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Abstract

The liver is the largest metabolic organ in the human body, and impaired liver
function can cause various acute and chronic liver diseases, which affect qual-
ity of life in mild cases and endanger life in severe cases; therefore, identifying
precise and effective molecular diagnostic markers and therapeutic targets is
crucial. Mitofusin 2 (Mfn2) is a transmembrane dynamin protein on the mito-
chondrial outer membrane that not only regulates mitochondrial fusion but also
plays important roles in cellular energy metabolism, apoptosis, proliferation,
mitochondria-endoplasmic reticulum tethering, endoplasmic reticulum stress,
and mitophagy. Studies have found that abnormal expression or functional
loss of Mfn2 can lead to mitochondrial dysfunction, thereby triggering various
liver diseases. Through a systematic review of the structure, function, and
mechanisms of action of Mfn2 in liver diseases, this article finds that Mfn2 can
participate in the occurrence and development of chronic liver diseases through
multiple pathways, and regulating Mfn2 overexpression can improve liver func-
tion and further slow or reverse disease progression. This article aims to provide
a scientific reference for basic research and clinical applications of Mfn2 in liver
diseases.
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Abstract

The liver is the largest metabolic organ in the human body, and impaired liver
function can lead to various acute and chronic liver diseases that affect qual-
ity of life in mild cases and become life-threatening in severe cases. Therefore,
identifying accurate and effective molecular diagnostic markers and therapeu-
tic targets is crucial. Mitofusin 2 (Mfn2) is a transmembrane motor protein
on the mitochondrial outer membrane that not only regulates mitochondrial
fusion but also plays important roles in cellular energy metabolism, apoptosis,
proliferation, mitochondrial-endoplasmic reticulum (ER) tethering, ER stress,
and mitophagy. Abnormal expression or functional loss of Mfn2 can cause mi-
tochondrial dysfunction, leading to various liver diseases.

This paper systematically reviews the structure and function of Mfn2 and its
mechanisms of action in liver diseases. We found that Mfn2 participates in the
development of chronic liver diseases through multiple pathways, and modulat-
ing Mfn2 overexpression can improve liver function and slow or even reverse
disease progression. This review aims to provide a scientific reference for basic
research and clinical applications of Mfn2 in liver diseases.
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1. Introduction

The liver is the largest metabolic organ in the human body, participating not
only in the synthesis and decomposition of proteins, lipids, carbohydrates, and
vitamins, but also in the transformation and metabolism of hormones and drugs.
The liver also performs important functions such as bile secretion, phagocytosis,
defense, and hematopoiesis during embryonic development. Various hepatotoxic
factors can damage liver cells, leading to metabolic, synthetic, detoxification,
secretory, biotransformation, and immune dysfunction, which often results in
fatty liver disease, viral hepatitis, hepatic fibrosis, and in severe cases, progres-
sion to hepatocellular carcinoma (HCC) and liver failure [1]. However, precise
and effective molecular diagnostic markers and therapeutic targets remain lack-
ing, making the search for new molecular identifiers essential.

Mitofusin 2 (Mfn2) is a transmembrane motor protein localized on the mito-
chondrial outer membrane and a key factor regulating mitochondrial fusion and
maintaining mitochondrial structure [2]. In addition to mediating mitochondrial
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fusion, Mfn2 plays important roles in cellular energy metabolism, apoptosis,
proliferation, mitochondrial-ER tethering, ER stress, and mitophagy. Recent
studies have shown that abnormal expression or functional loss of Mfn2 is closely
associated with the development of various liver diseases, including metabolic-
associated fatty liver disease (MAFLD), viral hepatitis, hepatic fibrosis, HCC,
and acute-on-chronic liver failure (ACLF). Therefore, understanding the struc-
ture, function, and mechanisms of Mfn2 in liver diseases has important scientific
and clinical value and may provide a scientific basis for potential therapeutic
targets and drug development to delay or reverse various liver diseases.

Literature search strategy: We searched the CNKI, Wanfang Data, and
PubMed databases from inception to February 2023. Chinese search terms
included “mitofusin 2,” “liver disease,” “fatty liver disease,” “viral hepatitis,”
“hepatic fibrosis,” “hepatocellular carcinoma,” and “liver failure.” English search
terms included “mitofusin 2,” “liver disease,” “fatty liver disease,” “viral hepati-
tis,” “hepatic fibrosis,” “hepatocellular carcinoma,” and “liver failure.” Inclusion
criteria: literature addressing Mfn2 structure and function or the relationship
between Mfn2 and liver diseases. Exclusion criteria: poor relevance, low-quality
literature, retracted articles, and unavailable full text. A total of 46 articles
were included.

1.1 Structure of Mfn2

Mfn2 is a highly conserved transmembrane guanosine triphosphate (GTP) en-
zyme located on the mitochondrial outer membrane, sharing 77% homology
with Mfnl and possessing identical functional domains [3]. The structure in-
cludes an amino-terminal GTPase domain, a heptad-repeat domain (HR1), and
a carboxy-terminal second heptad-repeat domain (HR2), with two transmem-
brane domains between HR1 and HR2 [2-3]. Both the GTPase and HR do-
mains are exposed to the cytoplasm and are crucial for the fusion process [4].
The GTPase domain contains five functional motifs: G1 binds the phosphate of
GTP molecules; G3 coordinates Mg?* required for hydrolysis; G1, G2, and G3
together form the catalytic center; and G4 and G5 provide the specific confor-
mation required for GTP binding. The HR2 domain forms homodimeric (Mfnl-
Mfnl or Mfn2-Mfn2) or heterodimeric (Mfn1-Mfn2) complexes through antipar-
allel coiled-coil structures between juxtaposed mitochondria, participating in
the connection of two adjacent mitochondria. Subsequently, GTP hydrolysis
by the GTPase domain provides energy to mediate membrane conformational
changes, thereby promoting mitochondrial outer membrane fusion [5].

1.2 Regulation of Mfn2 Expression

The steady-state level of Mfn2 depends on ubiquitin-proteasome system regu-
lation. During mitochondrial depolarization or cellular stress, Mfn2 is phos-
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phorylated by PTEN-induced putative kinase 1 (PINK1), ubiquitinated by
Parkin, and subsequently targeted for proteasomal degradation [3,6]. Addition-
ally, stress-induced activation of c¢-Jun N-terminal kinase (JNK) can promote
E3 ligase HUWE1-mediated phosphorylation of Mfn2, leading to ubiquitination
and proteasomal degradation that affects mitochondrial fusion [6].

Mfn2 activity is also regulated by recombinant mothers against decapentaplegic
homolog 2 (Smad2). Smad2 serves as a scaffold to recruit Rab-Ras interact-
ing factor 1 (RIN1) and forms a Smad2-RIN1-Mfn2 complex. This complex
allows RIN1 to act as a guanine nucleotide exchange factor that activates Mfn2-
GTPase, thereby promoting mitochondrial adenosine triphosphate (ATP) syn-
thesis and mitochondrial fusion [7]. The transcriptional regulator peroxisome
proliferator-activated receptor v coactivator 1 (PGC-1) also plays an important
regulatory role in Mfn2. PGC-1a can stimulate transcriptional activity of the
Mifn2 promoter region 2kb fragment in muscle and brown adipose tissue. This
specific region of the Mfn2 promoter binds to and is activated by estrogen-related
receptor alpha (ERRa), which is further co-activated by PGC-1la [6,8]. PGC-
15, a PGC-1a homolog, is also essential for maintaining Mfn2 expression [6,8].
The Mfn2 promoter region also contains Kriippel-like factor 4 (KLF4) binding
sites, and KLF4 overexpression can increase Mfn2 and glucose transporter 4
(GLUT4) expression, improving insulin resistance (IR) in skeletal muscle cells
[9]. Additionally, glucocorticoids and pro-inflammatory factor tumor necrosis
factor-a (TNF-«) also participate in regulating hepatic Mfn2 expression [4].

2.1 Regulation of Cellular Energy Metabolism

Mfn2 is essential for maintaining metabolic homeostasis [10]. Inhibition of Mfn2
expression reduces mitochondrial membrane potential, decreases glucose oxida-
tion and oxygen consumption in L6E9 rat skeletal muscle and fibroblasts, man-
ifested by reduced palmitate oxidation rate, increased glucose transport and
lactate production, and decreased glucose conversion to glycogen [6]. Ablation
of Mfn2 in mouse hepatocytes alters mitochondrial morphology, reduces mito-
chondrial respiratory complexes I and II, and promotes gluconeogenesis [11].
Conversely, Mfn2 overexpression in HeLa cells causes perinuclear clustering of
mitochondria, enhances mitochondrial membrane potential, increases glucose
oxidation, and upregulates expression of oxidative phosphorylation complexes
I, IV, and V subunits [12]. Therefore, promoting Mfn2 expression can enhance
mitochondrial function, facilitate cellular energy metabolism, and maintain or-
ganismal homeostasis.

2.2 Apoptosis

Mitochondria are the primary target of intrinsic apoptosis in its early stages.
The B-cell lymphoma/leukemia-2 (Bcl-2) protein family plays an important role
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in this process. Anti-apoptotic protein Bcl-2 can maintain mitochondrial in-
tegrity by inhibiting cytochrome C (Cyt C) release, whereas high Mfn2 expres-
sion can inhibit Bcl-2 expression, disrupt mitochondrial integrity, and promote
apoptosis [6]. Additionally, apoptosis regulators Bcl-2-associated X (Bax) and
Bak co-localize with Mfn2 on the mitochondrial outer membrane [6]. High Mfn2
expression can also promote increased Bax and Bak expression, leading to in-
creased mitochondrial permeability and Cyt C release, which activates Caspase-
9 through enzymatic cascade reactions to form the apoptosome and activate
Caspase-3, ultimately triggering apoptosis through proteolysis. If the Mfn2
gene is knocked out, the binding sites of Bax and Bak to mitochondria disap-
pear, and cellular resistance to apoptosis increases [13]. Furthermore, Mfn2
can inhibit proto-oncogene Ras expression and activate mitochondrial apopto-
sis pathways by suppressing Ras-PI3K-Akt pathway phosphorylation, thereby
promoting apoptosis [14]. This suggests that enhancing Mfn2 expression to
promote apoptosis in cancer cells, inflammatory cells, and abnormal cells could
serve as a therapeutic target for related diseases.

2.3 Cell Proliferation

Mfn2 is also a proliferation-suppressing gene. Mfn2 overexpression can inhibit
cell proliferation by binding to Ras and blocking its activation, thereby pre-
venting extracellular signal-regulated kinase 1/2 (ERK1/2) activation. In other
words, Mfn2 inhibits Ras-Raf-MAPK-ERK1/2 signal transduction phosphory-
lation, suppresses DNA synthesis, and causes mitotic cells to enter a quiescent
phase, thereby inhibiting proliferation of various cell types [15]. Additionally,
ZHANG et al. [16] demonstrated that Mfn2 can inhibit cell proliferation by up-
regulating cyclin-dependent kinase inhibitor p21 to block ERK1/2 activation.
Studies have shown that the amino-terminal fragment (aal-264) and carboxy-
terminal fragment (aa265-757) of Mfn2 can block cell proliferation through dif-
ferent mechanisms: the amino-terminal fragment inhibits proliferation by inter-
acting with Raf-1, while the carboxy-terminal fragment inhibits proliferation
by interacting with Ras [17]. Moreover, unphosphorylated retinoblastoma pro-
tein (Rb) combined with transcription factors can cause cell cycle arrest in the
GO0/GI1 phase, and Mfn2 can regulate cell proliferation by reducing Rb phospho-
rylation levels [18]. These findings suggest that modulating Mfn2 expression
to inhibit cancer cell proliferation and promote normal cell growth could help
maintain liver function homeostasis and reverse liver damage.

2.5 ER Stress

Mfn2 also participates in regulating the ER stress response. This reaction de-
pends on a complex signal transduction mechanism known as the unfolded pro-
tein response (UPR), which aims to clear unfolded proteins and restore ER
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homeostasis [11]. Mfn2 can regulate ER stress response signaling through pro-
tein kinase R-like ER kinase (PERK) located on the ER membrane. PERK
monitors the accumulation of unfolded proteins and activates specific signaling
pathways to induce ER stress. Mfn2 is an upstream regulator of PERK and
can directly interact with PERK to maintain its inactivation under basal condi-
tions [23]. Studies have shown that Mfn2 ablation can induce activation of UPR
proteins in the ER membrane, causing ER stress [24]. Conversely, promoting
Mfn2 expression can ameliorate ER stress, thereby slowing or preventing ER
stress-related liver injury.

2.6 Mitophagy

Mitophagy is a selective autophagy phenomenon that specifically clears dam-
aged mitochondria to maintain mitochondrial network homeostasis. When mito-
chondria are damaged in cells, the PINK1 /Parkin signaling pathway is activated.
PINK1 translocates and accumulates on the mitochondrial outer membrane, re-
cruits the E3 ligase Parkin and activates it. Activated Parkin can ubiquitinate
Mfn2 to form ubiquitin chains and recruit lipidated autophagy receptor LC3
to the mitochondrial outer membrane to further form autophagosomes. The
damaged mitochondria are then surrounded and engulfed by autophagosomes,
which fuse with lysosomes to degrade autophagosome contents, thereby inducing
mitophagy [3]. Studies have shown that Mfn2 deficiency can increase the accu-
mulation of dysfunctional mitochondria and cause defects in autophagosome
formation and autophagosome-lysosome fusion, leading to autophagy impair-
ment [25-26]. Mfn2 loss in muscle is associated with autophagy inhibition and
abnormal mitochondrial accumulation, potentially contributing to sarcopenia
[27].

In summary, Mfn2 exerts numerous functional roles through its unique molecu-
lar structure and expression regulation, participating in various cell death path-
ways. Upregulating or downregulating Mfn2 expression can be involved in the
development of various liver diseases through different signaling pathways.

3.1 MAFLD

The diagnosis of MAFLD is based on metabolic dysfunction such as hyper-
lipidemia, type 2 diabetes, and hypertension, and can coexist with other liver
diseases [28]. Studies have confirmed that Mfn2 expression is reduced in obese
and type 2 diabetic patients, while exercise and weight loss can increase Mfn2
expression. The underlying mechanism may be that physical exercise promotes
activation of PGC-la and ERRa, Mfn2 transcription, mitochondrial fusion,
and GLUT4 activation, thereby increasing insulin sensitivity and reducing lipid
deposition [29-30]. Conversely, inhibiting mitochondrial Mfn2 expression can
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cause mitochondria to lose their normal reticular structure and become scat-
tered isolated aggregates, reduce mitochondrial membrane potential, inhibit
aerobic glucose metabolism, increase mitochondrial membrane pore size caus-
ing proton leak, stimulate the JNK pathway, promote formation of lipid in-
termediates, and cause insulin resistance in muscle and liver, thereby inducing
MAFLD and related metabolic diseases [14,31]. Insulin administration can up-
regulate Mfn2 expression by blocking the mitogen extracellular signal regulated
kinase (MEK)-dependent cascade reaction, promote Mfn2 binding to Ras to acti-
vate the PI3K-Akt signaling pathway, reverse mitochondrial structural changes,
induce mitochondrial fusion, and improve IR [32]. Therefore, IR induced by
metabolic abnormalities can be reversed by targeting the insulin signaling path-
way to promote Mfn2 overexpression. Additionally, specific knockout of Mfn2
in hypothalamic pro-opiomelanocortin neurons can also cause ER stress and lep-
tin resistance, leading to increased appetite, reduced energy expenditure, and
obesity [33].

Non-alcoholic steatohepatitis (NASH) is a severe form of non-alcoholic fatty liver
disease (NAFLD)/MAFLD that is also associated with Mfn2. HERNANDEZ-
ALVAREZ et al. [34] found that liver-specific Mfn2 ablation in mice can cause
hepatic inflammation, triglyceride accumulation, and promote NASH develop-
ment. Promoting Mfn2 overexpression in NASH mouse models enables Mfn2
to bind phosphatidylserine (PS) and specifically transfer PS to membrane do-
mains, further transferring it to mitochondria and promoting mitochondrial
phosphatidylethanolamine synthesis, inhibiting ER stress, reducing inflamma-
tory responses and triglyceride accumulation, thereby ameliorating the NASH
phenotype. In summary, promoting Mfn2 expression may become a new ap-
proach for improving MAFLD.

3.2 Viral Hepatitis

Mitochondrial damage and oxidative stress are prominent features of chronic
hepatitis B and C, and mitochondrial liver injury has long been considered a
consequence of hepatitis B virus (HBV) infection in chronic hepatitis [35]. HBV
infection is associated with downregulated cellular Ca?* signaling, mitochon-
drial depolarization and dysfunction, and reactive oxygen species production.
Studies have shown that many DNA and RNA viruses participate in regulating
mitophagy, which can suppress host immune responses, prevent clearance by
phagocytosis, and facilitate viral replication and maturation [35]. HBV and its
encoded hepatitis B virus X protein can induce mitochondrial cascade reactions,
stimulate expression of Parkin, PINK1, and autophagy microtubule-associated
protein light chain $ $3 (LC3B), and induce Parkin recruitment and transloca-
tion to mitochondria, further promoting ubiquitination and degradation of its
substrate Mfn2. This leads to altered mitochondrial dynamics (such as mito-
chondrial swelling, cristae loss, and mitochondrial fission) and ultimately clears
damaged mitochondria through mitophagy, promoting viability of infected cells
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and inhibiting apoptosis of HBV-infected cells, thereby facilitating persistent in-
fection and chronic hepatitis. Similarly, hepatitis C virus, a positive-sense single-
stranded RNA virus, can also induce Parkin-mediated selective autophagy that
benefits viral replication. Therefore, designing novel therapeutic approaches
against chronic viral infection by targeting Mfn2 overexpression to promote
apoptosis of infected cells may be feasible.

3.3 Hepatic Fibrosis

Activation and proliferation of hepatic stellate cells (HSCs) are central to hepatic
fibrosis formation, and chronic inflammatory response is the prerequisite and
driving force for hepatic fibrosis formation. Therefore, promoting apoptosis
of activated HSCs and inhibiting hepatic inflammation are important means
to prevent and treat hepatic fibrosis [36]. Mfn2 can inhibit hepatic fibrosis
by suppressing production of fibrosis-related factors through multiple signaling
pathways. ZHU et al. [37] found that Mfn2 overexpression can inhibit the TGF-
$ $1/Smad signaling pathway, downregulate a-smooth muscle actin (a-SMA)
and types I, III, and IV collagen, significantly reduce immune cell infiltration,
inhibit hepatic inflammatory responses, promote HSC apoptosis, and ameliorate
hepatic fibrosis. Additionally, Mfn2 can inhibit HSC proliferation and promote
apoptosis through PI3K/Akt and mTOR signaling pathways, thereby inhibiting
hepatic fibrosis development [39-40]. Since Mfn2 has been confirmed to be a
negative regulator of MAPK signaling, the mechanism by which Mfn2 inhibits
hepatic fibrosis-related factor generation in HSCs may be related to MAPK
signaling pathway transmission [38]. In summary, Mfn2 is crucial in regulating
HSC apoptosis and hepatic fibrosis and may be a potential therapeutic target
for alleviating hepatic fibrosis.

3.4 HCC

The Mfn2 gene is located at 1p36.22 on human chromosome 1, a region with high
mutation frequency in malignant tumors, suggesting that abnormal expression
or functional loss of Mfn2 may be an important factor in tumor development
[18]. Studies have shown that Mfn2 is an independent prognostic factor for
HCC patients. Mfn2 expression is significantly lower in HCC tissues than in
surrounding normal liver tissues, and patients with high Mfn2 expression have
longer overall survival than those with low expression, making it a new reference
indicator for determining tumor differentiation and pathological staging [41].

In tumors, Mfn2 has dual functions of promoting apoptosis and inhibiting prolif-
eration. High Mfn2 expression promotes tumor cell apoptosis and inhibits tumor
cell proliferation through the PI3K/Akt apoptosis pathway and ERK1/2 prolif-
eration pathway, blocking the cell cycle at GO/G1 or G2/M phases to inhibit
mitosis and suppress tumor growth [14]. Additionally, high Mfn2 expression can
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mediate apoptosis in HepG2 cells, downregulate mitochondrial membrane poten-
tial, and cause ER Ca?" to enter mitochondria, leading to decreased ER CaZ*
concentration, increased mitochondrial Ca?* concentration, elevated intracellu-
lar reactive oxygen species, and induced tumor cell apoptosis [41]. Studies have
shown that 178-hydroxysteroid dehydrogenase 13, an enzyme that catalyzes
steroid and lipid metabolism and is closely related to hepatic lipid metabolism
and hepatocarcinogenesis, is significantly positively correlated with Mfn2 expres-
sion [42], though its direct regulatory relationship requires further investigation.
Additionally, microRNA (miRNA) is an important factor inhibiting HCC cell
proliferation and promoting apoptosis. Studies have shown that miR-150 and
miR-761 may inhibit HCC cell proliferation, migration, and invasion while pro-
moting apoptosis by upregulating Mfn2 levels [43-45]. In summary, Mfn2 is an
independent prognostic predictor for HCC patients and a potential therapeutic
target for HCC.

3.5 ACLF

Despite remarkable advances in clinical treatment, ACLF still maintains high
incidence and mortality rates. XUE et al. [45] showed that Mfn2 overexpres-
sion can reduce serum transaminase levels in SD rats and improve massive
hepatocyte necrosis and sinusoidal dilation with congestion symptoms caused
by ACLF, reducing eosinophil and neutrophil infiltration in hepatocytes. Mfn2
may inhibit lipid accumulation, protein aggregation, chronic cell death, oxida-
tive stress, and inflammation by suppressing the PI3K/AKT/mTOR signaling
pathway to induce autophagy, thereby maintaining cellular homeostasis and
delaying disease progression to alleviate liver injury in ACLF [46]. Addition-
ally, Mfn2 exerts anti-apoptotic functions in ACLF [45-46]. First, autophagy
may be the trigger for Mfn2’s anti-apoptotic function in ACLF. Second, Bcl-
2/adenovirus E1B interacting protein 3 (BNIP3) is a pro-apoptotic protein that
competes with Beclin-1 for binding to Bcl-2 through its BH3 domain, inhibiting
Bcl-2 gene expression and promoting apoptosis. In ACLF models, Mfn2 can
reduce BNIP3 expression in hepatocyte autophagy injury models and inhibit
apoptosis. Therefore, Mfn2 plays a protective role in ACLF and may provide a
promising therapeutic target for ACLF patients.

4. Conclusion and Outlook

In summary, with the deepening of Mfn2 research, the functions of Mfn2 have
received increasing attention. In addition to mediating mitochondrial fusion
and maintaining normal mitochondrial structure and function, Mfn2 plays im-
portant roles in regulating cellular energy metabolism, apoptosis, proliferation,
mitochondrial-ER tethering, ER stress, and mitophagy, and regulates the devel-
opment of various liver pathological states. With advances in molecular biology,
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the structure, mechanism, and regulatory mechanisms of Mfn2 will be further
clarified. Investigating its regulatory roles in different liver diseases is expected
to provide crucial new targets and ideas for disease treatment. However, clinical
studies on Mfn2 and liver diseases remain limited. Given the important regu-
latory role of Mfn2 in liver diseases, future research should further investigate
the sensitivity and specificity of Mfn2 as a diagnostic marker for various liver
diseases in clinical settings, as well as its effectiveness as a therapeutic target,
to achieve translation of Mfn2 from basic research to clinical application, ul-
timately benefiting patients and reducing the incidence and mortality of liver
diseases.
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