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Abstract

End‐stage liver fibrosis frequently progresses to portal vein thrombosis, formation of

oesophageal varices, hepatic encephalopathy, ascites, hepatocellular carcinoma and

liver failure. Mesenchymal stem cells (MSCs), when transplanted in vivo, migrate into

fibrogenic livers and then differentiate into hepatocyte‐like cells or fuse with hepa-

tocytes to protect liver function. Moreover, they can produce various growth factors

and cytokines with anti‐inflammatory effects to reverse the fibrotic state of the

liver. In addition, only a small number of MSCs migrate to the injured tissue after

cell transplantation; consequently, multiple studies have investigated effective

strategies to improve the survival rate and activity of MSCs for the treatment of

liver fibrosis. In this review, we intend to arrange and analyse the current evidence

related to MSC transplantation in liver fibrosis, to summarize the detailed mecha-

nisms of MSC transplantation for the reversal of liver fibrosis and to discuss new

strategies for this treatment. Finally, and most importantly, we will identify the cur-

rent problems with MSC‐based therapies to repair liver fibrosis that must be

addressed in order to develop safer and more effective routes for MSC transplanta-

tion. In this way, it will soon be possible to significantly improve the therapeutic

effects of MSC transplantation for liver regeneration, as well as enhance the quality

of life and prolong the survival time of patients with liver fibrosis.
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1 | INTRODUCTION

The liver is a digestive organ that stores glycogen, scavenges toxins

and participates in protein synthesis for metabolic homeostasis.

Because it makes direct contact with external toxins, the liver is

easily injured under stress conditions. In response to repeated and

chronic liver injury induced by hepatitis B virus (HBV), hepatitis C

virus (HCV), sustained alcohol consumption and fat deposition,1–4

the liver can accumulate aberrant myofibroblasts and extracellular

matrix, thus generating liver fibrosis with poor prognosis. The patho-

geneses of primary biliary cirrhosis, primary sclerosing cholangitis

and autoimmune hepatitis are very different from other types of

chronic liver fibrosis, as portal fibroblasts are found around bile

ducts.5 Intriguingly, schistosomiasis induces liver fibrosis through

accumulation of parasitic ova and periovular granulomas in portal

veins.6 Hepatolenticular degeneration, known as Wilson’s disease,

accounts for a small proportion of metabolic liver diseases. It is

caused by a mutation in the Wilson disease protein (ATP7B) gene

and frequently leads to liver fibrosis.7 In addition, metabolic syn-

dromes including obesity, insulin resistance and diabetes have

recently been found to be closely related to end‐stage liver fibrosis.8

Although the mortality of liver cirrhosis varies substantially across

different regions of the world, it has been universally acknowledged

by multiple investigators that liver cirrhosis has gradually become an

increasing health burden worldwide, as liver cirrhosis and other

chronic liver diseases contributed to 2% of deaths worldwide in

2015, with a relative increase of 10.3% from 2005.9 They also high-

lighted that the increasing mortality mainly attributed to viral hepati-

tis, alcoholic liver disease and non‐alcoholic fatty liver disease in

developed countries.9 The long‐term inflammatory response and

fibrotic state induced by various factors leads to other complications,

including hepatocellular carcinoma (HCC) and liver failure.

Although multiple drugs are available for recovering liver function

in patients, there are almost no effective drugs for reversing the pre‐
existing accumulation of myofibroblasts and extracellular matrix. Cur-

rently, the most effective treatment for end‐stage liver fibrosis is

liver transplantation, but it is limited by scarce donor grafts, immuno-

logic rejection, complex surgery, high costs, etc. Although hepatocyte

transplantation, which emerged as a substitution, is able to restore

liver function and promote liver regeneration, this treatment is lim-

ited because hepatocytes easily lose their viability in vitro. Trans-

plantation of stem cells, including mesenchymal stem cells (MSCs),

haematopoietic stem cells and endothelial progenitor cells, has pro-

ven to be effective in eliminating chronic liver injury to repair fibrotic

livers by promoting hepatocyte transdifferentiation and hepatocyte

proliferation, inhibiting activated hepatic stellate cells (HSCs), up‐reg-
ulating the activity of matrix metalloproteinases (MMPs) and promot-

ing neovascularization in liver tissues.10 However, it is hard to

regress more significant liver fibrosis (cirrhosis), thus an intervention

that targets the fibrosis is needed. Considering that MSCs have

abundant resources, strong proliferative ability, multilineage potential

and no ethical considerations for widespread application to repair

various organ injuries, they are currently transplanted in vivo to

reduce hepatocyte apoptosis and promote hepatocyte regenera-

tion.11 Before application, the isolated and purified MSCs must met

three criteria according to the International Society for Cellular Ther-

apy: adherence to plastic under standard culture conditions; expres-

sion of CD105, CD73 and CD90, and lack of expression of

haematopoietic and endothelial markers including CD11b, CD14,

CD31, CD34, CD45 and HLA‐DR; differentiation into adipocytes,

osteocytes and chondrocytes under specific in vitro culture condi-

tions.12 However, only a small number of MSCs migrate to injured

tissues after cell transplantation, so multiple studies have tried to

investigate effective strategies for improving the survival rate and

activity of MSCs to treat liver fibrosis. Repairment of the injured tis-

sues of liver fibrosis is influenced by multiple factors including the

delivery route, the resources of transplanted cells, the number of

infused cells, culture conditions, gene modification of MSCs and

other potential factors. Hence, we herein arrange and analyse the

current evidence related to MSC transplantation in liver fibrosis and

summarize the detailed mechanisms and new strategies of MSC

transplantation for promoting the regression of liver fibrosis. We

anticipate the development of safer strategies to improve MSC

activities in vivo to repair liver function and promote the regression

of liver fibrosis in regenerative medicine.

2 | POTENTIAL MECHANISMS

Chronic liver injury induces liver fibrosis via up‐regulating the accu-

mulation of extracellular matrix in vivo, and then normal hepatic

architecture is replaced by a nodular structure of fibrous septa. In

general, myofibroblasts are the major source of extracellular matrix,

HSCs are considered to be the principal precursor population for

myofibroblasts. Because liver tissue consists of multiple cell types,

in vitro studies do not completely mimic the complex situation of

the liver, but animal models can be used as a gold standard for

in vivo study. A majority of studies investigated the potential mecha-

nisms of MSC and MSC derivative‐based therapies in liver fibrosis

for enhancing the therapeutic effects (Figure 1).

Mesenchymal stem cells migrate into fibrogenic liver tissues after

transplantation in vivo and then differentiate into hepatocyte‐like
cells or fuse with hepatocytes to protect liver function.13 Interest-

ingly, Park et al previously showed that human palatine tonsil‐
derived MSCs responded only to disease tissue, as they were

detected in damaged livers but not in healthy livers, and it was also

shown that these implanted MSCs differentiated into hepatocyte‐like
cells to eliminate liver fibrosis via activation of autophagy and down‐
regulation of the TGF‐β signalling pathway.14 In contrast, menstrual

blood‐derived stem cells were demonstrated to eliminate collagen

deposition and inhibit proliferative HSCs via paracrine mediators, but

few of the transplanted cells differentiated into functional hepato-

cyte‐like cells despite migrating to the sites of injury.15 Transplanted

MSCs up‐regulate the expression levels of key enzymes associated

with glucose metabolism in carbon tetrachloride (CCl4)‐induced liver

cirrhotic rats, thus maintaining normal metabolic status in liver fibro-

tic rats.16 Transplantation of MSCs consequently improved liver
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function and reduced liver histopathology and hepatobiliary fibrosis

by inhibition of HSCs, down‐regulation of collagen deposition and

enhancement of extracellular matrix remodelling via the up‐regula-
tion of MMP‐13 and down‐regulation of tissue inhibitor of metallo-

proteinase (TIMP)‐1.17 Coculture of MSCs and HSCs inhibited the

proliferation of HSCs and promoted cell apoptosis of HSCs via

down‐regulating the E3 ligase S‐phase kinase‐associated protein 2

(SKP2) level, attenuating the ubiquitination of p27 and increasing the

stability of p27.18 Moreover, MSCs are demonstrated to produce

various growth factors and cytokines with anti‐inflammatory effects

in vitro and in vivo to reverse the liver fibrotic state, as transplanta-

tion of MSCs increases the serum levels of vascular endothelial

growth factor (VEGF), hepatocyte growth factor (HGF), IL‐10 and

MMP‐9 in injured livers.19 MSCs in vivo attenuated hepatic fibrosis

as shown by decreased serum levels of collagen I, type III procolla-

gen, collagen IV, hyaluronic acid and laminin, and down‐regulated
liver collagen proportionate area, hepatic hydroxyproline and liver α‐
smooth muscle actin (α‐SMA); this progress is accompanied by

reduced expression of serum TGF‐β1 and reduced hepatic levels of

TGF‐β1, Smad3 and Smad4 but increased Smad7 expression.20,21

MSCs significantly ameliorated liver fibrosis in mice via stimulation

of interferon (IFN)‐γ and inhibition of lymphocyte proliferation,22 and

MSCs has been proved to enhance the release of serum interleukin

(IL)‐4 and IL‐10 and improve the motility of Kupffer cells for elimina-

tion of liver fibrosis in rats.23 MSCs significantly decreased the

serum level of inflammatory IL‐17 and the number of IL‐17 produc-

ing Th17 cells, while increased serum levels of immunosuppressive

IL‐10, indoleamine 2,3‐dioxygenase (IDO), kynurenine and number of

CD4+ IL‐10+ T cells for attenuating liver fibrosis.24 MSCs trans-

planted in vivo were also shown to significantly suppress the activity

of microRNA‐199 and increase the level of liver keratinocyte growth

factor,25 which then increases the level of liver microRNA‐125b to

suppress the activation of the Hedgehog signalling pathway in the

injured liver, thus ameliorating experimental cirrhosis.26 Adipose‐
derived MSCs are able to reverse pathological changes in non‐alco-
holic steatohepatitis‐induced cirrhosis by reducing the number of

inflammatory cells, including intrahepatic infiltrating cells, and reduc-

ing the ratio of CD8+/CD4+ cells.27

MSCs directly or indirectly eliminate the deposition of extracellu-

lar matrix by hepatogenic differentiation, fusion with hepatocytes,

paracrine effects and immunological regulation, contribute to degra-

dation of scar tissue and promotion of myofibroblast apoptosis. All

of these potential mechanisms cooperate to regulate the therapeutic

effects of MSC transplantation in liver cirrhosis models.

3 | ROUTES OF TRANSPLANTATION

As MSC transplantation can be applied via different routes and

acquire different efficiency, the optimal way to transplant MSCs may

significantly improve the prognosis of liver fibrosis. However, the

optimal route for MSC transplantation in the regression of liver

fibrosis remains controversial. Truong et al showed that transplanta-

tion of MSCs by not only the tail vein but also the portal veins

effectively improved liver function and protected the liver from

F IGURE 1 The potential mechanisms of
MSC and MSC derivative‐based therapies
in liver fibrosis for enhancing the
therapeutic effects
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continued development of fibrogenesis.28 Intravenous and intrasple-

nic MSC transplantation demonstrated a comparable restoration of

liver function, but the intravenous route significantly decreased the

levels of IL‐1β, IL‐6 and INF‐γ in liver tissues than the intrasplenic

route.29 Wang et al demonstrated that intraportal transplantation

was a better route than tail vein transplantation for improving the

therapeutic effects of MSCs on liver fibrosis.30 MSC transplantation

via portal vein significantly decreased hepatic arterial perfusion

index, but increased portal vein perfusion and total liver perfusion as

shown by computed tomography perfusion scan; moreover, liver

functional test and histological findings in portal vein group were sig-

nificantly improved but there seemed to be no significance in rats

receiving MSCs from tail vein.30 Zhong et al detected no signal

change in the vena caudalis group by magnetic resonance imaging,

but they showed that MSC migration was gradually increased after

immediate transplantation and decreased gradually after 3‐hour
transplantation through portal vein route. Then, MSC signals disap-

peared in tissues around portal area while appeared in fibrous tuber-

culum at the edge of the liver at day 14 after transplantation. They

concluded that portal vein route seemed to be more beneficial than

the vena caudalis route on MSC migration to fibrotic liver.31 Com-

paring intravenous, intrahepatic and intraperitoneal injection routes,

Zhao et al demonstrated that intravenous injection was the most

effective route for improving serum IL‐10 levels and decreasing IL‐
1β, IL‐6, tumour necrosis factor (TNF)‐α and TNF‐β in liver tissue to

reverse liver fibrosis and restore liver function.32 In addition to the

transplantation route, the transplantation frequency can be changed

for improving the transplantation efficiency. Repeated infusions of

MSCs three times significantly improved survival, liver fibrosis and

necrosis than infusions of the same number of MSCs in a single

dose. The repairment was accompanied by up‐regulation of the

fibrogenic‐related genes and improved homing of MSCs after long‐
term observation for 3 weeks.33 According to current studies, the

majority of investigators accept that portal vein route seems to be

the best choice for MSC transplantation. However, the optimal route

for transplantation in animal models still needs to be further investi-

gated to achieve better effects in clinical trials.

4 | SOURCES OF MSCS

Considering that MSCs from different sources may have unique fea-

tures, specialists have compared the therapeutic effects of different

MSCs at the molecular level and pathological process. Sayyed et al

demonstrated that umbilical cord blood‐derived CD34+ MSCs were

more efficient than bone marrow‐derived MSCs in elevating albumin

level and reducing alanine aminotransferase (ALT) level, and they

concurrently showed that umbilical cord blood‐derived CD34+ MSCs

reduced the levels of COL1A1, TGF‐β1 and α‐SMA to a lower degree

and increased the level of MMP‐9 to a greater degree than bone

marrow‐derived MSCs.34 Rengasamy et al suggested that bone mar-

row‐derived MSCs were more effective in reducing liver fibrosis than

Wharton’s jelly‐derived MSCs in CCl4‐induced liver fibrotic rats, as

shown by lower levels of α‐SMA, higher levels of MMP‐1 and

greater activation of hepatic progenitor cells in rats treated with

bone marrow‐derived MSCs.35 Hao et al found that adipose‐derived
MSCs achieved greater reductions of the proliferation and activation

of HSCs and secreted higher levels of nerve growth factor and

TGF‐β1 in the cell culture medium than bone marrow‐derived MSCs.

They also found that although adipose‐derived MSCs improved anti‐
inflammatory and anti‐fibrotic effects than bone marrow‐derived
MSCs, the differences in inflammatory activity and fibrosis staging

scores were not significant. Thus, they concluded that bone marrow‐
derived MSCs and adipose‐derived MSCs are similarly effective at

attenuating liver fibrosis.36 In contrast, Baligar et al demonstrated

that bone marrow‐derived CD45+ MSCs had better anti‐fibrotic abil-

ity than adipose‐derived MSCs because they expressed higher levels

of MMP‐9 and MMP‐13 and inhibited HSC proliferation more effec-

tively.37 Most comparisons were conducted between bone marrow‐
derived MSCs and other MSCs, while the optimal choice is still

undetermined for treating liver fibrosis. To this end, we want to

highlight that bone marrow‐derived MSCs are applied as the main

source of MSC transplantation, hence, we call for more studies to

compare the advantages and disadvantages among MSCs from vari-

ous resources.

5 | MSC ‐DERIVED SOURCES

Transplantation of hepatogenic MSCs, which are induced towards

hepatocyte‐like cells in the presence of several hepatogenic fac-

tors,38 also exerts antifibrotic effects on liver cirrhosis. Transplanta-

tion of hepatogenic MSCs up‐regulated the levels of HGF, Bcl‐2,
hepatocyte nuclear factor‐4α, FOXa2 and CYP7a1 in liver tissue,

while decreasing the levels of serum fibronectin and hepatic TNF‐α,
TGF‐β1, β‐5‐Tub and α‐fetoprotein (AFP) levels in animal models of

liver fibrosis.39 Awan et al transdifferentiated MSCs into hepatic

oval‐like cells in vitro and transplanted these cells into fibrotic livers,

showing that these cells had higher homing rates and stronger

effects on recovery from liver fibrosis than undifferentiated MSCs.40

However, there is still controversy surrounding the beneficial effects

of these two kinds of cell transplantation. MSCs are more effective

in maintaining liver function compared with hepatogenic MSCs,

although both of them can effectively reverse liver fibrosis in a rat

model.41

The use of secretome derived from MSCs or conditioned media

to reduce liver fibrosis has gradually become a hot topic in current

regenerative medicine. The secretome is a special set of factors (sol-

uble proteins, free nucleic acids, lipids and extracellular vesicles)

secreted into the extracellular space and changes in response to fluc-

tuations in various conditions.42 Cell‐free secretome isolated from

MSCs exerted antifibrotic effects by inhibiting activation of TGF‐β/
Smad signalling and HSCs.43 Exosomes, which are small (30‐100 nm

in diameter) membrane vesicles released by MSCs from various

resources, are proved to have the same functions in vivo with their

derived cells.44 They are also able to reduce surface fibrous capsules,

soften textures and alleviate inflammation and collagen deposition in

fibrotic livers by inhibiting epithelial‐to‐mesenchymal transition.45
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Conditioned medium from MSCs induces apoptosis of HSCs, pro-

tects hepatocytes from apoptosis and down‐regulates the number of

infiltrating macrophages, thus exerting antifibrotic effects and healing

fibrotic scarring in liver tissue.46,47 Conditioned medium derived

from MSCs was demonstrated to contain high levels of anti‐apop-
totic factors such as IL‐6 and insulin growth factor binding protein 2

and anti‐inflammatory factors such as interleukin‐1 receptor antago-

nist (IL‐1Ra).48 Conditioned medium of MSCs attenuated liver fibro-

sis by reducing IL‐17 and number of Th17 cells, but the protective

effects of MSCs and conditioned medium of MSCs can be com-

pletely abrogated by IDO inhibitor.24 Moreover, Zhang et al used

three‐dimensional (3D) culture condition to proliferate MSCs in vitro,

and they found that conditioned medium of 3D‐cultured MSCs pro-

tected hepatocytes from CCl4‐induced injury and apoptosis more

effectively than conditioned medium from general cultured MSCs.49

Furthermore, Liang et al fabricated a nanoparticle that carries the

regenerative factors derived from MSCs and further coated it with

the membranes of red blood cells to increase blood stability. Then

they demonstrated that transplantation of these analogues signifi-

cantly preserved the normal hepatic lobule structures and enhanced

liver regeneration in the mouse with CCl4‐induced liver injury when

compared to transplantation with conditioned medium or nanoparti-

cles.50 The therapeutic potency of MSC‐based cell‐free therapy pre-

sents exciting new avenues for intervention in liver fibrosis largely

via the constant transfer of miRNAs and proteins to regulate differ-

ent pathways.

6 | MODIFICATION OF THE MSC
MICROENVIRONMENT

Transplanted MSCs encounter a toxic and inflammatory microenvi-

ronment that causes many active MSCs to undergo cell death, there-

after, only a small number of MSCs migrate into injury sites after

cell transplantation. The microenvironment around MSCs always

influence MSC activities and promote the proliferation or differentia-

tion of MSCs, thus various treatment in vitro and in vivo emerged as

good strategies to improve MSC transplantation efficacy (Table 1).

7 | PRETREATMENT OR COTREATMENT
OF MSCS

Although hypoxia has been proved to activate STAT3/hypoxia‐in-
ducible factor‐1α (HIF‐1α)/VEGF and stromal cell‐derived factor‐1
(SDF‐1α)/chemokine growth factor receptor (CXCR)‐4 signalling path-

ways and suggested to augment the recruitment of MSCs,51 the

hypoxia preconditioned MSCs has never been transplanted into ani-

mal models with liver fibrosis. It may raise a hot topic to investigate

the transplantation efficacy of hypoxic MSCs in vivo in times to

come. 3D culture improved the release of antifibrotic factors includ-

ing insulin growth factor 1 (IGF‐1), IL‐6 and HGF of MSCs, and 3D‐
cultured MSCs significantly decreased the levels of collagen I and

collagen III and improved liver function thus ameliorating hepatic

fibrosis more effectively than general cultured MSCs.49 Pretreatment

with serum from rats with acute CCl4 injury‐induced MSCs was done

to express more hepatic markers including AFP, albumin, cytokeratin

8 and cytokeratin 19, and the pretreated MSCs markedly repaired

the fibrosis and liver functions after 1 month of transplantation.52

Furthermore, pretreatment with basic fibroblast growth factor

(BFGF) significantly improved the proliferation and differentiation of

MSCs in vitro and markedly enhanced the therapeutic effects on

liver fibrosis in vivo by enhancing the secretion of HGF in MSCs.53

Pretreatment with diode laser and HGF on MSCs improved the body

and liver weights, reduced vascular congestion, mononuclear cellular

infiltration, reduced hepatocyte apoptosis and minimized periportal

fibrosis in CCl4‐induced liver fibrosis.54

Some special medicines which may serve as antioxidative agents

and exert anti‐inflammatory function in vitro and in vivo, can signifi-

cantly improve the therapeutic effects of MSCs in eliminating liver

fibrosis. Melatonin, which serves as a regulator of circadian rhythms,

highly improves the homing ability of MSCs and serves as a promis-

ing agent for improving the recovery of liver function in liver fibrosis

models.55 The combination treatment of simvastatin plus MSCs

decreased hepatic collagen distribution, lowered the hydroxyproline

content and rescued liver function impairment by suppressing

TGF‐β/Smad signalling and α‐SMA in HSCs.56 Pretreatment with icar-

iin increases the antioxidant activities of injected MSCs and halts

progression into hepatic fibrosis by accelerating the recovery of liver

function.57 Baicalin, isolated from the root of Scutellaria baicalensis

Georgi, was able to promote hepatogenic differentiation of MSCs

into hepatocytes in vitro, and transplantation of baicalin‐treated
MSCs and baicalin demonstrated good effects on reducing the fibro-

tic area and recovery of liver function and suppression of liver

inflammation than MSC transplantation alone.58 Considering attain-

ing consistent robust engraftment in the normal liver is an obstacle

for MSC transplantation, magnetic targeting combined with high rate

of proliferation in situ was demonstrated to significantly increase the

initial dwell time of endoderm progenitor cells and increase the

engraftment of them in the undamaged liver.59 Although magnetic

targeting is a new method with little adverse effect on cell viability,

whether this innovative method will enhance the engraftment of

MSCs in animals with liver fibrosis should be further verified.

Preconditioning by different factors and medicine can influence

the biological activity of MSCs ex vivo and in vivo, thereby improv-

ing their reparative efficacy for applications in current regenerative

medicine.

8 | PRECONDITIONING OF RECIPIENTS

In recent years, multiple strategies focusing on the preconditioning

of recipients have been developed to improve the efficiency of

MSCs in repairing liver injury and reversing liver fibrosis. Splenec-

tomy prior to MSC transplantation can improve liver function and

suppress fibrotic progression more efficiently than MSC transplanta-

tion alone by improving the migration rate of MSCs and up‐regulat-
ing plasma SDF‐1α and serum HGF in liver cirrhosis patients.60 Liver

fibrotic rats received a hepatic irradiation preconditioning before
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MSC transplantation, and this strategy significantly enhanced the

homing and repopulation of MSCs and improved liver function than

the control group, for eliminating liver fibrosis.61 Pretreatment with

sodium nitroprusside on CCl4‐injured mice improved the MSC hom-

ing rate, thus decreasing the expression of fibrotic markers including

α‐SMA, collagen 1α1, TIMP, nuclear factor κB (NFκB) and inducible

nitric oxide synthase (iNOS) and liver fibrosis.62 Pretreatment of

fibrotic liver with IL‐6 significantly improves the survival rate of

MSCs, thus providing more effective antifibrotic effects by improving

glycogen storage,63 moreover, the pretreatment also demonstrated a

significant reduction in lactate dehydrogenase release and apoptosis

in hepatocytes via up‐regulation of Bcl‐xl and down‐regulation of

Bax, caspase‐3, NFκB and TNF‐α.63 In Schistosoma mansoni‐induced
liver fibrosis, oral praziquantel treatment further enhanced the bene-

ficial effects of MSC transplantation on regression of liver fibrosis as

demonstrated by down‐regulation of α ‐SMA, COL1A1 and IL‐13 in

liver tissue and other parameters such as morphometric, histopatho-

logical and gelatin zymographic results.64

Another combined therapy significantly increased the homing

rate of MSCs into the liver and decreased the homing rate of MSCs

into the lung and spleen for elimination of liver fibrosis. Hajinejad

et al pretreated MSCs in vitro with SDF‐1α to up‐regulate the secre-

tion of CXCR‐4 and MMP‐9 and pretreated recipients with resvera-

trol to increase the levels of AKTs and CXCL12 in injured liver. In

addition, the combined therapy also increased the expression of sir-

tuin (SIRT)‐1, but decreased the expression of p53 in the liver.65

Finally, some pretreatments or cotreatments may be tested in recipi-

ents to improve the therapeutic effects of MSC transplantation for

the repair of liver injury in liver fibrosis.

9 | GENE MODIFICATION

Gene modulation is generally applied to reprogram somatic cells into

a stemness state, and it can effectively enhance the effects of MSC

transplantation in liver fibrotic models as well (Table 2).

Considering the important role of TIMP‐1 in liver fibrosis pro-

gression, lentiviral vector‐mediated silencing of TIMP‐1 in MSCs sig-

nificantly reduced fibrotic area and collagen deposition in a rat

model of liver fibrosis.66 In addition, MSCs transfected with MMP‐1
enhanced the reduction of liver fibrosis than MSC group by down‐
regulating collagen content and inhibiting activation of HSCs.67

Overexpression of IGF‐I in MSCs significantly increased the levels of

IGF‐I and HGF in the livers of treated mice than MSC group, and

multiple doses of modified MSCs dramatically suppressed inflamma-

tory responses and reduced collagen deposition in fibrotic livers.68

Overexpression of HGF in MSCs also enhances the migratory ability

of MSCs, and these modified MSCs have stronger responses to SDF‐
1α than control MSCs.69 After transplantation, these modified MSCs

further decreased the levels of hepatic TIMP‐1 level and the hepatic

release of fibrogenic cytokines such as platelet‐derived growth factor

(PDGF)‐bb and TGF‐β1 while increasing the hepatic levels of MMP‐
9, MMP‐13, MMP‐14 and urokinase‐type plasminogen activator.70

FGF21‐secreting MSCs can produce more α‐lactalbumin andT
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lactotransferrin and inhibited TGF‐β1‐induced expression of α‐SMA

and collagen in LX‐2 cells. They significantly eliminated liver fibrosis

by down‐regulating hyaluronic acid and reducing the release of fibro-

tic factors such as α‐SMA, collagen and TIMP‐1 by inhibition of p‐
JNK, NF‐κB and p‐Smad2/3 signalling.71 TGFβ‐1‐siRNA significantly

improved the repair potential of MSCs against hepatic injury through

TGF‐β1/Smad pathway, accompanied by down‐regulation of amino-

transferases and reduced fibrosis area.72

Decorin plays a protective role against fibrogenesis by modu-

lating the degradation of the extracellular matrix. MSCs infected

with decorin‐expressing adenovirus more effectively impeded the

development of thioacetamide (TAA)‐induced liver fibrosis in rat

models than unmodified MSCs by inhibition of the TGF‐β/Smad

signalling pathway.73 MSC administration significantly attenuates,

and MSCs transfected with adenovirus‐mediated human urokinase

plasminogen activator further reduced the extent of liver tissue

fibrosis via down‐regulation of the Wnt signalling pathway.74

Knockout of androgen receptor in MSCs results in enhancement

of self‐renewal and migration abilities of MSCs and consequently

suppressed the infiltrating macrophages and HSC activation.75

MicroRNAs or non‐coding RNAs target mRNA for degradation or

inhibition and may determine the migration and therapeutic

effects of MSCs. Although lentivirus‐mediated overexpression of

miroRNA‐122 does not alter the phenotype or differentiation

potential of adipose‐derived MSCs in vitro, overexpression of

microRNA‐122 effectively suppresses the activation of HSCs and

eliminates collagen deposition in liver tissue, thus improving the

therapeutic effects of MSCs.76

Gene modification influences MSC activities including differentia-

tion, paracrine pathway, proliferation, survival and migration, thereby

consequently influences MSC transplantation efficacy. Although

genetically modified MSCs significantly reduce fibrogenesis and

TABLE 2 Gene modulation effectively enhances the effects of MSC transplantation in liver fibrotic models

Pathogen Animal
MSC
source

MSC
dose

Gene
modification Route Effect Potential mechanism Ref

CCl4 Rats Bone

marrow

3 × 106 ↓TIMP‐1 Intravenous Fibrotic area↓ TIMP‐1↓ 66

CCl4 Rats Bone

marrow

3 × 106 ↑MMP1 Tail vein Biochemical

parameters↑;

progression of

liver fibrosis↓

MMP1↑ 67

TAA Mice Bone

marrow

5 × 105 ↑IGF‐I Tail Inflammatory

responses↓;

collagen

deposition↓

IGF‐I↑; HGF↑ 68

CCl4 Rats Bone

marrow

1 × 106 ↑HGF Tail vein Fibrosis area↑ Migratory ability

of MSCs↑; responses

to SDF‐1α↑

69

Dimethylnitrosamine Rats Bone

marrow

1 × 107 ↑HGF Spleen Therapeutic

effects

of MSCs↑

TIMP‐1↓;
PDGF‐bb↓;TGF‐β1↓;
MMP‐9↑; MMP‐13↑;
MMP‐14↑; urokinase‐type
plasminogen activator↑

70

TAA Mice Adipose 1.5 × 106 ↑FGF21 Tail vein Hyaluronic

acid↓; fibrotic

factors↓

p‐JNK↓; NF‐κB↓;
p‐Smad2/3↓

71

CCl4 Mice Umbilical

cord

N/A ↓TGFβ‐1 Tail vein Aminotransferases↓;

fibrosis area↓

TGFβ‐1/Smad pathway↓ 72

TAA Rats Bone

marrow

1 × 106 ↑Decorin Intrahepatic Liver fibrosis↓ Proliferation of

HSCs↓; TGF‐β/Smad

signalling↓

73

CCl4 Rats Bone

marrow

2 × 106 ↑Urokinase

plasminogen

activator

Tail vein Liver tissue fibrosis↓ Wnt signalling↓ 74

CCl4 Mice Bone

marrow

N/A ↓Androgen

receptor

N/A Self‐renewal and

migration abilities

of MSCs↑

Activation of

infiltrating

macrophages

and HSCs↓

75

CCl4 Mice Adipose 1 × 105 ↑MiroRNA‐122 Tail vein Collagen deposition↓;

therapeutic effects

of MSCs↑

Activation of HSCs↓ 76
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repair liver dysfunction, the low efficacy of genetic modification and

its potential for tumourigenicity may limit its application.

10 | CLINICAL TRIALS

Investigators focus on developing new method to improve MSC effi-

ciency in vivo in animal models with liver cirrhosis, but the real

effects should be estimated by clinical trials (Table 3). The Model for

End‐stage Liver Disease (MELD) score is widely used in experimental

studies and clinical applications to evaluate the degree of severity of

the chronic liver disease; indicators including serum creatinine, total

bilirubin and international normalized ratio are commonly used to

estimate the prognosis of patients with chronic liver diseases.77

Although a randomized controlled trial with several patients

demonstrated that autologous MSC transplantation through periph-

eral veins exerted no beneficial effects on the liver function of cir-

rhotic patients,78 there are still various studies which proved that

MSC transplantation benefits liver cirrhosis patients. In one such

study involving 56 patients with HBV‐related liver fibrosis, MSC

transplantation after basal entecavir treatment was more effective

than control treatment, thus significantly increasing the number of

Treg cells and the level of a Treg‐related transcription factor (Foxp3),

while decreasing the number of Th17 cells and the level of Th17‐re-
lated transcription factor (RORγt). Furthermore, MSC implantation

significantly improved serum TGF‐β levels but decreased the serum

levels of IL‐17, TNF‐α and IL‐6 after transplantation in vivo in HBV‐
related liver cirrhosis patients.1 Zhang et al enrolled patients with

HBV‐induced decompensated liver cirrhosis, treated them with MSC

transplantation and followed up to assess the long‐term efficacy.

After one year, MSC transfusion proved to be clinically safe and

effectively reduced ascites in these patients.79 Conversely, Fang et al

enrolled 103 HBV‐induced decompensated liver cirrhosis recently

and showed that MSC transplantation significantly decreased the

serum levels of IL‐6, TNF‐α, T8 cells and B cells, but increased the

serum levels of IL‐10, T4 cells and Treg cells at 2 and 4 weeks after

transplantation. Although MSC transplantation improved the Child‐
Pugh scores from 4 to 36 weeks after treatment and decreased the

mortality rate during the follow‐up period, they demonstrated no

remarkable differences in the incidence of developing liver failure in

MSC group and control group.80 On the other hand, it has been

shown that administration of MSCs reduces jaundice symptoms and

decreases serum levels of aminotransferases and bilirubin in patients

with HCV‐induced liver fibrosis.2 In addition, 25 patients with Child

C grade HCV‐induced liver cirrhosis underwent MSC transplantation

and hepatogenic MSC transplantation (approximately 40% hepato-

cyte‐like cells and 60% MSCs), both treatments up‐regulated the

levels of prothrombin and albumin while down‐regulating the levels

of bilirubin and MELD scores comparably.81

In addition to the most common types of liver cirrhosis, MSC trans-

plantation has also been clinically applied to alcoholic cirrhosis, autoim-

mune liver cirrhosis and hepatolenticular degeneration. MSC

transplantation dramatically improved the histological analysis of patients

with alcoholic cirrhosis and their Child‐Pugh scores, with a concurrentT
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decrease in the levels of TGF‐β1, COL1A1 and α‐SMA.82 In addition, 72

patients with alcoholic cirrhosis were enrolled for MSC transplantation,

and although one‐time and two‐time transplantation reduced collagen

deposition by 25% and 37%, respectively, there was no significant differ-

ence in fibrosis quantification between the two groups.83 MSC transplan-

tation has been demonstrated to neither influence the expression levels of

total bilirubin, aminotransferases, albumin or immunoglobulin M nor affect

international normalized ratio, prothrombin time activity or Mayo risk

scores in PBC patients. It significantly alleviated the levels of serum alka-

line phosphatase and γ‐glutamyltransferase and relieved symptoms includ-

ing fatigue and pruritus in the same population.84 Wang et al argued that

MSC transplantation down‐regulated the levels of ALT, aspartate amino-

transferase (AST), γ‐glutamyltransferase, immunoglobulin M and CD8+ T

cells and up‐regulated the levels of CD4+CD25+Foxp3+ T cells and IL‐10
in PBC patients; moreover, the quality of life of these patients were

improved significantly, as demonstrated by PBC‐40 questionnaires.85 Liang

et al enrolled 26 patients with autoimmune disease‐induced liver cirrhosis

and observed beneficial effects on liver function after infusions of MSCs

via peripheral veins with no serious adverse effects.86 Zhang enrolled 60

patients with hepatolenticular degeneration‐induced liver fibrosis and

demonstrated that MSC transplantation significantly improved liver func-

tion and enhanced the therapeutic effect of penicillamine.87

In consideration to liver cirrhosis induced by various factors, MSC

transplantation significantly increased the levels of serum albumin and

prealbumin and improved MELD scores but exerted no significant

influence on the levels of coagulation indicators or AFP in patients

with decompensated cirrhosis (alcoholic liver disease, 37 with HBV

infection and 2 with HCV infection).88 Sang et al displayed a meta‐
analysis include a total of 14 trials and showed that the combination

of MSCs and traditional supportive therapy not only improved the

liver function of patients with liver cirrhosis induced by various fac-

tors but also improved their quality of life and clinical symptoms

including fatigue, appetite, ascites and abdominal distension without

severe adverse events.89 Although multiple studies have demon-

strated efficacy in repairing liver function and improving the prognosis

of liver fibrosis, it is worth noting that further studies must enrol

more patients with liver fibrosis induced by different factors to better

elucidate the safety and effects of MSC transplantation.

11 | CONCLUSIONS

Long‐term exposure to viral hepatitis, toxic chemicals, alcohol, lipid deposi-

tion, parasites or autoimmune elements in human and animals lead to

liver fibrosis with a poor prognosis. The imbalance between MMPs and

F IGURE 2 Drugs, liver transplantation, hepatocyte transplantation and stem cell transplantation can be applied to liver fibrosis induced by
multiple toxic factors

HU ET AL. | 1667



TIMPs is a key contributor to the pathogenesis of liver fibrosis, and HSC

activation also plays a vital role in its progression. Drugs, liver transplanta-

tion, hepatocyte transplantation and stem cell transplantation can be

applied to liver fibrosis induced by multiple toxic factors, while they have

advantages and disadvantages, respectively (Figure 2). MSCs from differ-

ent sources have multiple advantages including self‐renewal, anti‐inflam-

matory abilities, multipotency and antitumour abilities, thus further

comparison for MSCs from various sources may help to find the optimal

source for regression of liver fibrosis. MSC transplantation via the portal

vein route currently seems to be the best choice for repairing liver func-

tion in liver disease. More and more studies focus on investigating the

anti‐inflammatory effects and immunomodulatory effects of MSC‐derived
sources including MSC‐based cell‐free therapy and hepatogenic MSC

transplantation for eliminating the fibrotic content of liver tissue. Most of

the all, after blind, randomized clinical studies are further established for

larger populations with longer‐term follow‐up exams, we may draw the

conclusion of the MSC transplantation effects on patients with liver fibro-

sis. Only by addressing these concerns will we anticipate to improve the

therapeutic effects of MSC transplantation for liver regeneration to

enhance the quality of life and prolong the survival time of patients with

liver fibrosis.

ACKNOWLEDGEMENTS

This work was supported by the National Natural Science Founda-

tion of China (no. 81700553), the China Postdoctoral Science Foun-

dation (no. 2017M183789), the Science Fund for Creative Research

Groups of the National Natural Science Foundation of China (no.

81121002) and the Independent Fund of State Key Laboratory for

Diagnosis and Treatment of Infectious Diseases, Zhejiang University.

CONFLICT OF INTEREST

The authors declare no competing financial interests.

ORCID

Lanjuan Li https://orcid.org/0000-0001-7106-128X

REFERENCES

1. Xu L, Gong Y, Wang B, et al. Randomized trial of autologous bone

marrow mesenchymal stem cells transplantation for hepatitis B virus

cirrhosis: regulation of Treg/Th17 cells. J Gastroenterol Hepatol.

2014;29:1620‐1628.
2. Lukashyk SP, Tsyrkunov VM, Isaykina YI, et al. Mesenchymal bone

marrow‐derived stem cells transplantation in patients with HCV

related liver cirrhosis. J Clin Transl Hepatol. 2014;2:217‐221.
3. Chen N, Geng Q, Zheng J, et al. Suppression of the TGF‐beta/Smad

signaling pathway and inhibition of hepatic stellate cell proliferation

play a role in the hepatoprotective effects of curcumin against alco-

hol‐induced hepatic fibrosis. Int J Mol Med. 2014;34:1110‐1116.
4. Sourianarayanane A, Arikapudi S, McCullough AJ, et al. Nonalcoholic

steatohepatitis recurrence and rate of fibrosis progression following

liver transplantation. Eur J Gastroenterol Hepatol. 2017;29:481‐487.

5. Pinzani M, Luong TV. Pathogenesis of biliary fibrosis. Biochim Biophys

Acta. 2017;1864:1279‐1283.
6. Sombetzki M, Fuchs CD, Fickert P, et al. 24‐nor‐ursodeoxycholic acid

ameliorates inflammatory response and liver fibrosis in a murine

model of hepatic schistosomiasis. J Hepatol. 2015;62:871‐878.
7. Todorov T, Balakrishnan P, Savov A, et al. Intragenic deletions in

ATP7B as an unusual molecular genetics mechanism of Wilson’s dis-

ease pathogenesis. PLoS ONE. 2016;11:e0168372.

8. Blachier M, Leleu H, Peck‐Radosavljevic M, et al. The burden of liver

disease in Europe: a review of available epidemiological data. J Hepa-

tol. 2013;58:593‐608.
9. GBD 2015 Mortality and Causes of Death Collaborators. Global,

regional, and national life expectancy, all‐cause mortality, and cause‐
specific mortality for 249 causes of death, 1980–2015: a systematic

analysis for the Global Burden of Disease Study 2015. Lancet.

2016;388:1459‐1544.
10. Vainshtein JM, Kabarriti R, Mehta KJ, et al. Bone marrow‐derived

stromal cell therapy in cirrhosis: clinical evidence, cellular mecha-

nisms, and implications for the treatment of hepatocellular carci-

noma. Int J Radiat Oncol Biol Phys. 2014;89:786‐803.
11. Hu C, Li L. In vitro and in vivo hepatic differentiation of adult

somatic stem cells and extraembryonic stem cells for treating end

stage liver diseases. Stem Cells Int. 2015;2015:871972.

12. Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria for defining

multipotent mesenchymal stromal cells. The International Society for

Cellular Therapy position statement. Cytotherapy. 2006;8:315‐317.
13. Liu WH, Song FQ, Ren LN, et al. The multiple functional roles of

mesenchymal stem cells in participating in treating liver diseases. J

Cell Mol Med. 2015;19:511‐520.
14. Park M, Kim YH, Woo SY, et al. Tonsil‐derived mesenchymal stem

cells ameliorate CCl4‐induced liver fibrosis in mice via autophagy

activation. Sci Rep. 2015;5:8616.

15. Chen L, Zhang C, Wang X, et al. Human menstrual blood‐derived
stem cells ameliorate liver fibrosis in mice by targeting hepatic stel-

late cells via paracrine mediators. Stem Cells Transl Med. 2017;6:272‐
284.

16. Jung KH, Uhm YK, Lim YJ, et al. Human umbilical cord blood‐derived
mesenchymal stem cells improve glucose homeostasis in rats with

liver cirrhosis. Int J Oncol. 2011;39:137‐143.
17. Zhang GZ, Sun HC, Zheng LB, et al. In vivo hepatic differentiation

potential of human umbilical cord‐derived mesenchymal stem cells:

therapeutic effect on liver fibrosis/cirrhosis. World J Gastroenterol.

2017;23:8152‐8168.
18. Wang L, Bai G, Chen F. Human bone marrow mesenchymal stem

cells suppress the proliferation of hepatic stellate cells by inhibiting

the ubiquitination of p27. Biochem Cell Biol. 2017;95:628‐633.
19. Li T, Zhu J, Ma K, et al. Autologous bone marrow‐derived mesenchy-

mal stem cell transplantation promotes liver regeneration after portal

vein embolization in cirrhotic rats. J Surg Res. 2013;184:1161‐1173.
20. Jang YO, Kim MY, Cho MY, et al. Effect of bone marrow‐derived

mesenchymal stem cells on hepatic fibrosis in a thioacetamide‐in-
duced cirrhotic rat model. BMC Gastroenterol. 2014;14:198.

21. Wang ZC, Yang S, Huang JJ, et al. Effect of bone marrow mesenchy-

mal stem cells on the Smad expression of hepatic fibrosis rats. Asian

Pac J Trop Med. 2014;7:321‐324.
22. Fu X, Jiang B, Zheng B, et al. Heterogenic transplantation of bone

marrow‐derived rhesus macaque mesenchymal stem cells amelio-

rates liver fibrosis induced by carbon tetrachloride in mouse. PeerJ.

2018;6:e4336.

23. Chai NL, Zhang XB, Chen SW, et al. Umbilical cord‐derived mes-

enchymal stem cells alleviate liver fibrosis in rats. World J Gastroen-

terol. 2016;22:6036‐6048.
24. Milosavljevic N, Gazdic M, Simovic Markovic B, et al. Mesenchymal

stem cells attenuate liver fibrosis by suppressing Th17 cells ‐ an

experimental study. Transpl Int. 2018;31:102‐115.

1668 | HU ET AL.

https://orcid.org/0000-0001-7106-128X
https://orcid.org/0000-0001-7106-128X
https://orcid.org/0000-0001-7106-128X


25. Bi ZM, Zhou QF, Geng Y, et al. Human umbilical cord mesenchymal

stem cells ameliorate experimental cirrhosis through activation of

keratinocyte growth factor by suppressing microRNA‐199. Eur Rev

Med Pharmacol Sci. 2016;20:4905‐4912.
26. Hyun J, Wang S, Kim J, et al. MicroRNA125b‐mediated Hedgehog

signaling influences liver regeneration by chorionic plate‐derived
mesenchymal stem cells. Sci Rep. 2015;5:14135.

27. Seki A, Sakai Y, Komura T, et al. Adipose tissue‐derived stem cells as

a regenerative therapy for a mouse steatohepatitis‐induced cirrhosis

model. Hepatology. 2013;58:1133‐1142.
28. Truong NH, Nguyen NH, Le TV, et al. Comparison of the treatment

efficiency of bone marrow‐derived mesenchymal stem cell transplan-

tation via tail and portal veins in CCl4‐induced mouse liver fibrosis.

Stem Cells Int. 2016;2016:5720413.

29. Idriss NK, Sayyed HG, Osama A, et al. Treatment efficiency of differ-

ent routes of bone marrow‐derived mesenchymal stem cell injection

in rat liver fibrosis model. Cell Physiol Biochem. 2018;48:2161‐2171.
30. Wang Y, Lian F, Li J, et al. Adipose derived mesenchymal stem cells

transplantation via portal vein improves microcirculation and amelio-

rates liver fibrosis induced by CCl4 in rats. J Transl Med. 2012;10:133.

31. Zhong Y, Tang Z, Xu R, et al. Effect of transplantation route on stem

cell migration to fibrotic liver of rats via cellular magnetic resonance

imaging. Cytotherapy. 2013;15:1266‐1274.
32. Zhao W, Li JJ, Cao DY, et al. Intravenous injection of mesenchymal

stem cells is effective in treating liver fibrosis. World J Gastroenterol.

2012;18:1048‐1058.
33. Miryounesi M, Piryaei A, Pournasr B, et al. Repeated versus single

transplantation of mesenchymal stem cells in carbon tetrachloride‐in-
duced liver injury in mice. Cell Biol Int. 2013;37:340‐347.

34. Sayyed HG, Osama A, Idriss NK, et al. Comparison of the therapeu-

tic effectiveness of human CD34+ and rat bone marrow mesenchy-

mal stem cells on improvement of experimental liver fibrosis in

Wistar rats. Int J Physiol Pathophysiol Pharmacol. 2016;8:128‐139.
35. Rengasamy M, Singh G, Fakharuzi NA, et al. Transplantation of

human bone marrow mesenchymal stromal cells reduces liver fibro-

sis more effectively than Wharton's jelly mesenchymal stromal cells.

Stem Cell Res Ther. 2017;8:143.

36. Hao T, Chen J, Zhi S, et al. Comparison of bone marrow‐vs. adipose
tissue‐derived mesenchymal stem cells for attenuating liver fibrosis.

Exp Ther Med. 2017;14:5956‐5964.
37. Baligar P, Mukherjee S, Kochat V, et al. Molecular and cellular func-

tions distinguish superior therapeutic efficiency of bone marrow

CD45 cells over mesenchymal stem cells in liver cirrhosis. Stem Cells.

2016;34:135‐147.
38. Vojdani Z, Khodabandeh Z, Jaberipour M, et al. The influence of fibrob-

last growth factor 4 on hepatogenic capacity of Wharton’s jelly mes-

enchymal stromal cells. Rom J Morphol Embryol. 2015;56:1043‐1050.
39. Salem NA, Ahmed HH, Aglan HA, et al. Nanofiber‐expanded stem

cells mitigate liver fibrosis: experimental study. Tissue Cell.

2016;48:544‐551.
40. Awan SJ, Baig MT, Yaqub F, et al. In vitro differentiated hepatic

oval‐like cells enhance hepatic regeneration in CCl4‐induced hepatic

injury. Cell Biol Int. 2017;41:51‐61.
41. Ewida SF, Abdou AG, El‐Rasol Elhosary AA, et al. Versus mesenchy-

mal stem cells in CCl4‐induced liver fibrosis. Appl Immunohistochem

Mol Morphol. 2017;25:736‐745.
42. Vizoso FJ, Eiro N, Cid S, et al. Mesenchymal stem cell secretome:

toward cell‐free therapeutic strategies in regenerative medicine. Int J

Mol Sci. 2017;18:E1852.

43. Jang YJ, An SY, Kim JH. Identification of MFGE8 in mesenchymal

stem cell secretome as an anti‐fibrotic factor in liver fibrosis. BMB

Rep. 2017;50:58‐59.
44. Jiang W, Tan Y, Cai M, et al. Human umbilical cord MSC‐derived

exosomes suppress the development of CCl4‐induced liver injury

through antioxidant effect. Stem Cells Int. 2018;2018:6079642.

45. Li T, Yan Y, Wang B, et al. Exosomes derived from human umbilical

cord mesenchymal stem cells alleviate liver fibrosis. Stem Cells Dev.

2013;22:845‐854.
46. Hirata M, Ishigami M, Matsushita Y, et al. Multifaceted therapeutic

benefits of factors derived from dental pulp stem cells for mouse

liver fibrosis. Stem Cells Transl Med. 2016;5:1416‐1424.
47. Huang B, Cheng X, Wang H, et al. Mesenchymal stem cells and their

secreted molecules predominantly ameliorate fulminant hepatic fail-

ure and chronic liver fibrosis in mice respectively. J Transl Med.

2016;14:45.

48. Meier RP, Mahou R, Morel P, et al. Microencapsulated human mes-

enchymal stem cells decrease liver fibrosis in mice. J Hepatol.

2015;62:634‐641.
49. Zhang X, Hu MG, Pan K, et al. 3D spheroid culture enhances the

expression of antifibrotic factors in human adipose‐derived MSCs

and improves their therapeutic effects on hepatic fibrosis. Stem Cells

Int. 2016;2016:4626073.

50. Liang H, Huang K, Su T, et al. Mesenchymal stem cell/red blood cell‐
inspired nanoparticle therapy in mice with carbon tetrachloride‐in-
duced acute liver failure. ACS Nano. 2018;12:6536‐6544.

51. Hu X, Wu R, Jiang Z, et al. Leptin signaling is required for aug-

mented therapeutic properties of mesenchymal stem cells conferred

by hypoxia preconditioning. Stem Cells. 2014;32:2702‐2713.
52. Baig MT, Ali G, Awan SJ, et al. Serum from CCl4‐induced acute rat

injury model induces differentiation of ADSCs towards hepatic cells

and reduces liver fibrosis. Growth Factors. 2017;35:144‐160.
53. Tang WP, Akahoshi T, Piao JS, et al. Basic fibroblast growth factor‐

treated adipose tissue‐derived mesenchymal stem cell infusion to

ameliorate liver cirrhosis via paracrine hepatocyte growth factor. J

Gastroenterol Hepatol. 2015;30:1065‐1074.
54. Naguib E, Kamel A, Fekry O, et al. Comparative study on the effect

of low intensity laser and growth factors on stem cells used in

experimentally‐induced liver fibrosis in mice. Arab J Gastroenterol.

2017;18:87‐97.
55. Mortezaee K, Pasbakhsh P, Ragerdi Kashani I, et al. Melatonin pre-

treatment enhances the homing of bone marrow‐derived mesenchy-

mal stem cells following transplantation in a rat model of liver

fibrosis. Iran Biomed J. 2016;20:207‐216.
56. Jang YO, Kim SH, Cho MY, et al. Synergistic effects of simvastatin

and bone marrow‐derived mesenchymal stem cells on hepatic fibro-

sis. Biochem Biophys Res Commun. 2018;497:264‐271.
57. Cui H, Liu Z, Wang L, et al. Icariin‐treated human umbilical cord

mesenchymal stem cells decrease chronic liver injury in mice.

Cytotechnology. 2017;69:19‐29.
58. Qiao H, Tong Y, Han H, et al. A novel therapeutic regimen for hep-

atic fibrosis using the combination of mesenchymal stem cells and

baicalin. Pharmazie. 2011;66:37‐43.
59. Fagg WS, Liu N, Yang MJ, et al. Magnetic targeting of stem cell

derivatives enhances hepatic engraftment into structurally normal

liver. Cell Transplant. 2017;26:1868‐1877.
60. Tang WP, Akahoshi T, Piao JS, et al. Splenectomy enhances the

therapeutic effect of adipose tissue‐derived mesenchymal stem cell

infusion on cirrhosis rats. Liver Int. 2016;36:1151‐1159.
61. Shao CH, Chen SL, Dong TF, et al. Transplantation of bone marrow‐

derived mesenchymal stem cells after regional hepatic irradiation

ameliorates thioacetamide‐induced liver fibrosis in rats. J Surg Res.

2014;186:408‐416.
62. Ali G, Mohsin S, Khan M, et al. Nitric oxide augments mesenchymal

stem cell ability to repair liver fibrosis. J Transl Med. 2012;10:75.

63. Nasir GA, Mohsin S, Khan M, et al. Mesenchymal stem cells and Inter-

leukin‐6 attenuate liver fibrosis in mice. J Transl Med. 2013;11:78.

64. Hammam OA, Elkhafif N, Attia YM, et al. Wharton’s jelly‐derived
mesenchymal stem cells combined with praziquantel as a potential

therapy for Schistosoma mansoni‐induced liver fibrosis. Sci Rep.

2016;6:21005.

HU ET AL. | 1669



65. Hajinejad M, Pasbakhsh P, Omidi A, et al. Resveratrol pretreatment

enhanced homing of SDF‐1alpha‐preconditioned bone marrow‐
derived mesenchymal stem cells in a rat model of liver cirrhosis. J

Cell Biochem. 2018;119:2939‐2950.
66. Zhu Y, Miao Z, Gong L, et al. Transplantation of mesenchymal stem

cells expressing TIMP‐1‐shRNA improves hepatic fibrosis in CCl(4)‐
treated rats. Int J Clin Exp Pathol. 2015;8:8912‐8920.

67. Du C, Jiang M, Wei X, et al. Transplantation of human matrix metal-

loproteinase‐1 gene‐modified bone marrow‐derived mesenchymal

stem cell attenuates CCL4‐induced liver fibrosis in rats. Int J Mol

Med. 2018;41:3175‐3184.
68. Fiore EJ, Bayo JM, Garcia MG, et al. Mesenchymal stromal cells

engineered to produce IGF‐I by recombinant adenovirus ameliorate

liver fibrosis in mice. Stem Cells Dev. 2015;24:791‐801.
69. Ishikawa H, Jo J, Tabata Y. Liver anti‐fibrosis therapy with mes-

enchymal stem cells secreting hepatocyte growth factor. J Biomater

Sci Polym Ed. 2012;23:2259‐2272.
70. Kim MD, Kim SS, Cha HY, et al. Therapeutic effect of hepatocyte

growth factor‐secreting mesenchymal stem cells in a rat model of

liver fibrosis. Exp Mol Med. 2014;46:e110.

71. Kang H, Seo E, Park JM, et al. Effects of FGF21‐secreting adipose‐
derived stem cells in thioacetamide‐induced hepatic fibrosis. J Cell

Mol Med. 2018;22:5165‐5169.
72. Xuan J, Feng W, An ZT, et al. Anti‐TGFbeta‐1 receptor inhibitor

mediates the efficacy of the human umbilical cord mesenchymal

stem cells against liver fibrosis through TGFbeta‐1/Smad pathway.

Mol Cell Biochem. 2017;429:113‐122.
73. Jang YO, Cho MY, Yun CO, et al. Effect of function‐enhanced mes-

enchymal stem cells infected with decorin‐expressing adenovirus on

hepatic fibrosis. Stem Cells Transl Med. 2016;5:1247‐1256.
74. Ma ZG, Lv XD, Zhan LL, et al. Human urokinase‐type plasminogen

activator gene‐modified bone marrow‐derived mesenchymal stem

cells attenuate liver fibrosis in rats by down‐regulating the Wnt sig-

naling pathway. World J Gastroenterol. 2016;22:2092‐2103.
75. Huang CK, Lee SO, Lai KP, et al. Targeting androgen receptor in

bone marrow mesenchymal stem cells leads to better transplantation

therapy efficacy in liver cirrhosis. Hepatology. 2013;57:1550‐1563.
76. Lou G, Yang Y, Liu F, et al. MiR‐122 modification enhances the ther-

apeutic efficacy of adipose tissue‐derived mesenchymal stem cells

against liver fibrosis. J Cell Mol Med. 2017;21:2963‐2973.
77. Kamath PS, Wiesner RH, Malinchoc M, et al. A model to predict sur-

vival in patients with end‐stage liver disease. Hepatology.

2001;33:464‐470.
78. Mohamadnejad M, Alimoghaddam K, Bagheri M, et al. Randomized

placebo‐controlled trial of mesenchymal stem cell transplantation in

decompensated cirrhosis. Liver Int. 2013;33:1490‐1496.

79. Zhang Z, Lin H, Shi M, et al. Human umbilical cord mesenchymal

stem cells improve liver function and ascites in decompensated liver

cirrhosis patients. J Gastroenterol Hepatol. 2012;27(Suppl 2):112‐120.
80. Fang X, Liu L, Dong J, et al. A study about immunomodulatory effect

and efficacy and prognosis of human umbilical cord mesenchymal

stem cells in patients with chronic hepatitis B‐induced decompen-

sated liver cirrhosis. J Gastroenterol Hepatol. 2018;33:774‐780.
81. El‐Ansary M, Abdel‐Aziz I, Mogawer S, et al. Phase II trial: undiffer-

entiated versus differentiated autologous mesenchymal stem cells

transplantation in Egyptian patients with HCV induced liver cirrhosis.

Stem Cell Rev. 2012;8:972‐981.
82. Jang YO, Kim YJ, Baik SK, et al. Histological improvement following

administration of autologous bone marrow‐derived mesenchymal stem

cells for alcoholic cirrhosis: a pilot study. Liver Int. 2014;34:33‐41.
83. Suk KT, Yoon JH, Kim MY, et al. Transplantation with autologous

bone marrow‐derived mesenchymal stem cells for alcoholic cirrhosis:

Phase 2 trial. Hepatology. 2016;64:2185‐2197.
84. Wang L, Li J, Liu H, et al. Pilot study of umbilical cord‐derived mes-

enchymal stem cell transfusion in patients with primary biliary cir-

rhosis. J Gastroenterol Hepatol. 2013;28(Suppl 1):85‐92.
85. Wang L, Han Q, Chen H, et al. Allogeneic bone marrow mesenchy-

mal stem cell transplantation in patients with UDCA‐resistant pri-

mary biliary cirrhosis. Stem Cells Dev. 2014;23:2482‐2489.
86. Liang J, Zhang H, Zhao C, et al. Effects of allogeneic mesenchymal

stem cell transplantation in the treatment of liver cirrhosis caused by

autoimmune diseases. Int J Rheum Dis. 2017;20:1219‐1226.
87. Zhang D. A clinical study of bone mesenchymal stem cells for the

treatment of hepatic fibrosis induced by hepatolenticular degenera-

tion. Genet Mol Res. 2017;16. https://doi.org/10.4238/gmr16019352.

88. Xue HL, Zeng WZ, Wu XL, et al. Clinical therapeutic effects of

human umbilical cord‐derived mesenchymal stem cells transplanta-

tion in the treatment of end‐stage liver disease. Transplant Proc.

2015;47:412‐418.
89. Sang W, Lv B, Li K, et al. Therapeutic efficacy and safety of umbilical

cord mesenchymal stem cell transplantation for liver cirrhosis in Chi-

nese population: A meta‐analysis. Clin Res Hepatol Gastroenterol.

2018;42:193‐204.

How to cite this article: Hu C, Zhao L, Duan J, Li L. Strategies

to improve the efficiency of mesenchymal stem cell

transplantation for reversal of liver fibrosis. J Cell Mol Med.

2019;23:1657–1670. https://doi.org/10.1111/jcmm.14115

1670 | HU ET AL.

https://doi.org/10.4238/gmr16019352
https://doi.org/10.1111/jcmm.14115

