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PPARa agonist and metformin
co-treatment ameliorates
NASH in mice induced

by a choline-deficient, amino
acid-defined diet with 45% fat
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We explored the beneficial effects of GW7647, a peroxisome proliferator activated receptor o
(PPARa) agonist, and metformin, an anti-diabetic drug on an advanced nonalcoholic steatohepatitis
(NASH) model in rodents and investigated the possible mechanisms involved. Mice were fed control
chow or a choline-deficient L-amino acid-defined diet containing 45% fat (HF-CDAA). The mice fed
HF-CDAA diets for 16 weeks were divided into four groups: the no treatment (HF-CDAA), HF-CDAA
containing 1000 mg/kg metformin, HF-CDAA containing 10 mg/kg GW7647, and HF-CDAA with

both metformin and GW7647 groups. Metformin alone slightly deteriorated the aspartate and
alanine aminotransferase (AST/ALT) values, whereas co-treatment with GW7647 and metformin
greatly suppressed liver injury and fibrosis via activation of the AMP-activated protein kinase (AMPK)
pathway. Further study revealed that co-treatment decreased the expression of inflammatory-,
fibrogenesis-, and endoplasmic reticulum (ER) stress-related genes and increased the oxidized
nicotinamide adenine dinucleotide (NAD)/reduced nicotinamide adenine dinucleotide (NADH) ratio,
suggesting the superiority of co-treatment due to restoration of mitochondrial function. The additive
benefits of a PPARx agonist and metformin in a HF-CDAA diet-induced advanced NASH model was
firstly demonstrated, possibly through restoration of mitochondrial function and AMPK activation,
which finally resulted in suppression of hepatic inflammation, ER stress, then, fibrosis.

Abbreviations

ACOX  Acyl-CoA oxidase

ALT Alanine aminotransferase

AMPK  Adenosine monophosphate-activated protein kinase
AST Aspartate aminotransferase

CDAA  Choline-deficient L-amino acid-defined
CHOP  C/EBP-homologous protein

CPT Carnitine palmitoyltransferase
elF2a Eukaryotic initiation factor 2-alpha
ER Endoplasmic reticulum

Erk Extracellular signal-regulated kinase
FGF21  Fibroblast growth factor 21

HF High-fat

IRS-1 Insulin receptor substrate 1
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JNK C-jun N-terminal kinase

NAD Oxidized nicotinamide adenine dinucleotide
NADH  Reduced nicotinamide adenine dinucleotide
NAFLD Nonalcoholic fatty liver disease

NASH  Nonalcoholic steatohepatitis

NE-xB  Nuclear factor-kappa B

PPAR Peroxisome proliferator-activated receptor
PPRE Peroxisome proliferator response element
TG Triglyceride

Nonalcoholic fatty liver disease (NAFLD) is one of the most common liver diseases and is significantly associ-
ated with features of metabolic syndrome, including obesity, dyslipidemia, and insulin resistance"?. While liver
fibrosis severity predicts mortality and time to development of severe liver disease in NAFLD, emerging evidence
indicates that metabolic inflammation is a key process in the progression of simple steatosis to more advanced
stages of liver damage and fibrosis>*. Several inflammatory pathways and mediators have been implicated to
associate with NASH, leading to occurrence of type 2 diabetes mellitus, cardiovascular disease, and chronic
kidney disease®~”. However, the pathogenesis of NAFLD is multifactorial with limited pharmacotherapeutic
options for the treatment of patients®’.

PPARs are not only drug targets of glucose and lipid metabolism, but they can also be used to treat other
diseases, such as primary biliary cholangitis'®. PPARs are nuclear receptors that play key roles in cellular pro-
cesses that control lipid and carbohydrate metabolism in the liver, muscle, and adipose tissues''. PPARa is most
prominently expressed in the liver, where it serves as the master transcriptional regulator of hepatic fatty acid
transport and B-oxidation''% In addition, PPARa activation inhibits inflammation-related genes induced by
nuclear factor-kB (NF-xB) and decreases the expression of acute-phase response genes in a peroxisome pro-
liferator response element (PPRE)-dependent or PPRE-independent manner!>'%. Hence, PPARa agonists are
now also being investigated as potential anti-NASH drugs and are currently under evaluation in clinical trials'.

Metformin is an also commonly used medication for type 2 diabetes mellitus, as some evidence suggests
beneficial effects in hepatocellular carcinoma and other cancers'®!. In hepatocytes, metformin increases the
AMP/ATP ratio and AMPK activity via inhibition of the mitochondrial respiratory chain (complex I) and
decreases gluconeogenesis and increases fatty acid oxidation, which supports its use in NAFLD'8. AMPK is a key
enzyme that participates in insulin signaling, whole-body energy balance, and the metabolism of glucose and
fats'*?°. Furthermore, several studies have demonstrated that metformin suppressed inflammatory responses
through inhibition of c-Jun N-terminal kinase (JNK) and NF-kB in various types of cells?*>. Although the pre-
cise underlying mechanism remains unclear, it was recently reported that AMPK signals inhibit the activation
of caspase-6 via phosphorylation of procaspase-6 and the consequent caspase activation cascade, which leads
to apoptosis in various murine NASH models?*. Metformin has also been shown to exhibit anti-fibrotic effects
independent of its lipid-lowering activity in several organs®***. However, not all individuals with chronic liver
disease with impaired mitochondrial function who are prescribed metformin derive the same benefits, and some
even develop adverse effects?®?’.

Previously, only a few studies demonstrated the potential benefits of tesaglitazar, a dual PPARa/y agonist, as
an add-on therapy to metformin in patients with poorly controlled type 2 diabetes mellitus?. The overlapping
pathways controlled by PPARs and AMPK prompted us to investigate whether their combined agonist activities
could promote additive benefits for the metabolic and histological outcomes in NASH. To address this question,
the present study assessed the therapeutic efficacy of treatment with a PPARa agonist and/or metformin using
a recently described mouse model of NASH. Feeding rodents a CDAA diet containing high-fat components
has been reported to cause excess oxidative/ER stress in the liver and to induce liver steatosis, inflammation,
and fibrosis within 12-16 weeks?. This useful animal model has provided us with the opportunity to assess the
pathophysiology of progressive NAFLD in humans.

We investigated the anti-inflammatory, anti-oxidant, and anti-fibrogenic roles of the PPARa agonist GW7647,
and metformin. Rather than protecting the liver from the development of NASH, metformin was harmful and
worsened the serum AST and ALT value in this mouse model of advanced NASH. On the contrary, GW7647
enhanced hepatic expression of -oxidation-related genes and reduced serum triglyceride (TG) levels. Particu-
larly, co-treatment with GW7647 and metformin consistently improved the serum AST and ALT value, liver
steatosis, liver injury, and fibrosis with a recovery of insulin sensitivity in the liver. Interestingly, improvement
in progressive liver damage by this co-treatment occurred despite a decrease in hepatic fibroblast growth factor
21 (FGF21) expression and serum FGF21 levels, which suggests amelioration of hepatic ER stress and FGF21
resistance induced by HF-CDAA?. These findings suggest that in this model, co-treatment with a PPARa agonist
and metformin provides a useful mechanism to protect the liver from metabolic inflammation.

Results

HF-CDAA-induced progressive NASH in mice. We assessed body weight (BW), the liver and epididy-
mal fat weight/BW ratio, H&E staining, and liver TG content at the end of the 16-week treatment. Mice fed
HF-CDAA gained 2 g and exhibited an increase in liver and epididymal fat/BW ratio (Fig. 1A,B). While serum
total cholesterol and TG levels were lower, the AST and ALT values in mice fed a HF-CDAA were substantially
higher than those in mice fed standard chow (Fig. 1C). These findings indicated not only that a 45% HF-CDAA
diet inhibited very low-density lipoprotein secretion (Supplementary Fig. S2) from the liver and promoted intra-
hepatic lipid accumulation, but also the addition of HF feeding to CDAA in C57BL/6 ] mice was identified as
an optimal model of steatohepatitis in the absence of substantial weight loss. Exacerbated liver steatosis was
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Figure 1. HF-CDAA diets-induced NASH. (A) Body weight changes during 16-week treatment are plotted. (B)
Liver/body weight (BW) and epididymal fat/BW ratio (%) were assessed at 16 weeks. (C) Serum total cholesterol,
triglyceride, AST and ALT values were determined. (D) Hematoxylin and eosin, and picro-sirius red staining of liver
sections from representative mice fed chow or HF-CDAA diets. (E) Hepatic TG contents were measured. (F) The
number of inflammatory foci per 200 x field was counted on sections from each mouse. Mean + SE data from each
group (n=8/group) are displayed. (G) Hepatic mRNA levels of typel al procollagen were determined by quantitative
real time PCR analysis. Results were normalized to glucuronidase expression. Mean + SE data are displayed as fold
changes relative to chow-fed mice. (H) Morphometric analysis of picro-sirius red-stained sections from each group
(n=8/group). Results are expressed as percentage of section staining (+) for picro-sirius red. (I) Phosphorylated
(p)-NF-xB p65 at ser536, total (t)-NF-kB p65, p-Erk1/2 at Thr202/Tyr204, t-Erk1/2, p-JNK at Thr183/Tyr185 and
t-JNK, (J) p-AMPKa at Thr172, t-AMPKa, p-IRS-1 at Tyr896 and at Ser636/639, t-IRS-1, (K) p-eIF2a at Ser51, t-eIF2a
and CHOP were evaluated by immunoblot analysis of livers from 3 mice/group. To control for loading, the blot was
stripped and re-probed for actin. *p <0.05, **p <0.01. BW body weight, ¢-chol total cholesterol, TG triglyceride, p
phosphorylated, HE hematoxylin and eosin.
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confirmed by H&E staining and by measurement of liver TG content (Fig. 1D,E). Furthermore, to evaluate liver
injury and fibrosis, we assessed the lobular inflammatory score, performed a quantitative analysis of the area
positive for picro-sirius red, and determined hepatic mRNA levels of typel al procollagen. According to the
results, HF-CDAA significantly increased these parameters of liver injury and fibrosis (Fig. 1F-H).

As previously reported, excess intrahepatic lipid accumulation triggered metabolic inflammation and led
to impairment of hepatic insulin sensitivity and promotion of ER stress®>*. Tumor necrosis factor-a induces
phosphorylation of IRS-1 at Ser 636/639 through the both Erk and JNK phosphorylation and inhibits tyrosine
phosphorylation of IRS-1%. In accordance with these reports, HF-CDAA promoted liver inflammation with
phosphorylation of NF-kB p65 at Ser536, that of Erk1/2, and that of JNK (Fig. 11, Supplementary Fig. S4a—c). At
the same time, phosphorylation of AMPKa and of IRS-1 at Tyr896 was reduced, while phosphorylation IRS-1 at
Ser636 was elevated (Fig. 1], Supplementary Fig. S5a—c). The assessment of ER stress-related molecules showed
that phosphorylation of eIF2a and CHOP expression were upregulated by HF-CDAA (Fig. 1K, Supplementary
Fig. S6a-c). Taken together, the HF-CDA A-induced inflammatory response inhibited hepatic insulin signaling
and enhanced the ER stress pathway, which was accompanied by downregulation of AMPK activity.

GW7647 treatment ameliorated HF-CDAA induced liver steatosis. To investigate the effect of
metformin and a PPARa agonist against NASH, we treated mice with metformin, GW7647, or both agents
for 16 weeks. The final BWs at the end of the treatment were similar among all groups (Fig. 2A). The liver/BW
ratio, but not the epididymal fat/BW ratio, and serum TG levels were significantly decreased by both GW7647
monotherapy and co-treatment with metformin and GW7647 (Fig. 2B,C). Liver steatosis were assessed in H&E
stained sections (Fig. 2D). In accordance with a significant decrease in liver TG contents, the liver steatosis grade
was clearly improved in the GW7647 monotherapy and co-treatment groups (Fig. 2E,F).

The major mechanism driving hepatic TG accumulation is increased delivery of free fatty acids from periph-
eral adipose depots to the liver. Hepatic lipid disposal via mitochondrial/ peroxisomal B-oxidation and lipo-
protein export are central mechanisms that function to eliminate potentially toxic free fatty acids*>***. To
investigate why liver steatosis was ameliorated by GW7647 monotherapy and co-treatment, we assessed hepatic
mitochondrial and peroxisomal -oxidation-related gene expression of CPT1, 2, and ACOXI1 by real-time PCR.
Although HF-CDAA diets severely suppressed expression of CPT1, 2 and ACOX1, which are target genes of
PPARa, we found that GW7647 treatment partly restored these gene expressions in comparison with HF-CDAA
controls (Fig. 2G)*. Consistent with previous reports of fibrates, these findings indicated that the GW7647 treat-
ment groups experienced an amelioration in steatosis induced by HF-CDAA via the induction of both hepatic
ACOX1, is the first and rate-limiting enzyme in fatty acid B-oxidation in peroxisomal, and CPT1, 2, controls
mitochondrial beta-oxidation.

Co-treatment with GW7647 and metformin ameliorated liver inflammation. Unexpectedly,
metformin monotherapy increased the serum AST and ALT values compared with other treatments (Fig. 3A).
On the contrary, co-treatment, but not GW7647 monotherapy, ameliorated serum ALT values and tended to
lower the lobular inflammatory scores of liver sections (Fig. 3A,B). Hepatic mRNA levels of tumor necrosis
factor-alpha, monocyte chemotactic protein-1, and interleukin 6 were also significantly decreased in the co-
treatment group, which suggests anti-inflammatory effects of GW7647 and metformin co-treatment (Fig. 3C).
To confirm these findings, we used immunoblotting to compare hepatic injury-related parameters. HF-CDAA-
induced phosphorylation of NF-kB p65 at Ser536, that of Erk1/2 at Thr202/Tyr204, and that of JNK at Thr183/
Tyr185 were abrogated in the livers of mice in the co-treatment group (Fig. 3D). Consistent with these obser-
vations, the phosphorylation of AMPKa at Thr172 was restored with a reduction in phosphorylation of IRS-1
at Ser636 by HF-CDAA diets (Fig. 3E), which indicates that the activation of AMPK by metformin inhibited
inflammatory stimuli and the phosphorylation of IRS-1 at Ser636 only in the co-treatment group. To investigate
why only co-treatment could activate AMPK and ameliorate liver injury, we assessed NAD, which can restore
mitochondrial function and energy production, and the NAD/NADH ratio. HF-CDAA diets did not alter the
hepatic levels of NAD but increased NAD/NADH ratio because of the decreases of NADH levels. Both NAD and
the NAD/NADH ratio were elevated in the co-treatment group but not in the other HF-CDAA groups (Fig. 3F).

Co-treatment with GW7647 and metformin ameliorated ER stress. We also assessed oxidative/
ER stress parameters. While HF-CDAA diets suppressed the mRNA levels of superoxide dismutase-1 and 2,
which are target genes of PPARa, GW7647 treatment clearly restored these levels (Fig. 4A). ER stress molecules
and immunoglobulin heavy chain-binding protein mRNA were lower in HF-CDAA groups than those in chow-
fed mice, and lowest in the co-treatment group (Fig. 4B). On the contrary, CHOP mRNA was elevated by HF-
CDAA diets and suppressed in all three treatment groups (Fig. 4B).

These observations indicated that co-treatment might be an effective treatment for the induction of PPRE-
dependent anti-oxidant gene expression and for improving expression of ER stress-related molecules. While
hepatic mRNA levels of FGF21 were lower in HF-CDAA groups compared to chow group, interestingly, hepatic
mRNA levels of FGF21 and serum FGF21 levels were significantly decreased in mice treated with both agents
(Fig. 4C). These results were inconsistent with previous studies that showed that the FGF21 gene is a PPARa
target'’. Therefore, we evaluated the protein levels of immunoglobulin heavy chain-binding protein, phosphoryl-
ated eIF2a, and CHOP, which also regulate FGF21 expression. Despite of no change in immunoglobulin heavy
chain-binding protein levels between all groups, we found that co-treatment actually reduced the elevation of
phosphorylated eIF2a and CHOP by HF-CDAA diets (Fig. 4D), suggesting that the improvement of ER stress
led to a reduction of FGF21 expression.
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Figure 2. The effect of metformin, GW7647 and metformin/GW7647 on HF-CDAA-induced liver steatosis.
(A) Body weight changes during 16-week treatment are plotted. (B) Liver/BW and epididymal fat/BW ratio (%)
were assessed. (C) Serum TG were determined in each group (n=8/group). (D) Hematoxylin and eosin staining
of liver sections from representative mice fed chow or HF-CDAA diets. (E) Liver steatosis grade was scored
according to brunt criteria. (F) Hepatic TG contents were measured. (G) Hepatic mRNA levels of PPARa,
ACOX, and CPT1, 2 were determined. Mean + SE data are displayed as fold changes relative to chow-fed mice.
*p<0.05, **p <0.01. Met metformin, GW GW7647.

Co-treatment with GW7647 and metformin ameliorated liver fibrosis. To evaluate the effect of
co-treatment on liver fibrosis, hepatic mRNA levels of fibrosis markers were compared among the four groups.
Mice that were fed the HF-CDAA diet exhibited significantly increased hepatic mRNA expression of collagen
type 1 a 1, tissue inhibitor of metalloproteinase-1, and transforming growth factor-beta 1. Co-treatment sup-
pressed these HF-CDAA diet-related increases in fibrosis makers (Fig. 5A). To further assess the effects of co-
treatment on hepatic fibrosis, picro-sirius red staining and a measurement of liver hydroxyproline content were
performed (Fig. 5B-D). As predicted from the results of the analysis of hepatic fibrosis markers, co-treatment
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Figure 3. The effect of metformin, GW7647 and metformin/GW7647 on Injury-related parameters. (A) Serum
AST and ALT values were determined. (B) The number of inflammatory foci per 200 x field was counted. (C)
Hepatic mRNA levels of TNF-a, IL-6 and MCP-1 were determined. (D) p-NF-kB p65 at Ser536, t-NF-kB p65,
p-Erk1/2 at Thr202/Tyr204, t-Erk1/2, p-JNK at Thr183/Tyr185, t-JNK, (E) p-AMPKa at Thr172, t-AMPKa,
p-IRS-1 at Tyr896 and at Ser636, and t-IRS-1 levels were evaluated by immunoblot analysis. (F) Hepatic NAD
and NAD/NADH ratio were measured. Results are expressed per g tissue. *p <0.05, **p <0.01. TNF-« tumor
necrosis factor-alpha, MCPI1 monocyte chemotactic protein 1, IL-6 Interleukin-6.

slightly decreased the proportion of picro-sirius red-stained areas, as demonstrated by liver morphometry, and
significantly lowered liver hydroxyproline content in mice. These findings demonstrated the anti-fibrotic effect
of co-treatment in this model of advanced NASH.

Discussion

Both metformin and PPARa agonists are well tolerated and commonly used in patients with obesity-related
metabolic disorders, such as type 2 diabetes mellitus and hyperlipidemia. Several studies have already shown
that they can also induce additional benefits for NAFLD'!-1*1517 However, whether they improve the histology
of NAFLD has not been fully elucidated. In this study, we observed the beneficial effect of co-treatment with a
PPARa agonist and metformin on the progression of NAFLD in three major manifestations of liver disease, that
is, steatosis, inflammation, and fibrosis. We concluded that co-treatment actually helps to protect hepatocytes
from metabolic inflammation by buffering impaired mitochondrial function in this mouse model of advanced
NASH.
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Figure 5. The effect of metformin, GW7647 and metformin/GW?7647 on fibrosis markers. (A) The mRNA
levels of hepatic collagen, TIMP-1 and TGF-P1 were determined by quantitative real time PCR. (B) Picro-sirius
red staining of liver sections from representative mice of each group. (C) Morphometric analysis of picro-sirius
red-stained sections from each group (n=8/group). Results are expressed as percentage of section staining (+)
for picro-sirius red. (D) Hepatic hydroxyproline contents were measured. Results are expressed per g tissue.
*p<0.05, **p<0.01. TIMP-1 tissue inhibitor of metalloproteinase-1, TGF-S1 transforming growth factor-beta 1.
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Like methionine-choline-deficient diets, CDAA diets induce hepatic TG accumulation by inhibiting hepatic
export of very low-density lipoproteins and impairing fatty acid oxidation in hepatocytes®. These inhibitory
effects on lipid disposal are sufficient to increase lipid synthesis as well as oxidative and endoplasmic reticulum
stress to incite hepatic inflammatory cell infiltration and stellate cell activation®. Interestingly, unlike high-fat
diets, which produce relatively little hepatic necroinflammation or fibrosis, CDAA diets are widely used to
induce NASH with fibrosis, even in normal mice. However, although CDAA diets have been reported to induce
peripheral insulin resistance at one month*!, lean mice fed CDAA diets for long periods display neither obvious
changes in peripheral insulin sensitivity nor weight gain®. Therefore, we used a CDAA diets containing 45%
fat, by which mice gain 2 g for 16 weeks and exhibit impaired hepatic insulin signaling via phosphorylation of
IRS-1 at Ser636/639. HF-CDAA-fed mice demonstrate steatohepatitis with dietary fat-driven dysregulation of
lipid metabolism-related genes, progressive fibrosis, and hepatocellular carcinoma?®. In our study, mice fed an
HF-CDAA diet for 16 weeks gained an average of 2 g of weight without concomitant increases in serum glucose
and insulin levels (Supplementary Fig. S3). In their livers, while phosphorylation of IRS-1 at Tyr896 and total
IRS-1 was decreased, phosphorylation of IRS-1 at Ser636 was significantly increased, which suggests that this
HEF-CDAA diet-induced metabolic inflammation that was involved in the impairment of hepatic insulin signal-
ing (Fig. 1])*"*2-*%. Here, we tested the anti-diabetic drug metformin, which has potential tumor suppressive
effects. Unfortunately, metformin monotherapy failed to enhance the phosphorylation of AMPKa at Thr172
and worsened serum AST/ALT values and hepatic collagen mRNA (Fig. 3A, E, Fig. 5A). In contrast, GW7647
monotherapy expectedly upregulated hepatic expression of PPRE-dependent and PPRE-independent genes and
tended to ameliorate liver steatosis, but these effects were not sufficient to prevent liver fibrosis. Co-treatment
with GW7647 and metformin successfully improved NASH through beneficial effects on the metformin-AMPK
axis and PPARa activity in this model of advanced NASH.

AMPK is a serine/threonine protein kinase. AMPK signaling is a cellular energy and nutrient sensor, and plays
an essential role in metabolic pathways. Metformin activates the AMPK pathway and inhibits phosphorylation of
mechanistic target of rapamycin'®-?!. We considered that the metformin-induced anti-inflammatory effect was
partly accompanied by upregulation of AMPKa phosphorylation (Thr172), downregulation of Erk1/2 (Thr202/
Tyr204), and JNK (Thr183/Tyr185) and IRS-1 (Ser636) phosphorylation in the co-treatment group. Consistent
with these results, it is known that the inhibitory effect of metformin on mitogen-activated protein kinase activity
is involved in protection against cardiovascular diseases, atherosclerosis, and chronic kidney disease. Recently,
imeglimin, is a new anti-diabetes drug, inhibits complex I, and restores complex III activities, which leads to an
increase in fatty acid oxidation and a reduction in liver steatosis. This dual effect of imeglimin (complex I inhibi-
tion and complex III restoration) allows mitochondria to oxidize more complex II substrates, and thus, potentially
more lipids*. We observed that co-treatment, but not metformin monotherapy, elevated the production of NAD
and the NAD/NADH ratio in the liver, which indicates benefits of co-treatment on impaired mitochondrial func-
tion. In summary, in this study, metformin could restore mitochondrial function and inhibit liver inflammation
by the addition of a PPARa agonist. Metformin was also reported to inhibit the invasiveness of human hepato-
cellular carcinoma cells via downregulation of Erk/JNK-mediated NF-kB-dependent signaling'®?>?. Therefore,
hepatocellular carcinoma induced by long-term of HF-CDAA feeding might be suppressed by this co-treatment.

PPARa activation also inhibits inflammatory genes induced by NF-«kB and decreases the expression of acute-
phase response genes in a PPRE-dependent or PPRE-independent manner'?. Fibrates, which are commonly used
as PPAR agonists, maintained the elevated de novo lipogenesis (indicated by the upregulation of sterol regula-
tory element-binding protein 1c, acetyl-CoA carboxylase, fatty acid synthase, and stearoyl-CoA desaturase 1),
markedly increased fatty acid oxidation (indicated by induction of ACOXI, phospho-acetyl-CoA carboxylase)
activity, and eliminated intrahepatic lipid accumulation'*. Consistently, GW7647 increased de novo lipogenesis-
associated genes and serum total cholesterol levels (Fig. 2C, Supplementary Fig. S3c), and enhanced the expres-
sion of fatty acid oxidation-related genes (Fig. 2G) and cyp7al (Supplementary Fig. S3¢). Finally, activation of
PPARa can reduce the accumulation of deleterious lipids and lead to amelioration of hepatic insulin resistance
and oxidant/ER stress'>*’. Therefore, due to the pathophysiological role of PPARs in NAFLD, these data suggest
that PPARa is a potential therapeutic target in NASH. In clinical studies, the use of PPARY agonists is associated
with histological improvement in NAFLD but is harmful for obesity*®. In other studies, human liver PPARa
gene expression was negatively correlated with NASH severity, visceral adiposity, and insulin resistance and
was positively correlated with adiponectin®. Histological improvement is associated with an increase in the
expression of PPARa and its target genes. Upregulation of PPARa and its target genes in patients with NASH
at baseline was correlated with a significant downregulation of inflammatory response genes, as well as that
of lipogenesis genes in responders to fibrate treatment*. Moreover, FGF21 is strongly induced in animal and
human subjects with metabolic diseases, is expressed predominantly in the liver, and has recently emerged as a
promising drug candidate for NASH>**". In our study, hepatic FGF21 expression and serum FGF21 levels were
lowest in the co-treatment group (Fig. 4D). At a glance, our results differ from those of some reports that have
stated that FGF21 is a key downstream mediator of PPARa-induced effects*’. However, FGF21 is also known to
be regulated by ER-stress-related genes®', such are activating transcription factor 4 and CHOP, which suggests
that the amelioration of ER stress by co-treatment reduced FGF21 expression in the liver.

Metformin monotreatment suppressed phosphorylation of NF-«kB p65, Erk1/2 and elF2a, but not led to an
amelioration of NASH. GW7647 monotreatment also suppressed phosphorylation of NF-kB p65, IRS-1 (at ser
636/639) and eIF2a, but not clearly ameliorated NASH. The possibility remains that higher dose of metformin
or GW7647 was more effective. Because average food intakes were almost 3-4 g/day in all groups (Supplemen-
tary Fig. S3a), we had selected the minimum quantity of an effective dose in both metformin and GW7647.
Metformin (0.1% w/w in standard diet) could activate AMPK without altering in vivo electron transport chain
activities®. And 2.5 mg/kg/d of GW7647 is sufficient to induce its effects as a PPARa agonist according to Li
et al.2. We were fearful of high dose of PPARa agonist-related hepato-carcinogenesis in the HF-CDAA models.
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In this study, our aim is how to use metformin safely and effectively for the treatment of advanced NASH. The
minimum and effective quantity dose of PPARa agonists and metformin is a probable candidate for NASH
therapy. Upon consideration of the results of the present study and those of other reports, we conclude that co-
treatment can prevent the progression of NASH. This is due to an additive interaction of the beneficial effects
of co-treatment on metabolic inflammation and mitochondrial function. Recently, dual PPAR agonists without
significant gamma activity have appeared promising for the treatment of NAFLD*2. Hopefully, further studies on
the therapeutic use of PPAR agonists and metformin, including their related drugs, for the treatment of NASH
will be performed in the future.

Methods

Animals and treatment. A mouse model of diet-induced obesity and NASH was used in this study. Eight-
week-old male C57/BL6 mice were purchased from Japan Jackson Laboratories, maintained in a temperature-
and light-controlled facility, permitted consumption of water ad libitum, and housed in transparent polymer X
(TPX) cages (CL-0104-2, CLEA Japan Inc., Tokyo, Japan) with a maximum of eight mice per cage. Eight mice
were fed a control chow diet and 32 mice were fed a high-fat CDAA diet (HF-CDAA; A06071309, Research Diet
Inc., Tokyo, Japan) for 16 weeks. 32 mice fed HF-CDAA diets were randomly divided into four groups (n=8/
group): no treatment control (HF-CDAA) group, the group fed HF-CDAA containing 1000 mg/kg metformin
(Sigma, Japan)®!, the group fed HF-CDAA containing 10 mg/kg GW7647 (Sigma Japan)®*, and the group fed
HF-CDAA containing both metformin and GW7647. Optimized doses of GW7647 were determined by measur-
ing liver concentrations of GW7647 one week after feeding (Supplementary Fig. S1a). Furthermore, to confirm
the induction of PPRE-dependent transcriptional activity, hepatic mRNA levels of PPARa, carnitine palmitoyl-
transferase (CPT)1, and acyl-CoA oxidase (ACOX)1 were examined one week after they were fed a HF-CDAA
containing 1 mg/kg, 3 mg/kg, or 10 mg/kg of GW7647. Finally, we decided 10 mg/kg dose of GW7647 is most
effective for a biological response. (Supplementary Fig. S1b). At the end of treatment, livers, epididymal fats, and
blood were isolated from each animal after about 8 h of fasting. Co-treatment with metformin and GW7647
had no effect on serum concentration of those each other (Supplementary Fig. Slc). The study protocol was in
accordance with the guidelines for the care and use of laboratory animals set by Kyoto Prefectural University of
Medicine. (Kyoto, Japan) and was approved by the Committee on the Ethics of Animal Experiments of the same
institution. Animals were housed under conventional conditions with controlled temperature, humidity, and
light (12-h light-dark cycle) and provided with food and water.

Analysis of liver architecture. Liver sections were stained with hematoxylin and eosin using standard
techniques. The steatosis score was calculated according to the degree of parenchymal involvement as follows:
0,<5%; 1,>5-33%; 2,>33-66%; and 3,>66% according to Brunt criteria®. The lobular inflammation score was
calculated according to the numbers of the inflammation foci in a x 200 microscopic field as follows: 0, no foci;
1, <2 foci per x 200 field; 2, 2-4 foci per x 200 field; and 3,> 4 foci per x 200 field.

Quantification of collagen levels in the liver. To quantify the collagen content in the liver, liver sec-
tions were stained with picro-sirius red and counterstained with fast green (Sigma-Aldrich, Japan). The propor-
tion of tissue stained with picro-sirius red was quantified by morphometric analysis using Image J software
in five randomly selected fields per section (magnification x 200), as previously described**. Hydroxyproline
content in whole-liver specimens was quantified using a Total Collagen Assay Kit (QuickZyme BioSciences B.V,
Netherlands).

Two-step real-time PCR. Real-time PCR was performed as described below™". Specificity was confirmed
for all primer pairs (Supplementary Table S1) by sequencing the PCR products. Target gene levels were presented
as a ratio of levels in the treated versus corresponding control groups. Fold changes were determined using point
and interval estimates.

Immunoblot assay. Proteins isolated from whole livers were separated by SDS-PAGE and transferred to
PVDF membranes. Membranes were probed with anti-eukaryotic initiation factor 2a (eIF2a), antiphospho-
elF2a, anti-C/EBP-homologous protein (CHOP), anti-immunoglobulin heavy chain-binding protein, anti-
AMPK, anti-phospho-AMPK at Thr172, anti-insulin receptor substrate 1 (IRS-1), anti-phospho-IRS-1 at
Ser636, anti-phospho-NF-xB p65 at Ser 536, anti-NF-kB p65, anti-phospho- extracellular signal-regulated
kinase (Erk)1/2, anti-Erk1/2, anti-phospho-JNK, anti-JNK (Cell Signaling Technology Inc., Beverly, MA), anti-
phospho-IRS-1 at Tyr896 (Sigma-Aldrich), or anti-actin (Sigma-Aldrich), followed by incubation with horse-
radish peroxidase-conjugated anti-mouse or anti-rabbit IgG (Invitrogen, Carlsbad, CA). Antigens were visual-
ized by ECL (GE Healthcare, Chicago, IL).

Tissue and plasma biochemical measurements. Serum AST, ALT, total cholesterol, and TG levels
were measured at SRL, Inc. (Tokyo, Japan). Serum FGF21 levels were measured using a Mouse FGF21 ELISA
Kit (Arigo Biolaboratories Corp., Hsinchu, Taiwan). We performed the extraction of hepatic lipids from about
20 mg liver tissue of each sample by Bligh & Dyer methods, and remeasured liver TG contents using the com-
mercial Kits, triglyceride E-test (Wako Pure Chemical Industries). The hepatic NAD/NADH ratio was measured
by NAD/NADH Quantification Colorimetric Kit (BioVision, Inc., CA).
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Statistical analysis. Results are presented as the mean + SEM. Significance was established using Student’s
t-test and analysis of variance, when appropriate. Differences were considered significant if p <0.05.

Received: 22 May 2020; Accepted: 13 October 2020
Published online: 11 November 2020

References

1.

Ludwig, J., Viggiano, T. R., McGill, D. B. & Oh, B. ]. Nonalcoholic steatohepatitis: Mayo clinic experience with a hitherto unnamed
disease. Mayo Clin. Proc. 55, 434-438 (1980).

2. Kahn, S. E,, Hull, R. L. & Utzschneider, K. M. Mechanisms linking obesity to insulin resistance and type 2 diabetes. Nature 444,
840-846 (2006).
3. Tilg, H. & Moschen, A. R. Inflammatory mechanisms in the regulation of insulin resistance. Mol. Med. 14, 222-231 (2008).
4. Maachi, M. et al. Systemic low-grade inflammation is related to both circulating and adipose tissue TNFa, leptin and IL-6 levels
in obese women. Int. J. Obes. Relat. Metab. Disord. 28, 993-997 (2004).
5. Targher, G. et al. Nonalcoholic fatty liver disease is independently associated with an increased incidence of cardiovascular events
in type 2 diabetic patients. Diabetes Care 30, 2119-2121 (2007).
6. Targher, G. et al. Nonalcoholic fatty liver disease and risk of future cardiovascular events among type 2 diabetic patients. Diabetes
54, 3541-3546 (2005).
7. Pais, R. & Bourron, O. Fatty liver and renal function impairment: time for awareness?. ] Hepatol. 68, 13-15 (2017).
8. Tilg, H. & Moschen, A. R. Evolution of inflammation in nonalcoholic fatty liver disease: the multiple parallel hits hypothesis.
Hepatology 52, 1836-1846 (2010).
9. Sumida, Y. & Yoneda, M. Current and future pharmacological therapies for NAFLD/NASH. J. Gastroenterol. 53, 362-376 (2018).
10. Ghonem, N. S., Assis, D. N. & Boyer, J. L. Fibrates and cholestasis. Hepatology 62, 635-643 (2015).
11. Montagner, A. et al. Liver PPARa is crucial for whole-body fatty acid homeostasis and is protective against NAFLD. Gut 65,
1202-1214 (2016).
12. Pawlak, M., Lefebvre, P. & Staels, B. Molecular mechanism of PPARa action and its impact on lipid metabolism, inflammation
and fibrosis in non-alcoholic fatty liver disease. J. Hepatol. 62, 720-733 (2015).
13. Chan, S. M. et al. Activation of PPARa ameliorates hepatic insulin resistance and steatosis in high fructose-fed mice despite
increased endoplasmic reticulum stress. Diabetes 62, 2095-2105 (2013).
14. Souza-Mello, V. Peroxisome proliferator-activated receptors as targets to treat non-alcoholic fatty liver disease. World J. Hepatol.
7,1012-1019 (2015).
15. Choudhary, N. S., Kumar, N. & Duseja, A. Peroxisome proliferator-activated receptors and their agonists in nonalcoholic fatty
liver disease. J. Clin. Exp. Hepatol. 9, 731-739 (2019).
16. Ferretti, A. C. et al. Metformin and glucose starvation decrease the migratory ability of hepatocellular carcinoma cells: targeting
AMPK activation to control migration. Sci. Rep. 9, 2815 (2019).
17. Chaube, B. & Bhat, M. K. AMPK, a key regulator of metabolic/energy homeostasis and mitochondrial biogenesis in cancer cells.
Cell Death Dis. 7, €2044 (2016).
18. Vial, G, Detaille, D. & Guigas, B. Role of mitochondria in the mechanism(s) of action of metformin. Front Endocrinol (Lausanne).
10, 294 (2019).
19. Day, E. A,, Ford, R. ]. & Steinberg, G. R. AMPK as a therapeutic target for treating metabolic diseases. Trends Endocrinol. Metab.
28, 545-560 (2017).
20. Foretz, M., Guigas, B., Bertrand, L., Pollak, M. & Viollet, B. Metformin: from mechanisms of action to therapies. Cell Metab. 20,
953-966 (2014).
21. Sag, D,, Carling, D., Stout, R. D. & Suttles, J. Adenosine 5’-monophosphate-activated protein kinase promotes macrophage polari-
zation to an anti-inflammatory functional phenotype. J. Immunol. 181, 8633-8641 (2008).
22. Yang, L. et al. Effect of AMPK signal pathway on pathogenesis of abdominal aortic aneurysms. Oncotarget. 8, 92827-92840 (2017).
23. Zhao, P. et al. An AMPK-caspase-6 axis controls liver damage in nonalcoholic steatohepatitis. Science 367, 652-660 (2020).
24. Kheirollahi, V. et al. Metformin induces lipogenic differentiation in myofibroblasts to reverse lung fibrosis. Nat. Commun. 10, 2987
(2019).
25. Shankaraiah, R. C. et al. Metformin prevents liver tumourigenesis by attenuating fibrosis in a transgenic mouse model of hepato-
cellular carcinoma. Oncogene 38, 7035-7045 (2019).
26. Anushiravani, A., Haddadi, N., Pourfarmanbar, M. & Mohammadkarimi, V. Treatment options for nonalcoholic fatty liver disease:
a double-blinded randomized placebo-controlled trial. Eur. J. Gastroenterol. Hepatol. 31, 613-617 (2019).
27. Brackett, C. C. Clarifying metformin’s role and risks in liver dysfunction. . Am. Pharm. Assoc. 2003(50), 407-410 (2010).
28. Goke, B., Gause-Nilsson, I. & Persson, A. The effects of tesaglitazar as add-on treatment to metformin in patients with poorly
controlled type 2 diabetes. Diab. Vasc. Dis. Res. 4, 204-213 (2007).
29. Wei, G. et al. Comparison of murine steatohepatitis models identifies a dietary intervention with robust fibrosis, ductular reaction,
and rapid progression to cirrhosis and cancer. Am. J. Physiol. Gastrointest. Liver Physiol. 318, G174-G188 (2020).
30. Fisher, E M. et al. Obesity is a fibroblast growth factor 21 (FGF21)-resistant state. Diabetes 59, 2781-2789 (2010).
31. Martin-Montalvo, A. et al. Metformin improves healthspan and lifespan in mice. Nat. Commun. 4, 2192 (2013).
32. Li, A. C. et al. Differential inhibition of macrophage foam-cell formation and atherosclerosis in mice by PPARalpha, beta/delta,
and gamma. J Clin Invest. 114, 1564-1576 (2004).
33. Brunt, E,, Janney, C. & Bacon, B. Nonalcoholic Steatohepatitis: a proposal for grading and staging the histological lesions. Am. J.
Gastroenterol. 94(9), 2467-2474 (1999).
34. Yamaguchi, K. et al. Inhibiting triglyceride synthesis improves hepatic steatosis but exacerbates liver damage and fibrosis in obese
mice with nonalcoholic steatohepatitis. Hepatology 45, 1366-1374 (2007).
35. Perry, R.]J., Samuel, V. T., Petersen, K. F. & Shulman, G. I. The role of hepatic lipids in hepatic insulin resistance and type 2 diabetes.
Nature 510, 84-91 (2014).
36. Rutkowski, D. T. et al. UPR pathways combine to prevent hepatic steatosis caused by ER stress-mediated suppression of transcrip-
tional master regulators. Dev. Cell. 15, 829-840 (2008).
37. Hotamisligil, G. S. et al. IRS-1-mediated inhibition of insulin receptor tyrosine kinase activity in TNF-a- and obesity-induced
insulin resistance. Science 271, 665-668 (1996).
38. Moreno-Fernandez, M. E. et al. Peroxisomal B-oxidation regulates whole body metabolism, inflammatory vigor, and pathogenesis
of nonalcoholic fatty liver disease. JCI Insight. 3, €93626 (2018).
39. Rakhshandehroo, M., Knoch, B., Miiller, M. & Kersten, S. Peroxisome proliferator-activated receptor alpha target genes. PPAR
Res. https://doi.org/10.1155/2010/612089 (2010).
Scientific Reports|  (2020) 10:19578 | https://doi.org/10.1038/s41598-020-75805-z nature research


https://doi.org/10.1155/2010/612089

www.nature.com/scientificreports/

40. Inagaki, T. et al. Endocrine regulation of the fasting response by PPARalpha-mediated induction of fibroblast growth factor 21.
Cell Metab. 5, 415-425 (2007).

41. De Minicis, S. et al. HCC development is associated to peripheral insulin resistance in a mouse model of NASH. PLoS ONE 9,
€97136 (2014).

42. Wang, Y. Y. et al. Activation of hepatic inflammatory pathways by catecholamines is associated with hepatic insulin resistance in
male ischemic stroke rats. Endocrinology 155, 1235-1246 (2014).

43. Shibata, T., Takaguri, A., Ichihara, K. & Satoh, K. Inhibition of the TNF-a-induced serine phosphorylation of IRS-1 at 636/639 by
AICAR. J. Pharmacol. Sci. 122, 93-102 (2013).

44. Ueki, K., Kondo, T., Tseng, Y. H. & Kahn, C. R. Central role of suppressors of cytokine signaling proteins in hepatic steatosis,
insulin resistance, and the metabolic syndrome in the mouse. Proc. Natl. Acad. Sci. 101, 10422-10427 (2004).

45. Vial, G. et al. Imeglimin normalizes glucose tolerance and insulin sensitivity and improves mitochondrial function in liver of a
high-fat, high-sucrose diet mice model. Diabetes 64, 2254-2264 (2015).

46. Knight, B. L. et al. A role for PPARalpha in the control of SREBP activity and lipid synthesis in the liver. Biochem. J. 389, 413-421
(2005).

47. DeZwaan-McCabe, D. et al. The stress-regulated transcription factor CHOP promotes hepatic inflammatory gene expression,
fibrosis, and oncogenesis. PLoS Genet. 9, €1003937 (2013).

48. Sanyal, A.]. et al. Pioglitazone, vitamin E, or placebo for nonalcoholic steatohepatitis. N. Engl. J. Med. 362, 1675-1685 (2010).

49. Francque, S. et al. PPARa gene expression correlates with severity and histological treatment response in patients with non-alcoholic
steatohepatitis. . Hepatol. 63, 164-173 (2015).

50. Dushay, J. et al. Increased fibroblast growth factor 21 in obesity and nonalcoholic fatty liver disease. Gastroenterology 139, 456-463
(2010).

51. Xu, X. et al. Preemptive Activation of the Integrated Stress Response Protects Mice From Diet-Induced Obesity and Insulin Resist-
ance by Fibroblast Growth Factor 21 Induction. Hepatology 68, 2167-2181 (2018).

52. Ratziu, V. et al. Elafibranor, an agonist of the peroxisome proliferator-activated receptor-a and -8, induces resolution of nonalcoholic
steatohepatitis without fibrosis worsening. Gastroenterology 150, 1147-1159 (2016).

Acknowledgements

The authors would like to thanks Enago for the English language review and wish to thank Horiguchi, an assistant
professor in the Department of Biostatistics in Kyoto Prefectural University of Medicine, for advice on statistical
analysis.

Author contributions

K.Y, S.0.,, N.T. and Y.I. planned experiments. K.Y, S.O. and Y.I wrote the manuscript. S.O. and K.Y. performed
experiments. N.T., H.I, D.T,, Y.I. and J.K. assisted with the animal experiments. S.O. and K.Y. performed the
histological experiments. K.Y, A.T., S.K,, K.O, Y.S,, Y.L, H.E, A.U, M.M,, K.Y,, T.O. and Y.I. read and com-
mented on the manuscript. All authors read and approved the final manuscript.

Fundin

This stud}? was supported by Grant-in-Aid for Scientific Research (C) (KAKENHI) from the Japan Society for
the Program of Science under Grant Number JP19K08473 and partially supported by Japan Agency for Medical
Research and Development (AMED) under Grant Number JP19fk0210027. This work was also supported in
part by a collaborative research fund from Nissan Chemical Corporation.

Competing interests

Yoshito Itoh received grants from Takeda Pharmaceutical Company Limited., DAIICHI SANKYO COMPANY,
LIMITED., Pfizer Inc., Sumitomo Dainippon Pharma Co. Ltd., KOWA PHARMACEUTICAL COMPANY LTD.,
and Nissan Chemical Corporation. D.T., Y.I. and ].K. are employees of Nissan Chemical Corporation. Rest of
the authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-75805-z.

Correspondence and requests for materials should be addressed to K.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:19578 | https://doi.org/10.1038/s41598-020-75805-z nature research


https://doi.org/10.1038/s41598-020-75805-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	PPARα agonist and metformin co-treatment ameliorates NASH in mice induced by a choline-deficient, amino acid-defined diet with 45% fat
	Results
	HF-CDAA-induced progressive NASH in mice. 
	GW7647 treatment ameliorated HF-CDAA induced liver steatosis. 
	Co-treatment with GW7647 and metformin ameliorated liver inflammation. 
	Co-treatment with GW7647 and metformin ameliorated ER stress. 
	Co-treatment with GW7647 and metformin ameliorated liver fibrosis. 

	Discussion
	Methods
	Animals and treatment. 
	Analysis of liver architecture. 
	Quantification of collagen levels in the liver. 
	Two-step real-time PCR. 
	Immunoblot assay. 
	Tissue and plasma biochemical measurements. 
	Statistical analysis. 

	References
	Acknowledgements


