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Abstract
Liver diseases impose a huge burden worldwide. Although hepatocyte transplantation has long been considered as a potential 
strategy for treating liver diseases, its clinical implementation has created some obvious limitations. As an alternative strategy, 
cell therapy, particularly mesenchymal stem cell (MSC) transplantation, is widely used in treating different liver diseases, 
including acute liver disease, acute-on-chronic liver failure, hepatitis B/C virus, autoimmune hepatitis, nonalcoholic fatty 
liver disease, nonalcoholic steatohepatitis, alcoholic liver disease, liver fibrosis, liver cirrhosis, and hepatocellular carcinoma. 
Here, we summarize the status of MSC transplantation in treating liver diseases, focusing on the therapeutic mechanisms, 
including differentiation into hepatocyte-like cells, immunomodulating function with a variety of immune cells, paracrine 
effects via the secretion of various cytokines and extracellular vesicles, and facilitation of homing and engraftment. Some 
improved perspectives and current challenges are also addressed. In summary, MSCs have great potential in the treatment 
of liver diseases based on their multi-faceted characteristics, and more accurate mechanisms and novel therapeutic strategies 
stemming from MSCs will facilitate clinical practice.

Keywords  Cellular therapy · Clinical research · Liver diseases · Mesenchymal stem cells · Regenerative medicine

Introduction

Liver diseases encompass a wide spectrum of pathologi-
cal consequences, and have become one of the predominant 
causes of death worldwide [1, 2]. Currently, liver cancer is 
reported as the second most common cause of morbidity 
in digestive system diseases and the fourth leading cause 
of cancer death [3, 4], with an incidence rate increasing by 
approximately 4% each year [5, 6]. To minimize the risk of 
liver diseases, many strategies have been developed, mainly 
including surgery, partial hepatectomy, radiation therapy, 
chemotherapy, transarterial chemoembolization, inter-
ventional therapy, orthotopic liver transplantation (OLT), 
nutritional control, management of thrombocytopenia, and 
immunotherapy [7–12]. Amongst them, OLT is considered 
to be the most effective approach to treating liver diseases, 
particularly chronic liver diseases [13]. However, due to the 
shortage of donors, possible immune rejection, complica-
tions of surgery, and high cost, OLT is not a favorable choice 
for a large proportion of patients.

Hepatocyte transplantation was first conducted in mice 
in 1976 [14]. This was a seminal event in the history of 
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cell-based therapy for liver diseases. Ever since Fox et al. 
successfully treated Crigler–Najjar syndrome by hepatocyte 
transplantation in one USA patient in 1998 [15], hepatocyte 
transplantation has been seen as a potential clinical strat-
egy for treating liver diseases [16]. Although hepatocyte 
transplantation has been performed for over 20 years, its 
clinical implementation has shown some obvious limita-
tions, including immune rejection, reduced engraftment, low 
repopulation, and insufficient survival rate of hepatocytes 
[17]. Therefore, more applicable cell therapies have been 
explored, and stem cell transplantation, particularly that of 
mesenchymal stem cells (MSCs) appears to be a promising 
strategy [18–20].

MSCs have multifaceted therapeutic effects in the treat-
ment of liver diseases [21–23]. Generally, MSCs are consid-
ered to exert a therapeutic function on liver repair by sup-
plying exogenous hepatocytes, regulating intrahepatic cells 
via crosstalk, prompting the differentiation of endogenous 
progenitor cells into hepatocyte-like cells (HLCs), reduc-
ing hepatocyte apoptosis, and restraining the inflammatory 
response of the liver microenvironment [24–27].

In this review, we comprehensively summarize the cur-
rent progress, therapeutic potential, and underlying mecha-
nisms by which MSCs are used in treating liver diseases. 
In addition, some innovative therapeutic strategies are pro-
posed for facilitating MSC-based therapy in liver diseases.

Characterization of MSCs

According to the International Society for Cellular Ther-
apy, MSCs should meet a minimum of three criterions, 
including adhering to plastic cell culture flasks under 
standard culture conditions; expressing cluster of dif-
ferentiation (CD)-73, CD90, and CD105, and be nega-
tive for CD11b/CD14, CD19/CD79a, CD34, CD45, and 
human leukocyte antigen II expression; having the abil-
ity to differentiate into osteoblasts, adipocytes, and chon-
drocytes of the mesoderm lineage [28, 29]. MSCs were 
first identified from the bone marrow (BM) and then later 
from many other tissues [30, 31]. Currently, MSCs can be 
isolated from almost all tissues in an organism, includ-
ing BM [32], adipose tissue (AD) [33], umbilical cord 
(UC) [34], peripheral blood [35], placenta [36], endo-
metrium [37], amniotic membrane [38], amniotic fluid 
[39], fetal tissue [40], dental pulp [41], hair follicles [42], 
skin [43], lungs [44], spleens [45], pancreas [46], kidneys 
[47], thymus [48], urine [49], liver [50], intestines [51], 
muscles [52], menstrual blood [53], synovial fluid [54], 
synovial membranes [55], etc. A schematic diagram is 
presented regarding different sources of human MSCs, 
including adult tissues and birth-associated tissues, in 
Fig. 1. Although different sources of human MSCs were 

Fig. 1   Therapeutic potential of 
MSCs from human adult tissues 
and birth-associated tissues. 
Multifaceted MSCs can be 
obtained from different sources 
in an organism, including bone 
marrow, adipose tissue, umbili-
cal cord, peripheral blood, pla-
centa, endometrium, amniotic 
membrane, amniotic fluid, fetal, 
dental pulp, hair follicle, skin, 
lung, spleen, pancreas, kidney, 
thymus, urine, liver, intestine, 
muscle, menstrual blood, 
synovial fluid, and synovial 
membrane
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effective for treating liver diseases, human UC-MSCs and 
BM-MSCs are most commonly used for clinical trials or 
clinical practice (Table 1). Different sources of MSCs 
have some commonalities and different characteristics, for 
example, stage-specific embryonic antigen-4 is expressed 
in MSCs from BM, placenta, dental pulp, menstrual 
blood, and synovial membrane, but it is not detected in 
AD-MSCs or UC-MSCs [56, 57]. CD49d is detected in 
AD-MSCs, but not in BM-MSCs [58]. Interestingly, men-
strual blood MSCs can express the embryonic stem cells 
marker octamer-binding transcription factor 4, while oth-
ers are not detected [59].

Mechanisms by which MSCs Treat Liver 
Diseases

MSCs exert therapeutic effects in liver diseases through dif-
ferent mechanisms, including differentiation into HLCs, sup-
plementing exogenous hepatocytes, immune-modulation by 
interaction with various immune cells, paracrine effects via 
a series of growth factors, cytokines, and extracellular vesi-
cles (EVs) with phospholipid bilayer membranes secreted 
by MSCs, and homing and engraftment function targeting 
injured liver cells [25, 60–62]. A detailed schematic diagram 
demonstrating the mechanisms by which MSCs exert effects 
in treating liver diseases are shown in Fig. 2.

Differentiation into HLCs

MSCs can differentiate into a variety of tissues, including 
cardiomyocytic, respiratory epithelial, neural, cartilaginous, 
myocytic, endothelial, renal, pancreatic, hepatic, adipocytic, 
and osteogenic tissues [63–65]. The idea of using differenti-
ated HLCs to treat liver diseases depends on an assumption 
that supplementation with exogenous HLCs can improve 
and recover liver function. Many methods have been estab-
lished to induce HLCs using MSCs in vitro. MSCs can dif-
ferentiate into HLCs by stimulation with hepatocyte growth 
factor (HGF), epidermal growth factor (EGF), fibroblast 
growth factor (FGF)-1, hepatocyte nuclear factor (HNF)-1α, 
HNF-3γ, HNF-4α, FGF-4, GATA-binding protein 4, insu-
lin-transferrin selenium (ITS), oncostatin M (OSM), dime-
thyl sulfoxide (DMSO), and dexamethasone [39, 66–70]. 
Differentiated HLCs express hepatocyte-specific markers, 
including alpha-fetoprotein, albumin (ALB), cytokeratin 
18 (CK-18), connexin 32, cytochrome p450 (CYP)-1A1, 
CYP3A4, CYP7A1, type IV dipeptidase (CD26), glucose-
6-phosphatase, HepPar, HGF receptor, and HNF-4α [68, 
71–74]. Additionally, these cells have been verified to store 
glycogen, take up indocyanine green, express carbamyl 

phosphate synthase, remove ammonia/urea, and take up 
low-density lipoprotein [66, 75–77].

Immunomodulation

Although the immunomodulation of MSCs has not yet been 
fully elucidated, it is likely to regulate both innate and adap-
tive immune responses through interaction with immune 
cells [78, 79]. MSCs are considered to have immune privi-
lege because they do not express MHC II, with low expres-
sion of MHC I molecules and co-stimulatory antigens CD80/
CD86 [80]. MSCs regulated the immune system by block-
ing maturation of T cells and dendritic cells (DCs), inhibit-
ing the proliferation of natural killer cells, and promoting 
the proliferation of regulatory T cells (Tregs) to mediate 
cell–cell interaction [81]. MSCs have the ability to induce an 
increase in Tregs and inhibit CD4+/CD8+ T cells in injured 
areas [82]. MSCs are involved in the induction of toll-like 
receptor 4 damage-induced DC activation, which results in 
the inhibition of DCs to regulate CD4+ T cells [83]. MSCs 
can block B cell proliferation by regulating the cell cycle and 
inhibiting differentiation of B cells [84, 85]. MSCs can also 
induce the production of regulatory B cells through solu-
ble factors and EVs [86]. In addition, MSCs can improve 
immunomodulatory effects by regulating the polarization of 
macrophages [87]. Additionally, MSCs inhibit the activation 
and degranulation of mast cells [88, 89].

Paracrine Effect

Paracrine effects form a vital part of the treatment effects of 
MSCs in various diseases [90, 91]. Soluble factors secreted 
by MSCs play an important role in improving liver regen-
eration and protecting liver apoptosis [92, 93]. Microencap-
sulated MSCs could reduce inflammation in a murine liver 
fibrosis model by secreting interleukin (IL)-1Ra, IL-10, 
and matrix metalloproteinase 9 (MMP-9), improving liver 
fibrosis [94]. Sobrevals et al. found that MSCs secreted 
insulin-like growth factor-binding protein-2 (IGF-BP2), 
IL-6, IL-1Ra, and monocyte chemoattractant protein-1 
(MCP-1), which led to improvement of liver injury in a 
liver fibrosis model [95]. Tsai et al. found that the expres-
sion levels of HGF and mesenchymal epithelial transition 
factor-phosphorylated type (MET-P) were increased in 
human UC-MSCs used for treating liver fibrosis [96]. Wang 
et al. showed that HGF and BM-MSCs induced hepatic stel-
late cell (HSC) apoptosis by inhibiting the TLR4/NF-κB 
signaling pathway [97]. Parekkadan et al. demonstrated that 
IL-10 and tumor necrosis factor-alpha (TNF-α) secreted by 
MSCs significantly inhibited HSC proliferation [98]. Addi-
tionally, Pan et al. demonstrated that MSC-derived FGF-2 
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was a key factor in down-regulation of hepatocyte delta-
like 1 to restrain HSC activation [99]. Moreover, MSCs 
can release cytokines, such as IGF-1, CXCL12/stromal cell-
derived factor-1 (SDF-1), and vascular endothelial growth 
factor (VEGF), to inhibit hepatocyte apoptosis in injured 
liver [100]. Lin et al. demonstrated that nerve growth fac-
tor (NGF), secreted by MSCs, inhibited HSC proliferation 
and promoted HSC apoptosis [101]. Our team also found 
that paracrine cytokines, including IL-6, IL-8, HGF, MCP-
1, growth-related oncogene (GRO), and osteoprotegerin 
(OPG), produced by menstrual blood-derived MSCs, sig-
nificantly inhibited the activation and proliferation of HSCs 
in mice with CCl4-induced liver fibrosis [102]. Recently, 
Wang et al. found that MSC-secreted IL-4 ameliorated 
acute liver injury (ALI) in mice [103]. Thus, MSCs can 
play a vital role in treating liver diseases, via their paracrine 
effects. The soluble cytokines known to be involved are IL-
1Ra, IL-4, IL-6, IL-8, IL-10, MMP-9, IGF-BP2, MCP-1, 
HGF, TNF-α, Met-P, FGF-2, IGF-1, SDF-1, VEGF, NGF, 
GRO, and OPG.

Elaboration of innovative treatments via cell-free thera-
pies with a new type of “next-generation drug delivery sys-
tems” is receiving much attention [104]. Other than soluble 
cytokines, a growing number of studies have shown that 
EVs secreted by MSCs can serve as a novel type of cell-
free strategy for the treatment of liver diseases, due to their 
paracrine function, that can be applied without concerns 
about immune rejection and ethical issues [105, 106]. EVs 
are endogenous nanoparticles that play a very important role 
in cell-to-cell communication [107]. Cell-derived EVs are 
membrane-bound vesicles containing various biomolecules 
and a considerable portion of the active components (includ-
ing miRNAs, mRNAs, proteins, and lipids) [108]. Exosomes 
are small EVs (30–100 nm in diameter), released by vari-
ous types of cells, which contain proteins, liposomes, and 
nucleic acid variants [109]. MSC-derived EVs play a vital 
role in improving liver diseases, including let-7a-5p [110], 
miR-618 [111], miRNA-223-3p [112], beclin-1 (BECN1) 
[113], Y-RNA-1 [114], and IL-10 [115]. Although recent 
advances in the use of EVs from MSCs for treating various 
liver diseases have been reported, the mechanisms regarding 
MSCs-EVs require further elucidation.

Homing and Engraftment

MSCs have the ability to migrate into injured liver sites, 
where they are integrated through endothelial cells to 
enhance their therapeutic role [116]. A damaged liver micro-
environment can express multiple receptors and ligands, 
such as CXC-chemokine receptor (CXCR)-4, CXCR-7, and 
SDF-1, to facilitate MSC migration [117, 118]. In addition, 
chemokines are released from inflammatory sites to form a Ta
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gradient to ensure effective access of MSCs [119]. Moreo-
ver, MSCs also express integrins (such as integrin α4β1), 
selectins (such as CD44), and CC chemokine receptors (such 
as CC chemokine receptor-2), which are involved in MSC 
migration [120–122]. Homing and engraftment allow MSCs 
to exert a therapeutic effect targeting injured liver sites as 
well as continuously delivering signaling molecules to tar-
geted areas.

Therapeutic Roles of MSCs in Various Liver 
Diseases

The roles of MSCs have been widely explored in various 
diseases, both in basic research and in clinical medicine 
[123–127]. MSCs also exert their functions for treating liver 
diseases [18, 21, 128]. Common liver diseases include ALI, 
acute-on-chronic liver failure (ACLF), hepatitis B/C virus 
(HBV/HCV), autoimmune hepatitis (AIH), nonalcoholic 
fatty liver disease (NAFLD), nonalcoholic steatohepatitis 
(NASH), alcoholic liver disease (ALD), liver fibrosis, liver 
cirrhosis, and hepatocellular carcinoma (HCC). Based on 

progression, liver diseases can be divided into ALI, ACLF, 
and chronic liver disease.

MSCs for Treating ALI

ALI is a life-threatening clinical syndrome involving rapid 
hepatocyte necrosis [129]. Although the incidence of ALI 
is low, it has a high mortality due to its rapid onset [92]. 
Recently, Wang and Chen summarized the underlying 
mechanism of MSCs relevant for the treatment of ALI, and 
discussed some methods for MSC transplantation in ALI 
[130]. Currently, various MSC sources can be applied to 
treat ALI in experimental models, including pig, rat, mouse, 
and human sources. In the D-galactosamine (D-Gal)-induced 
porcine ALI model, transplantation of porcine BM-MSCs 
not only effectively improved the pig’s liver function, but 
also prolonged its survival [131]. In addition, BM-MSCs 
transplanted via the hepatic artery, portal vein or tail vein 
can immigrate into damaged liver tissue of D-Gal-induced 
ALI rats [132]. Furthermore, Long et al. found that rat BM-
MSCs improved blood biochemical indexes by decreasing 

Fig. 2   Multifaceted MSCs 
exert therapeutic effects for 
liver diseases mainly through 
the following mechanisms: 
differentiation into HLCs pos-
sessing hepatocyte function, 
immunomodulation by interact-
ing with various immune cells, 
paracrine effect by producing a 
range of cytokines and EVs to 
target Kupffer cells and HSCs, 
and homing and engraftment 
targeting injured liver cells. 
MSCs interact with immune 
cells by inhibiting B cell, T 
cell, NK cell, mast cell, and 
DC proliferation; promoting 
Treg, Breg, and macrophage 
growth. Abbreviations: 
HLCs, hepatocyte-like cells; 
EVs, extracellular vesicles; 
HSCs, hepatic stellate cells; B 
cell, B lymphocyte cell; T cell, 
T lymphocyte cell; NK, natural 
killer; DC, dendritic cell; Treg, 
regulatory T cell; Breg, regula-
tory B cell
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the levels of IL-18 and caspase-1 [133]. Amiri et al. demon-
strated that autophagy-inhibited BM-MSCs possessed regen-
erative potential through a paracrine effect in CCl4-induced 
ALI mice [134]. In addition, mouse BM-MSCs play a sig-
nificant role in improving liver function in mice with both 
CCl4- and α-galactosylceramide (α-GalCer)-induced ALI. 
It was further shown that BM-MSCs have the capacity to 
alter the levels of natural killer T cell (NKT) regulatory fac-
tor 17 and inhibit hepatotoxicity of NKT in an indoleamine 
2,3-dioxygenase (IDO)-dependent manner [135]. Gazdic 
et al. showed that murine BM-MSCs attenuated α-GalCer-
induced ALI in mice by restraining the cytotoxicity of liver 
NKT and enhancing the ability of Tregs to secrete IL-10 
[136, 137]. Mouse BM-MSCs play a therapeutic role in 
inhibiting hepatocyte apoptosis in D-Gal-induced ALI mice 
via secretion of IL-10 [138]. Furthermore, Liang et al. found 
that a nanoparticle containing a beneficial regenerative fac-
tor from human BM-MSCs could improve liver function and 
enhance blood stability in CCl4-induced ALI mice [139]. 
Deng et  al. showed that transplanted mouse AD-MSCs 
improved liver function in CCl4-induced and thioacetamide-
induced ALI mice, and transplanted cells differentiated into 
HLCs by increasing the expression of ALB and CK-18 
[140]. Transplantation of human UC-MSCs reduced liver 
necrosis and promoted endogenous liver regeneration mainly 
via paracrine effects in acetaminophen- or CCl4-induced ALI 
mice [141–144]. In addition, Zhou et al. found that both UC-
MSCs and HLCs differentiated from UC-MSCs significantly 
increased the survival rate of Gal/LPS-induced ALI mice 
[145]. Cao et al. showed that human placental MSCs had a 
therapeutic effect on D-gal-induced ALI in Chinese experi-
mental miniature pigs by differentiating into HLCs [146]. 
Zhang et al. concluded that human UC-MSCs improved the 
survival rate and liver function of D-GalN/LPS-induced 
ALI rats by stimulating regeneration of the endogenous liver 
and inhibiting hepatocellular apoptosis [147]. Zagoura et al. 
reported that human AF-MSCs demonstrated a therapeutic 
effect on CCl4-induced ALI mice via paracrine factors (IL-
10, IL-1Ra, IL-13, and IL-27) [39]. Both menstrual blood-
derived MSCs and their derived exosomes attenuated ALI in 
mice by inhibiting the secretion of inflammatory cytokines 
[148, 149].

MSCs for Treating ACLF

ACLF is a syndrome with liver-related disease characterized 
by acute decompensation of chronic liver disease, multiple 
organ failure, and high short-term mortality [150]. With the 
rapid development of stem cell transplantation and its use 
in clinical trials, multiple studies have shown that treatment 
of ACLF with MSCs is well-tolerated and safe. This has 
therefore become a hot research topic. Shi et al. discovered 

that UC-MSCs improved liver function and survival rates 
during a 48-week or 72-week follow-up in HBV-related 
ACLF patients [151]. Lin et al. further found that BM-MSCs 
notably improved clinical laboratory indexes in patients with 
HBV-related ACLF [152]. He et al. found that UC-MSC 
injection can effectively improve liver function and fibro-
sis in rats with ACLF by blocking NOTCH/STAT1/STAT3 
pathway signaling [153]. Although these clinical trials have 
shown that MSCs can reduce the probability of serious 
infection or death, perhaps through immune regulation, the 
underlying mechanism requires elucidation.

MSC for Treating Chronic Liver Disease

MSC for Treating HBV/HCV

HBV/HCV imposes a large economic burden worldwide, 
particularly in China [154]. Over 500 million people have 
chronic HBV/HCV infection, subsequently increasing the 
risk of HCC significantly in this population [155, 156]. In 
the past few decades, host immune responses have been 
associated with the clearance of HBV/HCV infection [157]. 
However, to date, no effective method for completely cur-
ing HBV/HCV infection exists. Thus, different strategies are 
currently being explored, including immunotherapy [158], 
exploring new animal models [159], and reversing T cell 
exhaustion [160]. Rong et al. showed that MSCs inhibit 
HBV metastasis through homing and engraftment [161]. 
In addition, Peng et al. found that autologous BM-MSCs 
notably improved liver function (as assessed using alanine 
aminotransferase [ALT], ALB, total bilirubin [TBIL], and 
prothrombin time [PT]) in both short-term efficacy and long-
term prognosis of patients with HBV [32]. Wang et al. found 
that AD-MSCs and HLCs differentiated from AD-MSCs 
were not sensitive to HBV infection in vitro, suggesting that 
AD-MSC transplantation is an alternative treatment strategy 
for HBV [162]. Human UC-MSCs improved liver function 
(as assessed by ALT, ALB, TBIL, PT, and international nor-
malized ratio) in patients with HBV-related liver failure and 
liver cirrhosis [163, 164]. Salama et al. showed that autolo-
gous BM-MSCs had a supporting function in the treatment 
of HCV-induced liver disease by improving liver synthesis 
and liver fibrosis [165].

MSCs for Treating AIH

AIH occurs in almost all races and regions, and particularly 
affects women [166]. Most AIH patients need long-term 
immunosuppressive therapy, but some patients cannot bear 
long-term immune suppression. Therefore, novel treatment 
options are sought for AIH. Chen et al. found that BM-MSC 
transplantation could significantly improve AIH in mice by 
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inhibiting IL-17 and up-regulating programmed cell-death 
ligand [167]. Furthermore, MSC-derived exosomes have 
been used to treat AIH by targeting microRNA-223-3p in an 
experimental mouse model [112]. Menstrual blood-derived 
MSCs played a crucial role in ConA-induced AIH mice by 
lowering the level of pro-inflammatory cytokines, including 
TNF-α, IL-17A, IL-12p70, IL-6, IL-2, IL-1b, and interferon 
γ (IFN-γ), to inhibit macrophage activation and M1 polariza-
tion [168].

MSCs for Treating NAFLD/NASH

NAFLD is the most common chronic liver disease in devel-
oped countries, affecting around a quarter of the global 
population [169, 170]. NASH is a serious form of NAFLD. 
Pathogenically, NAFLD/NASH is associated with overeat-
ing and metabolic disorder [7, 171]. Lee et al. proved that 
human BM-MSCs improved obesity-associated NAFLD/
NASH [172]. Seki et al. found that human AD-MSCs ame-
liorated liver function by decreasing the ratio of CD8+/
CD4+ cells and by activating T helper cells in NASH model 
mice [33]. Moreover, HLCs differentiated from human BM-
MSCs had a therapeutic effect on a NASH mouse model 
[173]. Menstrual MSC-derived HGF could effectively pro-
mote hepatic glycogen storage and attenuate lipid accumula-
tion in NAFLD, which was mediated by downregulation of 
RNF186 in the liver [174]. Furthermore, murine BM-MSCs 
have been shown to reduce liver lipid peroxidation, steatosis, 
and hepatic lobular inflammation by suppressing lymphocyte 
activation in methionine–choline-deficient (MCD)-induced 
NASH mice [175].

MSCs for Treating ALD

Alcoholism causes marked global morbidity and mortality 
worldwide. Excessive and long-term alcohol abuse leads to 
complications, including NAFLD/NASH, HBV/HCV, liver 
fibrosis, liver cirrhosis, and HCC [176, 177]. The patho-
logical hallmark of ALD is alcohol use and the effect of 
its toxic metabolites on various liver cell types, formation 
of fat deposits in hepatocytes, and subsequent develop-
ment of a series of lesions [178]. In recent years, MSCs 
have been explored for treatment in ALD [179]. Jang et al. 
showed that autologous BM-MSCs improved liver function 
in patients with alcoholic cirrhosis, with no side effects dur-
ing treatment [180]. Lantheir et al. showed that autologous 
BM-MSCs promoted liver regeneration in ALD by targeting 
macrophages in the inflammatory response [181].

MSCs for Treating Liver Fibrosis

Liver fibrosis is characterized by accumulation of extracel-
lular matrix (ECM) and is the ultimate common pathway 

for chronic liver diseases [93]. Although a comprehensive 
understanding of the molecular mechanism underlying liver 
fibrosis has been sought for over 40 years, success in liver 
fibrosis treatment has been much harder to achieve than 
expected [182, 183]. At present, no specific drug is approved 
for the treatment of liver fibrosis. The ECM replaces the 
damaged liver area, forming a fibrotic lesion. The main 
source of the ECM is myofibroblasts, a major precursor cell 
population. These cells express myosin, collagen, alpha-
smooth muscle actin and transforming growth factor-beta 1 
(TGF-β1) [80]. Chang et al. demonstrated that human BM-
MSCs improved liver function in CCl4-induced liver fibrosis 
in rats [184]. Similarly, Miryounesi et al. found that mul-
tiple transplantations of human BM-MSCs improved liver 
function in mice with CCl4-induced liver fibrosis [185]. In 
addition, Ali and Masoud showed that mouse BM-MSCs 
reduced liver fibrosis and significantly increased ALB 
levels in CCl4-injured mice [186]. Pan et al. further con-
firmed FGF2 involvement in the repair of liver function 
[99]. Fiore et al. found that IGF-I-overexpressing mouse 
BM-MSCs improved liver fibrosis by inhibiting antiviral 
immune responses in thioacetamide-induced fibrotic mice 
[187]. In addition, Milosavljevic et al. found that mouse 
BM-MSCs attenuated liver fibrosis in CCl4-injured mice by 
reducing Th17 cell infiltration in an IDO-dependent man-
ner [188]. Both intravenous and intrasplenic injections of 
BM-MSCs achieved similar therapeutic effects by reduc-
ing the expression of IL-1β, IL-6, and interferon-γ in rats 
with CCl4-induced fibrosis [189]. Furthermore, Nasir et al. 
showed that a combination of IL-6 and mouse BM-MSCs 
enhanced a reduction in CCl4-induced liver fibrosis by 
improving the liver microenvironment in mice, in contrast 
to administration of mouse BM-MSCs administration [190]. 
Du et al. demonstrated that human BM-MSCs modified with 
MMP-1 could inhibit CCl4-induced fibrotic rats [191]. Wang 
et al. found that rat AD-MSCs have therapeutic effects by 
improving the microcirculation in CCl4-induced fibrotic liver 
rats [192]. Compared with AD-MSCs, MiR-122-modified 
AD-MSCs enhanced the therapeutic effect of CCl4-induced 
liver fibrosis in mice, and AD-MSCs reduced collagen 
deposition through miR-122 secretion by exosomes [193]. 
Jung et al. demonstrated that human UC-MSCs ameliorated 
CCl4-induced liver fibrosis in rat models [194]. It has been 
reported that HGF-overexpressing human UC-MSCs exerted 
a positive effect in CCl4-induced liver fibrosis by promoting 
liver regeneration [195]. Furthermore, Jung et al. provided 
evidence that human placenta-derived MSCs improved 
CCl4-injured rats via autophagy-upregulated hypoxia-
inducible factor-1α (HIF-1α) [196]. Recently, our group 
also showed that menstrual blood-derived MSCs improved 
liver fibrosis by secreting IL-6, IL-8, HGF, MCP-1, GRO, 
and OPG to inhibit the activation of HSCs in CCl4-induced 
fibrotic mice [102].
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MSC for Treating Liver Cirrhosis

Liver cirrhosis is widespread worldwide and has different 
etiologies [197]. Liver cirrhosis occurs after a prolonged 
period of inflammation that results in the replacement of 
healthy liver parenchyma by fibrotic tissue and regenerative 
nodules, and the disease progresses from an asymptomatic 
phase (compensated cirrhosis) to a symptomatic phase (ano-
genesis compensated cirrhosis), with complications often 
leading to hospitalization, impaired quality of life, and high 
mortality [198]. Su et al. found that overexpressing Smad7 
in MSCs obviously improved liver function scores, and 
reduced biomarkers of fibrosis and inflammatory markers 
in CCl4-induced experimental liver cirrhosis [199]. Liu et al. 
showed that hair follicle-derived MSCs with high ECM-1 
significantly improved liver function and the damage of liver 
cirrhosis by targeting HSCs both in vivo and in vitro [200]. 
Shi et al. reported that infusion of UC-MSCs could improve 
liver function in patients with decompensated liver cirrhosis 
(DLC) [201]. Their clinical study recruited 219 patients with 
HBV-related DLC and found that UC-MSC treatment not 
only had good tolerance and safety, but could also signifi-
cantly improve the long-term survival rate and liver function 
of patients with HBV-related DLC.

MSCs for Treating HCC

HCC is the major cause of global cancer deaths in the 
world, with a mortality rate steadily increasing annually 
[202]. Clinical studies have shown that HCC significantly 
increases the risk of liver-specific death in patients [203, 
204]. MSCs are able to home to tumor cells [120] and can 
exert an anti-cancer function [205]. Studies have shown that 
human BM-MSCs reduced the tumorigenicity in mice by 
co-culturing with human HCC cells. The WNT signaling 
pathway is a major mediator inhibiting the proliferation of 
HCC cells [206]. Chen et al. demonstrated that IL-12-pro-
ducing BM-MSCs can delay HCC metastasis in mice [207]. 
Li et al. indicated that human BM-MSCs significantly sup-
pressed the invasiveness and metastasis of HCC in mice by 
decreasing TGF-β1 expression [208]. Furthermore, over-
expression of pigment epithelial-derived factor in human 
BM-MSCs significantly enhanced their anti-tumor function 
in HCC in a mouse model, in which these cells preferentially 
migrated to HCC cells to inhibit tumor neoplasia [209]. It 
has been reported that mouse BM-MSCs transfected with 
a soluble VEGF receptor 1 could restrain tumor growth in 
HCC mice [210]. Tang et al. showed that human UC-MSCs 
inhibited the growth of HepG2 cells (an HCC cell line) and 
promoted HepG2 apoptosis [211]. In addition, Wu et al. 
found that overexpression of HNF-4α by human UC-MSCs 
significantly inhibited the growth and metastasis of HCC, 
by down-regulating the WNT/β-catenin signaling pathway 

[212]. Yulyana et al. found that human fetal MSC-derived 
conditioned medium inhibited HCC cell proliferation via 
production of paracrine factors [40]. The autocrine motility 
factor produced by HCC could induce migration of differ-
ent MSC types (including BM-MSCs, AD-MSCs, and UC-
MSCs) towards HCC cells [213]. Although many studies 
have suggested the positive role of MSCs in HCC, MSCs 
can also result in tumor growth and tumor metastasis [214]. 
Therefore, the role of MSCs in treatment of tumors (for 
example, HCC) remains controversial, and more compre-
hensive assessment is necessary.

Improved Strategies to MSCs in Treating 
Liver Diseases

Although MSCs have shown a promising role in the treat-
ment of liver diseases, some strategies can be manipulated 
to improve the function and microenvironment of MSCs. 
Improved strategies mainly include clustered, regularly 
interspaced, short palindromic repeats (CRISPR)/CAS9, 
preconditioning, cell-free approaches, single-cell RNA 
sequencing, and organoids.

CRISPR/CAS9

At present, gene editing has great potential in the fields 
of functional genomics, transgenic animals, gene therapy, 
and translational medicine. It has been widely used in 
basic research and clinical applications worldwide [215, 
216]. Gene editing is based on programmable and highly 
specific nucleases that produce site-specific cleavage, and 
then induce DNA repair in cells, thereby achieving cod-
ing changes for specific genes within cells [217]. CRISPR/
CAS9 is a recently discovered genome-editing technology 
that is widely applied in gene modification, gene therapy, 
and translational medicine [218–220]. Xue et al. used hydro-
dynamic injection technology to mutate CRISPR plasmid 
DNA directly and introduce single-stranded RNA expressing 
CAS9 into hepatocytes, providing new ideas for the treat-
ment of liver diseases [221]. With advances in stem cell 
therapy, CRISPR/CAS9-based gene editing is widely used 
in complex genetic manipulation to enhance the abilities 
of stem cells by reprogramming in various disease models 
[222]. The application potential of CRISPR/CAS9 in cur-
rent stem cell research, and the future development direction 
of CRISPR/CAS9 technology combined with stem cells in 
translational medicine and regenerative medicine has been 
garnering attention [220, 223, 224]. Recently, Babazadeh 
et al. constructed CXCL12/SDF-1 knock-out within BM-
MSCs using the CRISPR/CAS9 system, which can regulate 
polarization of macrophages to affect tumorigenesis [225]. 
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CRISPR/CAS9 technology is undoubtedly a promising and 
highly specific gene modification method for MSCs, which 
can promote the clinical application of MSCs for the treat-
ment of liver diseases in future.

Cell‑free Approaches

Cell-free approaches are widely used for liver disease treat-
ment, such as EV isolation or gene modifications. As men-
tioned above, EVs are likely to serve as carriers of intercel-
lular information, as well as specific drug-targeting carriers 
and sources of diagnostic and prognostic markers. However, 
studies to elucidate these effects may be confused by the 
existence of different EV subtypes with different biogenic 
mechanisms, organelle origins, and composition. Therefore, 
further description and isolation of the range of EV subpop-
ulations from specific sources are needed to determine the 
true function and diagnostic/therapeutic use of EVs [226]. 
Commonly used isolation strategies, with approximate yield 
and scalability, include differential centrifugation, density-
gradient centrifugation–gel-permeation chromatography, 
affinity capture, microfluidic devices, synthetic polymer 
precipitation, and membrane filtration. From this long list 
of approaches, it is evident that various methods are used 
to purify EVs, but no gold standard way currently exists 
that can allow research to be compared between laboratories 
[226]. In order to evaluate better exosome therapy, various 
common methods of isolating exosomes can be compared, 
thereby optimizing the basis of cell-free therapeutic strate-
gies, ensuring the quality and stability of exosomes for better 
treatment of liver diseases [106, 107]. Gene modifications 
have also been used to enhance the therapeutic effect of 
MSC-EVs. These genes include lysosome-associated mem-
brane protein (LAMP), GDNF, and the tetraspanin superfam-
ily CD63/CD9/CD81 [104, 227]. Further gene modification 
await exploitation.

Preconditioning

Increasingly, researchers have noticed that pre-treatment of 
MSCs could improve the potential for liver disease treat-
ment by increasing cell homing, improving their capacity 
to differentiate into hepatocytes, enhancing their paracrine 
effects, and by immunoregulation [228]. These stimulant 
for preconditioning of MSCs mainly includes hypoxia [229, 
230], chemicals (such as zeaxanthin dipalmitate, rapamycin, 
and melatonin) [231–233], cytokines (such as HGF, ECM-1, 
follistatin-like 1, NOTCH, and VEGF) [22, 153, 200, 234, 
235], inflammatory factors (such as IDO, IL-6, prostaglan-
din E2, TNF-α, IFN-γ, and TGF-β1) [190, 236, 237].

Single‑cell RNA Sequencing

Single-cell RNA sequencing can allow high-throughput, 
high-resolution transcription analysis, and quantitative 
detection of single cells in tissues [238]. Compared to 
traditional sequencing methods, this method provides a 
new dimension of transcriptome information, which can 
distinguish the total number of cells and the cell popula-
tion in liver tissues [239]. Single-cell RNA sequencing is 
a new method for biological research into tissue-specific 
groups of cells, transcription kinetics, and intergenic regu-
lation [240, 241]. Halpern et al. obtained a partition map 
of all liver-related genes with high spatial resolution [242]. 
Additionally, Zheng et al. analyzed the T cell populations 
of liver cancer patients through single-cell sequencing and 
found some notable T cell subtypes and clonal expansion 
of infiltrating lymphocytes, which provided insight into 
immune cell changes in liver cancer patients [243]. The 
Ramachandran group from the Inflammation Research 
Center of the University of Edinburgh analyzed more than 
100,000 human single-cell transcriptomes, and obtained 
liver nonparenchymal cells (NPCs) types and their molec-
ular identification in healthy and cirrhotic human liver 
[244]. This study analyzed single cell populations with 
unprecedented resolution, elucidated the fibrotic niche of 
liver cirrhosis, and provided directions for research into 
cellular interactions and molecular mechanisms related to 
liver NPCs. Recently, Wang’s team used liver tissue and 
blood samples from patients with HBV-related cirrhosis to 
perform single-cell sequencing, and revealed the periph-
eral immune characteristics associated with HBV infection 
in the liver [245]. With the rapid development of MSCs 
in recent years, MSCs can now be extracted from a vari-
ety of tissues and organs. Combined with state-of-the-art 
genome editing tools, organic compounds can be further 
designed to mimic disease-related genetic and epigenetic 
states. Therefore, single-cell RNA sequences can directly 
detect the transcriptome information of specific cell types 
in MSCs. We can use this information to target specific 
genes and proteins directly to treat different liver diseases.

Organoids

Currently, organoids show great potential in both basic 
research and clinical application [246, 247]. Tissue samples 
produce similar phenotypic characteristics under experi-
mental conditions as those of the tissue source, including 
organ-like diameter, cell composition, three-dimensional 
structure, and gene expression. The organoid culture sys-
tem can also be applied to various studies, including studies 


