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Abstract
Exercise ameliorates nonalcoholic fatty liver disease (NAFLD) by inducing pheno-
typic changes in Kupffer cells (KCs). p62/Sqstm1- knockout (p62- KO) mice develop 
NAFLD alongside hyperphagia- induced obesity. We evaluated (1) the effects of 
long- term exercise on the foreign- body phagocytic capacity of KCs, their surface 
marker expression, and the production of steroid hormones in p62- KO mice; and (2) 
whether long- term exercise prevented the development of non- alcoholic steatohepati-
tis (NASH) in p62- KO mice fed a high- fat diet (HFD). In experiment 1, 30- week- old 
male p62- KO mice were allocated to resting (p62- KO- Rest) or exercise (p62- KO- Ex) 
groups, and the latter performed long- term exercise over 4 weeks. Then, the pheno-
type of their KCs was compared to that of p62- KO- Rest and wild- type (WT) mice. In 
experiment 2, 5- week- old male p62- KO mice that were fed a HFD performed long- 
term exercise over 12 weeks. In experiment 1, the phagocytic capacity of KCs and 
the proportion of CD68- positive cells were lower in the p62- KO- Rest group than in 
the WT group, but they increased with long- term exercise. The percentage of CD11b- 
positive KCs was higher in the p62- KO- Rest group than in the WT group, but lower 
in the p62- KO- Ex group. The circulating dehydroepiandrosterone (DHEA) concen-
tration was higher in p62- KO- Ex mice than in p62- KO- Rest mice. In experiment 2, 
the body mass and composition of the p62- KO- Rest and p62- KO- Ex groups were 
similar, but the hepatomegaly, hepatic inflammation, and fibrosis were less marked in 
p62- KO- Ex mice. The DHEA concentration was higher in p62- KO- Ex mice than in 
WT or p62- KO- Rest mice. Thus, long- term exercise restores the impaired phagocytic 
capacity of KCs in NAFLD obese mice, potentially through greater DHEA produc-
tion, and prevents the development of NASH by ameliorating hepatic inflammation 
and fibrogenesis. These results suggest a molecular mechanism for the beneficial ef-
fect of exercise in the management of patients with NAFLD.
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1 |  INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most com-
mon chronic liver disease (Eguchi et al., 2012), and can be 
categorized histologically as nonalcoholic fatty liver (NAFL) 
or non- alcoholic steatohepatitis (NASH). NAFL is defined as 
hepatic steatosis without evidence of hepatocellular injury, 
that is, simple steatosis; whereas, NASH is defined as hepatic 
steatosis and inflammation with hepatocyte injury, with or 
without fibrosis (Chalasani et al., 2018).

The development of NASH is not well understood; how-
ever, the multiple parallel hits hypothesis, in which multiple 
factors damage the liver in parallel with the development 
and progression of NASH, has been proposed to explain 
this (Tilg & Moschen, 2010). Lipopolysaccharide (LPS), a 
molecule derived from intestinal bacteria, is thought to play 
an important role in the pathogenesis of NASH (Schnabl & 
Brenner, 2014). In patients with NASH, LPS can easily enter 
the portal vein because of greater intestinal epithelial perme-
ability, which leads to metabolic hyperendotoxemia (Wigg 
et al., 2001). The excess circulating LPS is thought to bind 
to toll- like receptors (TLRs) on Kupffer cells (KCs), which 
are hepatic macrophages. This induces the innate immune re-
sponse, resulting in the progression of steatosis and fibrosis 
in the liver, which then leads to NASH. Thus, the ability of 
KCs to process LPS appears to be important in the develop-
ment and progression of NASH.

KCs are the resident macrophages of the liver, and ac-
count for approximately 80% of the total macrophage popu-
lation of the body (Bouwens et al., 1986). KCs phagocytize 
foreign materials, such as LPS, as a part of the first step of 
the innate immune response (Mathison & Ulevitch, 1979; 
Smedsrod et al., 1994), and this phagocytosis is regulated by 
hormones and cytokines (Imajo et al., 2012). The foreign- 
body phagocytic capacity of KCs has been reported to be 
lower in NAFLD in both humans (Shida et al., 2018) and an-
imal models (Tsujimoto et al., 2008). Thus, abnormal phago-
cytosis by KCs appears to be involved in the progression of 
NAFLD to NASH, through a reduction in the clearance of 
LPS and the activation of inflammatory responses in KCs by 
the excess, which involve increases in inflammatory cytokine 
production and a wider increase in inflammation.

The results of a clinical study of exercise therapy in 
middle- aged obese men conducted at our university indi-
cated that an increase in moderate- to- high- intensity exercise 
reduces hepatic fat accumulation and ameliorates inflamma-
tion, and oxidative stress (Oh et al., 2015). Furthermore, in a 
randomized controlled study, the phagocytic capacity of KCs 

was found to be improved by long- term high- intensity aero-
bic exercise (Oh et al., 2017).

In animal models, acute exercise has been reported to af-
fect the kinetics of steroid hormones (Tatara & Sato, 2019; 
Yano et al., 2004) and increase the phagocytic capacity of 
KCs (Yano et al., 2004). We previously found that long- term 
exercise potentiates the phagocytic capacity of KCs, increases 
the clearance of exogenously administered LPS, and reduces 
LPS- induced inflammatory responses. We also demonstrated 
effects of exercise- induced changes in dehydroepiandroste-
rone (DHEA) concentration on the phagocytic capacity of 
KCs and the inflammatory response induced by LPS in cell- 
based experiments (Komine et al., 2017).

Mice with a deletion of p62/Sqstm1 (p62- KO), a regulator 
of selective autophagy, show hyperphagia- induced obesity 
because of abnormal leptin signaling, and exhibit phenotypes 
similar to those of patients with NAFLD, including insulin 
resistance, impaired glucose tolerance, and NAFL (Harada 
et al., 2013; Okada et al., 2009). Thus, this mouse model ex-
hibits hepatic pathology that includes inflammation and fi-
brosis; these both worsen if the mice consume a high- fat diet 
(HFD). These features closely resemble the pathogenesis of 
NASH in humans (Duran et al., 2016).

In the present study, we have analyzed the function of 
KCs and evaluated the effects of long- term exercise on the 
phagocytic capacity of these cells, their expression of surface 
markers, and the secretion of steroid hormones in p62- KO 
mice that spontaneously develop NAFL in association with 
hyperphagia- induced obesity (Harada et al., 2013; Okada 
et al., 2009). Furthermore, we have determined whether 
long- term exercise can prevent the development of NASH, 
a pathological condition of the liver that is characterized by 
inflammation and fibrogenesis, and whether this might be 
through a potentiation of KC function, using p62- KO mice 
fed a HFD (Duran et al., 2016).

2 |  MATERIALS AND METHODS

2.1 | Experiment 1 protocol

In this experiment, two types of mice were used: 30- week- old 
male C57/BL6J mice, purchased from Charles River Japan, 
which were used as wild- type (WT) mice, and 30- week- old 
male p62- KO mice, which exhibited obesity with simple fatty 
liver, similar to that described in previous reports (Harada 
et al., 2013; Okada et al., 2009). The mice were housed under 
12- h light/dark cycle at 22.5  ±  1.4°C and 55.6%  ±  4.0% 
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relative humidity. The mice were allowed free access to food 
and water. After preliminary housing for 1- week, they were 
allocated to three groups: a WT group, 1- month resting p62-
 KO group (p62- KO- Rest), and 1- month exercising p62- KO 
group (p62- KO- Ex), which was made to run on treadmill 
(MK- 680, Muromachi Kikai). Initially, there was 3- day pe-
riod of acclimation to the running, which involved 10 min of 
exercise at each of 5 and 10 m/min on day 1; 10 min each at 
5, 10, and 15 m/min on day 2; and 10 min each at 10, 15, and 
20 m/min on day 3. After this, the exercise was performed at 
10, 12, 14, and 16 m/min for 5 min each and at 18 m/min for 
30 min (50 min total) five times weekly for 4 weeks.

2.2 | Experiment 2 protocol

In experiment 2, 4- week- old male WT and p62- KO mice 
were weaned between 4 and 5 weeks of age, then maintained 
for a further week, before being allocated to three groups: 
a resting WT group that consumed standard diet, a resting 
p62- KO group that consumed a HFD (HFD- fed p62- KO- 
Rest), and an exercising p62- KO group that consumed a HFD 
(HFD- fed p62- KO- Ex) for 12 weeks. The mice were allowed 
free access to food and drinking water. The HFD was a 60% 
high- fat/high- sucrose diet (Oriental Yeast). The exercise 
group was made to run on the treadmill for 12 weeks, as de-
scribed in the protocol for Experiment 1.

The study was approved by the Animal Care and Use 
Committee at the University of Tsukuba and was conducted 
in accordance with the University of Tsukuba Regulations on 
Animal Care and Use in Research; the Welfare and Management 
of Animals Act; and the Standards for Husbandry, Housing, 
and Pain Relief of Experimental Animals.

2.3 | Sampling

Samples were collected 24 h after the final exercise bout under 
anesthesia with isoflurane (50  mg/kg body mass). The mice 
were weighed, and their livers and epididymal fat were sampled. 
Blood was collected from the abdominal vena cava, centrifuged 
at 1500 g for 15 min, and then the supernatants were frozen. 
To estimate whole- body skeletal muscle and fat mass, each an-
esthetized mouse was placed on a polystyrene foam bed, and 
microcomputed tomography (CT) images were obtained and 
analyzed (LaTheta LCT- 200, Hitachi Aloka Medical). Tissue 
and serum samples were stored at −80°C.

2.4 | Immunohistochemistry

The liver samples were washed with PBS, immersed in 4% 
paraformaldehyde for 24  h, dehydrated with 70% ethanol, 

and embedded in paraffin. The tissue was then cut into 
5- μm- thick sections and stained with hematoxylin and eosin 
(H.E.) or Sirius Red. Based on the SAF score (Bedossa et al., 
2012), the grade of liver pathology was determined by ste-
atosis (from S0 to S3; lipid droplets S0: <5%, S1: 5– 33%, 
S2: 34– 66%, S3: >67%), activity (from A0 to A4 by adding 
grades of ballooning and lobular inflammation, both from 0 
to 2; A0: no activity, A1: mild activity, A2: moderate ac-
tivity, A3 (A  ≥  3): severe activity), and fibrosis (from F0 
to F4; F0: none, F1: perisinusoidal zone or portal fibrosis, 
F2: perisinusoidal and periportal fibrosis without bridging, 
F3: bridging fibrosis, F4: cirrhosis). The evaluation of stea-
tosis and activity was performed by H.E. staining, and the 
evaluation of fibrosis was performed by Sirius Red staining. 
The evaluation was carried out blinded by a skilled special-
ist. To quantitatively show the degree of liver fibrosis, the 
Sirius Red staining- positive area in the lobus hepatis sinis-
ter was calculated. An all- in- one fluorescence microscope 
(BZ- X800, Keyence) was used for imaging together with an 
analysis software (BZ- H4C).

2.5 | Isolation and functional analysis of 
Kupffer cells

To analyze the foreign- body phagocytic capacity of KCs, 
these cells were isolated from livers 1  day after the end 
of the exercise period, as described previously (Komine 
et al., 2017). Under anesthesia, each liver was perfused with 
liver perfusion medium (Gibco, MA) for 4  min and then 
with DMEM containing collagenase type 4 (Worthington 
Biochemical), trypsin inhibitor (Wako Chemical, Osaka, 
Japan), and HEPES (Dojindo) for 10 min. Then, the livers 
were removed, and the cells were isolated in Hepatocyte 
wash medium (Gibco). The cell suspension was centrifuged 
at 30g for 2 min to remove hepatic parenchymal cells, then 
the supernatant was centrifuged at 400g for 8 min, and the 
pellet, containing the KCs, was subjected to fluorescence- 
activated cell sorting (FACS)analysis.

The phagocytic capacity of the isolated KCs was analyzed 
by flow cytometry. Latex beads (FluoSpheres®, Invitrogen, 
1.0 μm diameter, carboxylate- modified) were administered at 
0.57 μl/g body mass via a tail vein, and KCs were isolated 
5 min later. Then, the proportion of KCs that had phagocy-
tosed the latex beads was assessed by measuring the fluo-
rescence intensity of the beads in cells that were positive for 
F4/80, a KC surface marker.

The expression of the KC surface proteins that are involved 
in phagocytosis was analyzed by flow cytometry using APC- 
conjugated anti- F4/80 (17- 4801- 82, eBioscience), PerCP/
Cy5.5- conjugated anti- CD68 (137010, BioLegend, SAN), 
PE anti- mouse CD284 (toll- like receptor 4; TLR4) (145403, 
BioLegend), APC- eFluor anti- mouse CD11b (47011280, 
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eBioscience), PE anti- mouse CD206 (141705, BioLegend), 
and PE anti- mouse CD206 (141705, BioLegend) antibodies. 
A Gallios flow cytometer (Beckman Coulter) was used for 
the measurements and Kaluza software (ver 1.2, Beckman 
Coulter) was used for data analysis.

2.6 | Blood biochemistry

Blood was collected from a tail vein before and after exercise 
to measure the blood lactate concentration, as an indicator 
of exercise intensity (Lactate Pro2 LT- 1730, Arklay). Serum 
lipopolysaccharide (LPS) was measured using a Glucoshield 
Buffer kit (Associates of Cape Cod Inc.). The serum aspar-
tate aminotransferase (AST) and alanine aminotransferase 
(ALT) activities were measured using standard protocols 
(Oriental Yeast Co., Ltd.). Serum glucose was measured 
using a LabAssay Glucose kit (Wako) and serum insulin 
was measured using a Mouse Insulin ELISA kit (Morinaga). 
Serum DHEA was measured using a DHEA ELISA kit (Enzo 
Life Sciences Inc.) and serum corticosteroids were meas-
ured using a Corticosterone ELISA kit (Cayman Chemical 
Company). Serum myostatin was measured using a GDF- 8/
Myostatin Quantikine ELISA kit (R&D Systems) and serum 
follistatin was measured using a Mouse Follistatin ELISA kit 
(Raybiotech Life Inc.). Absorbances were measured using a 
Varioskan microplate reader (Thermo Fisher Scientific).

2.7 | Real- time PCR

The expression of hepatic mRNAs was analyzed by qPCR, 
as described previously (Akiyama et al., 2018). RNA was 
extracted from each liver sample and cDNA was synthe-
sized using a PrimeScript RT reagent kit (Takara Bio). Then, 
qPCR was performed using the synthesized cDNA and 
SYBR Green Master Mix (Thermo Fisher Scientific). The 
mRNA expression levels of target genes were normalized to 

that of the gene encoding glyceraldehyde 3- phosphate dehy-
drogenase (Gapdh). The primers used for qPCR are shown 
in Table 1.

2.8 | Cell experiments

We used a mouse macrophage- like cell line (RAW264.7) and 
that with a deletion of p62/Sqstm1 (p62- KO), as described 
previously (Akiyama et al., 2018). These cells were cultured 
in high- glucose DMEM (Nacalai Tesque) containing 10% 
fetal bovine serum (FBS), penicillin (50 U/ml), and strepto-
mycin (50 mg/ml) in 5% CO2, and at 95% humidity and 37°C.

To analyze the phagocytic capacity of the RAW264.7 
cells, 2.5 × 105 cells were seeded in six- well plates and in-
cubated for 24  h. To assess phagocytic capacity, DHEA 
(TCI) in dimethyl sulfoxide (DMSO) was added at 10.0 ng/
ml and then incubated for 12 h, after which latex beads in 
DMSO were added to the cells at 0.66 μl/ml and incubated 
for 12 h. The cells were then fixed in 4% paraformaldehyde 
and imaged using a fluorescence microscope. For flow cy-
tometry analysis, the cells in the dish were washed twice and 
collected using a cell scraper. Next, the collected cells were 
further washed and centrifuged (4000 rpm for 3 min) twice, 
and then the fluorescence intensity of the beads in the cells 
was measured.

2.9 | Statistical analysis

SPSS Statistics for Mac, version 26 (IBM, Inc.) was used for 
the statistical analyses. Data are expressed as mean ± stand-
ard error (SE). A paired t- test was used to compare the blood 
lactate concentrations before and after exercise. Comparisons 
among three groups were performed using one- way analysis 
of variance, followed by Tukey's multiple comparison test. 
A value of p < 0.05 was considered to represent statistical 
significance.

T A B L E  1  Primers used for quantitative real- time PCR

Gene Forward primer (5ʹ- 3ʹ) Reverse primer (5ʹ- 3ʹ)

Tnf- α AAGCCTGTAGCCCACGTCGTA GGCACCACTAGTTGGTTGTCTTTG

Il- 1β TCCAGGATGAGGACATGAGCAC GAACGTCACACACCAGCAGGTTA

Tlr1 CCCACAATGAGCTAAAGGTGATC AGGCATTAAAGGAGAGGTCCAAA

Tlr2 CCCTTCTCCTGTTGATCTTGCT CGCCCACATCATTCTCAGGTA

Tlr4 GCAGCAGGTGGAATTGTATCG TGTGCCTCCCCAGAGGATT

Tlr6 AACCTTACTCATGTCCCCAAAGAC GCATCCGAAGCTCAGATATAGAGTT

Tlr9 CCTTGACAACCTCCCCAAGA AGGACTTCCAGGTTGGGTAGGA

αSma ACCAACTGGGACGACATGGAA TGTCAGCAGTGTCGGATGCTC

Tgf- β1 GTGTGGAGCAACATGTGGAACTCTA TTGGTTCAGCCACTGCCGTA

Colla1 GCACGAGTCACACCGGAACT AAGGGAGCCACATCGATGAT
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3 |  RESULTS

3.1 | Effect of long- term exercise on Kupffer 
cell function in mice with hyperphagia- induced 
obesity and NAFL

p62- KO mice showed simple steatosis and no hepatic in-
flammation or fibrosis (data not shown), similar to the phe-
notype described in previous reports (Harada et al., 2013; 
Okada et al., 2009). Four weeks of long- term exercise did 
not change the body mass or composition of the p62- KO 

mice (Figure 1a). Furthermore, there was no change in 
blood lactate concentration during exercise, which im-
plies that the exercise routine used in the study was of 
moderate or low- intensity (Figure 1a). The changes in the 
foreign- body phagocytic capacity of KCs were analyzed 
using flow cytometry (Figure 1b). Evaluation of the mean 
fluorescence intensity (MFI) of latex beads (the intensity 
of the right- sided peak in the histogram) in F4/80- positive 
cells (KCs) of cells from p62- KO- Ex mice was higher than 
that of the cells from p62- KO- Rest mice (Figure 1b). The 
proportion of KCs that had incorporated latex beads was 

F I G U R E  1  Long- term exercise restores the foreign- body phagocytic capacity of Kupffer cells (KCs) in p62- KO mice. (a) Blood lactate 
concentration pre-  and post- exercise. The body mass of wild- type mice fed a standard diet (WT, n = 3), resting p62- KO mice fed a standard diet 
(p62- KO- Rest, n = 8), and p62- KO fed a standard diet that exercised for 4 weeks (p62- KO- Ex, n = 8). (b) Latex bead- phagocytic capacity of F4/80 
positive cells (KCs) and their mean fluorescence intensity (MFI) in the livers of mice in each group. The MFI of the latex beads was determined 
using flow cytometry (n = 3/group). (c and d) Expression of the surface markers CD68 and toll- like receptor (TLR) 4 (C), and CD11b (M1) and 
CD206 (M2) (d) in KCs from the livers of mice in each group (n = 3– 4/group). (e) Lipopolysaccharide (LPS) concentrations in the peripheral and 
portal circulations and the differences between these (n = 5– 6/group). (f) Dehydroepiandrosterone (DHEA) concentration in the peripheral blood 
(n = 6– 8/group). Values are mean ± SE. *p < 0.05, compared with the WT group. †p < 0.05, compared with the p62- KO- Rest group

(a)

(b)

(c)

(e) (f)

(d)
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higher in p62- KO- Ex mice than in p62- KO- Rest mice. The 
proportion in p62- KO- Ex mice was similar to that in WT 
mice (Figure 1b).

Analysis of the surface markers of KCs (Figure 1c and 
d) showed that the proportion of CD68- positive cells was 
lower in p62- KO- Rest mice than in WT mice (p = 0.051), 
but higher in p62- KO- Ex mice (p = 0.050), which shows 
that it was increased by long- term exercise. The propor-
tion of TLR4- positive cells was higher in p62- KO- Rest 
mice than in WT mice, but lower in p62- KO- Ex mice. 
The expression of proinflammatory (M1, CD11b) and 
anti- inflammatory (M2, CD206) markers on the surfaces 
of KCs was also analyzed by flow cytometry. The results 
showed that M1 marker expression was lower in p62- 
KO- Ex mice than in p62- KO- Rest mice, whereas the level 
of M2 marker expression did not differ between the groups. 
No differences in the peripheral venous blood LPS concen-
tration were identified among the WT, p62- KO- Rest, and 
p62- KO- Ex mice (Figure 1e). However, a difference in the 
LPS concentration was observed between the portal and 
peripheral blood samples from p62- KO- Ex mice (Figure 
1e), which implies that the long- term exercise increased 
the clearance of LPS by the liver. The serum DHEA con-
centration was higher in p62- KO- Ex mice than in p62- KO- 
Rest mice (Figure 1f).

The effect of DHEA on the phagocytic capacity of mac-
rophages was determined in vitro. For this experiment, 

p62- deficient RAW264.7 cells (p62- KO- RAW264.7) 
were prepared from a mouse macrophage- like cell line 
(RAW264.7) using the CRISPR- Cas9 system (Figure 
2a). The MFI of the latex beads was higher in p62- KO 
RAW264.7 cells that had been exposed to DHEA (10 ng/
ml) than in cells that had been exposed to vehicle (DMSO) 
(Figure 2b– d).

3.2 | Effects of long- term exercise 
on the hepatic pathology of a mouse model of 
obesity and NASH

The consumption of a HFD- induced obesity and NASH in 
the hyperphagic p62- KO mice, and long- term exercise had 
no effect on their body mass or composition (Figure 3a). 
Additionally, no effects were found on the total skeletal mus-
cle mass or total body fat mass, assessed using CT, or the 
epididymal fat mass (Figure 3b– d) of these mice. However, 
long- term exercise ameliorated the hepatomegaly of the mice 
(Figure 3e).

The hepatic histopathology of the HFD fed p62- KO 
mice was analyzed by determining the SAF score (Figure 
4). This showed that long- term exercise did not affect the 
degree of hepatic steatosis, but ameliorated the activity 
and fibrosis. When the degree of fibrosis was estimated on 
Sirius Red- stained sections, the positive areas were smaller 

F I G U R E  2  DHEA increases the foreign- bodyphagocytic capacity of RAW264.7 cells. (a) Immunoblot analysis of p62 and β- actin in 
RAW264.7 (WT) cells and those in which the p62- gene was deleted (p62- KO cells) using the CRISPR- CAS9 system. (b– d) Latex beads in 
RAW264.7 cells and their mean fluorescence intensity (MFI) in WT and p62- KO cells treated with dimethyl sulfoxide (DMSO) and in p62- KO 
cells treated with dehydroepiandrosterone (DHEA). The latex beads are green. The MFI of the latex beads was determined using flow cytometry 
(n = 3/group). Values are mean ± SE. *p < 0.05, compared with the WT cells. †p < 0.05, compared with the p62- KO cells treated with DMSO

β

(a) (b)

(c) (d)
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in HFD- fed p62- KO- Ex mice than in HFD- fed p62- KO- 
Rest mice, which implies that fibrosis is reduced by long- 
term exercise.

The blood biochemistry analyses (Figure 5) showed that 
the serum AST and ALT activities were higher in the HFD- 
fed p62- KO- Rest mice than in exercising mice, and the cir-
culating glucose and insulin concentrations were higher in 
the HFD- fed p62- KO- Ex mice. Although, no significant dif-
ferences were found between the groups with respect to pe-
ripheral blood LPS concentration, long- term exercise tended 
to ameliorate the metabolic hyperendotoxemia. The serum 
DHEA concentration of HFD- fed p62- KO- Ex mice was 
higher than that in resting mice, whereas the blood corticos-
terone concentration did not differ between the two groups. 
Although, no difference was identified in the serum myosta-
tin concentration between HFD- fed p62- KO- Rest and p62- 
KO- Ex mice, the serum follistatin concentration was lower in 
the HFD- fed p62- KO- Ex mice.

qPCR analysis of the livers of the mice (Figure 6) showed 
that the expression of mRNAs for tumor necrosis factor- α 
(Tnf- a) and interleukin- 1β (Il- 1β) was lower in HFD- fed p62- 
KO- Ex mice than in HFD- fed p62- KO- Rest mice. The ex-
pression of genes encoding toll- like receptors (Tlr1, 2, 6, and 
9) was lower in HFD- fed p62- KO- Ex mice. Furthermore, the 
gene expression of α- smooth muscle actin (αSma) and trans-
forming growth factor- 1β (Tgf- β1), which encode proteins in-
volved in hepatic fibrosis, was lower in HFD- fed p62- KO- Ex 

mice, but the expression of collagen type 1α (Colla1) was 
similar in the two groups.

4 |  DISCUSSION

In the present study, we have shown that the foreign- body 
phagocytic capacity of KCs is attenuated in the hyperphagic 
p62- KO mice, a mouse model of obesity and NAFL, and 
that long- term exercise ameliorates this defect and improves 
LPS clearance by the liver. In vitro experiments showed that 
DHEA also improves the phagocytic capacity of p62- KO 
macrophages. Thus, long- term exercise in a HFD- fed p62-
 KO, a mouse model of obesity and NASH, mice ameliorates 
the hepatomegaly and hepatic inflammation and fibrosis, 
independent of any effect on body mass or composition. 
Furthermore, we have presented evidence that these effects 
are mediated through DHEA.

We have previously shown that obese patients with 
NAFLD, and particularly those with advanced hepatic fi-
brosis, frequently develop metabolic hyperendotoxemia, 
which is associated with a reduction in the phagocytic ca-
pacity of KCs and more severe inflammation and oxidative 
stress (Shida et al., 2018). Furthermore, the reduction in 
the phagocytic capacity of KCs is restored by long- term 
high- intensity exercise, which is followed by amelioration 
of the inflammation and oxidative stress (Oh et al., 2017). 

F I G U R E  3  Long- term exercise does not change body mass or composition but ameliorates the hepatomegaly of p62- KO mice fed a high- fat 
diet (HFD). (a) Time course of changes in body mass in wild- type (WT) mice fed a standard diet (WT, n = 12), resting p62- KO mice fed a HFD 
(HFD- fed p62- KO- Rest, n = 12), and exercising p62- KO mice fed a HFD (HFD- fed p62- KO- Ex, n = 12). (b– e) Masses of skeletal muscle, the 
adipose tissue as a whole, epididymal adipose tissue, and the liver of mice in each group at 17 weeks of age (n = 11 or 12/group). Adipose and 
skeletal muscle masses were determined by computed tomography analysis. Values are mean ± SE. *p < 0.05, compared with the WT group. 
†p < 0.05, compared with the HFD- fed p62- KO- Rest group

(a)

(b) (c) (d) (e)
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Thus, the present results are consistent with those of previ-
ous clinical studies.

The exercise program used in this study included an 
escalation at 0% inclination from 10 to 18  m/min, over 
50  min, 5  days a week, which corresponded to moder-
ate-  or low-  intensity exercise (Figure 1a). This is the 
exercise intensity that is commonly used for the preven-
tion and treatment of obesity and lifestyle- related dis-
eases in humans (Oh et al., 2015). In the present study, 
long- term exercise increased latex bead uptake by KCs 
in mice with hyperphagia- induced obesity (Figure 1b– d). 
Few previous studies have reported the effects of exercise 
on the phagocytic capacity of KCs. Yano et al. reported 
that transient, acute exercise (15% inclination and 21 m/

min for 60 min) by F344 rats increased the bead uptake 
capacity of their KCs and increased the LPS concentra-
tion in the portal vein (Yano et al., 2004). We previously 
reported that long- term exercise by WT mice increases 
the uptake of fluorescent beads by KCs; that is, it poten-
tiates their phagocytic capacity. It does not affect their 
body composition, the LPS concentration in the portal 
vein, or the number of KCs; but increases the clearance 
of exogenously administered LPS and limits inflamma-
tory responses by inhibiting the LPS- stimulated increases 
in inflammatory cytokine concentrations (Komine et al., 
2017). Because these effects of exercise were absent in 
mice lacking KCs, the phenotypic changes in the KCs 
were considered to be caused by the exercise, and LPS 

F I G U R E  4  Long- term exercise ameliorates the hepatic inflammation and fibrosis of p62- KO fed a high- fat diet (HFD). (a) Hematoxylin 
and eosin- stained sections (scale bar, 100 μm) of livers from wild- type (WT) mice fed a standard diet (WT), resting p62- KO mice fed a HFD 
(HFD- fed p62- KO- Rest), and exercising p62- KO mice fed a HFD (HFD- fed p62- KO- Ex). (b) Sirius Red- stained sections (scale bar, 100 μm). 
The arrowheads point out a bridging fibrosis. (c) The steatosis, activity, and fibrosis (SAF) score (n = 12/group). (d) Area positive for Sirius Red 
staining (n = 10– 22/group). Values are mean ± SE. *p < 0.05, compared with the WT group. †p < 0.05, compared with the HFD- fed p62- KO- Rest 
group

(a)

(b)

(c) (d)
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stimulation alters the phagocytic capacity of KCs in vitro 
(Kinoshita et al., 2010).

Long- term exercise potentiated bead uptake by the KCs of 
p62- KO mice in the present study (Figure 1b). This increase 
in phagocytic capacity was attributed to the greater expres-
sion of the macrophage surface marker CD68 and scavenger 
receptors on KCs (Figure 1c). CD68- positive KCs are a pop-
ulation of cells that have a high bead- phagocytic capacity and 
may contribute to LPS clearance in the liver (Kinoshita et al., 
2010). A long- term exercise program is likely to increase the 
expression levels of these surface molecules in KCs, which 
would increase their phagocytic capacity.

We then evaluated the effects of long- term exercise 
on hepatic inflammation and fibrosis in a mouse model 
of obesity and NASH, and found that long- term exercise 

ameliorated both of these defects, independent of changes 
in body composition. This is important because the pro-
gression of hepatic fibrosis is a prognostic factor in human 
NASH (Loomba & Chalasani, 2015). The results of the 
present study suggest that long- term exercise prevents the 
progression of NASH. Patients with NASH show signs of 
chronic inflammation, such as a high circulating LPS con-
centration (Wigg et al., 2001), low phagocytic capacity of 
KCs (Iijima et al., 2007), and hyperactivation of the innate 
immune response (Sharifnia et al., 2015). Long- term exer-
cise by mice with NAFL-  induced phenotypic changes in 
their KCs and reduced the number of CD11b- positive cells, 
which secrete proinflammatory cytokines. Furthermore, it 
reduced the number of cells that were positive for TLR4, 
a receptor for LPS (Figure 1). Long- term exercise by mice 

F I G U R E  5  Blood biochemistry data. The circulating (a) AST and ALT, (b) glucose and insulin, (c) lipopolysaccharide, (d) DHEA and 
corticosterone, and (e) myostatin and follistatin concentrations were measured in wild- type (WT) mice fed a standard diet (WT), resting p62- KO 
mice fed a HFD (HFD- fed p62- KO- Rest), and exercising p62- KO mice fed a HFD (HFD- fed p62- KO- Ex) (n = 6– 14/group). Casual glucose and 
insulin concentrations were also measured. Values are mean ± SE. *p < 0.05, compared with the WT group. †p < 0.05, compared with the HFD- 
fed p62- KO- Rest group. AST, aspartate aminotransferase; ALT, alanine aminotransferase; DHEA, dehydroepiandrosterone

(a)

(b) (c)

(d) (e)
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with NASH reduced the hepatic expression of Tlr and the 
genes encoding the proinflammatory cytokines Il- 1β and 
Tnf- a (Figure 6a and b), which suggests that long- term ex-
ercise reduces the LPS- induced inflammatory response in 
these mice. Additionally, the gene expression of αSma and 
Tgf- β1, which induce hepatic fibrosis, was also reduced by 
long- term exercise (Figure 6c). However, weight loss was 
not induced by the long- term exercise (Figure 3a). These 
results suggest that inhibition of the NASH- associated in-
flammation and fibrosis may occur secondary to increases 
in the phagocytic capacity of KCs and the phenotypic 
changes induced by long- term exercise.

In previous studies of animal models of NASH, long- term 
exercise has been reported to reduce the population of in-
flammatory (M1) macrophages in the liver (Gehrke et al., 
2019; Kawanishi et al., 2012) and contribute to the inhibi-
tion of hepatic inflammation and fibrosis (Kawanishi et al., 
2012). The results of the present study are consistent with 
those of previous studies and suggest that the increase in the 
phagocytic capacity of the KCs and the reduction in the in-
flammatory response form part of the mechanism whereby 
long- term exercise reduces the number of M1 macrophages 
and inflammation.

We also evaluated factors that might mediate the alter-
ation in the phenotype of KCs following long- term exercise. 
When the peripheral concentrations of steroid hormones 
(Bongiovanni et al., 2015; Cao et al., 2019), which have been 
reported to affect phagocytic capacity, were measured in the 
present and previous studies, long- term exercise was found 
to increase the DHEA concentration, but not that of corticos-
terone (Figure 5d). It has previously been reported (Komine 
et al., 2017; Tatara & Sato, 2019) that the serum DHEA con-
centration increases with exercise, and the half- life of DHEA 
has been reported to be 7– 22 hours (Rabe et al., 2015), which 
is longer than that of other hormones, which suggests that 
long- term exercise would increase the circulating DHEA 
concentration.

When LPS was administered to mice after pretreat-
ment with DHEA, their survival rate increased and TNF- α 
secretion was inhibited (Danenberg et al., 1992). This 
suggests that long- term exercise ameliorates inflamma-
tion and fibrosis in the liver by increasing the circulating 
DHEA concentration, which reduces the inflammatory 
response of KCs to LPS and the production of proinflam-
matory cytokines in the liver. Furthermore, in humans, 
a negative correlation has been reported between the 

F I G U R E  6  Long- term exercise reduces proinflammatory signaling and the expression of fibrogenic mediators in the livers of p62- KO mice 
fed a high- fat diet (HFD). mRNA expression of (a) proinflammatory cytokines (Tnf- a and Il- 1β), (b) toll- like receptors (Tlr1, 2, 4, 6, and 9), and (c) 
fibrosis- related genes (αSma, Tgf- β1, and Colla1) (n = 9– 10/group). Values are mean ± SE. *p < 0.05, compared with the WT group. †p < 0.05, 
compared with the HFD- fed p62- KO- Rest group

(a)

(b)

(c)
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hepatic pathology (steatosis and fibrosis) associated with 
NAFLD and the concentration of DHEA (Charlton et al., 
2008).

We also assessed the in vitro effect of DHEA on the phago-
cytic capacity of RAW264.7 cells (KCs), and found it poten-
tiated the phagocytic capacity of p62- deficient KCs. Previous 
studies (Ben- Nathan et al., 1999; Komine et al., 2017) have 
also shown that DHEA inhibits the LPS- stimulated secretion 
of TNF- α and the LPS- induced inflammatory response in 
KCs, and the present findings are consistent with the find-
ings of this study.

There are limitations to be overcome in this study. First, 
because we did not conduct DHEA administration experi-
ments, we could not directly show the effect of DHEA on 
KCs function in vivo. Further studies are needed to directly 
show the effect of DHEA on KCs in vivo. Second, because 
the WT mice used in this study were purchased from a com-
mercial company, it is possible that the mice had a number of 
unknown phenotypes different from the WT littermate con-
trols, for example, a different intestinal microbiome. Third, 
the onset and progression of NASH in p62- KO mice might 
be influenced by not only increased LPS production in the 
intestines, the disturbed phagocytotic function of KCs, but 
also insulin resistance and hyperleptinemia associated with 
obesity, and disturbed autophagy and activation of hepatic 
stellate cells associated with the p62 deletion. Because these 
factors were not determined in this study and the effects of 
exercise training on these factors are unknown, further stud-
ies are needed to verify the preventive effects of exercise 
training on NASH.

5 |  CONCLUSIONS

Long- term exercise restores the poor phagocytic capacity 
of KCs and induces phenotypic changes in their surface 
molecules in a mouse model of hyperphagia- induced obe-
sity and NAFL. Furthermore, the long- term exercise for 
12  weeks inhibits the progression of hepatic inflamma-
tion and fibrosis in a mouse model of obesity and NASH, 
thereby preventing the development of NASH, independ-
ent of weight loss. These effects appear to be mediated 
by increases in the phagocytic capacity of KCs and LPS 
clearance and a reduction in the inflammatory response, 
which is characterized by changes in the expression of sur-
face markers on KCs. These effects may be mediated by 
an exercise- induced increase in the production of DHEA. 
Thus, the results of this study provide a molecular mecha-
nism for the beneficial effects of exercise in the manage-
ment of patients with NAFLD.
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