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A B S T R A C T   

Liver fibrosis is an intrahepatic chronic damage repair response caused by various reasons such as alcoholic liver, 
fatty liver, viral hepatitis, autoimmune diseases, etc., and is closely related to the progression of liver disease. 
Currently, the mechanisms of liver fibrosis and its treatment are hot research topics in the field of liver disease 
remedy. Mesenchymal stem cells (MSCs) are a class of adult stem cells with self-renewal and multidirectional 
differentiation potential, which can ameliorate fibrosis through hepatic-directed differentiation, paracrine ef-
fects, and immunomodulation. However, the low inner-liver colonization rate, low survival rate, and short 
duration of intervention after stem cell transplantation have limited their wide clinical application. With the 
intensive research on liver fibrosis worldwide, it has been found that MSCs and MSCs-derived exosomes com-
bined with drugs have shown better intervention efficiency than utilization of MSCs alone in many animal 
models of liver fibrosis. In this paper, we review the interventional effects and mechanisms of mesenchymal stem 
cells and their exosomes combined with drugs to alleviate hepatic fibrosis in vivo in animal models in recent 
years, which will provide new ideas to improve the efficacy of mesenchymal stem cells and their exosomes in 
treating hepatic fibrosis in the clinic.   

1. Introduction 

The liver is mainly composed of hepatocytes, hepatic stellate cells 
(HSCs), and liver sinusoidal endothelial cells (LSECs) that perform a 
comprehensive range of hepatic functions, such as detoxification, bile 
acid synthesis, and participation in various metabolic processes. How-
ever, a variety of stimuli, such as alcohol, drugs, inflammation, or 
cholestasis, often cause damage to hepatocytes resulting in abnormal 
liver function and a series of pathophysiologic changes [1]. Liver fibrosis 
is a common intermediate pathological process of various chronic liver 
diseases, which is mainly manifested by diffuse excessive deposition of 
extracellular matrix, leading to abnormal changes in liver tissue struc-
ture and affecting the normal physiological functions of liver severely 
[2]. Clinically, if liver fibrosis is not effectively reversed or curbed, it will 
progress to irreversible cirrhosis, hepatocellular carcinoma, and other 
end-stage liver diseases, eventually, leading to the death of patients [3]. 
Therefore, finding effective therapeutic strategies to ameliorate liver 

fibrosis in patients is of great importance in preventing the development 
of end-stage liver diseases. 

In the clinical setting, liver transplantation is mostly used for the 
treatment of end-stage liver diseases, but liver transplantation cannot be 
widely used due to the defects of extremely rare donors, high cost, 
rejection, etc [4]. Currently, mesenchymal stem cells for the treatment 
of liver disease have become a hot spot in the field of biomedicine. As the 
intermediate pathological process of end-stage liver disease, mesen-
chymal stem cells can effectively ameliorate hepatic fibrosis through 
hepatogenic differentiation, immunomodulation, paracrine effects, and 
other mechanisms [5]. However, it has been reported that MSCs trans-
planted in the body may have some disadvantages such as low 
inner-liver colonization and short duration of intervention, which affect 
their therapeutic efficacy [6]. Nowadays, an increasing number of re-
searchers have demonstrated in animal models of liver fibrosis that the 
combination of MSCs with drugs can boost the therapeutic effect of 
MSCs in the treatment of liver fibrosis by promoting the homing of 
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MSCs, differentiating them into functional hepatocyte-like cells, 
improving the microenvironment, inhibiting the activation of HSCs, and 
modulating the signaling pathway, and so on. In addition, MSCs-derived 
extracellular vesicles with the advantages of higher penetrability and 
lower carcinogenicity also effectively ameliorate liver fibrosis with ul-
timate safety. What’s more, nanoscale intracellular vesicles can also be 
used as carriers of natural drugs for drug delivery. This provides new 
ideas to solve the poor efficiency of MSCs in the treatment of liver 
fibrosis in the clinic. 

2. Molecular mechanisms of liver fibrogenesis 

The onset and progression of liver fibrosis involves multiple cell 
types such as hepatocytes, HSCs, and LSECs (Fig. 1). Hepatocytes, as the 
most abundant cell type in the liver, their hepatocyte injury is thought to 
be the initiation of liver fibrogenesis [7]. Under the stimulation of 
various deleterious factors, damaged hepatocytes promote the activa-
tion of HSCs by releasing a range of cytokines, reactive oxygen species 
(ROS), and activating the Hedgehog (Hh) signaling pathway. In addi-
tion, damaged hepatocytes indirectly promote the activation of HSCs 
through the release of inflammatory elements to recruit macrophages 
and Kupffer cells to release platelet-derived growth factor (PDGF), 
Interleukin-1β (IL-1β), and IL-6 [8]. In return，activated HSCs release a 
series of pro-inflammatory factors, connective tissue growth factor 
(CTGF), and transforming growth factor beta (TGF-β) to enhance 
fibrosis, while simultaneously maintaining their continuous activation 
in an autocrine fashion [9]. Activated HSCs can also transdifferentiate 
into fibroblast-like cells [10], which are capable of synthesizing extra-
cellular matrix proteins, such as collagen I (Col I), fibronectin (FN), and 
α-smooth muscle actin (α-SMA), leading to excessive deposition of 
extracellular matrix, which in turn promotes the development of liver 
fibrosis [11] [12]. Notably, epithelial-mesenchymal transition (EMT) is 
thought to be one of the mechanisms that generate myofibroblasts in 
liver fibrosis [13]. Studies have shown that quiescent HSCs, hepatocytes, 
biliary epithelial cells, and LSECs can promote hepatic fibrosis through 
EMT as sketched out in figure1 [14]. 

3. Conventional treatment of liver fibrosis 

The complex pathological process of hepatic fibrosis involves mul-
tiple factors, and the treatment strategy should target the multi-point 
inhibition of the various processes of hepatic fibrosis formation and 
development, including removing the causative factors, eliminating 
hepatic inflammation, inhibiting hepatic stellate cell activation, or 
promoting the apoptosis of activated HSCs [15]. Currently, there are no 
definitive antifibrotic drugs available for clinical use, and the main ap-
proaches are to alleviate the liver injury and suppress hepatic inflam-
mation by eliminating the underlying etiology in order to reverse and 
prevent liver fibrosis progression [1]. 

3.1. Treatment of etiologic factors 

According to epidemiologic data, viral hepatitis, alcoholic liver dis-
ease and non-alcoholic fatty liver disease (NAFLD) are the most common 
causes of chronic liver disease [16]. In viral hepatitis, antiviral therapy is 
mainly targeted, aiming at effective suppression and clearance of 
chronic hepatitis viruses. In China, alcoholic liver disease has become 
the second major factor causing liver damage and just ranked after viral 
hepatitis [17]. In patients with alcoholic liver disease are complicated by 
cholestasis, resulting in abnormal proliferation of connective tissue in 
the liver, while alcohol cessation and nutritional support can give rise to 
an effective improvement in symptoms [18]. Evidence suggests that 
hepatic insulin resistance and abnormal lipid metabolism are essential 
pathophysiologic features of NAFLD [19]. However, up to now, the 
pathophysiological mechanisms of NAFLD have not been fully eluci-
dated, and there is still a lack of effective and specific therapeutic drugs 
in the clinic. Reducing body weight through exercise or obesity surgery 
can bring about an improvement in liver histology in NAFLD patients 
[20]. In summary, long-term effective suppression of hepatitis virus 
replication, alcohol cessation, exercise, and nutritional support can 
reduce sustained liver injury, which can promote hepatic fibrosis tissue 
self-repair. 

Fig. 1. Mechanism of liver fibrosis. ① External unfavorable factors cause hepatocyte injury, damaged hepatocytes release ROS, and Hh, and can also recruit 
macrophages to release IL-1β and IL-6 and Kupffer cells to release PDGF to promote the activation of HSCs; ② Activated HSCs secrete extracellular matrix proteins, 
and also release CTGF and TGF-β cytokines to maintain their activation; ③ Activated HSCs can be directly transformed into myofibroblasts, and LSECs, Inactivated 
HSCs, and Hepatocyte cells can be transformed into myofibroblasts by EMT to promote fibrosis. 
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3.2. Antifibrotic therapy 

Chronic inflammatory response is a prerequisite for the formation of 
liver fibrosis, inhibition of inflammation and promotion of hepatic 
injury tissue self-repair is an important anti-hepatic fibrosis measure, 
and inhibition of the imbalance of hepatic extracellular matrix pro-
duction and degradation is a key countermeasure for anti-fibrosis 
treatment [1]. Compared with the basic treatment of antiviral, 
anti-inflammatory, and immunosuppression of Western drugs, tradi-
tional Chinese medicine (TCM) is widely used in the treatment of liver 
diseases owing to its advantages of less toxic side-effects, higher safety, 
and targeted regulation of fibrosis-related signaling pathways [21]. 
Chen et al. [22] found that Chaihu saponin inhibited the proliferation 
and migration activity of HSC-T6 by inhibiting the TGF-β1/mitoge-
n-activated protein kinase (MAPK) signaling pathway, which in turn 
improved hepatic fibrosis. In addition, the Fuzheng Huayu capsule 
achieves anti-hepatic fibrosis by regulating the nuclear factor kappa-B 
(NF-κB) signaling pathway, inhibiting the activation of HSCs, and alle-
viating oxidative stress and anti-inflammation in a variety of manners 
[23]. Quercetin, as a compound extracted, isolated, and purified from 
various plant species, can improve hepatic insulin resistance through 
inhibition of reactive oxygen species-associated inflammation as well as 
effective modulation of the signal transducer and activator of tran-
scription 3/cellular signaling inhibitory factor 3/insulin receptor sub-
strate 1 (STAT3/SOCS3/IRS1) Signaling Pathway, which in turn 
ameliorates hepatic fibrosis [24]. We summarized the commonly used 
antifibrotic drugs and therapeutic mechanisms in clinical practice 
(Table 1). 

4. Mechanisms of improvement of liver fibrosis by mesenchymal 
stem cells 

MSCs are a class of pluripotent stem cells with self-renewal, multi-
directional differentiation, and immunomodulatory properties [29]. 
Studies have shown that MSCs can migrate to the site of liver injury to 
inhibit the activation of HSCs, directional differentiation into hepato-
cytes, and participation in immune regulation, which can directly or 
indirectly eliminate extracellular matrix deposition, and thus effectively 
ameliorate hepatic fibrosis [5]. With these impressive advantages, MSCs 
have been the most promising seed cells for the treatment of liver 
fibrosis in basic experiments and clinical studies. 

4.1. Inhibition of HSCs activation 

Hepatic stellate cell activation synthesizes and secretes extracellular 
matrix, which plays a critical role in liver fibrosis [7] [30]. Chen et al. 
[31] found that when bone marrow mesenchymal stem cells (BMSCs) 
were directly co-cultured with HSCs in vitro, BMSCs significantly 
inhibited the proliferation of HSCs through a cell-cell contact pattern 
partially mediated by activation of the Notch signaling pathway acti-
vation. Consistent with in vitro results, Zhang et al. [10] demonstrated 
that BMSCs attenuated the ubiquitination of p27 in HSCs by 
down-regulating the expression of the E3 ubiquitin ligase SKP2, which 
targeted the expression of p27 and thus exerted an anti-fibrotic effect in 
mice. In addition, α-SMA is a dramatic cytokine involved in HSCs acti-
vation during the process of liver fibrogenesis. It has been shown that 
exosomes secreted by BMSCs can promote hepatocyte regeneration, 
inhibit α-SMA expression, and mainly inhibit HSCs activation through 
the Wnt/β-catenin pathway, thus attenuating liver fibrosis [32]. 

4.2. Directional differentiation into hepatocyte-like cells 

Hepatocytes are the first cells to be involved during liver injury 
among multiple causes. Studies have shown that MSCs can differentiate 
into hepatoid cells to replace damaged hepatocytes, and these derivative 
hepatoid cells could express hepatocyte markers and exert hepatocyte 
functions such as glycogen synthesis, low-density lipoprotein uptake, 
urea production, and indocyanine green uptake [33]. Many in-
vestigators transplanted MSCs in vivo with preconditioned hepatic 
direction-induced differentiation in vitro, which significantly improved 
liver function and attenuated the degree of fibrosis in hepatic fibrosis 
animals [34–36]. SUZY et al. [37] also demonstrated that trans-
plantation of MSCs-derived hepatoid cells could effectively ameliorate 
liver fibrosis in rats. However, the clinical application of hepatoid cells 
derived from hepatic-induced differentiation MSCs lineage in the 
treatment of liver fibrosis is limited by the poor efficiency and repro-
ducibility of hepatic directional differentiation. Therefore, improving 
the efficiency and success rate of hepatic differentiation from MSCs 
would be beneficial to the in vivo implantation of MSCs and enhance the 
therapeutic effect of liver fibrosis. 

4.3. Immunomodulation 

It has been found that the liver secretes a large number of immune 
cells, and the development of liver diseases is closely linked to aspects of 
the immune response [38] [39], therefore, hepatic fibrosis can be 
treated by immunomodulation. It is reported that MSCs inhibit the 
proliferation of immune cells and their translocation to the liver through 
the secretion of regulatory cytokines (e.g., hepatocyte growth factor, 
epidermal growth factor, and nerve growth factor), which promotes 
hepatic repair and inhibits the development of hepatic fibrosis [40]. In 
addition, MSCs regulate liver fibrosis by inhibiting the synthesis of 
pro-inflammatory cytokines such as tumor necrosis factor tumor ne-
crosis factor-α (TNF-α), interferon interferon-γ (IFN-γ), and IL-17, and 
promoting the production of anti-inflammatory cytokines IL-4 and IL-10 

Table 1 
Clinical antifibrotic drugs and therapeutic mechanisms.  

Researcher Year Drug Mechanism 

Chen et al. [22]  2013 Chaihu 
saponin 

Inhibition of the TGF-β1/MAPK 
signaling pathway inhibits the 
proliferative and migratory activities 
of HSC-T6 

Wang et al. [23]  2015 Fuzheng 
Huayu 
Capsules 

Modulation of the NF-κB signaling 
pathway, inhibition of HSCs 
activation, ECM deposition, 
attenuation of oxidative stress and 
anti-inflammation 

Khodarahmi 
et al. [24]  

2019 Quercetin Inhibition of reactive oxygen species- 
associated inflammation and 
amelioration of hepatic insulin 
resistance through effective 
modulation of the STAT3/SOCS3/ 
IRS1 Signaling Pathway 

Wang et al. [25]  2019 Anluo 
Fibroblast 
Pills 

Inhibition of TGF-β1/Smads 
signaling pathway, which in turn 
enhances Matrix Metallopeptidase 
13 (MMP-13) expression and inhibits 
MMP-2 and Tissue Inhibitor of 
Metalloprotease-1 (TIMP-1)/2 
expression 

Vargas-Pozada 
et al. [26]  

2022 Caffeine Blockade of a significant increase in 
phosphorylated ERK, JNK, p38, and 
p SMAD3L protein levels attenuates 
liver fibrosis by blocking MAPK and 
TGF-β/SMAD3 signaling pathways 

Xiu et al. [27]  2021 Doxazosin Inhibition of HSCs activation and up- 
regulation of p-mTOR expression in 
the PI3K/Akt/mTOR signaling 
pathway to inhibit autophagy to 
attenuate liver fibrosis 

Cai et al. [28]  2021 Parsley phenol Reduced the expression of α-SMA, p- 
ERK1/2, p-JNK1/2, and p-p38 in 
hepatic fibrosis, and exerted anti- 
hepatic fibrosis effects by blocking 
the MAPK pathway  
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in various types of immune cells, including T cells, natural killer cells, 
neutrophils, and Kupffer cells [41]. In vitro experiments have confirmed 
that MSCs associate with functional antigen-presenting cells, block B 
cells differentiation, and inhibit the immune response of T cells and NK 
cells in both contact and non-contact co-cultures [40]. Similarly, it has 
been demonstrated in vivo that MSCs inhibit M1 macrophage activation, 
significantly reduce hepatic inflammation and collagen deposition 
through immunomodulation, and ameliorate acute rat liver injury [42]. 
In addition, dendritic cells play an important role in antigen presenta-
tion to naive T cells, while MSCs inhibited the secretion of TNF-α, IFN-γ, 
and IL-12 by dendritic cells, and also promoted the secretion of IL-10 by 
them, synthetically, reducing their pro-inflammatory potential [41]. 

5. Mesenchymal stem cells combined with drugs to improve 
liver fibrosis 

MSCs have shown promising applications in anti-inflammatory and 
antifibrotic therapies due to their strong differentiation potential [42], 
paracrine effects [43], and immunomodulatory abilities [44]. However, 
after implantation, MSCs are confronted with low liver colonization and 
limited survival rates [6]. What’s more, colonized surviving MSCs face 
harsh microenvironments and inflammatory responses [45]. In recent 
years, with the advantages of low toxicity, few adverse reactions, pro-
motion of intrahepatic homing of stem cells, improvement of the 
intrahepatic microenvironment, and targeted regulation of 
fibrosis-related signaling pathways such as TGF-β/Smad, Rho, and 
NF-κB and so on, traditional Chinese medicines have been widely used in 
liver diseases. An increasing number of researchers have demonstrated 
that MSCs combined with drugs can improve the effectiveness in the 
treatment of liver fibrosis in animal models (Fig. 2). This gives new ideas 
to address the poor efficacy of utilization of MSCs alone in the treatment 
of liver fibrosis. 

5.1. Promoting MSCs homing and proliferation 

The homing of MSCs to damaged tissue sites is a prerequisite for their 
application in the treatment of systemic diseases. Exogenous MSCs 
transplanted into the body are preferentially captured by the vascular 
system of target tissues and then migrate to target tissues via vascular 
endothelial cells, and the homing mechanism is similar to that of 
lymphocyte chemotaxis to sites of inflammatory damage [46]. It has 
been reported that the homing rate of primary MSCs can reach 
55 %-65 %, but the homing rate after 24 hours of culture is only 10 % 
[47]. Due to the small number of primary MSCs, they need to be cultured 
and expanded in vitro to increase the number of cells, but this will reduce 
their homing ability and prevent them from homing in target tissues 
[48], which becoming the obvious deficiency for the long-term healing 
of patients. Therefore, only through in-depth investigation of the 
mechanism of promoting MSCs homing can we obtain a large number of 
MSCs and at the same time improve their homing efficiency, and then 
improve the therapeutic efficacy of MSCs in liver fibrosis. 

It was found that the combination of drugs enhanced the homing of 
BMSCs pretreated with Melatonin and effectively maintained the bal-
ance between extracellular matrix production and degradation for better 
therapeutic effects in a mouse model of liver fibrosis [49]. In addition, 
the combination of MSCs with traditional Chinese medicine to improve 
liver fibrosis has also been reported in several papers. BMSCs combined 
with Zhanggan Zhuyu can effectively promote the homing of BMSCs to 
the liver and repair the damaged liver tissues [50]. Human umbilical 
cord mesenchymal stem cells (hUCMSCs) combined with Icariin could 
promote the migration of hUCMSCs to the damaged liver tissues and 
acceleratethe recovery of liver function in mice [51]. Rougan Huaxian 
particles mobilize BMSCs to home to fibrotic liver tissue and can repair 
tissue damage, the mechanism of which may be related to the stromal 
cell-derived factor-1 (SDF-1)/CXCR4 axis [52]. The SDF-1 is produced at 
the site of organic injury, and its concentration is higher than that at the 

Fig. 2. MSCs combined with drugs to treat liver fibrosis mechanism. ① MSCs combined with Icariin, Melatonin, Rougan Huaxian, Zhuanggan Zhuyu promote 
homing of MSCs to the liver; ② MSCs combined with Yi Guan Jian, Rougan Huaxian, Fu Zheng Hua Yu, Baicalin, Melatonin, Salidroside, and Praziquantel promote 
the differentiation of MSCs into hepatoid cells; ③ MSCs combined with Oxymatrine, Fucoxanthin, Imatinib, Simvastin, and Hydrogen sulfide inhibit the secretion of 
immune cells by secreting anti-inflammatory factors and suppressing the secretion of inflammatory factors to regulate the microenvironment; ④ MSCs combined 
with Nilotinib, Ferulic acid, and Yi Guan Jian promote the activation of HSCs; ⑤ MSCs combined with Eugenol, Imatinib, Bie Jia jian Wan, Ferulic acid, Yi Guan Jian, 
Nano curumin, and Rapamycin modulate the signaling pathways related to liver fibrosis. 
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bone marrow, while CXCR4 expression is enhanced, promoting the 
migration of MSCs from the bone marrow to the targeted injury site 
[53]. The above study confirms that MSCs combined with drugs improve 
the efficiency of treating liver fibrosis by promoting their colonization in 
the damaged liver, which in turn improves the efficiency of treating liver 
fibrosis. 

5.2. Promoting differentiation of MSCs into functional hepatocyte-like 
cells 

It has been demonstrated that MSCs can differentiate into hepatoid 
cells both in vivo and ex vivo and have the synthetic and secretory 
functions of hepatocytes. When hepatocyte injury occurs, transplanted 
MSCs undergo hepatogenic differentiation in the periportal region of the 
damaged liver to replace dying hepatocytes [54]. However, it is abso-
lutely challenging to expanding such cells in large numbers in vivo while 
maintaining their favourable differentiation potential and maximizing 
the differentiation efficiency of MSCs. Many investigators have found 
that MSCs combined with drugs can promote their differentiation into 
hepatocyte-like cells, which is more effective than MSCs treating liver 
fibrosis separately [55] [56]. 

It has been reported that MSCs transplantation can inhibit liver 
inflammation and promote the recovery of impaired liver function, but it 
has little effect on reducing the area of fibrosis, while MSCs combined 
with baicalin transplantation can promote the differentiation of MSCs 
into hepatocyte-like cells and improve the therapeutic effect [57]. 
Studies have shown that Yi Guan Jian, a traditional Chinese formula, can 
reverse liver cirrhosis [58]. Yan et al. [59] demonstrated that Yi Guan 
Jian induced BMSCs to differentiate into hepatocyte-like cells via a 
mechanism that may be mediated by up-regulating the SDF-1/CXCR4 
axis to activate the MAPK/ERK1/2 signaling pathway. Fu et al. [60] 
have also found that consistent decoction through SDF-1 also induces 
hepatic differentiation of bone marrow MSCs. In vivo in Schistosoma 
mansoni induced hepatic fibrosis in mice, MSCs combined with Prazi-
quantel (PZQ) treatment resulted in a significant reduction in the 
expression of α-SMA, Col I, and interleukin 13 in the liver, and the ef-
ficacy of the treatment was superior to the individual treatment of MSCs, 
the mechanism of which is that PZQ enhances the ability of MSCs to 
differentiate into functional hepatoid cells. In addition, in the animal 
model of CCl4-induced hepatic fibrosis, researchers compared the ther-
apeutic efficacy of pre-treatment of MSCs with traditional Chinese 
medicines, such as Rhodiola rosea glycosides [61], Rougan Huaxian 
Granules [55], and Fuzheng Huayu [56], with semplice transplantation 
of MSCs separately to treat hepatic fibrosis, finding that these medicines 
uncontrovertibly strengthened the effectiveness in ameliorating hepatic 
fibrosis by promoting the differentiation of MSCs into functional 
hepatocyte-like cells. Table 2 summarized the mechanism of different 
drugs to promote the differentiation of MSCs into functional hepatic 
cells. 

5.3. Improvement of the microenvironment 

The changes with the properties and functions of MSCs could be 
induced by the microenvironment [65]. Therefore, maintaining the 
homeostasis of the hepatic microenvironment is vital to sustaining 
normal cell proliferation, differentiation, metabolism, and functional 
activities. It has been found that many drugs in combination with MSCs 
can effectively ameliorate liver fibrosis via modulating the microenvi-
ronment in vivo. 

The effectiveness of Fucoidan has been reported in liver diseases due 
to its anti-inflammatory and antifibrotic effects. Slautin et al. [66] 
demonstrated that embryonic stem cells in combination with Fucoidan 
significantly reduced the severity of hepatic fibrosis, reduced the levels 
of pro-inflammatory cytokines and fibrosis-associated proteins, such as 
the levels of TGF-β, α-SMA, TIMP-1, meanwhile increased the levels of 
HGF, MMP-13 and MMP-9 which were conducive to ameliorating liver 

fibrosis. The combination of BMSCs synergistically with Oxidized 
picloram was significantly better than oxidized picloram or BMSCs 
separately treating for hepatic fibrosis in rats, eventhough it did not 
increase the colonization of BMSCs in the liver. Notably, the serum 
levels of IL-4 and IL-10 were significantly higher than those of BMSCs 
alone, suggesting that oxidized picloram may improve liver fibrosis by 
promoting the secretion of IL-4 and IL-10 from MSCs [48]. It has also 
been shown that MSCs combined with Hydrogen sulfide attenuated 
choledochotomy-induced hepatic fibrosis through mechanisms such as 
anti-inflammatory, antioxidant, anti-apoptotic, and regenerative prop-
erties [67]. MSCs combined with Imatinib significantly ameliorated the 
fibrotic process in rats in vivo by polarizing macrophages to an 
anti-inflammatory profile and by increasing the frequency of these cells 
in the liver tissues [68] [69]. MSCs combined with the Juzentaihoto 
(JTT) induced anti-inflammatory macrophage production by increasing 
the CD4+/CD8+ ratio, which in turn enhanced the therapeutic effect of 
MSCs [70]. The anti-fibrotic effect of MSCs combined with Simvastatin 
(SIMV) can be attributed to their influence on the MMP/TIMP balance, 
which is crucial in fibrosis [71]. In conclusion, the combination of MSCs 
modulates the microenvironment through mechanisms such as 
down-regulation of inflammatory mediators, and up-regulation of anti-
oxidant factors and inflammatory factors, and effectively ameliorates 
hepatic fibrosis. 

5.4. Inhibition of HSCs activation 

Studies have confirmed that MSCs inhibit HSCs activation by 
inhibiting cell proliferation or stimulating apoptosis, thus exerting an 
anti-fibrotic effect [72]. Chen et al. [31] confirmed that BMSCs inhibited 
the proliferation of HSCs when they were co-cultured directly with HSCs 
in vitro. Consistent with the in vitro results, MSCs transplantation 
attenuated the level of liver fibrosis in rats by inhibiting the proliferation 
of HSCs and promoting apoptosis of HSCs [72]. To improve the effi-
ciency of MSCs to inhibit HSCs activation, many researchers have found 
that MSCs in combination with drugs more significantly inhibit HSCs 
activation and thus alleviate liver fibrosis better. 

Ferulic acid has been reported to be very effective in the treatment of 
hepatic fibrosis, and when Zhang et al. [73] combined BMSCs with 
ferulic acid in the treatment of fibrosis in rats, they demonstrated that it 
alleviated hepatic fibrosis by inhibiting cytoskeletal rearrangement and 
delivering miR-19b-3p to the activated HSCs, in return, which 

Table 2 
Mechanisms of different drugs to promote the differentiation of MSCs into 
functional hepatocyte-like cells.  

Researcher Year Drug Mechanism 

Ouyang et al.  
[61]  

2010 Rhodioloside Inhibition of TGF-β1 expression and 
increased expression of alpha- 
fetoprotein (AFP) and albumin (ALB) 

Qiao et al.  
[57]  

2011 Baicalin Not mentioned 

Wang et al. 
[55]  

2014 Rougan Huaxian 
Granules 

Not mentioned 

Cho et al.  
[62]  

2015 Melatonin Regulation of BMP, p38, ERK, and 
NF-κB pathways 

Chen et al.  
[56]  

2016 Fu Zheng Hua 
Yu 

Activation of the classical Wnt and 
ERK pathways and inhibition of the 
Notch pathway promoted 
hepatocyte differentiation, 
maturation, and proliferation 

Hammam 
et al. [63]  

2016 Praziquantel Reduced expression of alpha-smooth 
muscle actin, Col I, and interleukin 
13 

Yan et al.  
[59]  

2017 Yi Guan Jian Upregulation of the SDF-1/CXCR4 
axis to activate the mitogen- 
activated protein kinase/ERK1/2 
signaling pathway 

Fatima et al.  
[64]  

2021 Glycyrrhizic 
acid 

Not mentioned  
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inactivated the RhoA/ROCK signaling and then attenuated the activa-
tion of HSCs. This innovate research indicated that the combined 
administration was superior to the efficacy of ferulic acid or BMSCs 
treatment separately. In addition, BMSCs combined with decoction 
consistently inhibited the activation of HSCs by modulating the 
RhoA/ROCK1 pathway and thus exerted an antifibrotic effect, and the 
combined treatment of the two was superior to the effect of each indi-
vidually [74]. Researchers combined NO exogenous donor nitroprusside 
and MSCs to treat liver fibrosis in mice and showed that MSCs combined 
with nitroprusside increased apoptosis of HSCs, which further contrib-
uted to the antifibrotic effect of MSCs [75]. Nabil et al. [76] demon-
strated that the combination of nilotinib and hepatic MSCs conditioned 
medium had a more effective antifibrotic and anti-inflammatory effect 
on activated HSCs than MSCs alone. 

5.5. Regulation of signaling pathways 

The TGF-β/Smad pathway is one of the important signaling path-
ways associated with liver fibrosis, and its activation accelerates the 
progression of liver inflammation and fibrosis [77]. Studies have shown 
that eugenol can enhance the antifibrotic activity of adipose derived 
mesenchymal stem cells (ADMSCs) by modulating the TGF-β/Smad 
signaling pathway in rats. Compared with ADMSCs treatment in isola-
tion, ADMSCs combined with eugenol significantly improved plasma 
fibrinogen concentration, IL-10 levels and proliferating cell nuclear 
antigen expression, and reduced hepatic expression of fibrosis marker 
genes (Col I and α-SMA) and proteins (α-SMA, TGF-β1, and phosphor-
ylated Smad3) [78]. In addition, MSCs combined with simvastatin can 
ameliorate liver injury and exert a potent antifibrotic effect by inhibiting 
the TGF-β/Smad signaling pathway [79]. 

Combining drugs with MSCs to ameliorate liver fibrosis by modu-
lating other signaling pathways has also been reported. In an animal 
model of hepatic fibrosis, Li et al. [74] demonstrated that BMSCs com-
bined with consistent decoction inhibited the expression of RhoA and 
ROCK1, key molecules of the Rho pathway and thus inhibited HSCs 
activation. The combined intervention of the two resulted in a signifi-
cant reduction of α-SMA, Col I positive area, and a more pronounced 
reduction of hepatic inflammation and fibrosis than BMSCs individually. 
In addition, the PDGF signaling pathway plays an important role in the 
accumulation of extracellular matrix, and the use of imatinib, a selective 
tyrosine kinase inhibitor targeting the PDGF receptor, effectively blocks 
PDGF receptor signaling [80]. Table 3 summarized the mechanisms 
relate to MSCs combined with drugs further ameliorate liver fibrosis by 
modulating signaling pathways. 

6. The mechanisms of mesenchymal stem cells derived 
exosomes combined with drugs to ameliorate hepatic fibrosis 

Although MSCs combined with drugs show great advantages in the 
treatment of liver fibrosis, combination therapy does not circumvent the 
potential risks of MSCs themselves. Russo et al. [85] showed that BMSCs 
implanted in vivo were able to promote the activation of HSCs and fi-
broblasts, which raised the risk of fibrotic lesions in the liver. What’s 
more, MSCs have been reported to have the ability to produce a broad 
spectrum of cytokines, chemokines, and growth factors, and are 
considered to be dubious cells that may promote tumor growth [86]. 

In recent years, MSCs-derived exosomes（Mesenchymal Stem Cells 
derived exosomes, MSC-Exos）, nano-sized extracellular vesicles, have 
shown great potential in the treatment of liver fibrosis with the advan-
tages of smaller size, lower immunogenicity, and noncarcinogenicity, 
etc. Rong et al. [32] found that the therapeutic effect of BMSC-Exos on 
liver fibrosis was significantly greater than that of BMSCs, and mecha-
nistically, BMSC-Exos exerted anti-fibrotic effects by inhibiting the 
Wnt/β-catenin signaling pathway to inhibit hepatic stellate cell activa-
tion and reduce the expression of α-SMA to exert antifibrotic effects. Tan 
et al. [87] found that glutathione peroxidase 4 (GPX4) is a key regulator 

Table 3 
Mechanisms of MSCs combined with drugs to ameliorate hepatic fibrosis 
through modulation of signaling pathway.  

Researcher Year Strategy Signaling 
pathway 

Mechanism 

Sogol et al.  
[80]  

2008 MSCs combine 
with Imatinib 

PDGF 
signaling 
pathway 

Improving the 
accumulation of 
extracellular matrix in 
the liver by blocking 
the PDGF signaling 
pathway. 

Wen et al.  
[81]  

2017 BMSCs 
combine with 
Bie Jia jian 
Wan 

Notch 
signaling 
pathway 

Promoting 
differentiation of 
BMSCs into 
hepatocyte-like cells 
by inhibiting Notch 
signaling. 

Yan et al.  
[59]  

2017 BMSCs 
combine with 
Yi Guan Jian 

SDF-1/ 
CXCR4 
signaling 
pathway 

Promoting 
differentiation of 
BMSCs into 
hepatocyte-like cells 
by upregulation of the 
SDF-1/CXCR4 axis for 
activation of the 
MAPK/ERK1/2 
signaling pathway 

Qiao [82]  2017 BMSCs 
combine with 
Yi Guan Jian 

FGF2-DLK1 
signaling 
pathway 

Promoting the transfer 
of BMSCs to liver 
tissues, and increasing 
the expression of FGF2 
protein through FGF2- 
DLK1 signaling 
pathway, thus 
reducing the 
expression of DLK1 
genes. 

Jang et al.  
[79]  

2018 MSCs combine 
with 
Simvastatin 
（Sim） 

TGF- 
β/Smad3 
signaling 
pathway 

Inhibiting TGF- 
β/Smad signaling and 
blocking upregulation 
of Col I, α-SMA, TGF- 
β1 and phosphorylated 
Smad3 

Zheng et al.  
[83]  

2019 hUCMSCs 
combine with 
Rapamycin 

CXCR4/ 
CXCL12 
signaling 
pathway 

Increasing cells 
migration in mice 
through the CXCR4/ 
CXCL12 axis and 
improving liver 
function, 
inflammatory cytokine 
levels. 

Fathy et al.  
[78]  

2020 ADMSCs 
combine with 
Eugenol 
（EUG） 

TGF-β1/ 
Smad 
signaling 
pathway 

Inhibiting the TGF-β1/ 
Smad signaling 
pathway, reduced 
hepatic expression of 
fibrosis marker genes 
(Col I and α-SMA) and 
proteins (α-SMA, TGF- 
β1, and 
phosphorylated 
Smad3) 

Mazhari 
et al. [80]  

2020 MSCs combine 
with Imatinib 

PDGF 
signaling 
pathway 

Reducing serum ALT 
and AST levels and 
down-regulated the 
expression of α-SMA, 
Col I and Col III by 
blocking the PDGF 
signaling pathway. 

El-Monem 
et al. [84]  

2021 BMSCs 
combine with 
Nano 
Curcumin 
(Nano-Cur) 

TGF-β1/ 
Smad 
signaling 
pathway 

Inhibiting the TGF-β1/ 
Smad signaling 
pathway, decreased 
TGF-β1 levels and 
attenuated the 
expression of Smad 2,3 
and Col I and Col III 
genes 

(continued on next page) 
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of iron death, and intravenous injection of hUCMSC-Exos enhanced iron 
elimination in HSCs through the BECN1/xCT/GPX4 pathway, attenu-
ated collagen deposition in the liver, and then improved liver fibrosis. 

Some researchers have found that MSC-Exos, in combination with 
certain drugs, can further improve the level of fibrosis by improving the 
ability to target activated hepatic stellate cell (aHSC), modulating 
signaling pathways, and acting as a drug delivery vehicle. 

6.1. Improvement of targeted aHSC capacity 

In injured livers, transplanted MSC-Exos could not be efficiently 
enriched in the periphery of aHSC, due to the low percentage of HSCs. 
Some researchers found that MSC-Exos combined with drugs could 
improve the ability of MSC-Exos to target HSCs activation after im-
plantation in vivo [88]. You et al. [89] demonstrated that the combi-
nation of adipose MSC-Exos with vitamin A derivatives could lead to the 
enrichment of exosomes in the periphery of aHSC, which could in turn 
improve the efficiency of treatment of liver fibrosis. The researchers also 
demonstrated that even with a 10-fold lower dose of vitamin A 
derivative-containing exosomes compared to a normal dose of pure 
exosomes, the former still had a more significant antifibrotic effect than 
the latter. In addition, hydroxychloroquine (HCQ) synergistically in-
hibits autophagy and reduces extracellular matrix deposition with 
BMSC-Exos, which in turn ameliorates hepatic fibrosis, with superior 
efficacy to HCQ or BMSC-Exos alone [90]. The therapeutic pathway 
relies on a liposome and exosomes two-membrane hybrid nanomimetic 
drug delivery system, HCQ@VA-Lip-Exo, with the ability to specifically 
target aHSC. 

6.2. Regulation of signaling pathways 

Lupatadine (RUP), an antihistamine, has been reported to have good 
therapeutic effects on silica-induced pulmonary fibrosis and 
diethylnitrosamine-induced hepatic fibrosis [91] [92]. DIDAMOONY 
et al. [93] demonstrated that BMSC-Exos combined with RUP improved 
hepatic fibrosis by inhibiting the PAF/RIPK3 and TGF-β1/hedgehog 
signaling pathway, anti-inflammatory and antioxidant, which in turn 
ameliorated hepatic fibrosis, with better efficacy than BMSC-Exos indi-
vidual treatment. In addition, as mentioned above in this review, MSCs 
combined with PZQ promote the differentiation of MSCs into functional 
hepatocyte-like cells and effectively ameliorate schistosomiasis-induced 
hepatic fibrosis. There is evidence that NF-κB activation is associated 
with schistosome-induced fibrosis [94]. After liver injury, activation of 
NF-κB will lead to the production of various inflammatory factors, 
including IL-6 and TNF-α, causing massive hepatocyte death, inflam-
mation, and activation of HSCs, which leads to fibrosis [95]. Ellakany 
et al. [96] demonstrated in a mouse model study of Schistosoma mansoni 

infection that the expression of NF-κB was significantly reduced after the 
combination of BMSC-Exos and PZQ. Upon immunohistochemical ex-
amination, it was found that the number and diameter of granulomas 
were reduced, inflammation was alleviated, and hepatic fibrosis sub-
sided more significantly, of which the mechanism may be related to the 
inhibition of the NF-κB signaling pathway. 

6.3. Anti-inflammatory and antioxidant 

Oxidative stress is regarded as an imbalanced action between the 
production of reactive oxygen species (ROS) and their elimination 
through protective mechanisms, which may lead to chronic inflamma-
tion. Various inflammatory stimulus are generated during oxidative 
metabolism have been reported to lead to the synthesis and secretion of 
pro-inflammatory cytokines, which are the critical causes of many 
chronic diseases [97]. Wei et al. [98] showed that binding of MSC-Exos 
to glycyrrhizic acid significantly enhanced the expression of proteins 
with anti-inflammatory activity and restored the expression of dysre-
gulated proteins associated with inflammation and oxidative stress, thus 
further enhancing the therapeutic potential of MSC-Exos in liver injury 
in vivo and in vitro. Similarly, MSC-Exos combined with nilotinib, a 
second-generation tyrosine kinase inhibitor, significantly ameliorated 
hepatic fibrosis in rats in vivo by inhibiting oxidative stress, inflamma-
tion, and apoptosis [99]. Besides, the combination of MSC-Exos with 
RUP provided additional improvement in inhibiting DEN-induced he-
patic fibrosis in rats compared to treatment with MSC-Exos alone. The 
mechanism is mediated through the antioxidant, anti-inflammatory, 
anti-necrotic and anti-fibrotic effects of RUP, which creates a more 
favorable environment for the homing and action of MSC-Exos. This in 
turn enhances miR-200a expression more effectively, thereby reducing 
oxidative stress, inflammation, necrotic apoptosis and subsequent 
fibrosis [93]. 

With the continuous development of research, the use of MSC-Exos 
has gradually become a research hotspot as a natural biocompatible 
drug delivery carrier for the treatment of fibrosis (Table 4). Azizsoltani 
et al. [100] used hUCMSC-Exos as a drug carrier via transfering 

Table 3 (continued ) 

Researcher Year Strategy Signaling 
pathway 

Mechanism 

Zhang et al.  
[73]  

2022 BMSCs 
combine with 
Ferulic acid 

RhoA/ROCK 
signaling 
pathway 

Inhibition of 
cytoskeletal 
rearrangement and 
delivery of miR-19b- 
3p to activated HSCs, 
inactivation of RhoA/ 
ROCK signaling 
attenuates HSCs 
activation and liver 
fibrosis 

Li et al. [74]  2022 BMSCs 
combine with 
Yi Guan Jian 

Rho 
signaling 
pathway 

Inhibiting the 
expression of RhoA 
and ROCK1, key 
molecules of the Rho 
pathway, and thus 
inhibiting HSCs 
activation  

Table 4 
Mechanism of improvement of hepatic fibrosis by combining MSC-Exos with 
drugs.  

Researcher Year Strategy Mechanism 

Sidhom et al.  
[99]  

2020 MSC- 
Exos+nilotinib 

Inhibition of oxidative stress, 
inflammation and apoptosis 

Fang et al. [102]  2021 ADMSCs-Exos 
+quercetin 

Improved hepatocyte targeting, 
anti-inflammatory and anti- 
oxidant 

You et al. [89]  2021 MSC- 
Exos+Vitamin A 

Improved ability to target aHSC 
and enrich exosomes around 
aHSC 

Wei et al. [98]  2021 MSC-Exos+
glycyrrhizic acid 

Enhanced expression of proteins 
with anti-inflammatory activity 

Ashour et al.  
[101]  

2022 MSC-Exos+LUT Enhancement of LUT drug 
activity and promotion of LUT 
penetration into hepatocytes 

Zhang et al. [90]  2023 BMSC-Exos+HCQ Specific targeting of aHSC 
functions to synergistically 
inhibit autophagy and reduce 
extracellular matrix deposition 

DIDAMOONY 
et al. [93]  

2023 BMSC-Exos+RUP Inhibition of PAF/RIPK3 and 
TGF-β1/hedgehog signaling 
pathways, anti-inflammatory 
and antioxidant 

Ellakany et al.  
[96]  

2023 BMSC-Exos+PZQ Inhibition of NF-κB signaling 
pathway 

Azizsoltani et al. 
[100]  

2023 hUCMSC- 
Exos+OCA 

Activation of FXR signaling 
pathway enhances extracellular 
matrix degradation by up- 
regulating MMP-13 and down- 
regulating TIMP-1  
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orbicularicularis acid (OCA) into exosomes by water bath ultrasound to 
activating the FXR signaling pathway, and through the up-regulation of 
MMP-13, the down-regulation of TIMP-1, enhancing the degradation of 
extracellular matrix and thus ameliorating hepatic fibrosis. Lignan 
(LUT), a plant flavonoid, has excellent therapeutic potential in many 
liver diseases, especially liver fibrosis. However, its poor water solubility 
and susceptibility to metabolism have hindered its clinical application. 
Ashour et al. [101] demonstrated that the efficacy of MSC-Exos as drug 
carriers synergized with LUTs for the treatment of liver fibrosis was 
superior to that of MSC-Exos alone. In addition, Fang et al. [102] found 
that quercetin and vitamin A-loaded exosomes derived from ADMSCs for 
the treatment of acute liver injury in mice, quercetin enhanced the 
therapeutic efficacy of the exosomes, while vitamin A enhanced the 
targeting of exosomes to the liver, and found that quercetin- and vitamin 
A-loaded exosomes derived from MSCs reduced the rapid 
senescence-like response induced by acute liver injury. 

Despite the unique advantages of MSC-Exos for the treatment of liver 
fibers, the different extraction methods of exosomes result in significant 
differences in exosomes purity and yield [103]. In addition, the impact 
of issues such as how to improve the targeting aHSC ability, 
drug-carrying capacity, and delivery efficiency of MSC-Exos for the 
treatment of liver fibrosis is crucial but problematic [104] [105]. It is 
worth noting that the studies of MSC-Exos for the treatment of hepatic 
fibrosis have been conducted mainly in animal models, while clinical 
trials on the safety and efficacy aspects need to be further improved and 
mapped out. 

7. Progress of clinical research on mesenchymal stem cells and 
their exosomes combined with drugs for the treatment of liver 
diseases 

Several clinical trials have shown that infusing autologous BMSCs 
can significantly improve liver function in cirrhotic patients [106]. 
Furthermore, MSCs have also been proven to be safe and effective in the 
treatment of liver failure [107]. In addition to autologous MSCs, LIANG 
and other researchers [108] found that in 26 patients with cirrhosis due 
to autoimmune diseases and treated with allogeneic MSCs trans-
plantation, the patients’ serum alanine aminotransferase and total bili-
rubin levels were significantly decreased, serum albumin improved, and 
no serious adverse events were observed in any of the cases during 
24 hours after MSCs infusion. The latest research results of domestic 
academician Wang Fusheng showed that umbilical cord MSCs signifi-
cantly improved liver function and long term survival in patients with 
decompensated cirrhosis, and this study provided new evidence for the 
safety and efficacy of MSCs in the treatment of cirrhosis [109]. In 
addition, MSCs in combination with drugs for the treatment of liver 
disease have also been reported [110], and in a study of patients with 
compensated cirrhosis evaluated by intraportal infusion of autologous 
MSCs in combination with pioglitazone, the patient’s clinical status 
remained stable without signs of deterioration or any major adverse 
effects, and a transient improvement in Model for End-Stage Liver Dis-
ease (MELD) scores was observed at month 3 post-infusion, which 
eventually returned to baseline levels at month 12. It is suggested that 
MSCs in combination with pioglitazone are safe and feasible. However, 
due to the safety and adverse effects of the drugs themselves, the com-
bination of MSCs has mostly been evaluated for its effectiveness in an-
imal models of liver fibrosis, while its clinical application in liver 
diseases is less. Therefore, an in-depth exploration of the mechanism of 
MSCs combination drugs to improve liver fibrosis is expected to be an 
effective and safe therapeutic strategy for liver disease in clinical 
practice. 

MSC-Exos, as a newly discovered transport vehicle mediating cell-to- 
cell interactions, plays an important role in many different diseases such 
as respiratory distress syndrome, renal disease, graft-versus-host dis-
ease, osteoarthritis, stroke, etc., with the advantages of its wide range of 
sources, good plasticity and low immunogenicity [111]. However, 

MSC-Exos combination drug therapy for hepatic fibrosis has only been 
performed in animal models, and there is a lack of uniform standards for 
the therapeutic dosage, route of administration, and source of parent 
mesenchymal stem cells of MSC-Exos, besides the above-mentioned 
factors of the drug itself, before its formal clinical application in the 
treatment of liver disease. In addition, the stability and efficacy of 
MSC-Exos in the liver still need to be further evaluated. 

8. Discussion and outlook 

Liver fibrosis, as an intermediate pathological process from chronic 
liver disease to cirrhosis and hepatocellular carcinoma, has become a 
research hotspot for the treatment of liver diseases due to its reversible 
properties. However, there is no very effective means to treat liver 
fibrosis in clinical practice. MSCs, as a kind of pluripotent stem cells, 
have no ethical issues and wide sources compared with liver trans-
plantation and hepatocyte transplantation, which have attracted much 
attention in animal experiments and clinical studies of cell trans-
plantation for the treatment of liver fibrosis. Unfortunately, MSCs 
confront with the challenges such as in vivo microenvironment ina-
daptation and attenuation of inflammatory response ability after isola-
tion and culture in vitro [45], which ultimately leads to a low 
colonization rate and short duration of intervention after trans-
plantation of MSCs into the liver [6]. Therefore, it has not been widely 
used in clinical practice. 

With the deepening of relevant studies worldwide, MSCs combina-
tion drugs have shown better therapeutic effects than MSCs alone in 
many animal models of hepatic fibrosis. MSCs combination drugs are 
more effective in ameliorating hepatic fibrosis by promoting the homing 
and proliferation of MSCs, regulating the microenvironment, differen-
tiating into hepatocyte-like cells, inhibiting hepatic stellate cell activa-
tion, and regulating signaling pathways, among other mechanisms. 
However, clinically, few studies have been reported on the combination 
of MSCs with drugs for the treatment of hepatic fibrosis, owing to the 
problems of few subject patients, large individual differences, and 
insufficient evaluation of the efficacy and potential side effects of the 
drugs alone. Not only that, MSCs combined with drugs to treat liver 
fibrosis do not circumvent the potential risk of MSCs themselves, such as 
Di et al. [6] indicated that BMSCs could present fibroblast-like 
morphology after transplantation into immune co-deficient mice. In 
addition, it was reported that MSCs promoted the activation of HSCs 
after implantation in hepatic fibrotic mice, which accelerated the pro-
cess of hepatic fibrotic lesions [112]. More importantly, it has been re-
ported that MSCs are considered as dubious cells that may promote 
tumor growth. Therefore, in order to better exploit the potential of MSCs 
combined with drugs for the treatment of liver fibrosis, the delivery 
route and therapeutic dose of MSCs should be standardized to prolong 
the bioactivity duration of transplanted MSCs. In addition, the drug 
concentration, route of administration, and safety of the drug itself need 
to be further explored in depth. 

MSC-Exos carry a variety of nucleic acids, proteins, and lipids 
derived from MSCs, conferring therapeutic efficacy to MSC-Exos in liver 
diseases consistent with parental MSCs. In addition, with the advantages 
of smaller size, low immunogenicity, and nontumorigenicity, MSC-Exos 
may be clinically useful as the best biological tool in the treatment of 
various liver diseases. Some researchers have demonstrated in animal 
models of liver fibrosis that MSC-Exos combined with drugs can improve 
the effect of MSC-Exos in the treatment of liver fibrosis. It is noteworthy 
that the purity and yield of exosomes from different sources of MSCs and 
different extraction methods result in great differences, and there is a 
lack of effective and uniform standardized isolation methods by nowa-
days. In addition, challenges such as quality control, long-term storage, 
and safety of isolated MSC-Exos have not been addressed; low yields and 
high costs prevent the large-scale use of MSC-Exos as a drug delivery 
vehicle. Therefore, how to efficiently extract or prepare MSC-Exos on a 
large scale, drastically reduce the cost, and greatly improve its drug- 
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carrying capacity, delivery efficiency, and targeting ability still need to 
be further investigated. 

In summary, mesenchymal stem cells and their exosomes combined 
with drugs can effectively improve liver function, reverse hepatic 
fibrosis, and promote the healing of liver tissue in many animal models 
of liver fibrosis. However, the specific mechanisms by which combina-
tion therapy intervenes in liver fibrosis are unclear, which makes 
widespread clinical application difficult. Therefore, before stipulating it 
as a clinical approach, it is necessary to conduct more preclinical studies 
on the stability and safety of the combination of MSCs and their exo-
somes in liver disease, to fully assess the effects and risks of different 
drug treatments, and to ensure the safety of the combination therapy. 
The combined strategy is expected to be a new direction in the treatment 
of liver disease, providing an efficient and safe treatment option for 
patients with liver fibrosis and improving the status of liver health 
worldwide. 

Funding information 

This work was supported by the National Natural Science Foundation 
of China, No. 32060232, the Natural Science Foundation of Jiangxi 
Province, No. 20212BAB206057, the Science and Technology Project of 
Jiangxi Provincial Health Commission, No. 20191079, and the Stem Cell 
Clinical Research Bi-Filing Project of First Affiliated Hospital of Gannan 
Medical University (SC-BiFR-001). 

CRediT authorship contribution statement 

Junsong Ye: Supervision, Funding acquisition. Yu Jin: Methodol-
ogy. Lin Zhou: Supervision. Xuesong Wang: Writing – review & edit-
ing. Yan Xu: Writing – review & editing, Writing – original draft, 
Investigation. Xiaolei Zhou: Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no conflict interests. 

References 

[1] A. Caligiuri, A. Gentilini, M. Pastore, et al., Cellular and molecular mechanisms 
underlying liver fibrosis regression [J], Cells 10 (10) (2021). 

[2] S.L. Friedman, M. Pinzani, Hepatic fibrosis 2022: Unmet needs and a blueprint for 
the future [J], Hepatol. (Baltim., Md) 75 (2) (2022) 473–488. 

[3] X. Yang, Q. Li, W. Liu, et al., Mesenchymal stromal cells in hepatic fibrosis/ 
cirrhosis: from pathogenesis to treatment [J], Cell. Mol. Immunol. 20 (6) (2023) 
583–599. 

[4] J.C. Olson, R. Subramanian, C.J. Karvellas, Intensive care management of liver 
transplant recipients [J], Curr. Opin. Crit. care 28 (6) (2022) 709–714. 

[5] P. Liu, Y. Qian, X. Liu, et al., Immunomodulatory role of mesenchymal stem cell 
therapy in liver fibrosis [J], Front. Immunol. 13 (2022) 1096402. 

[6] L.V. Di Bonzo, I. Ferrero, C. Cravanzola, et al., Human mesenchymal stem cells as 
a two-edged sword in hepatic regenerative medicine: engraftment and hepatocyte 
differentiation versus profibrogenic potential [J], Gut 57 (2) (2008) 223–231. 

[7] L. Hammerich, F. Tacke, Hepatic inflammatory responses in liver fibrosis [J], Nat. 
Rev. Gastroenterol. Hepatol. 20 (10) (2023) 633–646. 

[8] Y. Koyama, D.A. Brenner, Liver inflammation and fibrosis [J], J. Clin. Investig. 
127 (1) (2017) 55–64. 

[9] M. Abou-Shady, H. Friess, A. Zimmermann, et al., Connective tissue growth factor 
in human liver cirrhosis [J], Liver 20 (4) (2000) 296–304. 

[10] C.Y. Zhang, W.G. Yuan, P. He, et al., Liver fibrosis and hepatic stellate cells: 
Etiology, pathological hallmarks and therapeutic targets [J], World J. 
Gastroenterol. 22 (48) (2016) 10512–10522. 

[11] S.Y. Neshat, V.M. Quiroz, Y. Wang, et al., Liver Disease: Induction, Progression, 
Immunological Mechanisms, and Therapeutic Interventions [J], Int. J. Mol. Sci. 
22 (13) (2021). 

[12] N. Roehlen, E. Crouchet, T.F. Baumert, Liver Fibrosis: Mechanistic Concepts and 
Therapeutic Perspectives [J], Cells 9 (4) (2020). 

[13] Y.L. Zhao, R.T. Zhu, Y.L. Sun, Epithelial-mesenchymal transition in liver fibrosis 
[J], Biomed. Rep. 4 (3) (2016) 269–274. 

[14] Y. Pan, J. Wang, L. He, et al., MicroRNA-34a Promotes EMT and Liver Fibrosis in 
Primary Biliary Cholangitis by Regulating TGF-β1/smad Pathway [J], 
J. Immunol. Res. 2021 (2021) 6890423. 

[15] S. Khan, R. Saxena, Regression of Hepatic Fibrosis and Evolution of Cirrhosis: A 
Concise Review [J], Adv. Anat. Pathol. 28 (6) (2021) 408–414. 

[16] P. Udompap, D. Kim, W.R. Kim, Current and Future Burden of Chronic 
Nonmalignant Liver Disease [J], Clin. Gastroenterol. Hepatol.: Off. Clin. Pract. J. 
Am. Gastroenterol. Assoc. 13 (12) (2015) 2031–2041. 

[17] J.R. Lai, Y.W. Hsu, T.M. Pan, et al., Monascin and Ankaflavin of Monascus 
purpureus Prevent Alcoholic Liver Disease through Regulating AMPK-Mediated 
Lipid Metabolism and Enhancing Both Anti-Inflammatory and Anti-Oxidative 
Systems [J], Mol. (Basel, Switz. ) 26 (20) (2021). 

[18] B. Ran, C.E. Guo, W. Li, et al., Sea buckthorn (Hippophae rhamnoides L.) 
fermentation liquid protects against alcoholic liver disease linked to regulation of 
liver metabolome and the abundance of gut microbiota [J, J. Sci. Food Agric. 101 
(7) (2021) 2846–2854. 

[19] L. Chen, X.W. Chen, X. Huang, et al., Regulation of glucose and lipid metabolism 
in health and disease [J], Sci. China Life Sci. 62 (11) (2019) 1420–1458. 

[20] L. Rong, J. Zou, W. Ran, et al., Advancements in the treatment of non-alcoholic 
fatty liver disease (NAFLD) [J], Front. Endocrinol. 13 (2022) 1087260. 

[21] H. Wang, T.A.N.B.B. Chen S F, Progress in the study of Chinese medicine for the 
treatment of liver fibrosis [J], Inn. Mong. Tradit. Chin. Med. 42 (02) (2023) 
128–131. 

[22] M.F. Chen, C.C. Huang, P.S. Liu, et al., Saikosaponin a and saikosaponin d inhibit 
proliferation and migratory activity of rat HSC-T6 cells [J], J. Med. Food 16 (9) 
(2013) 793–800. 

[23] R.Q. Wang, H.M. Mi, H. Li, et al., Modulation of IKKβ/NF-κB and TGF-β1/Smad 
via Fuzheng Huayu recipe involves in prevention of nutritional steatohepatitis 
and fibrosis in mice [J], Iran. J. Basic Med. Sci. 18 (4) (2015) 404–411. 

[24] A. Khodarahmi, A. Eshaghian, F. Safari, et al., Quercetin Mitigates Hepatic Insulin 
Resistance in Rats with Bile Duct Ligation Through Modulation of the STAT3/ 
SOCS3/IRS1 Signaling Pathway [J], J. Food Sci. 84 (10) (2019) 3045–3053. 

[25] L. Wang, W. Lu, Y.H. Gao, et al., [Effect of Anluohuaxianwan on the expression of 
matrix metalloproteinases and their inhibitors in rat liver with fibrosis] [J], 
Zhonghua gan zang Bing. za zhi = Zhonghua ganzangbing zazhi = Chin. J. 
Hepatol. 27 (4) (2019) 267–273. 

[26] E.E. Vargas-Pozada, E. Ramos-Tovar, C. Acero-Hernández, et al., Caffeine 
mitigates experimental nonalcoholic steatohepatitis and the progression of 
thioacetamide-induced liver fibrosis by blocking the MAPK and TGF-β/Smad3 
signaling pathways [J], Ann. Hepatol. 27 (2) (2022) 100671. 

[27] A.Y. Xiu, Q. Ding, Z. Li, et al., Doxazosin Attenuates Liver Fibrosis by Inhibiting 
Autophagy in Hepatic Stellate Cells via Activation of the PI3K/Akt/mTOR 
Signaling Pathway [J], Drug Des., Dev. Ther. 15 (2021) 3643–3659. 

[28] S. Cai, L. Wu, S. Yuan, et al., Carvacrol alleviates liver fibrosis by inhibiting 
TRPM7 and modulating the MAPK signaling pathway [J], Eur. J. Pharmacol. 898 
(2021) 173982. 

[29] L. Zhang, J. Xiang, F. Zhang, et al., MSCs can be a double-edged sword in 
tumorigenesis [J], Front. Oncol. 12 (2022) 1047907. 

[30] G. Tong, X. Chen, J. Lee, et al., Fibroblast growth factor 18 attenuates liver 
fibrosis and HSCs activation via the SMO-LATS1-YAP pathway [J], Pharmacol. 
Res. 178 (2022) 106139. 

[31] S. Chen, L. Xu, N. Lin, et al., Activation of Notch1 signaling by marrow-derived 
mesenchymal stem cells through cell-cell contact inhibits proliferation of hepatic 
stellate cells [J], Life Sci. 89 (25-26) (2011) 975–981. 

[32] X. Rong, J. Liu, X. Yao, et al., Human bone marrow mesenchymal stem cells- 
derived exosomes alleviate liver fibrosis through the Wnt/β-catenin pathway [J], 
Stem Cell Res. Ther. 10 (1) (2019) 98. 

[33] L. Yao, X. Hu, K. Dai, et al., Mesenchymal stromal cells: promising treatment for 
liver cirrhosis [J], Stem Cell Res. Ther. 13 (1) (2022) 308. 

[34] S.K. Heo, H.M. Yu, D.K. Kim, et al., LIGHT (TNFSF14) promotes the 
differentiation of human bone marrow-derived mesenchymal stem cells into 
functional hepatocyte-like cells [J], PloS One 18 (8) (2023) e0289798. 

[35] D. LI, J. FAN, X. HE, et al., Therapeutic effect comparison of hepatocyte-like cells 
and bone marrow mesenchymal stem cells in acute liver failure of rats [J], Int. J. 
Clin. Exp. Pathol. 8 (1) (2015) 11–24. 

[36] D. Perera, P. Soysa, S. Wijeratne, A Comparison of Mesenchymal Stem Cell- 
derived Hepatocyte-like Cells and HepG2 Cells for Use in Drug-Induced Liver 
Injury Studies [J], Altern. Lab. Anim.: ATLA 50 (2) (2022) 146–155. 

[37] S.F. Ewida, A.G. Abdou, A.A. El-Rasol Elhosary, et al., Hepatocyte-like Versus 
Mesenchymal Stem Cells in CCl4-induced Liver Fibrosis [J], Appl. 
Immunohistochem. Mol. Morphol.: AIMM 25 (10) (2017) 736–745. 

[38] T.Y. LI, Y. Yang, G. Zhou, et al., Immune suppression in chronic hepatitis B 
infection associated liver disease: A review [J], World J. Gastroenterol. 25 (27) 
(2019) 3527–3537. 

[39] P. Kubes, C. Jenne, Immune Responses in the Liver [J], Annu. Rev. Immunol. 36 
(2018) 247–277. 

[40] C. Koaykul, M.H. Kim, Y. Kawahara, et al., Maintenance of Neurogenic 
Differentiation Potential in Passaged Bone Marrow-Derived Human Mesenchymal 
Stem Cells Under Simulated Microgravity Conditions [J], Stem Cells Dev. 28 (23) 
(2019) 1552–1561. 

[41] X.X. Jiang, Y. Zhang, B. Liu, et al., Human mesenchymal stem cells inhibit 
differentiation and function of monocyte-derived dendritic cells [J], Blood 105 
(10) (2005) 4120–4126. 

[42] D.N. Khuu, O. Nyabi, C. Maerckx, et al., Adult human liver mesenchymal stem/ 
progenitor cells participate in mouse liver regeneration after hepatectomy [J], 
Cell Transplant. 22 (8) (2013) 1369–1380. 

[43] W. Zheng, YANG Y, SEQUEIRA R C, et al. Effects of Extracellular Vesicles Derived 
from Mesenchymal Stem/Stromal Cells on Liver, Dis. [J. ]. Curr. stem Cell Res. 
Ther. 14 (5) (2019) 442–452. 

[44] M. Yuan, X. Hu, L. Yao, et al., Mesenchymal stem cell homing to improve 
therapeutic efficacy in liver disease [J], Stem Cell Res. Ther. 13 (1) (2022) 179. 

Y. Xu et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref1
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref1
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref2
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref2
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref3
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref3
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref3
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref4
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref4
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref5
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref5
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref6
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref6
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref6
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref7
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref7
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref8
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref8
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref9
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref9
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref10
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref10
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref10
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref11
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref11
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref11
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref12
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref12
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref13
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref13
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref14
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref14
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref14
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref15
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref15
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref16
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref16
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref16
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref17
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref17
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref17
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref17
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref18
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref18
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref18
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref18
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref19
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref19
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref20
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref20
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref21
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref21
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref21
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref22
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref22
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref22
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref23
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref23
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref23
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref24
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref24
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref24
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref25
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref25
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref25
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref25
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref26
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref26
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref26
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref26
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref27
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref27
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref27
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref28
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref28
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref28
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref29
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref29
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref30
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref30
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref30
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref31
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref31
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref31
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref32
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref32
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref32
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref33
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref33
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref34
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref34
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref34
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref35
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref35
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref35
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref36
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref36
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref36
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref37
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref37
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref37
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref38
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref38
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref38
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref39
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref39
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref40
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref40
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref40
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref40
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref41
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref41
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref41
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref42
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref42
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref42
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref43
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref43
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref43
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref44
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref44


Biomedicine & Pharmacotherapy 176 (2024) 116848

10

[45] C. Hu, Z. Wu, L. Li, Pre-treatments enhance the therapeutic effects of 
mesenchymal stem cells in liver diseases [J], J. Cell. Mol. Med. 24 (1) (2020) 
40–49. 

[46] J. Zhu, F.X. Yi, Progress in the study of mesenchymal stem cell homing 
mechanism and influencing factors [J], Chin. Pharm. Sci. 13 (06) (2023) 25–29. 

[47] W.J. Rombouts, R.E. Ploemacher, Primary murine MSC show highly efficient 
homing to the bone marrow but lose homing ability following culture [J], 
Leukemia 17 (1) (2003) 160–170. 

[48] N.L. Chai, S.P. Xu, J. Wan, et al., Experimental study on the synergistic effect of 
oxidized ginseng alkaloids with bone marrow mesenchymal stem cells in the 
treatment of liver fibrosis in rats [J], Chin. J. Integr. Med. 33 (06) (2013) 
840–844. 

[49] K. Mortezaee, P. Pasbakhsh, I. Ragerdi Kashani, et al., Melatonin Pretreatment 
Enhances the Homing of Bone Marrow-derived Mesenchymal Stem Cells 
Following Transplantation in a Rat Model of Liver Fibrosis [J], Iran. Biomed. J. 20 
(4) (2016) 207–216. 

[50] Y.H. Luo, S.S. Wu, Z.C. Wang, et al., Effects of Zhuang Fang Zhuanggan Zhuyu 
combined with bone marrow mesenchymal stem cell transplantation on liver 
fibrosis in CCl4-induced rats [J], J. Hunan Univ. Tradit. Chin. Med. 43 (03) 
(2023) 443–449. 

[51] H. CUI, Z. LIU, L. WANG, et al., Icariin-treated human umbilical cord 
mesenchymal stem cells decrease chronic liver injury in mice [J], Cytotechnology 
69 (1) (2017) 19–29. 

[52] W.U.Y.H. WU S S, WEN Z X, et al., Mechanistic study on the mobilization of bone 
marrow mesenchymal stem cell homing by Rougan Huaxian for the treatment of 
hepatic fibrosis in rats [J], Chin. J. Tradit. Chin. Med. 39 (10) (2021) 146–149. +
278-9. 

[53] M.B. Bowie, K.D. Mcknight, D.G. Kent, et al., Hematopoietic stem cells proliferate 
until after birth and show a reversible phase-specific engraftment defect [J], 
J. Clin. Investig. 116 (10) (2006) 2808–2816. 

[54] H. Sun, C. Shi, Z. Ye, et al., The role of mesenchymal stem cells in liver injury [J], 
Cell Biol. Int. 46 (4) (2022) 501–511. 

[55] Z.C. Wang, S. Yang, J.J. Huang, et al., Effect of Rougan Huaqian granules 
combined with human mesenchymal stem cell transplantation on liver fibrosis in 
cirrhosis rats [J], Asian Pac. J. Trop. Med. 7 (7) (2014) 576–581. 

[56] J. Chen, W. Gao, P. Zhou, et al., Enhancement of hepatocyte differentiation from 
human embryonic stem cells by Chinese medicine Fuzhenghuayu [J], Sci. Rep. 6 
(2016) 18841. 

[57] H. Qiao, Y. Tong, H. Han, et al., A novel therapeutic regimen for hepatic fibrosis 
using the combination of mesenchymal stem cells and baicalin [J], Die Pharm. 66 
(1) (2011) 37–43. 

[58] H.J. Lin, J.Y. Chen, C.F. Lin, et al., Hepatoprotective effects of Yi Guan Jian, an 
herbal medicine, in rats with dimethylnitrosamine-induced liver fibrosis [J], 
J. Ethnopharmacol. 134 (3) (2011) 953–960. 

[59] Y. Xiang, B.Y. Pang, Y. Zhang, et al., Effect of Yi Guan Jian decoction on 
differentiation of bone marrow mesenchymalstem cells into hepatocyte-like cells 
in dimethylnitrosamine-induced liver cirrhosis in mice [J], Mol. Med. Rep. 15 (2) 
(2017) 613–626. 

[60] L.L. Fu, B.Y. Pang, Y. Zhu, et al., Yi Guan Jian decoction may enhance hepatic 
differentiation of bone marrow‑derived mesenchymal stem cells via SDF‑1 in 
vitro [J], Mol. Med. Rep. 16 (3) (2017) 2511–2521. 

[61] J. Ouyang, Z. Gao, Z. Ren, et al., Synergistic effects of rMSCs and salidroside on 
the experimental hepatic fibrosis [J], Die Pharm. 65 (8) (2010) 607–613. 

[62] Y.A. Cho, K. Noh, S.S. Jue, et al., Melatonin promotes hepatic differentiation of 
human dental pulp stem cells: clinical implications for the prevention of liver 
fibrosis [J], J. Pineal Res. 58 (1) (2015) 127–135. 

[63] O.A. Hammam, N. Elkhafif, Y.M. Attia, et al., Wharton’s jelly-derived 
mesenchymal stem cells combined with praziquantel as a potential therapy for 
Schistosoma mansoni-induced liver fibrosis [J], Sci. Rep. 6 (2016) 21005. 

[64] A. Fatima, T.S. Malick, I. Khan, et al., Effect of glycyrrhizic acid and 18β- 
glycyrrhetinic acid on the differentiation of human umbilical cord-mesenchymal 
stem cells into hepatocytes [J], World J. stem Cells 13 (10) (2021) 1580–1594. 

[65] L. Tan, X. Liu, H. Dou, et al., Characteristics and regulation of mesenchymal stem 
cell plasticity by the microenvironment - specific factors involved in the 
regulation of MSC plasticity, J. ]. Genes Dis. 9 (2) (2022) 296–309. 

[66] V. Slautin, K. Konyshev, I. Gavrilov, et al., Fucoxanthin Enhances the Antifibrotic 
Potential of Placenta-derived Mesenchymal Stem Cells in a CCl4-induced Mouse 
Model of Liver Fibrosis [J], Curr. stem Cell Res. Ther. (2024). 

[67] R.A. Mohammed, H.M. Shawky, L.A. Rashed, et al., Combined effect of hydrogen 
sulfide and mesenchymal stem cells on mitigating liver fibrosis induced by bile 
duct ligation: Role of anti-inflammatory, anti-oxidant, anti-apoptotic, and anti- 
fibrotic biomarkers [J], Iran. J. Basic Med. Sci. 24 (12) (2021) 1753–1762. 

[68] A. Malmir, S. Farivar, R. Rezaei, et al., The effect of mesenchymal stem cells and 
imatinib on macrophage polarization in rat model of liver fibrosis [J], Cell Biol. 
Int. 47 (1) (2023) 135–143. 

[69] P. Varjavand, A. Hesampour, The Role of Mesenchymal Stem Cells and Imatinib 
in the Process of Liver Fibrosis Healing Through CCL2-CCR2 and CX3CL1- 
CX3CR1 Axes [J], Rep. Biochem. Mol. Biol. 12 (2) (2023) 350–358. 

[70] T. Iwasawa, S. Nojiri, A. Tsuchiya, et al., Combination therapy of Juzentaihoto 
and mesenchymal stem cells attenuates liver damage and regresses fibrosis in 
mice [J], Regen. Ther. 18 (2021) 231–241. 

[71] T.M. Motawi, H.M. Atta, N.A. Sadik, et al., The therapeutic effects of bone 
marrow-derived mesenchymal stem cells and simvastatin in a rat model of liver 
fibrosis [J], Cell Biochem. Biophys. 68 (1) (2014) 111–125. 

[72] C. Lee, M. Kim, J. Han, et al., Mesenchymal Stem Cells Influence Activation of 
Hepatic Stellate Cells, and Constitute a Promising Therapy for Liver Fibrosis [J], 
Biomedicines 9 (11) (2021). 

[73] R. Zhang, W. LI, X. Jiang, et al., Ferulic Acid Combined With Bone Marrow 
Mesenchymal Stem Cells Attenuates the Activation of Hepatic Stellate Cells and 
Alleviates Liver Fibrosis [J], Front. Pharmacol. 13 (2022) 863797. 

[74] W.H. Li, R. Zhang, X.Y. Cui, et al., Experimental study of Yi Guan Jian combined 
with bone marrow mesenchymal stem cells to regulate RhoA/ROCK1 pathway to 
inhibit hepatic fibrosis in rats [J], World Chin. Med. 17 (18) (2022) 2563–2568. 

[75] G. ALI, S. Mohsin, M. Khan, et al., Nitric oxide augments mesenchymal stem cell 
ability to repair liver fibrosis [J], J. Transl. Med. 10 (2012) 75. 

[76] A. Nabil, K. Uto, F. Zahran, et al., The Potential Safe Antifibrotic Effect of Stem 
Cell Conditioned Medium and Nilotinib Combined Therapy by Selective 
Elimination of Rat Activated HSCs [J], BioMed. Res. Int. 2021 (2021) 6678913. 

[77] Y. Song, J. Wei, R. LI, et al., Tyrosine kinase receptor B attenuates liver fibrosis by 
inhibiting TGF-β/SMAD signaling [J], Hepatol. (Baltim., Md) 78 (5) (2023) 
1433–1447. 

[78] M. Fathy, M. Okabe, H.M. Saad Eldien, et al., AT-MSCs Antifibrotic Activity is 
Improved by Eugenol through Modulation of TGF-β/Smad Signaling Pathway in 
Rats [J], Mol. (Basel, Switz. ) 25 (2) (2020). 

[79] Y.O. Jang, S.H. Kim, M.Y. Cho, et al., Synergistic effects of simvastatin and bone 
marrow-derived mesenchymal stem cells on hepatic fibrosis [J], Biochem. 
Biophys. Res. Commun. 497 (1) (2018) 264–271. 

[80] S. Mazhari, A. Gitiara, K. Baghaei, et al., Therapeutic potential of bone marrow- 
derived mesenchymal stem cells and imatinib in a rat model of liver fibrosis [J], 
Eur. J. Pharmacol. 882 (2020) 173263. 

[81] Huang, J.J. Huang, H.N. Wang Z C, et al., Study on the effect of Bie Jia jian Wan 
on bone marrow mesenchymal stem cell transplantation for hepatic fibrosis by 
interfering with SDF-1/CXCR4 signaling pathway [J]. Shizhen, a Chinese 
medicine practitioner, Spec. Chin. Med. 29 (07) (2018) 1565–1567. 

[82] QIAO T.Y. Study of the mechanism of action of consistent decoction to promote 
the reversal of hepatic fibrosis in bone marrow MSCs based on the FGF2-DLK1 
signaling pathway [D]. 2017. 

[83] J. Zheng, H. LI, L. HE, et al., Preconditioning of umbilical cord-derived 
mesenchymal stem cells by rapamycin increases cell migration and ameliorates 
liver ischaemia/reperfusion injury in mice via the CXCR4/CXCL12 axis [J], Cell 
Prolif. 52 (2) (2019) e12546. 

[84] D. Dalia, A. Amina, H. Shereen, et al., Nanocurcumin Improves the Therapeutic 
Role of Mesenchymal Stem Cells in Liver Fibrosis Rats [J], Biointerface Res. Appl. 
Chem. (2021) 14463–14479. 

[85] F.P. Russo, M.R. Alison, B.W. Bigger, et al., The bone marrow functionally 
contributes to liver fibrosis [J], Gastroenterology 130 (6) (2006) 1807–1821. 

[86] T. Lopatina, C. Gai, M.C. Deregibus, et al., Cross Talk between Cancer and 
Mesenchymal Stem Cells through Extracellular Vesicles Carrying Nucleic Acids 
[J], Front. Oncol. 6 (2016) 125. 

[87] Y. Tan, Y. Huang, R. Mei, et al., HucMSC-derived exosomes delivered BECN1 
induces ferroptosis of hepatic stellate cells via regulating the xCT/GPX4 axis [J], 
Cell death Dis. 13 (4) (2022) 319. 

[88] T. Higashi, S.L. Friedman, Y. Hoshida, Hepatic stellate cells as key target in liver 
fibrosis [J], Adv. Drug Deliv. Rev. 121 (2017) 27–42. 

[89] D.G. You, B.H. Oh, V.Q. Nguyen, et al., Vitamin A-coupled stem cell-derived 
extracellular vesicles regulate the fibrotic cascade by targeting activated hepatic 
stellate cells in vivo [J], J. Control. Release: Off. J. Control. Release Soc. 336 
(2021) 285–295. 

[90] Y.W. Zhang, L.S. Hou, J.H. Xing, et al., Two-Membrane Hybrid Nanobiomimetic 
Delivery System for Targeted Autophagy Inhibition of Activated Hepatic Stellate 
Cells To Synergistically Treat Liver Fibrosis [J], ACS Appl. Mater. Interfaces 
(2023). 

[91] M.A. Didamoony, A.M. Atwa, L.A. Ahmed, A novel mechanistic approach for the 
anti-fibrotic potential of rupatadine in rat liver via amendment of PAF/NF-ĸB 
p65/TGF-β1 and hedgehog/HIF-1α/VEGF trajectories [J], 
Inflammopharmacology 31 (2) (2023) 845–858. 

[92] L.A. Ahmed, A.F. Mohamed, E.A. Abd El-Haleim, et al., Boosting Akt Pathway by 
Rupatadine Modulates Th17/Tregs Balance for Attenuation of Isoproterenol- 
Induced Heart Failure in Rats [J], Front. Pharmacol. 12 (2021) 651150. 

[93] M.A. Didamoony, A.M. Atwa, L.A. Ahmed, Modulatory effect of rupatadine on 
mesenchymal stem cell-derived exosomes in hepatic fibrosis in rats: A potential 
role for miR-200a [J], Life Sci. 324 (2023) 121710. 

[94] R.S. Almeer, M.F. El-Khadragy, S. Abdelhabib, et al., Ziziphus spina-christi leaf 
extract ameliorates schistosomiasis liver granuloma, fibrosis, and oxidative stress 
through downregulation of fibrinogenic signaling in mice [J], PloS One 13 (10) 
(2018) e0204923. 

[95] H. Shen, L. Sheng, Z. Chen, et al., Mouse hepatocyte overexpression of NF-κB- 
inducing kinase (NIK) triggers fatal macrophage-dependent liver injury and 
fibrosis [J], Hepatol. (Baltim., Md) 60 (6) (2014) 2065–2076. 

[96] A.R. Ellakany, H. EL BAZ, Z.S. Shoheib, et al., Stem cell-derived exosomes as a 
potential therapy for schistosomal hepatic fibrosis in experimental animals [J], 
Pathog. Glob. Health (2023) 1–21. 

[97] T. Hussain, B. Tan, Y. Yin, et al., Oxidative Stress and Inflammation: What 
Polyphenols Can Do for Us? [J], Oxid. Med. Cell. Longev. 2016 (2016) 7432797. 

[98] H. Wei, Q. Chen, L. Lin, et al., Regulation of exosome production and cargo 
sorting [J], Int. J. Biol. Sci. 17 (1) (2021) 163–177. 

[99] K. Sidhom, P.O. Obi, A. Saleem, A Review of Exosomal Isolation Methods: Is Size 
Exclusion Chromatography the Best Option? [J], Int. J. Mol. Sci. 21 (18) (2020). 

[100] A. Azizsoltani, B. Hatami, M.R. Zali, et al., Obeticholic acid-loaded exosomes 
attenuate liver fibrosis through dual targeting of the FXR signaling pathway and 

Y. Xu et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref45
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref45
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref45
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref46
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref46
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref47
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref47
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref47
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref48
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref48
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref48
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref48
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref49
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref49
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref49
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref49
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref50
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref50
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref50
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref50
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref51
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref51
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref51
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref52
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref52
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref52
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref52
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref53
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref53
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref53
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref54
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref54
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref55
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref55
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref55
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref56
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref56
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref56
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref57
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref57
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref57
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref58
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref58
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref58
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref59
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref59
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref59
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref59
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref60
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref60
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref60
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref61
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref61
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref62
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref62
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref62
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref63
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref63
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref63
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref64
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref64
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref64
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref65
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref65
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref65
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref66
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref66
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref66
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref67
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref67
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref67
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref67
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref68
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref68
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref68
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref69
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref69
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref69
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref70
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref70
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref70
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref71
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref71
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref71
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref72
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref72
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref72
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref73
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref73
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref73
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref74
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref74
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref74
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref75
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref75
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref76
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref76
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref76
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref77
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref77
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref77
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref78
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref78
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref78
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref79
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref79
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref79
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref80
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref80
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref80
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref81
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref81
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref81
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref81
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref82
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref82
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref82
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref82
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref83
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref83
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref83
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref84
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref84
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref85
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref85
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref85
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref86
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref86
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref86
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref87
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref87
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref88
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref88
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref88
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref88
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref89
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref89
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref89
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref89
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref90
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref90
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref90
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref90
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref91
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref91
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref91
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref92
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref92
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref92
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref93
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref93
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref93
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref93
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref94
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref94
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref94
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref95
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref95
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref95
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref96
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref96
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref97
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref97
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref98
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref98
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref99
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref99


Biomedicine & Pharmacotherapy 176 (2024) 116848

11

ECM remodeling [J], Biomed. Pharmacother. = Biomedecine Pharmacother. 168 
(2023) 115777. 

[101] A.A. Ashour, A.H. El-Kamel, R.A. Mehanna, et al., Luteolin-loaded exosomes 
derived from bone marrow mesenchymal stem cells: a promising therapy for liver 
fibrosis [J], Drug Deliv. 29 (1) (2022) 3270–3280. 

[102] J. Fang, W. Liang, ASCs -derived exosomes loaded with vitamin A and quercetin 
inhibit rapid senescence-like response after acute liver injury [J], Biochem. 
Biophys. Res. Commun. 572 (2021) 125–130. 

[103] L.L. YU, J. ZHU, J.X. LIU, et al., A Comparison of Traditional and Novel Methods 
for the Separation of Exosomes from Human Samples [J], BioMed. Res. Int. 2018 
(2018) 3634563. 

[104] L. Cheng, X. Zhang, J. Tang, et al., Gene-engineered exosomes-thermosensitive 
liposomes hybrid nanovesicles by the blockade of CD47 signal for combined 
photothermal therapy and cancer immunotherapy [J], Biomaterials 275 (2021) 
120964. 

[105] M.J.W. Evers, S.I. Van De Wakker, E.M. De Groot, et al., Functional siRNA 
Delivery by Extracellular Vesicle-Liposome Hybrid Nanoparticles [J], Adv. 
Healthc. Mater. 11 (5) (2022) e2101202. 

[106] P. Kharaziha, P.M. Hellström, B. Noorinayer, et al., Improvement of liver function 
in liver cirrhosis patients after autologous mesenchymal stem cell injection: a 

phase I-II clinical trial [J], Eur. J. Gastroenterol. Hepatol. 21 (10) (2009) 
1199–1205. 

[107] B.L. Lin, J.F. Chen, W.H. Qiu, et al., Allogeneic bone marrow-derived 
mesenchymal stromal cells for hepatitis B virus-related acute-on-chronic liver 
failure: A randomized controlled trial [J], Hepatol. (Baltim., Md) 66 (1) (2017) 
209–219. 

[108] J. Liang, H. Zhang, C. Zhao, et al., Effects of allogeneic mesenchymal stem cell 
transplantation in the treatment of liver cirrhosis caused by autoimmune diseases 
[J], Int. J. Rheum. Dis. 20 (9) (2017) 1219–1226. 

[109] M. SHI, Y.Y. LI, R.N. XU, et al., Mesenchymal stem cell therapy in decompensated 
liver cirrhosis: a long-term follow-up analysis of the randomized controlled 
clinical trial [J], Hepatol. Int. 15 (6) (2021) 1431–1441. 

[110] M. Vosough, S. Moossavi, S. Mardpour, et al., Repeated Intraportal Injection of 
Mesenchymal Stem Cells in Combination with Pioglitazone in Patients with 
Compensated Cirrhosis: A Clinical Report of Two Cases [J], Arch. Iran. Med. 19 
(2) (2016) 131–136. 

[111] A. Lotfy, N.M. Aboquella, H. Wang, Mesenchymal stromal/stem cell (MSC)- 
derived exosomes in clinical trials [J], Stem Cell Res. Ther. 14 (1) (2023) 66. 

[112] J.X. Xiang, P. Liu, L.F. Yang, et al., Growth factor-induced hepatic differentiation 
of bone marrow mesenchymal stem cells inhibits chronic liver fibrosis [J], China 
Tissue Eng. Res. 22 (33) (2018) 5286–5291. 

Y. Xu et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref99
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref99
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref100
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref100
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref100
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref101
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref101
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref101
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref102
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref102
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref102
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref103
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref103
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref103
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref103
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref104
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref104
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref104
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref105
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref105
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref105
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref105
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref106
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref106
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref106
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref106
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref107
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref107
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref107
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref108
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref108
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref108
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref109
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref109
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref109
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref109
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref110
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref110
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref111
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref111
http://refhub.elsevier.com/S0753-3322(24)00732-7/sbref111

	Progress of mesenchymal stem cells (MSCs) & MSC-Exosomes combined with drugs intervention in liver fibrosis
	1 Introduction
	2 Molecular mechanisms of liver fibrogenesis
	3 Conventional treatment of liver fibrosis
	3.1 Treatment of etiologic factors
	3.2 Antifibrotic therapy

	4 Mechanisms of improvement of liver fibrosis by mesenchymal stem cells
	4.1 Inhibition of HSCs activation
	4.2 Directional differentiation into hepatocyte-like cells
	4.3 Immunomodulation

	5 Mesenchymal stem cells combined with drugs to improve liver fibrosis
	5.1 Promoting MSCs homing and proliferation
	5.2 Promoting differentiation of MSCs into functional hepatocyte-like cells
	5.3 Improvement of the microenvironment
	5.4 Inhibition of HSCs activation
	5.5 Regulation of signaling pathways

	6 The mechanisms of mesenchymal stem cells derived exosomes combined with drugs to ameliorate hepatic fibrosis
	6.1 Improvement of targeted aHSC capacity
	6.2 Regulation of signaling pathways
	6.3 Anti-inflammatory and antioxidant

	7 Progress of clinical research on mesenchymal stem cells and their exosomes combined with drugs for the treatment of liver ...
	8 Discussion and outlook
	Funding information
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References


