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Abstract: The accelerated course of hepatic fibrosis that occurs in some patients after liver transplantation is an 
important clinical problem. Activation of hepatic stellate cell (HSCs) is the dominant event in hepatic fibrosis. Previ-
ous studies have shown that treatment with mammalian target of rapamycin (mTOR) inhibitors was more effective 
in reducing the progression of fibrosis than treatment with calcineurin inhibitors, suggesting that mTOR could be a 
crucial target for inhibition of fibrosis. In addition, N-acetylcysteine (NAC) has been shown to effectively suppress 
HSC activation-dependent expression of alpha-smooth muscle actin in HSCs, suggesting that NAC could be a candi-
date for the clinical treatment of hepatic fibrosis. Here, we have evaluated the effects of immunosuppressive drugs 
and NAC in a mice model of hepatic fibrosis and on HSC activation in vitro. We demonstrated that an mTOR inhibi-
tor significantly inhibited fibrogenic genes in cultured HSCs until day 14. In addition, co-administration of NAC with 
everolimus further reduced the expression of fibrogenic genes and improved the characteristic of HSCs via blockage 
of HSC activation and up-regulation of fibrolytic gene. Moreover, in vivo studies showed that everolimus inhibited 
collagen deposition and inflammation in a mouse model of fibrogenesis, as determined by histological analysis, 
and everolimus treatment, in combination with NAC, significantly decreased extracellular matrix deposition and im-
proved liver histology. These findings indicated that everolimus, combined with NAC, synergistically inhibited hepatic 
fibrosis and thus may become a valuable option in immunosuppressant therapy.
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Introduction

Fatty liver does not show any symptoms or 
cause serious problems immediately; hence, it 
is easily overlooked. However, if left untreated 
for a long time, it progresses to chronic liver dis-
ease, accompanied with cirrhosis. In addition, 
mortality rates in patients with liver cancer and 
fulminant hepatic failure are high. Only liver 
transplantation has been shown to be effective 
in such cases. However, even after liver trans-
plantation, the rate of incidence of liver fibrosis 
may be high, caused by metabolic disorders of 
the liver, physical reaction, and use of immuno-
suppressive drugs. Despite improvements in 
surgical and post-transplant care, and better 
immunosuppression protocols, the recurrence 

of fibrosis remains a problem. Thus, hepatic 
fibrosis, caused due to metabolic liver disease, 
is emerging as a new indicator for liver trans-
plantation. Hepatic fibrosis is a consequence of 
recovery from repeated liver damage [1]. In 
chronic liver injury, hepatocyte regeneration 
fails, and hepatocytes are replaced by an extra-
cellular matrix (ECM), such as collagen. Thus, 
hepatic fibrosis represents qualitative and 
quantitative changes in the ECM of the liver [2]. 
ECM accumulation is also affected by the 
increased production and decreased degrada-
tion of the extracellular matrix [3]. The reduc-
tion in ECM removal mainly results from the 
overexpression of the tissue inhibitor of metal-
loproteinase (TIMP), which suppresses the 
matrix metalloproteinase (MMP) involved in the 
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removal of the ECM. Liver fibrosis is closely 
related to the activation of the hepatic stellate 
cells (HSCs). HSCs are located in the space of 
Disse are the main secretory cells in the ECM of 
the damaged liver. HSCs store vitamin A in the 
normal state, and get activated upon injury, 
change their morphology, and appear like myo-
fibroblasts, which are positive for alpha-smooth 
muscle actin (α-SMA) [1]. Activated HSCs prolif-
erate, secrete vasoconstrictors, and synthesize 
collagen. They also secrete various inflamma-
tory cytokines, MMPs, and TIMPs [4]. Most liver 
transplant recipients are required to take im- 
munosuppressive drugs. Calcineurin inhibitors 
(CNIs), cyclosporine and tacrolimus, are the 
most common immunosuppressive drugs used 
after liver transplantation. CNI is a blocker of 
signal-1, which induces T-cell immunity by inhib-
iting the function of calcineurin. Previously, it 
has been shown to have an antifibrotic effect in 
an in vitro experiment using CNIs [5, 6]. How- 
ever, CNI-based immunosuppressive drugs ac- 
celerate metabolic liver disease when used for 
a long period, owing to side effects like diabe-
tes and hyperlipidemia [7, 8]. Thus, in recent 
years, mTOR inhibitor-based drugs have been 
used to replace CNI-based drugs for immuno-
therapy [9, 10]. Recent studies have shown 
that sirolimus, an mTOR-based drug, inhibited 
the progression of fibrosis in rate, in vivo and in 
vitro [11]. Piguet et al., reported that the mTOR 
inhibitor, everolimus, suppressed the expres-
sion of collagen (type I) and α-SMA in the hepat-
ic stellate cell line, LX-2 [12]. In addition, stud-
ies on the effect of antioxidants on HSCs and 
Kupffer cells, have reported that these drugs 
inhibited HSC division and α-SMA expression 
[13, 14]. After liver transplantation, the rate of 
hepatic fibrosis must be reduced through pro-
phylaxis and treatment, because chronic liver 
damage can rapidly progress into cirrhosis and 
graft failure. The selection and combination of 
immunosuppressive drugs for reducing the rate 
of hepatic fibrosis are a way of preventing 
hepatic fibrosis resulting from metabolic liver 
disease. Thus, a treatment strategy consider-
ing the selection and combination of immuno-
suppressive drugs is necessary. Therefore, in 
this study, we investigated the effect of various 
immunosuppressive drugs, used after liver 
transplantation, on HSCs and established eff- 
ective drug combinations. Moreover, we applied 
effective immunosuppressive drugs and con-
comitant therapies to hepatic fibrosis animal 

models to verify the effect of hepatic fibrosis 
inhibition.

Material and methods

Hepatic stellate cell isolation and drug treat-
ments

Hepatic stellate cells were purified from male 
Sprague-Dawley rats using the two-step liver 
perfusion method [15]. Mature hepatocytes 
were removed from the collagenase digested 
liver cell suspension by centrifugation at 50×g 
for 1 min, and the supernatant was centrifuged 
at 50×g for 5 min. This procedure was repeated 
until no pellets were seen. The supernatant 
was centrifuged at 200×g for 10 min, and the 
pellet containing HSCs was suspended in 10 
mL of DMEM (Invitrogen, Carlsbad, USA), sup-
plemented with 10% FBS, 15 mM HEPES, and 
antibiotics. After a final centrifugation at 200×g 
for 10 min, the cells in the pellet were resus-
pended in DMEM, containing 10% FBS, 50 U/
mL penicillin, and 50 ng/mL streptomycin; 
seeded in tissue culture flasks and incubated 
at 37°C under saturating humidity in 5% CO2. 
The hepatic stellate cells were washed with 
PBS 20 h after seeding, to remove debris and 
blood cells. First, we evaluated various clinical-
ly used immunosuppressive drugs, such as 10 
ng/mL rapamycin (RAPA) (R&D system, MN, 
USA), 10 ng/mL everolimus (EVE) (Sigma 
Aldrich, MO, USA), 1 µM mycophenolate mofetil 
(MMF) (R&D system, MN, USA), 20 ng/mL 
FK506 (R&D system, MN, USA), 100 ng/mL 
cyclosporine A (CsA) (R&D system, MN, USA), 
and 1 mM N-acetylcysteine (NAC) (Sigma 
Aldrich, MO, USA), for selecting effective drugs 
to inhibit the activation of HSCs. Second, HSCs 
were treated with 10 ng/mL FK506, 10 ng/mL 
EVE, 1 mM NAC, or a combination of EVE and 
NAC for 14 d to evaluate the effects of drug 
combinations. The medium, containing drugs, 
was changed every day. Cell cultures were ob- 
served daily by phase contrast microscopy to 
monitor morphological changes.

Cell growth assay

HSCs were seeded into 96-well plates (4000 
cells/well) in triplicate and treated with 10 ng/
mL FK506, 10 ng/mL EVE, 1 mM NAC, or a 
combination of EVE and NAC for the indicated 
times in the complete culture medium. Cell 
growth was measured using a Cell Counting 
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Kit-8 (CCK-8) from Dojindo Molecular Tech- 
nologies, Inc. (Rockville, USA), as per the manu-
facturer’s instructions. Briefly, the cells were 
incubated with 10 µL of CCK-8 solution mixed 
with 90 µL of DMEM, added to each well. After 
2 h, the absorbance of each well was measured 
at 450 nm using a microplate reader.

Lipid droplet staining

Lipid droplets within the cells were visualized 
using the BODIPY staining Kit according to the 
manufacturer’s instructions (Invitrogen, Carls- 
bad, USA). Briefly, stellate cells were fixed with 
4% paraformaldehyde for 20 min at 25-28°C. 
The cells were incubated for 20 min with 1% 
BODIPY (in imaging solution) and 4’,6-diamidi-
no-2-phenylindol at 37°C. The staining solution 
was replaced with fresh imaging solution and 
the cells were imaged using a fluorescence 
microscope. For all experiments, measure-
ments were made at the same intensity, back-
ground level, contrast, and zoom.

Reverse transcriptase-polymerase chain reac-
tion (RT-PCR)

Total RNA was prepared from the drug treated 
HSCs using TRIzol® (Invitrogen, Carlsbad, USA), 
according to the manufacturer’s instructions. 
The cDNA was prepared using PrimeScriptTM 
1st strand cDNA synthesis Kit (TAKARA, Shiga, 
Japan), according to the manufacturer’s instruc-
tions. A total of 1 µL of the cDNA reaction mix-
ture was subjected to PCR amplification using 
gene specific primers (Table S1) and Accu- 
Power® PCR Premix (Bioneer, Korea). The PCR 
products were analyzed on a 2% agarose gel. 
Image of the PCR products was acquired with 
an Olympus High-Performance CCD camera 
(Olympus Corporation, Japan), and quantifica-
tion of the bands was performed with ImageJ. 
The mRNA levels of each gene were normalized 
to that of glyceraldehyde 3-phosphate dehydro-
genase (GAPDH).

Western blotting

Cells were harvested and cellular lysates were 
prepared by incubating in radioimmune precipi-
tation (RIPA) buffer (50 mM Tris-HCl (pH 7.5), 
150 mM NaCl, 1% TritonTM X-100, 0.5% sodi-
um deoxycholate, and 0.05% SDS) containing 
10 µL/mL protease inhibitor cocktail (Thermo 
Scientific, IL, USA) for 30 min on ice. Protein 

concentrations were measured by the Bradford 
method (Bio-Rad, Hercules, USA). Protein sam-
ples were heated at 95°C for 5 min, and 20 µg 
was applied to a 10% SDS-polyacrylamide gel 
(7.5% SDS-polyacrylamide gels were used for 
collagen analysis). After electrophoresis the 
proteins were electrophoretically transferred 
onto nitrocellulose membranes. Membranes 
were blocked for 1 h with 5% skim milk in TBST. 
Thereafter, the membranes were incubated 
overnight at 4°C with primary antibodies, 
shown in Table S2. The membranes were then 
incubated with the secondary antibody at 
25-28°C for 2 h. After incubation with the sec-
ondary antibodies, the membranes were briefly 
washed twice and then thrice, for 10 min each, 
with TBST. Immunodetected proteins were visu-
alized using the enhanced chemiluminescent 
ECL assay kit, according to the manufacturer’s 
protocol.

Animal care and drug treatment

This study was approved by the Korea University 
Institutional Animal Care and Use Committee 
and all animals were cared for in accordance 
with the National guidelines for ethical animal 
research. Six weeks old, male CD-1 mice (20-
25 g, Orient Bio, Inc., a branch of Charles River 
Laboratories, Seongnam, Korea) were group-
housed in individual cages in a specific patho-
gen free (SPF) facility. The experimental ani-
mals were housed in an air-conditioned room at 
21-24°C with 12 h of light, and acclimatized for 
one week, before the experiment. Hepatic fibro-
sis was induced by the co-administration of 
thioacetamide (TAA, 100 mg/kg body weight) 
intraperitoneal (I.P.) injection twice weekly and 
a high-fat diet during the 8 weeks. The dose of 
TAA was selected based on previous reports 
[16]. The TAA was used in the range of 100 mg/
kg to 200 mg/kg, in mice or rats. A total of 50 
mice were randomly divided into five groups 
and treated as follows: group 1 received normal 
saline (N.S.) injection (n = 10); group 2 received 
NAC I.P. injection at a dose of 50 mmol/kg (n = 
10); group 3 received FK506 I.P. injection at a 
dose of 1 mg/kg (n = 10); group 4 received EVE 
I.P. injection at a dose of 3 mg/kg (n = 10); 
group 5 received a combination of EVE and 
NAC at a dose of 3 mg/kg and 50 mmol, respec-
tively. Immunosuppressive drugs were dis-
solved in dimethyl sulfoxide (DMSO), which 
were then diluted in normal saline prior to use. 
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All injection were administrated once daily for 8 
weeks. After 8 weeks, the animals were eutha-
nized via CO2 inhalation, after 8 h of fasting. 
After sacrifice, blood was withdrawn from the 
abdominal vein for analysis. Liver samples were 
also collected for histological examination.

Biochemical analysis

To assess liver injury, the activities of aspartate 
transaminase (AST) and alanine transaminase 
(ALT) and total bilirubin (TBIL) and triglyceride 
(TG) in serum were assayed, using automatic 
chemistry analyzer (Fuji Dry Chem, Japan).

Histopathology and Fibrosis scoring

After 8 weeks, the mice were sacrificed, and 
liver tissues were fixed with 10% buffered for-
malin solution. Thereafter, the liver tissues 
were embedded in paraffin and sectioned at 5 
µm, using an automated microtome. Depar- 
affinized tissue sections were stained with 
hematoxylin & eosin and Masson’s trichrome 
stain. Liver fibrosis assessment was performed 
after staining with Masson’s trichome stain. 
Histological grading of fibrosis was based on 
the METAVIR system. Evaluation of fibrosis was 
based on the following parameters: portal/peri-
sinusoidal fibrosis (stage 1), characterized by 
mild fibrous expansion of portal tracts; perisi-
nusoidal and periportal fibrosis (stage 2), char-
acterized by fine strands of connective tissue 
with only rare portal-portal septa; septal or 
bridging fibrosis (stage 3), characterized by con-
nective tissue bridges that link portal tracts 
with other portal tracts and central veins; and 
cirrhosis (stage 4), characterized by bridging 
fibrosis.

Statistical analysis

Statistical analyses were performed using 
SPSS statistics 23.0 (IBM Corporation, Armonk, 
NY, USA) for Windows. All experiments were 
repeated four times, unless otherwise speci-
fied. All data have been presented as mean ± 
SEM. Data were analyzed by one-way ANOVA 
using Bonferroni’s correction for multiple com-
parisons where required. For in vivo experi-
ments, statistical analysis of data was per-
formed using the Kruskal-Wallis and Mann- 
Whitney U tests. Data were considered statisti-
cally significant when P < 0.05.

Results

Combination treatment with everolimus and N-
acetylcysteine inhibits activation and prolifera-
tion of hepatic stellate cells

The cellular morphology results from combina-
tion treatment were not significantly different 
from the results of single-drug treatment 
(Figure S1A). HSC morphology appeared un- 
changed until day 3 in culture; the cell grew 
larger and appeared like a myofibroblast with 
longer incubation time (Figure 1A). The pres-
ence of lipid droplets inside HSCs was con-
firmed by day 14 in the EVE+NAC treated group, 
as compared to the single drug-treated group 
(Figure 1B). It was difficult to compare the 
degree of cellular activation in the single-drug 
and combination-drug treated groups using 
morphology alone; therefore, we performed 
RT-PCR, which revealed a significant decrease 
in the expression levels of collagen and α-SMA 
for the experimental group treated with both 
EVE and NAC at the same time, compared to 
the group treated with EVE alone (Figure 2). 
HSC activation affected HSCs proliferation. 
Analysis of cellular proliferation for each experi-
mental group revealed that proliferation was 
significantly more disrupted in groups receiving 
mTOR-inhibitors than in other groups, while the 
NAC-treated groups showed decreased prolif-
eration at day 10 and 14 (Figure S2).

The effect of combination treatment, with 
everolimus and N-acetylcysteine, on the ex-
pression of MMPs and TIMPs

The effect of combined therapy on the expres-
sion of MMPs and TIMP1s was confirmed by 
RT-PCR, 14 d post-treatment. In groups that 
were not treated with everolimus or NAC, 
increased expression of MMP2 and TIMP1 and 
increased HSC activation was seen. In the 
treatment group, however, expression of MMP2 
and TIMP1 decreased. In the EVE+NAC treated 
group, MMP2 and TIMP1 expression were sig-
nificantly more inhibited than in the single drug-
treated group (Figure 3A, 3D). MMP13 expres-
sion decreased in the untreated group and 
increased in the treated groups, more signifi-
cantly in the combined treatment group than in 
the single drug-treated group (Figure 3C). 
However, there was no difference in MMP9 
mRNA level among the groups. 



mTOR inhibitor combined with NAC inhibits hepatic fibrosis

2631	 Am J Transl Res 2020;12(6):2627-2639

Figure 1. Effect of combination drugs on morphological features of HSCs. Combined everolimus and N-acetylcys-
teine treatment preserved morphological features of HSCs. A. Morphology of drug treated HSCs upon culturing, as 
visualized by phase contrast microscopy. HSCs are spontaneously activated as a result of growth in untreated and 
treated groups. B. Lipid droplets in the cytoplasm of HSCs, incubated with BODIPY. Green fluorescence indicates 
lipid droplets and blue indicates the nucleus. A considerable number of lipid droplets remain in the combination 
treatment group, until day 14. Morphological observation conducted at 200 times magnification.

Figure 2. Effect of combination drugs on fibrosis related genes. Expression of α-SMA (A) and collagen (B) mRNA in 
drug treated HSCs for the indicated period, using RT-PCR. Combination treatment on HSCs markedly inhibits the 
hepatic fibrosis related genes. Representative agarose gel showing mRNA expression of fibrogenic markers in HSCs. 
Quantification of expression of α-SMA and collagen, relative to glyceraldehyde 3-phosphate dehydrogenase, from 
day 3 to day 14. The ratio between each sample and glyceraldehyde 3-phosphate dehydrogenase was calculated to 
normalize for initial variation in sample concentration and as a control for reaction efficiency. Values are shown as 
mean ± SEM. *P < 0.05, **P < 0.001.
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Combined action of everolimus and N-ace-
tylcysteine affects the activity of signaling 
molecules and synthesis of collagen

To identify the mechanism underlying the inhib-
itory effect of drug combinations on HSC activa-
tion, we measured the expression of Akt/
p70S6K in TGF-β-induced HSCs using western 
blot (Figure 4A, 4B). TGF-β significantly upregu-
lated the phosphorylation of Akt and p70S6K. 
However, in groups receiving EVE treatment 
alone, phosphorylation of Akt and p70S6K was 
significantly inhibited. In the NAC-only treated 
group, Akt phosphorylation was significantly 
inhibited, while p70S6K was downregulated. 
However, in the EVE+NAC treatment group, Akt 
and p70S6K were both significantly downregu-
lated. We measured collagen levels, using we- 
stern blot, in HSCs treated for 7 d and 14 d 
(Figure 4C). Collagen synthesis appeared to 
increase at day 7 in the N.T. and NAC- and 
FK506-treated groups, but this increase was 
not significant. At day 14, however, collagen 
synthesis increased in the N.T. and NAC- and 
FK506-treated groups. In addition, collagen 
synthesis was inhibited in the EVE-only and 
EVE+NAC groups.

Combination of everolimus and N-acetylcyste-
ine synergistically inhibits fibrosis in a thioacet-
amide and high-fat diet induced liver fibrosis 
mouse model

The liver function test revealed no significant 
difference in aminotransferase (AST) across all 

groups (Figure 5Aa). However, alanine amino-
transferase (ALT) significantly increased with 
treatments involving EVE (Figure 5Ab). The 
mean ratio of AST/ALT was found to be 1.48, 
1.30, 1.56, 0.85, and 0.74, in the N.S., NAC, 
FK506, EVE, and EVE+NAC groups, respective-
ly (Figure 5B). From the AST/ALT ratio, we could 
conclude that hepatic fibrosis had been induced 
after 8 weeks and the ratio decreased in all 
treatment groups, except for FK506, compared 
to the N.S. group. Moreover, the AST/ALT ratio 
significantly decreased, relative to N.S. group, 
in the EVE+NAC treated group than in the single 
drug-treated group, suggesting that liver fibro-
sis was effectively inhibited in the combined 
treatment groups. Total bilirubin tended to 
decrease across all treatment groups, and 
decreased significantly in the EVE+NAC treated 
group (Figure 5Ac). Furthermore, triglycerides 
tended to decrease in all treatment groups, 
excluding the FK506 group, and decreased sig-
nificantly in the EVE+NAC treated group, com-
pared to the single-drug treated group (Figure 
5Ad). To investigate the histopathology of livers 
in TAA- and high fat diet-induced models of liver 
fibrosis, we conducted hematoxylin and eosin 
staining (Figure 6A; First and second panel), 
which revealed the presence of fibrosis and 
inflammatory response around the central and 
portal veins in the N.S. and NAC- and FK506-
treated groups. However, in the groups receiv-
ing EVE treatments, the inflammatory response 
was minor, relative to the N.S. group. To evalu-
ate the degree of collagen formation in the tis-
sue, we conducted Masson’s trichrome stain-

Figure 3. Treatment with everolimus and N-acetylcysteine regulates the expression of ECM protein degradation 
and rearrangement associated genes in HSCs. HSCs were treated with drugs for 14 d and the mRNA expression of 
MMP-2 (A), MMP-9 (B), MMP-13 (C), and TIMP-1 (D) were analyzed by PCR and the mRNA level of each gene were 
normalized to that of glyceraldehyde 3-phosphate dehydrogenase. Values are shown as mean ± SEM. *P < 0.05, 
**P < 0.001.
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ing, which revealed high levels of collagen 
deposited around the central and portal veins 
in the N.S. and NAC- and FK506-treated groups 
(Figure 6A; Third and fourth panel). In the EVE-
treated group, collagen formation, around the 
central and portal veins, decreased relative to 
the control group. Furthermore, in the EVE+NAC 
treated group, a small amount of collagen, com-
parable to normal liver tissue, was formed. We 
scored and compared the extent of liver fibrosis 
in tissues based on the results of Masson’s tri-
chrome staining and found that the EVE+NAC 
treatment group had a significantly lower score 
than the EVE-only group (Figure 6B). Through 
these results we demonstrated that combina-
tion therapy with EVE and NAC, has an inhibito-
ry effect on liver fibrosis and protective function 

for the liver in TAA- and high fat diet-induced 
models of liver fibrosis, compared to single-
drug therapy.

Discussion

Recurrence of liver fibrosis after liver transplan-
tation is a serious problem. Liver fibrosis may 
be a sign of post-transplantation recurrence or 
chronic liver disease. Development of liver 
fibrosis after transplantation negatively affects 
the success of transplantation and the survival 
of the patient, and it is of high clinical impor-
tance, considering the potential need of re-
transplantation [17, 18]. Liver fibrosis is a liver 
condition, characterized by the excessive for-
mation of extracellular matrix proteins [19]. 

Figure 4. Effect of combination drugs on signaling molecules and collagen synthesis. A, B. Effects of combination 
treatment on TGF-β induced Akt/p70S6kinase phosphorylation in HSCs shown by western blotting. Akt/p70S6ki-
nase phosphorylation after 1 h incubation with culture medium alone (N.T.), drugs, and 10 ng/mL TGF-β. The den-
sities of protein bands were normalized against β-actin and expressed as a ratio. Values are expressed as mean 
± SEM. *P < 0.05, **P < 0.001. C. Effects of combination treatment on collagen protein level as quantitated by 
western blot analysis. HSCs were treated with EVE and NAC alone, and with EVE and NAC. HSCs were obtained 14 
d after treatment.
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Figure 5. A. Level of serum aminotransferase (AST), aminotransferase (ALT), total bilirubin, and triglyceride in TAA 
and high fat diet induced fibrosis models and drug treatment groups. B. AST/ALT ratio decreased in the combination 
treatment group. All values are shown as mean ± SEM. *P < 0.05, **P < 0.001.

Figure 6. Effect of combination drugs on liver fibrogenesis and hepatic inflammation. A. Microscopy findings in 
rat liver sections. Progression of liver fibrosis is accompanied by inflammation and excessive extracellular matrix 
deposition. Everolimus, an mTOR inhibitor, prevented liver fibrosis induced by TAA and a high fat diet; liver morphol-
ogy demonstrated by H&E staining. ECM production detected by Masson trichrome staining of mouse livers after 8 
weeks of treatment, with co-administration of TAA and high-fat diet. Drug treatment, especially everolimus and its 
combination with NAC, suppressed collagen deposition in a fibrosis model. B. Fibrosis score evaluated by Masson 
trichrome-stained sections of mouse livers after 8 weeks. Data are represented as the mean ± SEM. *P < 0.05, 
**P < 0.001.
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Inflammation is induced by multiple factors and 
results in the accumulation of various inflam-
matory cells, which release various cytokines 
that help activate and proliferate the HSCs [20, 
21]. The activated HSCs synthesize collagen, 
which accumulates in the ECM and causes liver 
fibrosis. In healthy livers, hepatocytes, sinusoi-
dal endothelial cells, and HSCs contribute to 
the production of ECM; however, following liver 
damage, activated HSCs become the major 
producers of ECM. Activated HSCs show an 
increased response to various growth factors, 
are converted into myofibroblast-like cells, and 
synthesize large amounts of collagen. Type I 
collagen further activates the HSCs. Among all 
cytokines, the transforming growth factor-β 
and platelet-derived growth factor act as the 
most important factors for HSC activation [22-
24]. It has been reported that in liver cirrhosis 
patients there is an approximately 10-fold 
increase in the total amount of collagen in tis-
sues than in the baseline [1, 2]. Therefore, one 
of the most important goals for the treatment 
of liver fibrosis is to inhibit HSC activation and 
collagen formation in tissues.

Previous studies have investigated the inhibi-
tory effects of immunosuppressants and anti-
oxidants on cells and fibrosis-related mediators 
critically implicated in the fibrosis process. 
Mycophenolic acid has been reported to show 
anti-inflammatory and anti-fibrotic effects in 
liver endothelial and Kupffer cells [25], and the 
calcineurin inhibitors, cyclosporine and tacroli-
mus mediate anti-fibrotic effects by inhibiting 
HSC growth and collagen synthesis [6]. Studies 
in animal models of CCl4-induced liver fibrosis 
have reported that the mTOR inhibitors, rapamy-
cin and everolimus, decrease the levels of TGF-
β1 mRNA and pro-α2 collagen [11]. In addition, 
pharmacokinetic studies have demonstrated 
the potential of antioxidants, such as vitamin E 
or silymarin, for fibrosis therapy [21, 26]. 
However, studies on the effects of various 
drugs on fibrosis have mostly been conducted 
in vivo, and to date there is either limited in vivo 
data on the candidate anti-fibrotic drugs or the 
effects have not yet been clearly identified. 
Moreover, no treatment method exists using 
drug combinations that can minimize the side 
effects of immunosuppressants and maximize 
the inhibitory effect on fibrosis. In this study, we 
selected an immunosuppressant with the 
greatest inhibitory effect on HSC activation and 

combined it with another drug that showed no 
interaction, to establish an effective combina-
tion therapy for the inhibition of HSC activ- 
ation. 

In the quiescent state, HSCs contain lipid drop-
lets in the cytoplasm (Figure S3), but in the acti-
vated state they are capable of collagen syn-
thesis. The cells become fibroblast-like in 
morphology and express α-SMA in the cyto-
plasm. α-SMA is an indicator of HSC activation 
and as liver fibrosis progresses, stellate cells 
become enlarged and strongly positive for 
α-SMA [27]. In addition, levels of type I collagen 
increases as the basement membrane is dam-
aged by cytokines, such as TGF-β1 or PDGF, 
that are released from injured stellate cells 
[28]. Therefore, we conducted lipid droplet 
staining and RT-PCR to verify whether the iso-
lated cells were quiescent HSCs. Thereafter, we 
treated the cells with immunosuppressants, 
used clinically, for 10 days to select the most 
effective immunosuppressant for inhibiting 
HSC activation and found that the mTOR inhibit-
ing drugs were most effective in lowering the 
mRNA levels of α-SMA and collagen. We select-
ed the most effective drug for inhibiting HSC 
activation through preliminary testing of evero-
limus and combined it with NAC for 14 days, 
and observed that the lipid droplets remained 
and HSC activation was significantly inhibited in 
groups singly-treated with everolimus or NAC, 
compared to the control group. These results 
suggested that the everolimus and NAC combi-
nation treatment had an excellent inhibitory 
effect on HSC activation compared to single-
drug treatment. Fibrosis is a process of scar 
healing. Normally, if the causal factor of liver 
damage is temporary, the HSC that had been 
activated for healing the scarred tissue under-
goes apoptosis and the ECM is digested by 
MMPs to return the liver to its normal state 
[29]. In the human body, excess ECM produc-
tion is immediately followed by extracellular 
protease-mediated proteolysis. MMPs are im- 
portant proteases and many different types are 
produced in the human liver [30]. The HSCs 
activated during fibrosis, not only function to 
digest ECM, but also secrete TIMP. In other 
words, activated HSCs are the primary produc-
ers of MMPs and contribute to matrix digestion 
in fibrotic livers [31]; at the same time they 
worsen fibrosis by activating TIMP1 and TIMP2, 
which inhibit MMPs and cause ECM accumula-
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tion [32]. Recently, MMPs and TIMPs have been 
actively researched in the context of HSC acti-
vation. In this study, we also explored the 
effects of EVE and NAC combination treatment 
on mRNA expression of the genetic factors of 
HSC activation, including MMP2, MMP13, 
MMP9, and TIMP1. In the EVE+NAC combina-
tion treatment group, expression of MMP2 and 
TIMP1 mRNA were more significantly decreased 
than in the single drug treated or control groups, 
while expression of MMP13 mRNA was signifi-
cantly increased. MMP2 is responsible for the 
autocrine proliferation and migration of HSCs 
and its expression increases in HSCs stimulat-
ed by TGF-β and ROS, as seen in chronic liver 
disease. It has been reported that chronic over-
expression of MMP2 in proliferative and migra-
tive HSCs can accelerate fibrosis [31, 33, 34]. 
Thus, EVE and NAC treatment effectively inhib-
ited the activation and the subsequent prolif-
eration of HSCs, by inhibiting MMP2 expres-
sion, compared to single-drug treatment. 
MMP13 is expressed in the initial phase (day 
0-3) of HSC primary culture, and it is downregu-
lated as incubation time progresses [35]. A 
recent study has reported on the massive 
induction of MMP13 in the recovery stage of 
liver fibrosis. This suggests that MMP13 is criti-
cally implicated in the prevention of fibrosis 
[36]. In this study, MMP13 expression increased 
in HSCs treated with everolimus and NAC, while 
TIMP1 expression decreased. Therefore, it can 
be concluded that everolimus and NAC combi-
nation treatment acts in two ways to inhibit 
HSC activation and collagen synthesis: first, by 
decreasing the HSC activation marker (decr- 
eased production of collagen and α-SMA by the 
activated HSC), and second by increasing col-
lagenase activity to promote fibrillar matrix 
digestion. In addition, regulation of proliferation 
and quiescence related intracellular signaling 
pathway attenuated HSC growth resulting in 
inhibition of activation of HSCs.

Animal models of liver cirrhosis are important 
for understanding the mechanism of liver cir-
rhosis and its treatment. Animal models of liver 
cirrhosis can be classified on the basis of the 
method used for induction of fibrosis, including 
hepatotoxicants, immunological damage [37], 
bile duct ligation [38], and alcohol [39]. Com- 
monly used hepatotoxicants include CCl4 [40], 
DMN [41], and TAA [42]. Of these, TAA-induced 
models of liver damage share common mor-

phological and biochemical features with hu- 
man models, and thus identical lesions can be 
induced [43]. In particular, the TAA model exhib-
its regenerative nodules, fibrosis, and other his-
tological characteristics, similar to human liver 
cirrhosis, as compared to the CCl4 models [44]. 
However, the TAA models requires a long time 
to induce liver fibrosis [45]. Therefore, we used 
animal models of liver fibrosis induced by TAA 
and a high fat diet, and conducted an in vivo 
study of established drug combination thera-
pies in groups treated with normal saline, 
FK506, NAC, EVE, and EVE+NAC, to investigate 
the effects of immunosuppressants on fibrosis 
inhibition. We monitored the change in weight 
for 8 weeks and observed temporary weight 
loss with every peritoneal injection of TAA 
across all experimental groups, although a net 
increase in weight occurred. The liver function 
test showed no significant change in serum AST 
and ALT in the treatment group. Since amino-
transferase level decreases with improvement 
of liver steatosis or inflammation, even when 
fibrosis progresses, it is not very helpful for 
diagnosing fibrosis [46]. Moreover, aminotrans-
ferase levels can be normal at any stage of 
fatty liver, including cirrhosis [47]. This can 
explain why AST and ALT levels were relatively 
unchanged, compared to the control group. A 
recent study proposed the increase in AST/ALT 
ratio as the clinical risk factor of liver fibrosis in 
nonalcoholic steatohepatitis (NASH) [48]. 

In this study, we confirmed a significant 
decrease in the AST/ALT ratio in the EVE+NAC 
treatment group, which suggested inhibition of 
liver fibrosis in this group compared to other 
treatment groups. TBIL and TG also significant-
ly decreased in the EVE+NAC treatment group, 
suggesting that combination treatment of 
immunosuppressant and antioxidant has a pro-
tective effect on the liver. Furthermore, liver 
histology showed that TAA and high fat diet 
induced collagen formation, while treatments 
involving EVE tended to inhibit collagen forma-
tion. Specifically, in the EVE+NAC treatment 
group a significant inhibition of collagen forma-
tion was verified by the fibrosis score. Based on 
the serological and histological findings, we 
confirmed high AST/ALT ratio, TBIL, and TG lev-
els in fibrotic liver tissue and more collagen 
accumulation, which causes liver fibrosis. How- 
ever, with combined drug therapy, the fibrosis-
related factors improved. Together, these re- 
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sults suggest that EVE+NAC therapy inhibits 
activation and proliferation of HSCs, which play 
an integral part in liver fibrosis, and the inhibi-
tory effect was confirmed in animal models of 
TAA and high fat diet-induced liver fibrosis.

Conclusion

This study reported the effect of combined 
treatment, using everolimus (EVE) with N- 
acetylcysteine (NAC). Combination treatment 
significantly down-regulated fibrogenic genes, 
via blockage of HSCs activation, and markedly 
attenuated extracellular matrix deposition in 
mice with thioacetamide and high-fat diet 
induced liver fibrosis. Combination treatment 
with EVE with NAC may become a valuable 
strategy for fibrosis inhibition under immun- 
osuppression.
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Table S2. List of antibodies indicating the dilution for each use
Antibody Company, Cat NO. Dilution
Phospho-Akt Cell signaling, #9271 1:1000
Akt Cell signaling, #9272 1:1000
Phospho-p70 S6 Kinase Cell signaling, #9205 1:1000
p70S6 Kinase Cell signaling, #9202 1:1000
Collagen alpha1 LifeSpan BioScience, #LS-C150353 1:1000
β-actin Santa Cruz, #sc-47778 1:1000

Table S1. Primer used for PCR
Target gene Forward primer Reverse primer Product size (bp)
α-SMA TGTGCTGGACTCTGGAGATG GATCACCTGCCCATCAGG 292
Collagen type Ι TTCCCTGGACCTAAGGGTACT TTGAGCTCCAGCTTCGCC 113
MMP-2 CCCATACTTTACTCGGACCA TGACCTTGACCAGAACACCA 420
MMP-9 AAATGTGGGTGTACACAGGC TTCACCCGGTTGTGGAAACT 309
MMP-13 CCCTCGAACACTCAAATGGT GAGCTGCTTGTCCAGGTTTC 312
TIMP-1 GGTTCCCTGGCATAATCTGA GTCATCGAGACCCCAAGGTA 246
GAPDH CCATCACCATCTTCCAGGAG GCATGGACTGTGGTCATGAG 322
Abbreviation α-SMA: alpha-smooth muscle actin, GAPDH: Glyceraldehyde 3-phosphate dehydrogenase, MMP: matrix metallo-
proteinase, TIMP: tissue inhibitor metalloproteinase.
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Figure S1. The effect of various immunosuppressive drugs on the activation of hepatic stellate cells. A. Morphologi-
cal observation of drug-treated HSCs. HSCs increased in size and exhibited a myofibroblast-like phenotype. Mor-
phological observation conducted at 200 times magnification. B. HSCs were treated with immunosuppressants and 
antioxidants for 10 d and mRNA expression of hepatic fibrosis-related genes was analyzed by RT-PCR. The mRNA 
level of each gene was normalized to that of glyceraldehyde 3-phosphate dehydrogenase. Values are shown as 
mean ± SEM. *P < 0.05 vs. non-treatment group.
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Figure S2. Treatment with everolimus and NAC inhibits the growth of HSCs. The effect of combination treatment 
on HSC viability was evaluated by a cell counting (CCK-8) assay. The cells were exposed to NAC, FK506, EVE, or 
EVE+NAC for 14 d. Data are represented as the mean ± SEM of three independent experiments. aindicates P < 0.05 
vs. non-treatment group, bindicates P < 0.05 for NAC treatment group vs. EVE+NAC treatment group at the same 
time point.

Figure S3. A. Phase-contrast image of rat HSCs in culture. Arrows (black) indicate cell bodies. Star-like morphology 
was observed. B. Quiescent HSCs exhibiting lipid droplets within the HSCs. HSCs incubated with BODIPY to stain the 
lipid vesicles green. Arrows (white) indicate lipid vesicles. C. In quiescent HSCs, fibrogenesis genes are downregu-
lated. Morphological observation conducted at 200 times magnification.


