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Kalavalapalli S, Bril F, Koelmel JP, Abdo K, Guingab J,
Andrews P, Li WY, Jose D, Yost RA, Frye RF, Garrett TJ, Cusi
K, Sunny NE. Pioglitazone improves hepatic mitochondrial function
in a mouse model of nonalcoholic steatohepatitis. Am J Physiol
Endocrinol Metab 315: E163–E173, 2018. First published April 10,
2018; doi:10.1152/ajpendo.00023.2018.—Pioglitazone is effective in
improving insulin resistance and liver histology in patients with
nonalcoholic steatohepatitis (NASH). Because dysfunctional mito-
chondrial metabolism is a central feature of NASH, we hypothesized
that an important target of pioglitazone would be alleviating mito-
chondrial oxidative dysfunction. To this end, we studied hepatic
mitochondrial metabolism in mice fed high-fructose high-transfat diet
(TFD) supplemented with pioglitazone for 20 wk, using nuclear
magnetic resonance-based 13C isotopomer analysis. Pioglitazone im-
proved whole body and adipose insulin sensitivity in TFD-fed mice.
Furthermore, pioglitazone reduced intrahepatic triglyceride content
and fed plasma ketones and hepatic TCA cycle flux, anaplerosis, and
pyruvate cycling in mice with NASH. This was associated with a
marked reduction in most intrahepatic diacylglycerol classes and, to a
lesser extent, some ceramide species (C22:1, C23:0). Considering the
cross-talk between mitochondrial function and branched-chain amino
acid (BCAA) metabolism, pioglitazone’s impact on plasma BCAA
profile was determined in a cohort of human subjects. Pioglitazone
improved the plasma BCAA concentration profile in patients with
NASH. This appeared to be related to an improvement in BCAA
degradation in multiple tissues. These results provide evidence that
pioglitazone-induced changes in NASH are related to improvements
in hepatic mitochondrial oxidative dysfunction and changes in whole
body BCAA metabolism.

insulin resistance; lipidomics; liver metabolism; mitochondria; non-
alcoholic fatty liver disease

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most com-
mon chronic liver condition in obese patients with prediabetes
or type 2 diabetes mellitus (T2DM) (3, 31). It is characterized
by accumulation of liver fat (LFAT; �5.5%), hepatic insulin

resistance, and dysregulated mitochondrial metabolism (36).
Up to 40% of patients with NAFLD will progress to a more
severe form of disease, nonalcoholic steatohepatitis (NASH),
characterized by inflammation and hepatocellular injury with
or without fibrosis (1, 6). Dysfunctional hepatic mitochondrial
metabolism is a central feature of NAFLD, characterized by
sustained induction of hepatic tricarboxylic acid (TCA) cycle
flux and accumulation of lipotoxic intermediates of incomplete
fat oxidation (e.g., long-chain acylcarnitines, diacylglycerols,
and ceramides) (29, 34, 38). This metabolic milieu in the liver
contributes to what we term mitochondrial oxidative dysfunc-
tion and promotes high rates of reactive oxygen species (ROS)
production and inflammation (33).

Pioglitazone, a thiazolidinedione (TZD), reduces intrahe-
patic triglycerides (IHTG) and improves long-term metabolic
and histological parameters in human patients (2, 7, 32).
Pioglitazone’s beneficial effects on the liver are believed to
occur primarily through peroxisome proliferator-activated re-
ceptor-� (PPAR�)-mediated improvements in adipose tissue
insulin sensitivity and the resultant reduction in free fatty acid
delivery to the liver (8, 10–12). However, this alone does not
fully explain its mode of action in NAFLD, and several pieces
of evidence also suggest a direct action of pioglitazone on the
liver. Pioglitazone reduces endoplasmic reticulum stress and
suppresses inflammatory cytokine signaling in insulin-resistant
mouse liver (19, 41). Furthermore, in isolated hepatocytes,
pioglitazone may ameliorate mitochondrial respiratory chain
activity (9). Consistent with this finding, pioglitazone reduces
the observed elevated gluconeogenic flux observed in patients
with T2DM (5, 13). Furthermore, studies have also shown that
pioglitazone treatment lowers plasma branched-chain amino
acids (BCAAs) (17, 18), whose levels are robustly correlated
with insulin resistance and are predictive of T2DM onset (28,
39). This is significant, considering the emerging hypothesis
that BCAAs can modulate mitochondrial lipid metabolism
during insulin resistance (14, 24, 25).

We hypothesized that pioglitazone’s mechanism of action
involves the alleviation of dysfunctional hepatic mitochondrial
metabolism during NAFLD, specifically by reducing the accu-
mulation of lipotoxic intermediates in the liver and thus reliev-
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ing the metabolic burden on mitochondrial TCA cycle flux.
Our data support this hypothesis, and our findings indicate that
pioglitazone treatment alleviates high-fructose/high-transfat
diet-induced lipotoxicity and improves mitochondrial oxida-
tive flux in the liver. Concurrently, pioglitazone also improved
whole body BCAA metabolism, which could have a significant
impact for improving peripheral and hepatic insulin sensitivity.

RESEARCH DESIGN AND METHODS

Animal studies. Animal studies were approved by the Institutional
Animal Care and Use Committee at the University of Florida.
C57BL/6J mice (Jackson Laboratories, Bar Harbor ME), were ran-
domly assigned either a control diet (C; 10% kcal fat; Research Diets,
no. D09100304) or a high-fructose high-transfat diet (TFD; 40% kcal
fat, 20% kcal fructose, 2% cholesterol; Research Diets, no.
D09100301) for 24 wk to induce NASH, as previously reported (4,
29). Following 4 wk of TFD feeding, a subgroup of mice was
randomly assigned to a custom TFD diet supplemented with piogli-
tazone (0.01%) (PIO; Research Diets, no. D15032301). The 0.01%
pioglitazone enrichment was designed to achieve a daily pioglitazone
intake of 10 mg/kg body wt in mice. Metabolic measurements were
conducted following a total of 20 wk on PIO diet, compared with their
age-matched TFD and control counterparts.

Stable isotope infusions and metabolic analysis in mice. After 24
wk on the diets, ~100 �l of blood was collected during the fed
condition from the tail vein for analysis of plasma pioglitazone and
other metabolites. Mice were then implanted with a jugular vein
catheter for stable isotope infusions. Following 4–5 days of recovery
and an overnight fast, mice were infused with [13C3]propionate
(Cambridge Isotopes, Andover, MA) and [3,4-13C2]glucose (Omicron
Biochemical, South Bend, IN) to evaluate hepatic mitochondrial
metabolism and endogenous glucose production (EGP), respectively
(29, 34). Following 90 min of stable isotope infusions, mice were
euthanized, and plasma and tissue samples were collected and stored
at �80°C for analysis.

Human study design. To determine the impact of pioglitazone on
BCAAs, we studied 50 human subjects who participated in a random-
ized control trial of pioglitazone in managing NAFLD and from
whom plasma was available for the analysis detailed below (7). The
study was approved by the Institutional Review Board of the Univer-
sity of Texas Health Science Center at San Antonio, and all patients
signed a written, informed consent form before any procedures were
done. All the selected patients were diagnosed with prediabetes or
type 2 diabetes mellitus (T2DM) and had biopsy-proven NASH.
Patients with any liver disease other than NASH (i.e., hepatitis B or C,
autoimmune hepatitis, hemochromatosis, Wilson’s disease, or drug-
induced hepatitis), type 1 diabetes, a history of clinically significant
renal, pulmonary, or heart disease or a history of high alcohol intake
(�30 g/day in men or �20 g/day in women) were excluded from the
study. After completion of the initial screening and baseline metabolic
measurements, patients were prescribed a hypocaloric diet (�500
kcal) and were randomized to pioglitazone (Actos, Takeda Pharma-
ceuticals) 45mg daily or placebo for 18 mo. The following clinical and
metabolic assessments were conducted at baseline and were repeated
after 18 mo of pioglitazone (or placebo) therapy: 1) fasting plasma
glucose, fasting plasma insulin, free fatty acids (FFA), and adiponec-
tin concentrations; 2) total body fat (TBF) content measured by
DEXA; 3) intrahepatic triglycerides (IHTG) measured by localized
proton nuclear magnetic resonance spectroscopy; 4) insulin-induced
suppression of EGP and of plasma FFA concentration, and the rate of
glucose disappearance (Rd) measured during a low-dose (10
mlU·m�2·min�1) and high-dose (80 mlU·m�2·min�1) euglycemic-
hyperinsulinemic clamp, respectively, as described previously (7).

Analysis of plasma BCAAs by gas chromatography-mass
spectrometry. Human plasma BCAA concentrations were determined
in baseline samples before start of the insulin infusion and in samples
from the last 30 min of the low-dose and high-dose insulin clamps.
This was repeated at baseline and after 18 mo of pioglitazone
treatment. Plasma BCAA concentrations were measured by isotope
dilution with gas chromatography-mass spectrometry (GC-MS). For
this, a known concentration of internal standard (hydrolyzed [U-
13C,15N]-algae mixture) was added to 50 �l of the plasma. Plasma
samples were deproteinized with cold acetone, and the supernatant
was dried under nitrogen gas before conversion to the amino acids
to their respective tert-butyldimethylsilyl (TBDMS) derivatives
(37). The BCAA derivatives were separated on a HP-5MS column
(30 m � 0.25 mm � 0.25 �m, Agilent) and fragmented under
electron ionization (HP 5973N Mass Selective Detector, Agilent).
The unlabeled BCAAs were compared with their respective inter-
nal standards to calculate their plasma concentrations.

EGP and hepatic mitochondrial TCA cycle metabolism by 13C-
NMR in mice. Glucose in mice’s plasma was converted to the
1,2-isopropylidene glucofuranose derivative (monoacetone glucose)
before 13C isotopomer analysis. Following 13C-NMR, the 13C-mul-
tiplet peak areas in monoacetone glucose were analyzed using 1-D
NMR software ACD/Laboratories, 9.0, before metabolic analysis as
reported previously (34). EGP was determined for the stable isotope
dilution of [3,4-13C2]glucose in mouse plasma. Rates of mitochondrial
anaplerosis, pyruvate cycling and TCA cycle flux were determined
from the relative enrichments of the carbon-2 multiplets in glucose,
following their normalization to EGP (29, 34).

Lipidomic analysis of mouse liver by high-resolution liquid chro-
matography-tandem mass spectrometry. Approximately 15–20 mg of
powdered liver tissue was used to determine the relative concentra-
tions of various lipid classes, including triacylglycerols (TGs), diac-
ylglycerol (DAGs), ceramides (Cer), lysophosphatidylcholine (LPC),
phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phos-
phatidylglycerol (PG) by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS). Liver tissue was homogenized with ceramic
beads in chloroform-methanol (2:1, vol/vol) for Folch extraction of
lipids, following addition of Cer (d18:1/17:0) and d5-DG internal
standard mixture I (Avanti Lipids, Alabaster, AL). Metabolites ex-
tracted were quantified by peak area comparison with their respective
or a representative internal standard. Ionization was performed with
heated electrospray ionization probe (HESI II), and mass spectra were
acquired using a Q-Exactive Orbitrap (Thermo Scientific). Mass
spectra were acquired in full scan mode using data-dependent top5
analysis (ddMS2-top5) in both positive and negative polarity.
MZmine 2.0 (30) was employed for feature processing as described
previously (21). Lipids were identified using LipidMatch (22). Lip-
idMatch default fragmentation criteria using a 5-ppm tolerance for
matching experimental fragment masses to in silico fragment masses
were used: for DAGs, as ammoniated adducts neutral losses of both
fatty acyl chains had to be observed; for Cers, as protonated adducts
both the loss of water and the loss of two waters and the fatty acyl
fragment were required (e.g., m/z 264.2684 for d18:1 containing
Cers); and for Cers, as formate adducts the loss of formate and the loss
of water and the backbone (e.g., m/z 280.2646 for Cer containing 16:0
in the sn2 position) were required. Another 23 types (different adducts
and classes) of Cer included in the LipidMatch libraries were also
queried, including glucosyl Cer and Cer phosphates. After identification,
lipids were quantified using LipidMatch Quant, which uses the closest
eluting standard representative of a lipid class for relative quantification
of each respective feature. Both LipidMatch and LipidMatch Quant are
available at http://secim.ufl.edu/secim-tools/.

Analysis of plasma ketones in mice by GC-MS. Fed and fasted
plasma ketone concentrations were analyzed by stable isotope dilution
using GC-MS. Briefly, a known concentration of internal standard
(3-[13C2]hydroxybutyrate; Cambridge Isotopes, Andover, MA) was
added to 10–20 �l of plasma. The samples were deprotenized with
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500 �l of cold acetone, and the supernatant was dried under nitrogen
gas, followed by convertion of ketones to their TBDMS derivatives,
before separation on a HP-5MS column (30 m � 0.25 mm � 0.25
�m, Agilent) under electron impact ionization (HP 5973N Mass
Selective Detector, Agilent). The unlabeled 3-hydroxybutyrate was
compared with its internal standards to calculate its plasma concen-
tration.

Pioglitazone concentration in mice plasma. Fed plasma was col-
lected from the tail vein. Fed and fasted plasma pioglitazone concen-
trations were measured by a novel LC-MS/MS assay described
previously (20).

Western blotting. Approximately 50 mg of frozen tissues was
homogenized in RIPA buffer (Cell Signaling Technology, Danvers,
MA) containing protease inhibitors (Roche Diagnostics, Indianapolis,
IN). Following SDS-PAGE, proteins were transferred onto to a
nitrocellulose membrane (ProtranTM, Whatman/GE Healthcare, Pis-
cataway, NJ) and incubated with primary antibodies (Cell Signaling
Technology).

Gene expression analysis. Frozen tissues (liver, muscle, and adi-
pose) were ground to fine powder in liquid nitrogen. mRNA was
extracted from the tissues, and 25 ng of cDNA was amplified by
quantitative real-time PCR (CFX Real Time System, Bio-Rad, C1000
Touch Thermal Cycler), as reported previously (37). The comparative
threshold method was used to determine relative mRNA levels with
cyclophilin as the internal control.

Biochemical measurements. Fed and fasted FFA concentrations
were determined using an analytical kit (Wako chemicals, Richmond,
VA). Fed and fasted plasma insulin was measured by enzyme-linked
immunoassay using the mouse Insulin ELISA kit (Crystal Chem,
Downers Grove, IL). Plasma and liver TG concentrations were deter-
mined using an analytical kit from Sigma (St. Louis, MO).

Statistical analysis. Data are presented as means � SE, and differ-
ences between groups were analyzed using ANOVA. Pairwise mean
comparisons were done using an unpaired t-test, and differences were
considered significant at P � 0.05 and as trends at P � 0.10. Multivariate
analysis was conducted on the various classes of lipids, using partial least
squares discriminant analysis (PLS-DA; in MetaboAnalyst 3.0), to max-
imize the separation between groups of observations and to understand
which variables were responsible for the observed separation. A quality
of prediction (Q2) value greater than 0.5 and an index of reproducibil-
ity of the PLS-DA model (R2) value greater than 0.6 were considered
good for the PLS-DA analysis of all the classes of lipids. Correlation
analyses between BCAAs and measurements of insulin sensitivity in
human subjects (hepatic and plasma FFA suppression by insulin and
Rd) were conducted using Pearson’s correlation in Stata 11.1 software
(StataCorp, College Station, TX).

RESULTS

Pioglitazone administration improved whole body insulin
sensitivity and adipose tissue metabolism in mice with NASH.
Plasma concentration of pioglitazone during the fed conditions
(3,492 � 154 ng/ml) were 15-fold higher than the fasting
values (203 � 18 ng/ml). The plasma metabolic and hormonal
profile following pioglitazone administration in mice with
NASH (Table 1) illustrates improvement in whole body insulin
sensitivity. Treatment with pioglitazone lowered fasting plasma
glucose levels in mice with NASH (TFD: 109 � 8 vs. PIO:
88 � 4 mg/dl, P � 0.04). Whereas the fasting plasma insulin
levels remained similar between TFD-fed mice and those
administered pioglitazone, there was a significant decrease in
fed insulin levels in mice administered pioglitazone in their
diets (TFD: 1.5 � 0.2 vs. PIO: 0.9 � 0.1 ng/ml, P � 0.03).
There was also a decrease in fed plasma FFA (TFD:
0.36 � 0.04 vs. PIO: 0.23 � 0.03 mM, P � 0.04) and ketones
(TFD: 134 � 22 vs. PIO: 85 � 3 �M, P � 0.07) in the mice
administered pioglitazone. The fed-to-fasted differences in
plasma FFA and ketone levels following pioglitazone admin-
istration, relative to the TFD fed mice and control mice
indicate increased sensitivity to insulin stimulation following
pioglitazone treatment.

Concurrently, pioglitazone-treated mice had higher plasma
adiponectin levels relative to their TFD fed counterparts (TFD:
5.8 � 0.3 vs. PIO: 8.7 � 0.5 �g/ml, P 	 0.01). Moreover,
adipose tissue gene expression analysis demonstrated increased
Ppara and Pparg activity and decreased activity of Tnfa, Il6,
and Ucp2 following pioglitazone administration (Fig. 1). Insu-
lin signaling in adipose tissue also tended to improve in
response to pioglitazone administration, as reflected by the
enhanced phosphorylation of Akt Thr308 relative to TFD feed-
ing. Taken together, these results suggest that pioglitazone
action improves adipose tissue insulin action and whole body
insulin sensitivity.

Pioglitazone administration decreased hepatic mitochon-
drial oxidative flux in mice with NASH. Although pioglita-
zone’s beneficial effects on adipose tissue and peripheral in-
sulin sensitivity are relatively well documented (8, 10), its
effect on hepatic mitochondrial metabolism remains unclear.
On the basis of the fact that chronic overactivity of hepatic

Table 1. Metabolic characteristics of C57BL/6J mice fed either control (C), high-fructose/high-transfat (TFD), or TFD diet
supplemented with pioglitazone (PIO)

C TFD PIO P

Body weight, g 36.3 � 1.0 38.9 � 1.3 36.5 � 0.5‡ 0.131
Plasma glucose, (fasting) mg/dl 88 � 5 109 � 8* 88 � 4‡ 0.036
Plasma insulin (fed), ng/ml 1.1 � 0.2 1.5 � 0.2 0.9 � 0.1‡ 0.127
Plasma insulin (fasting), ng/ml 0.20 � 0.03 0.17 � 0.02 0.16 � 0.01 0.220
Plasma FFA (fed), mM 0.23 � 0.04 0.36 � 0.04 0.23 � 0.03‡ 0.046
Plasma FFA (fasting), mM 0.60 � 0.05 0.45 � 0.06 0.43 � 0.03† 0.068
Plasma ketones (fed), �M 82 � 8 134 � 22* 85 � 3 0.034
Plasma ketones (fasting), �M 732 � 16 506 � 30* 501 � 47† 	0.001
Plasma triglyceride (fasting), mg/ml 1.0 � 0.02 1.3 � 0.2 1.6 � 0.1† 0.022
Plasma adiponectin (fasting), �g/ml 8.6 � 0.2 5.8 � 0.3* 8.7 � 0.5‡ 	0.001
Plasma pioglitazone (fed), ng/ml — — 3492 � 154
Plasma pioglitazone (fasting), ng/ml — — 203 � 18
Liver weight, g 1.4 � 0.1 3.1 � 0.3* 2.5 � 0.1† 	0.001
Liver triglyceride, mg/g liver 126 � 17 322 � 19* 275 � 24† 	0.001
Liver triglyceride, mg/whole liver 174 � 33 994 � 106* 751 � 87† 	0.001

Values are means � SE (n � 5–7 per group). FFA, free fatty acids. *P � 0.05 C vs. TFD; ‡P � 0.05 TFD vs. PIO; †P � 0.05 C vs. PIO.
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oxidative metabolism, especially through the TCA cycle, is a
central feature of NAFLD (23, 29, 34, 38), we tested pioglita-
zone’s ability to alleviate mitochondrial oxidative burden. The
reduction in fasting blood glucose concentrations with piogli-
tazone (Table 1) was associated with a trend toward a lower

rate of EGP (Fig. 2A) and a significant decrease in nutrient flux
through the hepatic mitochondrial TCA cycle (Fig. 2B; TFD:
9.1 � 1.2 vs. PIO: 5.3 � 0.4 �mol/min, P 	 0.01). Further-
more, there were also concomitant lowering of total mitochon-
drial anaplerosis (Fig. 2C; TFD: 26.0 � 4.7 vs. PIO:
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15.6 � 0.9 �mol/min, P � 0.03) and pyruvate cycling (Fig.
2D; TFD: 20.0 � 4.1 vs. PIO: 10.2 � 0.8 �mol/min, P � 0.02)
in response to pioglitazone. Taken together, these data provide
evidence of an overall pioglitazone-induced reduction in the
activity of mitochondrial TCA cycle metabolism. However, the
high rates of total anaplerosis, which reflects the activity of

pyruvate carboxylase enzyme and is closely coupled to phos-
phoenolpyruvate carboxykinase and cataplerosis, was tightly
correlated to hepatic TCA cycle flux (Fig. 2E). This correlation
is a robust reflection of the close association between hepatic
TCA cycle and gluconeogenesis (29, 34, 38). Thus, pioglita-
zone’s glucose-lowering effects could be partly mediated
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through reduced gluconeogenesis fueled by the hepatic TCA
cycle.

Pioglitazone administration decreased hepatic TG content
and improved the lipidomic profile of the liver in mice with
NASH. As expected, pioglitazone administration reduced liver
TG accumulation in the liver of mice fed the TFD diet (Table
1). We then determined whether the reduction in total TG
accumulation following pioglitazone also translated to an im-
provement in the lipidomic profile of multiple lipid classes in
the liver, utilizing high-resolution LC-MS/MS based metabo-
lomics. Along with total hepatic lipid content, various classes
of lipids, including TAGs and DAGs, showed significant re-
ductions in pioglitazone-administered mice (Fig. 3). To maxi-
mize the separation between groups of observations and un-
derstand which variables are responsible for the separation, we
conducted PLS-DA analysis with the cut-off for the quality of
prediction (Q2) and the reproducibility of the model (R2) indees
for all the classes of lipids at Q2 �0.5 and R2 �0.6. The
pioglitazone-induced change in the lipidomic profile is illus-
trated through the clear separations in the PLS-DA score plots
of the total lipids (Fig. 3B), TGs (Fig. 3D), DAGs (Fig. 3F),
and Cer (Fig. 3H). These separations were indeed further
evident through the targeted metabolomics analysis, which
demonstrated significant reductions in several specific TGs,
DAGs, and Cer species following pioglitazone treatment (Fig.
4, A–C). Taken together, with the significant reduction in
mitochondrial TCA cycle flux, pioglitazone-induced changes
in lipidomic profiles clearly illustrate increased efficiency of
the mitochondrial fat oxidation machinery. Pioglitazone ad-
ministration in mice was also accompanied by a significant
lowering of Srebp1c gene expression, compared with the
TFD-fed mice with NASH (expression relative to control
mice � SE: TFD, 2.48 � 0.26; PIO, 1.18 � 0.21). Taken to-
gether, with the improvements in lipidomic profiles, the lower
expression of Srebp1c in the pioglitazone-administered livers
could be evidence of improvements in lipid storage mecha-
nisms. Pioglitazone administration also resulted in statistically
significant changes in lipid intermediates from other classes,
including LPCs, PCs, PEs, and PGs. While these changes
clearly illustrate the ability of pioglitazone to alter lipid profile,
the interpretation of the directionality of these changes and
their clinical relevance, is beyond the scope of this paper but
presents an attractive avenue for future studies.

Pioglitazone improved plasma BCAA profiles in human
subjects with NASH. There is growing evidence pointing to
significant cross-talk between lipid metabolism and changes in
BCAA metabolism during insulin resistance, obesity, and their
comorbidities (24–26). Considering this, we investigated
whether pioglitazone treatment also resulted in a parallel im-
provement in plasma amino acid profiles in human subjects
with NASH under basal conditions as well as under low vs.
high hyperinsulinemic-euglycemic clamp conditions. Baseline
metabolic characteristics of human subjects randomized to
either pioglitazone or placebo treatment are presented in Table
2. As can be observed, no important differences were observed
between the groups at baseline. Pioglitazone administration for
18 mo resulted in lower levels of BCAAs compared with
placebo under both basal fasting conditions and during the
euglycemic-hyperinsulinemic clamp (Fig. 5, A–C). Of note, the
change in suppression of all the three BCAAs after 18 mo of
pioglitazone treatment, determined under a high-dose insulin

clamp, correlated well with the corresponding change in sup-
pression of plasma FFA and with whole body insulin-stimu-
lated glucose uptake (Rd) (Fig. 5, D–I; P � 0.10 and P � 0.01,
respectively). These results point to a dynamic interaction
between pioglitazone-driven changes in the adipose tissue and
skeletal muscle and BCAA metabolism. More importantly,
these results also suggest that the beneficial effects of piogli-
tazone treatment extend beyond the normal paradigm of im-
proving lipid accumulation in the liver.

Pioglitazone normalized the gene expressions of enzymes
involved in BCAA degradation in multiple tissues. In a modest
effort to determine whether pioglitazone could influence the
activity of enzymes involved in the degradation of BCAAs, we
determined the gene expression patterns of Bckdha and Bcat2
in multiple tissues from mice administered pioglitazone in their
diets. Interestingly, in all three tissues, liver, skeletal muscle,
and adipose tissue, the expressions of both Bckdha and Bcat2
were induced by pioglitazone administration compared with
their TFD-fed counterparts (Fig. 6). These results suggest that
pioglitazone can normalize dysfunctional BCAA degradation.
This, in turn, could be responsible for the improvements in
plasma BCAA profile observed in human subjects with NASH.

DISCUSSION

The therapeutic management of NAFLD with pioglitazone
has been gaining prominence with the recent evidence of the
long-term ability of pioglitazone to improve hepatic and pe-
ripheral insulin sensitivity, hepatic steatosis, and liver histol-
ogy in patients with NASH (7). Despite these findings, it has
never been tested whether these improvements in liver histol-
ogy and hepatic steatosis with pioglitazone correlate with
changes in mitochondrial metabolism and/or alleviation of the
lipotoxic lipid profile, usually associated with NAFLD. Utiliz-
ing a mouse model of hepatic insulin resistance and NASH (4,
29), we show that the beneficial metabolic effects of pioglita-
zone in the liver are indeed mediated, at least in part, by
enhancing mitochondrial TCA cycle metabolism with a con-

Table 2. Baseline metabolic characteristics of human
subjects randomized to either placebo or pioglitazone
treatment

Placebo
(n � 23)

Pioglitazone
(n � 27) P

Age, yr 54 (9) 54 (8) 0.98
Sex (male), n (%) 74% 70% 0.78
Type 2 diabetes mellitus, n (%) 70% 63% 0.62
Body mass index, kg/m2 34.3 (4.7) 33.8 (4.9) 0.68
Total body fat by DEXA, % 34 (8) 32 (7) 0.60
Liver fat, % 16 (9) 18 (9) 0.65
Fasting plasma glucose, mg/dl 128 (31) 128 (33) 0.98
A1c, % 6.5 (0.9) 6.6 (1.1) 0.68
Fasting plasma insulin, �U/ml 19 (11) 14 (10) 0.07
FFA, mmol/l 0.57 (0.19) 0.49 (0.17) 0.12
Aspartate aminotransferase, U/l 51 (28) 57 (31) 0.46
Alanine aminotransferase, U/l 76 (45) 76 (46) 0.99
Adiponectin, �g/ml 8.2 (5.4) 9.1 (4.8) 0.53
Suppression of FFA by insulin, % 40 (19) 46 (21) 0.34
Suppression of EGP by insulin, % �0.4 (0.2) �0.4 (0.2) 0.77
Rd, mg kgLBM�1 min�1 4.8 (2.7) 6.5 (3.5) 0.05

DEXA, dual-energy X-ray absorptiometry; EGP, endogenous glucose pro-
duction; Rd, insulin-stimulated glucose disposal. Continuous variables pre-
sented as means (SD).
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comitant improvement in the lipidomic profile. Furthermore,
we also identified that pioglitazone’s therapeutic value extends
beyond the normal paradigm of improving whole body lipid
metabolism, also alleviating dysfunctional BCAA metabolism
(18). These results suggest that pioglitazone targets insulin
resistance across multiple tissues and mechanisms in NASH.

Pioglitazone is a PPAR� agonist, thought to act primarily
through improving adipose tissue function and in turn whole
body insulin sensitivity (6, 8, 36). Indeed, pioglitazone’s well
known beneficial effects on adipose tissue and whole body
insulin sensitivity were replicated in our mice model of NASH
following pioglitazone treatment for 16 wk. Pioglitazone ad-
ministration to TFD-fed mice resulted in a range of beneficial
metabolic effects, including lowering of fed plasma insulin and

FFA levels, normalization of plasma adiponectin levels, and
improvements in adipose tissue gene expression of Ppara,
Pparg, Tnfa, Il6, and Ucp2, together with modest improve-
ments is phosphorylation of Akt in adipose tissue. These
effects of pioglitazone point not only to improvements in
adipose tissue insulin sensitivity, but also on the impact of
pioglitazone to improve whole body insulin resistance, as
previously documented in in vivo mouse models and in hu-
mans (7, 11, 12).

We then focused our investigations to identify how piogli-
tazone impacts hepatic metabolism, specifically mitochondrial
TCA cycle, and accumulation of lipotoxic metabolites in the
liver. Dysfunctional mitochondrial lipid metabolism is a cen-
tral feature of NAFLD (23, 34, 36, 38). Mitochondria in the
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Fig. 5. Impact of pioglitazone on plasma branched-chain amino acid (BCAA) metabolism in human subjects with NASH. Pioglitazone lowered plasma BCAA
levels following 18 mo of treatment, as illustrated under low- and high-dose euglycemic insulin clamp for (A) leucine, (B) isoleucine, and (C) valine. The change
in suppression of BCAAs following pioglitazone treatment, plotted against the change in suppression of plasma free fatty acid (FFA) levels (measured under a
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liver integrates several critical pathways of energy metabolism
(e.g., �-oxidation, TCA cycle, and mitochondrial respiration),
which fuels glucose production and lipid synthesis. Our labo-
ratory and others’ have provided evidence that hepatic insulin
resistance and inflammation closely mirror alterations in mito-
chondrial energy metabolism in both rodents and humans with
NAFLD (23, 33, 34). During NAFLD, FFA overload and
dysfunctional mitochondrial energy metabolism also result in
the accumulation of lipotoxic intermediates (e.g., ceramides,
DAGs) and oxidative stress (29). We first tested whether
pioglitazone administration along with TFD diet, could re-
model mitochondrial TCA cycle metabolism. Compared with

mice with NASH, pioglitazone administration resulted in a
significant downregulation of hepatic TCA cycle fluxes. It
would be logical to assume that the lower activity of the
hepatic TCA cycle could be a response to the lower rate of FFA
delivery to the liver (7, 10, 12), a consequence of improved
adipose tissue insulin sensitivity.

Pioglitazone’s ability to lower hepatic mitochondrial metab-
olism could have significant implications in slowing down the
progression of liver disease from simple steatosis to NASH. An
emerging body of evidence both in mouse models and in
human subjects point to a hepatic mitochondrial remodeling
resulting in a chronic induction of oxidative metabolism during
simple steatosis and NASH (16, 23, 29, 34, 38). The induction
of mitochondrial oxidative metabolism could be specific to the
stage of the liver disease, for example lower induction in
NASH compared with simple steatosis, highlighting an inflex-
ibility of the liver mitochondria to efficiently adapt to lipid
burden (23). Irrespective of this, chronic and sustained induc-
tion of mitochondrial oxidative metabolism could sustain in-
flammatory pathways, ROS production, and oxidative stress
(33). Thus, we believe that a further therapeutic induction of
mitochondrial oxidative metabolism with the goal of alleviat-
ing lipid burden on the hepatocyte, under conditions of NA-
FLD, will only worsen mitochondrial function and oxidative
stress. Consequently, pioglitazone’s ability to modulate and
lower hepatic TCA cycle activity could be beneficial in opti-
mizing the mitochondrial oxidative machinery and relieving
oxidative stress on the hepatocyte.

Pioglitazone’s impact on mitochondrial TCA cycle function
could be put into perspective by considering its impact on
improving the lipidomic profile in the liver. Apart from the
significant lowering of the total hepatic lipid content, pioglita-
zone also decreased accumulation of several species of Cer and
DAGs in comparison to mice with NASH. This significant
effect of pioglitazone is illustrated by 1) the reduction in total
hepatic content of these metabolites, 2) the PLSDA score plots
of individual metabolite classes, demonstrating clear separa-
tion between the pioglitazone-administered group and mice
with NASH, and 3) the targeted lipidomic analysis of TGs,
DAGs, and Cer highlighting significant lowering of several
individual species in response to pioglitazone administration.
Taken together with the downregulation of hepatic TCA cycle
metabolism, the improved lipidomic profile after pioglitazone
administration points to an overall improvement in the effi-
ciency of hepatic mitochondrial fat oxidation and lipid storage
mechanisms. The substantial lowering of fed plasma ketones
and upregulation of Srebp1c, a master regulator of lipid stor-
age, following pioglitazone administration also attest to a
significant improvement in the mitochondrial fat oxidation and
lipid storage machinery, respectively.

The cross-talk between BCAAs and mitochondrial lipid
metabolism is an emerging area of interest in the etiology of
insulin resistance and NAFLD (24, 25, 37). We wanted to
determine whether the pleiotropic effects of pioglitazone action
extend into modulating BCAA metabolism. First, we deter-
mined the ability of pioglitazone to modulate plasma BCAAs
in human subjects with NASH. Indeed, 18 mo of pioglitazone
treatment lowered plasma BCAA levels under fasting basal
conditions and also under low- and high-dose euglycemic-
hyperinsulinemic clamps. Although these results cannot be
taken as proof for a specific effect of pioglitazone on BCAA
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metabolism, we identified significant correlations between the
change in suppression of BCAAs under a high-dose insulin
clamp after pioglitazone treatment and a similar change in
suppression of FFA. A significant correlation was also found
between the change in suppression of BCAAs under a high-
dose insulin clamp after pioglitazone treatment and similar
change in glucose Rd. These observations point to the potential
impact of pioglitazone on adipose tissue and muscle, respec-
tively, in modulating plasma BCAA levels. These pioglita-
zone-mediated effects could also indirectly result in improve-
ments in hepatic insulin sensitivity. To further determine
whether pioglitazone’s tissue-specific actions is mediated
through modulating BCAA catabolism, we determined tissue-
specific gene expression of Bckdha and Bcat2 in liver, muscle,
and adipose tissue of mice supplemented with pioglitazone
compared with their counterparts with NASH. There was an
overall induction of both Bckdha and Bcat2 in all the three
tissues in response to pioglitazone administration in mice.
Considering the fact that defects in BCAAs degradation are
central to insulin resistance (15, 27, 35, 40), improvement in
BCAA catabolism is another significant beneficial effect of
pioglitazone treatment in the setting of NAFLD.

In summary, the results above offer unique insights to
understanding the mechanism of action of pioglitazone. In a
well-established animal model of NAFLD, in addition to well-
established effects on adipose tissue and peripheral insulin
sensitivity, pioglitazone had an important effect on hepatic
TCA cycle flux, anaplerosis, and pyruvate cycling and was
associated with a marked reduction in hepatic steatosis and
toxic lipid metabolites (i.e., DAGs). In human subjects,
changes induced by the thiazolidinedione on insulin resistance
were associated with positive changes in BCAA metabolism, a
novel observation that opens a new avenue for their role in
NAFLD. Taken together, the data above indicate that piogli-
tazone may exert a broad spectrum of metabolic effects in
NASH that clearly deserves future exploration.
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