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Metabolic-associated fatty liver disease (MAFLD) is currently the most common chronic liver disease worldwide. However, its
pathophysiological mechanism is complicated, and currently, it has no FDA-approved pharmacological therapies. In recent
years, mesenchymal stem cell (MSC) therapy has attracted increasing attention in the treatment of hepatic diseases. MSCs are
multipotent stromal cells that originated from mesoderm mesenchyme, which have self-renewal and multipotent differentiation
capability. Recent experiments and studies have found that MSCs have the latent capacity to be used for MAFLD treatment.
MSCs have the potential to differentiate into hepatocytes, which could be induced into hepatocyte-like cells (HLCs) with liver-
specific morphology and function under appropriate conditions to promote liver tissue regeneration. They can also reduce liver
tissue injury and reverse the development of MAFLD by regulating immune response, antifibrotic activities, and lipid
metabolism. Moreover, several advantages are attributed to MSC-derived exosomes (MSC-exosomes), such as targeted delivery,
reliable reparability, and poor immunogenicity. After entering the target cells, MSC-exosomes help regulate cell function and
signal transduction; thus, it is expected to become an emerging treatment for MAFLD. In this review, we comprehensively
discussed the roles of MSCs in MAFLD, main signaling pathways of MSCs that affect MAFLD, and mechanisms of MSC-

exosomes on MAFLD.

1. Introduction

Metabolic-associated fatty liver disease (MAFLD) is previ-
ously known as nonalcoholic fatty liver disease (NAFLD).
It is estimated to affect one-fourth of the global population.
The increasing incidence of overweight and obesity, diabe-
tes, hyperlipidemia, and other metabolic diseases also led
to an increase in MAFLD cases [1]. Based on a progressive
understanding of the disease, a team of international experts
drafted a proposal to rename NAFLD to MAFLD, defined
the new diagnostic criteria, removed the amount of alcohol
consumed as a necessary condition to diagnose MAFLD,
and ensured that MAFLD is a single and clear entity rather
than a simple “antidefinition” disease [2]. The pathophysiol-
ogy of MAFLD involves various interrelated processes. Insu-
lin resistance is the driving factor of liver steatosis in
MAFLD. Lipotoxicity caused by the accumulation of various

toxic lipids and inflammatory reaction caused by immune
system activation are the major factors involved in nonalco-
holic steatohepatitis (NASH) and liver fibrosis. Endoplasmic
reticulum stress and mitochondrial dysfunction further
caused by lipotoxicity eventually lead to cell death [3]. MSCs
have self-renewal ability and can be separated and extracted
from the umbilical cord blood, bone marrow, placenta, car-
tilage, urine, and many other organs and tissues [4-6]. Sig-
nals of injury generated by the body trigger the migration
of MSCs to the injury site and further differentiate into
regional progenitor cells to substitute aging or apoptotic
cells. HLCs are cells with similar functions and characteris-
tics to normal hepatocytes. It has been proved in vitro and
in vivo that MSCs could be induced to differentiate into
HLCs and express hepatocyte specific markers, such as albu-
min (ALB) [7, 8]. Recent studies have revealed that MSCs
can alleviate hepatic injury, improve hepatic function, and


https://orcid.org/0000-0003-3937-3720
https://orcid.org/0000-0002-0624-7974
https://orcid.org/0000-0003-1391-3397
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/3919002

promote liver tissue regeneration and repair. Various liver dis-
eases can be treated with MSC transplantation [9-11]. At pres-
ent, various animal experiments of MSC transplantation have
been applied to MAFLD (Table 1). Different cytokines and
growth factors released by MSCs through the paracrine path-
way have immunomodulatory properties and inhibit the pro-
gression of liver inflammation and liver fibrosis [12]. MSCs
can also regulate lipid metabolism and improve hepatocyte
steatosis [13]. Recent experiments and studies have reported
that the exosomes released by MSCs through paracrine action
have demonstrated excellent results in the treatment of liver
diseases. Exosomes not only have the characteristics of MSCs
but can also carry proteins, lipids, microRNAs (miRNAs),
long noncoding RNAs (IncRNAs), and other bioactive sub-
stances. After entering the target cells, they exert immuno-
modulatory function, further inhibit the development of
fibrosis, and promote liver tissue regeneration [14]. Therefore,
MSCs and their exosomes may play a significant function in
the occurrence and progression of MAFLD.

2. Roles of MSCs in MAFLD

MAFLD is considered a complex disease ranging from sim-
ple steatosis to NASH, liver fibrosis, cirrhosis, and hepato-
cellular carcinoma (HCC). During disease development,
liver inflammation and hepatocyte injury caused by various
factors cannot be ignored. Therefore, it is important to
explore the potential roles of MSCs in the pathogenesis of
MAFLD for the development of new therapies (Figure 1).

2.1. Differentiation Ability of MSCs. MSCs can self-renew
and differentiate into various progenitor cells, such as
hepatocyte-like cells (HLCs), with actions similar to general
hepatocytes [27]. Thus, is it possible that MSCs differentiate
into HLCs to replace damaged hepatocytes in MAFLD? At
present, experiments have confirmed that human MSCs that
separated from bone marrow [28], adipose tissue [29],
umbilical cord blood [30], and other organs and tissues
can induce differentiation into HLCs under certain condi-
tions. Studies have also reported that MSCs differentiate into
hepatocytes in rats [31], sheep [32], and humans [33]. Hor-
mones and some soluble factors can affect the ability of
MSCs to differentiate. For example, MSCs can differentiate
into HLCs with hepatocyte-characteristic phenotypes and
functions under the action of transforming growth factor
(TGF), epidermal growth factor (EGF), insulin-like growth
factor, and oncostatin M [34]. The differentiation of MSCs
into hepatocytes include three stages: initiation, differentia-
tion, and maturation. In the early stage of MSC differentia-
tion into hepatocytes, cells express biomarkers such as
alpha fetoprotein (AFP) and hepatocyte nuclear factor-3
(HNF-3f). Then, middle-late stage biomarkers were
expressed, for example, albumin, hepatocyte nuclear factor-
4o (HNF-4a), and cytokeratin 18 (CK18) [30, 35]. In the late
stage, cells express biomarkers the same as mature hepato-
cytes, e.g., al-antitrypsin, tyrosine aminotransferase, cyto-
chrome P450, and connexin 32 [30, 35]. Among the
markers, the most studied ones were plasma proteins (ALB
and AFP), transcription factors (HNF-38 and HNF-4a),
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and cytoskeletal proteins (CK18 and CK8). Lin et al. [8]
found that transplanted human MSCs differentiated into
HLGC:s in both in vivo and in vitro studies. They transplanted
human MSCs into rats with liver fibrosis through the portal
vein, and human albumin positive cells were detected 21 days
after transplantation, indicating that transplanted MSCs suc-
cessfully differentiated into HLCs with normal liver cell func-
tion and expressed albumin, hepatocyte growth factor (HGF),
and metalloproteinases in vivo. According to this finding,
Winkler et al. [36] transplanted human bone marrow-
derived mesenchymal stem cells (BM-MSCs) into NASH
mice. Human HLCs were found in the liver parenchyma of
NASH mice 7 days after transplantation, and triglycerides
(TGs) were reduced in the liver, and the expression of proin-
flammatory cytokine tumor necrosis factor- (TNF-) a was
decreased, reversing the liver injury of NASH mice. Li et al.
[15] transplanted human umbilical cord-derived mesenchy-
mal stem cells (UC-MSCs) into the liver of type 2 diabetes
mellitus (T2DM) MAFLD mice and observed that the expres-
sions of transaminase decreased and HNF-4« increased,
which restored the liver function. However, the specific mech-
anism of MSCs transforming into HLCs is still unclear. At
present, studies suggest that it may be related to processes such
as mesenchymal-to-epithelial transition [37], Wnt signal path-
way [38], and DNA methylation [39]. However, the existing
studies are limited to early preclinical models, which still need
further large-scale experiments to confirm.

2.2. Regenerative Capacity of MSCs. MSCs can participate in
liver regeneration through different ways. On the one hand,
MSCs can be induced to differentiate into hepatocytes under
certain conditions and directly help the regeneration of
damaged liver. Transplanted MSCs mainly differentiate into
hepatocytes around the hepatic portal vein and promote
liver tissue regeneration by upregulating the reproduction
of hepatocytes and liver sinusoidal endothelial cells (LSECs),
reducing the lipid accumulation in hepatocytes and expres-
sions of interleukin- (IL-) 6 and IL-10 [40]. Choi et al. [41]
found that the transplantation of chorionic-plate-derived
mesenchymal stem cells into the liver injury rats can upreg-
ulate the proliferation of hepatocytes by increasing the
expression of phosphatase of regenerating liver-1 in vivo and
in vitro, thereby promoting liver regeneration. Winkler et al.
[36] transplanted human BM-MSCs into NASH mice. Conse-
quently, numerous human HLCs proliferated after 7 days of
transplantation. Ishida et al. [24] transplanted adipose-
derived tissue mesenchymal stem cells (ADSCs) into the
NASH mouse model. The immunohistochemical results
showed that the number of hepatocytes in NASH mice
increased and the liver regeneration ability was enhanced. It
was thought that this might be related to the promotion of
hepatocyte regeneration by ADSCs through Notch signaling.
Moreover, in the histological evaluation, the number of rat
hepatocytes increased 1.2 times, and LSECs increased 1.6
times after treatment with MSC-conditioned medium (MSC-
CM) [24]. The proliferation of host hepatocytes indicates that
the ability of liver regeneration has been enhanced after MSC
transplantation. On the other hand, MSCs can synthesize var-
ious cytokines and growth factors, exert paracrine effect in the
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FIGURE 1: Mechanisms of MSCs in MAFLD. (a) MSCs can differentiate into HLCs under the actions of cytokines and growth factors. (b)
MSCs can promote liver tissue regeneration. (c¢) MSCs regulate the corresponding effector cells of innate and adaptive immune response.
(d) The antifibrosis effect of MSCs can be divided into direct and indirect effects on HSCs. (e) MSCs reduce lipid toxicity by regulating
lipid metabolism. MSCs: mesenchymal stem cells; HLCs: hepatocyte-like cells; AFP: alpha fetoprotein; HNF-3f: hepatocyte nuclear

factor-3f3; ALB: albumin; HNF-4a: hepatocyte nuclear factor-4a; CKI18:

cytokeratin 18; AAT: al-antitrypsin; TAT: tyrosine

aminotransferase; CYP50: cytochrome P450; CX32: connexin 32; HGF: hepatocyte growth factor; EGF: epidermal growth factor; FGF:

fibroblast growth factor; IL-9: interleukin-9; IL-10: interleukin-10; T
MMPs: matrix metalloproteinases; TNF-a: tumor necrosis factor-a;
hepatic stellate cells; ECM: extracellular matrix; SERCA2: sarcoplasmic

liver tissue, and stimulate hepatocyte regeneration. For exam-
ple, HGF is a cytokine with pleiotropic properties that can
adjust the capacity of MSCs in multiplication and migration
[42]. HGF is regarded as a key growth factor in hepatocyte
multiplication, and it promotes rapid hepatocyte proliferation
through the Wnt/fB-catenin signaling and HGF/c-Met path-
way [43]. After the injection of MSCs into the portal vein of
partially hepatectomized mice, elevated levels of HGF, EGF,
and fibroblast growth factor (FGF), as well as increased bile
duct and hepatocyte proliferation, were observed [44]. These
studies suggested that the regeneration ability of the damaged
liver after MSC transplantation is enhanced, and MSCs may
participate in the regeneration and repair process of
MAFLD-damaged liver cells through direct differentiation
and paracrine effect.

2.3. Immunomodulatory Effect of MSCs. Innate and adaptive
immune response exerts significant effects on the progression
of MAFLD to NASH and liver fibrogenesis. MSCs can regulate
the corresponding effector cells of immunity. They regulate

GF-f1: transforming growth factor-f1; PGE2: prostaglandin E2;
PDGE: platelet-derived growth factor; IL-1: interleukin-1; HSCs:
reticulum Ca(2+) ATPase; ROS: reactive oxygen species.

and repair damaged liver tissue through direct intercellular
interaction and paracrine release of cytokines. Thus, they have
a positive effect on the treatment of MAFLD.

Innate immune regulation: increasing evidence suggests
that hepatic macrophages (i.e., Kupffer cells) play an impor-
tant function in the transformation of MAFLD from steato-
sis to steatohepatitis [45]. In patients with MAFLD,
macrophage infiltration in the portal veins could be
observed during the early phase of inflammation and is asso-
ciated with disease progression [46]. Hepatic macrophages
include two types, M1 proinflammatory macrophages and
M2 anti-inflammatory macrophages. The imbalanced polar-
ization of M1 to M2 will cause liver injury and fibrosis [47].
Studies have presented that in both in vivo and in vitro,
MSCs secrete cytokines and trigger the polarization from
M1 to M2 [48]. These factors have been proved to reduce
hepatic injury by accelerating M2 polarization. Chai et al.
[49] found that after UC-MSCs were transplanted into rats
with liver fibrosis, the mobilization of M1 macrophages
increased, and the degree of liver fibrosis in rats was
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improved. They believed that MSCs might promote the trans-
formation of M1 macrophages into M2 macrophages. M2
macrophages secreted the anti-inflammatory cytokine IL-10
and increased the apoptosis of M1 macrophages. A study
revealed that [50], after transplantation of human amniotic
mesenchymal stem cells into rats with liver fibrosis, the num-
ber of hepatic stellate cells (HSCs) and the number of CD68+
Kupffer cells decreased, significantly reducing the area of
fibrosis in the liver. Furthermore, ADSCs can reduce the pro-
liferation of HSCs by downregulating IL-17 expression and
further inhibiting the progression of hepatic fibrosis in NASH
mice [16]. Based on the above studies, we speculate that MSCs
may affect the progression of MAFLD-related hepatocyte
injury and fibrosis by regulating the activity of liver macro-
phages, and more animal model studies and clinical studies
are needed to confirm this view in the future.

Adaptive immune regulation: T cell-mediated cellular
immune response participate in the progression of NASH,
mainly CD4+ T cells and CD8+ T cells [51]. MSCs interact
directly with T cells or indirectly inhibit T cell proliferation
by secreting soluble factors (such as TGF- 1 and prostaglan-
din E2) and thus mediate liver immunity [52]. MSCs are also
known to have positive effects on the immune balance of
liver tissue by increasing the growth of regulatory T cells
(Tregs) [53]. Studies have suggested that MSCs could signif-
icantly reduce the infiltration and activation of CD4+ T cells
and the number of Th1 cells in the liver and induce the pro-
liferation and activation of Tregs in the liver to alleviate liver
injury [54]. Wang et al. [17] selected CD4+ T cells to explore
the immunoregulatory effect of MSCs on NASH and found
that MSCs alleviated hepatic steatosis, inflammation, and
hepatic fibrogenesis by inhibiting the multiplication and
activation of CD4+IFN-y+ T cells and CD4+IL-6+ T cells
in the spleen of NASH mice; however, it did not influence
CD4+IL-17+ T cell activity. A study found that after MSC
transplantation, liver CD8+/CD4+ cells diminished, and
the ability to secrete albumin was restored in the NASH
mouse model [55]. MSCs can also reverse the fibrosis pro-
cess and lobular inflammatory infiltration in MAFLD mice
induced by high-fat diet (HDF) by inhibiting CD4+ T cell
proliferation [18]. B cells can mediate liver injury and fibro-
sis and further promote the development of NASH to fibro-
sis [56]. Corcione et al. [57] found that MSCs may secrete
soluble factors through paracrine pathway to arrest the cell
cycle of B cells in GO/G1 and inhibit the proliferation of B
cells. In addition, since the proliferation and activation of
B lymphocytes largely depend on T lymphocytes, MSCs
may indirectly affect the function of B cells through T cells
[58]. MSCs may play an anti-inflammatory role in immune
diseases by increasing the number of regulatory B cells
(Bregs) [59]. Whether MSCs can mediate the immune regu-
lation of damaged hepatocytes by regulating the activity of
Bregs, it still needs more studies to confirm. Compared with
MSC-induced Tregs, the specific mechanism of MSCs regu-
lating Bregs production is still unclear, which may be related
to the intercellular contact and the interaction between solu-
ble factors. It has been reported that BM-MSC transplanta-
tion can increase the infiltration of Bregs and Tregs in the
liver-injured mouse model, but the absence of Bregs does

not reduce the liver injury, while the absence of Tregs
completely inhibits the protective ability of MSCs on dam-
aged hepatocytes, which indicates that Bregs does not play
a key role in the immune regulation of MSC-mediated dam-
aged hepatocytes [60]. More studies may be needed in the
future to uncover the mechanism of Bregs in adaptive
immune regulation of the liver.

2.4. Antifibrotic Activities of MSCs. Liver fibrosis occurs
when numerous extracellular matrix (ECM) components
accumulate in the liver. Some profibrotic factors such as
TGF-p1, platelet-derived growth factor, and IL-1 encourage
the activation of HSCs and production of collagen in the
damaged liver, resulting in ECM deposition [61, 62]. The
antifibrotic effects of MSCs on HSCs can be categorized as
direct or indirect. Direct antifibrotic effects on HSCs are
caused by the direct inhibition of their activity. In indirect
action, MSCs modulated HSC activation by mediating the
activity of immune cells. MSCs release soluble factors
(TGF-pB, HGF, etc.), inhibit the proliferative and activating
effects of immune cells, and accelerate HSC apoptosis [63,
64]. Therefore, MSCs can regulate immune cells, thereby
preventing fibrosis development. TGF-f1 is considered the
major mediator of liver fibrogenesis, and ECM accumulation
and progression of liver fibrogenesis are associated with
TGF-5/Smad signaling [65]. An in vitro study found that
BM-MSCs may inhibit the proliferation of HSCs and pro-
mote its apoptosis by inhibiting TGF-3/Smad pathway, thus
reducing the degree of liver fibrosis [66]. Similarly, an in vivo
study found that MSC transplantation reduced the levels of
TGF-p released by Kupffer cells and M2 macrophages in a
rat model of hepatic fibrosis and decreased the expression
of a-smooth muscle actin (a-SMA) and the number of colla-
gen fibers in hepatocytes [67]. MSCs can inhibit inflamma-
tory cytokines and fibrosis marker genes (IL-1, TNF-q,
etc.) in NASH mice and alleviate liver fibrosis [19]. Muto
et al. [20] treated NASH mice with conditioned medium
from stem cells derived from human-exfoliated deciduous
teeth (SHED-CM) and found reduced TGF-f expression.
Moreover, SHED-CM could protect the tight connection of
intestinal epithelial cells, maintain the intestinal barrier
function, and prevent lipopolysaccharides (LPSs) produced
by intestinal microorganisms from coming into contact with
the liver through the portal venous system to reduce the pos-
sibility of liver fibrosis. At the same time, MSCs also secrete
TGF-. On the one hand, TGF-f can promote the apoptosis
of HSCs and alleviate the degree of liver fibrosis by inhibit-
ing the proliferation and activation of immune cells. On
the other hand, it can also promote liver fibrosis. The spe-
cific effect is still unknown, and further research is needed.
But in general, the profibrosis effect of TGE-f3 is far less than
the inhibitory effect of MSCs, which may alleviate the pro-
gression of liver fibrosis by inhibiting the level of TGEF-p.
MSCs can also secrete anti-inflammatory cytokines, such
as IL-4 and IL-10, to regulate inflammatory response and
reduce liver fibrosis. In the mouse model of liver fibrosis
induced by CCL4, BM-MSCs were injected into the injured
liver of mice, which significantly reduced the level of IL-17
and increased the level of IL-10, and alleviated the degree



of liver fibrosis [68]. In liver fibrogenesis, the tissue inhibitor
of metalloproteinase (TIMP) is expressed by activated HSCs,
a specific inhibitor of MMPs, whereas MSCs could reduce
liver fibrosis by upregulating MMPs, such as MMP-2,
MMP-9, and MMP-13 [69], or by downregulating the
expression of TIMP [70]. In addition, MSC cocultured with
HSCs can decrease the reproduction of HSCs and the level of
a-SMA through intercellular contact. This is mediated by
triggering Notch signaling [71]. Based on the above study,
Yano et al. [72] transplanted ADSCs into NASH-related cir-
rhotic mice and observed decreased infiltration of inflamma-
tory cytokines (CD11b+, Gr-1+, etc.), improved liver
fibrogenesis, and repaired damaged liver tissue. Zhou et al.
[73] transplanted UC-MSCs into mice with liver fibrosis
and inhibited the activation of HSCs by upregulating the
expression of miR-148a-5p and inhibiting Notch signaling
pathway, which alleviated liver fibrosis. This provides a
meaningful idea for antifibrotic therapy of MSCs.

2.5. Regulation of Lipid Metabolism by MSCs. The dysregula-
tion of lipid metabolism in hepatocytes induces lipotoxicity
and promotes the development of MAFLD. Lipotoxicity also
causes organelle dysfunction, such as endoplasmic reticulum
stress, and mitochondrial dysfunction, and impaired
autophagy finally leading to hepatic cell damage and apopto-
sis [74]. MSCs can improve the abnormal lipid metabolism
of MAFLD by restoring endoplasmic reticulum stress and
mitochondrial function. MSCs significantly improved endo-
plasmic reticulum stress and intracellular calcium homeosta-
sis by upregulating sarcoplasmic reticulum Ca(2+) ATPase,
inhibited the expression of lipid and cholesterol synthesis
genes Srebpl and Srebp2, and effectively attenuated lipotoxi-
city and metabolic disorders in hepatocytes [21]. MSCs can
also alleviate hepatic steatosis by improving mitochondrial
function. In vivo and in vitro studies have revealed that
mitochondrial transfer and activity enhancement after
MSC transplantation, mitochondrial oxidative phosphoryla-
tion, and ATP levels were increased after the mitochondria
enter the hepatocytes from MSCs, and the levels of reactive
oxygen species (ROS), TG, and TC were reduced, which fur-
ther alleviated hepatocytes steatosis [22]. Hsu et al. [75]
found that the reduction of hepatic lipid deposition was
associated with mitochondrial transfer to the liver by MSCs
through tunneling nanotubes, which provided oxidative
capacity for lipid decomposition, and MSC treatment
decreased the expressions of CYP2E1 and 4-HNE in NASH
mice, reduced ROS production, and decreased the level of
lipid peroxidation. Furthermore, MSCs may improve
hepatic lipid accumulation by reducing oxidative stress.
The antioxidant SOD2-modified MSCs were delivered
through the abdominal cavity to HFD-induced MAFLD
mice, the liver fat content decreased significantly, and the
level of Ucpl in white adipose tissue (WAT) was upregu-
lated, which promoted the browning of WAT. A study con-
firmed that MSCs improved hepatic lipid deposition by
reducing oxidative stress [23]. MSCs can also improve serum
lipid profiles and regulate lipid metabolism disorders by
upregulating the expression of AMP-activated protein
kinase (AMPK) and inducing the browning of WAT [13].
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3. Signaling Pathways of MSCs Affecting
MAFLD Progression

3.1. Notch Signaling Pathway. Evidence reveals that the
Notch signaling pathway is valuable in the development of
MAFLD. For example, the Notch signal increases the syn-
thesis of hepatocyte fatty acids and lipid deposition by acti-
vating the mechanistic target of rapamycin complex 1
pathway [76]. The Notch signal can regulate cell prolifera-
tion and inhibit apoptosis [77]. Interestingly, MSCs have a
positive effect on MAFLD through the Notch pathway.
Ishida et al. [24] found that the Notch pathway decreased
in hepatocytes of NASH mice, and the expression of Notch
receptors 1 and 2 and HESI is decreased. Flow cytometry
analysis revealed that ADSCs significantly expressed Notch
ligands JAG1, DLL1, and DLL4. The Notch signal mediated
the activity of hepatocytes in NASH mice treated with MSCs,
hepatocyte apoptosis was reduced, and the liver tissue was
repaired and regenerated, but hepatocyte steatosis did not
deteriorate. Meanwhile, the knockout of Notch ligand
JAG1 by siRNA can weaken the antiapoptotic properties of
ADSCs cocultured in vitro. ADSCs could regulate liver cell
proliferation and reduce apoptosis in NASH mice through
the Notch signaling pathway.

3.2. TLR4/NF-xB Signaling Pathway. Numerous studies
have recently found that TLR4/NF-«B signaling is closely
related to inflammatory responses, and NF-«B participates
in the pathophysiological changes of MAFLD by regulating
lipid metabolism, lipid peroxidation, and immune
response [78, 79]. MSCs can reduce the activation of HSCs
and diminish hepatic fibrogenesis by regulating the TLR4/
NF-«B pathway [25]. Moreover, UC-MSCs combined with
liraglutide improved liver lesions and decreased serum
ALT, AST, and IL-6 levels in T2DM/MAFLD rats by
downregulating the TLR4/NF-kB signaling pathway. It
restored impaired liver function and alleviated liver
inflammation [80].

3.3. HNF4a-CES2 Signaling Pathway. HNF4a prevents the
accumulation of liver lipids by promoting TG lipolysis and
fatty acid oxidation and releasing very-low-density lipopro-
tein. Therefore, HNF4« plays an inhibitory role in the pro-
gression of NAFLD to NASH [81]. It is being proved that
HNF4« regulated CES2 expression by the transactivation
of the CES2 gene promoter. UC-MSCs control fat metabo-
lism by upregulating the levels of fatty acid oxidation genes
and downregulating the levels of adipogenesis-related genes;
this may be related to the upregulation of the HNF4a—CES2
pathway [15]. Meanwhile, CES2 upregulation also enhanced
PPAR« activities, and fatty acid f-oxidation was enhanced
by inducing target genes Cpt1b and Angplt4. Thus, hepatic-
specific HNF4a or CES2 knockout mice should be developed
in the future to confirm that the HNF4a-CES2 pathway is
crucial for UC-MSC therapy in MAFLD.

3.4. Sirtuin 1 (SIRT1) Signaling Pathway. The SIRT1 signal-
ing pathway is extremely associated with oxidative stress,
insulin resistance, lipid metabolism, and other MAFLD
mechanisms. The activation of SIRT1 by inhibiting PPARy
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in adipose tissue increases fat decomposition and thus
inhibits fat production [82]. In the MAFLD mouse model,
the upregulation of SIRT1 expression by MSC-CM improves
the antioxidant capacity and mitochondrial function of the
liver, reduces the level of proinflammatory cytokines, and
reduces apoptosis [26]. This may be associated with the down-
regulation of the cyclooxygenase-2 gene [83] and various pro-
inflammatory factors (such as intracellular adhesion molecule,
macrophage colony-stimulating factor, and TGF-f) [84] by
SIRT1.

4. Mechanisms of Action of MSC-Exosomes
on MAFLD

MSCs can release numerous soluble factors, and exosomes
have become a research focus recently. Exosomes are extracel-
lular vesicles with nanobilayer membranes that can be secreted
by almost all cells [85]. In addition to having functions similar
to MSCs, MSC-exosomes have the benefits of being a cargo
delivery and having lower immunogenicity and stability in
the circulation. MSC-exosomes can carry various complex
components, such as proteins, lipids, miRNAs, and IncRNAs.
After they enter the target cells, MSC-exosomes can regulate
cell function and signal transduction [86]. MSC-exosomes also
play a key role in MAFLD (Figure 2).

4.1. MSC-Exosomes and Immunomodulation. Recent studies
have found that macrophages are primarily responsible for
the immunomodulatory effect of MSC-exosomes on
MAFLD. Studies have confirmed that MSC-exosomes main-
tain liver immune homeostasis by inducing macrophages.
The active STAT3 carried by ADSC-exosomes induces high
levels of expression in M2 anti-inflammatory macrophages
and IL-10 by counter-activating argininase-1 and inhibited
macrophage inflammatory response initiated by stimulation
of LPS and interferon-y [87]. More importantly, MSC-
derived extracellular vesicles cannot only induce a high
expression of M2 macrophages but also decrease the level
of serum ALT and reverse the liver inflammation of NASH

mice [88]. LPS is considered a major contributor in the
worsening inflammation process in NASH [89], and LPS
directly activates Kupfter cells through the TLR4 signaling
pathway [90]. Amnion-derived MSC-derived extracellular
vesicles (AMSC-EVs) can significantly diminish the number
of Kupfer cells and downregulate the expressions of TNF-a,
IL-1, IL-6, and TGF-f in the liver of NASH rats. Further-
more, AMSC-EVs significantly reduce the activation of
HSCs and Kupffer cells through the LPS/TLR4 pathway
and improve the degree of hepatocyte inflammation and
fibrogenesis in NASH rats [91]. Ohara et al. [91] believed
that AMSC-EVs can inhibit p65 and IxB-a phosphorylation
and the activities of transcription in NF-xB. However,
AMSC-EVs could not inhibit the transcription activities in
TNF receptor-associated factor 6 from HEK293 cells, further
indicating that AMSC-EVs may improve the progression of
NASH through the LPS/TLR4 pathway.

4.2. MSC-Exosomes and Lipid Metabolism. Abnormal lipid
metabolism is the main pathophysiological process that
causes MAFLD [92]. Increasing evidence revealed that
MSC-exosomes can affect MAFLD development through
the regulation of lipid metabolism. UC-MSC-exosomes
inhibited PPAR« and fat mass and obesity-related gene by
upregulating miR-625-5p expression. It also promoted the
levels of glucose-6-phosphatase, phosphoenolpyruvate car-
boxykinase, fatty acid synthase, and sterol regulatory
element-binding transcription factor 1c (SREBP-1c),
improved the glucose and lipid metabolism, reduced lipid
deposition, and alleviated liver injury in MAFLD rats [93].
Other studies have revealed that UC-MSC-exosomes also
improve liver lipid metabolism through autophagy. UC-
MSC-exosomes activated the AMPK signaling pathway and
induced elevated levels of autophagy, and the number of
autophagy marker protein BECN1 and microtubule-
associated protein 1 light chain 3 also increased, which
substantially diminished the expressions of TC and TG
[94]. BM-MSC-exosomes enhanced the expressions of mito-
chondrial autophagy-related genes ATGS5, ATG7, ATGI2,



Parkin, PINK1, ULK1, and BNIP3L by upregulating miRNA-
96-5p, resulting in the downregulation of its downstream
target protein caspase-2 and improving hepatic steatosis
[95]. In addition, M2 macrophages that have been activated
by ADSC exosomes also demonstrate high levels of tyrosine
hydroxylase, maintain the metabolic homeostasis of WAT,
and reduce hepatic steatosis by promoting adipocyte prolif-
eration and energy consumption [87].

4.3. MSC-Exosomes and Antifibrotic Effects. MSC-exosomes
can reduce the development of liver fibrogenesis and induce
the reversal of fibrosis. Li et al. [96] believed that MSC-
exosomes restored liver fibrosis progression by downregulat-
ing the TGF- 8/Smad pathway and inhibiting epithelial-mes-
enchymal transition (EMT). UC-MSC-exosomes decreased
the expression of TGF-f1, which resulted in the phosphory-
lation inactivation of Smad2, reversed hepatic EMT, and
reduced hepatic fibrotic collagen deposition. Human liver
stem cell-derived extracellular vesicles (HLSC-EVs) can
downregulate profibrotic/proinflammatory genes in NASH
mice. Interestingly, among the 29 miRNAs upregulated in
NASH mice, 28 returned to normal after HLSC-EV treat-
ment, including TGF-f1, a-SMA, and collagen 1«1 (Collal),
and these genes are related to liver fibrogenesis. Further-
more, the number of inflammatory cytokines reduced
(TNF-a, MMP13, IL-1b, etc.) [97]. MSC-exosomes can also
inhibit HSC activation and levels of a-SMA and Collal
and reverse liver fibrosis by downregulating Wnt/-catenin
signaling [98].

5. Conclusions and Further Perspectives

MSCs have differentiation and regeneration potential,
immunomodulatory properties, antifibrotic function, and
regulation of lipid metabolism, and it is critical to the incep-
tion and progression of MAFLD. In recent studies, MSC
transplantation can effectively reverse hepatic injury through
different pathways. In addition, MSC-exosomes can upregu-
late or downregulate corresponding signaling pathways by
carrying complex biologically active substances, alleviate
liver tissue damage, and reverse MAFLD progression.

Although several studies have emphasized that MSCs
and their exosomes can be a promising treatment of
MAFLD, some problems remain and should not be ignored.
First, the exact molecular mechanism of MSC transplanta-
tion for the treatment of MAFLD has not yet been clarified.
Second, current studies tend to involve multiple interrelated
processes in the progression of MAFLD. In the future, the
chief elements and molecular mechanisms of their actions
should be further clarified. Third, existing studies have pre-
sented that MSCs can inhibit apoptosis to reduce liver cell
damage, but we still need to further reveal the molecular
mechanism of MSCs inhibiting apoptosis, which is beneficial
to the improvement of the therapeutic effect.

To better clarify the mechanisms involved in MSC trans-
plantation, identifying the complex molecular cargo released
by MSCs and their exosomes, such as miRNAs, IncRNAs,
and proteins, is extremely important. Transcriptomics and
proteomics may play a key role in exploring the potential
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mechanisms. In conclusion, future studies should concen-
trate on revealing the molecular mechanisms of MSC trans-
plantation for the treatment of MAFLD, which will help
guide the clinical treatment of MAFLD.
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