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SUMMARY

The efficacy of TZD on resolving liver pathology is limited,
and that could be due to the activation of peroxisome
proliferator-activated receptor gamma (PPARg) in hepato-
cytes. By knocking out hepatocyte-specific PPARg in mice,
we explored the pathogenic role of this receptor in the
development of NASH in the presence of TZD, revealing
novel mechanisms in NASH.

BACKGROUND & AIMS: Nonalcoholic steatohepatitis (NASH) is
commonly observed in patients with type 2 diabetes, and
thiazolidinediones (TZD) are considered a potential therapy for
NASH. Although TZD increase insulin sensitivity and partially
reduce steatosis and alanine aminotransferase, the efficacy of
TZD on resolving liver pathology is limited. In fact, TZD may
activate peroxisome proliferator-activated receptor gamma
(PPARg) in hepatocytes and promote steatosis. Therefore, we
assessed the role that hepatocyte-specific PPARg plays in the
development of NASH, and how it alters the therapeutic effects
of TZD on the liver of mice with diet-induced NASH.
METHODS: Hepatocyte-specific PPARg expression was
knocked out in adult mice before and after the development of
NASH induced with a high fat, cholesterol, and fructose (HFCF)
diet.

RESULTS: HFCF diet increased PPARg expression in hepa-
tocytes, and rosiglitazone further activated PPARg in
hepatocytes of HFCF-fed mice in vivo and in vitro.
Hepatocyte-specific loss of PPARg reduced the progression
of HFCF-induced NASH in male mice and increased the
benefits derived from the effects of TZD on extrahepatic
tissues and non-parenchymal cells. RNAseq and metab-
olomics indicated that HFCF diet promoted inflammation
and fibrogenesis in a hepatocyte PPARg–dependent manner
and was associated with dysregulation of hepatic meta-
bolism. Specifically, hepatocyte-specific loss of PPARg plays
a positive role in the regulation of methionine metabolism,
and that could reduce the progression of NASH.

CONCLUSIONS: Because of the negative effect of hepatocyte
PPARg in NASH, inhibition of mechanisms promoted by
endogenous PPARg in hepatocytes may represent a novel
strategy that increases the efficiency of therapies for NAFLD.
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T(NAFLD) is 25% in the general population and can
be as high as 80% in patients with type 2 diabetes.1,2 The
main pathologic features of NAFLD are hepatic steatosis and
insulin resistance. Nonalcoholic steatohepatitis (NASH) is an
advanced pathologic state of NAFLD that is characterized by
severe inflammation, hepatocyte ballooning, and liver
damage in the presence or absence of fibrosis.3 Only a small
percentage of patients with NAFLD progresses to NASH, but
in those with type 2 diabetes, the progression to NASH is 10
times higher (37%) than in the general population.2

Although NAFLD and NASH are reversible conditions, the
multiple mechanisms that promote this disease and the lack
of a Food and Drug Administration–approved medical
treatment make NAFLD a significant burden on the health-
care system.

Because insulin resistance is a common feature in the
pathogenesis of diabetes and NAFLD, thiazolidinediones
(TZD), a class of insulin sensitizing drugs used as second-
line oral therapy for diabetes, have been tested for their
ability to reduce and reverse NAFLD.4–7 In extrahepatic
tissues, TZD activate peroxisome proliferator-activated re-
ceptor gamma (PPARg), increase the sensitivity to insulin,
and redirect lipids away from the liver.8,9 In addition, TZD
activate PPARg in hepatic macrophages and hepatic stellate
cells, thereby reducing inflammation and fibrosis, respec-
tively.10 In clinical trials, TZD have consistently improved
insulin sensitivity, steatosis, and plasma alanine amino-
transferase (ALT) levels in NASH patients, but with only
modest improvement in liver histology.4–7 Although TZD are
effective in reducing insulin resistance and improving
glucose control of diabetic subjects, it is not clear why these
actions do not translate directly into improved histologic
features of NAFLD.

The expression of PPARg is low in the lean liver as
compared with that of muscle and adipose tissue.9 However,
hepatic PPARg expression increases in patients with stea-
tosis and steatohepatitis,11,12 and several reports identified
PPARg-regulated hepatic genes and pathways as relevant
mechanisms involved in the development of NAFLD.13–15 In
fact, we and others have shown that hepatocyte PPARg
promotes steatosis in mice fed a high fat diet because it
increases de novo lipogenesis (DNL) and fatty acid uptake in
hepatocytes.16–20 These mechanisms are associated with the
development of liver injury and progression to NAFLD.3

Because of the positive association between hepatocyte
PPARg and the steatogenic mechanisms that could promote
NASH, we hypothesized that the therapeutic actions of TZD
on NAFLD patients are diminished by the TZD-mediated
activation of PPARg in hepatocytes. To test our hypothe-
sis, we knocked out the Pparg gene in adult hepatocytes
before and after dietary-induced NASH. Our results highlight
that hepatocyte-specific loss of PPARg protects mice from
NAFLD and increases the benefits derived from the effects of
TZD on extrahepatic tissues and non-parenchymal cells of
the liver.

Results
Hepatocyte-Specific Loss of PPARg Protects
Mice From High Fat, Cholesterol, and Fructose
Diet–Induced NASH

Adult-onset hepatocyte-specific PPARg knockout
(PpargDHep) mice were generated by using 10-week-old
chow-fed Ppargfl/fl mice with adeno-associated virus (AAV)-
delivered Cre recombinase, whereas Ppargfl/fl mice treated
with AAV-Null vector served as controls (see Methods). Two
weeks later, a subset of mice in each group was fed a high fat,
cholesterol, and fructose (HFCF) diet for 24 weeks to induce
NASH21 or a nutrient-matched low fat, cholesterol, and fruc-
tose (LFCF) diet. In male but not female mice, HFCF diet
increased the expression of hepatic PPARg, whereas PpargD
Hep reduced and prevented the HFCF-mediated up-regulation
of hepatic PPARg expression (Figure 1A). These data suggest
that the increase in PPARg expression observed in fatty liver
is largely attributed to increased expression of PPARg in
hepatocytes. HFCF diet increased plasma ALT and liver
weight in male mice, whereas liver triglycerides (TG) were
increased in both male and female mice (Figure 1B). Because
of the reduced impact of HFCF diet on plasma ALT, liver
weight, and hepatic PPARg expression in female mice, we
scored the development of NASH only in male mice. The
NAFLD Activity Score (NAS) of HFCF-fed male control mice
was 6.61 ± 0.36, which confirmed the development of NASH,
whereas NAS was significantly reduced in HFCF-fed PpargD
Hep mice (Figure 1C). Specifically, PpargDHep mice showed
reduced steatosis, inflammation, plasma ALT levels, liver
weight, liver TG content, and reduced bridging fibrosis (61%
of control mice vs 25% of PpargDHep mice; Figure 1B–F),
which suggests hepatocyte PPARg plays a role in the patho-
genesis of NASH.

Next, we assessed whether PpargDHep improved pe-
ripheral metabolism and glucose homeostasis to reduce
HFCF-induced NASH. Although HFCF diet has a higher en-
ergy content than LFCF diet (Supplementary Data), it did
not induce obesity in male or female mice. In the groups of
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Figure 1. Hepatocyte PPARg promotes NASH in male mice. (A) 10-week-old mice were treated with AAV to generate
control and PpargDHep mice, and 2 weeks later these mice were fed the LFCF or HFCF diet for 24 weeks, where quantitative
polymerase chain reaction confirmed knockdown of hepatic PPARg expression (right). (B) Plasma ALT levels, liver weight, and
liver TG content in male and female control and PpargDHep mice. (C) NAS, steatosis, hepatocyte ballooning, and inflammation
grade; (D) representative pictures of livers; (E) percentage of mice by fibrosis stage; and (F) representative pictures (original
magnification, �10) of liver sections stained with hematoxylin-eosin (left) and picrosirius red/fast green (right). Letters indicate
significant differences between LFCF-fed and HFCF-fed mice within group (C or KO), and asterisks indicate significant dif-
ferences between control and PpargDHep mice within diet. *P < .05; b,**P < .01; c,***P < .001; d,****P < .0001. n ¼ 7–18 mice/
group.
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mice used to assess metabolic rate and pyruvate tolerance
tests, HFCF diet reduced nuclear magnetic resonance
(NMR)–based fat mass in control mice (Figures 2A and 3A),
but in the groups used to assess glucose and insulin toler-
ance tests, it did not reduce body weight (Figure 4). The
resistance to increase body weight in HFCF-fed mice may be
due to increased energy expenditure and utilization of fat as
source of energy. Specifically, after 8 weeks of diet, HFCF
diet increased energy expenditure and food intake and
impaired the circadian shift in the use of metabolic fuel, as
indicated by the diurnal oscillations of the respiratory ex-
change ratio (Figures 2B, 3B, and 5, left panels). Although
HFCF diet did not alter glucose levels or whole-body insulin
sensitivity, it increased insulin levels and liver steatosis and
promoted glucose intolerance associated with increased
levels of glucose after pyruvate injection (Figures 2C, 3C,
and 6; Table 1). The effect of HFCF diet on the metabolic
phenotype was lost after 24 weeks of HFCF diet in both
male and female mice, with the exception of the increased
levels of glucose after pyruvate injection (Table 1;
Figures 2D and E, 3D and E). Interestingly, HFCF-fed
PpargDHep mice showed reduced activity and increased
adiposity and insulin levels in males and glucose intolerance
in male and female mice as compared with HFCF-fed control
mice (Figures 2A, D, and E, 3A, D, and E, 4; Table 1). Taken
together, these data suggest that HFCF-induced NASH
(Figure 1) should be the consequence of the direct effects of
the diet on hepatic metabolism rather than the indirect ef-
fects of impaired whole-body metabolism or insulin resis-
tance (Figures 2–6). Importantly, because HFCF-fed
PpargDHep mice showed protection against HFCF-induced
NASH (Figure 1) but concomitant increases in adiposity
and impaired glucose homeostasis when compared with
HFCF-fed control mice, our results indicate that hepatocyte
PPARg regulates relevant biological processes in the liver
promoting NASH.
Hepatocyte PPARg Regulates Hepatic
Metabolism Associated With the Progression of
NASH

To further investigate how PpargDHep prevents the pro-
gression of NASH, we performed RNAseq and metabolomics
of liver samples of male mice fed the LFCF and HFCF diets
for 24 weeks. HFCF diet altered the expression of 2145
hepatic genes in control mice and only 397 genes in
PpargDHep mice (Figure 7A). A list of the top differentially
expressed genes (DEGs) is provided in Supplementary Data,
and the statistical analysis of the DEGs between groups is
published in the Gene Expression Omnibus with the acces-
sion #GSE162249. The enrichment analysis of these DEGs
showed that gene ontology (GO) terms related to inflam-
mation and fibrogenesis and KEGG pathways related to focal
adhesion and extracellular matrix–receptor interaction were
up-regulated by HFCF diet. Also, GO terms related to mito-
chondrial function and amino acid metabolism and KEGG
pathways related to metabolic pathways and oxidative
phosphorylation were down-regulated by HFCF diet
(Figure 3A, Supplementary Data). Of note, PpargDHep only
altered the expression of 5 genes in LFCF-fed mice, but it
altered the expression of 2273 genes in HFCF-fed mice.
Interestingly, the enrichment analysis showed that in HFCF-
fed mice, PpargDHep down-regulated inflammation and
fibrogenesis and up-regulated mitochondrial function and
amino acid metabolism as compared with HFCF-fed control
mice (Figure 7B and C, Supplementary Data). We confirmed
the positive effect of HFCF diet and the negative effect of
PpargDHep in the expression of pro-inflammatory (Tnfa,
Mcp1, Trem2) and pro-fibrogenic (Col1a1, Mmp13, Timp1)
genes (Figure 7D). Also, we confirmed that hepatocyte
PPARg must be activated in HFCF-fed mice, because the
expression of the PPARg-target genes Cidea and Cidec20 was
increased by HFCF diet in control mice, and PpargDHep

blocked this effect (Figure 7D). Overall, these data suggest
that HFCF diet has a strong effect on the regulation of he-
patic gene expression in mice with intact hepatocyte PPARg
gene, where it promotes processes involved in the devel-
opment of NASH: inflammation, fibrogenesis, and dysregu-
lation of metabolism.

Untargeted metabolomics consisting of a panel of 189
hydrophilic metabolites showed 41 and 37 metabolites
were regulated by HFCF diet in control and PpargDHep

mice, respectively, which were related with amino acid and
pyrimidine metabolism (Supplementary Data). The strong
effect of PpargDHep on hepatic metabolites of HFCF-fed
mice further indicated that amino acid and pyrimidine
metabolism was regulated by HFCF diet in a hepatocyte
PPARg-dependent manner (Figure 7E, Supplementary
Data). Furthermore, a joint pathway analysis of RNAseq
and metabolomics showed that glutathione metabolism,
retinol metabolism, and linoleic acid metabolism among
other processes were highly regulated by HFCF diet in a
hepatocyte PPARg-dependent manner (Figure 7F). The
regulation of these metabolic processes in NASH22–24

suggests that hepatocyte PPARg may be a relevant nu-
clear receptor in the development of HFCF diet-induced
NASH.

Hepatocyte-Specific Loss of PPARg Enhances
the Benefits Derived From the Effects of
Rosiglitazone on Extrahepatic Tissues and Non-
Parenchymal Cells of the Liver of Mice With
NASH

To assess whether the expression of hepatocyte PPARg
has an effect in the TZD-mediated reversion of NASH, we fed
a cohort of 8- to 10-week-old Ppargfl/fl mice with a HFCF
diet for 24 weeks. After induction of NASH with HFCF diet,
we generated control and PpargDHep mice. A group of
Ppargfl/fl littermates served as LFCF-fed controls. Two
weeks after generation of control and PpargDHep mice, half
of the HFCF-fed mice in each group were switched to a HFCF
diet containing 50 mg rosiglitazone maleate/kg for addi-
tional 8 weeks. In HFCF-fed control mice, the low dose of
rosiglitazone used improved insulin sensitivity and glucose
clearance and reduced plasma ALT, but it did not reduce
liver weight or steatosis (Figure 8A and B). In HFCF-fed
PpargDHep mice, TZD also improved insulin sensitivity, but



Figure 2. PpargDHep did not improve peripheral metabolism or glucose homeostasis in male mice. (A) Body weight and
NMR-based fat, lean, and fluid mass of control and PpargDHep male mice fed the LFCF or HFCF diet for 24 weeks. (B) Energy
expenditure (48-hour curves and day/night averages), food intake, and day/night average activity after 8 weeks of LFCF and
HFCF diets. (C) Insulin tolerance test after 6 weeks of diet (left), glucose tolerance test after 7 weeks of LFCF/HFCF diet
(middle), and pyruvate tolerance test after 7 weeks of LFCF/HFCF diet (right). (D) Energy expenditure (48-hour curves and day/
night averages), food intake, and day/night average activity after 24 weeks of LFCF and HFCF diets. (E) Insulin tolerance test
after 23 weeks of diet (left), glucose tolerance test after 23 weeks of LFCF/HFCF diet (middle), and pyruvate tolerance test after
22 weeks of LFCF/HFCF diet (right). Letters (a–d, @, #, &) indicate significant differences between LFCF-fed and HFCF-fed
mice within group (control, C and PpargDHep, KO; @, only C; #, only KO; &, C and KO). Asterisks indicate significant differ-
ences between control and PpargDHep mice within diet. {Significant differences between day and night within groups.
a,*,@,#,&,{P < .05; b,**P < .01; c,***P < .001; d,****P < .0001. AUC, area under the curve. n ¼ 7–18 mice/group. Body
composition of the mice used for the GTT and ITT is represented in Figure 4.
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Figure 3. PpargDHep did not improve peripheral metabolism or glucose homeostasis in female mice. (A) Body weight and
NMR-based fat, lean, and fluid mass of control and PpargDHep female mice fed LFCF or HFCF diet for 24 weeks. (B) Energy
expenditure (48-hour curves and day/night averages), food intake, and day/night average activity after 8 weeks of LFCF and
HFCF diets. (C) Insulin tolerance test after 6 weeks of LFCF/HFCF diet (left), glucose tolerance test after 7 weeks of LFCF/
HFCF diet (middle), and pyruvate tolerance test after 7 weeks of LFCF/HFCF diet (right). (D) Energy expenditure (48-hour
curves and day/night averages), food intake, and day/night average activity after 24 weeks of LFCF and HFCF diets. (E) In-
sulin tolerance test after 23 weeks of diet (left), glucose tolerance test after 22 weeks of LFCF/HFCF diet (middle), and pyruvate
tolerance test after 22 weeks of LFCF/HFCF diet (right). Letters (a–d, @, #, &) indicate significant differences between LFCF-
and HFCF-fed mice within group (control, C and PpargDHep, KO; @, only C; #, only KO; &, C and KO). Asterisks indicate sig-
nificant differences between control and PpargDHep mice within diet. {Significant differences between day and night within
groups. a,*,@,#,&,{P < .05; b,**P < .01; c,***P < .001; d,****P < .0001. AUC, area under the curve. n ¼ 6–13 mice/group. Body
composition of mice used for the GTT and ITT is represented in Figure 4.
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Figure 4. Effect of HFCF diet on adipose tissue weight in control and PpargDHep male and female mice. Progression of
body weight in male and female mice (A). Body weight (B) and white adipose tissue (WAT) weight (C). WAT is the sum of
individual urogenital (UG, D), retroperitoneal (RP, E), mesenteric (MES, F), and subcutaneous (inguinal, SC, G) adipose tissue
weight of mice fed LFCF or HFCF diet for 24 weeks. Brown adipose tissue (BAT, D) weight. Data are represented as means ±
standard error of the mean. Data were analyzed by 2-way analysis of variance followed by Bonferroni (A) or Tukey (B–H) post
hoc test. Letters indicate significant differences between LFCF- and HFCF-fed mice within group and gender (control, open
columns and PpargDHep, closed columns). Asterisks indicate significant differences between control and PpargDHep mice within
diet. a,*P < .05; b,**P < .01; ***P < .001; d****P < .0001. n ¼ 6–18 mice/group.
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in striking contrast to control mice, TZD promoted glucose
intolerance and increased plasma insulin levels (Figure 8A,
Table 1). Nonetheless, the combination of PpargDHep and
TZD reduced the levels of ALT and liver weight and size and
improved histology and steatosis to levels similar to those of
Table 1.Plasma Levels of Lipids, Glucose, and Insulin in Contro
With TZD

LFCF diet

24 weeks HFCF Control PpargDHep

TG, mg/dL 33.37 ± 2.93 41.79 ± 3.47
NEFA, mEq/L 0.74 ± 0.10 0.91 ± 0.08
Cholesterol, mg/dL 183.46 ± 12.51 165.01 ± 11.58

8 weeks HFCF
Glucose, mg/dL 164.57 ± 13.95 192.90 ± 6.65
Insulin, ng/mL 0.680 ± 0.119 0.805 ± 0.098

24 weeks HFCF
Glucose, mg/dL 179.71 ± 4.91 158.00 ± 9.60
Insulin, ng/mL 1.52 ± 0.21 1.88 ± 0.29

HFCF diet

Reversion Control PpargDHep

Glucose, mg/dL 147.13@ ± 7.95 181.29** ± 5.92
Insulin, ng/mL 0.66@ ± 0.08 0.81 ± 0.24

NOTE. Letters indicate differences induced by diet within group
and HFCF-fed controls in the reversion study. Asterisks indicat
NFA, nonesterified fatty acid.
a,*,@P < .05.
b,**P< .01.
***P < .001.
LFCF-fed mice (Figure 8B and C). Furthermore, although
TZD reduced Timp1 expression in control mice, it reduced
Tnfa, Col1a1, Mmp13, and Timp1 expression, confirming the
strong effect of the TZD treatment on the liver of HFCF-fed
PpargDHep mice (Figure 8D).
l and PpargDHep Mice Fed LFCF Diet, HFCF Diet, or HFCF Diet

HFCF diet

Control PpargDHep

31.12 ± 1.23 30.35a ± 2.98
0.85 ± 0.06 0.83 ± 0.06

240.51 ± 13.10 248.20b ± 15.23

176.67 ± 8.24 201.89 ± 13.0
1.407a ± 0.180 1.498a ± 0.144

176.17 ± 4.99 187.38a ± 6.85
1.16 ± 0.07 2.37*** ± 0.26

HFCF diet to HFCF/TZD diet LFCF diet

Control PpargDHep Control
154.13 ± 7.42 191.14** ± 3.87 175.43 ± 5.19

0.28 ± 0.03 0.83* ± 0.07 1.63 ± 0.18

(control or PpargDHep). @ indicates differences between LFCF-
e differences between control and PpargDHep within diets.
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Figure 6. Plasma ALT and
liver steatosis in control
and PpargDHep male mice
fed LFCF or HFCF diet for
8 weeks. (A) Plasma ALT
levels, (B) liver weight, and
(C) liver TG content in male
control and PpargDHep

mice. Letters indicate sig-
nificant differences be-
tween LFCF- and HFCF-
fed mice within group (C
or KO), and asterisks indi-
cate significant differences
between control and
PpargDHep mice within diet.
*P < .05; bP < .01; c,***P <
.001; dP < .0001. n ¼ 7–10
mice/group.
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It should be noted that this short and low dose treatment
of rosiglitazone increased insulin sensitivity but not adiposity
in HFCF-fed control mice. However, in HFCF-fed PpargDHep

mice rosiglitazone dramatically increased body weight
because of a selective expansion of adiposity (NMR-based fat
mass and weight of white adipose tissues, Figure 9A–C).
Although HFCF-fed mice did not show reduced NMR-based
fat mass (as shown in Figure 2A), the expression of adipose
tissue PPARg and Leptin was reduced by HFCF diet
(Figure 9D), which supports the negative impact of HFCF diet
in adipose tissue biology. Interestingly, the expression of
PPARg, the PPARg-responsive genes (Cidec, Fabp4), and
adiponectin was increased in TZD-treated HFCF-fed PpargDHep

mice (Figure 9D). Furthermore, TZD increased the levels of
plasma adiponectin, which were significantly elevated in
HFCF-fed PpargDHep mice (Figure 9E). Strikingly, the levels
of hepatic phospho-AMPK, which are increased by adipo-
nectin, were elevated in TZD-treated HFCF-fed PpargDHep

mice as compared with the levels of TZD in HFCF-fed control
mice (Figure 9F). Taken together, these results suggest that
TZD actions on adipocytes are enhanced because of the loss
of hepatocyte PPARg expression, and that has a strong effect
in the activation of phospho-AMPK levels in the liver that
could contribute to reduce steatosis.

To assess whether TZD actions in the liver of HFCF-fed
PpargDHep mice were altered to reduce NASH, we per-
formed RNAseq in the livers of this cohort of mice (GEO
Figure 5. (See previous page). Metabolic phenotype of contro
48-hour curves and day/night averages of volume of O2 (VO
respiratory exchange ratio (RER, bottom panels) in male mice
female mice fed LFCF or HFCF diet for 8 weeks (C) or 24 weeks
and night within group and diet (control, C and PpargDHep, KO
within group in day or night period. a,*,#P < .05; b,**P < .01; c***P
group in females.
#GSE162276). Similar to the previous cohort of mice
shown in Figure 7, HFCF diet in control mice up-regulated
GO terms related with fibrogenesis and inflammation and
focal adhesion pathway, whereas it down-regulated those
related with mitochondria metabolism (Figure 10A,
Supplementary Data). Although TZD altered a similar
number of DEGs in control and PpargDHep mice, the impact
of TZD on the liver transcriptome differed between control
and PpargDHep mice. In control mice with NASH, TZD
positively regulated lipid metabolism and negatively amino
acid metabolism. In contrast, TZD down-regulated GO
terms and pathways related with immune response in
PpargDHep mice (Figure 10B, Supplementary Data), indi-
cating that the anti-inflammatory properties of TZD were
enhanced because of the loss of hepatocyte PPARg
expression. Next, we assessed the effect of PpargDHep after
HFCF-induced NASH. Independent of TZD, PpargDHep

altered the expression of 368 DEGs, but with TZD,
PpargDHep altered the expression of 1421 DEGs. This latter
comparison suggested that TZD may differentially regulate
the expression of hepatic gene expression in a hepatocyte
PPARg-dependent manner. Indeed, TZD strongly up-
regulated amino acid metabolism and down-regulated
inflammation in HFCF-fed PpargDHep mice as compared
with the effect of TZD in HFCF-fed control mice
(Figure 10C, Supplementary Data). Taken together, hepa-
tocyte PPARg mediated the regulation of fatty acid
l and PpargDHep male (top) and female (bottom) mice. The
2) (top panels), volume of CO2 (VCO2) (central panels), and
fed LFCF or HFCF diet for 8 weeks (A) or 24 weeks (B) and
(D). Letters (a–d) indicate significant differences between day
). Asterisks indicate significant differences induced by HFCF
< .001; dP < .0001. n ¼ 7–8 mice/group in males, 5–11 mice/



Figure 7. Hepatocyte PPARg regulates hepatic metabolism associated with progression of NASH. RNAseq analysis of
livers from control and PpargDHep male mice fed LFCF or HFCF diets for 24 weeks. (A) Volcano plot of hepatic DEGs and up-
regulated and down-regulated GO terms by HFCF diet. (B) PpargDHep-mediated up-regulation and down-regulation of GO
terms in HFCF-fed mice relative to HFCF-fed control mice. (C) Volcano plot of hepatic DEG regulated by hepatocyte PpargDHep

in LFCF- and HFCF-fed mice. (D) Hepatic pro-inflamatory (Tnfa, Mcp1, Trem2), pro-fibrogenic (Col1a1, Mmp13, Timp1), and
PPARg-target (Cidea, Cidec) gene expression in LFCF- and HFCF-fed control and PpargDHep male mice. Letters indicate
significant differences between LFCF- and HFCF-fed mice within group, and asterisks indicate significant differences between
control and PpargDHep mice within diet. a,*P < .05; b,**P < .01; cP < .001; d,****P < .0001. (E) Volcano plot and enrichment
analysis of the 73 differentially regulated metabolites by PpargDHep in HFCF-fed mice. (F) Joint pathway analysis of the hepatic
genes and metabolites regulated by PpargDHep in HFCF-fed mice. Number of hits/total number in pathways are indicated
between parentheses. Green dots (up-regulated), red dots (down-regulated) DEG/differentially regulated metabolites. In A–C,
E, and F, n ¼ 4–5 mice/group. In D, n ¼ 7–18 mice/group.
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metabolism by TZD, which is one of the canonical pathways
regulated by PPARg, and PpargDHep enhanced the positive
effects of TZD on inflammation and fibrogenesis and
reduced those on amino acids metabolism.

The association between TZD, hepatocyte PPARg, and
hepatic gene pathways related to amino acid metabolism led
us to measure the levels of hepatic metabolites. Interest-
ingly, the differentially regulated metabolites identified
from the comparison of HFCF-fed control and PpargDHep

mice treated with TZD indicate that cysteine and methionine
metabolism and pyrimidine metabolism are regulated by
TZD in a hepatocyte PPARg-dependent manner (Figure 10D,



Figure 8. PpargDHep enhanced therapeutic effects of TZD on the liver. (A) 10- to 12-week-old male mice were fed LFCF or
HFCF diet for 24 weeks and then treated with AAV to generate control and PpargDHep mice. Two weeks later, half of the HFCF-
fed mice in each group were switched to HFCF diet with 50 mg/kg rosiglitazone maleate (TZD) for 8 additional weeks. After 7
weeks of TZD treatment, insulin tolerance test and glucose tolerance test were performed. (B) Plasma ALT, liver weight, and
liver TG content. (C) Representative pictures of livers, and hematoxylin-eosin–stained liver sections of control mice fed LFCF
diet or control and PpargDHep mice fed HFCF with and without TZD. (F) Hepatic pro-inflamatory (Tnfa, Mcp1, Trem2) and pro-
fibrogenic (Col1a1, Mmp13, Timp1) gene expression in control and PpargDHep mice fed HFCF diet with and without TZD.
Letters (a–d, @, #, &) indicate significant differences between HFCF- and HFCF/TZD-fed mice within group (control, C and
PpargDHep, KO; @, only C; #, only KO; &, C and KO). Asterisks indicate significant differences between control and PpargDHep

mice within diet. a,*,@,#,&P < .05; b,**P < .01; c,***P < .001; d,****P < .0001. AUC, area under the curve. n ¼ 7–8 mice/group.
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Supplementary Data). Furthermore, the combined analysis
of RNAseq and metabolomics showed again that glutathione
metabolism, retinol metabolism, and linoleic acid meta-
bolism (Figure 10D, right) were regulated by TZD in a he-
patocyte PPARg-dependent manner as shown in Figure 7.
Taken together, the results of these omics approaches in 2
different cohorts of mice support that the expression of
PPARg in hepatocytes alters the response to TZD in the liver
with NASH and had a major effect in the regulation in the
metabolism of hepatic amino acids, nucleotides, and lipids
that contribute to sustain NASH.

The question that remained in our study was whether
TZD could directly activate hepatocyte PPARg in vivo after
the development of NASH. This is a relevant clinical question
because it is commonly accepted that expression of hepatic
PPARg is reduced in NASH patients because of methylation of
PPARg promoter.25 After 34 weeks of HFCF diet, the
expression of hepatic PPARg was not significantly increased
in control mice as compared with their LFCF-fed littermates,
and the TZD treatment did not increase hepatic PPARg
expression in HFCF-fed mice. However, PPARg expression
was reduced in PpargDHep mice, and the expression of
PPARg-target genes Cidea, Cidec, and Cd36 was increased by
TZD only in control (PPARg-intact) mice (Figure 10E). In fact,
the KEGG pathway PPAR signaling pathway was up-regulated
by TZD in HFCF-fed control mice only (Supplementary Data).



Figure 9. PpargDHep enhanced the effects of TZD on the adipose tissue. (A) Body weight (BW), NMR-based changes in fat
mass and lean mass during TZD treatment. (B) Weight of white adipose tissue (WAT). (C) Weight of urogenital (UG), retro-
peritoneal (RP), mesenteric (MES), and subcutaneous (SC) WAT. (D) Gene expression of subcutaneous adipose tissue PPARg,
Cidec, fatty acid binding protein 4 (Fabp4), Leptin, and Adiponectin. Values are relative to those of LFCF-fed controls that are
represented as a dotted line. (E) Plasma adiponectin levels. (F) Hepatic levels of phosphorylated AMPK normalized by Ponceau
S staining. Letters (a–d, #) indicate significant differences induced by TZD within group (control, C or PpargDHep, KO; #, only KO
mice). Asterisks indicate significant differences between control and PpargDHep mice within diet. @Significant differences
between LFCF-fed control and HFCF-fed control (assessed by Student t test). a,#,@P < .05; b,**P < .01; ***P < .001; d,****P <
.0001. n ¼ 7–8 mice/group, n ¼ 5 mice/group in (F).
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Furthermore, rosiglitazone increased the expression of Cidec
and Cd36 and tended to increase hepatocyte Cidea only in
mouse primary hepatocytes isolated from PPARg-intact mice
with NASH (Figure 10F). Taken together, TZD show differ-
ential effects in PpargDHep vs control mice and have enhanced
effects on extrahepatic tissues and non-parenchymal cells of
the liver to reduce NASH because of the loss of hepatocyte
PPARg expression.
Hepatocyte-Specific Loss of PPARg Positively
Regulates Methionine Metabolism in Mice Fed a
HFCF Diet

The liver metabolizes most of dietary methionine to
produce S-adenosylmethionine (SAM) via methionine ade-
nosyltransferase 1a or to synthesize proteins.26 SAM
donates methyl groups to methyltransferases and is con-
verted into S-adenosylhomocysteine (SAH). Then, SAH-
hydrolase (AHCY) converts SAH into homocysteine (Hcy),
which is used to produce glutathione or re-methylated to
methionine by betaine-homocysteine methyltransferase
(BHMT)27 (Figure 11A). Interestingly, the levels of the me-
tabolites of the methionine cycle including methionine, SAM,
SAH, and Hcy were regulated by HFCF diet or TZD
(Supplementary Data). In addition, the expression of Mat1a,
phosphatidylethanolamine methyltransferase (Pemt),
glycine N-methyltransferase (Gnmt), nicotinamide N-meth-
yltransferase (Nnmt), Ahcy, and Bhmt was reduced in HFCF-
fed control mice (Figure 11B), as previously described in
GEO: GSE119340.28 Interestingly, the expression of Pemt
and Bhmt was not significantly reduced in HFCF-fed
PpargDHep mice, which suggests that PPARg is a negative
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regulator of these genes (Figure 11B). Also, HFCF-fed mice
displayed elevated levels of hepatic Hcy consistent with a
previous report,29 whereas SAM and Met levels were
increased in HFCF-fed PpargDHep mice (Figure 11C). Overall,
these results confirmed that methionine cycle was disrupted
in HFCF-fed mice, and hepatocyte PPARg expression may be
contributing to the negative effect of HFCF diet on methio-
nine metabolism.

TZD treatment in HFCF-fed control mice did not down-
regulate the expression of the genes of methionine cycle
as compared with non-treated HFCF-fed control littermates.
However, in HFCF-fed PpargDHep mice, TZD increased the
expression of hepatic Pemt, Gnmt, Nnmt, and Ahcy to levels
similar to those in LFCF-fed controls (Figure 11D).
Furthermore, the expression of hepatic Bhmt was enhanced
by TZD in PpargDHep mice, and this was associated with a
dramatic reduction of Hcy and betaine levels (Figure 11E).
Also, the levels of hepatic SAH, the common product of the
hepatic methyltransferases, was increased in HFCF-fed
PpargDHep mice treated with TZD (Figure 11E), suggesting
that the activity of methyltransferases of the methionine
cycle was restored. Overall, our data indicate that PpargDHep

reduces the impact of HFCF diet on methionine cycle, and
this allows for the restoration of genes and metabolites of
the methionine cycle because of the benefits derived from
the treatment with TZD in extrahepatic tissues and in non-
parenchymal cells.
Discussion
The hepatocyte-specific knockout of PPARg before and

after the development of NASH showed that hepatocyte
PPARg contributes to the progression of NASH and reduces
the benefits derived from the effects of rosiglitazone on
extrahepatic tissues and non-parenchymal cells, respec-
tively, in mice with NASH. The hepatocyte-specific contri-
bution of PPARg to the progression of NASH is based on the
improved hepatic condition shown by HFCF-fed PpargDHep

mice with and without TZD treatment, which was concom-
itant with impaired glucose metabolism and obesity, both
common features of patients with NAFLD. In addition, the
combination of different unbiased omics approaches in 2
different experiments indicated that HFCF diet alters lipid,
nucleotide, and amino acid metabolism in the liver in a
hepatocyte PPARg-dependent manner and suggested that
these processes contribute to the progression of NASH.

Our experimental approach showed that >90% of liver
PPARg expression is hepatocyte-specific.18,30 Hepatic
PPARg expression is low in lean mice, but it increases upon
feeding with a high-fat diet and contributes to the devel-
opment of steatosis.17–19,31,32 In mice with liver steatosis, a
short-term treatment with a low dose of TZD, 50–100 mg
rosiglitazone/kg of diet, which represents a daily dose of
3–5 mg/kg body weight, promotes steatosis in a hepatocyte
PPARg-dependent manner. In fact, the loss of hepatocyte
PPARg expression enhances the anti-steatogenic effects of
rosiglitazone.19,32 Similarly, a long-term treatment with a
low dose of rosiglitazone in diet-induced obese mice with
compromised PPARg function (constitutive deacetylated
isoform of PPARg) reduces steatosis, but the effect was not
evident in diet-induced obese mice.33 Accordingly, in this
study, rosiglitazone reduced liver steatosis, reversed NASH,
and increased adiposity in HFCF-fed PpargDHep mice but not
in control mice. Our results indicate that loss of hepatocyte
PPARg expression enhances the actions of TZD in extrahe-
patic tissues (insulin sensitizing in adipose tissue) and in the
non-parenchymal cells of the liver (anti-inflammatory in
macrophages, anti-fibrogenic in hepatic stellate cells) to
reverse NASH efficiently. Because we knocked out PPARg
only in hepatocytes, our data further support that endoge-
nous or TZD-mediated activation of PPARg in hepatocytes
may alter the therapeutic effects of TZD on the liver in a
model of NASH. However, the mechanisms regulated by
hepatocyte PPARg that promote and sustain steatosis, as
well as their contribution in the development of NASH,
remain unknown.

PPARg promotes DNL and fatty acid uptake in hep-
atocytes.16–19 In fact, genetic ablation of hepatocyte PPARg
in different models of diet-induced steatosis with and
without alcohol consumption reduces steatosis, the
expression of genes involved in DNL, fatty acid uptake and
re-esterification, ALT levels, and fibrosis in a mouse model-
dependent manner.17–19,34,35 Of note, in a model of fast food
diet-induced NASH, the pharmacologic inhibition of
epidermal growth factor receptor reduced the transcrip-
tional activity of PPARg and the expression of genes
involved in DNL genes,36 as well as fibrosis. From these
studies, we could assume that the steatogenic effects of
PPARg may promote the development of NAFLD. However,
we did not see major significant changes of steatogenic
genes in HFCF-fed mice, and the reduction of HFCF-induced
steatosis in PpargDHep mice was modest. In addition, we
published that PpargDHep does not reduce steatosis in a
model of DNL-mediated steatosis37 or in a model of stea-
tohepatitis induced by methionine- and choline-deficient
diet, but rather, it reduces fibrosis.30 Therefore, the steato-
genic role of hepatocyte PPARg and its contribution to the
development of NASH is mouse model- and diet-dependent.
However, growing evidence supports a positive association
between hepatocyte PPARg and fibrosis.30,34,36 In this sense,
our unbiased transcriptomic analysis revealed that PpargD
Hep had a major impact in the regulation of pathways related
with inflammation and fibrogenesis rather than steatosis,
which strongly suggests that the presence and activation of
hepatocyte PPARg may be relevant in the activation of non-
parenchymal cells during the progression of NAFLD.

Our omics approaches also revealed that hepatic methi-
onine metabolism is altered in HFCF-fed mice in a hepato-
cyte PPARg-dependent manner. The disruption of
methionine metabolism in the liver may promote NASH26

because the methionine cycle provides methyl groups to
lipids, nucleotides, and proteins required to maintain he-
patocyte physiology. In particular, PEMT is mostly
expressed in hepatocytes, and it is a key enzyme of the
methionine cycle that methylates phosphatidylethanolamine
to phosphatidylcholine, accounting for 30% of production of
hepatic phosphatidylcholine. The knockout of PEMT pro-
motes NASH in mice because of the reduction of



1304 Lee et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 5
phosphatidylcholine that impairs the production of very low
density lipoprotein.38 BHMT is primarily expressed in he-
patocytes and plays a major role in the remethylation of Hcy
to methionine. The knockout of BHMT promotes NAFLD
because of increased levels of hepatic Hcy that can lead to
hepatocyte damage.39 The translational relevance of our



Figure 11. Hepatocyte PPARg negatively regulates methionine homeostasis in NASH. (A) Scheme of selected metabolites
(ovals) and gene (squares) of the methionine cycle. (B) Hepatic gene expression and (C) normalized levels of metabolites of the
methionine cycle in livers of LFCF- and HFCF-fed control and PpargDHep mice. (D) Hepatic gene expression and (E) normalized
levels of metabolites of methionine in LFCF-fed control (dotted line, set at 1 in D, and open box in E) and HFCF- and HFCF/
TZD-fed control and PpargDHep male mice. Letters (a–d) indicate significant differences between HFCF- and HFCF/TZD-fed
mice within group (control and PpargDHep). @Difference between LFCF- and HFCF-fed control mice. Asterisks indicate sig-
nificant differences between control and PpargDHep mice within diet. a,*,@,&P < .05; b,**P < .01; c,***P < .001; d,****P < .0001.
n ¼ 4–5 mice/group.
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observations relies on the fact that rosiglitazone can reduce
hepatic PEMT activity,40 patients with NASH show reduced
PEMT and BHMT levels,41,42 as well as single nucleotide
polymorphisms associated with reduced enzymatic activity
of PEMT and BHMT,42,43 which may alter the levels of me-
tabolites of the methionine cycle. Reduced expression and/
or activity of PEMT and BHMT contribute to the accumu-
lation of Hcy and lipids in the liver without altering lipid
metabolism (lipogenesis) and subsequently promote cyto-
toxic events.43 Therefore, the up-regulation of Pemt and
Bhmt expression in the liver of PpargDHep indicates that
hepatocyte PPARg plays a negative role in the regulation of
Figure 10. (See previous page). Activation of hepatocyte P
Volcano plot and enrichment analysis of hepatic DEGs regulate
and enrichment analysis of hepatic DEGs regulated by TZD tr
Volcano plot and enrichment analysis of hepatic DEGs regulate
plot (left), enrichment analysis (middle), and joint pathway ana
PpargDHep in mice fed HFCF diet with TZD. Number of hits/to
Expression of hepatic PPARg and PPARg-target genes Cidea,
and HFCF- and HFCF/TZD-fed control and PpargDHep male mic
and PpargDHep mice fed LFCF and HFCF diet for 29–31 weeks
ference between LFCF- and HFCF-fed control mice. Letters (a–
TZD-fed mice within group (control and PpargDHep). Asterisks in
mice within diet. a,*,@,&P < .05; b,**P < .01; c,***P < .001; d,****
methionine cycle that leads to the accumulation of fat and
promotes the development of hepatocyte damage during
NASH progression.

TZD have been used to reverse NASH in humans on the
basis of their anti-inflammatory and anti-fibrogenic prop-
erties in macrophages and hepatic stellate cells, respec-
tively,10 and insulin sensitizing properties in adipose
tissue.44 TZD are promising drugs for the treatment of
NAFLD because they have positive effects on ALT levels,
steatosis, inflammation, and hepatocyte ballooning as sum-
marized in several meta-analyses of specific clinical trials
(<24 months).45–47 Long-term treatments (24–40 months)
PARg with TZD in NASH alters hepatic metabolism. (A)
d by 34 weeks of HFCF diet in control mice. (B) Volcano plot
eatment in HFCF-fed control and PpargDHep male mice. (C)
d by PpargDHep in mice fed HFCF diet with TZD. (D) Volcano
lysis (right) of the 40 differentially regulated metabolites by
tal number in pathways are indicated between parentheses.
Cidec, and Cd36 in (E) LFCF-fed control (dotted line, set at 1)
e and in (F) mouse primary hepatocytes isolated from control
and treated with 50 mmol/L rosiglitazone for 24 hours. @Dif-
d) indicate significant differences between HFCF- and HFCF/
dicate significant differences between control and PpargDHep

P < .0001. n ¼ 7–8 mice/group. padj, adjusted P value.
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with pioglitazone and rosiglitazone increased insulin
sensitivity in patients with NASH and reduced steatosis.4–6

However, the FLIRT2 trial described an “exhaustion of the
antisteatogenic effect” of rosiglitazone, which could be
associated to the maximal effect of insulin sensitization of
rosiglitazone.5 The PIVENS trial also requested caution in
the interpretation of the results of pioglitazone on NASH.6

Recently, a trial that used pioglitazone in NASH patients
improved liver histology after 18 months of treatment, but
the extension of the study did not promote additional re-
ductions in steatosis.4 Similarly, in mice fed a HFCF diet,
long-term treatment with pioglitazone increased insulin
sensitivity and partially reduced liver steatosis48 but did not
reduce steatosis in mice with preexisting NASH.49 Strikingly,
this study shows that the true potential of TZD as a therapy
for NASH is reduced in control (PPARg-intact) mice. Our
results indicate that hepatocyte PPARg regulates molecular
mechanisms in hepatocytes beyond those related with lipid
metabolism, which could contribute to sustain NASH and
reduce the positive effects derived from the TZD-mediated
activation of PPARg in extrahepatic tissues and non-
parenchymal cells of the liver. These mechanisms may
differ from the classical lipogenic mechanisms (DNL, fatty
acid uptake) that PPARg regulates in adipose tissue and
muscle and may include the maintenance of methionine
homeostasis in hepatocytes, which is a key mechanism to
prevent hepatocyte damage, and the activation of non-
parenchymal cells in the liver that ultimately are respon-
sible for the development of NASH. Although this study used
rosiglitazone maleate, future studies could assess whether
hepatocyte PPARg reduces the therapeutic actions of pio-
glitazone hydrochloride.

In conclusion, our study highlights that hepatocyte-
specific loss of PPARg protects mice from diet-induced
NASH and enhances the positive effects of TZD on NASH.
Therefore, the inhibition of PPARg activity specifically in
hepatocytes or the blockage of mechanisms driven by he-
patocyte PPARg in the liver that offset the therapeutic ef-
fects of anti-NASH drugs will increase the efficiency of TZD
and other therapies in the reversion of NASH.
Methods
Mouse Model

All mouse studies were approved by the Institutional
Animal Care and Use Committee of the University of Illinois
at Chicago, and they were performed in accordance with
guidelines and regulations of the University of Illinois at
Chicago. Ppargfl/fl mice50 were purchased from Jackson
Laboratories (Strain 004584, B3.129-Ppargtm2Rev/J; Bar
Harbor, ME) and bred as homozygotes in a temperature
(22�C–24�C) and humidity controlled specific-pathogen free
barrier facility with 14-hour light/10-hour dark cycle (lights
on at 6:00 AM) in the Biologic Resources Laboratory of the
University of Illinois at Chicago. PpargDHep mice were
generated by injecting 100 mL saline containing 1.5 � 1011

genome copies of AAV serotype 8 (AAV8) vectors that bear a
thyroxine binding globulin (TBG)-driven Cre recombinase
(AAV8-TBG-Cre; Penn Vector Core, University of
Pennsylvania) in the lateral-tail vein of Ppargfl/fl mice.18,30

We described the hepatocyte-specific expression of trans-
gene delivered by AAV-TBG vectors previously.18,51 A subset
of Ppargfl/fl littermate mice injected with 1.5 � 1011 genome
copies of AAV8-TBG-Null generates controls. Two weeks
after AAV injections, half of the chow-fed mice in each group
were fed the LFCF (Cat # D09100304) or the HFCF (Cat
#D16010101; Research Diets, Inc, New Brunswick) diets for
24 weeks. These mice were used to generate results of
Figures 1–7 and 11B and C. In a second cohort of HFCF-fed
mice, 2 weeks after generation of control and PpargDHep

mice, half of the mice in each group were fed the HFCF diet
or the HFCF diet with 50 mg rosiglitazone maleate/kg (Cat
#D1808030; Research Diets) for 8 additional weeks. Rosi-
glitazone maleate was purchased from AdipoGen Life Sci-
encies (San Diego, CA).
Body Composition, Glucose Homeostasis, and
Metabolic Rate

Whole-body fat, lean, and fluid mass were measured
with a minispec LF50 Body Composition Analyzer (Bruker,
Billerica, MA). Glucose (2 mg glucose intraperitoneal [ip]/g
in males, 1 mg glucose ip/g in females) and pyruvate (2 mg
sodium pyruvate ip/g) tolerance tests were performed in
overnight fasted mice. Insulin tolerance test (1–1.5 mU in-
sulin ip/g in males, 0.75 mU insulin ip/g in females) was
performed in mice after 4-hour food withdrawal at 7:00 AM.
Blood glucose was measured from lateral tail vein with
glucometer (Accu-check; Roche, Basel, Switzerland). Energy
expenditure, volume of oxygen utilization, carbon dioxide
output, respiratory exchange ratio, food intake, and activity
were measured by using Promethion Systems (Sable Sys-
tems International, Las Vegas, NV) and analyzed with calR
software on the basis of total mass (Metabolic Core, Beth
Israel Deaconess Medical Center, Boston, MA).52
Metabolic Endpoints Measured in Plasma
Several groups of mice were killed by decapitation 4

hours after food withdrawal at 7:00 AM, and trunk blood was
collected from the site where the animal was decapitated
into EDTA-coated microtainers (BD, Franklin Lakes, NJ) and
kept in ice until centrifugation to separate plasma. Plasma
was used to determine levels of nonesterified fatty acid, TG,
cholesterol (Wako Diagnostics, Richmond, VA), insulin
(Mercodia, Uppsala, Sweden), adiponectin (Abcam, Cam-
bridge, MA), and ALT (Pointe Scientific, Canton, MI). To
assess hepatic TG content, hepatic lipids were extracted
from frozen livers in isopropanol, and TG was measured as
previously published.37
Histology and Pathology Assessment
Formalin-fixed livers were processed by the Research

Histology and Tissue Imaging Core of the University of Illi-
nois at Chicago and stained with hematoxylin-eosin or pic-
rosirius red/fast green.30 Pathologic features of the liver
sections were graded in a blinded fashion following the
scoring system of Kleiner et al.53
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RNAseq and Quantitative Polymerase Chain
Reaction

RNA was extracted using Trizol Reagent (Life Technol-
ogies, Carlsbad, CA) and used to perform RNAseq or quan-
titative polymerase chain reaction as previously
described.54–56 Sequences of the primers used for quanti-
tative polymerase chain reaction are described in
Supplementary Data. Libraries preparation, sequencing, and
bioinformatics analysis of RNAseq were performed by
Novogen (Novogen, Inc, Sacramento CA). Briefly, RNA
integrity was assessed with Agilent Bioanalyzer 2100 to
select RNA samples with RIN >7.3 to 9.3. Two hundred fifty
to 300 base pair insert cDNA libraries, non–strand-specific,
were prepared with New England Biolabs (Ipswich, MA)
Next Ultra RNA Library Prep and sequenced with Illumina
(San Diego, CA) HiSeq PE150 Platform w6G/sample Q30
>90%. The reads were mapped to the mouse reference
genome sequence (GRCm38/mm10) using STAR v2.5 and
v2.6.1, with a total mapping rate >90%/sample. For gene
expression level analysis and to calculate the fragments per
kilobase of transcript per million mapped reads, HTSeq
v0.6.1 was used. The differential expression analysis be-
tween 2 different groups was done with DESeq2 R package
v2_1.6.3. The P values were adjusted using the Benjamini-
Hochberg approach for controlling the false discovery rate,
adjusted P <.05. TFCat and Cosmic databases were used to
annotate the differential expressed gene. The enrichment
analysis (GO and KEGG) was done with cluster Profiler R
package. Tables generated in the analysis of these RNAseq
experiments are provided as Supplementary Data. The high-
throughput sequencing data from this study have been
published in GEO with the accession numbers GSE162249
and GSE162276.
Western Blot
Livers were homogenized with beads in a tissue ho-

mogenizer (Next Advance, Troy, NY) in RIPA buffer (Sigma-
Aldrich) supplemented with protease inhibitor (Complete;
Roche) and phosphatase inhibitor cocktails (Sigma-Aldrich),
followed by centrifugation to obtain protein in supernatants.
Protein was quantified with BCA protein assay kit (Thermo
Fisher Scientific, Waltham, MA), and equal amounts of
proteins were heated in Laemmli sample buffer with
dithiothreitol at 95�C for 5–10 minutes. Twenty mg protein/
well separated in 26-well Criterion TGX stain-free gels at
200 V in Tris-glycine–sodium dodecyl sulfate buffer and
transferred onto nitrocellulose membranes using a Bio-Rad
Turbo Transfer system (Bio-Rad Laboratories, Hercules,
CA). We stained the membranes with Ponceau S staining for
protein normalization, and membranes were scanned with a
Bio-Rad Gel Doc system (Bio-Rad Laboratories). Then,
Ponceau S staining was washed out, membranes were
blocked for 1 hour at 25�C with 5% nonfat dry milk in Tris-
buffered saline with 0.05% Tween-20, washed, and incu-
bated overnight at 4�C with phosphorylated AMPK 1/1000
(#50081; Cell Signaling Technology, Danvers, MA). Finally,
membranes were washed and incubated for 1 hour at 25�C
with goat anti-rabbit immunoglobulin G (Hþ L)–
horseradish peroxidase conjugate, 1/2000 (Bio-Rad Labo-
ratories). After washing, Immobilon Western Chem-
iluminiscent horseradish peroxidase substrate (Millipore
Sigma, Burlington, MA) was added, and the light signal was
detected with a Bio-Rad Gel Doc system (Bio-Rad Labora-
tories). Bands were quantified with ImageJ software (Na-
tional Institutes of Health, Bethesda, MD).

Mouse Primary Hepatocytes
A group of control and PpargDHep mice that were fed a

LFCF or HFCF diet for 29–31 weeks were anesthetized with
ketamine/xylazine and killed by exsanguination during
liver perfusion. The liver was perfused with 40 mL of wash
buffer (137 mmol/L NaCl, 7 mmol/L KCl, 0.7 mmol/L
Na2HPO4, 10 mmol/L HEPES, 0.5 mmol/L EDTA, pH ¼
7.65) at 37�C at 6–8 mL/min, followed by 40 mL of
digestion buffer (0.01% collagenase type I from Clos-
tridium histolyticum (Sigma-Aldrich; C5138), 137 mmol/L
NaCl, 7 mmol/L KCl, 0.7 mmol/L Na2HPO4, 10 mmol/L
HEPES, 5 mmol/L CaCI2, pH ¼ 7.65) at 37�C at 6–8 mL/
min. When digestion was completed, the liver was
dissected from the mouse, the gallbladder was removed,
and the liver was gently resuspended in ice-cold complete
M199 medium (10% fetal bovine serum, 2 mmol/L L-
glutamine, 10 nmol/L insulin, 500 nmol/L dexamethasone,
1� penicillin-streptomycin). Then, the hepatocytes were
filtered using 70 mm nylon strainers and centrifuged at
100g for 3 minutes. The supernatant was then aspirated,
and the pellet was washed with fresh ice-cold complete
M199 medium and centrifuged at 100g for 3 minutes 3
times. Hepatocytes were plated on 12-well cell culture
plates precoated with type I rat tail collagen (Corning,
Corning, NY) at a density of 200,000 cells/well and placed
in a cell culture incubator at 37�C, 5% CO2. After 4 hours of
recovery, the medium was replaced with culture M199
medium (5% fetal bovine serum, 2 mmol/L L-glutamine,
100 nmol/L dexamethasone, 1� penicillin-streptomycin)
for an overnight incubation at 37�C, 5% CO2. Next day,
hepatocytes were washed in serum-free culture M199
medium and cultured with and without 50 mmol/L rosi-
glitazone (Sigma-Aldrich) for 24 hours at 37�C in a 5% CO2

incubator.

Steady-State Metabolomics
Fifty milligrams of frozen liver was homogenized in 80%

Ultrapure HPLC grade methanol (Fisher Scientific) and 20%
Ultrapure water (Fisher Scientific) on dry ice. After centri-
fugation, the pellet was resuspended in 8 mol/L urea, pro-
teins were quantified with BCA protein assay kit (Thermo
Fisher Scientific), and the supernatant was dried up under
nitrogen for 6 hours. Then, dried metabolites were resus-
pended in 50% liquid chromatography-mass spectrometry
grade acetonitrile at a final concentration of 20 mg protein/
mL. Samples were processed by the Metabolomics Core Fa-
cility at Robert H. Lurie Comprehensive Cancer Center of
Northwestern University with high-performance liquid
chromatography and high-resolution mass spectrometry
and tandem mass spectrometry.57 Briefly, 10 mL of sample
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was separated with a Xbridge Amide column (Waters) and a
gradient mobile phase with a flow rate of 400 mL/min of
solution A (95:5 parts of water/acetonitrile, 20 mmol/L
ammonium hydroxide, 20 mmol/L ammonium acetate, pH ¼
9) and solution B (acetonitrile) as follows: 0 minutes, 15%
A; 2.5 minutes, 30% A; 7 minutes, 43% A; 16 minutes, 62%
A; 16.1–18 minutes, 75% A; 18–25 minutes, 15% A. The
temperature of the electrospray ionization capillary was set
to 275�C and the spray voltage at 4.0 kV, with the mass
spectrometry in positive/negative polarity switching mode.
An m/z scan range from 70 to 850 was chosen, and MS1
data were collected at a resolution of 70,000. The top 5
precursor ions were subsequently fragmented in a data-
dependent manner by using the higher energy collisional
dissociation cell set to 30% normalized collision energy in
MS2 at a resolution power of 17,500. Data acquisition and
analysis were carried out by Xcalibur 4.0 software and
Tracefinder 2.1 software, respectively (Thermo Fisher Sci-
entific). Analysis of the 189 hydrophilic metabolites identi-
fied in our panel was performed with MetaboAnalyst
software.58 Tables generated in the analysis of these
metabolomics experiments are provided in Supplementary
Data.
Statistical Analysis
Values are represented as means ± standard errors of

the mean. Data were analyzed by 2-way analysis of variance
followed by a Tukey or Bonferroni post hoc test, or Student t
test when applicable. Metabolic cages data obtained from
CalR were analyzed by two-way analysis of variance fol-
lowed by Bonferroni post hoc tests. Analysis of RNAseq data
and enrichment analysis of DEG were performed by Nov-
ogen, Inc. Differentially regulated metabolites and enrich-
ment analysis of metabolomics were performed with
MetaboAnalyst software.58 The statistical analyses were
performed by using GraphPad Prism 8 (GraphPad Software,
La Jolla, CA). P values less than .05 were considered
significant.

All authors had access to the study data and had
reviewed and approved the final manuscript.
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