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Abstract. Progression of nonalcoholic steatohepatitis (NASH) 
is attributed to several factors, including inflammation and 
oxidative stress. In recent years, renalase has been reported 
to suppress oxidative stress, apoptosis and inflammation. A 
number of studies have suggested that renalase may be associ‑
ated with protecting the liver from injury. The present study 
aimed to clarify the effects of renalase knockout (KO) in 
mice with NASH that were induced with a choline‑deficient 
high‑fat diet (CDAHFD) supplemented with 0.1% methionine. 
Wild type (WT) and KO mice (6‑week‑old) were fed a normal 
diet (ND) or CDAHFD for 6 weeks, followed by analysis of 
the blood liver function markers and liver tissues. CDAHFD 
intake was revealed to increase blood hepatic function 
markers, lipid accumulation and oxidative stress compared 
with ND, but no significant differences were observed between 
the WT and KO mice. However, in the KO‑CDAHFD group, 
the Adgre1 and Tgfb1 mRNA levels were significantly higher, 
and α‑SMA expression was significantly lower compared with 
the WT‑CDAHFD group. Furthermore, the Gclc mRNA and 
phosphorylated protein kinase B (Akt) levels were signifi‑
cantly lower in the KO‑ND group compared with the WT‑ND 
group. The results of the current study indicated that as NASH 
progressed in the absence of renalase, oxidative stress, macro‑
phage infiltration and TGF‑β expression were enhanced, while 

α‑SMA expression in NASH may be partly suppressed due to 
the decreased phosphorylation of Akt level.

Introduction

Nonalcoholic steatohepatitis (NASH) is a progressive liver 
disease characterized by steatosis, inflammation, and fibrosis 
leading to liver cirrhosis and cancer (1). NASH risk factors 
include obesity, hypertension, and abnormal lipid metabo‑
lism (2). Hepatic steatosis results from the accumulation 
of some lipids. Free fatty acid delivery to the liver accounts 
for almost two‑thirds of the lipid accumulation (3). The 
two‑hit hypothesis, which states that hepatitis is induced by 
inflammation and oxidative stress after lipid accumulation 
in hepatocytes, has been considered the main mechanism 
underlying NASH progression (4). Recently, the multiple 
parallel hit hypothesis, which states that hepatitis progresses 
due to several factors that lead to fat accumulation in the liver, 
adipose tissue, and digestive tract, has gained support (3). The 
activation of hepatic stellate cells by increased production of 
transforming growth factor beta (TGF‑β) by Kupffer cells and 
hepatocytes; activation of inflammatory cytokines such as the 
tumor necrosis factor‑α (TNF‑α), interleukin (IL)‑6, and IL‑1β 
due to oxidative stress; and acceleration of hepatocyte apop‑
tosis contribute to the progression of NASH. In addition, these 
inflammatory cytokines are regulated by nuclear factor‑κB 
(NF‑κB). Furthermore, the progression of liver fibrosis in 
NASH is associated with alterations in the extracellular matrix 
mainly by increased production of type I collagen (5‑9). NASH 
progresses with increasing degrees of fibrosis, with the most 
common complication being cirrhosis (2).

Renalase is a flavin adenine dinucleotide‑dependent amine 
oxidase that metabolizes catecholamines such as dopamine, 
epinephrine, and norepinephrine (10). Renalase is secreted by 
the proximal tubule in the kidney into the blood to degrade 
catecholamines and regulate blood pressure (10,11). One study 
has reported that patients with chronic kidney disease and 
type II diabetes have high renalase levels in the blood (12). 
Renalase activates the PI3K/Akt and extracellular signal‑regu‑
lated kinase signalling pathways and exerts cell‑protective 
effects via the renalase receptor plasma membrane Ca2+ 
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ATPase isoform 4 b (PMCA4b) (13,14). Wu et al showed 
that TGF‑β increases the levels of fibrosis markers such as 
α‑smooth muscle actin (α‑SMA), E‑cadherin, and collagen 
type I α 1 (Col1a1) in human kidney 2 cells (15). In addition, 
hepatic renalase expression increases in response to oxidative 
stress in the mouse liver with induced ischemia‑reperfusion 
(IR) injury, suggesting that renalase protects tissues (16). 
Recently, the downregulation of renalase in nonalcoholic fatty 
liver disease (NAFLD) and its protective role against liver IR 
injury has been reported, indicating that the downregulation of 
renalase may be involved in the susceptibility of the fatty liver 
to IR injury (17).

The progression of liver diseases such as NAFLD and 
NASH is considered to be suppressed by the inhibitory effects 
of renalase on inflammation, oxidative stress, and apoptosis. 
Therefore, we hypothesized that if NASH is induced in the 
absence of renalase, we should be able to observe increased 
liver inflammation and fibrosis and a significant decline in the 
liver function. In order to clarify this, we fed renalase knockout 
(KO) mice with a choline‑deficient high‑fat diet (CDAHFD) 
supplemented with 0.1% methionine to induce NASH. We then 
characterized the effects of the renalase KO on the mouse liver 
using several markers of liver health and activity.

Materials and methods

Animals and experimental design. B6;129S1‑Rnlstm1Gvd/J 
mice were purchased from the Jackson Laboratory. Renalase 
KO and wild type (WT) mice were produced by mating 
heterozygous mice and identified by polymerase chain 
reaction (PCR) amplification of mouse genomic DNA, as 
previous described (7). A total of 24 male mice (KO, n=12; 
WT, n=12) were fed standard chow and water ad libitum and 
housed under standard laboratory conditions (23.5±2.5˚C, 
52.5±12.5%, 14:10‑h light‑dark cycle). At 6 weeks of age, these 
mice were divided into four groups; WT‑normal diet (ND; MF 
12 mm φ pellet; Oriental Yeast Co.), WT‑choline‑deficient, 
L‑amino acid‑defined, high‑fat diet (CDAHFD; A06071302, 
Research Diets), KO‑ND, and KO‑CDAHFD. The diet was 
replenished every 3‑4 days. After 6 weeks under each condition, 
the mice were killed by cervical dislocation after anesthesia 
with 5 ml of the mix solution (isoflurane:propylene glycol=3:7) 
added to the container of approximately 3L. The current study 
followed the ethical guidelines from western institutions to 
justify the method of euthanasia used in the study. In addi‑
tion, the volume of propylene glycol used in the current study 
exhibited no toxicity (18). Liver samples and blood from the 
inferior vena cava were collected. The sera were collected by 
centrifugation (4˚C, 3,000 x g, 30 min) after settling for 16 h 
at 4˚C. Samples were stored at ‑80˚C for subsequent analyses.

Assay for liver cholesterol and triglyceride and serum hepatic 
markers in the blood. Total cholesterol (T‑CHO) and triglyc‑
eride (TG) in the liver were analysed by Cosmo Bio Co., Ltd. 
Serum aspartate aminotransferase (AST), alanine amino‑
transferase (ALT), alkaline phosphatase (ALP), and lactate 
dehydrogenase (LDH) were analysed by Fujifilm Bio Inc., Ltd.

Immunostaining. Liver samples were replaced with 70% EtOH 
overnight after fixation in 10% paraformaldehyde in PBS 

for 72 h. The liver tissue was cut into 3‑µm thick sections. 
Hematoxylin and eosin (H&E) and Masson's trichrome (MT) 
staining were performed and analysed using a BZ‑X710 
all‑in‑one fluorescence microscope (Keyence).

Western blot analysis. Radioimmunoprecipitation assay 
(RIPA) buffer (50 mM Tris‑HCl, 150 mM NaCl, 1 mM 
EDTA, 0.1% (w/v) sodium dodecyl sulfate (SDS), 0.5% (w/v) 
sodium deoxycholate, 1% (v/v) Nonidet P‑40, and distilled 
water) with phosphatase and protease inhibitors (Roche Ltd., 
Basel, Switzerland) was added to the liver samples, and the 
mixture was homogenized using the TissueLyser LT (Qiagen, 
Hilden, Germany). After homogenization, the samples were 
centrifuged (4˚C, 12,000 x g, 15 min), and the supernatant was 
collected. We used western blotting to separate and quantify the 
proteins in homogenates of liver samples. First, protein content 
of the homogenates was measured using the bicinchoninic acid 
(BCA) method as per the manufacturer's instructions (Nacalai 
Tesque Inc.). Absorbance of the samples was measured at 562 
nm using a microplate reader (Varioskan LUX; Thermo Fisher 
Scientific, Inc.). A calibration curve was prepared using bovine 
serum albumin (BSA) as standard (2 mg/ml); sample concen‑
trations were determined by comparison to the standard.

Next, to separate proteins, SDS polyacrylamide gel 
electrophoresis (SDS‑PAGE) was conducted. Each sample 
was diluted with sample buffer (2X Laemmli sample buffer 
and 10% 2‑mercaptoethanol) to a concentration of 2 mg/ml. 
Five microliters of each sample were loaded onto the gel. 
After electrophoresis, isolated proteins were transferred to a 
polyvinylidene fluoride membrane (PVDF) using Turbo blot 
(Bio‑Rad Laboratories, Inc.). Blocking buffer containing 
5% (w/v) skim milk and 5% (v/v) Blocking One (Nacalai 
Tesque Inc.) in Tris‑buffered saline containing 0.1% Tween‑20 
(TBST) was used to block the PVDF membrane for 30 min at 
room temperature (20‑25˚C).

Membranes were washed three times (5 min per wash) 
with TBST and allowed to incubate with the primary antibody 
overnight at 4˚C. Thereafter, we washed the membranes three 
times (5 min per wash) with TBST and incubated them with 
the secondary antibody (1:5,000 in TBST; Cell Signaling 
Technology, Inc.) for 1 h. The PVDF membrane was washed 
three times and luminescence was detected using a chemilu‑
minescent reagent (ECL Select Western Blotting Detection 
Reagent; GE Healthcare) and imaged using ImageQuant 
LAS‑4000 (GE Healthcare Life Science). The signal densities 
were analysed using ImageJ. Table SI shows the primary and 
secondary antibodies used in this study.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). The mRNA levels were measured using RT‑qPCR. 
To extract total RNA, the liver was homogenized on ice in 
Sepasol‑RNA I Super G (Nacalai Tesque Inc.), followed by 
separation into organic and aqueous phases with chloroform. 
Samples were allowed to sit at room temperature (20‑25˚C) 
for 3 min and centrifuged (4˚C, 12,000 x g, 15 min). The sepa‑
rated aqueous phase was removed, and isopropanol was added. 
The mixture was mixed by inversion, incubated for 10 min, 
and centrifuged (4˚C, 12,000 x g, 10 min). The supernatant 
was removed, and 70% ethanol was added to the pellet; the 
pellet was resuspended using a vortex mixer. Centrifugation 
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(4˚C, 12,000 x g, 5 min) was performed to remove the super‑
natant. Finally, UltraPure DNase/RNase‑Free Distilled Water 
(Invitrogen; Thermo Fisher Scientific, Inc.) was added, and the 
sample was incubated at 65˚C for 5 min. The extracted RNA 
was quantified using spectrophotometry (Nanodrop ND2000, 
Thermo Fisher Scientific, Inc.). The extracted RNA was used 
for cDNA synthesis using PrimeScript RT reagent kit (Takara 
Bio) was performed as per the manufacturer's instructions. 
Reverse transcription was carried out in a thermal cycler 
(TP 350; Takara Bio) (37˚C, 15 min; 85˚C, 5 sec; 4˚C, ∞). 
After reverse transcription, the cDNA was diluted 10‑fold 
using UltraPure DNase/RNase‑Free Distilled Water. KAPA 
SYBR FAST qPCR Master Mix (KK 4602; Kapa Biosystems), 
upstream and downstream primers, ROX Low Reference Dye 
(KD 4601; Kapa Biosystems), and UltraPure Distilled Water 
were added, and PCR amplification was conducted using 
a QuantStudio 5 Real‑Time PCR System (Thermo Fisher 
Scientific). RT‑qPCR amplification was set up as follows: 
initial denaturation at 95˚C for 20 sec, followed by 35 cycles 
of denaturation at 95˚C for 30 sec and annealing and extension 
at 60 ˚C for 30 sec. The mRNA level of the TATA‑binding 
protein (encoded by the mouse Tbp gene) was used as the 
housekeeping gene. The cycle threshold (Ct) value of the target 
gene was standardized to that of the housekeeping gene (ΔΔCt 
method) (19). The relative expression level of the target gene 
was calculated as the relative value compared with that of the 
WT‑ND group. The primer sequences used in this experiment 
are shown in Table SII.

Thiobarbituric acid reactive substances (TBARS). TBARS 
measurement in the liver was performed as previously 
described (20). Briefly, PBS with a protease inhibitor (Roche 
Ltd.) was added to the tissue. The tissue was crushed with a 
bead crusher and centrifuged, and the supernatant was used 
as the sample. SDS (5.2%), thiobarbituric acid solution (0.8%), 
ultrapure water, butylhydroxyltriene glacial acetic acid solu‑
tion (0.8%) were mixed in a ratio of 4:30:34:1 to prepare the 
reaction solution. Ethanol (10%, 997.8 µl) was added to 2.2 µl 

of 1,1,3,3‑tetraethoxypropane (TEP), and this solution was 
diluted 100 times with ultrapure water to prepare a 100 nmol/ml 
TEP solution (standard solution). Furthermore, this solution 
was diluted with ultrapure water to prepare standard solutions 
for a calibration curve ranging from 0 to 50 nmol/ml.

The reaction solution and 0.1 M acetate buffer were 
poured into a 1.5‑ml tube, and the sample or standard solu‑
tion was added. After allowing to sit still at 4˚C for 30 min, 
the solution was subjected to heat shock at 100˚C for 60 min. 
Butanol:pyridine (15:1, v/v) was added to the solutions on ice. 
The mixture was vigorously stirred and centrifuged (300 x g, 
10 min, 4˚C). The supernatant was transferred into a 96‑well 
microplate, and the absorbance at 532 nm was measured 
using a microplate reader (Varioskan LUX; Thermo Fisher 
Scientific, Inc.).

A calibration curve was created based on the absorbance 
of the standard solutions, and the TBARS concentration in 
the sample was determined. The TBARS concentration was 
expressed per mg of protein.

Statistical analysis. Data are presented as mean ± SD. For almost 
measurements, a two‑way analysis of variance was conducted. 
For body weight data, a three‑way ANOVA was conducted. In 
the case of significant interaction between the genotype and 
diet (and time), comparisons were made using Bonferroni's post 
hoc test. GraphPad Prism 8 software (GraphPad Software, Inc.) 
was used for all statistical calculations, and the significance 
level was set to P<0.05 or P<0.01 for all cases.

Results

Effects of the renalase KO and CDAHFD on overall mouse 
health and the liver status. After feeding ND or CDAHFD 
for 6 weeks starting from 5 weeks of age, WT and KO mice 
given ND exhibited significant increase in body weight from 
6 or 7 weeks of age. However, the CDAHFD group did not 
show any significant change in body weight. Nonetheless, there 
was a significant difference between the final body weights 

Table I. Phenotype, blood markers, and hepatic lipid and TBARS.

      Main Main
      effect effect
Measurements WT‑ND WT‑CDAHFD KO‑ND KO‑CDAHFD Interaction (genotype) (diet)

Final body weight (g) 29.5±2.6  23.1±1.3 29.9±1.7  24.0±0.9 n.s. n.s. P<0.01
Liver weight/BW (mg) 35.2±3.7    61.9±10.3 39.8±2.8    57.2±14.6 n.s. n.s. P<0.01
Serum AST activity (IU/l) 50.3±9.6    483.2±206.0 54.0±7.4    593.7±282.5 n.s. n.s. P<0.01
Serum ALT activity (IU/l) 33.0±7.4  497.2±96.3 26.8±6.8    563.7±201.7 n.s. n.s. P<0.01
Serum ALP activity (IU/l) 286.8±17.5  505.6±98.6 237.5±23.2    606.2±209.2 n.s. n.s. P<0.01
Serum LDH activity (IU/l) 300.8±54.5 1,542.0±196.7 535.4±59.2 1,906.5±717.6 n.s. n.s. P<0.01
Hepatic TCHO (mg/g)   2.9±0.2    5.4±0.5   2.5±0.4    5.2±0.6 n.s. n.s. P<0.01
Hepatic TG (mg/g) 18.5±3.9  300.9±27.8 13.9±4.6  304.2±33.6 n.s. n.s. P<0.01
Hepatic TBARS (nmol/mg)   1.4±0.5    7.3±3.3   1.8±0.2    7.9±2.2 n.s. P=0.06 P<0.01

Data are shown as presented as the mean ± SD. AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phospha‑
tase; LDH, lactate dehydrogenase; TCHO, total cholesterol; TG, triglycerides; TBARS, thiobarbituric acid reactive substances; CDAHFD, 
choline‑deficient high‑fat diet; WT, wild type; KO, renalase knock out; ND, normal diet.
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of mice in the ND and CDAHFD groups (Table I). We also 
show the trend in body weight change throughout the study 

(Fig. S1A). In addition, renalase mRNA levels in the liver were 
measured in all mice (Fig. S1B).

Figure 1. Evaluation of hepatic histology on NASH model mice. The H&E (Left) and MT (Right) stained histology images of the liver in each group are shown. 
Scale bar = 100 µm. WT, wild type; KO, renalase knock out; MS, Masson’s trichrome; H&E, hematoxylin eosin; CDAHFD, choline‑deficient high‑fat diet; 
NASH, nonalcoholic steatohepatitis.

Figure 2. Inflammation and antioxidant mRNA expressions in liver on NASH model mice. (A‑I) All mRNA expressions were compared between WT and KO 
fed ND or CDAHFD groups using the ΔΔCq method. Data are shown as mean ± SD. n=6 in each group. Data were analyzed using two way ANOVA. *P<0.05 
vs. WT‑ND. ††P<0.01 vs. WT‑CDAHFD. WT, wild type; KO, renalase knock out; tnfα, tumor necrosis factor‑α; IL‑1β, interleukin‑1β; Adgre1, adhesion G pro‑
tein‑coupled receptor E1; Sod, superoxide disumtase; Gpx, gluthatione peroxidase; Gclc, γ‑glutamylcysteine synthetase; Gsta4, gluthatione S‑transferase α4; 
Gstm6, gluthatione S‑transferase mu 6; CDAHFD, choline‑deficient high‑fat diet; NASH, nonalcoholic steatohepatitis; ND, normal diet.
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Furthermore, CDAHFD significantly increased liver 
weight compared with ND (Table I). Activities of serum AST, 
ALT, and ALP, which are liver function markers in the blood, 
also increased following CDAHFD. CDAHFD resulted in a 
significantly higher serum LDH than that by ND in both WT 
and KO mice. Significant elevations in T‑CHO and TG in 
the liver were observed in mice under CDAHFD. Similarly, 
concentration of TBARS and lipid peroxide increased as an 
effect of CDAHFD.

Hepatic lipid accumulation and fibrosis. Based on H&E 
staining, significant accumulation of lipid droplets was 
observed in mice under CDAHFD, but no significant differ‑
ence was observed between the histology of mice in the 
WT‑CDAHFD and KO‑CDAHFD groups (Fig. 1).

MT staining showed collagen fibres stained in blue in the 
liver of mice under CDAHFD, but no significant difference was 

observed between the histology of mice in the WT‑CDAHFD 
and KO‑CDAHFD groups (Fig. 1).

mRNA levels of inflammatory and oxidative stress markers 
in the liver. Increased transcript levels of inflammatory 
cytokines Tnfα and IL‑1β were observed under CDAHFD 
(Fig. 2). Furthermore, the mRNA level of the adhesion G 
protein‑coupled receptor E1 (Adgre1), a macrophage marker, 
was found to be significantly higher in the KO‑CDAHFD 
group than in the WT‑CDAHFD group.

The mRNA levels of antioxidative enzymes superoxide 
dismutase 2 (Sod2), which is found in the mitochondria, and 
catalase decreased following CDAHFD. Moreover, glutathione 
peroxidase (Gpx) mRNA levels were not affected by the type 
of diet. The mRNA level of the γ‑glutamylcysteine synthe‑
tase catalytic unit (Gclc), which is involved in the synthesis 
of glutathione, an antioxidant, was affected by the genotype 

Figure 4. Akt, p70S6K, AMPK expressions in liver on NASH model mice. Protein expressions of (A) Ser308, (B) p70S6K and (C) AMPK were compared 
between WT and KO fed ND or CDAHFD groups using the western blotting method. (D) Western blot analysis. Data are shown as mean ± SD. Data were 
analyzed using two way ANOVA. **P<0.01 vs. WT‑ND. WT, wild type; KO, renalase knock out; p, phosphorylated; CDAHFD, choline‑deficient high‑fat diet; 
NASH, nonalcoholic steatohepatitis; ND, normal diet; p70S6K, p70S6 kinase.

Figure 3. Fibrosis mRNA expressions in liver on NASH model mice. mRNA expression of (A) Tgfb1, (B) Col1a1 and (C) Acta2 were compared between 
WT and KO fed ND or CDAHFD groups using the ΔΔCt method. Data are shown as mean ± SD. Data were analyzed using two way ANOVA. †P<0.05 
vs. WT‑CDAHFD. WT, wild type; KO, renalase knock out; TGF‑β, transforming growth factor‑β; Col1a1, collagen type I α 1 chain; Acta2, actin α 2; CDAHFD, 
choline‑deficient high‑fat diet; NASH, nonalcoholic steatohepatitis; ND, normal diet.
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and diet and was significantly lower in the KO‑ND group than 
in the WT‑ND group. Furthermore, CDAHFD significantly 
reduced the transcript levels of glutathione S‑transferase mu 6 
(Gstm6) but did not exert significant effects on that of gluta‑
thione S‑transferase α 4 (Gsta4).

mRNA levels of liver fibrosis markers. An interaction was 
observed between Tgfb1 and diet, and the KO‑CDAHFD 
group had significantly higher Tgfb1 mRNA levels than 
the WT‑CDAHFD group (Fig. 3). Furthermore, CDAHFD 
increased the levels of Col1a1 and Acta2 mRNA.

Protein expression of AMPK, Akt, and p70S6K. There was a 
significant interaction between the diet and genotype for the 
levels of phosphorylated Akt (p‑Akt) (Fig. 4). The p‑Akt/Akt 
levels in the WT‑ND group were significantly higher than that 
in the KO‑ND group. In addition, CDAHFD led to a signifi‑
cant increase in the phosphorylation of p70S6K (p‑p70S6K). 
Phosphorylation of AMPK also increased with CDAHFD.

Expression levels of p62 and α‑SMA. For the expression level 
of α‑SMA, an interaction between the diet and genotype was 
observed; α‑SMA expression in the KO‑CDAHFD group 
was significantly lower than that in the WT‑CDAHFD group 
(Fig. 5).

Discussion

A methionine/choline deficient diet (MCD) is one of the 
ways to induce NASH in rodents (7,9). However, the MCD 
mouse model experiences body weight loss accompanied by 
weight loss of white adipose tissue, which increases the risk 

of mortality (9). Therefore, a novel diet‑induced NASH model 
using CDAHFD has been established as it exhibits fat accu‑
mulation and fibrosis in the liver and suppresses the weight 
loss observed in the MCD model (9). In the present study, the 
CDAHFD model was selected as the NASH model. Our find‑
ings showed that there was no difference in the body weight 
between WT and KO mice, although the body weight of the 
mice in the CDAHFD groups was significantly lower than that 
of the mice in the ND groups. Furthermore, the levels of liver 
function markers in the blood (serum AST, ALT, ALP, and 
LDH activities), as well as T‑CHO and TG levels significantly 
increased as an effect of the CDAHFD. Moreover, accumula‑
tion of lipid droplets and collagen fibres were confirmed by 
H&E and MT staining, respectively, in the WT‑CDAHFD and 
KO‑CDAHFD groups. These observations are consistent with 
those in previous studies (6,8). Suga et al observed that mice 
fed with CDAHFD for 6 weeks show hepatic steatosis and 
fibrosis (8). However, in the present study, significant effects of 
the renalase KO were not observed on the body weight, liver 
weight, blood liver function markers, and liver lipid levels. 
Furthermore, there was no difference between the H&E and 
MT staining for the WT‑CDAHFD and KO‑CDAHFD groups. 
Therefore, renalase deficiency did not have dramatic effects on 
the NASH pathology in this study.

In NAFLD and NASH, oxidative stress is enhanced by 
mitochondrial abnormalities, endoplasmic reticulum stress, 
and endotoxin action; liver fibrosis progresses through the 
activation of hepatic stellate cells (5‑9). Renalase has been 
reported to inhibit oxidative stress (21). Therefore, in order to 
evaluate the effect of renalase deficiency on oxidative stress 
in the NASH model, the levels of TBARS and mRNA levels 
of genes involved in glutathione metabolism and regula‑

Figure 5. α‑SMA and p62 protein expressions in liver on NASH model mice. Protein expressions of (A p62 and (B) α‑SMA were compared between WT and 
KO fed ND or CDAHFD groups using western blotting. (C) Image of western blot bands. Data are shown as mean ± SD. Data were analyzed using two way 
ANOVA. ††P<0.01 vs. WT‑CDAHFD. WT, wild type; KO, renalase knock out; NASH, nonalcoholic steatohepatitis; CDAHFD, choline‑deficient high‑fat diet; 
ND, normal diet; α‑SMA, α‑smooth muscle actin.
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tion of oxidative stress were measured. Moreover, hepatic 
TBARS concentration is used for evaluating the amount of 
lipid peroxides and as an index of oxidative stress (20,22). 
We found hepatic TBARS concentration to be significantly 
higher in the CDAHFD groups than in the ND groups. 
This is consistent with an increase in the liver reactive 
oxygen species and TBARS concentrations in other studies 
on NASH models (6,7,23,24). In contrast, we could partly 
observe the expected increase the levels of TBARS in the 
mice with renalase KO. The hepatic TBARS in KO mice 
might be higher than that in WT mice because of the mouse 
genotypes considered in this study. Additionally, the Gclc 
mRNA level was significantly lower in the KO‑ND group 
than in the WT‑ND group. γ‑glutamylcysteine ligase, the 
rate‑limiting enzyme for glutathione synthesis, contributes 
to the maintenance of the intracellular redox balance by 
glutathione synthesis (25). Therefore, based on the low levels 
of Gclc transcripts in the KO mice, we infer that the KO mice 
had low intracellular GSH levels due to the inhibition of 
glutathione synthesis. Moreover, when CDAHFD is ingested 
for a period longer than 6 weeks as in this experiment, the 
renalase KO may increase oxidative stress and affect NASH 
pathology.

Macrophages present in the liver are divided into 
Kupffer cells and monocyte‑derived macrophages, and 
monocyte‑derived macrophages infiltrate the liver tissues 
in response to chemokines secreted from hepatocytes and 
Kupffer cells (26). In our study, transcription of the Adgre1 
gene, which encodes F4/80, a marker of mature macrophages, 
was significantly higher in the KO‑CDAHFD group than in the 
WT‑CDAHFD group. In other words, hepatocyte dysfunction 
might have occurred in the absence of renalase. The secretion 
of inflammatory cytokines and chemokines in tissues may have 
been promoted through the activation of the NF‑κB pathway, 
and the migration of macrophages into the liver may be due 
to oxidative stress suppression and mitochondrial mitotic 
inhibitory effect caused by the renalase deficiency (22,27,28). 
Alternatively, it is possible that the expression of Kupffer 
cells will have increased in the renalase KO mice; however, 
this needs further investigation. Moreover, NF‑κB‑regulated 
renalase expression led to phosphorylation of Akt via PMCA 
4b receptor, although no effect of hepatic fibrosis induced by 
oxidative stress on inflammation via NF‑κB was observed 
in the MT staining of WT and KO mice. Furthermore, it has 
been reported that phosphorylation of Akt is caused by hepatic 
stellate cell (29). We observed that phosphorylation of Akt in 
WT mice decreased significantly compared with that in KO 
mice. Therefore, the decreased expression of fibrosis marker 
α‑SMA in KO mice might result from the decreased p‑Akt in 
this study.

The expression level of the Tgfb1 gene was significantly 
higher in the KO‑CDAHFD group than in the WT‑CDAHFD 
group. Furthermore, the expression levels of type I collagen 
fibres and α‑SMA are expected to increase through the 
TGF‑β/Smad pathway mediated by the TGF‑β receptor (30). 
However, the expression levels of α‑SMA were lower in the 
KO‑CDAHFD group than in the WT‑CDAHFD group, while 
the Acta2 mRNA levels were not significantly different 
between the WT‑CDAHFD and the KO‑CDAHFD groups. 
This may be because of the suppression of the signal down‑

stream of the TGF‑β receptor. Therefore, further investigation 
is needed to evaluate the effects of it on the activation of 
SMAD2/3, which regulates the production of extracellular 
matrix proteins through the TGF‑β signalling pathway and 
SMURF2 (31), which is known to suppress the SMAD2/3 
signalling pathway.

In conclusion, renalase deficiency had no significant effects 
on NASH pathology in the CDAHFD‑administered NASH 
mouse model. However, our findings suggest that hepatic 
fibrosis progression may be partly suppressed, while oxida‑
tive stress increases and macrophage infiltration occurs in the 
absence of renalase. Therefore, our study suggests renalase in 
the liver, as a potential therapeutic target for fibrosis in NASH 
(Fig. 6). In the future study, it will be also needed to measure 
fibronectin 1 and col1a1 protein expression because these 
proteins are fibrosis markers (32).
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