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Abstract
Nonalcoholic steatohepatitis (NASH) is associated with lipotoxic liver injury, leading to insulin resistance, inflammation,
and fibrosis. Despite its increased global incidence, very few promising treatments for NASH are available. Pirfenidone is an
antifibrotic agent used to treat pulmonary fibrosis; it suppresses the pulmonary influx of T cells and macrophages. Here, we
investigated the effect of pirfenidone in a mouse model of lipotoxicity-induced NASH via a high-cholesterol and high-fat
diet. After 12 weeks of feeding, pirfenidone administration attenuated excessive hepatic lipid accumulation and peroxidation
by reducing the expression of genes related to lipogenesis and fatty acid synthesis and enhancing the expression of those
related to fatty acid oxidation. Flow cytometry indicated that pirfenidone reduced the number of total hepatic macrophages,
particularly CD11c+CD206–(M1)-type macrophages, increased the number of CD11c–CD206+(M2)-type macrophages, and
subsequently reduced T-cell numbers, which helped improve insulin resistance and steatohepatitis. Moreover, pirfenidone
downregulated the lipopolysaccharide (LPS)-induced mRNA expression of M1 marker genes and upregulated IL-4-induced
M2 marker genes in a dose-dependent manner in RAW264.7 macrophages. Importantly, pirfenidone reversed insulin
resistance, hepatic inflammation, and fibrosis in mice with pre-existing NASH. These findings suggest that pirfenidone is a
potential candidate for the treatment of NASH.

Introduction

A sedentary lifestyle coupled with caloric redundancy has
become common in a growing number of regions and can
lead to nonalcoholic fatty liver disease (NAFLD) [1].
NAFLD often coexists with obesity and type 2 diabetes
mellitus, and increasing data have indicated a rapid increase

in the rate of NAFLD over the past three decades [2].
Recently published reports revealed that 20–30% of adults
in developed countries have NAFLD, which can progress to
nonalcoholic steatohepatitis (NASH) [3, 4]. NAFLD is
frequently described as a spectrum of diseases that ranges
from simple steatosis to NASH with advanced fibrosis.
Previously, we developed a cholesterol- and saturated fatty
acid-induced lipotoxic NASH model that successfully
mimicked the pathophysiological features of human NASH,
and found that excessive hepatic lipid accumulation pro-
moted the activation of macrophages/Kupffer cells to
aggravate insulin resistance, hepatic inflammation, and
fibrogenesis [5].

Hepatic fibrosis, a major feature of NASH, is a wound-
healing process involved in the response of liver tissue to
toxic, infectious, or metabolic agents [6]. During liver
injury, hepatic stellate cells (HSCs) are activated by
fibrogenic cytokines and chemokines or by reactive oxy-
gen molecules produced by macrophages recruited to the
site of injury [7]. Compared with agents aimed to ame-
liorate insulin resistance or oxidative stress, which are
considered major causes of NASH progression, few trials

These authors contributed equally: Guanliang Chen, Yinhua Ni

* Tsuguhito Ota
ota@asahikawa-med.ac.jp

1 Advanced Preventive Medical Sciences Research Center,
Kanazawa University Graduate School of Medical Science,
Kanazawa, Ishikawa 920-8640, Japan

2 Division of Metabolism and Biosystemic Science, Department of
Medicine, Asahikawa Medical University, Asahikawa 078-8510,
Japan

Supplementary information The online version of this article (https://
doi.org/10.1038/s41374-019-0255-4) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-019-0255-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-019-0255-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41374-019-0255-4&domain=pdf
http://orcid.org/0000-0002-2389-2334
http://orcid.org/0000-0002-2389-2334
http://orcid.org/0000-0002-2389-2334
http://orcid.org/0000-0002-2389-2334
http://orcid.org/0000-0002-2389-2334
mailto:ota@asahikawa-med.ac.jp
https://doi.org/10.1038/s41374-019-0255-4
https://doi.org/10.1038/s41374-019-0255-4


have investigated hepatic fibrosis as a therapeutic target.
Since there is no standard therapy for NASH, and many
recent agents have obtained unsatisfying results, more
effective therapies are urgently needed for patients
with NASH.

Pirfenidone (5-methyl-1-phenil-2 (1H)-pyridone) is an
approved therapy for idiopathic pulmonary fibrosis (IPF) in
developed countries, because of its antifibrotic properties
[8]. It also suppresses bleomycin-induced increases in the
pulmonary influx of T cells and macrophages. In addition, a
previous study demonstrated that pirfenidone suppressed
the proliferation of HSCs by decreasing hydroxyproline
concentrations and increasing the regeneration of active
cells [9]. Furthermore, pirfenidone decreased the expression
of inflammatory cytokines and inhibited the activation of
nuclear factor-κB (NF-κB) in lipopolysaccharide (LPS)-
induced liver injury in rats [10]. Pirfenidone also protected
against LPS-induced hepatotoxicity by reducing aspartate
aminotransferase (AST) and alanine aminotransferase
(ALT) levels and attenuated oxidative stress in the livers of
rats [11].

Multiple factors and pathways are involved in the
pathogenesis of NAFLD/NASH, including the tumor
necrosis factor-α (TNF-α) and transforming growth factor-
β1 (TGF-β1) pathways, which are related to tissue inflam-
mation and fibrosis [12]. Thus, treatment with pirfenidone
may prevent progression of NASH by inhibiting hepatic
inflammation and fibrosis. In this study, the preventive and
therapeutic effects of pirfenidone and the potential
mechanisms behind these effects were investigated in a
lipotoxic model of NASH. The results indicated that pirfe-
nidone prevented and reversed insulin resistance and stea-
tohepatitis by regulating macrophage and T-cell
accumulation, as well as the ratio of CD11c+CD206− (M1)
to CD11c–CD206+ (M2) phenotypes of macrophages/
Kupffer cells in the livers of mice. Importantly, pirfenidone
improved insulin resistance, hepatic inflammation, and
fibrosis in mice with pre-existing NASH.

Materials and methods

Mice and diets

Seven-week-old male C57BL/6J mice were obtained from
Charles River Laboratories (Yokohama, Japan) and housed
in a room under controlled temperature (25 °C), humidity,
and light (12/12-h artificial light/dark cycle) conditions after
1 week of adaptation. The mice were divided into four
groups and fed for 12 weeks as follows: (1) normal chow
(NC) diet containing 10% of calories from fat (CRF-1;
Charles River); (2) NC diet with 0.2% pirfenidone (Shio-
nogi & Co., Ltd., Osaka, Japan) (NC+pirfenidone); (3)

high-fat, cholesterol, and cholate (CL) diet, containing 60%
of calories from fat, 1.25% cholesterol, and 0.5% sodium
cholate (Research Diets, Inc., New Brunswick, NJ, USA);
and (4) CL diet with 0.2% pirfenidone (CL+pirfenidone).
All mice were maintained under a 1212-h light/dark cycle
and given free access to food and water. All mouse studies
were approved by the Kanazawa University Animal
Experiment Committee (42185).

Quantitative real-time PCR

Quantitative real-time PCR was performed as described
previously [13, 14], and the primers used are shown in
Supplementary Table 1.

Histological examination and immunohistochemistry

Mouse livers were removed immediately after killing and
weighed, stored in 10% buffered formalin, and embedded in
paraffin. Liver sections were stained with hematoxylin and
eosin or Sirius Red or were analyzed by immunohisto-
chemical staining of EGF-like module-containing mucin-
like hormone receptor-like 1 (F4/80) or α-smooth muscle
actin (α-SMA), as described previously [5, 15]. The severity
of hepatic histological changes was assessed in H&E and
Sirius Red stain and blindly scored by two pathologists
according to a NASH activity score [16, 17].

Cell culture

Mouse RAW264.7 macrophages were grown to 70–80%
confluence in DMEM supplemented with 10% fetal bovine
serum (FBS). After 6 h of serum starvation, the culture
media were replaced with fresh media containing 100 ng/mL
LPS (Sigma–Aldrich, St. Louis, MO, USA) or 10 ng/mL
interleukin (IL)-4 (Sigma–Aldrich) combined with 30, 100,
or 300 μg/mL pirfenidone for 16 h [13].

The RI-T rat HSC line was obtained from Health Science
Research Resources Bank (JCRB1088, Osaka, Japan) and
seeded in RPMI-1640 supplemented with 10% FBS. After
6 h of serum starvation, the cells were co-incubated with
3 ng/mL TGF-β1 (R&D Systems, Minneapolis, MN, USA)
and 30, 100, or 300 μg/mL pirfenidone for 16 h [6].

Fluorescence-activated cell-sorting (FACS) analysis

The left lobes of the livers were removed and weighed
carefully after perfusion with PBS containing 2% BSA (pH
7.4). Then, the tissues were lysed and digested gently for
20 min at 37 °C using type IV collagenase (Sigma-Aldrich)
mixed with type I deoxyribonuclease in PBS containing 2%
BSA (pH 7.4). After filtration, the cell suspension was
centrifuged at 5000 rpm for 3 min. The sediment was
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resuspended in PBS containing 2% FBS and incubated with
Fc-Block (BD Bioscience, San Jose, CA) followed by
fluorochrome-conjugated antibodies (BD Biosciences;
Supplementary Table 2). Cells were then analyzed using the
FACSAria II system as described previously [13, 14]. Data
analyses and compensation were performed using FlowJo
software (Tree Star, Ashland, OR, USA).

Statistical analyses

Experimental data are expressed as means ± SEM. P < 0.05
was considered significant. Statistical differences between
groups were determined by a two-tailed Student's t-test.
An overall difference among more than two groups
was determined by one-way ANOVA. If one-way ANO-
VAs were significant, differences between individual
groups were estimated by Tukey post hoc test. All calcu-
lations were performed with SPSS version 19.0 statistical
software (IBM Corporation, Armonk, NY).

Results

Pirfenidone attenuated hepatic steatosis
in diet-induced NASH mice

To determine the effect of pirfenidone on diet-induced
NASH, mice were fed individually a NC or CL diet with or
without 0.2% pirfenidone. After 12 weeks of feeding,
bodyweight (Fig. 1a) and epididymal fat weight (Table 1)
were similar among the groups. Liver weight was increased
significantly by the CL diet but was unaffected by pirfeni-
done administration. However, pirfenidone decreased serum
triglyceride (TG), total cholesterol (TC), nonesterified fatty
acid (NEFA), and AST levels in CL mice (Table 1). His-
tological analysis showed that mice fed with a CL diet
exhibited lipid droplet accumulation in hepatocytes, which
was reduced remarkably by pirfenidone (Fig. 1b). The
severity of liver injury was quantified by NAFLD Activity
Score (NAS). Compared with CL diet only, pirfenidone
attenuated steatosis and lobular inflammation, following a
lower overall NAFLD activity score (NAS) (Table 2).
Consistent with the histologic findings, the CL diet also
markedly increased hepatic TG, TC, and NEFA levels
compared with the NC diet, whereas pirfenidone treatment
significantly suppressed the lipid accumulation induced by
the CL diet (Fig. 1c). In addition, the level of thiobarbituric
acid reactive substances (TBARS) was increased in the
livers of mice fed with a CL diet compared with the NC
diet, which indicated excessive lipid peroxidation and oxi-
dative stress in NASH mice; these effects were decreased by
pirfenidone administration (Fig. 1c). On the other hand,
compared with the NC group, expression of antioxidant

genes was decreased (Gpx1, Cat, and Sod1), while NADPH
oxidase complex (gp91phox, p22phox, p67phox, and p47phox)
expression was elevated in the liver of NASH mice (Sup-
plementary Figs. 1a, b). Pirfenidone increased mRNA levels
of antioxidant genes and downregulated gene expression of
NADPH oxidase complex in NASH (Supplementary
Fig. 1a, b).

In the livers of CL diet-fed mice, the expression of genes
related to lipogenesis and fatty acid synthesis, including
Srebp1c, Chrebp, Fasn, and Scd1, was upregulated mark-
edly compared with NC-fed mice. However, the expression
of these lipogenic genes was downregulated by pirfenidone
treatment (Fig. 1d). In contrast, the expression of genes
related to fatty acid oxidation, such as Acc, Ppara, Cpt1a,
and Lcad, was increased significantly by pirfenidone in the
livers of CL diet-fed mice (Fig. 1e). These results suggest
that pirfenidone reduced lipid accumulation in the livers of
NASH mice by suppressing lipogenesis and enhancing fatty
acid oxidation.

Pirfenidone improved diet-induced glucose
intolerance and insulin resistance

To assess the effect of pirfenidone on glucose metabolism,
glucose tolerance tests and insulin tolerance tests were
performed. Blood glucose levels were not affected by pir-
fenidone in NC-fed mice, whereas CL diet-induced glucose
intolerance and insulin resistance were improved sig-
nificantly by pirfenidone (Fig. 2a, b). Pirfenidone treatment
also decreased plasma insulin levels in both the fasting and
fed states compared with the CL diet-fed mice (Fig. 2c).
Immunoblotting showed that compared with NC diet only,
the hepatic tyrosine-phosphorylated IR-β and serine-
phosphorylated Akt were slightly decreased in the NC+
PFD group but significantly reduced in the CL group after
insulin stimulation. Treatment with pirfenidone restored the
levels of these insulin signaling-related proteins in the livers
of CL mice (Fig. 2d). Therefore, the preventive effects of
pirfenidone on steatohepatitis were associated with protec-
tion against CL diet-induced glucose intolerance and insulin
resistance.

Pirfenidone attenuated inflammation in the livers of
NASH mice

In this lipotoxic NASH model, the number of hepatic F4/80+

macrophages/Kupffer cells was increased markedly by CL
diet feeding, indicating that the CL diet not only induces
hepatic steatosis and insulin resistance, but also causes liver
inflammation [5]. Immunostaining and mRNA expression
analyses showed that pirfenidone decreased the number of
F4/80+ cells in the livers of CL mice (Fig. 3a, b). Pirfeni-
done also markedly downregulated the expression of the
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Table 1 Effects of a normal
chow (NC) or high-cholesterol,
high-fat (CL) diet with or
without pirfenidone (PFD) on
metabolic parameters after
12 weeks of treatment

NC NC+PFD CL CL+PFD

Body weight (g) 32.4 ± 0.5 32.6 ± 0.5 32.9 ± 0.6 32.4 ± 0.5

Liver weight (g) 1.16 ± 0.09 1.12 ± 0.2 1.54 ± 0.02** 1.47 ± 0.02

Epididymal fat weight (g) 0.59 ± 0.10 0.76 ± 0.13* 0.69 ± 0.12 0.73 ± 0.10

Plasma TG (mg/dL) 92.8 ± 4.7 101.2 ± 1.6 61.7 ± 2.3** 50.8 ± 2.0#

Plasma TC (mg/dL) 91.1 ± 3.4 99.7 ± 2.5 170.0 ± 2.7** 149.0 ± 8.3#

Plasma NEFA (mEq/L) 1.38 ± 0.10 1.53 ± 0.08 1.14 ± 0.07 0.79 ± 0.08##

Plasma AST (IU/L) 18.2 ± 5.4 14.8 ± 1.2 38.5 ± 1.8** 29.4 ± 2.0#

Plasma ALT (IU/L) 6.3 ± 1.5 6.0 ± 1.1 21.5 ± 1.8** 18.8 ± 0.9

Data were obtained from 20-week-old mice fed with the different diets. Data are presented as means ± SEM.
n= 5–8

NC normal chow, CL high cholesterol, high fat, PFD pirfenidone, TG triglyceride, TC total cholesterol,
NEFA non-esterified fatty acid, AST aspartate transaminase, ALT alanine transaminase

*P < 0.05, **P < 0.01 vs. NC diet; #P < 0.05, ##P < 0.01 vs. CL diet

Fig. 1 Pirfenidone reduced diet-induced hepatic lipid accumulation
and prevented the development of hepatic steatosis in vivo. a Weight
gain in mice fed with different diets for 12 weeks. b Representative
hematoxylin- and eosin-stained liver sections. Scale bar, 100 μm.
c Hepatic TG, TC, NEFA, and TBARS levels. d The mRNA

expression of lipogenesis- and fatty acid synthesis-related genes in the
livers of mice. e The mRNA expression of fatty acid oxidation-related
genes in the livers of mice. n= 5–8. *P < 0.05, **P < 0.01 vs. NC diet;
#P < 0.05, ##P < 0.01 vs. CL diet
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proinflammatory genes that were increased by a CL diet,
including Tnfa, Il6, and Il1b (Fig. 3b). These findings were
further associated with the phosphorylation of inflammatory
signals, such as NF-κB p65, p38 mitogen-activated protein
kinase (MAPK), and extracellular signal-regulated kinase
(ERK) 1/2, which were activated by the CL diet and sup-
pressed significantly by pirfenidone (Fig. 3c).

Previous studies showed that pirfenidone suppressed
iNOS and NF-κB activation induced by interleukin-1β in
hepatocytes, or prevented hepatocytes from TNF-α-
induced apoptosis, suggesting that pirfenidone plays a
preventive role in hepatocytes with inflammatory stimu-
lation [18, 19]. Thus, we investigated its anti-
inflammatory effects in vitro with RAW264.7 macro-
phages. After LPS stimulation, the expression of genes
related to proinflammatory cytokines and chemokines,

Fig. 2 Pirfenidone alleviated diet-induced glucose intolerance and
hepatic insulin resistance. a Glucose tolerance test (2 g/kg body
weight). b Insulin tolerance test in NASH mice (0.5 U/kg body
weight). c Plasma insulin levels. n= 5–8. d Immunoblotting of

phospho(Tyr1146)-insulin receptor-β (p-IRβ), IRβ, phospho(Ser473)-
Akt (p-Akt), and Akt in the livers of mice; the levels of p-IRβ and p-
Akt were normalized to those of IRβ and Akt, respectively. n= 4.
*P < 0.05, **P < 0.01 vs. NC diet; #P < 0.05, ##P < 0.01 vs. CL diet

Table 2 Effects of high-cholesterol, high-fat (CL) diet with or without
pirfenidone (PFD) on liver histology at 12 or 24 weeks of treatment

12W 24W

CL CL+PFD CL CL+PFD

Steatosis 1.9 ± 0.2 1.1 ± 0.2* 2.6 ± 0.2* 1.7 ± 0.2##

Lobular
inflammation

1.5 ± 0.2 0.6 ± 0.3* 2.1 ± 0.1* 1.4 ± 0.3#

Hepatocyte
ballooning

1.3 ± 0.2 0.9 ± 0.1 1.9 ± 0.1* 1.4 ± 0.2

NAFLD Activity
Score

4.6 ± 0.3 2.6 ± 0.4** 6.6 ± 0.2** 4.6 ± 0.3##

Data were obtained from 20- or 32-week-old mice fed with the
different diets. Data are presented as means ± SEM

*P < 0.05, **P < 0.01 vs. 12 weeks of CL diet; #P < 0.05, ##P < 0.01
vs. 24 weeks of CL diet.
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Tnfa, Il1b, Mcp-1, and Il6, was notably upregulated in
RAW264.7 cells. Co-incubation with pirfenidone (30–300
μg/mL) inhibited the increased expression of these genes
in a dose-dependent manner compared with the LPS group
(Fig. 3d). Consistent with this, pirfenidone significantly

reduced the LPS-induced phosphorylation of NF-κB p65,
p38 MAPK, and ERK1/2 in RAW264.7 cells (Fig. 3e).
Therefore, pirfenidone attenuated inflammation in diet-
induced NASH mice and LPS-stimulated RAW264.7 cells
by suppressing inflammatory signals.

Fig. 3 Pirfenidone ameliorated inflammation in NASH livers and
RAW264.7 cells. a Representative F4/80-immunostained liver sec-
tions. Scale bar, 100 μm. b mRNA expression of F4/80 and inflam-
matory cytokines in mouse livers. c Immunoblotting and quantification
of phosphorylated NF-κB p65 (p-NF-κB p65), phosphorylated p38
MAPK (p-p38MAPK), and phosphorylated ERK1/2 (p-ERK1/2)

levels in mouse livers. n= 5–8. *P < 0.05, ** P < 0.01 vs. NC diet;
#P < 0.05, ##P < 0.01 vs. CL diet. d Inflammatory cytokine mRNA
expression in RAW264.7 cells. e Immunoblotting and quantification of
p-NF-κB p65, p-p38 MAPK, and p-ERK1/2 levels in RAW264.7 cells.
n= 6. *P < 0.05, **P < 0.01 vs. no-treatment (NT) group; #P < 0.05,
##P < 0.01 vs. LPS-stimulated group
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Pirfenidone reduced the numbers of M1-type
macrophages and T cells and increased the number
of M2-type macrophages in NASH mouse livers

To further understand the mechanism by which pirfenidone
ameliorates chronic inflammation and insulin resistance in
the livers of NASH mice, FACS analysis was performed to
quantify hepatic macrophage subsets. Consistent with the
immunohistochemical findings, the total number of hepatic
macrophages, number of M1-type macrophages, and pro-
portion of M1-type macrophages were decreased by 67.2%,
80.9%, and 38.1%, respectively, whereas the proportion of
M2-type macrophages was increased significantly after
pirfenidone administration by 62.7% compared with the CL

diet group. In addition, the M1/M2 ratio was decreased by
39.2% after pirfenidone treatment (Fig. 4a, b). Consistent
with the M1/M2 macrophage polarization status observed
by FACS analysis, the liver mRNA expression of M1
macrophage markers (Cd11c, iNOS, Mcp-1, and Ccr2) was
suppressed, whereas that of M2 macrophage markers
(Cd209a, Chi3l3, Mgl1, and Mrc2) was increased by pir-
fenidone (Supplementary Fig. 2a). Moreover, FACS ana-
lysis revealed that pirfenidone reduced the numbers of
hepatic CD3+, CD4+, and CD8+ T cells by 40%, 55%, and
41%, respectively (Fig. 4c, d). In parallel with in vitro
experiments, pirfenidone augmented the mRNA expression
of IL-4-induced M2 markers (Mrc2, Cd206, and Mgl1) in
a dose-dependent manner (Supplementary Fig. 2b),

Fig. 4 Pirfenidone reduced the numbers of M1-type macrophages and
T cells and increased the number of M2-type macrophages in the livers
of NASH mice. a, b A representative plot and quantitation of total and

M1/M2 macrophages in the livers of mice. c, d A representative plot of
CD3+ T cells and quantitation of CD3+, CD4+, and CD8+ T cells in
the livers of mice. n= 8. *P < 0.05, **P < 0.01 vs. CL diet
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suggesting that not only hepatocytes but also macrophages
may be a direct target of pirfenidone. These results indicate
that pirfenidone induced a dynamic shift toward an M2-
dominant macrophage phenotype and subsequently reduced
the accumulation of T cells in the liver to ameliorate hepatic
insulin resistance and inflammation.

Pirfenidone improved fibrosis in NASH livers and
RI-T cells

Histological staining with Sirius Red and immunostaining
with α-SMA demonstrated that the CL diet alone induced
HSC activation, thereby causing severe fibrosis, compared
with the NC diet. However, pirfenidone administration
mitigated these changes (Fig. 5a). Hydroxyproline is a
biochemical marker of the hepatic collagen level and is
elevated by CL diet feeding. Pirfenidone markedly
decreased the elevated hydroxyproline level induced by the
CL diet (Fig. 5b). In addition, compared with the CL group,
pirfenidone treatment suppressed the expression of the
profibrotic genes MMP-12 and tissue inhibitor of metallo-
proteinase (TIMP)-1 (Fig. 5c). The observations were ver-
ified by analyzing the expression of fibrogenic genes and
performing α-SMA immunoblotting (Fig. 5d, e).

To examine the antifibrogenic effect of pirfenidone
in vitro, RI-T cells were cocultured with or without
30–300 μg/mL pirfenidone in the presence of TGF-β1. The
expression levels of the HSC activation marker a-SMA and
the extracellular matrix (ECM) synthesis markers collagen
type I alpha 1 (Col1a1) and fibronectin, were increased by
stimulation with TGF-β1. However, pirfenidone treatment
significantly inhibited the elevated expression of these
genes in a dose-dependent manner (Fig. 5f). These findings
were confirmed by immunoblotting (Fig. 5g). Together,
these in vivo and in vitro results suggest that pirfenidone
attenuated fibrosis by suppressing HSC activation.

Therapeutic effects of pirfenidone on advanced
NASH in mice

Considering the promising results on preventing the pro-
gression of NASH, we next investigated whether pirfeni-
done reversed pre-existing NASH. A NASH model was
developed by feeding mice a CL diet for 12 weeks, fol-
lowed by a CL diet with or without pirfenidone for another
12 weeks (Supplementary Fig. 3a). In comparison with
12 weeks of CL diet feeding, 24 weeks of CL diet further
deteriorated hepatic steatosis, lobular inflammation, and
hepatocyte ballooning with higher NAS. Changing diet with
pirfenidone prevented the deterioration by reducing stea-
tosis and lobular inflammation, resulting in maintaining
NAS of 12 weeks of CL feeding (Table 2). Pirfenidone
treatment decreased the plasma levels of TG, NEFA, AST,

and ALT without affecting body, liver, or epididymal fat
weights (Supplementary Table 3). Hepatic lipid accumula-
tion (TG, TC, and NEFA) and peroxidation (TBARS) were
also markedly suppressed by pirfenidone (Fig. 6a). Pirfe-
nidone upregulated hepatic mRNA expression of anti-
oxidant genes, whereas it reduced gene expression of
NADPH oxidase complex (Supplementary Fig. 3d, e). In
addition, pirfenidone ameliorated pre-existing hepatic stea-
tosis (Fig. 6b) and significantly improved glucose intoler-
ance and insulin resistance (Supplementary Fig. 3b, c).
Histologically, pirfenidone treatment significantly reduced
macrophage/Kupffer cell infiltration (Fig. 6b). Potent
hepatic inflammation, as characterized by increased stress or
inflammatory signaling and upregulated inflammatory gene
expression, was attenuated significantly by pirfenidone
(Supplementary Fig. 3f, g). Importantly, pirfenidone
reduced HSC activation, decreased the hydroxyproline level
in the liver (Fig. 6b, c), and suppressed fibrogenic gene
expression (Fig. 6d). Furthermore, pirfenidone significantly
decreased MMP-12 and TIMP-1 expression in the liver
(Fig. 6e). Taken together, these results suggest that pirfe-
nidone reversed advanced NASH.

Discussion

In this study, we investigated the preventive and therapeutic
effects of pirfenidone in a diet-induced lipotoxic NASH
model and revealed the potential mechanism behind the
results. The data indicated that pirfenidone alleviated
excessive hepatic lipid accumulation and peroxidation and
increased insulin signaling in NASH. In addition, pirfeni-
done reduced the accumulation of M1-type macrophages/
Kupffer cells and T cells in the liver, leading to attenuation
of hepatic inflammation and insulin resistance. Moreover,
pirfenidone suppressed the activation of HSCs and fibro-
genesis in the livers of CL diet-fed mice. Finally, pirfeni-
done reversed insulin resistance, hepatic inflammation, and
fibrosis in mice with pre-existing NASH.

Previous reports showed that pirfenidone ameliorated the
hepatotoxicity caused by increased ALT and AST levels
and oxidative stress by reducing malondialdehyde con-
centrations in rats [9, 11]. In this study, feeding mice a CL
diet for 12 weeks successfully induced NASH manifesta-
tions, including lipid accumulation in the liver and hepatic
steatosis. Importantly, treatment with pirfenidone improved
hepatic lipid accumulation and dyslipidemia that was not
secondary to a decrease in weight or adiposity. Increased
hepatic fatty acid transport and/or de novo lipogenesis
induce oxidative stress, which subsequently affects lipid
accumulation and peroxidation and causes insulin resis-
tance, inflammation, and fibrosis in the liver [5]. Pirfeni-
done both suppressed the expression of genes related to
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Fig. 5 Pirfenidone mitigated fibrosis in NASH livers and RI-T cells. a
Representative Sirius Red staining and α-SMA immunostaining in
liver sections. Scale bar, 100 μm. b Hydroxyproline level in mouse
livers. c mRNA expression of MMP genes in mouse livers. d mRNA
expression of fibrogenic genes in mouse livers. e Immunoblotting and

quantification of α-SMA levels in mouse livers. n= 8. **P < 0.01 vs.
NC diet; #P < 0.05 vs. CL diet. f mRNA expression of fibrogenic genes
in RI-T cells. g Immunoblotting and quantification of α-SMA
expression in RI-T cells. n= 6. **P < 0.01 vs. NT group; #P < 0.05,
##P < 0.01 vs. TGF-β1-stimulated group
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lipogenesis and fatty acid synthesis and upregulated those
related to fatty acid oxidation in the livers of NASH mice.
Combined with the elevation of antioxidant gene expression
and the suppression of NADPH oxidase complex, the
reduction leads to increased oxidative stress in the liver
(Fig. 1c–e; Supplementary Figs. 1a, b and 3d, e) [20, 21].
These findings suggest that pirfenidone attenuates lipid
accumulation and the subsequent development of insulin
resistance, inflammation, and fibrosis, partly by reducing
the oxidative stress in the liver induced by a CL diet.

Oxidative stress and insulin resistance are considered the
main causes of progression to NASH [22]. A clinical study
by Sharma et al. demonstrated that standard therapy with
oral pirfenidone improved diabetic nephropathy [12]. In this
study, the representative features of insulin resistance,
metabolic syndrome, and type 2 diabetes (increased TG
secretion and hepatic steatosis [23]) were ameliorated by
pirfenidone. In addition, pirfenidone stimulated hepatic
insulin signaling by inducing Tyr phosphorylation of IR-β
and Ser phosphorylation of Akt. Therefore, pirfenidone

decreased TG secretion and enhanced insulin signaling in
the liver, which contributed to the improved glucose intol-
erance and insulin sensitivity.

Hepatic inflammation is a major feature of NASH, sug-
gesting a significant influence of the innate immune system
on the progression to NASH. An overload of lipid intake or
exogenous endotoxins activate Toll-like receptors, which
are present in Kupffer cells in the liver and in recruited bone
marrow-derived macrophages, and activation of Toll-like
receptors increases the production of inflammatory media-
tors in NASH [24]. Previous reports showed that pirfeni-
done inhibited the secretion of TNF-α and IFN-γ, as well as
the activation of NF-κB, following LPS treatment in rats
[10, 11, 25]. Oku et al. found that pirfenidone prevented the
increase in inflammatory mediators, such as IL-1β, IL-6,
and MCP-1 in mice with bleomycin-induced pulmonary
fibrosis [26]. A recent study indicated that pirfenidone
prevents TNF-α-induced liver injury by reducing liver cell
apoptosis [19]. In this study, pirfenidone inhibited the
activation of Kupffer cells in the livers of NASH mice and

Fig. 6 Pirfenidone reversed advanced NASH in mice. a Hepatic TG,
TC, NEFA, and TBARS levels. b Representative hematoxylin- and
eosin staining, F4/80 immunostaining, Sirius Red staining, and α-
SMA immunostaining in liver sections. Scale bars, 100 µm.

c Hydroxyproline level and immunoblotting and quantification of α-
SMA expression in mouse livers. d mRNA expression of fibrogenic
genes in mouse livers. e mRNA expression of MMP genes in mouse
livers. n= 8. *P < 0.05, **P < 0.01 vs. CL diet
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reduced the elevated expression of TNF-α and other
inflammatory mediators caused by excessive lipid accu-
mulation. Oxidative stress and reactive oxygen species
induce lipid peroxidation, which triggers the generation of
aldehyde by-products, such as malondialdehyde, and TNF-
α-induced liver damage [27]. Oxidant-sensitive transcrip-
tion factors, such as NF-κB, are also activated by reactive
oxygen species, and these transcription factors upregulate
the expression of proinflammatory cytokines [28]. The
suppression of oxidative stress by pirfenidone contributed
to the reduced proinflammatory gene expression and NF-κB
p65 phosphorylation observed in this study.

Growing evidence has suggested that activation of NF-
κB, p38, ERK1/2, and cytokines is central to preventing
insulin resistance by inhibiting insulin receptor signaling
and suppressing organ insulin sensitivity [29–31]. This
study showed that pirfenidone treatment enhanced insulin
receptor signaling, perhaps by inhibiting the phosphoryla-
tion of inflammatory signaling proteins. Thus, pirfenidone
reduced the expression of proinflammatory mediators and
the phosphorylation of inflammatory signals by suppressing
oxidative stress, which attenuated insulin resistance in
the liver.

Macrophages, which are the major cells that produce
inflammatory cytokines and chemokines during NAFLD-
induced systemic glucose intolerance and fibrosis in the
liver, can be functionally divided into two heterogeneous
phenotypes (classical [M1] and alternative [M2]) [32]. M1
macrophages can be stimulated by proinflammatory factors,
such as LPS, to promote inflammatory cytokine production
that results in strong microbicidal and tumoricidal activities.
M2 macrophages, which can be activated by IL-4, partici-
pate in tissue remodeling and immunoregulatory progres-
sion [33]. Under normal circumstances, the balance between
the M1 and M2 phenotypes is maintained by regulatory
genes; however, chronic inflammation, obesity, and
comorbidities, such as insulin resistance and NAFLD, alter
this balance and increase the M1/M2 ratio [34–36]. A recent
study suggested that M2 macrophages protect against
alcohol- and high-fat-induced inflammation and hepatocyte
injury by promoting M1 macrophage apoptosis [37]. Thus,
agents that adjust macrophage polarization by limiting M1
functions and/or improving M2 activation might be novel
therapies for inflammation, insulin resistance, and fibrosis in
NASH [32]. In this study, FACS data showed that pirfe-
nidone significantly reduced the numbers of total and M1
macrophages and simultaneously increased the proportion
of M2 macrophages in mice fed with a CL diet (Fig. 4a, b).
In addition, the in vitro results indicated that pirfenidone
suppressed LPS-stimulated M1 macrophages and increased
the alternative activation of IL-4-induced M2 macrophages
in RAW264.7 cells (Fig. 3d, Supplementary Fig. 1b). These
results suggest that pirfenidone induced a dynamic shift

from M1-type to M2-type macrophages to increase the M1/
M2 ratio and attenuate hepatic inflammation and insulin
resistance during NASH progression.

In response to oxidative stress, hepatic inflammation in
NASH is related to both the accumulation of M1-polarized
macrophages and T cells. Tiemessen et al. found that
coculturing macrophages with T cells induced the differ-
entiation of monocytes/macrophages toward an alternatively
activated phenotype and decreased the LPS-induced pro-
duction of proinflammatory mediators, including IL-1β,
IL-6, TNF-α, and NF-κB [38]. Recent studies indicated that
the number of CD3+ T cells in adipose tissue was associated
with obesity-related metabolic diseases, such as type 2 dia-
betes mellitus. In addition, the hepatic recruitment of CD4+

and CD8+ T cells was increased in response to the immune
responses provoked by NASH, which further triggered M1
macrophage responses [39–41]. In this study, FACS analysis
showed that the activation of hepatic CD3+, CD4+, and
CD8+ T cells was complemented in response to the
inflammatory effects caused by a CL diet. Notably, pirfe-
nidone decreased the numbers of these T cells by inhibiting
the activation of polarized M1 macrophages in the liver
(Fig. 4c, d). Thus, pirfenidone reduced the accumulation of
helper and cytotoxic T cells in the NASH liver. Since insulin
resistance may be reversed by immunotherapy via amelio-
rated macrophage infiltration and tissue inflammation
[36, 42], the current findings suggest that pirfenidone
decreased T-cell recruitment to suppress the activation of
M1 macrophages and finally attenuate NASH-induced
inflammation and glucose intolerance.

Pirfenidone is known for its antifibrotic functions and the
ability to protect against progressive fibrotic disorders [43].
The therapeutic effects of pirfenidone on IPF have been
investigated widely and supported by clinical studies [44].
Liver biopsy showed that pirfenidone treatment reduced
steatosis and fibrosis and improved inflammation and liver
cell regeneration in patients chronically infected with
hepatitis C virus [45]. One goal of this study was to identify
and evaluate the antifibrotic effects of pirfenidone in diet-
induced NASH fibrosis. On a molecular level, the TGF-β1
signaling pathway in HSCs has the most potent effect on
fibrosis development during liver injury. Elevated TGF-β1
signaling leads to phosphorylation of Smad3, which med-
iates the transcription of fibrogenic genes, such as a-SMA
and Col1a1, and induces extracellular matrix secretion for
tissue repair [46]. Consistent with previous reports
[9, 19, 47], this study found that pirfenidone reduced liver
fibrosis by suppressing the transcription of these key genes
and reducing α-SMA and hydroxyproline levels in both
in vivo and in vitro experiments (Fig. 5, Fig. 6b–d). In ad-
dition, pirfenidone reduced TGF-β1 expression by
modulating MMPs and their endogenous inhibitors in
some experimental models [47, 48]. Some MMPs, such as
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MMP-12 and TIMP-1, exert profibrotic effects by promot-
ing inflammation and myofibroblast activation. The current
data suggest that pirfenidone reduced MMP-12 and TIMP-1
expression in the mouse liver. Thus, pirfenidone reduced
collagen accumulation and suppressed HSC activation to
alleviate hepatic fibrosis.

The effects of TGF-β1 are important for the movement of
inflammatory immune cells in inflamed tissues [49]. During
the NF-κB-driven inflammatory response, Smad2/3 signal-
ing in the TGF-β1 pathway induces local monocyte infil-
tration [50, 51]. Under diabetic conditions, Smad2/3 can
also be activated via an ERK/p38 MAP kinase-dependent
mechanism [52, 53]. In this study, pirfenidone inhibited
MAPK (p38 and ERK1/2) activation and NF-κB phos-
phorylation, which suppressed Smad signaling in the TGF-
β1 pathway (Fig. 3c, e; Supplementary Fig. 2e). Thus,
pirfenidone inactivated the TGF-β1 pathway, which
reduced inflammation and the accumulation of T cells and
macrophages.

In summary, this study demonstrated that pirfenidone, an
FDA-approved antifibrotic drug for IPF, limited and
reversed hepatic steatosis and insulin resistance in a diet-
induced lipotoxic model of NASH by alleviating lipid
accumulation and oxidative stress. The accompanying liver
inflammation was suppressed by pirfenidone, which was
associated with reduced hepatic T-cell and macrophage
recruitment, as well as with induction of M2-dominant
polarized macrophages/Kupffer cells. Both in vitro and
in vivo results indicated that pirfenidone also attenuated
hepatic fibrosis by suppressing the TGF-β pathway
and stellate cell activation. These data potentially implicate
pirfenidone as a therapeutic target for NASH (Fig. 7).

Acknowledgements The authors thank M. Nakayama and K. Hara
(Kanazawa University, Japan) for the technical assistance and animal
care.

Funding This work was supported by a Grant-in-Aid for Scientific
Research (B) (25282017) and for Challenging Exploratory Research
(15K12698) from the Ministry of Education, Culture, Sports, Science,
and Technology of Japan and the Japan Diabetes Foundation (TO).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

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

References

1. Li J, Cordero P, Nguyen V, Oben JA. The role of vitamins in the
pathogenesis of non-alcoholic fatty liver disease. Integr Med
Insights. 2016;11:19–25.

2. Loomba R, Sanyal AJ. The global NAFLD epidemic. Nat Rev
Gastroenterol Hepatol. 2013;10:686–90.

3. Marchesini G, Bugianesi E, Forlani G, Cerrelli F, Lenzi M,
Manini R, et al. Nonalcoholic fatty liver, steatohepatitis, and the
metabolic syndrome. Hepatology. 2003;37:917–23.

4. Caldwell S, Argo C. The natural history of non-alcoholic fatty
liver disease. Dig Dis. 2010;28:162–8.

5. Matsuzawa N, Takamura T, Kurita S, Misu H, Ota T, Ando H,
et al. Lipid-induced oxidative stress causes steatohepatitis in mice
fed an atherogenic diet. Hepatology. 2007;46:1392–403.

6. Nakano S, Nagasawa T, Ijiro T, Inada Y, Tamura T, Maruyama K,
et al. Bezafibrate prevents hepatic stellate cell activation and
fibrogenesis in a murine steatohepatitis model, and suppresses
fibrogenic response induced by transforming growth factor-beta1
in a cultured stellate cell line. Hepatol Res. 2008;38:1026–39.

7. Parola M, Robino G. Oxidative stress-related molecules and liver
fibrosis. J Hepatol. 2001;35:297–306.

8. Lancaster L, Morrison L, Auais A, Ding B, Iqbal A, Polman B,
et al. Safety of pirfenidone in patients with idiopathic pulmonary
fibrosis: experience from 92 sites in an open-label US expanded
access program. Pulm Ther. 2017;3:317–325.
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