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Dysfunction-Associated Steatotic Liver Disease
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Soyeon Shin, Jaeyoung Kim, Ju Yeon Lee, Jun Kim, Chang-Myung Oh*

Department of Biomedical Science and Engineering, Gwangju Institute of Science and Technology, Gwangju, Korea

Metabolic dysfunction-associated steatotic liver disease (MASLD), formerly known as non-alcoholic fatty liver
disease, is characterized by hepatic steatosis and metabolic dysfunction and is often associated with obesity and
insulin resistance. Recent research indicates a rapid escalation in MASLD cases, with projections suggesting a
doubling in the United States by 2030. This review focuses on the central role of mitochondria in the pathogene-
sis of MASLD and explores potential therapeutic interventions. Mitochondria are dynamic organelles that or-
chestrate hepatic energy production and metabolism and are critically involved in MASLD. Dysfunctional mito-
chondria contribute to lipid accumulation, inflammation, and liver fibrosis. Genetic associations further under-
score the relationship between mitochondrial dynamics and MASLD susceptibility. Although U.S. Food and
Drug Administration-approved treatments for MASLD remain elusive, ongoing clinical trials have highlighted
promising strategies that target mitochondrial dysfunction, including vitamin E, metformin, and glucagon-like
peptide-1 receptor agonists. In preclinical studies, novel therapeutics, including nicotinamide adenine dinucleo-
tide* precursors, urolithin A, spermidine, and mitoquinone, have shown beneficial effects, such as improving mi-
tochondrial quality control, reducing oxidative stress, and ameliorating hepatic steatosis and inflammation. In
conclusion, mitochondrial dysfunction is central to MASLD pathogenesis. The innovative mitochondria-targeted
approaches discussed in this review offer a promising avenue for reducing the burden of MASLD and improving
global quality of life.
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INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease (MASLD)
is a new name for non-alcoholic fatty liver disease (NAFLD) to fo-
cus on steatotic liver disease associated with metabolic dysfunction
and includes the presence of at least one of five cardiometabolic
risk factors of obesity, glucose intolerance, dyslipidemia, and hyper-
tension.! With a global prevalence of approximately 30%, MASLD
is the most common chronic liver disease worldwide.* A recent

study has highlighted a significantly rapid increase in the number of

patients with MASLD.? Projections based on previous estimates
have indicated a doubling of MASLD cases in the United States by
2030.*° Approximately 60% to 80% of individuals with type 2 dia-
betes mellitus and 80% of individuals with obesity are affected by
MASLD.%” Although obesity is closely related to MASLD, lean in-
dividuals can experience the disease, which is a significant health
concern. The development of lean MASLD can be influenced by
loss of muscle mass and visceral obesity among other factors.”

The hallmark of MASLD is greater than 5% fat accumulation in

the liver upon histological examination. This steatosis can progress
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to inflammatory metabolic dysfunction-associated steatohepatitis
(MASH), followed by fibrosis, cirrhosis, and hepatocellular carci-
noma (HCC), culminating in liver failure.® In patients with
MASLD, 41.9% experience steatohepatitis; approximately 32%
with MASH experience liver fibrosis progression or regression.'’
This complex situation demonstrates how MASLD contributes to
the increasing incidence of hepatic cirrhosis and HCC worldwide.
In addition, MASLD was associated with risk of all-cause and car-
diovascular death in a large population-based cohort of Korean
adults."” Owing to the serious effects associated with these illnesses,
it is necessary to explore the causes of MASLD and to determine
ways to develop effective therapeutic interventions.

Several studies have shown the existence of molecular, biochemi-
cal, and biophysical perturbations in mitochondrial dynamics rele-
vant to MASLD."" Despite the insights gained from these studies,
the mechanistic orchestration leading to mitochondrial dysfunc-
tion and the triggering of NAFLD pathogenesis and progression
remain to be elucidated. In this review, we discussed the recent
findings on the role of mitochondria in metabolism and their clini-

cal implications in MASLD treatment.

ROLE OF MITOCHONDRIA IN THE LIVER

Mitochondria as a metabolic hub in the liver

The liver is a central organ of metabolic adaptability in humans
and is characterized by dynamic responsiveness to shifts in energy
demand and availability. Within hepatocytes, mitochondria are
critical organelles that are involved in energy production and act as
metabolic hubs.'®"” Mitochondria play a role in hepatic-specific an-
abolic pathways, including de novo lipogenesis, gluconeogenesis,
and nonspecific one-carbon metabolism, and in catabolic pathways
such as tricarboxylic acid and urea cycles, B-oxidation, ketogenesis,
and the electron transport chain linked to the production of reac-
tive oxygen species (ROS)."°

Amid this intricate adaptation, hepatocyte mitochondria have
emerged as key collaborators that finely tune metabolic flexibility.
When these delicate processes are disrupted, mitochondrial prob-
lems cause several cellular stresses, such as increased ROS produc-
tion, impaired oxidative phosphorylation (OxPhos), and a de-

ranged immune response.'® These disturbances can lead to the de-
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velopment of metabolic diseases in the liver.

Mitochondrial oxidative stress

Recent studies have highlighted the importance of mitochondrial
processes, specifically oxidative stress, mitophagy, and quality con-
trol, in the balance between liver function and disease progres-
sion."””® Mitochondria are essential for energy production. Ox-
Phos, which occurs within mitochondria, is a significant source of
oxidative stress as it generates adenosine triphosphate (ATP), su-
peroxide anions, and hydrogen peroxide (H,O,) as byproducts.’*!
Increased B-oxidation within mitochondria and peroxisomes is also
a source of ROS production. In addition to the mitochondria, the
endoplasmic reticulum (ER) can also produce ROS."

Antioxidant defense systems consist of enzymatic and nonenzy-
matic components.”” The enzymatic components comprise a col-
lection of enzymes that effectively counteract ROS production.
Prominent examples include alpha-dioxygenase, ascorbate peroxi-
dase, superoxide dismutase, catalase, glutathione peroxidase
(GPX), and glutathione (GSH) reductase.” In contrast, nonenzy-
matic elements include small molecules such as GSH, ascorbic acid
(vitamin C), retinol (vitamin A), melatonin, and tocopherol (vita-
min E).** These molecules act as electron acceptors and protect
biomolecules and cellular structures from ROS-induced damage.

Excessive ROS production overwhelms antioxidant defenses,
leading to oxidative stress and subsequent cellular damage. Addi-
tionally, the inflammatory response significantly affects oxidative
stress.” Disruption of the redox balance impairs insulin signaling
and lipid metabolism, leading to lipid accumulation and liver in-
flammation."” These are important processes in the progression of
liver injury. When the liver is injured, oxidative stress triggers the
activation of redox-sensitive transcription factors, such as nuclear
factor kappa B (NF-«B), early growth factor 1, and activator pro-
tein 1. As a result, an inflammatory response follows, coupled with
the initiation of cell death pathways within hepatocytes.'**** Taken
together, these findings highlight the importance of proper regula-
tion of ROS levels and antioxidant defenses in cellular health and
prevention of harmful outcomes.*

In response to oxidative stress, mitochondria possess an efficient
system to repair oxidatively damaged macromolecules.”” The lipid

composition of mitochondrial membranes makes them highly
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prone to ROS-induced oxidative damage. In particular, cardiolipin
(CL), a glycerophospholipid dimer within the inner mitochondrial
membrane, serves as an anchoring point for respiratory supercom-
plexes and mitochondrial DNA (mtDNA) during replication and
mitochondrial protein transport.”® Maintaining the integrity of CL
is critical for mitochondrial health because its oxidation is associat-
ed with cytochrome c release and increased mitochondrial mem-
brane permeability to apoptotic factors.

Oxidative modification of CL and its degradation products at-
tenuates respiratory chain complex activities while promoting mi-
tochondrial pore opening and permeability transitions. As dam-
aged CL is detrimental to mitochondria, oxidized CL is rapidly de-
graded.” CL phospholipase hydroxysteroid 17-f3 dehydrogenase
10 was recently shown to mediate the degradation of oxidized
CL.>** Key enzymes such as GPX 4 counteract mitochondrial lip-
id peroxidation through direct detoxification of membrane lipid
hydroperoxides.* In addition, ubiquinol is involved in the repair of
peroxidized mitochondrial lipids, and dihydroorotate dehydroge-
nase plays a role in generating ubiquinol to counteract the effects of

lipid peroxidation and ferroptosis.*"**

Mitochondrial quality control

In MASLD, several factors contribute to excessive ROS produc-
tion, including decreased expression of intracellular antioxidant en-
zymes, GSH depletion, imbalances in ROS production and detoxi-
fication due to inflammatory reactions, and leukocyte accumula-
tion in the liver. The abundance of ROS generated by these pro-
cesses disrupts the balance of antioxidant defense systems in the
liver, exacerbating oxidative damage.** Therefore, an appropriate
ROS balance is essential for mitochondrial integrity and function
through mitochondrial quality control (MQC) processes.™

Mitochondria have a diverse array of mechanisms for mainte-
nance of their intricate homeostasis.* First, they possess an intrin-
sic proteolytic system that degrades misfolded proteins that can
potentially compromise mitochondrial function.* Mitochondrial
proteases and the cytosolic ubiquitin—proteasome system (UPS)
act as the first-line of cellular defense by eliminating damaged, oxi-
dized, or misfolded mitochondrial protein.’” There are two mem-
brane-bound ATPases associated with diverse cellular activities

(AAA) that are responsible for quality control along the inner mi-
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tochondrial membrane and are part of the AAA+ superfamily.*®
Matrix AAA protease targets the matrix, whereas intermembrane
AAA protease targets the intermembrane spac.*® The OMAL1 zinc
metallopeptidase (OMAL1) and Lon protease also contribute to
this process. The ClpXP protease, a well-characterized and estab-
lished AAA+ protease, comprises hexamers of AAA+ ATPase
(ClpX) and tetradecameric peptidase (ClpP)* and regulates the
mitochondrial unfolded protein response (mtUPR).*** Notably,
the cytosolic UPS also aids in MQC by detecting and eliminating
misdirected or misfolded proteins. To restore cellular balance, cyto-
solic UPS also degrades mitochondrial outer membrane proteins
in a process termed outer mitochondrial membrane-associated
degradation, which is similar to ER-associated protein degrada-
tion.**

Second, the continuous process of mitochondrial dynamics in-
volving fission and fusion provides a dynamic repair mechanism
that eliminates dysfunctional components through fission-driven
segregation and promotes material exchange between intact mito-
chondria through fusion-mediated interaction.* Fission and fusion
are essential for maintaining mitochondrial integrity. During fis-
sion, damaged portions are selectively removed, leaving healthy
segments. Conversely, fusion structurally complements impaired
mitochondria and facilitates the exchange of mtDNA. Proteins reg-
ulating mitochondrial dynamics are significantly associated with
MASLD. The levels of proteins that are associated with mitochon-
drial dynamics, such as dynamin-related protein 1 (Drp1), mito-
chondrial fission 1 protein (Fis1), and mitofusion-2, decrease in

mice after 6 months of a Western diet,*"*

whereas overexpression
of Drp1 and Fisl can alleviate hepatic injury.”®

Third, oxidative stress causes a group of mitochondria to bud
and create mitochondria-derived vesicles (MDVs). MDVs show re-
markable size uniformity, ranging from 70 to 150 nm, and undergo
cleavage independent of Drp1. MDVs bifurcate into two pathways:
they are either directed to the late endosome/multivesicular body
and then combine with lysosomes to coordinate the breakdown of
oxidized mitochondrial proteins within the MDVs,***' or they em-
bark on a distinct trajectory, targeting a specialized subset of peroxi-
somes.*> The PTEN induced kinase 1 (PINK1) and cytosolic
ubiquitin E3 ligase parkin are required for the binding of MDVs to
lysosomes.** Both PINK1 and parkin are mutated in familial cases
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of Parkinson’s disease and function in a shared pathway in MQC.*
Disrupted mitochondria undergo a transformative pathway, co-
alescing into mitochondrial spheroids and acquiring lysosomal
markers, potentially serving as an alternative pathway for eliminat-
ing compromised mitochondria. Mitophagy is the process of au-
tophagy in which damaged mitochondria are engulfed and degrad-
ed within lysosomes as they become irreparable through fission
and fusion.”*** Dysregulated mitophagy compromises mitochon-
drial turnover and quality control, leading to impaired OxPhos and
energy production, culminating in abnormal lipid metabolism and
hepatic steatosis and contributing to the pathogenesis of metabolic

disorders.

MITOCHONDRIAL
DYSFUNCTION-MEDIATED METABOLIC
DYSFUNCTION-ASSOCIATED STEATOTIC
LIVER DISEASE

Role of mitochondrial dysfunction in MASLD

In MASLD, hepatic mitochondria are structurally and molecu-
larly altered.*® Mitochondrial abnormalities, including altered cris-
tae and reduced ATP production, have been observed in both mice
and human studies.” In patients with MASH, mitochondria have
low maximal respiration, increased H,O, production, lipid peroxi-
dation, and decreased antioxidant capacity.* Therefore, mitochon-
dria have been implicated in the pathogenesis and progression of
MASLD.”

Mitochondrial dysfunction exacerbates hepatic lipid accumula-
tion, initiates inflammatory and fibrogenic responses, and induces
cell death. Obesity resulting from overnutrition causes an excess of
free fatty acids (FFAs)*® in the circulation, and elevated levels of
FFAs in hepatocytes are characteristic of MASLD. Although liver
mitochondria initially attempt to increase the oxidation of fatty ac-
ids to counteract the augmented fat accumulation, this compensa-
tory response is insufficient to manage the increasing hepatic bur-
den of FFAs. Excess FFAs are subsequently directed to triglyceride
synthesis, resulting in the development of steatosis and hypertri-
glyceridemia.”*

As steatosis progresses, there is a significant reduction in the mi-

tochondrial redox capacity, which is primarily responsible for the
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impairment of respiratory chain function. Increased mitochondrial
fatty acid delivery can lead to elevated level of uncoupled protein
2. This elevation results in increased mitochondrial respiration
and decreased ATP synthesis, which result in increased ROS gen-
eration. The resulting ROS can impair the respiratory chain activity
and induce mutations in mtDNA, which contribute to mitochon-
drial dysfunction.®"

When the efficiency of the respiratory chain declines, mitochon-
dria are unable to completely oxidize excess FFAs. Therefore, extra-
mitochondrial oxidation is an important pathway of FFA degrada-
tion, leading to the production of lipid peroxidation products and
additional ROS.®* These lipid peroxidation products damage mtD-
NA and crucial mitochondrial proteins, such as cytochrome C oxi-
dase and adenine nucleotide translocator.”® This damage culmi-
nates in a cascading cycle of mitochondrial impairment, increased
lipid peroxidation, and heightened ROS production. The augment-
ed production of ROS can stimulate inflammation directly by acti-
vating diverse inflammatory signaling pathways, including NF-xB
and c-Jun N-terminal kinase (JNK), and indirectly by upregulating
the expression of inflammatory cytokines, such as tumor necrosis
factor-a and transforming growth factor-.%%° These inflammatory
mediators subsequently potentiate various pathological outcomes.

Recent studies have reported increased extracellular mtDNA lev-
els in mice and humans with metabolic dysfunction-associated fat-
ty liver disease (MAFLD).% The release of oxidized mtDNA con-
tributes to inflammasome activation, establishing an association
between mitochondrial dysfunction and perpetuation of the in-
flammatory response.” Within cytosolic and extracellular environ-
ments, mtDNA serves as a damage-associated molecular pattern,
initiating and propagating an inflammatory response through sev-
eral signaling pathways. The Toll-like receptor 9, inflammasome,
and stimulator of interferon gene pathways play a significant role in
this complex cascade.’® Activation of these pathways enhances
damage to hepatocytes and potentially spreads injurious effects to
other organs.®’

Mitochondrial dysfunction is also associated with ER stress re-
sponse in the liver. ER stress is induced by reduced ATP level and
elevated ROS levels, resulting in activation of the unfolded protein
response. This activation upregulates hepatic enzymes involved in

lipid synthesis, leading to an increase in hepatic fat accumulation.®®
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In addition, it amplifies the JNK signaling pathway, creating a pro-

inflammatory environment.

Genetic association between mitochondria and MASLD
Through a comprehensive investigation of genetic variations
across large cohorts, genome-wide association studies (GWAS)
have consistently revealed genetic loci and variants intricately asso-
ciated with mitochondrial function and dynamics in the context of
MAFLD pathogenesis.®” Of the single-nucleotide polymorphisms
related to MAFLD in GWAS, those located in mitochondrial genes
were also associated with the risk of MASLD. Aldehyde dehydro-
genase 2 (ALDH2) is a mitochondrial enzyme in liver physiology
responsible for converting acetaldehyde into nontoxic acetic acid,
which is essential for detoxification processes.” In addition to its
canonical function, ALDH?2 increases the antioxidant capacity of
the liver.”! ALDH?2 activity can be impeded by oxidative stress,
which may compromise its protective function, and ALDH?2 inhi-
bition has deleterious effects in a murine model of liver disease.”"”
ALDH2 rs671 polymorphism is positively associated with a high
risk of MASLD in Chinese”™ and Japanese” subjects. Additionally,
several cohort studies have revealed a significant association be-
tween ALDH2 polymorphism and other liver diseases, such as al-

coholic liver disease and hepatic cellular carcinoma.”

jomes

The sorting and assembly machinery component 50 (SAMMS0)
gene encodes a [3-barrel protein that comprises a component of the
sorting and assembly machinery (SAM) complex located in the
outer membrane of mitochondria.” The SAM complex is respon-
sible for 3-barrel protein sorting and assembly, ensuring proper mi-
tochondrial structure and functionality.”” In human hepatoma cell
lines, SAMMS0 knockdown leads to increased lipid accumulation
due to reduced fatty acid oxidation. In contrast, SAMMSO overex-
pression boosts fatty acid oxidation and reduces intracellular lipid
accumulation.” In a large multiethnic cohort, SAMMS0 polymor-
phisms, including rs2143571, rs3761472, rs2073080, rs738491,
rs2073082, rs738409, rs738408, 1s3747207, and rs44391686, were
positively associated with an increased risk of MASLD.”** In addi-
tion, polymorphisms in mitochondria-related genes, including fatty
acid-binding protein 1, glycerol-3-phosphate acyltransferase, lyso-
phospholipase-like 1, and mitochondrial amidoxime-reducing com-
ponent 1, are significantly associated with MASLD (Table 1).74755
Taken together, these comprehensive data obtained from the GWAS
emphasize the significant influence of mitochondrial involvement
on MASLD formation. Ongoing and diligent efforts in GWAS will
enable a deeper understanding of the complex interactions between
mitochondrial mechanisms and MASLD development, triggering

innovative therapeutic approaches.

Table 1. List of mitochondrial single-nucleotide polymorphism sites associated with MASLD

Gene Name Polymorphism Association with MASLD Cohort Reference
ALDHZ Aldehyde dehydrogenase 2 rs671 Associated with increased probability of MASLD  Chinese patients with MASLD "
FABP1 Fatty acid-binding protein 1 rs72943235  Associated with increased risk of fibrosis Participants from the Electronic Medical Records ik
and Genomics (eMERGE) Network
GPAM Glycerol-3-phosphate rs2792751 Associated with steatosis and liver damage UK Biobank samples &
acyltransferase
LYPLALT Lysophospholipas-like 1 rs12137855  Associated with increased risk of steatosisand  Young and middle-aged Finns &
fibrosis
MTARC1 Mitochondrial rs2642438 Independent protective factor against fibrosis Caucasian Polish patients who underwent liver &
amidoxime-reducing biopsy during weight loss surgery
component 1
SAMIM50 Sorting and assembly rs2143571 Assaciated with the presence and severity of Korean patients with MASLD &
machinery component rs3761472 MASLD
50 hamolog rs2073080
rs738491 Risk and severity of MASLD Chinese Han patients with MASLD 8
rs2073082
rs738409 Associated with MASLD risk Participants from the eMERGE Network ®
rs738408
rs3747207
rsd4391686  Associated with MASLD risk Patients with MASLD from five ethnic groups £l

MASLD, metabolic steatosis-associated steatotic liver disease; PNPLA3, patatin like phospholipase domain containing 3.
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NEW THERAPEUTICS FORMASLD

Current clinical trials for MASLD

Currently, there are no U.S. Food and Drug Administration (FDA)-
approved treatments for MASLD. However, potential treatment
options are being actively researched.* Because mitochondrial dys-
function plays a central role in the pathological mechanisms under-
lying NAFLD, therapeutic approaches targeting the mitochondria
have been developed in recent years. Table 2 shows the clinical tri-
als of mitochondria-targeting drugs for MASLD treatment.**** Vi-

tamin E is a potent antioxidant® that has been studied in human

Table 2. Selected clinical trials of mitochondria-centric drugs

jomes

clinical trials for MASLD treatment.****** It improves serum enzyme
levels, liver steatosis, inflammation, and fibrosis in patients without
type 2 diabetes mellitus at a high dose of 800 IU/day for 96 weeks.*
Recent meta-analyses have suggested that vitamin E reduces trans-
aminase activity and potentially improves non-alcoholic steatohep-
atitis (NASH) histopathology. However, there is no significant im-
provement in liver fibrosis. Vitamin E is not recommended for the
treatment of MASH associated with diabetes, MASLD without liv-
er biopsy, NASH cirrhosis, or cryptogenic cirrhosis.”®

Metformin is the oldest and most widely used first-line antidia-

betic drug.”” Metformin has several pharmacological effects that

National Clinical

Drug Author (year) Trial numbers

Mechanism of action

Study outcomes

Liver enzymes Histology

NCT00063622
NCT02690792
NCT01792115
NCT02962297
NCT04198805
NCT01147523
NCT01934777
NCT00655018

NCT00063232
NCT00736385
NCT02696941
NCT05521633

NCT01446276
NCT02030977
NCT01464801
NCT02216552

NCT00586911
NCT03073343

NCT00267670
NCT00530161
NCT05284448

NCT02147925
NCT03068065
NCT01399645
NCT03233178
NCT01237119
NCT05041673
NCT05779644
NCT02654665

NCT02303730
NCT01006889
NCT01208649
NCT00650546
NCT00529204

NCT02970942

Vitamin E Sanyal et al. (2010)®

Metformin Loomba et al. (2009)

Resveratrol Faghihzadeh et al. (2014)%

Betaine Abdelmalek et al. (2009)

Pentoxifylline Zeinetal. (2011)°

Liraglutide Armstrong et al. (2016)*

Exenatide Liu etal. (2021

Semaglutide Newsome et al. (2021)%

Restoration the hepatic glutathione level

Activation of AMPK signaling

Activation of mitochondrial biogenesis and
mitochondria-located antioxidant enzymes

Restoration of hepatic mitochondrial
glutathione and S-adenosyl methionine

Increasing Nrf2 and PGC-1ax through the
cAMP—CREB pathway

Enhancing mitochondrial architecture through
the SIRT1/SIRT3 signaling

Enhancing mitochondrial architecture through
the SIRT1/SIRT3 signaling

Enhancing mitochondrial architecture through
the SIRT1/SIRT3 signaling

Improved Improved steatosis and inflammation

Improved Improved parenchymal inflammation

and cellular injury

Improved Improved hepatic steatosis

No improvement  Improved hepatic steatosis

No improvement  Improved steatosis, inflammation,

and fibrosis

Improved Improved hepatic steatosis

Improved Improved hepatic steatosis

Improved Improved hepatic fibrosis and

reduced liver-enzyme levels

AMPK, AMP-activated protein kinase; Nrf2, nuclear factor erythroid 2-related factor 2; PGC-1a,, peroxisome proliferator-activated receptor-y coactivator-1a; CAMP. cyclic adenosine
monophosphate; CREB, cAMP-response element binding protein; SIRT1, sirtuin 1; SIRT3, sirtuin 3.
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have inspired researchers to develop and reuse this drug.”® Although
the details of its metabolism are not fully understood, mitochondria
play a central role in the activity of metformin.”® Metformin inhibits
complex I-dependent respiration and mitochondrial glycerophos-
phate dehydrogenase and activates sirtuin 1 (SIRT1) and SIRT3.%
It controls blood glucose levels by suppressing hepatic glucose pro-
duction via AMP-activated protein kinase (AMPK) activation.” In
several clinical trials,*”'® metformin has been shown to have bene-
ficial effects on fatty liver disease, despite the controversy in the ef-
fect of metformin on MASLD found in the meta-analysis of ran-
domized controlled trials.'” Another meta-analysis revealed that
metformin decreased transaminase activities and total cholesterol
level and improved insulin sensitivity.'"”> However, metformin is not
recommended for treatment of MAFLD or MASH due to unsuc-
cessful outcomes in clinical trials. In contrast, clinical trials have
highlighted the promising effects of various compounds, including
betaine,® pentoxifylline,* liraglutide,” exenatide,”" and semaglu-

tide”” in ameliorating MASLD.

Potential new mitochondrial targets for MASLD
treatment

Recently, several new therapeutics targeting MQC have emerged
with potential benefits established through integrative analyses in
mice and humans. Nicotinamide adenine dinucleotide (NAD*)
serves as a central redox factor in energy metabolism and is a sub-
strate for several enzymes, including SIRT.'® NAD" plays an essen-
tial role as a precursor of reduced NAD phosphate, a critical com-
ponent of the antioxidant defense mechanism in humans.'® Cellu-
lar NAD" is a critical component of mitochondrial quality through
processes such as the mtUPR.'* Furthermore, low NAD" level is
significantly associated with an increased risk of MASLD develop-
ment.'”® NAD*-boosting strategies are potential therapeutic targets
for MASLD.'” NAD" precursors, such as nicotinamide riboside
and nicotinamide mononucleotide, are commercially available sup-
plements.'”* In preclinical models of MASLD, oral administration
of these precursors increases hepatic NAD* concentrations and
consequently inhibits hepatic lipid accumulation.'” This interven-
tion also improves hepatic mitochondrial respiration, steatosis, and
oxidative stress in preclinical NAFLD models.'®'%'%”
Urolithin A (UA) is an endogenous substance synthesized by in-

J Obes Metab Syndr 2023;32:289-302
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testinal microorganisms through metabolic conversion of ingested
ellagitannins and ellagic acid, which are complex polyphenolic com-
pounds found in several dietary sources, such as pomegranates,
berries, and nuts.'® UA promotes cellular health by enhancing mi-
tophagy and mitochondrial competence and attenuating harmful
inflammatory responses.'®'®” Recent studies have demonstrated
the beneficial effects of UA supplementation on MASLD through
regulation of the AMPK signaling pathway"'*""" and induction of li-
pophagy.'"?

Spermidine is a natural polyamine abundant in certain food sourc-
es, such as rice bran, soybeans, aged cheese, mushrooms, and broc-
coli.'"® This polyamine has demonstrated notable beneficial effects
under various pathological conditions owing to its ability to enhance
mitochondrial functionality. Spermidine supplementation improves
mitochondrial respiration, preserves mitochondrial membrane po-
tential, and facilitates ATP synthesis."*'"* In a mouse model of diet-
induced obesity (DIO), spermidine ameliorated DIO-induced he-
patic steatosis by regulating AMPK signaling.'** In mice with West-
ern diet-induced MASH, spermidine supplementation significantly
attenuated hepatic lipid accumulation, insulin resistance, hepatic
inflammation, and fibrosis.!*°

Mitoquinone (MitoQ) is an antioxidant that targets the matrix
surface of the inner mitochondrial membrane and is particularly ef-
fective against lipid peroxidation.” MitoQ supplementation increas-
es the mitochondrial CL content, improves mitochondrial function,
reduces oxidative damage, and prevents hepatic fat accumulation in
animal models.""”"*” These studies have highlighted novel thera-
peutic strategies targeting MQC with promising results in preclini-
cal models. However, strict clinical trials are required to confirm

their efficacy and safety.

CONCLUSION

The increasing global prevalence of MASLD, formerly known as
NAFLD, is a pressing public health concern. A growing body of
studies has highlighted the pivotal role of mitochondria in the etiol-
ogy and progression of MASLD. These dynamic organelles serve
as metabolic hubs regulating hepatic energy production, lipid me-
tabolism, and redox homeostasis. Dysfunctional mitochondria,

characterized by oxidative stress, impaired OxPhos, and defective
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Mitochondrial-targeted therapeutics

+ Under clinical trials * New therapeutics

Vitamin E NAD+ booster (NR, NMN)
Resveratrol Urolithin A
Hepatic GLP-1 agonist Spermidine
Aorta MitoQ

vein

Right lobe of liver Falciform ligament Fatty deposits

Left lobe of liver

Gallbladder

Stressed
mitochondrion

Healthy
mitochondrion

Healthy
mitochondrion

Damaged
mitochondrion

.....................

B-Oxidation®

Functional mitochondria

B-Oxidation 4
Dysfunctional mitochondria

Liver
disease

Hepatocyte Hepatocyte

Hepatocyte

Figure 1. Mitochondrial dysfunction in fatty liver. In fatty liver, stressed and damaged mitochondria cause greater oxidative stress and less energy production. New thera-
peutics that restore mitochondrial function could be a promising way to treat metabolic dysfunction-associated steatotic liver disease. GLP-1, glucagon-like peptide 1;
NAD*, nicotinamide adenine dinucleotide; NR, nicotinamide riboside; NMN, nicotinamide mononucleotide; MitoQ, mitoquinone; ROS, reactive oxygen species; ATP. ade-

nosine triphosphate.

quality control mechanisms, significantly contribute to lipid accu-
mulation, inflammation, and fibrogenesis in the liver. GWAS have
identified genetic loci related to mitochondrial function and dy-
namics that influence the risk of MASLD. These genetic associa-
tions highlight the complex interplay between mitochondrial ge-
netics and MASLD susceptibility.

Although there are currently no FDA-approved treatments for
MASLD, ongoing clinical trials exploring therapeutic options have
identified promising strategies, including vitamin E and metformin,
which target mitochondrial dysfunction to attenuate hepatic lipid
accumulation and inflammation. Recent advancements have re-
vealed novel mitochondria-targeted therapeutics, such as NAD*
precursors, UA, spermidine, and MitoQ. These compounds poten-
tially improve MQC, mitigate oxidative stress, and restore metabol-
ic balance (Fig. 1).

In conclusion, mitochondrial dysfunction plays a key role in the

pathogenesis of MASLD. The concerted efforts of researchers, cli-
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nicians, and drug developers are of critical importance for the pre-
vention and treatment of this disease. Translating novel mitochon-
dria-targeted approaches into effective and safe therapies will re-
duce disease burden and improve the quality of life of patients with
MASLD worldwide.
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