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Abstract

Mesenchymal stem cells (MSCs) have emerged as a promising alternative treatment for liver disease due to their roles
in regeneration, fibrosis inhibition, and immunoregulation. Mitochondria are crucial in maintaining hepatocyte integ-
rity and function. Mitochondrial dysfunction, such as impaired synthesis of adenosine triphosphate (ATP), decreased
activity of respiratory chain complexes, and altered mitochondrial dynamics, is observed in most liver diseases.
Accumulating evidence has substantiated that the therapeutic potential of MSCs is mediated not only through their
cell replacement and paracrine effects but also through their regulation of mitochondrial dysfunction in liver disease.
Here, we comprehensively review the involvement of mitochondrial dysfunction in the development of liver disease
and how MSCs can target mitochondrial dysfunction. We also discuss recent advances in a novel method that modi-
fies MSCs to enhance their functions in liver disease. A full understanding of MSC restoration of mitochondrial func-

tion and the underlying mechanisms will provide innovative strategies for clinical applications.
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Background

Liver disease notably contributes to the global burden of
disease and mortality. The past few years have witnessed
an increase in liver-related mortality worldwide from
3% in 2000 to 3.5% in 2015 [1]. Liver transplantation is
the only effective treatment available for end-stage liver
disease. However, the use of liver transplantation is lim-
ited by high costs and a shortage of donors. MSCs are
self-renewing cells that can be obtained from a variety
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of tissues, such as bone marrow, umbilical cord blood,
peripheral blood, the synovial membrane, and adipose
tissue [2]. In terms of clinical use, MSCs have several
advantages over conventional therapeutic approaches,
such as their ease of harvesting, multilineage differentia-
tion potential, and powerful immunosuppressive effects
[3-5]. Therefore, MSCs have emerged as a promising
candidate for novel cell-based therapies for liver disease.
Significant curative effects of MSCs have been
observed in animal models of various liver diseases, such
as cirrhosis and liver failure, as well as in clinical stud-
ies [4]. To account for the potential mechanism by which
MSC treatment affects liver disease, early studies have
shown that MSCs can be manipulated for differentiation
into hepatocyte-like cells in vitro and in vivo [6]. Then,
the robust immunoregulatory effects of MSCs through
direct interaction with various immune cells or the pro-
duction of a series of growth factors, cytokines, and
signaling molecules have been observed [4]. Recently, a
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growing number of studies have shown that MSCs can
modify mitochondrial dysfunction in acute liver injury
and chronic liver disease, resulting in significant thera-
peutic effects [7-10].

Mitochondria are regarded as the powerhouse of
the cell and drive and maintain highly organized cellu-
lar activities [11]. Similarly, mitochondria are the main
energy source of hepatocytes and play a major role in
the extensive oxidative metabolism and normal func-
tions of the liver. Mitochondria are also central to the
survival signaling pathways involved in liver injury [12].
Through in-depth exploration of the mechanisms of liver
disease, researchers have discovered that mitochondrial
dysfunction plays a significant role in the development
of diseases such as alcohol-associated liver disease (ALD)
[13], nonalcoholic fatty liver disease (NAFLD) [14], drug-
induced liver disease (DILD) [15], viral hepatitis [16], cir-
rhosis [17], hepatocellular carcinoma (HCC) [18], and
liver ischemia/reperfusion (I/R) injury [19]. Increasing
evidence suggests that MSCs play a role in restoration
of mitochondrial function in liver disease [20-22]. For
example, MSCs can ameliorate lipid load by transmitting
mitochondria to hepatocytes [8].

In this review, we summarize the latest findings on
MSC-mediated restoration of mitochondrial function in
liver disease from multiple perspectives, including mito-
chondrial transfer, restoring oxidant/antioxidant balance,
regulating the mitochondrial quality control system, and
improving lipid metabolism and calcium homeostasis.
We also propose novel strategies to improve the efficacy
of MSC therapy by modifying MSCs to focus their regu-
latory abilities on improving mitochondrial function.
Therefore, this review may help to refine the understand-
ing of the mechanisms of MSC therapy and provide novel
strategies for MSC-based treatment of liver diseases.

Mitochondrial dysfunction and liver diseases
Overview of mitochondria and their functions
Mitochondria are small organelles with phospholipid
bilayer structures. Because of this double-membraned
structure, mitochondria are divided into five different
regions: the outer mitochondrial membrane (OMM), the
intermembrane space, the inner mitochondrial mem-
brane (IMM), the cristae space, and the matrix. Each of
these regions has a highly distinct functional role. For
example, the highly folded IMM contains protein com-
plexes of the electron transport chain (ETC). The num-
ber of mitochondria in cells varies widely by cell type.
A mature red blood cell has no mitochondria, whereas
hepatocytes can contain more than 2000 mitochondria
[11]. Mitochondria have their own set of DNA as well
as transcription and translation mechanisms. In mam-
mals, mitochondrial DNA (mtDNA) is a single circular
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chromosome containing 37 genes that encode a number
of proteins. mtDNA is vulnerable to endogenous and
environmental damage [23].

A dominant function of mitochondria is to pro-
duce ATP, the main energy-carrying molecule of living
cells. This process takes place through the tricarbox-
ylic acid (TCA) cycle and oxidative phosphorylation
(OXPHOS). In brief, acetyl-CoA derived from carbohy-
drates, fats, and proteins is oxidized via the TCA cycle
in the mitochondrial matrix to produce NADH, FADH,,
and other high-energy molecules [24]. Then, electrons
from NADH and FADH, are transferred to oxygen via
the ETC, and a number of protons are pumped out of
the mitochondrial matrix [25]. Subsequently, chemi-
osmosis occurs when the movement of protons estab-
lishes a strong electrochemical gradient across the inner
membrane. Ultimately, the protons return to the mito-
chondrial matrix through the ATP synthase complex,
and their potential energy is used for ATP synthesis.
Together, the electron transport chain and chemiosmosis
make up OXPHOS [26].

Mitochondria are not only the sites of ATP synthesis
but also a resource for biosynthesis and cell signaling.
First, mitochondria are the primary producers of super-
oxide anion radical (O,¢ —), which is a form of reactive
oxygen species (ROS). In normal cells, approximately
0.1-2% of electrons contribute to producing O, — via
complex I and complex II of the ETC. In addition, ROS
include hydrogen peroxide (H,0O,) and other oxidants
derived from molecular oxygen. ROS are generated by
NAPDH oxidases, mitochondria, endoplasmic reticu-
lum, peroxisomes, and external stimuli. Low levels of
ROS are essential for the regulation of signaling path-
ways and redox homeostasis [27]. Second, mitochondria
are highly dynamic organelles that remodel their shape,
distribution, and size in response to different condi-
tions. These changes are mediated by fission and fusion
events, which are crucial for the cell cycle, apoptosis, and
mitochondrial quality control [28]. Mitophagy is a type
of autophagy that is conducted by selective elimination
of damaged mitochondria and maintains mitochondrial
quality control [29]. Third, mitochondria are structurally
and functionally related to the endoplasmic reticulum
(ER). Both mitochondria and the ER are important orga-
nelles for the storage and buffering of calcium. Calcium
homeostasis is required for muscle contraction and the
activation of a series of second messenger system pro-
teins. However, an increase in mitochondrial Ca®* pro-
motes cell death by triggering necrosis, apoptosis, and
autophagy [30]. Moreover, the ER and mitochondria
regulate lipid homeostasis together. Some lipids in the
ER, such as phosphatidylserine, need to be transferred
to the mitochondrial inner membrane, where they are
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converted to phosphatidylethanolamine by mitochon-
drial lipid processing enzymes. Mitochondria also serve
as the place where fatty acids are broken down to gener-
ate acetyl-CoA through B-oxidation [11]. Recently, it has
been found that the interface between lipid droplets and
mitochondria in hepatocytes allows free fatty acid (FFA)
transfer from storage to utilization, which provides an
efficient way to avoid lipotoxicity [8].

In conclusion, mitochondria are indispensable for
energy production, signaling, programmed cell death,
and many other metabolic tasks in all cell types. If any
portion of this precise organelle is impaired or depleted,
it will have an impact on physiological activity and expe-
dite the progression of disease.

Mitochondrial dysfunction also exists in many liver
diseases

The liver is the central organ for the homeostasis of car-
bohydrate, lipid, and protein metabolism. Mitochondria
in hepatocytes perform unique functions, such as regu-
lating the gluconeogenic process, ammonia detoxifica-
tion, and anabolic pathways, all of which are necessary
for metabolic regulation [31, 32]. Therefore, dysfunc-
tional mitochondria in hepatocytes can disrupt overall
body homeostasis. The most common types of mitochon-
dria dysfunction in liver disease are increased oxida-
tive capacity and diminished antioxidant defense [33].
The disruption of oxidant-antioxidant balance is caused
by the enhanced production of ROS or the depletion of
antioxidants. The accumulated ROS can directly cause
mtDNA and mitochondrial membrane damage. These
factors further promote ROS production and ultimately,
a vicious cycle is formed. Most liver diseases are associ-
ated with more than one type of mitochondrial dysfunc-
tion (Fig. 1).

Alcohol-associated liver disease

In ALD, ethanol can cause mitochondrial dysfunction in
many ways. First ethanol is converted to acetaldehyde in
liver by enzymes called alcohol dehydrogenase (ADH).
This reaction consumes NAD+and produce NADH,
increasing the NADH/NAD + ratio [34]. NADH leads to
ROS formation and inhibits complete fatty acid oxida-
tion in the liver via competitive substrate oxidation of
the mitochondrial ETC [35]. Second, ethanol induces
cytochrome P-450 2E1 enzyme expression in mitochon-
dria, which promotes ROS generation [36]. Third, in
patients with alcoholism, mtDNA undergoes oxidation,
depletion, and deletion, which will cause mitochondrial
dysfunction once a threshold sufficient to impair mito-
chondrial respiration and ATP synthesis is reached [17].
Moreover, alcohol intake will cause cholesterol over-
load in the mitochondria. Overloaded cholesterol will
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decrease membrane fluidity and impair mitochondrial
glutathione (GSH) transportation,an antioxidant that
maintains an appropriate mitochondrial redox environ-
ment [37]. In addition, alcohol-induced ER stress can
indirectly alter GSH levels by increasing cholesterol
synthesis and altering its translocation to mitochon-
dria [17]. A novel pathway involved in ALD has recently
been illustrated. Ethanol induces an upregulation of
the DNA-dependent protein kinase catalytic subunit,
which activates the mitochondrial fission mediated by
dynamin-related protein 1 (Drpl) and inhibits protective
mitophagy through the upstream transcription activator
P53 [13].

Nonalcoholic fatty liver disease

NAFLD is a generic term for disorders characterized by
an accumulation of excess fat in hepatocytes that is not
caused by alcohol. Impaired mitochondrial function and
morphology have been found in NAFLD patients. Lipid
overload may increase oxidative metabolism but result in
poor ATP production due to mitochondrial uncoupling.
The adaptation of oxidative metabolism in response
to lipid overload also leads to an impaired ETC, which
causes the liver to bear high amounts of oxidative stress.
The increased cardiolipin in the mitochondrial mem-
brane can be transferred to the OMM and form pores,
which leads to the release of cytochrome c into the cyto-
sol and activates the apoptosis pathway [14]. The lipo-
toxic environment also induces ER stress and disrupts the
structural integrity between the ER and mitochondria,
which will lead to increased Ca*" influx from the ER to
the mitochondria, thus promoting ROS production and
inducing the opening of the mitochondrial permeability
transition pore (MPTP) [38].

Drug-induced liver disease

Since many drugs are metabolized in the liver, they have
the potential to disturb mitochondrial function by tar-
geting a certain step or enzyme in metabolism or energy
production. For example, acetaminophen (APAP), a drug
used to relieve pain and reduce fever, is metabolized by
the liver to N-acetyl-p-benzoquinone imine (NAPQI).
The accumulation of NAPQI alters mitochondrial pro-
teins, such as voltage-gated ion channels, forming
NAPQI protein adducts that increase ROS generation
and decrease ATP production [15]. Moreover, APAP-
induced excessive mitochondrial oxidative stress acti-
vates c-jun N-terminal kinase (JNK) in the cytosol and its
translocation to the OMM, which leads to the inactiva-
tion of Src kinase, which maintains electron transport.
Finally, this process reduces mitochondrial respiration
and amplifies the formation of oxygen free radicals and
peroxynitrite [39].
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Alcohol-associated liver disease
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Fig. 1 Common mitochondrial dysfunctions in liver disease. In the liver, mitochondria are responsible for energy production and biological
metabolism. ROS is a product of OXPHOS and excessive ROS causes damage to the mitochondria, which is observed in almost all liver diseases. In
ALD and NAFLD, disturbances in lipid metabolism and calcium homeostasis are common mitochondrial dysfunctions. The mitochondrial quality
control system maintains healthy mitochondrial turnover, which is driven by complex pathways involving DRP1, MEN1/2, OPAT, PINK1, and Parkin.
An impaired quality control system is observed in ALD, hepatic I/R injury, hepatitis virus infection, and HCC

Viral hepatitis

Hepatitis B virus (HBV) and hepatitis C virus (HCV)
infections are frequently accompanied by impaired
ETC function and mitochondrial compartment rear-
rangement. Hepatitis viruses actively interact with ETC
proteins. For example, the HBx protein and HCV repli-
cation can inhibit ETC activity and impair ATP produc-
tion. Hepatitis viruses also have complex interactions
with MPTP, a conductance channel that forms in the
IMM in response to excessive cytosolic Ca’* or ROS.
The opening of mPTP leads to mitochondrial swelling
and necroptosis [40]. HBV and HCV core proteins, for
example, induce MPTP opening or blocking to regulate
the release of mitochondrial contents, such as mtDNA
fragments or ATP [16]. Both HBV and HCV infections
increase the phosphorylation and translocation of Drpl,
a self-assembly oligomer that mediates mitochondrial fis-
sion, resulting in the promotion of mitochondrial fission

and mitophagy. Infection also provokes mitophagy by
increasing the expression of PTEN-induced putative
kinase protein 1 (PINK1) and Parkin, as well as Parkin
mitochondrial translocation. These processes may inhibit
the death of infected cells and act as a viral survival
mechanism [12].

End-stage liver disease and liver ischemia/reperfusion injury

ALD, NAFLD, or viral infection can all develop into cir-
rhosis, which is caused by scar tissue replacing healthy
liver tissue. In patients with cirrhosis, lipid and amino
acid metabolism as well as mitochondrial dynamic
function are impaired. Mitochondrial dysfunction is
also actively involved in fibrogenesis and inflamma-
tion through the response to TGFp, which is secreted
by activated hepatic stellate cells and macrophages and
is the major effector leading to hepatic fibrosis [17]. Cir-
rhosis is the most potent risk factor for the development
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of hepatocellular carcinoma. Excessive oxidative stress
is caused by accumulated lipid droplets, which potenti-
ate mtDNA mutations and reduce mtDNA copy num-
ber, both of which are common events that contribute
to metabolic reprogramming and hepatocellular carci-
noma progression [18]. Liver transplantation and resec-
tion surgery are effective treatments for end-stage liver
disease. However, a common complication after surgery
is hepatic I/R injury, which is initiated during hypoxia or
anoxia and becomes more severe when oxygen delivery
and tissue pH are restored. Hepatic I/R injury is closely
associated with mitochondrial dysfunction, such as cal-
cium overload, excessive oxidative stress, and defective
mitophagy [19].

Multiple factors lead to mitochondrial dysfunction
in different liver diseases. These factors will undoubt-
edly affect liver metabolism and detoxification, hasten-
ing the progression to end-stage liver diseases. It seems
that increased ROS due to mitochondrial dysfunction is
prevalent in liver diseases, which further causes severe
dysfunction, such as mtDNA mutations. As a result,
restoring mitochondrial function, such as delivering
healthy mitochondria or repairing defective mitochon-
dria, might be an innovative strategy for treating liver
disease [41-43].

MSCs exert curative effects in liver diseases

by regulating mitochondrial function

MSCs have attracted great attention because of their out-
standing performance in the treatment of liver diseases.
During the last decade, it has been demonstrated that
MSCs can treat liver disease by developing into hepat-
ocyte-like cells and through their immunomodulatory
capacity. Recently, the exciting outcome of transferring
functional mitochondria from MSCs into mature car-
diomyocytes provided a new idea for determining their
therapeutic effects [44, 45]. Mitochondrial regulation is
becoming one of the hottest topics in the investigation
of MSC therapy mechanisms. A growing body of evi-
dence from liver disease research suggests that MSCs
can restore mitochondrial function. In this context, we
will reveal potential mechanisms of MSC-mediated mito-
chondrial restoration in treating liver disease from the
aspects of mitochondrial transfer, oxidation/antioxidant
imbalance rectification, mitophagy and dynamic regu-
lation, and lipid metabolism and calcium homeostasis
modification (Table 1).

Mitochondrial transfer as a bridge in MSC therapy

To further investigate the effects of crosstalk between
MSCs and other cells, fully differentiated mouse cardio-
myocytes were cocultured with adipose-derived MSCs.
For the first time, this study highlighted the critical
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function of mitochondrial transfer from stem cells to car-
diomyocytes in somatic reprogramming [44]. Tunneling
nanotubes (TNTs) and extracellular vesicles (EVs) are the
most common methods used by MSCs to deliver mito-
chondrial cargo to other cells or injured tissue.

Tunneling nanotubes

TNTs extend from the plasma membrane and enable
different mammalian cells to touch over long distances.
TNTs were originally described as conduits through
which mammalian cells could arrange the selective trans-
fer of membrane vesicles and organelles between cells
[52]. Currently, TNT-mediated transfer of mitochondria
or mtDNA from MSCs to cells in other organs has been
reported in respiratory, cardiovascular, neuronal, and
immune system diseases and disorders [53].

When MSCs home to the liver, they can donate mito-
chondria to surrounding damaged hepatocytes through
TNTs [54]. Recently, in a mouse model of NAFLD, MSCs
reversed mitochondrial dysfunction by altering hepatic
lipid metabolism from storage to utilization and amelio-
rated excessive oxidative stress associated with enhanced
lipid oxidation. These effects were related to the deliv-
ery of mitochondria to mouse hepatocytes by TNTs [8].
Additional studies are needed to elucidate the mecha-
nisms by which TNTs transfer functional mitochondria
to injured cells.

Extracellular vesicles
EVs are lipid-bound vesicles produced in the endosomal
compartment of most eukaryotic cells. The three main
subtypes of EVs are microvesicles (MVs), exosomes,
and apoptotic bodies, which are distinguished by their
biogenesis, release pathways, size, content, and func-
tion [55]. MSCs have been shown to secrete an abun-
dance of different types of EVs with proregenerative and
anti-inflammatory effects in animal models of stroke,
traumatic brain injury, and liver injury [56]. Therefore,
MSC-EVs now have the therapeutic potential to go from
laboratory to clinical trials for disease treatment.
Researchers have shown that MSCs can transfer mito-
chondria to impaired pulmonary alveoli in acute lung
injury by releasing MVs [57]. Recently, an experiment
showed that intramyocardial injection of MSC-EVs con-
taining mitochondria could enhance cardiac function
after myocardial infarction in vivo [58]. More study is
needed to evaluate how mitochondrial donation of MSC-
EVs occurs in the treatment of liver disease in compari-
son to what is known about TNTs. It is worth noting that
MSC-EV transport of other mitochondrial cargoes has
a robust effect on rescuing mitochondrial function, as
explained in the following section.
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Table 1 Summary of the mitochondrial dysfunction modulation of MSCs in liver disease
Liver disease Mitochondrial dysfunction ~ Source Delivery route Potential mechanism Ref

NAFLD Abnormal lipid metabolism

and calcium homeostasis

Oxidant/antioxidant imbal-
ance

CCl-induced liver injury

Human umbilical cord

Oxidant/antioxidant imbal-
ance

APAP and H,0,-induced liver
injury

Oxidant/antioxidant imbal-
ance

Oxidant/antioxidant imbal-
ance

D-galactose induced liver
injury

Oxidant/antioxidant imbal-
ance

Hepatic I/R injury

Impaired mitophagy

Post-hepatectomy liver failure  Impaired mitochondrial

dynamics
Abnormal lipid metabolism

Liver cirrhosis Abnormal lipid metabolism

Human bone marrow
Rat bone marrow

Human bone marrow

Rat bone marrow

Mouse adipose tissue

Human umbilical cord

Human umbilical cord

Human umbilical cord

Mouse bone marrow

Human placenta

Mitochondrial transfer via TNT ~ [8]

Restoring sarcoplasmic/ER [46]
Ca’* ATPase activity to alleviate
of ER stress

Intrasplenic injection
Tail vein

Tail vein Increasing SOD activity [471

and inhibiting ROS production

Tail vein Presented more distinct anti- [48]

oxidant by EVs
Fractionated MSC exosomes [49]

reduce ROS activity more
efficiently

Intrahepatic injection

Tail vein Increasing hepatic GSH level [10]
and alleviate ROS accumula-

tion

Tail vein Reducing oxidative stress [50]
via activation of Nrf2/HO-1

pathway

Tail vein Suppressing oxidative stress [21]
by MnSOD encapsulated

in EVs

Reducing Parkin and PINK1 [22]
expression and inactivating

AMPKa pathway

Downregulating p-Drp1 [7]
and FIS1 expression

and upregulating MFN2

Peripheral vein

Portal vein

Reducing mitochondrial dam-
age and secreting IL-10

Tail vein Attenuating ER stress via acti- [51]
vating the EGFR-PI3K-CaM

Pathway by PRL-1

MSCs restore oxidant/antioxidant balance

The progression of energy production in mitochondria,
such as the TCA cycle and fat metabolism, cannot occur
without an oxidation reaction. As we described above,
this reaction involves mitochondria and produces ROS
such as O,o — and H,0,. Excessive O,+ — and H,0,
can induce supraphysiological levels of oxidative stress
[27]. Mitochondria are also equipped with antioxidants
to quench oxidants. Manganese superoxide dismutase
(MnSOD), for example, is an enzyme that converts excess
O,¢ — to H,0, and molecular oxygen. Mitochondrial
antioxidants such as GSH and thioredoxin can buffer cel-
lular H,0,,.

MSC therapy has been observed to restore the oxidant/
antioxidant balance. In a D-galactose-induced hepatitis
rat model, MSC treatment could evoke the activation of
the Nrf2 pathway and increase the downstream expres-
sion of heme oxygenase-1, an antioxidant that can
translocate to mitochondria to reverse mitochondrial
dysfunction [50]. MSCs transplantation significantly
increased SOD activity and decreased ROS production
in CCl,-induced liver injury [47]. Some researchers have

shown that this effect might be achieved by MSC-EVs.
Recently, a study showed that EVs from human umbilical
cord MSCs (hUC-MSC-EVs) shuttled MnSOD to hepatic
tissue after I/R injury. In this model, the knockdown of
MnSOD in hUC-MSCs reduced their antiapoptotic
and antioxidant effects [21]. The findings from another
experiment in CCl,-induced liver injury indicated that
hUC-MSC-EVs could suppress injury development via
antioxidant effects more effectively than bifendate, a
commonly utilized hepatic protectant [48]. These find-
ings suggest that some components in MSC-EVs account
for the mitochondria-mediated antioxidant and protec-
tive effects in liver disease. MSC-EVs may be more effec-
tive than antioxidant drugs.

MSCs regulate the mitochondrial quality control system

In response to the stress and damage caused by disease,
the mitochondrial quality control system is designed to
identify and eliminate defective mitochondrial proteins,
mitochondrial components, or entire mitochondria
[59]. The quality control of mitochondria is achieved
by mitophagy and mitochondrial dynamics, including
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fission and fusion. In many cells, mitophagy is regulated
by parkin and PINK1. Mitophagy plays a key role in pro-
moting mitochondrial turnover and preventing the accu-
mulation of dysfunctional mitochondria [29]. Fission
and fusion are closely related to the onset of mitophagy,
and they help mitochondria separate from the mito-
chondrial network [60]. Another critical function of fis-
sion and fusion is to distribute mtDNA and proteins
throughout the mitochondrial network, which optimizes
mitochondrial function and prevents the accumulation
of mitochondrial mutations during aging [61]. Fission
in mammals is mediated by Drpl which are recruited
to the OMM from the cytosol through the outer mem-
brane proteins such as mitochondrial fission factor, fis-
sion 1 (FIS1) and mitochondrial division factors 49 and
51 kDa. Mitochondrial fusion is mediated by several
fusion proteins, including mitochondrion fusion-related
protein 1 (MFN1), mitochondrion fusion-related protein
2 (MEN2), and optic atrophy 1 (OPA1). Some mitophagy
receptor proteins interact with Drpl, MFN1/2, or OPA1
to facilitate mitochondrial dynamics [12].

Recently, UC-MSC treatment has shown a potential
hepatoprotective effect in a liver I/R model by control-
ling mitochondrial quality. The underlying mechanism
was that MSCs increased Parkin and PINK1 expres-
sion and mitophagy in injured tissue by activating the
AMPK pathway [22]. The results from a model of pos-
thepatectomy liver failure showed that MSC transplan-
tation ameliorated the disruption of fission and fusion
balance and protected the remaining liver from exces-
sive lipid accumulation. This protective effect may be
achieved through MSC secretion of interleukin 10
mediating the downregulation of increased phospho-
DRP1 and FIS1 and the upregulation of MFN2 to preserve
mitochondrial activity [7].

To date, little evidence on how MSCs regulate dynam-
ics and mitophagy in hepatocytes has been found. In a
recent experiment performed in a clinically related ARDS
model, MSC-EVs containing mitochondria restored LPS-
induced mitophagy to a normal level [62]. This finding
shows that the regulation of the mitochondrial quality
control system and mitochondrial transfer could serve as
multifunctional effects of MSCs. Thus, we may reveal the
complex mechanisms of MSC-based treatment in liver
disease by learning from research in other diseases.

Amelioration of lipid metabolism and calcium homeostasis
in MSC treatment

As we discussed in earlier sections, mitochondria are
where lipids are metabolized and cellular calcium is buff-
ered, whereas the ER is the primary location for protein
and lipid synthesis and cellular calcium storage. Mito-
chondrial calcium is mostly derived from the ER through
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the inositol 1,4,5-trisphosphate receptors (IP;R) channel
in hepatocytes. Maintaining proper mitochondrial Ca**
levels is needed to sustain liver metabolism by activating
enzymes in the TCA cycle as well as lipid metabolism.
Ca®* homeostasis dysregulation can cause excessive ER
stress and ROS production, and it can aid mitochondrial
lipid uptake, which leads to altered lipid metabolism.
This provides a unique viewpoint on the disease progres-
sion from NAFLD to HCC [63]. A recent study showed
that a loss of the mitochondrial Ca?* uniporter led to a
restriction of Ca®* buffering function in the mitochon-
dria, which impaired OXPHOS activity and promoted
hepatic lipid accumulation [64]. Thus, disturbances in
lipid metabolism and calcium homeostasis are closely
related to the dysfunction of mitochondria or the ER.

Several recent studies have shown that MSC treatment
can be targeted to improve lipid metabolism and calcium
homeostasis. In NAFLD rats, MSC treatment led to an
improvement in lipid metabolism and an alleviation of
ER stress. The molecular mechanism for this protective
effect may be the minimization of calcium overload in
the cytosol and ER by restoring the activity of a Ca** ion
transporter called sarcoplasmic/ER Ca’>" ATPase [46].
Another study showed that MSCs could ameliorate ER
stress-induced calcium imbalance and lipid accumula-
tion in cirrhosis through another molecular mechanism,
that is, by regulating the calcium channels between the
ER and mitochondria and calmodulin-mediated calcium
signaling [51]. Liver failure induced by hepatectomy is
also related to abnormal lipid accumulation and mito-
chondrial damage. MSCs were found to elicit therapeutic
benefits by secreting paracrine cytokines such as IL-10,
which activated the mTOR-mediated cell metabolism
regulatory mechanism, promoting fatty acid oxidation in
mitochondria [7].

As various liver diseases are related to more than one
kind of mitochondrial dysfunction, the therapeutic effect
of MSCs on liver disease may occur through multifac-
eted modulation of mitochondrial function. Identifying
the kind of mitochondrial dysfunction and describing the
precise mechanisms of liver disease could provide further
insight into how to improve the efficiency of mesenchy-
mal stem cell therapy.

MSC modification strategy based on the regulation
of mitochondrial function

In addition to our previous studies on modified MSCs
benefiting liver fibrosis [65] and HCC [66], modified
MSC therapies have been noted to be effective in the
treatment of other liver diseases as well. Currently, more
precise modification methods for enhancing the effects
of MSCs have emerged. These strategies may involve the



Cen et al. Cell Communication and Signaling (2023) 21:214

priming of MSCs, the genetic modification of MSCs, or
the use of secretomes from MSCs (Fig. 2).

First, pretreatment of MSCs with hypoxia, cytokines,
chemical agents or different culture conditions has been
shown to boost MSC survival and therapeutic effective-
ness [67]. Hypoxia-pretreated MSCs were able to reduce
supraphysiological oxidative stress levels and hepatocyte
apoptosis in a CCl,-induced mouse cirrhosis model by
increasing their own miR210 levels. This finding may

~
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imply that primed MSCs restore mitochondria better
than unprocessed MSCs [68]. Second, genetic modifica-
tion of MSCs, such as through the overexpression of anti-
oxidant genes, might be another potential way to enhance
the effectiveness of MSC therapies. MnSOD is a mito-
chondrial antioxidant enzyme that is regulated by the cell
oxygen concentration. Once hepatic hypoxic-ischemic
injury occurs, MnSOD is activated. The upregulation
of the gene encoding MnSOD in MSCs by adenoviral

a. Pretreatment
Hopoxia
Cytokines
Growth factors

|

b. Genetic modification
Viral transfection
CRISPR/Cas9 modification

| |

c. Use of secretomes
Enriching and sorting
Modify cargoes

g

Modified mesenchymal stem cell

Fig. 2 The modification method applied to MSCs. Three modification techniques to improve the inherent therapeutic properties of MSCs

in remodeling mitochondrial function were developed. a. Pretreating MSCs with a specifically designed cultural environment will increase the rate
of survival and enhance immunoregulation. b. Genetic modifications such as overexpressing antioxidant genes have reliable therapeutic effects
against mitochondrial dysfunction. c. Using the secretomes derived from MSCs carrying functional carriers such as miRNAs that can specifically
restore mitochondrial function. Pretreated and gene-modified MSCs could also exert their effects through secretomes
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constructs led to the amelioration of oxidative stress
and apoptosis inhibition in liver I/R injury rats, demon-
strating the hepatoprotective properties of the modified
MSCs [69]. Finally, increasing evidence has confirmed
that MSC-EVs are efficient cellular therapeutic agents
owing to their advantages such as their ease of manufac-
ture and administration, lack of tumorigenic side effects,
and simple availability of high doses [56]. One strategy is
enriching and sorting functional EVs to regulate mito-
chondrial function. Experiments conducted in an in vitro
model of APAP-induced liver injury showed that the
exosome-rich fractionated secretome of MSCs obtained
by filter, concentration and ultracentrifugation is more
effective in reducing excessive ROS activity than the
unfractionated secretome. The findings from this study
supported the hypothesis that soluble factors enriched
in the fractions of exosomes may play a protective role
against dysfunctional mitochondria [49]. Another way to
reinforce efficacy is to modify cargoes in MSC-EVs. It has
been discovered that modifying EVs to transport certain
microRNAs and drugs is a more effective means of treat-
ing liver disease [70]. However, further research needs to
be done on how to make the modified EVS perform these
functions.

To date, as we stated above, only a few studies have
reported the application of modified MSCs to target
mitochondrial dysfunction in liver disease. Improved effi-
cacy by restoring mitochondrial function has also been
found in MSC therapeutic strategies for other diseases.
For example, research into cerebral injury indicated that
overexpressing miR-21 in exosomes enhanced the neuro-
protective effects of MSCs, which modulated mitophagy
in neurocytes by directly targeting and inhibiting PTEN
[71]. Therefore, the same ideas can be applied to opti-
mize liver disease treatment by targeting dysfunctional
mitochondria.

Conclusions

In this review, we summarized the common types of
mitochondrial dysfunction in liver disease and the
related mechanisms. Then, we focused on the thera-
peutic effects of MSCs on liver diseases by modifying
mitochondrial function. Interestingly, some research-
ers have recently turned their attention to cell-free
therapies using EVs from MSCs. This method avoids
some shortcomings of MSC transplantation. However,
whether EVs can act as efficiently as MSCs and their
role in protecting mitochondria are unclear. Finally, we
noticed that the modification of MSCs is popular and
has a huge advantage in treating liver disease. Most
researchers tend to use genetic modifications to gain
long-term, targeted, and reliable effects. However, the
potential tumorigenic risks of transplanting modified
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MSCs have raised concerns about their safety [72].
Another concern is whether the crosstalk between can-
cer cells and MSCs through mitochondrial exchange
is beneficial or harmful. MSCs can directly donate
mitochondria to rescue injured cells. However, this
altruistic behavior also benefits cancer cells because
tumor growth and motility require mitochondria [53].
Therefore, further investigations into modifying MSC
therapy to address these concerns are needed. In con-
clusion, the recent advances we reviewed in this paper
are expected to provide new directions and strategies
for improving the efficacy of mitochondria-targeted
MSC treatment in liver disease.

Abbreviations

ALD Alcohol-associated liver disease

ATP Adenosine triphosphate

DILD Drug-induced liver disease

Drp1 Dynamin-related protein 1

ECT Electron transport chain

ER Endoplasmic reticulum

EVs Extracellular vesicles

FFA Free fatty acid

FIST Fission 1

GSH Glutathione

HBV Hepatitis B virus

HCV Hepatitis C virus

HCC Hepatocellular carcinoma

H,0, Hydrogen peroxide

I/R Ischemia/reperfusion

IP3R Inositol 1,4,5-trisphosphate receptors
JNK C-jun N-terminal kinase

MFN1 Mitochondrion fusion-related protein 1

MFN2 Mitochondrion fusion-related protein 2
MnSOD  Manganese superoxide dismutase

MPTP Mitochondrial permeability transition pore
MSCs Mesenchymal stem cells

mtDNA mitochondrial DNA

MVs microvesicles

NAPQI N-acetyl-p-benzoguinone imine

Oy - superoxide anion radical

OMM outer mitochondrial membrane

OPA1 optic atrophy 1

OXPHOS  oxidative phosphorylation

PINK1 PTEN-induced putative kinase protein 1
ROS reactive oxygen species

TCA tricarboxylic acid

TNTs Tunneling nanotubes

Acknowledgements
Not applicable

Authors’ contributions
YC wrote the manuscript and edited figures. GL and JQ collected data. MZ and
YL supervised the study. All authors read and approved the final manuscript.

Funding

This study was supported by the Key R & D Projects of Zhejiang Province
(2018C03019), the National Natural Science Foundation of China (81870428
and U20A20348) and the Independent Task of State Key Laboratory for Diag-
nosis and Treatment of Infectious Diseases (zz202314).

Availability of data and materials
Not applicable.



Cen et al. Cell Communication and Signaling

(2023) 21:214

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 11 May 2023 Accepted: 16 July 2023
Published online: 18 August 2023

References

1.

2.

Asrani SK, Devarbhavi H, Eaton J, Kamath PS. Burden of liver diseases in
the world. J Hepatol. 2019;70:151-71.

Yang Y, ZhaoY, Zhang L, Zhang F, Li L. The application of mesenchymal
stem cells in the treatment of liver diseases: mechanism, efficacy, and
safety issues. Front Med (Lausanne). 2021;8:655268.

Kim HJ, Park J-S. Usage of human mesenchymal stem cells in cell-based
therapy: advantages and disadvantages. Dev Reprod. 2017;21:1-10.
Song N, Scholtemeijer M, Shah K. Mesenchymal stem cell immunomodu-
lation: mechanisms and therapeutic potential. Trends Pharmacol Sci.
2020;41:653-64.

Weiss ARR, Dahlke MH. Immunomodulation by Mesenchymal Stem Cells
(MSCs): Mechanisms of Action of Living, Apoptotic, and Dead MSCs. Front
Immunol. 2019;10:1191.

Kang SH, Kim MY, Eom YW, Baik SK. Mesenchymal stem cells for

the treatment of liver disease: present and perspectives. Gut Liver.
2020;14:306-15.

Wang JL, Ding HR, Pan CY, Shi XL, Ren HZ. Mesenchymal stem cells
ameliorate lipid metabolism through reducing mitochondrial damage
of hepatocytes in the treatment of post-hepatectomy liver failure. Cell
Death Dis. 2021;12:111.

Hsu M-J, Karkossa |, Schéfer I, Christ M, Kiihne H, Schubert K, et al. Mito-
chondrial Transfer by Human Mesenchymal Stromal Cells Ameliorates
Hepatocyte Lipid Load in a Mouse Model of NASH. Biomedicines.
2020;8:350.

Kim JY, Choi JH, Jun JH, Park S, Jung J, Bae SH, et al. Enhanced PRL-1
expression in placenta-derived mesenchymal stem cells accelerates
hepatic function via mitochondrial dynamics in a cirrhotic rat model.
Stem Cell Res Ther. 2020;11:512.

CenY,Lou G, QiJ, Li M, Zheng M, Liu Y. Adipose-Derived Mesenchymal
Stem Cells Inhibit JNK-Mediated Mitochondrial Retrograde Pathway

to Alleviate Acetaminophen-Induced Liver Injury. Antioxidants (Basel).
2023;12:158.

. Alberts B. Molecular Biology of the Cell. 6th ed. New York, NY: Garland

Science; 2014.

Ma X, McKeen T, Zhang J, Ding W-X. Role and Mechanisms of Mitophagy
in Liver Diseases. Cells. 2020,9:837.

Zhou H, Zhu P Wang J, Toan S, Ren J. DNA-PKcs promotes alcohol-
related liver disease by activating Drp1-related mitochondrial fission and
repressing FUNDC1-required mitophagy. Signal Transduct Target Ther.
2019;4:56.

Meex RCR, Blaak EE. Mitochondrial Dysfunction is a Key Pathway that
Links Saturated Fat Intake to the Development and Progression of NAFLD.
Mol Nutr Food Res. 2021:65:1900942.

Ramachandran A, Visschers RGJ, Duan L, Akakpo JY, Jaeschke H. Mito-
chondrial dysfunction as a mechanism of drug-induced hepatotoxic-

ity: current understanding and future perspectives. J Clin Trans| Res.
2018;4:75-100.

Qu C, Zhang S, Li Y, Wang Y, Peppelenbosch MP, Pan Q. Mitochondria in
the biology, pathogenesis, and treatment of hepatitis virus infections. Rev
Med Virol. 2019;29:2075.

Mansouri A, Gattolliat C-H, Asselah T. Mitochondrial Dysfunction and
Signaling in Chronic Liver Diseases. Gastroenterology. 2018;155:629-47.

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 10 of 11

. Hsu C-C, Lee H-C, Wei Y-H. Mitochondrial DNA alterations and mitochon-

drial dysfunction in the progression of hepatocellular carcinoma. World J
Gastroenterol. 2013;19:8880-6.

. Teodoro JS, Da Silva RT, Machado IF, Panisello-Roselld A, Rosellé-Catafau

J,Rolo AP, et al. Shaping of Hepatic Ischemia/Reperfusion Events: The
Crucial Role of Mitochondria. Cells. 2022;11:688.

Bi'Y, Guo X, Zhang M, Zhu K, Shi C, Fan B, et al. Bone marrow derived-
mesenchymal stem cell improves diabetes-associated fatty liver via
mitochondria transformation in mice. Stem Cell Res Ther. 2021;12:602.
Yao J, Zheng J, Cai J, Zeng K, Zhou C, Zhang J, et al. Extracellular vesicles
derived from human umbilical cord mesenchymal stem cells alleviate rat
hepatic ischemia-reperfusion injury by suppressing oxidative stress and
neutrophil inflammatory response. FASEB J. 2019;33:1695-710.

Zheng J,Chen L, LuT, Zhang Y, Sui X, Li'Y, et al. MSCs ameliorate hepatocel-
lular apoptosis mediated by PINK1-dependent mitophagy in liver ischemia/
reperfusion injury through AMPKa activation. Cell Death Dis. 2020;11:256.
Anderson S, Bankier AT, Barrell BG, de Bruijn MH, Coulson AR, Drouin J,

et al. Sequence and organization of the human mitochondrial genome.
Nature. 1981;290:457-65.

Voet D, Voet JG, Pratt CW. Fundamentals of Biochemistry: Life at the
Molecular Level. 3rd ed. Hoboken, NJ: Wiley; 2008.

Schmidt-Rohr K. Oxygen Is the High-Energy Molecule Powering Complex
Multicellular Life: Fundamental Corrections to Traditional Bioenergetics.
ACS Omega. 2020;5:2221-33.

Mitchell P, Moyle J. Chemiosmotic hypothesis of oxidative phosphoryla-
tion. Nature. 1967,213:137-9.

Sies H, Belousov VV, Chandel NS, Davies MJ, Jones DP, Mann GE, et al.
Defining roles of specific reactive oxygen species (ROS) in cell biology
and physiology. Nat Rev Mol Cell Biol. 2022;23:499-515.

Tilokani L, Nagashima S, Paupe V, Prudent J. Mitochondrial dynamics:
overview of molecular mechanisms. Essays Biochem. 2018;62:341-60.
Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat Rev Mol Cell Biol.
2011;12:9-14.

Giorgi C, Marchi S, Pinton P. The machineries, regulation and cellular func-
tions of mitochondrial calcium. Nat Rev Mol Cell Biol. 2018;19:713-30.
Morio B, Panthu B, Bassot A, Rieusset J. Role of mitochondria in liver meta-
bolic health and diseases. Cell Calcium. 2021;94:102336.

Spinelli JB, Haigis MC. The Multifaceted Contributions of Mitochondria to
Cellular Metabolism. Nat Cell Biol. 2018;20:745-54.

Cichoz-Lach H, Michalak A. Oxidative stress as a crucial factor in liver
diseases. World J Gastroenterol. 2014;20:8082-91.

Wilson DF, Matschinsky FM. Ethanol metabolism: The good, the bad, and
the ugly. Med Hypotheses. 2020;140:109638.

You M, Arteel GE. Effect of ethanol on lipid metabolism. J Hepatol.
2019;70:237-48.

Massart J, Begriche K, Hartman JH, Fromenty B. Role of Mitochondrial
Cytochrome P450 2E1 in Healthy and Diseased Liver. Cells. 2022;11:288.
Mari M, Morales A, Colell A, Garcia-Ruiz C, Fernandez-Checa JC. Mitochon-
drial cholesterol accumulation in alcoholic liver disease: Role of ASMase
and endoplasmic reticulum stress. Redox Biol. 2014;3:100-8.

Wang J, He W, Tsai P-J, Chen P-H, Ye M, Guo J, et al. Mutual interaction
between endoplasmic reticulum and mitochondria in nonalcoholic fatty
liver disease. Lipids Health Dis. 2020;19:72.

Win S, Than TA, Min RWM, Aghajan M, Kaplowitz N. c-Jun N-terminal
kinase mediates mouse liver injury through a novel Sab (SH3BP5)-
dependent pathway leading to inactivation of intramitochondrial Src.
Hepatology. 2016;63:1987-2003.

Bauer TM, Murphy E. Role of Mitochondrial Calcium and the Permeability
Transition Pore in Regulating Cell Death. Circ Res. 2020;126:280-93.
Lamanilao G, Watkins C, Kuscu C, Kuscu C, Eason J, Bajwa A. Role of Mito-
chondrial Transplantation in Enhancing Liver Regeneration Following
Partial Hepatectomy [abstract]. Am J Transplant. 2022;22(suppl 3). https://
atcmeetingabstracts.com/abstract/role-of-mitochondrial-transplant
ation-in-enhancing-liver-regeneration-following-partial-hepatectomy/.
Accessed 20 June 2023.

Ulger O, Kubat GB, Cicek Z, Celik E, Atalay O, Suvay S, et al. The effects of
mitochondrial transplantation in acetaminophen-induced liver toxicity in
rats. Life Sci. 2021,279:119669.

Lin HC, Liu SY, Lai HS, Lai IR. Isolated mitochondria infusion mitigates
ischemia-reperfusion injury of the liver in rats. Shock. 2013;39:304-10.


https://atcmeetingabstracts.com/abstract/role-of-mitochondrial-transplantation-in-enhancing-liver-regeneration-following-partial-hepatectomy/
https://atcmeetingabstracts.com/abstract/role-of-mitochondrial-transplantation-in-enhancing-liver-regeneration-following-partial-hepatectomy/
https://atcmeetingabstracts.com/abstract/role-of-mitochondrial-transplantation-in-enhancing-liver-regeneration-following-partial-hepatectomy/

Cen et al. Cell Communication and Signaling

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

(2023) 21:214

Acquistapace A, Bru T, Lesault P-F, Figeac F, Coudert AE, le Coz O, et al.
Human mesenchymal stem cells reprogram adult cardiomyocytes
toward a progenitor-like state through partial cell fusion and mitochon-
dria transfer. Stem Cells. 2011;29:812-24.

Zhang Y, Yu Z, Jiang D, Liang X, Liao S, Zhang Z, et al. iPSC-MSCs with
High Intrinsic MIRO1 and Sensitivity to TNF-a Yield Efficacious Mitochon-
drial Transfer to Rescue Anthracycline-Induced Cardiomyopathy. Stem
Cell Reports. 2016;7:749-63.

LiL, Zeng X, Liu Z, Chen X, Li L, Luo R, et al. Mesenchymal stromal cells
protect hepatocytes from lipotoxicity through alleviation of endo-
plasmic reticulum stress by restoring SERCA activity. J Cell Mol Med.
2021;25:2976-93.

Cho KA, Woo SY, Seoh JY, Han HS, Ryu KH. Mesenchymal stem cells
restore CCl-induced liver injury by an antioxidative process. Cell Biol Int.
2012;36:1267-74.

Jiang W, Tan 'Y, Cai M, Zhao T, Mao F, Zhang X, et al. Human Umbilical Cord
MSC-Derived Exosomes Suppress the Development of CCl,-Induced Liver
Injury through Antioxidant Effect. Stem Cells Int. 2018;2018:6079642.
Damania A, Jaiman D, Teotia AK, Kumar A. Mesenchymal stromal cell-
derived exosome-rich fractionated secretome confers a hepatoprotective
effect in liver injury. Stem Cell Res Ther. 2018;9:31.

Yan W, Li D, Chen T, Tian G, Zhou P, Ju X. Umbilical Cord MSCs Reverse
D-Galactose-Induced Hepatic Mitochondrial Dysfunction via Activation
of Nrf2/HO-1 Pathway. Biol Pharm Bull. 2017;40:1174-82.

Kim SH, Kim JY, Park SY, Jeong WT, Kim JM, Bae SH, et al. Activation of the
EGFR-PI3K-CaM pathway by PRL-1-overexpressing placenta-derived mes-
enchymal stem cells ameliorates liver cirrhosis via ER stress-dependent
calcium. Stem Cell Res Ther. 2021;12:551.

Rustom A, Saffrich R, Markovic |, Walther P, Gerdes H-H. Nanotubular
highways for intercellular organelle transport. Science. 2004;303:1007-10.
Mohammadalipour A, Dumbali SP, Wenzel PL. Mitochondrial Transfer
and Regulators of Mesenchymal Stromal Cell Function and Therapeutic
Efficacy. Front Cell Dev Biol. 2020;8:603292.

Phinney DG, Pittenger MF. Concise Review: MSC-Derived Exosomes for
Cell-Free Therapy. Stem Cells. 2017;35:851-8.

Zaborowski MP, Balaj L, Breakefield XO, Lai CP. Extracellular Vesicles:
Composition, Biological Relevance, and Methods of Study. Bioscience.
2015;65:783-97.

Lou G, Chen Z, Zheng M, Liu Y. Mesenchymal stem cell-derived
exosomes as a new therapeutic strategy for liver diseases. Exp Mol Med.
2017,49:e346.

Islam MN, Das SR, Emin MT, Wei M, Sun L, Westphalen K, et al. Mitochon-
drial transfer from bone-marrow-derived stromal cells to pulmonary
alveoli protects against acute lung injury. Nat Med. 2012;18:759-65.
lkeda G, Santoso MR, Tada Y, Li AM, Vaskova E, Jung J-H, et al. Mitochon-
dria-Rich Extracellular Vesicles From Autologous Stem Cell-Derived
Cardiomyocytes Restore Energetics of Ischemic Myocardium. J Am Coll
Cardiol. 2021;77:1073-88.

Ni H-M, Williams JA, Ding W-X. Mitochondrial dynamics and mitochon-
drial quality control. Redox Biol. 2015;4:6-13.

Ashrafi G, Schwarz TL. The pathways of mitophagy for quality control and
clearance of mitochondria. Cell Death Differ. 2013;20:31-42.
Westermann B. Bioenergetic role of mitochondrial fusion and fission.
Biochim Biophys Acta. 2012;1817:1833-8.

Dutra Silva J, Su'Y, Calfee CS, Delucchi KL, Weiss D, McAuley DF, et al.
Mesenchymal stromal cell extracellular vesicles rescue mitochondrial
dysfunction and improve barrier integrity in clinically relevant models of
ARDS. Eur Respir J. 2021;58:2002978.

Bhowmick S, Singh'V, Jash S, Lal M, Sinha RS. Mitochondrial metabolism
and calcium homeostasis in the development of NAFLD leading to
hepatocellular carcinoma. Mitochondrion. 2021;58:24-37.

Tomar D, Jaha F, Dong Z, Quinn WJ, Jadiya P, Breves SL, et al. Blockade of
MCU-Mediated Ca®* Uptake Perturbs Lipid Metabolism via PP4-Depend-
ent AMPK Dephosphorylation. Cell Rep. 2019;26:3709-3725.€7.

Lou G, Yang Y, Liu F, Ye B, Chen Z, Zheng M, et al. MiR-122 modification
enhances the therapeutic efficacy of adipose tissue-derived mesenchy-
mal stem cells against liver fibrosis. J Cell Mol Med. 2017,21:2963-73.

Lou G, Song X, Yang F, Wu S, Wang J, Chen Z, et al. Exosomes derived from
miR-122-modified adipose tissue-derived MSCs increase chemosensitiv-
ity of hepatocellular carcinoma. J Hematol Oncol. 2015;8:122.

Page 11 of 11

67. Noronha N de C, Mizukami A, Caliari-Oliveira C, Cominal JG, Rocha JLM,

Covas DT, et al. Priming approaches to improve the efficacy of mesenchy-

mal stromal cell-based therapies. Stem Cell Res Ther. 2019;10:131.
68. Kojima Y, Tsuchiya A, Ogawa M, Nojiri S, Takeuchi S, Watanabe T, et al.
Mesenchymal stem cells cultured under hypoxic conditions had a
greater therapeutic effect on mice with liver cirrhosis compared to those
cultured under normal oxygen conditions. Regen Ther. 2019;11:269-81.
69. LiQ, Zhang W, Xiao E. SOD2 overexpression in bone marrow-derived
mesenchymal stem cells ameliorates hepatic ischemia/reperfusion injury.
Mol Med Rep. 2021,24:671.
70. Psaraki A, Ntari L, Karakostas C, Korrou-Karava D, Roubelakis MG. Extracel-
lular vesicles derived from mesenchymal stem/stromal cells: The regen-
erative impact in liver diseases. Hepatology. 2022;75:1590-603.
71. ShiJ, Jiang X, Gao S, Zhu'Y, Liu J, GuT, et al. Gene-modified exosomes
protect the brain against prolonged deep hypothermic circulatory arrest.
Ann Thorac Surg. 2021;111:576-85.

72. Zhuang WZ, Lin YH, Su LJ, Wu MS, Jeng HY, Chang HC, et al. Mesenchymal

stem/stromal cell-based therapy: mechanism, systemic safety and biodis-
tribution for precision clinical applications. J Biomed Sci. 2021;28:28.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	A new perspective on mesenchymal stem cell-based therapy for liver diseases: restoring mitochondrial function
	Abstract 
	Background
	Mitochondrial dysfunction and liver diseases
	Overview of mitochondria and their functions
	Mitochondrial dysfunction also exists in many liver diseases
	Alcohol-associated liver disease
	Nonalcoholic fatty liver disease
	Drug-induced liver disease
	Viral hepatitis
	End-stage liver disease and liver ischemiareperfusion injury


	MSCs exert curative effects in liver diseases by regulating mitochondrial function
	Mitochondrial transfer as a bridge in MSC therapy
	Tunneling nanotubes
	Extracellular vesicles

	MSCs restore oxidantantioxidant balance
	MSCs regulate the mitochondrial quality control system
	Amelioration of lipid metabolism and calcium homeostasis in MSC treatment

	MSC modification strategy based on the regulation of mitochondrial function
	Conclusions
	Acknowledgements
	References


