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Mesenchymal stem cells ameliorate oxidative stress, inflammation,
and hepatic fibrosis via Nrf2/HO-1 signaling pathway in rats
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Abstract
Liver fibrosis occurs in most types of chronic liver diseases and can develop into cirrhosis and liver failure. Bone marrow-derived
mesenchymal stem cells (BMSCs) showed promising effects in the treatment of fibrosis. This study evaluated the possible role of
Nrf2/HO-1 signaling in the ameliorative effect of BMSCs against carbon tetrachloride (CCl4)-induced liver fibrosis, oxidative
stress, and inflammation in rats. Hepatic fibrosis was induced by subcutaneous injection of CCl4 twice per week for 6 consecutive
weeks and rat BMSCs were administered intravenously. After 4 weeks, the rats were sacrificed, and samples were collected for
analysis. CCl4-intoxicated rats showed elevated serum transaminases, ALP, γGT, bilirubin and pro-inflammatory cytokines, and
decreased albumin. Hepatic NF-κB p65 and malondialdehyde (MDA) were significantly increased, and cellular antioxidants
were decreased in CCl4-intoxicated rats. BMSCs ameliorated liver function markers, suppressedMDA, NF-κB p65, and inflam-
matory cytokines, and enhanced antioxidants in the liver of CCl4-intoxicated rats. BMSCs were engrafted within the liver tissue
and prevented histological alterations and collagen accumulation induced by CCl4. In addition, BMSCs upregulated hepatic Nrf2
and HO-1 expression in CCl4-intoxicated rats. In conclusion, this study provides evidence that BMSCs suppress oxidative stress,
inflammation, and liver fibrosis through a mechanism involving activation of the Nrf2/HO-1 signaling.
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Introduction

Chronic liver diseases are characterized by progressive dete-
rioration of liver function and represent a significant problem
worldwide with socioeconomic burden. The number of people
suffering from chronic liver diseases has been estimated to
exceed 800 million with 2 million deaths every year
(Marcellin and Kutala 2018). Long-term hepatocyte injury
provokes the loss of liver function and the excessive deposi-
tion of extracellular matrix (ECM), leading to the develop-
ment of fibrogenesis. Hepatic fibrogenesis is a complex and
multifactorial process characterized by inflammation and

accumulation of ECM rich in collagen (Friedman 2008b),
and can develop into an advanced stage of scarring and dam-
age known as cirrhosis and hepatocellular carcinoma (HCC)
(Tacke and Trautwein 2015). In chronic liver diseases, the
excessive ECM is produced by the active hepatic stellate cells
(HSCs). These cells are activated during chronic liver injury
by different factors, including oxidative stress and inflamma-
tion (Gandhi 2012; Josan et al. 2015), and promote
fibrogenesis by producing excess ECM (Friedman 2008a).
Therefore, attenuation of inflammation and oxidative stress
is critical for preventing fibrogenesis in liver disease.
Accordingly, upregulation of the nuclear-factor erythroid 2-
related factor 2 (Nrf2) ameliorated fibrosis in the lung of
bleomycin- (Ni et al. 2015) and paraquat-induced rats (Tai
et al. 2020). Nrf2 is a transcription factor that protects the cells
against oxidative stress and inflammation by regulating the
expression of antioxidant and defensive factors. It exists in
the cytosol sequestered by Kelch-like ECH-associated protein
1 (Keap1), a protein which mediates the ubiquitination and
proteasomal degradation of Nrf2 through adapting CUL-E3
ligase (Itoh et al. 1999). When reactive oxygen species (ROS)
increase within the cells, Keap1 dissociates from CUL-E3
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ligase, and Nrf2 translocates into the nucleus to stimulate the
transcription of its target genes, including heme oxygenase-1
(HO-1) (Eggler et al. 2005).

Liver transplantation is a treatment option for cirrhosis and
HCC; however, several problems, such as, the high cost, in-
compatibility, and surgical difficulties are the main obstacles
precluding its use (Schuppan and Afdhal 2008). Thus, tissue
repair via regenerative therapies represents an effective alter-
native to liver transplantation in patients with cirrhosis and
liver failure. In this context, mesenchymal stem cells
(MSCs) are multipotent stem cells reside in bone marrow
and adipose tissue and possess the ability to differentiate to
different lineages. Bone marrow-derived MSCs (BMSCs)
have shown promising effects in the treatment of experimental
hepatic and pulmonary fibrosis (Duman et al. 2019;
Higashiyama et al. 2007; Ni et al. 2015). Human studies have
also revealed the beneficial effects of BMSCs in patients with
alcoholic cirrhosis (Suk et al. 2016) and hepatitis-related liver
failure (Lin et al. 2017). In a rat model of bleomycin-induced
pulmonary fibrosis, BMSCs showed beneficial effects associ-
ated with upregulation of Nrf2 expression (Ni et al. 2015). In
addition, bleomycin-induced aged mice received BMSCs
showed a reduction in pulmonary endoplasmic reticulum
(ER) stress mediated via modulation of Nrf2 (Lee et al.
2020). Moreover, BMSCs have shown beneficial effects and
imp roved l i v e r f unc t i on i n an ima l mode l s o f
hepatocarcinogenesis (Abdel aziz et al. 2011) and liver injury
induced by carbon tetrachloride (CCl4) (Ahmed et al. 2014).
However, the possible involvement of Nrf2 signaling in the
ameliorative effect of BMSCs on liver fibrosis has not been
demonstrated. Therefore, this study explored the ameliorative
effect of BMSCs on CCl4-induced liver fibrosis, oxidative
injury, and inflammation in rats, emphasizing the role of
Nrf2/HO-1 signaling.

Materials and methods

Experimental animals

This study included 6–8-week old male albino rats weighing
130–150 g. The animals were obtained from the National
Research Center (Giza, Egypt) and were housed under stan-
dard laboratory conditions (12 h light/dark cycle and 23 ± 1
°C) with free access to water and a standard diet.

Preparation and characterization of BMSCs

BMSCs were isolated from 6-week-old male rats as previous-
ly described (Abdel aziz et al. 2011). Briefly, bone marrow
was harvested from the femurs of rats by flushing with
DMEM (GIBCO) supplemented with 10% fetal bovine serum
(FBS; GE Healthcare, UK) and 1% penicillin/streptomycin.

Mononuclear cells were isolated by centrifugation over a
Ficoll gradient (Sigma, USA) suspended in complete
DMEM. The cells were resuspended in complete medium
and incubated at 37 °C in 5% CO2 in saturated humidity.
The medium was changed every other day until the cells
reached 80–90% confluency (day 12) and large colonies were
developed. The cells were then trypsanized and subcultered in
flasks until reached 90% confluency and then collected and
filtered through a 0.22-μm filter. The cells were characterized
by their fibroblast-like morphology and their differentiation
capacity (Abdel aziz et al. 2011).

Labelling BMSCs with PKH26

To investigate the homing of BMSCs in the liver, the undif-
ferentiated cells were labelled with PKH26 (Sigma, USA)
following the manufacturer’s instructions. This red fluo-
rochrome is physiologically stable and does not affect
the biological and proliferating activity of BMSCs
(Abdel aziz et al. 2011).

Experimental groups

Twenty-four male rats were assigned into 4 groups (n = 6) as
follows (Fig. 1):

& Group I (control): received subcutaneous (s.c.) injections
of corn oil twice/week for 6 weeks followed by a single
intravenous (i.v.) injection of phosphate-buffered saline
(PBS).

& Group II (CCl4): received s.c. injections of 3 ml/kg CCl4
(Sigma, USA) dissolved in corn oil twice/week for 6
weeks (Lin et al. 2018) followed by a single intravenous
(i.v.) injection of PBS.

& Group III (CCl4/BMSCs): received s.c. injections of 3 ml/
kg CCl4 dissolved in corn oil twice/week for 6 weeks
followed by a single i.v. injection of 3 × 106 BMSCs
suspended in PBS (Abdel aziz et al. 2011).

& Group IV (CCl4/-): received s.c. injections of 3 ml/kg
CCl4 dissolved in corn oil twice/week for 6 weeks follow-
ed by a single i.v. injection of PBS.

Rats of group II were sacrificed 24 h after the i.v. admin-
istration of PBS, whereas rats in groups I, II, and IV were
sacrificed 4 weeks after PBS or BMSCs administration. All
rats were sacrificed under thiopental (Eipico, Egypt) anesthe-
sia (50 mg/kg), and blood samples were collected via cardiac
puncture for serum preparation. The blood was left to coagu-
late and centrifuged at 3000 rpm for 15 min and serum was
separated. The animals were sacrificed by cervical dislocation,
dissected, and the liver was removed and washed in cold PBS.
Liver samples were fixed in 10% neutral buffered formalin for
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histological studies, and others were stored at − 80 °C for the
assessment of malondialdehyde (MDA), antioxidants, and
gene and protein expression.

Assay of liver function markers and cytokines

Serum transaminases (alanine aminotransferase (ALT) and
aspartate aminotransferase (AST)), alkaline phosphatase
(ALP) and γ-glutamyl transferase (γGT) were determined
using reagent kits supplied by Biosystems (Spain). Serum
bilirubin and albumin were assayed using kits purchased from
Diamond Diagnostics (Egypt). Tumor necrosis factor
(TNF)-α and interleukin (IL)-6 were determined in serum
using R&D Systems (USA; Cat. No. RTA00 and R6000B,
respectively) ELISA kits. All assays were carried out accord-
ing to the manufacturers’ instructions.

Assay of lipid peroxidation (LPO) and antioxidants

Samples from the liver were homogenized (10% w/v) in cold
PBS, and the homogenate was centrifuged, and clear superna-
tant was separated. MDA, a marker of LPO (Ohkawa et al.
1979), reduced glutathione (GSH) (Beutler et al. 1963), super-
oxide dismutase (SOD) (Marklund and Marklund 1974), and
glutathione-s-transferase (GST) (Mannervik and Guthenberg
1981) were determined in the clear supernatant.

Histological examination

Liver samples fixed in neutral buffered formalin for 24 h were
processed for paraffin embedding. Five micrometers of sec-
tions were cut using rotary microtome and stained with hema-
toxylin and eosin (H&E). Other sections were stained with
Masson’s trichrome (MT) for the assessment of collagen de-
position. Both H&E- and MT-stained sections were examined

using a light microscope. The MT-positive area was quanti-
fied using ImageJ (version 1.32j, NIH, USA). To track the
homing of PKH26-labelled BMSCs, sections from the liver
were examined with a fluorescence microscope.

Gene expression analysis

Total RNA was isolated from liver samples using RNA isola-
tion kit (Thermo Scientific, USA), and its quantity was deter-
mined by measuring optical density (OD) at 260 nm. RNA
samples with OD26/OD280 ≥ 1.8 were reverse transcribed
into cDNA using Revert AidTM First Strand cDNA
Synthesis Kit (Thermo Scientific, USA). cDNAwas amplified
by SYBR Green master mix (Thermo Scientific, USA) in a
total volume of 20 μl using the primer set listed in Table 1.
The cycling conditions consisted of initial denaturation at 95
°C for 2 min followed by 40 cycles of denaturation at 95 °C
for 5 s, annealing for 10 s, and extension at 72 °C for
30 s. The obtained data were analyzed using the 2-ΔΔCt

method (Livak and Schmittgen 2001), normalized to β-
actin and presented as % of control.

Western blotting

The changes in NF-κB p65, Nrf2, and HO-1were evaluated in
the liver samples using western blotting as previously de-
scribed (Mahmoud et al. 2017a). Briefly, liver samples were
homogenized in RIPA buffer with proteinase/phosphatase in-
hibitors and the homogenate was centrifuged. Protein concen-
tration was assayed in the clear supernatant using Bradford
reagent (Bradford 1976), and 50-μg protein was subjected to
SDS-PAGE followed by electrotransfer to nitrocellulose
membranes. After blocking with 5% skimmed milk in tris-
buffered saline (TBS), the membranes were incubated over-
night with primary antibodies for NF-κB p65, Nrf2, HO-1,

Fig. 1 A schematic diagram
showing the experimental design
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and β-actin (Novos Biologicals, USA). The membranes were
incubated with the secondary antibodies, washed with TBS/
tween 20 and developed using an enhanced chemilumines-
cence kit (Thermo Scientific, USA). The band intensity was
quantified with ImageJ (version 1.32j, NIH, USA) and the
data were normalized to β-actin.

Statistical analysis

The results were represented as mean ± standard error of the
mean (SEM). The differences between groups were deter-
mined by one-way ANOVA and Tukey’s test using
GraphPad Prism 7 (GraphPad Software, La Jolla, CA,
USA). A P value less than 0.05 was considered significant.

Results

Body weight changes

The changes in body weight of all groups throughout the
experiment are summarized in Fig. 2. Body weight was steadi-
ly increased in the control group, and the increase was lower
in the CCl4-induced groups as represented in Fig. 2a. At the
end of the experiment, rats in groups 3 and 4 exhibited a
significantly lower body weight gain when compared with

the control group (Fig. 2b). Rats treated with BMSCs showed
significant improvement of body weight gain when compared
with the recovery group (Fig. 2b).

BMSCs ameliorate liver function in CCl4-intoxiacted
rats

Transaminases, ALP, γGT, bilirubin, and albumin were deter-
mined to evaluate the ameliorative effect of BMSCs on CCl4-in-
duced liver injury in rats (Fig. 3). S.c. administration of CCl4
caused liver injury manifested by elevated ALT, AST, ALP,
γGT, and bilirubin along with decreased albumin (P < 0.001).
Rats receivedBMSCs followingCCl4 showed significant amelio-
ration of all liver function markers (Fig. 3a–f). CCl4-intoxiacted
rats left untreated for 4 weeks (recovery) showed a reduction in
serum transaminases, ALP, γGT, and bilirubin and increased al-
bumin when compared with the CCl4-intoxicated rats sacrificed
after a6-weekchallengewithCCl4.However, the rats treatedwith
BMSCs showed significant reduction inALP,γGT, andbilirubin
levels when comparedwith the recovery group (P < 0.05).

BMSCs engraft in the liver and attenuate tissue injury
and fibrosis in CCl4-intoxiacted rats

To track the homing of the cells to the liver, BMSCs were
labelled with PKH26, a red fluorochrome fluorophore with no

Fig. 2 Body weight changes in control and CCl4-intoxiacted rats. Data are mean ± SEM, n = 6. **P < 0.01 and ***P < 0.001 versus control. ###P < 0.001
versus CCl4

Table 1 Primers used for qRT-
PCR Gene GenBank accession number Sequence (5′-3′) Product size (bp)

Nrf2 NM_031789.2 F: TTGTAGATGACCATGAGTCGC

R: TGTCCTGCTGTATGCTGCTT

141

HO-1 NM_012580.2 F: GTAAATGCAGTGTTGGCCCC

R: ATGTGCCAGGCATCTCCTTC

178

NF-κB NM_199267.2 F: TCTCAGCTGCGACCCCG

R: TGGGCTGCTCAATGATCTCC

122

β-actin NM_031144.3 F: AGGAGTACGATGAGTCCGGC

R: CGCAGCTCAGTAACAGTCCG

71
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effect on the cells and suitable for in vivo long-term tracking.
Examination of liver sections of rats received BMSCs re-
vealed a strong red autofluorescence, confirming the engraft
of these cells in the liver (Fig. 4A).

H&E-stained sections in the liver of control rats showed nor-
mal histological structure of the hepatic lobules (Fig. 4B (a)),
whereas CCl4-intoxiacted rats exhibited highly dilated portal
vein, hyperplasia of the epithelium the lining bile duct, newly
formed bile ductules, steatosis, focal hepatic necrosis,
perivascular fibrous connective tissue proliferation, inflammatory
cells infiltration, vacuolar degeneration of hepatocytes, and cen-
tral vein congestion (Fig. 4B (b–d)). Although the recovery
group showed vacuolar degeneration of hepatocytes, inflamma-
tory cells infiltration, steatosis of hepatocytes, and highly dilated
central vein (Fig. 4B (f)), rats received BMSCs showed notice-
able amelioration of the histological structure of the liver with
only few inflammatory cells infiltration (Fig. 4B (e)).

The degree of fibrosis in hepatic tissues was detected
using MT staining. The control group showed normal
thin rims of collagen around the central vein and sinu-
soids (Fig. 5a), whereas the CCl4-intoxicated rats group
showed heavy accumulation of perivascular collagen fi-
bers (Fig. 5b–d). The CCl4-intoxicated rats left untreated
showed significant accumulation of collagen (Fig. 5f),
an effect that was significantly diminished in rats treat-
ed with BMSCs (Fig. 5e). Image analysis revealed the
significant ameliorative effect of BMSCs on collagen
accumulation (Fig. 5g).

BMSCs mitigate inflammation in CCl4-intoxiacted rats

Given the role of inflammation in hepatic fibrogenesis
(Koyama and Brenner 2017), we determined the expres-
sion of NF-κB and serum levels of TNF-α and IL-6 to

Fig. 3 BMSCs ameliorate liver
injudy in CCl4-intoxiacted rats.
BMSCs decreased serum ALT
(a), AST (b), ALP (c), γGT (d)
and bilirubin (e), and increased
albumin (f). Data are mean ±
SEM, n = 6. *P < 0.05, **P < 0.01,
and ***P < 0.001 versus control.
#P < 0.05, ##P < 0.01, and ###P <
0.001 versus CCl4
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evaluate the ameliorative effect of BMSCs on the in-
flammatory response in CCl4-intoxiacted rats. NF-κB
mRNA abundance (Fig. 6a) and the protein expression
of its p65 subunit (Fig. 6b) were significantly upregu-
lated in the liver of CCl4-intoxiacted rats as well as the
recovery group (P < 0.001). The inflammatory response
was further evidenced by the significant elevation in
serum TNF-α (Fig. 6c) and IL-6 (Fig. 6d). In contrast,
treatment of the CCl4-intoxiacted with BMSCs downreg-
ulated NF-κB and reduced pro-inflammatory cytokines
significantly when compared with the untreated and
the recovery groups.

BMSCs alleviate oxidative stress in the liver of CCl4-
intoxiacted rats

CCl4-intoxiacted rats exhibited significant increase in hepatic
MDA (Fig. 7a) accompanied with a reduction in GSH (Fig.
7b), SOD (Fig. 7c), and GST (Fig. 7d). The group of rats left
to recover after a 6-week challenge with CCl4 showed an
oxidative stress status manifested by the increased MDA and
decreased antioxidants when compared with the control rats.
In contrast, treatment with BMSCs suppressed LPO and en-
hanced GSH and antioxidant enzymes when compared with
the CCl4 and the recovery groups.

Fig. 4 BMSCs engraft in the liver and attenuate tissue injury in CCl4-
intoxiacted rats. A PKH26-labelled BMSCs showing red fluorescence in
the liver of rats. B Photomicrograph of H&E-stained liver sections of (a)
control rats showing the normal histological structures of hepatic lobules,
central vein (CV), hepatocytes (H), and sinusoids (S). (b–d) CCl4-
intoxiacted rats showing (b)dilated portal vein (P), hyperplasia of epithe-
lial lining of bile duct (white star), newly formed bile ductules (black star),
(c) steatosis of hepatocytes (white arrow), focal hepatic necrosis (black
arrow), (d) perivascular fibrous connective tissue proliferation (F),

inflammatory cells infiltration (arrow head), vacuolar degeneration of
hepatocytes (V), and congestion in the central vein (C), (e) CCl4-
intoxiacted rats treated with BMSCs showing nearly normal structure of
the hepatic lobule and central vein (CV) with few inflammatory cells
infiltration (arrow head), and (f) recovery group showing vacuolar degen-
eration of hepatocytes (V), inflammatory cells infiltration (arrow head),
steatosis of hepatocytes (white arrow) and highly dilated central vein
(CV). (Scale bar = 100 μm)
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BMSCs upregulate Nrf2/HO-1 signaling in the liver of
CCl4-intoxiacted rats

Both the gene and protein expression levels of hepatic Nrf2
and HO-1 were determined to assess the ameliorative effect of
BMSCs onCCl4-induced oxidative stress and inflammation in
rats. In comparison with the control group, CCl4-intoxiacted
rats exhibited significant reduction in Nrf2 and HO-1 mRNA
abundance (Fig. 8a, b) and protein expression (Fig. 8c, d).
Similarly, the recovery group showed significant downregu-
lation of hepatic Nrf2 and HO-1. BMSCs administration

upregulated the expression of Nrf2 and HO-1 when compared
with the CCl4-intoxiacted as well as the recovery groups.

Discussion

Hepatic fibrosis is a progressive disease characterized by ex-
cessive deposition of ECM and inflammation (Friedman
2008b). BMSCs are multipotent stem cells able to differentiate
into a variety of lineages under suitable conditions and are
therefore extensively applied in regenerative medicine.

Fig. 5 BMSCs attenuate fibrosis in CCl4-intoxiacted rats. a–f MT
staining of liver sections showing normal thin rims of collagen fibers in
control rats (a), heavy accumulation of perivascular collagen fibers
(arrow) in CCl4-intoxiacted rats (b–d), little collagen fibers in CCl4-
intoxiacted rats treated with BMSCs (e), and accumulated collagen in

untreated CCl4-intoxiacted rats (f). (scale bar = 100 μm]. Quantification
of MT staining showing significant deposition of collagen and the ame-
liorative effect of BMSCs in CCl4-intoxiacted rats (g). Data are mean ±
SEM, n = 6. ***P < 0.001 versus control and ###P < 0.001 versus CCl4
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Recruitment of the bone marrow-derived cells occurs in the
progression and regression of liver fibrosis (Higashiyama
et al. 2007). In this study, we investigated the potential thera-
peutic effect of BMSCs against CCl4-induced fibrosis,

oxidative stress, and inflammation in rats, pointing to the pos-
sible role of Nrf2 signaling.

Hepatic fibrosis was induced by CCl4 s.c. administration
for 6 weeks. CCl4 provoked hepatic injury and fibrosis

Fig. 6 BMSCs mitigate
inflammation in CCl4-intoxiacted
rats. BMSCs decreased hepatic
NF-κBmRNA expression (a) and
protein phosphorylation (b), and
serum TNF-α (c) and IL-6 (d) in
CCl4-intoxiacted rats. Data are
mean ± SEM, n = 6. *P < 0.05 and
***P < 0.001 versus control. #P <
0.05, ##P < 0.01, and ###P < 0.001
versus CCl4

Fig. 7 BMSCs alleviate oxidative
stress in the liver of CCl4-
intoxiacted rats. BMSCs
decreased hepatic MDA (a) and
increased GSH (b), SOD (c), and
GST (d) in CCl4-intoxiacted rats.
Data are mean ± SEM, n = 6. *P <
0.05, **P < 0.01, and ***P < 0.001
versus control. #P < 0.05 and ###P
< 0.001 versus CCl4
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evidenced by the biochemical and histological findings.
Circulating levels of transaminases, ALP, γGT, and bilirubin
were elevated, whereas albumin was decreased in CCl4-intox-
icated rats. Histological examination revealed vacuolar degen-
eration of hepatocytes, inflammatory cells infiltration, focal
hepatic necrosis, highly dilated portal vein, central vein con-
gestion, steatosis, perivascular fibrous connective tissue pro-
liferation, hyperplasia of the epithelium lining the bile duct,
and newly formed bile ductules. Additionally, MT staining of
liver section showed heavy accumulation of collagen fibers
perivascularly, demonstrating the development of hepatic fi-
brosis in CCl4-intoxicated rats. During chronic liver injury,
the excessive accumulation of ECM rich in collagen I and
III provokes scar deposition and hepatic fibrosis (Schuppan
2015). Accordingly, we have reported increased serum
markers of liver function, multiple histopathological manifes-
tations, particularly, focal necrosis, steatosis, and fibroblast
proliferation, and increased expression of collagen in CCl4-
intoxicated rats (Mahmoud et al. 2019). Interestingly, rats re-
ceived BMSCs following a 6-week challenge with CCl4
showed significant amelioration of circulating liver function
markers, collagen deposition, and tissue injury.

The beneficial role of BMSCs has been demonstrated in a
rat model of bleomycin-induced pulmonary fibrosis (Ni et al.
2015). Treatment of bleomycin-induced rats with BMSCs for
3 days prevented all histological alterations and decreased
pulmonary collagen deposition and hydroxyproline levels
(Ni et al. 2015). In a rat model of hepatocarcinogenesis, ad-
ministration of BMSCs ameliorated serum transaminases and

exerted tumor suppressive effects (Abdel aziz et al. 2011).
Improvement of serum transaminases has also been demon-
strated in CCl4-induced rats that received BMSCs (Ahmed
et al. 2014). Besides basic studies, the hepatoprotective effi-
cacy of BMSCs has been reported in different studies and
clinical trials (Lin et al. 2017; Suk et al. 2016). The mecha-
nism underlying the beneficial effect of BMSCs against CCl4-
induced fibrosis could be explained in terms of suppressing
inflammation and ECM deposition. MSCs possess anti-
inflammatory efficacies and have been reported to reduce he-
patocyte injury (Forbes and Newsome 2012) and the activa-
tion of HSCs (An et al. 2017). MSCs can increase the produc-
tion of matrix metalloproteinase (MMPs) to reduce the ECM,
and change the polarity of macrophages towards an anti-
inflammatory phenotype and increase their phagocytosis abil-
ity (Watanabe et al. 2019). In the current study, CCl4 admin-
istration provoked an inflammatory response marked be the
significant upregulation of NF-κB p65 and increased pro-
inflammatory cytokines as we previously reported
(Mahmoud et al. 2019). Hepatic fibrosis and cirrhosis have
been reported to be associated with chronic inflammation
(Czaja and Carpenter 2004). In addition, injured hepatocytes
due to inflammation release apoptotic bodies which activate
HSCs and promote fibrogenesis (Friedman 2008a). Therefore,
the anti-inflammatory activity of BMSCs represents a main
part of their beneficial effects against hepatic fibrosis.

Besides inflammation, oxidative stress is implicated in the
pathophysiology of different diseases, including hepatic fibro-
sis (Cheng et al. 2019; Gandhi 2012; Li et al. 2017; Mahmoud

Fig. 8 BMSCs upregulate Nrf2/
HO-1 signaling in the liver of
CCl4-intoxiacted rats. BMSCs in-
creased mRNA abundance of he-
patic Nrf2 (a) and HO-1 (b), and
protein expression of Nrf2 (c) and
HO-1 (d) in CCl4-intoxiacted rats.
Data are mean ± SEM, n = 6. ***P
< 0.001 versus control and ###P <
0.001 versus CCl4
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et al. 2017b). Thus, we assumed that suppression of oxidative
stress might be involved in the ameliorative effect of BMSCs
against CCl4-induced hepatic fibrosis. In the liver, activation of
HSCs and excessive accumulation of ECM rich in collagen
were provoked by surplus ROS generation (Cheng et al.
2019; Gandhi 2012). In the same context, hepatocyte injury
due to ROS-mediated LPO can promote fibrogenesis via acti-
vating HSCs (Friedman 2008a; Sun et al. 2018). Here, oxida-
tive stress in the liver of CCl4-intoxicated rats was evidenced by
increased LPO and decreased antioxidant defenses as previous-
ly demonstrated (Mahmoud et al. 2019). CCl4 is metabolized
by cytochrome P450 within the liver producing trichloromethyl
and peroxyl radicals, highly reactive mediators that provoke
LPO and bind covalently to the cellular macromolecules, lead-
ing to cell death (Weber et al. 2003). In addition to its derived
damaging radicals, CCl4 induces surplus ROS production by
activating NADPH oxidase (NOX) in the liver of rats (Cheng
et al. 2019). In agreement with these findings, we have reported
increased hepatic LPO along with decreased GSH and antiox-
idant enzymes in CCl4-induced fibrosis in rats (Mahmoud et al.
2019). ROS can activate NF-κB and increase the release of
TNF-α and IL-6, effects reported in the present study.
Therefore, attenuation of oxidative stress is an effective strategy
to suppress inflammation and hepatic fibrogenesis.
Interestingly, rats received BMSCs following CCl4 showed a
significant decrease in MDA and enhanced hepatic antioxidant
defenses. The role of BMSCs in ameliorating oxidative stress
has been previously reported in the lung of bleomycin-induced
rats (Ni et al. 2015), where treatment with BMSCs decreased
MDA and increased SOD activity. Therefore, it is noteworthy
assuming that the dual ability of BMSCs to suppress oxidative
stress and inflammation is themainmechanism underlying their
anti-fibrogenesis efficacy.

To further explore the protective mechanism of BMSCs, we
evaluated their effect on Nrf2/HO-1 signaling in the liver of rats.
Nrf2 is a transcription factor that activates the transcription of
antioxidant defenses and protects against the deleterious effects
of ROS (Satta et al. 2017). Under conditions of surplus produc-
tion of ROS, the expression ofNrf2 has been reported to decrease
in the liver of rats (Aladaileh et al. 2019). In this study, Nrf2
mRNA abundance and protein expression were decreased in
CCl4-challenged rats, pinpointing the surplus levels of ROS
and downregulation of Nrf2/HO-1 signaling which was further
confirmed by the decreased HO-1 expression. These findings
were in consistent with the declined activities of antioxidant en-
zymes by CCl4. Intravenous injection of BMSCs significantly
increased the expression of Nrf2 and HO-1 in the liver of CCl4-
intoxicated rats. These findings along with the suppressed oxida-
tive stress and inflammation demonstrated the role of Nrf2/HO-1
signaling in the ameliorative effect of BMSCs on CCl4-induced
hepatic fibrosis. In support of this notion, Ni et al have reported
increased Nrf2 expression in the lung of bleomycin-induced rats
following BMSCs administration (Ni et al. 2015). In addition, a

recent study by Lee et al showed the ability of BMSCs to reduce
ER stress in the lung of bleomycin-induced aged mice via mod-
ulating the PERK-Nrf2 pathway (Lee et al. 2020). Besides the
anti-inflammatory role of BMSCs associated with changing the
polarity of macrophages (Watanabe et al. 2019), their anti-
fibrotic effect could be attributed to their ability to activate
Nrf2/HO-1 signaling and subsequent upregulation of antioxidant
and anti-inflammatory defenses. Nrf2 can suppress inflammatory
responses through attenuating NF-ĸB activation (Pan et al. 2012;
Wardyn et al. 2015). In addition to these mechanisms, the ability
of exogenously administered BMSCs to engraft in the liver con-
tributed to the repair of injured tissue. Accordingly, BMSCs can
engraft injured liver and differentiate into hepatocytes (Li et al.
2013), and upregulate hepatocyte growth factor, MMPs, and
stem cell factor-1 (Liedtke et al. 2013). The homing of BMSCs
to the injured liver was confirmed by observing the presence of
PKH26-labelled cells in the histological sections from the liver of
CCl4-induced rats. The anti-fibrotic effect of BMSCs has been
also associated with the expansion of intrahepatic natural killer
cells in a rodent model of surgically induced fibrosis (Duman
et al. 2019). Thus, multiple mechanisms seem to be involved in
the protective effect of BMSCs against fibrosis. Our study intro-
duced new information on the involvement of Nrf2/HO-1 sig-
naling activation in the protective mechanism of BMSCs on
CCl4-induced hepatic fibrosis.

Conclusions

This study demonstrates the ameliorative efficacy of BMSCs
on hepatic fibrosis induced by CCl4 in rats. BMSCs engrafted
the injured liver and attenuated oxidative stress, inflammation,
liver injury, and collagen deposition in CCl4-intoxicated rats.
The anti-fibrotic efficacy of BMSCs was associated with up-
regulation of Nrf2/HO-1 signaling which plays a significant
role in attenuating inflammation and oxidative stress. These
findings support the promising therapeutic role of BMSCs in
tissue repair and their anti-fibrotic efficacy. However, dissec-
tion of the mechanisms by which BMSCs ameliorate hepatic
fibrosis would be critical for understanding and developing
MSCs-based therapies.
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