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ABSTRACT: With the prevalence of obesity, metabolic dysfunction-associated steatotic liver disease (MASLD) has
become the most common chronic liver disease worldwide and can cause a series of serious complications. The
pathogenesis of MASLD is complex, characterized by oxidative stress, impaired mitochondrial function and lipid
metabolism, and cellular inflammation. Mitochondrial biology and function are central to the physiology of the liver. It
has been suggested that mitochondrial oxidative stress plays a crucial role in MASLD progression. Excessive oxidative
stress response is an important trigger for the occurrence and development of MASLD. In this review, we aim to focus on
the recent advances in understanding mitochondrial oxidative stress-related mechanisms in the progression of MASLD.
The in-depth elaboration of its related mechanisms is hoped to help find effective methods for treating MASLD.

KEYWORDS: Oxidative stress; MASLD; mitochondrial dysfunction; mitochondrial quality control; ER-mitochondria
association

1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver condition. With the improvement of people’s
living standards, the prevalence of high-calorie and high-fat diets, as well as sedentary and physically inactive
lifestyles, has led to a global increase in obesity and NAFLD [1]. Currently, NAFLD has reached epidemic
proportions, affecting 20%-30% of the world’s population [2,3] and becoming the most common cause of
chronic liver disease globally [4]. To more accurately reflect its pathogenesis, NAFLD was renamed in 2020
as metabolic dysfunction-associated fatty liver disease (MAFLD) in relation to fatty liver disorders [5,6],
which has gained recognition from various global stakeholders [7]. In June 2023, a multi-society Delphi
Consensus Statement on the new nomenclature for fatty liver diseases established the term metabolic
dysfunction-associated steatotic liver disease (MASLD) [8]. As a result of some patients advancing to liver
fibrosis, cirrhosis, and even hepatocellular carcinoma [9], coupled with a propensity for complications such as
cardiovascular and cerebrovascular diseases that elevate related mortality and morbidity rates [10], MASLD
has emerged as a significant public health issue affecting human health [11].
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However, there is currently no definitive safe and effective drug available for the routine treatment of
MASLD. Lifestyle modifications, including reduced energy intake and increased physical activity, represent
the most effective methods for preventing and treating MASLD [12]. Given the immense societal and
economic burdens associated with caring for MASLD patients, efforts are being made to explore effective
interventions to alleviate symptoms and even achieve a cure for the disease.

Over the past decade, MASLD has been recognized as a complex metabolic disease [13] arising from the
intricate interplay between genetic susceptibility, host metabolic disturbances, and environmental factors.
Many factors influence its clinical manifestations and disease progression, including ethnicity, genetic
susceptibility, dietary habits, metabolism, immunity, and gut microbiota. Despite the significant expansion
of knowledge that has greatly enhanced our understanding of MASLD, the underlying mechanisms of its
pathogenesis remain elusive. In hepatocytes, mitochondria account for 18% of the total volume of cells
and have an effect on the metabolic functions of the liver and the oxidation of nutrients to generate
energy [14]. Liver mitochondria are essential for glucose, lipid, and protein metabolism, as well as energy
production. Furthermore, liver mitochondria function as nutrient sensors, with their biogenesis, dynamics,
and interactions with other organelles being dynamically regulated to adapt to liver metabolism [15]. To
perform these diverse functions, mitochondria interact and dynamically relationships with other organelles,
coordinating their stress responses to mitochondrial challenges in both physiological and pathological
settings. Therefore, it is unsurprising that mitochondrial dysfunction is intimately tied to the underlying
mechanisms of liver metabolic abnormalities.

Numerous studies have demonstrated the presence of widespread mitochondrial abnormalities in
patients with MASLD [16], aligning with observations that impaired energy metabolism persists in clinical
manifestation. Abnormal mitochondrial functions, such as compromised fatty acid oxidation and oxidative
phosphorylation, drive oxidative stress, as depicted in Fig. 1, which serves as an initial and notable manifesta-
tion of the MASLD disease [16]. In this context, we shall review the proof of hepatic mitochondrial oxidative
stress in human MASLD patients. Additionally, in further sections, discuss the advancements in research on
the mechanisms contributing to mitochondrial dysfunction in MASLD, which possibly reveal fresh avenues
for therapeutic advancements in the future.
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Figure 1: Oxidative stress contributes to MASLD. Under normal conditions, liver mitochondria utilize glucose, lipids,
and proteins as substrates for metabolism, generating adenosine triphosphate (ATP) through oxygen consumption.
Abnormal mitochondrial function, such as impaired fatty acid oxidation and oxidative phosphorylation (OXPHOS),
can drive oxidative stress (OS), leading to metabolic-associated fatty liver disease (MASLD). ROS, reactive oxygen
species (By Figdraw)
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2 Oxidative Stress Implicates Mitochondrial Dysfunction in MASLD

The liver, which comprises 2%-4% of the total body weight, is nevertheless accountable for 15% of
the human body’s oxygen consumption [17]. The significant respiration-to-liver-weight ratio indicates that
hepatocytes possess a high abundance of mitochondria, which generate adenosine triphosphate (ATP) by
utilizing energy-yielding substrates derived from the catabolism of carbohydrates, lipids, and proteins [14].
Mitochondria are the core power source that performs many vital functions in cells, including oxidative
phosphorylation (OXPHOS), reactive oxygen species (ROS) production, nutritional metabolism, intracel-
lular signaling cascades, and apoptosis [18,19]. One of the important functions of mitochondria in the liver
is to generate energy in the form of ATP through OXPHOS [15,20]. Mitochondria is the leading site of
ROS formation in cells and serves as a critical determinant of maintaining normal energy cellular redox
homeostasis in multiple life processes [21]. 90% of cellular ROS in the human body is produced by mitochon-
dria [22,23]. ROS can be divided into free radicals and nonradicals according to their chemical properties.
Free radicals mainly include superoxide anion radical (O2e-), hydroxyl radical (HOs), nitric oxide (NOes),
nitrogen dioxide (NO2s), carbonate radical anion (CO3e-), and alkoxyl/alkyl peroxyl (RO«/ROO¢), and the
main nonradical species are H,O,, hypochlorous acid (HOCI), and peroxynitrite (ONOO-)/peroxynitrous
acid (ONOOH) [24]. Several major ROS clearance pathways exist to maintain a steady level of ROS. For
example, O2e- is disproportionated into H,O, by superoxide dismutase (SOD), H,0, is decomposed into
H,0 and O, by catalase, H,O, and lipid hydroperoxide(LOOH) are decomposed by glutathione peroxidase
(GPX) using glutathione (GSH) as an electron donor, and H, O, is reduced to H, O by peroxiredoxin (PRDX)
1-5 using reduced thioredoxin (Trx) as the electron donor [24]. When the production of intracellular ROS
exceeds the scavenging capacity of the antioxidant system, it will lead to the accumulation of intracellular
oxygen free radicals. Excessive oxygen free radicals can damage the structure and function of cells, which
is called oxidative stress (OS) [25]. Excessive OS reaction can affect the mitochondrial respiratory chain,
cause mitochondrial energy metabolism disorders, and lead to mitochondrial damage, which in turn can
promote the generation of ROS in the body, and then aggravate the liver oxidative stress reaction, and
lead to hepatocyte apoptosis. The interplay between mitochondrial dysfunction and oxidative stress forms a
vicious cycle.

In fact, OS is an essential feature of MASLD [16]. Through the microscope, researchers can observe
different levels of mitochondrial ultrastructural injury, morphological abnormalities, and decreased res-
piratory chain activity, and other characteristics in liver biopsy of patients with MASLD [26-28], which
serves to underscore the pivotal function of OS in MASLD. Numerous pieces of evidence have shown
heightened oxidative damage affecting nearly all macromolecules within the livers of individuals suffering
from MASLD, encompassing proteins, sugar, lipids, and nucleic acids, which gives rise to the creation of
oxidative damage biomarkers [29]. In other words, macromolecules can be damaged by OS, resulting in the
formation of toxic substances [30]. For instance, lipids undergo oxidation/peroxidation, producing a range of
substances; the primary concern lies with unsaturated fatty acids, particularly those with conjugated double
bonds, such as linoleic acid, which are susceptible to attack by free radicals. Their peroxidation leads to
the cleavage of these fatty acids, resulting in the production of aldehydes such as malondialdehyde (MDA)
and 4-hydroxy-2-nonenal (4-HNE). There are also other products of lipid oxidative damage, such as lipid
peroxides and 8-isoprostane. The fatty acyl chains of phospholipids and triglycerides are subject to hydroxyl
radical attack, causing the emergence of these molecules. This attack may further lead to the production of
reactive aldehydes and/or the disruption of cellular structures and organization. Oxidation of protein can
result in modification of amino acids, protein cross-linkage, and formation of protein carbonyls. DNA/RNA
oxidation can lead to the fragmentation of single or double-strand nucleic acids or the modification of
bases or sugars. Among them, 8-hydroxy-2’-deoxyguanosine (8-OH-dG) and 8-hydroxyguanine (8-OH-G)
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are the most common DNA/RNA damage products. These biomarkers of OS were determined in clinical
samples of MASLD, and their concentrations or activities were increased, although the increase was not
significant in a few cases [26,31,32]. The characteristic of MASLD is the accumulation of macrovesicular fat
in hepatocytes observed in liver biopsy, which is caused by disruptions in the transport and metabolism of
fatty acid (FA) [33]. Fat accumulation can impair fatty acid oxidation, reducing mitochondrial ATP synthesis
respiration [34]. Previous studies utilizing mouse models of nonalcoholic steatohepatitis (NASH) and human
tissue biopsies have revealed that obesity induces hepatic OS, leading to the oxidation and inactivation of
hepatic protein tyrosine phosphatases (PTP). This, in turn, facilitates the activation of signal transducer and
activator of transcription-1 (STAT-1) signaling, which promotes the recruitment of cytotoxic T cells and
exacerbates the progression of NASH and liver fibrosis [35]. In summary, elevated oxidative oxidative stress
contributed to mitochondrial dysfunction and disrupted energy metabolism in MASLD.

3 Mechanisms Underlying Mitochondrial Dysfunction in MASLD

In patients with MASLD, regardless of whether mitochondrial dysfunction serves as the primary
or secondary mechanism, heightened oxidative stress within mitochondria, compromised bioenergetic
function, and defective mitochondrial quality control mechanisms represent uniform characteristics of
mitochondrial abnormalities observed in MASLD. All these interactions contribute to deleterious effects.
Although these abnormalities may vary in triggering mitochondrial dysfunction in MASLD patients, as
depicted in Fig. 2, depending on each individual’s unique biological, environmental, and genetic factors,
any one of these abnormalities has the potential to induce the occurrence of others. Mitochondria serve as
the primary site of oxidative metabolism, and OS and lipid peroxidation are major pathogenic factors in
MASLD. In MASLD patients, the decline in mitochondrial function leads to the loss of ATP synthesis and
reduced consumption of ROS, resulting in the accumulation of ROS. It promotes increased lipid deposition
and OS responses in the liver, ultimately leading to hepatocyte apoptosis. Given mitochondrial dysfunction’s
pivotal role in the pathogenesis of MASLD, extensive research has been conducted on the underlying
mechanisms of mitochondrial dysfunction and related OS in MASLD. Since changes in mitochondrial
function often precede clinical symptoms, timely detection of these changes and the implementation of
appropriate treatments are significant in preventing or delaying the occurrence and progression of MASLD.

3.1 Increased Oxidative Stress in MASLD

In the process of electron transfer in aerobic respiration of mitochondria, the by-product of ROS is
inevitable due to the leakage of electrons at complexes I and III [36]. However, ROS play a significant signaling
role, whenever there is too much, the rate of intracellular ROS production outweighs the cell’s antioxidant
capacity; they result in OS and severe damage despite the presence of antioxidant systems such as catalases,
peroxiredoxins, and glutathione/glutathione peroxidase systems [37]. An increase in OS may be the cause of
mitochondrial dysfunction.

MASLD is a complex multifactorial disease related to lifestyle, genetic, and environmental factors. In
the “multiple-hit” hypothesis about its pathogenesis, OS is considered to be the main factor leading to liver
injury and disease progression in MASLD [38] and has also been identified as an essential feature of human
steatohepatitis [16]. Given the relationship between mitochondrial oxidative metabolism and the occurrence
and development of MASLD, researchers have been continuously exploring over the past two decades to
understand better the mechanisms of hepatic mitochondrial oxidative stress in MASLD. This endeavor aims
to provide potential therapeutic targets for clinical practice.
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Figure 2: Mechanisms underlying mitochondrial dysfunction in MASLD. Mitochondrial dysfunction induced by
oxidative stress plays a pivotal role in metabolic-associated fatty liver disease (MASLD). Oxidative stress, a key driver
in MASLD, increases ROS production, damaging macromolecules, impairing mitochondrial function, and disrupting
antioxidant defenses. Impaired mitochondrial quality control, especially autophagy dysfunction, hinders damaged
mitochondrial clearance. Mitochondrial DNA mutations reduce energy production, affecting cellular physiology.
ER-mitochondrial dysfunction, with reduced contact, disrupts material exchange and signaling. While their relative
importance in MASLD varies, these abnormalities interact and may induce each other. PGCla, peroxisome proliferator-
activated receptor gamma coactivator-la; mtDNA, mitochondrial DNA; ER, endoplasmic reticulum (By Figdraw)

Earlier, researchers found that the oxidative stress pathway leads to mitochondrial dysfunction in
metabolic diseases. Cardiolipin (CL) is a mitochondrial phospholipid required for mitochondrial bioenergy
and membrane structure [39]. Lysocardiolipin acyltransferase 1 (ALCAT1) serves as a catalyst for pathological
CL remodeling in several diseases [40]. CL is highly sensitive to ROS oxidative damage due to its double
bonds and unique position in mitochondria. At the same time, CL is the only phospholipid in mitochondria
that undergo early oxidation during apoptosis. The experiment found that MASLD significantly up-regulated
the expression of ALCATI protein in the liver of Wild-Type control mice, and ALCAT1 deficiency could
dramatically improve insulin sensitivity and reduce liver fat production and fibrosis [41]. In short, the expres-
sion of ALCAT]1 leads to CL peroxidation, leading to a vicious cycle of oxidative stress and mitochondrial
dysfunction and ultimately leading to MASLD [41].

In Europe, MASLD is considered a metabolic predisposition to hepatocellular carcinoma (HCC) [42-
44]. As various immunosuppressive mechanisms involving different immune cell subsets have been studied
in HCC [45], the role of adaptive immune response in MASLD and HCC has been recognized [46]. Here,
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researchers found that the imbalance of lipid metabolism in MASLD can lead to the selective loss of CD4
T lymphocytes in the liver, but will not lead to the selective loss of CD8 T lymphocytes, and accelerate the
occurrence of liver cancer [47]. It was also found that CD4 T lymphocytes had greater mitochondrial mass
than CD8 T lymphocytes and could produce higher levels of ROS. Among the fatty acids accumulated in
MASLD, linoleic acid can destroy the function of mitochondria, cause more oxidative damage than other
free fatty acids, and mediate the selective loss of CD4 T lymphocytes in the liver. Blocking ROS in vivo can
reverse the reduction of CD4 T lymphocytes in the liver induced by MASLD and delay the promotion of
HCC by MASLD [47].

In 2018, Baker et al. proposed that the onset of MASLD may originate from the fetal period [48].
Previous human studies have described that infants born to obese mothers have increased intracellular lipid
storage and have a higher risk of developing obesity, MASLD, cardiovascular disease, and liver cancer in
later life [49-51]. Compared with adult livers, fetal livers normally have fewer mitochondria, lower activity
of the fatty acid metabolic enzyme carnitine palmitoyl transferase-1 (CPT1), and little or no gluconeogenesis.
However, fetal exposure to excessive maternal fuel can uniquely alter liver fatty acid oxidation, tricarboxylic
acid cycle activity, de novo adipogenesis, and mitochondrial health functions. These events can promote the
increase of oxidative stress and the excessive storage of this peroxidation leads to the exposure of hydrophilic
phosphocholine (PC) head groups and the formation of highly reactive oxidized phospholipids diglycerides.
Together with the changes in immune function and epigenetic changes, they make the fetal liver ready for
the occurrence of MASLD and may increase the risk of MASLD in the next generation.

Lipid toxic factors produced by lipid peroxidation exist in many inflammatory environments, such
as atherosclerosis [52], infectious pulmonary diseases [53], and MASLD [54,55]. Phospholipids containing
PC are the main components of low-density lipoprotein, cell membranes, and lipid droplets. They usually
contain polyunsaturated fatty acids at the sn-2 position, which are susceptible to free radical-induced lipid
peroxidation. This peroxidation leads to the exposure of hydrophilic PC head groups and the formation of
highly reactive oxidized phospholipids (OxPLs). OxPLs can induce cell stress and apoptosis by regulating the
activity of intracellular signal transduction and gene expression. Studies have shown that OxPLs accumulate
in MASLD in humans and mice. In the mouse model, it was found that OxPLs partially inactivate the
enzyme manganese superoxide dismutase (MnSOD/SOD2) through covalent modification, which promotes
an increase in ROS and induces mitochondrial dysfunction in hepatocytes. Neutralization of OxPLs can
significantly reduce steatosis, inflammation, hepatocyte injury, and fibrosis. It is manifested by the reduction
in the number of macrophages, the decreased expression of inflammatory genes, and lowered levels of serum
cytokines, thereby alleviating liver inflammation [56]. These results suggest that targeting OxPLs may be an
effective treatment strategy for MASLD.

It has been discovered that elevated levels of NAD(P)H oxidase 4 (NOX4) and nuclear factor erythroid-
derived 2-like 2 (NFE2L2) in hepatocytes during the early stages of disease progression can alleviate
mitochondrial oxidative stress [57]. NFE2L2 encodes nuclear factor-erythroid 2-related factor 2 (Nrf2)
mediates signaling that plays a pivotal role in maintaining cellular redox homeostasis in hepatocytes [58],
which can improve mitochondrial oxidative stress and membrane potential and rescue mitochondrial
biogenesis. Previous studies have demonstrated that NFE2L2 drives the expression of NOX4 in muscle,
subsequently enhancing NFE2L2 antioxidant defenses, thereby mitigating muscle oxidative damage and
insulin resistance [59]. In the majority of patients with MASLD, progression to NASH and fibrosis does not
occur, which researchers believe may be due to adaptive mechanisms that mitigate the oxidative damage
that might otherwise arise during the progression of MASLD [57]. They have found that the induction
and activation of NFE2L2 depend on ROS generated by mitochondria and NOX4. To a certain extent,
ROS derived from NOX4 contribute to antioxidant defense, and the deletion or inhibition of NOX4 in
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hepatocytes decreases ROS and weakens antioxidant defense, leading to mitochondrial oxidative stress and
damage to proteins and lipids. Their experimental results indicate that inducing NOX4 in the livers of obese
mice triggers the ROS-dependent induction of the NFE2L2 antioxidant defense response, thereby limiting
steatosis, mitochondrial oxidative stress, and tissue damage and consequently restraining the progression to
NASH and fibrosis [57].

Necrotic apoptosis can be activated in both human and experimental MASLD livers as an immunogenic
regulated cell death pathway [60,61], dependent on the activity of mixed lineage kinase domain-like protein
(MLKL) and receptor-interacting protein kinase 3 (RIPK3) [62-64]. Research has found that RIPK3-
deficient mice with NASH exhibit reduced liver infiltration of inflammatory cells, fibrosis, and precancerous
nodules [65]. To investigate the role of RIPK3 in regulating mitochondrial function and the role of lipid
droplet (LD) structure in MASLD, researchers conducted functional analyses assessing mitochondrial and
LD biology in both NFE2L2 and RIPK3—/— mice. Their results showed that RIPK3 deficiency inhibits mito-
chondrial dysfunction and oxidative stress [66], indicating that RIPK3 deficiency can restore mitochondrial
bioenergetics. This also suggests that RIPK3 inhibition holds promise for improving MASLD.

Relevant studies have shown that improving mitochondrial dysfunction and reducing hepatic cellular
oxidative stress contribute to the amelioration of MASLD [67,68]. Acetyl CoA Carboxylase 1 (ACACA) is
the key enzyme controlling the speed of fatty acid biosynthesis. It controls the generation of fatty acids
via novo lipogenesis, with elevated activity enhancing adipocyte differentiation and fat deposition [69].
Adenosine monophosphate-activated protein kinase (AMPK) acts as an essential sensor of energy in cellular
metabolism, which facilitates mitochondrial lipid oxidation and enhances fatty acid uptake, thus leading to
reduced lipid accumulation [70]. ACACA can be inactivated by inhibiting lipid synthesis through AMPK
phosphorylation. In addition, carnitine palmitoyltransferase la (CPT1A), as a downstream target of the
nuclear receptor peroxisome proliferator-activated receptor alpha (PPARa), serves as a key regulator of
B-oxidation of free fatty acids within mitochondria [71]. Previous studies have shown that the imbalance
of PPARa in MASLD may be involved in the pathogenesis of the disease [72]. Recently, researchers
have confirmed that suppression of ACACA leads to reduced lipid accumulation by adjusting fatty acid
metabolism and influencing the AMPK/PPARa/CPTIA axis. Simultaneously, by enhancing mitochondrial
function, it helps to alleviate oxidative stress [73]. These findings indicate that ACACA could be a potential
therapeutic target for the treatment of MASLD.

We know that MASLD is multifactorial, with lifestyle, genetic, and environmental factors contributing
to its onset and progression. As early as ten years ago, research has shown that the widespread use of plastics
and plastic products in our daily lives, their resistance to degradation, and low recycling rates can lead to
significant environmental and health issues [74]. In the environment, plastics are continuously fragmented,
and particles <5 mm and <1 pm are defined as microplastics (MPs) and nanoplastics (NPs), respectively. MPs
and NPs can contaminate dietary products and be ingested by humans [75]. Previous studies have demon-
strated that in various animal models, smaller-sized MPs and NPs preferentially accumulate in the liver [76].
Exogenous substances that induce mitochondrial abnormalities are a fundamental underlying fatty liver
disease mechanism. NPs can cause mitochondrial oxidative damage, leading to excessive ROS production
and calcium (Ca?*) overload [77]. Jie Wei and Jintao Liu et al. first proved through animal experiments that
NPs inhibit proteasome-dependent degradation of the endoplasmic reticulum (ER)-resident protein inositol
1,4,5-trisphosphate receptor 1 (IP3R1), stabilizing and accumulating it at the ER-mitochondrial association
membrane (MAM). This leads to the formation of the IP3R1-GRP75-VDACI complex, disrupting liver
Ca’*homeostasis and redox balance in NP-exposed mice. Furthermore, the reduction of Nrf2, which is
sensitive to oxidative stress in the liver of NP-exposed mice, positively regulates miR-26a by directly binding
to its promoter region, resulting in downregulation of miR-26a while upregulating 10 genes involved in
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MAM formation, lipid uptake, inflammation, and fibrosis. Additionally, miR-26a inhibition increases MAM
tether VDACI, promotes nuclear translocation of nuclear factor kappa B p65 (NF-xB p65) and Kelch-like
ECH-associated protein 1 (Keapl), and inactivates Nrf2 function, creating a vicious cycle [78]. The liver
MAM-tethers/Nrf2/miR-26a feedback loop is a crucial metabolic conversion hub in the development of
non-alcoholic steatohepatitis (NASH) from simple steatosis. It represents a promising therapeutic target for
oxidative stress-related liver injury and NASH.

3.2 Impaired Mitochondrial Biogenesis in MASLD

Mitochondria have their genetic material, called mitochondrial DNA (mtDNA), which codes for
the 13 polypeptides of the OXPHOS system, along with the 2 rRNA (ribosomal RNA) s and 22 tRNA
(transfer RNA) s playing a pivotal role in mitochondrial protein synthesis [79]. The normal mitochondrial
function depends heavily on mtDNA. Still, owing to its closeness to sites where ROS are generated and
the absence of histones that safeguard DNA, along with ineffective DNA repair systems, it is susceptible
to oxidative damage, leading to mutations that can impair normal cellular physiological functions [80].
Mitochondrial biosynthesis processes are essential for maintaining stability during the entire mitochondrial
lifecycle. In MASLD, an imbalance in redox reactions results in excessive production of ROS, producing
oxidative damage to mtDNA. This mtDNA damage impairs mitochondrial function and protein synthesis,
subsequently adversely affecting cellular energy metabolism and other mitochondrial functions.

The process of mitochondrial biogenesis necessitates the synchronized expression of both nuclear and
mitochondrial genes, and peroxisome proliferator-activated receptor gamma coactivator-la (PGCla) acts
as a pivotal transcriptional activator and master regulator of this process by activating other transcription
factors involved in nuclear and mitochondrial gene expression, such as transcription factor A (TFAM)
and sirtuin 1 (SIRT1) [81,82]. Research has shown that PGCla can associate the ROS defense system with
mitochondrial oxidative metabolism, allowing cells to preserve their redox balance when oxidative capacity
changes [83]. The expression of PGC-1a may be regulated by mitochondrial ROS, thereby establishing a tight
connection with the development of MASLD.

As previous studies have shown that the relative content of mtDNA is affected by various conditions
associated with oxidative stress [84,85], Chimienti et al. utilized a rat model of MASLD fed an obese-inducing
diet. By examining the mtDNA content in control groups and obese rats without fatty liver disease, they found
that the mtDNA content was decreased in obese rats [86], also indicating a significant decrease in PGC-1a.
It is well known that PGC-1a regulates the biosynthesis of mtDNA, enhancing mitochondrial biogenesis and
oxidative phosphorylation [87,88]. Conversely, it can be inferred that when upon downregulation of PGC-
la, the mtDNA copy count diminishes, resulting in a decreased rate of oxidative phosphorylation, resulting
in a reduction in ATP levels. Recent studies showed that compared relative to the control group, the ATP
levels were substantially decreased, the mtDNA copy count was markedly decreased, and the expression of
PGC-la decreased in the MASLD model group induced by free fatty acid. However, upregulation of the
PGC-1a signaling pathway can enhance mitochondrial biogenesis and ATP production in HepG2 cells [89].
Therefore, mtDNA biogenesis dysfunction may lead to mitochondrial dysfunction, thereby promoting the
occurrence and progression of MASLD.

3.3 Abnormal Endoplasmic Reticulum-Mitochondrial Interaction in MASLD

The endoplasmic reticulum (ER) and mitochondria both exhibit continuous tubular membrane network
morphologies within the cytoplasm. Notably, approximately 5%-20% of the mitochondrial surface is in
close proximity to the ER membrane, with a minute distance of only 10-30 nm separating them. This tight
adjacency facilitates the formation of a special structure known as the endoplasmic reticulum-mitochondria
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contact site (ERMCS). These connection points afford a stable interface for the coordinated performance of
the two organelles [90]. With ongoing exploration, the ERMCS have been implicated in an increasing number
of crucial physiological functions, including the interchange of calcium ions between the endoplasmic
reticulum and mitochondria [91,92], the management of phospholipid production and breakdown, the
adjustment of mitochondrial shape and self-eating processes, the activation of the inflammasome complex,
and programmed cell death are all critical cellular processes [93,94]. These functions are indispensable
for the normal operation of mitochondria. Previous research has found that reducing ER-mitochondrial
interaction and calcium exchange is an early event in diet-induced obese mice, which can alter hepatic insulin
sensitivity and induce hepatic steatosis. Conversely, enhancing ER-mitochondrial interaction can prevent
diet-induced glucose intolerance [95]. Furthermore, they also confirmed that impaired ER-mitochondrial
communication occurs in the livers of patients with MASLD [95]. Recent research has indicated that reduced
ER-mitochondria contact impairs mitochondrial phospholipid metabolism and disrupts mitochondrial
membrane integrity, subsequently leading to weakened mitochondrial respiration, decreased ATP produc-
tion, and elevated levels of ROS. These alterations collectively contribute to mitochondrial dysfunction. In
experimental mice, such dysfunction was observed to result in hepatic lipid accumulation, NASH, and liver
fibrosis [96].

3.4 Impaired Mitochondrial Quality Control in MASLD

Mitochondrial quality control refers to the balance between mitochondrial biogenesis and the
clearance of damaged mitochondria, encompassing processes such as mitochondrial fusion, fission, and
mitophagy [97]. Mitochondrial fusion facilitates the exchange of metabolites and substrates within mito-
chondria and regulates oxidative metabolism to alleviate organelle stress. Mitochondrial fission involves the
mitotic segregation of mitochondria into daughter cells and the separation of damaged or dysfunctional
mitochondrial parts, which is essential for subsequent autophagic degradation. The interplay between
mitochondrial membrane fusion and fission contributes to regulating mitochondrial morphology and
quantity [98]. Mitophagy is the degradation and recycling of dysfunctional or damaged mitochondria,
serving as a crucial mechanism for mitochondrial quality control [99,100].

The pathological changes of chronic liver injury are often associated with abnormally enhanced
mitochondrial fission [101]. Research has found that excessive mitochondrial fission (such as decreased
mitochondrial content, reduced mitochondrial area, and mitochondrial deformation) exists in MASLD
experimental models [102]. This suggests a likelihood that alterations in mitochondrial fission play a role
in the progression of MASLD. Several studies have demonstrated that mitophagy induction in hepato-
cytes can maintain an adequate number of functional mitochondria, thereby fulfilling cellular energy
demands, preventing hepatocyte injury induced by free fatty acids, and ultimately mitigating the progression
of MASLD [103,104]. Previous research findings have suggested that defects in hepatic mitophagy can
exacerbate MASLD and contribute to the pathogenesis of nonalcoholic steatohepatitis [105,106]. Recent
experiments have demonstrated that reduced mitophagy is an early feature of NAFLD pathogenesis. When
the mitophagy process is impaired, damaged mitochondria cannot be cleared in a timely manner, leading
to the accumulation of ROS and cellular damage [107]. In summary, the mechanism of mitochondria in
MASLD is depicted in Fig. 3.
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Figure 3: Manifestations of various mechanisms of mitochondria in MASLD. NOX4, NAD(P)H oxidase 4; ACACA,
Acetyl CoA Carboxylase I; ALCATI, Lysocardiolipin acyltransferase 1; NFE2L2, Nuclear factor erythroid-derived 2-
like 2; AMPK, adenosine monophosphate-activated protein kinase; PPARa, peroxisome proliferator-activated receptor
alpha; CPTIA, carnitine palmitoyltransferase 1; CL, Cardiolipin; RIPK3, receptor-interacting protein kinase 3; ATP,
adenosine triphosphate; OXPHOS, oxidative phosphorylation; OxPLs, oxidized phospholipids; PGCla, peroxisome
proliferator-activated receptor gamma coactivator-la; ER, endoplasmic reticulum; ROS, reactive oxygen species (By
Figdraw)

4 The Treatment of MASLD

For humans, assessing various characteristics and quality control of hepatic mitochondrial function
remains challenging, and currently, most of the available methods are expensive, time-consuming techniques
or invasive tests [108]. Therefore, a detailed examination of hepatic mitochondria necessitates non-invasive
methods, which should also allow extended study time and disease progression tracking [109,110]. Existing
literature indicates that physical exercise [111,112], bariatric surgery [113], and targeted pharmacological
therapies [114] may have the potential to reverse mitochondrial dysfunction. Pharmacological treatments
are primarily targeted at the pathogenesis of NASH, which includes oxidative stress, metabolic disorders,
apoptosis, and fibrosis. Based on their mechanisms of action, these treatments can be categorized into
five types [114]: lipid-lowering, hypoglycemic, anti-apoptotic, antioxidant, and anti-fibrotic. They hold
promise for large-scale clinical applications. However, there are still some limitations in understanding the
physiological effects of certain drugs. For instance, activators of AMPK, such as metformin, are widely
used in treating NAFLD, yet the exact mechanism of action remains unclear mainly [115]. Additionally,
although 5-Aminoimidazole-4-carboxamide ribotide (AICAR) exhibits anti-inflammatory and antioxidant
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properties, the underlying molecular mechanisms preventing mitochondrial dysfunction have yet to be
determined [116].

Certain natural compounds [30], like hesperidin and caffeine, are emerging as viable treatment options
for MASLD, partly due to their strong antioxidant properties and safe profiles make them attractive options,
as many are already incorporated into the typical human diet. Within the body, the vitamin family serves as a
significant category of antioxidants [117], controlling oxidative stress and fat accumulation via the catalysis of
enzymatic reactions. For instance, the antioxidant activities of vitamins C and E are believed to mitigate hep-
atocyte damage [118]. Since mitochondria can be easily obtained from cultured cells, and the techniques for
mitochondrial isolation and preservation have become increasingly sophisticated, large-scale mitochondrial
donation centers can be established. When autologous transplantation is not feasible, a suitable donor can be
promptly identified. Currently, mitochondrial transplantation is being investigated as a therapeutic approach
for treating MASLD, while the clinical application of mitochondrial transplantation is limited [119]. Certainly,
a healthy diet combined with regular exercise remains the first-line non-pharmacological intervention for
the management of MASLD [120].

5 Conclusion

The incidence of MASLD exhibits a notable upward trend [121], and it is also highly prevalent among
overweight or obese children and adolescents [122]. Furthermore, the pathogenesis of MASLD is a complex
process that involves the interaction of multiple factors. Among them, mitochondrial dysfunction caused
by mitochondrial oxidative stress has a pivotal influence on MASLD; according to reports, alleviating
mitochondrial dysfunction and decreasing oxidative stress in hepatocytes can contribute to improving
MASLD [67], which represents a promising therapeutic target. Over the years, researchers have continued
exploring various oxidative stress pathways in MASLD. Whether it is the discovery that the expression of
ALCATI leads to cardiolipin peroxidation, causing oxidative stress, the finding in MASLD in humans and
mice that accumulated OxPLs promote the increase of ROS to induce hepatic mitochondrial dysfunction,
or the identification that NOX4 and NFE2L2 can mitigate mitochondrial oxidative stress, any pathway that
demonstrates the role of mitochondrial ROS in MASLD contributes to uncovering the pathogenesis of this
disease and provides a theoretical basis for developing novel therapeutic strategies. In MASLD, mitochon-
drial quality control is impaired, particularly with abnormal autophagy function, which hinders the clearance
of damaged mitochondria, resulting in ROS accumulation and cellular damage. Additionally, biogenesis dys-
function such as mtDNA damage reduces the efficiency of mitochondrial energy production, impeding their
ability to provide sufficient ATP for cellular needs and subsequently affecting normal cellular physiological
functions. When mtDNA biofunctional disorders occur, the rate of oxidative phosphorylation slows down,
leading to decreased ATP production and compromising cellular energy supply. Furthermore, abnormal
endoplasmic reticulum-mitochondrial interplay is also crucial in the pathogenesis of fatty liver disease. The
decreased contact between the endoplasmic reticulum and mitochondria disrupts material exchange and
signal transmission, resulting in weakened mitochondrial respiration, reduced ATP production, and elevated
ROS levels. Although the relative importance of these abnormalities in triggering mitochondrial dysfunction
may vary among MASLD patients, any abnormalities can induce other abnormalities, interacting and
influencing each other. This implies that restoring one defect may exert an overall beneficial impact on
mitochondrial integrity and function. Therefore, enhancing our understanding of how these mitochondrial
regulatory mechanisms are involved in MASLD could offer a variety of new therapeutic targets, benefiting
all patients with MASLD.
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ACACA Acetyl CoA Carboxylase 1

AICAR 5-Aminoimidazole-4-carboxamide ribotide

ALCAT1 Lysocardiolipin acyltransferase 1

AMPK Adenosine monophosphate-activated protein kinase

ATP Adenosine triphosphate

CL Cardiolipin

CPTIA Carnitine palmitoyltransferase la

ER Endoplasmic reticulum

ERMCS ER-mitochondria contact sites

FA Fatty acid

GPX Glutathione peroxidase

GSH Glutathione

HCC Hepatocellular carcinoma

8-OH-dG 8-Hydroxy-2’-deoxyguanosine

8-OH-G 8-hydroxyguanine

4-HNE 4-hydroxy-2-nonenal

MDA Malondialdehyde

IP3R1-GRP75-VDACI Inositol 1,4,5-trisphosphate receptor 1-glucose-regulated protein 75-voltage-dependent
anion channel 1

Keapl Kelch-like ECH-associated protein 1

LD Lipid droplet

LOOH Lipid hydroperoxide

MASLD Metabolic dysfunction-associated steatotic liver disease

MLKL Mixed lineage kinase domain-like protein

mtDNA Mitochondrial DNA

NAFLD Non-alcoholic fatty liver disease

NASH Nonalcoholic steatohepatitis

NFE2L2 Nuclear factor erythroid-derived 2-like 2

NF-«B p65 Nuclear factor kappa B p65

Nrf2 Nuclear factor-erythroid 2-related factor 2

NOX4 NAD(P)H oxidase 4
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(ON Oxidative stress

OXPHOS Oxidative phosphorylation

OxPLs Oxidized phospholipids

PC Phosphocholine

PPARa Peroxisome proliferator-activated receptor alpha

PGCla Peroxisome proliferator-activated receptor gamma coactivator-la

PRDX Peroxiredoxin

PTP Protein tyrosine phosphatases

rRNA Ribosomal RNA

tRNA Transfer RNA

RIPK3 Receptor-interacting protein kinase 3

ROS Reactive oxygen species

SOD Superoxide dismutase

STAT-1 Signal transducer and activator of transcription-1

SIRT1 Sirtuin 1

Trx Thioredoxin

TFAM Transcription factor A
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