable before and after the treatment. Intra-
myocellular lipid content was significantly reduced after pioglitazone treatment by 26%,
indicating improved skeletal muscle fatty acid metabolism. Pioglitazone also significantly
decreased the muscle phosphocreatine loss during exercise by 13%, indicating improved
skeletal muscle high-energy phosphate metabolism. Notably, the increase in anaerobic
threshold; that is, submaximal aerobic capacity, closely correlated with the decrease in
intramyocellular lipid content after pioglitazone treatment.
Conclusions: Pioglitazone significantly improved the MetS patients’ whole-body aero-
bic capacity and skeletal muscle energy metabolism. The beneficial effect of pioglitazone
on whole-body aerobic capacity might be at least in part through improved fatty acid
metabolism in the skeletal muscle.

INTRODUCTION
Metabolic syndrome (MetS) is a multifactorial condition char-
acterized mainly by obesity and insulin resistance, which
increases the risk of the development of type 2 diabetes and

cardiovascular disease. The worldwide prevalence of the MetS is
increasing dramatically, leading to both medical and public
health crises worldwide. Furthermore, the rapid growth of the
numbers of individuals with type 2 diabetes worldwide over the
past decade highlights the necessity of early pharmacological
intervention to prevent type 2 diabetes and its complications,
such as macrovascular and microvascular diseases1,2.Received 6 August 2016; revised 17 October 2016; accepted 30 November 2016
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Pioglitazone, an insulin-sensitizing thiazolidinedione, is
widely used for the treatment of type 2 diabetes. Thiazolidine-
diones are known to activate peroxisome proliferator-activated
receptor-c, which is distributed not only in adipose tissue but
also in skeletal muscle, and plays an important role in fatty acid
and glucose metabolism3. Among the various antidiabetic
drugs, pioglitazone has a strong effect on insulin resistance, and
is considered a potential candidate treatment for patients with
MetS4.
Large clinical trials have shown that pioglitazone reduces the

risk of the development of type 2 diabetes in patients with
impaired glucose tolerance5, and reduces the risk of stroke and
acute myocardial infarction in insulin-resistant patients with a
history of ischemic stroke or transient ischemic attack6.
Low aerobic capacity is a more powerful predictor of all-

cause mortality than other established risk factors for cardiovas-
cular diseases in healthy individuals7. We previously showed
that aerobic capacity is lowered in association with impaired
skeletal muscle energy metabolism in MetS patients8,9. Low aer-
obic capacity could independently increase the risks of cardio-
vascular diseases and death in obese and insulin-resistant MetS
patients10,11. These findings support the importance of treat-
ment to improve the aerobic capacity in patients with MetS.
The first-line treatments for MetS are lifestyle interventions,

including exercise and calorie restriction. However, most MetS
patients cannot maintain high physical activity and/or their
optimal bodyweight over a sustained period of time, and conse-
quently they remain at high risk for developing type 2 diabetes
and cardiovascular disease. Therefore, additional treatment to
improve aerobic capacity is clinically beneficial for MetS
patients.
We recently showed that pioglitazone increased aerobic

capacity with improved skeletal muscle mitochondrial function
in diet-induced obese and insulin-resistant mice12, which raises
the possibility that pioglitazone can improve aerobic capacity in
patients with MetS. However, to our knowledge, no study
showing the effect of pioglitazone on aerobic capacity in
humans has been published.
In the present study, therefore, we examined whether piogli-

tazone could improve the aerobic capacity and skeletal muscle
energy metabolism in MetS patients. We also determined
whether the effects of pioglitazone on aerobic capacity are asso-
ciated with improved skeletal muscle energy metabolism.

MATERIALS AND METHODS
Patients
A total of 14 male MetS patients who did not engage in habit-
ual exercise and who were diagnosed with MetS according to
the International Diabetes Federation criteria participated in the
study. All 14 patients were in good health with no evidence of
cardiovascular, hepatic or renal disease, as determined by medi-
cal history and physical examination including screening blood
tests, electrocardiograms and cardiac ultrasounds before the
study. A total of 10 of the 14 patients were treated with

antihypertensive drugs: a calcium antagonist, b-blocker, angio-
tensin-converting enzyme inhibitor, angiotensin II receptor
blocker or diuretic. One patient was also receiving statin ther-
apy. These medications were not altered for at least 3 months
before enrolment or during the study period. The present
report is a part of a large study investigating the impairment of
skeletal muscle energy metabolism in MetS, and thus, part of
the data are from the same patients whose data were published
previously, but in a different context8,9. All patients gave written
informed consent before the study, which was approved by the
Medical Ethics Committee of Hokkaido University Hospital,
and all investigations were carried out according to the guideli-
nes in the Declaration of Helsinki.

Study design
The patients underwent blood tests to evaluate their insulin
sensitivity and lipid profiles after a 10-h overnight fast, followed
by clinical and anthropometric measurements including body
composition determined by an air displacement plethysmo-
graph (BOD POD� Body Composition System; Life Measure-
ment Instruments, Concord, California, USA), and 1proton
(1H) -magnetic resonance spectroscopy (MRS) studies to mea-
sure the intramyocellular lipid (IMCL) content in the resting
leg muscle.
The patients also underwent an exercise test with a bicycle

ergometer to assess their aerobic capacity. 31Phosphorus (31P)-
MRS studies were carried out to assess the high-energy phos-
phate metabolism in the leg muscle during exercise on another
day. Each patient’s daily physical activity was monitored by a
pedometer with an accelerometry sensor (Lifecorder Plus; Suzu-
ken, Nagoya, Japan) for at least 1 week before and after the
pioglitazone treatment. The patients were instructed not to
change any aspect of their lifestyle including diet and physical
activity during the study period. Each patient received oral
pioglitazone 15 mg/day for 4 months. After 4 months of piogli-
tazone treatment, the patients underwent the same tests to eval-
uate the effects of pioglitazone.

Systemic oxidative stress
Each patient’s level of serum thiobarbituric acid reactive sub-
stances, which are lipid peroxides known as a marker of oxida-
tive damage, were measured, as described13. We also measured
the patients’ systemic anti-oxidant defense capacity including
serum thiols and enzymatic activities of superoxide dismutase,
glutathione peroxidase and glutathione reductase, as
described13.

Whole-body aerobic capacity
Whole-body aerobic capacity was assessed by respiratory gas
analysis (Aeromonitor AE-300S; Minato Medical Science,
Osaka, Japan) with a bicycle ergometer. A ramp protocol of
25 watts/min (after a 3-min warm-up) was used for the exer-
cise testing. The respiratory exchange ratio was calculated as
the ratio of carbon dioxide production/oxygen uptake (VO2).

536 J Diabetes Investig Vol. 8 No. 4 July 2017 ª 2016 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

O R I G I N A L A R T I C L E

Yokota et al. http://onlinelibrary.wiley.com/journal/jdi



For the measurement of their peak VO2, the patients were
asked in advance to attain their symptom-limited maximal
point. As an index of perceived effort, the rating of perceived
exertion was evaluated with the 10-point Borg scale. The anaer-
obic threshold (AT) was determined by the V-slope method14,
except in one patient.

IMCL content in skeletal muscle
We measured IMCL content in the patients’ resting tibialis
anterior muscle at the level of the muscle belly of the calf
using 1H-MRS, as described8,9. The IMCL content from one
of the 14 patients could not be measured because of techni-
cal difficulties.

High-energy phosphate metabolism in skeletal muscle
Before the measurement of high-energy phosphate metabolism
in skeletal muscle, one-repetition maximum (1-RM) was deter-
mined, as described8,9. The calf flexor muscle cross-sectional
area at the level of the muscle belly was also measured using
magnetic resonance imaging. After the patient rested for
≥30 min, the high-energy phosphate metabolism in the calf

muscle was measured at rest and during a plantar flexion exer-
cise with the patient in the supine position on the original
apparatus equipped with a 1.5-Tesla (T) whole-body scanner
system (Magnetom Vision VB33G; Siemens, Erlangen, Ger-
many), using 31P-MRS, as described8,9. The exercise protocol
was a constant load of 20% 1-RM at the pace of 40 times/min
for 4 min. Phosphocreatine (PCr) was standardized as (PCr)/
([PCr] + [Pi]) on the basis of the notion that (PCr) + (Pi) is
constant at rest and during exercise, where (PCr) indicates the
concentration of PCr and (Pi) indicates the concentration of
inorganic phosphate (Pi). In addition, the degree of PCr change
(i.e., PCr loss) during exercise was calculated as PCr
loss = standardized PCrrest - standardized PCrlowest, where
PCrrest indicates the PCr level at rest and PCrlowest indicates the
lowest PCr level during exercise.

Statistical analysis
Data are expressed as mean – standard deviation. The values
obtained before and after treatment were compared using
paired t-tests. We examined correlations by carrying out a line-
ar regression analysis using Pearson’s correlation coefficient.
Statistical analyses were carried out using GRAPHPAD PRISM
v5.01 (GraphPad Software, San Diego, California, USA), and
significance was defined as P < 0.05.

RESULTS
Patient characteristics
The patients’ bodyweight, body mass index, percent fat, lean
body mass, waist circumference and blood pressure did not
change after the pioglitazone treatment (Table 1). There was
no significant change in the cross-sectional area of the calf

Table 1 | Patient characteristics before and after pioglitazone treatment

Before (n = 14) After (n = 14)

Age (years) 52 – 11 –
Body weight (kg) 77.5 – 11.1 77.0 – 10.3
Body mass index (kg/m2) 26.6 – 3.3 26.4 – 3.0
Percent fat (%) 28.0 – 3.9 28.8 – 4.2
Lean body mass (kg) 55.2 – 7.9 54.6 – 6.3
Waist circumference (cm) 94.1 – 9.0 93.5 – 8.0
Systolic blood pressure (mmHg) 143 – 13 138 – 15
Diastolic blood pressure (mmHg) 83 – 10 83 – 7
Daily steps (steps/day) 7617 – 3871 6739 – 2374
MCC (kcal/day) 259 – 176 221 – 92

Data are means – standard deviation. MCC, movement-related calorie
consumption.

Table 2 | Blood biochemistry before and after pioglitazone treatment

Before (n = 14) After (n = 14)

Fasting blood glucose (mmol/L) 6.4 – 1.0 5.9 – 0.7*
Insulin (pmol/L) 70 – 60 38 – 17*
HOMA-IR 3.8 – 3.4 1.7 – 0.8*
HbA1c (%) 5.7 – 0.6 5.6 – 0.4
HDL cholesterol (mmol/L) 1.34 – 0.25 1.43 – 0.28
LDL cholesterol (mmol/L) 3.18 – 0.71 3.52 – 0.67
Triglyceride (mmol/L) 1.74 – 0.94 1.14 – 0.59*
Free fatty acids (g/L) 0.17 – 0.09 0.16 – 0.10

Data are mean – standard deviation. *P < 0.05 vs Before. HbA1c, glyco-
hemoglobin; HDL, high-density lipoprotein; HOMA-IR, homeostasis
model assessment of insulin resistance; LDL, low-density lipoprotein.
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Figure 1 | The metabolic syndrome patients’ aerobic capacity before
and after pioglitazone treatment. (a) Peak oxygen uptake (VO2; n = 14).
(b) Anaerobic threshold (AT; n = 13).
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muscle after pioglitazone treatment (57.9 – 9.5 cm2 before
treatment vs 58.2 – 7.4 cm2 after treatment).
The patients’ daily physical activity was characterized by the

number of steps taken and the movement-related calorie con-
sumption, which were both measured by a pedometer. These
two parameters’ values were comparable before and after piogli-
tazone treatment (Table 1), suggesting that similar daily physi-
cal activity occurred during the study period.
The 4-month pioglitazone treatment significantly reduced the

patients’ fasting blood glucose, insulin, homeostasis model
assessment of insulin resistance and triglyceride levels, whereas
it did not change the levels of glycohemoglobin, high-density
lipoprotein cholesterol, low-density lipoprotein cholesterol or
free fatty acids (Table 2).

Systemic oxidative stress
The pioglitazone treatment did not change the patients’ serum
thiobarbituric acid reactive substances (16.5 – 4.4 lmol/L
before vs 15.4 – 3.1 lmol/L after treatment). There were no
significant changes in the systemic anti-oxidant defense capacity
including total thiols (8.4 – 1.5 units/g protein vs
7.6 – 2.5 units/g protein), superoxide dismutase activity
(0.86 – 0.22 units/g protein vs 0.86 – 0.27 units/g protein), glu-
tathione peroxidase activity (13.1 – 1.7 units/g protein vs
13.5 – 1.4 units/g protein) and glutathione reductase activity

(0.99 – 0.18 units/g protein vs 0.99 – 0.16 units/g protein)
from before to after pioglitazone treatment.

Whole-body aerobic capacity
Pioglitazone significantly increased the patients’ peak VO2 (Fig-
ure 1a) and AT (Figure 1b), indicating that pioglitazone
improved the MetS patients’ aerobic capacity. In addition, there
were no significant changes in the patients’ peak respiratory
exchange ratio, peak heart rate or rating of perceived exertion
after the pioglitazone treatment (peak respiratory exchange
ratio: 1.24 – 0.10 before treatment vs 1.22 – 0.11 after treat-
ment; peak heart rate: 144 – 26 b.p.m. before treatment vs
143 – 23 b.p.m. after treatment; rating of perceived exertion:
7.3 – 1.8 before treatment vs 7.8 – 1.6 after treatment), sug-
gesting that the effort at peak exercise was similar.

IMCL content in skeletal muscle
The IMCL content in the resting leg muscles of the MetS
patients was significantly reduced after the pioglitazone treat-
ment (Figure 2a).

High-energy phosphate metabolism in skeletal muscle
We measured 1-RM in MetS patients (42.6 – 6.1 kg) only
before the pioglitazone treatment, assuming that 1-RM would
not be changed throughout the study period, which is
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Figure 2 | The metabolic syndrome patients’ skeletal muscle energy metabolism before and after pioglitazone treatment. The skeletal muscle
energy metabolism was evaluated using (a) 1proton-magnetic resonance spectroscopy and (b–e) 31phosphorus-magnetic resonance spectroscopy.
(a) intramyocellular lipid (IMCL) content. (b) Representative spectra of 31phosphorus-magnetic resonance spectroscopy at rest (left panel) and during
plantar flexion exercise (right panel) in the calf muscle. (c) Standardized phosphocreatine (PCr) level at rest. (d) Muscle PCr loss during exercise. Data
are mean – standard deviation (n = 14, except for IMCL content, which is n = 13). ATP, adenosine triphosphate; Pi, inorganic phosphate.
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supported by the unchanged cross-sectional area of the calf
muscle after the treatment. After the initiation of a constant
load of 20% 1-RM exercise, the PCr level in the patients’ calf
muscle started to decrease, and was finally stabilized within a
few minutes in all experiments. The representative spectra of
31P-MRS at rest and during the plantar flexion exercise are
shown in Figure 2b. The standardized muscle PCr level at rest
was similar before and after the treatment (Figure 2c). The
pioglitazone significantly decreased the muscle PCr loss during
exercise (Figure 2d), suggesting that the MetS patients’ intra-
muscular high-energy phosphate metabolism was improved
after the pioglitazone treatment.

Relationships between the changes in aerobic capacity and
skeletal muscle energy metabolism after pioglitazone
treatment
There was an inverse correlation between the changes in AT
and the changes in IMCL content after the treatment (Fig-
ure 3b), whereas there was no significant correlation between
the changes in peak VO2 and the IMCL content (Figure 3a).
The decrease in muscle PCr loss did not correlate with the
increase in peak VO2 and AT (data not shown).

DISCUSSION
The major finding of the present study was that the 4-month
pioglitazone treatment (15 mg/day) improved the aerobic
capacity characterized by increased peak VO2 and AT in
patients with MetS. The pioglitazone treatment decreased the
resting IMCL content and PCr loss during exercise in the
patients’ leg muscle, indicating that pioglitazone improved
skeletal muscle energy metabolism in these MetS patients.
There was also a significant relationship between the increase
in AT and the decrease in IMCL content after pioglitazone
treatment. The improved skeletal muscle fatty acid metabolism
might thus have contributed to the MetS patients’ increased
aerobic capacity after the pioglitazone treatment.
Low aerobic capacity has been well documented to be a

strong and independent predictor of all-cause mortality in
patients with obesity and insulin resistance10,11. It has also been
shown that the increase in maximal aerobic capacity by each 1-
metabolic equivalent, equivalent to a 3.5-mL/kg/min increase of
peak VO2, confers a 12% improvement in survival7. The mod-
est, but significant, increase in aerobic capacity in the present
study’s MetS patients after the pioglitazone treatment is thus
clinically relevant. In addition, there was no significant differ-
ence in the number of daily steps or movement-related calorie
consumption between before and after pioglitazone treatment,
indicating that the increased aerobic capacity after the pioglita-
zone treatment was independent of the patients’ daily physical
activity.
We observed a decrease in the IMCL content in the MetS

patients after the pioglitazone treatment, which is consistent
with previous studies of patients with impaired glucose toler-
ance15 and patients with type 2 diabetes16. The content of

IMCL, which is triglycerides within the muscle cells, is regu-
lated by both uptake of fatty acids and fatty acid oxidation in
skeletal muscle, and an accumulation of IMCL might be attri-
butable to a reduced capacity for fatty acid oxidation rather
than increased fatty acid uptake in skeletal muscle in obese
patients with insulin resistance17. In addition, it was shown that
pioglitazone increases the gene expression involved in fatty acid
oxidation in the skeletal muscle in patients with type 2 dia-
betes18. These findings support the hypothesis that pioglitazone
might decrease the IMCL content in individuals with MetS
through an increased capacity for fatty acid oxidation in skeletal
muscle.
The results of one of our previous studies showed that MetS

patients had impaired high-energy phosphate metabolism char-
acterized by greater muscle PCr loss during aerobic exercise

–2

10

5

0

–5

–2–3–4–5 –1 210 3

15

r = –0.26, P = 0.39

Pe
ak

 V
O

2 
(m

L/
kg

/m
in

)

    IMCL content
(mmol/kg wet weight)

(a)

r = –0.61, P < 0.05

2

0

3

1

–1

4

AT
 (m

L/
kg

/m
in

)

–2–3–4–5 –1 210 3

    IMCL content
(mmol/kg wet weight)

(b)

Figure 3 | Relationships between the changes in aerobic capacity and
intramyocellular lipid (IMCL) content after pioglitazone treatment. AT,
anaerobic threshold; VO2, oxygen uptake.
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with the constant load of 20% 1-RM8. Muscle PCr works as an
energy reserve in the cytosol and is converted to adenosine
triphosphate (ATP) through creatine kinase reaction to keep
the ATP level constant in the muscle cell19.
PCr + adenosine diphosphate ? ATP + creatine
When mitochondrial ATP production cannot meet the

energy demand under aerobic conditions, the increased amount
of PCr is converted to ATP, which might result in greater PCr
loss. In the present study, the pioglitazone treatment signifi-
cantly decreased muscle PCr loss during low-intensity exercise
in the MetS patients. It was shown that pioglitazone activates
AMP-activated protein kinase, which is known as a key regula-
tor of mitochondrial biogenesis, and that pioglitazone increases
the gene expression involved in mitochondrial function in
human skeletal muscle18. It was also reported that pioglitazone
improves mitochondrial respiratory capacity in skeletal muscle
in patients with type 2 diabetes20. Taken together, all of these
findings show that improved mitochondrial function as well as
increased substrate utilization in skeletal muscle might con-
tribute to the improvement in skeletal muscle energy metabo-
lism after pioglitazone treatment.
We observed that fasting blood glucose, insulin, homeostasis

model assessment of insulin resistance, and serum triglycerides
were decreased after pioglitazone treatment without changing
waist circumference and body composition in MetS patients,
although pioglitazone has been reported to reduce visceral fat
volume in patients with impaired glucose tolerance or type 2
diabetes21. It has been reported that pioglitazone treatment
improves muscle insulin sensitivity as well as adipose tissue
insulin sensitivity22. Several studies have shown that IMCL con-
tent is inversely correlated with muscle insulin sensitivity23.
Therefore, in the present study, pioglitazone treatment
increased systemic insulin sensitivity and decreased serum
triglycerides at least in part through improved skeletal muscle
energy metabolism including fatty acid metabolism in MetS
patients.
In the present study’s MetS patients, the increase in AT, but

not the increase in peak VO2, correlated with the decrease in
IMCL content after the pioglitazone treatment. As fatty acids
are the primary substrate for ATP production in skeletal mus-
cle during low- to moderate-intensity exercise24, it seems rea-
sonable that there was a relationship between the increase in
submaximal aerobic capacity and the improvement in skeletal
muscle fatty acid metabolism after pioglitazone treatment in
our MetS patients. However, as the intensity of exercise is fur-
ther increased, particularly near or at peak intensity, the main
energy sources can be switched to glucose and lactate, which
might be the reason why the increase in peak VO2 did not sig-
nificantly correlate with the improvement in skeletal muscle
fatty acid metabolism after pioglitazone treatment.
In addition to improved fatty acid metabolism in the skeletal

muscle, other mechanisms could also contribute to the
increased aerobic capacity of MetS patients after pioglitazone
treatment. It has been shown that insulin sensitivity per se is

associated with aerobic capacity25. However, in the present
study, the improvement in insulin sensitivity markers including
fasting blood glucose, insulin and homeostasis model assess-
ment of insulin resistance did not correlate with the increase in
aerobic capacity produced by pioglitazone treatment. Pioglita-
zone has been reported to improve endothelial function26,
which can improve aerobic capacity through an increased O2

supply into skeletal muscle. We cannot exclude the contribution
of changes in peripheral blood flow by pioglitazone, because we
did not assess endothelial function.
There are some limitations that should be acknowledged.

First, the small sample size (n = 14) might limit our interpreta-
tion and discussion. Second, the study was not a double-blind
study using a matching placebo. Further randomized clinical
trials with larger sample sizes are required to confirm the data
of the present study.
In conclusion, this is the first study to show that pioglitazone

treatment improved MetS patients’ whole-body aerobic capacity
and skeletal muscle energy metabolism. The increased submaxi-
mal aerobic capacity might be at least in part attributable to the
improved fatty acid metabolism in skeletal muscle after the piogli-
tazone treatment. Although there is no doubt that lifestyle inter-
ventions, such as exercise and diet therapy, are the most desirable
treatment for MetS, the present findings raise the possibility that
pioglitazone can be a potential drug treatment for obese and insu-
lin-resistant patients whose exercise capacity is lowered.
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