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Abstract

Metabolic dysfunction-associated steatotic liver disease (MASLD) affects more than 1.66 billion people globally. This metabolic disor-
der shows strong connections with mitochondrial dysfunction and disrupted mitochondrial quality control (MQC) processes. Our review
systematically analyzes the molecular mechanisms underlying the relationship between MQC and MASLD development. Research evi-
dence indicates that impaired MQC regulation worsens three key pathological conditions: it intensifies liver fat accumulation, increases
oxidative damage, and promotes inflammatory cell death through activating inflammatory signaling pathways, boosting reactive oxygen
species generation, and triggering programmed cell death in hepatocytes. Current pharmacological interventions have shown mixed ef-
fects. Metformin, resveratrol, and empagliflozin have moderating effects on MQC homeostasis in experimental models, but their clinical
application remains limited. The review further predicts two key systemic impacts of MASLD: it amplifies cardiovascular disease risk
through links between organ systems, and it highlights the need to develop targeted regulation of the gut microbiota. Three major research
challenges require urgent attention: first, clarifying the complex interactions between different MQC pathways; second, establishing clin-
ical effectiveness through human trials; third, bridging the gap between laboratory findings and practical medical interventions. These
priorities highlight the need for coordinated multidisciplinary research efforts to address this growing public health challenge.
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1. Introduction

Metabolic dysfunction-associated steatotic liver dis-
ease (MASLD) is now widely accepted as an alternative
neoterm for Non-alcoholic fatty liver disease (NAFLD).
NAFLD is defined as the pathological accumulation of fat
in liver cells occurring in non-moderate drinkers. NAFLD’s
diagnostic criterion involves hepatic steatosis in at least 5%
of liver cells, without excessive alcohol intake [1]. Emerg-
ing evidence suggests that >96% of patients with NAFLD
meet criteria for MASLD; Therefore, the two definitions
are used interchangeably [2]. The global prevalence of
MASLD in adults is approximately 30%, and as of 2019,
it is estimated that there are approximately 1.66 billion
cases of MASLD worldwide [3]. The escalating MASLD
now constitutes a primary driver of liver transplantation de-
mand. Current transplant registry data show this condition
has become the second most common transplant indication
in the United States [4]. MASLD demonstrates a spectrum
of pathological progression, ranging from isolated hepatic
steatosis to metabolic dysfunction-associated steatohepati-

tis (MASH) with varying degrees of liver fibrosis that may
progress to cirrhosis [5,6]. The surge in obesity rates, type 2
diabetes, and metabolic syndrome across the globe has led
to a nearly 50% uptick in the prevalence of MASH, solidi-
fying its status as the leading cause of chronic liver issues
[7].

Mitochondrial dysfunction is central to MASLD de-
velopment, as it disrupts lipid metabolism, amplifies oxida-
tive stress, and triggers inflammatory cascades. Mitochon-
drial quality control, encompassing mitophagy, dynam-
ics, biogenesis, and the mitochondrial unfolded protein re-
sponse (UPRmt), is vital in preserving the liver’s metabolic
balance [8]. Interruption of the mitochondrial quality con-
trol (MQC) process induces three interrelated metabolic
dysfunctions: fatty acid oxidation defects, reactive oxygen
species (ROS) overproduction, and programmed cell death.
Together, these three mechanisms constitute the core patho-
physiological triad that drives MASLD progression. How-
ever, a comprehensive synthesis of howMQC pathways in-
teract within the MASLD microenvironment is lacking, di-
rectly obstructs the development of targeted therapies.
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This review systematically elucidates the interaction
between mitochondrial quality control mechanisms and
MASLD progression. We focus on molecular regulators of
mitophagy, fusion/fission kinetics, mitochondrial biogen-
esis, and UPRmt signaling, while summarizing the drugs
that regulate these pathways. By integrating preclinical and
clinical insights, we aim to identify novel therapeutic strate-
gies to restore mitochondrial homeostasis in MASLD.

2. Pathogenic Mechanisms of Nonalcoholic
Fatty Liver Disease

The development of MASLD stems from the intricate
interactions among various metabolic disruptions. Clini-
cal studies have identified a variety of risk factors, includ-
ing type 2 diabetes, obesity, and metabolic syndrome [9].
The condition specifically includes dyslipidemia, abdom-
inal obesity, and hypertension. Epidemiological analyses
show that these determinants show significant demographic
differences, particularly in terms of age stratification, gen-
der differences, and racial propensity [4]. The prevail-
ing “multiple-hit” hypothesis [10] is that lifestyle factors,
genetic predisposition, adipose tissue dysfunction, insulin
resistance, lipidosis, the inflammatory cascade, oxidative
stress, innate immune dysregulation, and gut microbiota
dysbiosis play a synergistic role in MASLD [11]. Crucially,
mitochondrial dysfunction emerging from these intercon-
nected pathways occupies a central role in MASLD patho-
genesis.

2.1 Inflammatory Injury
The development of MASLD is intrinsically linked

to systemic proinflammatory states [12]. Hepatic triglyc-
eride (TG) deposition represents the primary pathological
manifestation of MASLD [13], this lipid abnormality pre-
dominantly occurs in patients with obesity, insulin resis-
tance, type 2 diabetes mellitus, and dyslipidemia [3]. Un-
der insulin-resistant conditions, excessive free fatty acids
(FFAs) and lipid metabolites are mobilized [14], precipi-
tating ectopic lipid deposition and lipotoxicity. These pro-
cesses trigger ROS generation, oxidative stress, and in-
flammatory cascades. The development of MASLD en-
gages multiple inflammatory injury mechanisms mediated
by interconnected immune signaling pathways, primarily
involving inflammasome activation, dysregulation of cy-
tokines, adipokines, chemokines, and immune cell pheno-
typic alterations.

Toxins released by liver cells damaged by fat, like
High Mobility Group Box 1 (HMGB1), and molecules as-
sociated with pathogens, initiate an immune response, caus-
ing immune cells to flood in, all thanks to the detection of
these patterns by the body’s special receptors [15,16]. The
inflammasome is central to MASLD development, trigger-
ing the proteolytic processing of pro-IL-1β and pro-IL-18,
thus intensifying inflammation and liver cell injury [16].
The natural substance tryptanthrin (TPR) has been shown

to inhibit NOD-like receptor family pyrin domain contain-
ing 3 (NLRP3)-induced production of IL-1β and caspase-
1 and regulate the progression of MASH [17]. Damaged
liver cells activate the NF-κB signaling pathway through
two mechanisms. First, this activation triggers increased
production of inflammatory signaling molecules (e.g., IL-6,
CCL2, CCL5). Second, it stimulates excessive secretion of
chemotactic proteins (e.g., CXCR3 ligands). These molec-
ular events collectively amplify liver tissue damage through
three pathological pathways: sustained inflammation, im-
mune cell infiltration, and cellular stress responses [18,19]
(Fig. 1). In the downstream signaling of inflammasome,
the substrate gasdermin-D of inflammatory caspase induces
hepatocyte pyroptosis [20], establishing a pathogenic cycle.

Kupffer cells (KCs) are macrophages of the liver
that are closely associated with inflammation regulation
[21]. They have experienced a decrease in number among
MASLD/MASHpatients and failed to proliferate during the
progression of MASH [22]. KC activation through endoge-
nous or exogenous receptors by damage associated molec-
ular patterns (DAMPs) or lipid metabolites enhances tran-
scription of activator protein-1 (AP-1) and proinflamma-
tory cytokines (e.g., TNF-α, IL-6, IL-1β) [23], driving in-
flammatory responses, hepatocellular fibrosis, and steato-
sis (Fig. 1). Macrophage polarization and metabolic re-
programming constitute two central drivers of MASH pro-
gression. Recent mechanistic studies have identified trans-
membrane protein 173 (STING) signaling activation and
retinoid-related orphan nuclear receptors (RORα) overex-
pression as novel regulatory nodes in this pathogenic net-
work [23,24]. Concurrently, T helper cell 17 (Th17) lym-
phocytes and neutrophils critically modulate inflammatory
and fibrotic processes in MASH, with neutrophils influ-
encing fibrotic resolution through macrophage polarization
[11].

Notably, MASLD-associated inflammatory damage is
closely related to intestinal dysbiosis, with significant in-
creases in Firmicutes and Proteobacteria [25]. Gut mi-
crobiota not only modulates hepatic nutrient metabolism
but also regulates liver inflammation via Toll-like receptor
(TLR) ligand signaling, stimulating hepatocyte production
of proinflammatory cytokines [26] (Fig. 1). In addition,
damage to the intestinal mucosal barrier in patients with
MASLDpromotesmicrobial translocation into the systemic
circulation, leading to chronic inflammation [27]. A re-
cent study has found that the theabrownin extracted from
Qingzhuan tea (QTB) can regulate intestinal flora to pre-
vent steatosis induced by a high-fat diet [28]. Moreover,
the traditional Chinese medicine Bi Xie Fen Qing Yin can
reduce kidney inflammation in mice by regulating the in-
testinal flora [29].

2.2 Oxidative Stress

Redox dysregulation, termed oxidative stress, arises
from ROS overproduction relative to antioxidant capacity

2

https://www.imrpress.com


Fig. 1. The onset and progression of metabolic dysfunction-associated steatotic liver disease (MASLD) are closely related to
systemic inflammatory state, oxidative stress and hepatocyte death. The systemic inflammatory response is related to inflammatory
cells, inflammatory mediators, and the gut microbiota. Oxidative stress mainly includes mitochondrial stress and endoplasmic reticulum
(ER) stress. These processes, in turn, can lead to hepatocyte death, which interacts with the MASLD process. MASH, metabolic
dysfunction-associated steatohepatitis. All figures were created with canva.com.

[30]. It is both a key component of the “multiple blows” the-
ory and a central driver ofMASLD progression [31]. Under
oxidative stress, mitochondrial ATP synthesis efficiency is
impaired, while excessive ROS accumulation leads to dis-
ruption of mitochondrial interactions with the endoplas-
mic reticulum (ER) [32], accelerating apoptotic cascades.
ROS primarily originates from the mitochondrial electron
transport chain (ETC) and is linked to the NADPH oxidase
(NOX) enzyme [33]. Through the transfer of a single elec-
tron from NADPH to molecular oxygen, NOX generates
superoxide anions in the mitochondria, with the resulting
ROS primarily present in hepatocytes [34,35].

In MASLD patients, oxidative stress mechanisms pri-
marily involve mitochondrial dysfunction, lipid peroxida-
tion, and ER stress. ROS serve not only as biomark-
ers of oxidative stress [36], but also as potent inflamma-
tory mediators [37,38]. They directly impair mitochondrial
respiratory chain function, suppress energy metabolism,
and compromise antioxidant systems [39,40]. Excessive

ROS generation induces pathological opening of mitochon-
drial permeability transition pores (mPTPs), inhibits ETC
complexes, and reduces mitochondrial membrane poten-
tial (∆Ψm), culminating in ATP synthesis failure. Con-
currently, the release of apoptotic factors activates caspase-
dependent apoptotic proteins [41], triggering hepatocyte
apoptosis [42] (Fig. 1). Mechanistically, diet-induced
MASLD murine models demonstrate that reduced Solute
Carrier Family 25 Member 3 (SLC25A3) expression im-
pairs mitochondrial copper homeostasis, provoking ETC
electron leakage and excessive ROS generation [43].

High-fat diet-induced MASLD exhibits characteris-
tic features including intracellular lipid accumulation, mi-
tochondrial ROS overproduction, and hepatocyte apopto-
sis [44]. Elevated FFAs exacerbate β-oxidation impair-
ment and mitochondrial dysfunction, while directly or indi-
rectly inducing mitochondrial DNA oxidative damage and
ROS amplification [36,45,46]. These processes potentiate
lipid peroxidation, upregulate hepatic CC-chemokine ex-
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pression, promote C-C chemokine receptor type 5 (CCR5+)
cell infiltration, and activate myofibroblasts, collectively
driving progressive hepatic fibrosis [47]. Oxidative stress
further activates proinflammatory signaling cascades (e.g.,
NRF2, AP-1, NF-κB, PPARα) [48,49,50,51,52], creating
a cycle of inflammation and hepatocyte injury (Fig. 1).
However, research indicates that prolonged peroxisome
proliferator-activated receptor alpha (PPARα) pathway
stimulation can improve mitochondrial fatty acid break-
down and diminish ROS, thus easingMASLD [53]. Inflam-
matory mediators induce NOX activation, generating radi-
cal species that exacerbate oxidative stress [54]. Remark-
ably, elafibranor, a PPAR-α/δ dual activator, suppresses
the synthesis of pro-inflammatory (IL-1β, TNF-α) and pro-
fibrotic (TGF-β) factors, thereby significantly mitigating
MASH [55].

ER stress activates the UPR to restore proteostasis
[56]. The tripartite UPR sensors (PERK, IRE1α, ATF6) or-
chestrate adaptive responses through autophosphorylation,
with persistent activation promoting apoptosis [57]. Protein
kinase RNA–like endoplasmic reticulum kinase (PERK)
activation temporarily hinders overall protein synthesis and
facilitates the specific production of Activating Transcrip-
tion Factor 4 (ATF4) via eukaryotic initiation factor 2α
(eIF2α) phosphorylation [58]. ATF6 upregulates X-box
binding protein 1 (XBP1), which mediates inflammatory
responses via JNK signaling. Elevated forkhead box A3
(FOXA3) has been shown to exacerbate MASLD progres-
sion through ER stress potentiation in murine models [59],
collectively underscoring the critical role of ER stress in
MASLD pathogenesis.

2.3 Hepatocyte Death

The progression from MASLD to MASH and liver
fibrosis is a pathological process where hepatocyte death
is not just the end result of liver damage, but also a
key factor propelling the disease’s harmful progression.
When the liver is exposed to free fatty acids, choles-
terol overload and oxidative stress for a long time, mi-
tochondria, as the core hubs of energy metabolism and
cell fate decision-making, bear the brunt of the damage
[60], the MQC network was significantly dysregulated, and
lipotoxicity inhibited receptor-mediated mitophagy such
as PTEN-induced putative kinase 1 (PINK1)/Parkin path-
way and B-cell leukemia/lymphoma 2/adenovirus E1B
19 kDa interacting protein 3-like (BNIP3/NIX), result-
ing in functionally defective mitochondrial accumula-
tion. At the same time, dynamin-related protein 1
(DRP1)-mediated hyperdivision and mitochondrial fusion
protein 2 (MFN2)/optic atrophy 1 (OPA1)-mediated fu-
sion disorder lead to mitochondrial fragmentation, which
further weakens their functional compensatory ability
[61]; although early Peroxisome proliferator-activated
receptors-γ (PPARγ)/peroxisome proliferator-activated re-
ceptor gamma co-activator-1 alpha gene (PGC-1α) path-

way may be compensatory upregulation of biogenesis [62],
chronic inflammatory factors such as TNF-α ultimately in-
hibit new mitochondrial production.

The dysfunction of MQC directly triggers multimodal
hepatocyte death. Apoptosis, the primary pathway of pro-
grammed cell death under physiological conditions, is trig-
gered by two distinct mechanisms: the intrinsic pathway
(mitochondrial or Bcl-2-regulated pathway) and the extrin-
sic pathway (death receptor pathway). The intrinsic path-
way is activated by intracellular stressors such as growth
factor deprivation, DNA damage, ER stress, excessive
ROS, replication stress, cytoskeletal alterations, or mitotic
defects [63]. This pathway relies on the intricate interplay
between pro-apoptotic and anti-apoptotic members of the
B-cell lymphoma-2 (BCL-2) protein family, which regulate
mitochondrial outer membrane permeabilization (MOMP)
to initiate apoptosis [64,65]. The extrinsic pathway is initi-
ated by ligand binding to cell surface death receptors (e.g.,
Fas, TNFR1), leading to the recruitment of adaptor proteins
via death domains and formation of the death-inducing sig-
naling complex (DISC). The DISC recruits and activates
pro-caspase-8, subsequently cleaves downstream effector
caspases to execute apoptosis. Both excessive mitochon-
drial division and insufficient fusion can lead to mitochon-
drial fragmentation during apoptosis. In the absence of
mitophagy, PINK1/Parkin can promote apoptosis through
non-BAX pathways, the ubiquitination of outer mitochon-
drial membrane (OMM) by Ubiquitin-proteasome system
(UPS) promotes the release of cytochrome C, directly ac-
tivates autophagy receptors, upregulates mitochondrial au-
tophagy, and inhibits apoptosis [66].

Pyroptosis represents a pathologically distinct mode
of inflammatory hepatocyte death in MASH, requiring cas-
pase activation and triggering downstream inflammatory
cascades. Current research outlines two distinct ways of
triggering activation: the first, known as the canonical
route, hinges on the activation of caspase-1 via NLRP1,
NLRP3, NLRC4, and AIM2 inflammasomes, which then
leads to the maturation of IL-1β. DRP1-mediated exces-
sive mitochondrial fission has been reported to contribute
to the activation of caspase-1 and NLRP3 inflammasomes,
whichmay be related tomitochondrial dysfunction-induced
increased ROS [67,68]. ROS is also an important media-
tor that promotes hepatocyte necroptosis when mitochon-
drial autophagy is impaired [69]. Moreover, dysregula-
tion between inflammasome and mitochondrial autophagy
pathwaysmay lead to pathological inflammatory responses,
which can further aggravate mitochondrial damage and py-
roptosis [70].

Ferroptosis is an iron-dependent regulation of cell
death characterized by iron overload, lipid peroxidation,
ROS accumulation, and plasma membrane rupture. ROS
and ATP produced by mitochondria are key substances that
regulate the ferroptosis process. Nuclear factor erythroid-
2 related factor 2 (NRF2) is a key player in the game of
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mitochondrial maintenance. It boosts mitochondrial fusion
protein 2 (MFN2) protein levels, fostering mitochondrial
fusion while squashing fission, and acts like a cheerleader
for new mitochondria to join the party. But yank out NRF2,
and you’re looking at a surge in ferroptosis [71], in addition,
when mitochondria fuse, a buildup of ROS and fatty acids
can trigger lipid peroxidation, leading to ferroptosis [72].
Meanwhile, mitochondrial autophagy has a double-edged
sword in managing iron death. Mangled or malfunction-
ing mitochondria dump ROS and some pro-apoptotic fac-
tors that can kickstart the iron death process. When mito-
chondrial autophagy removes abnormal mitochondria, iron
death is inhibited [73]. Therefore, MQC plays a central role
in the regulation of ferroptosis, and in-depth exploration of
its mechanism of action will provide new insights into cell
fate and disease progression.

In conclusion, hepatocyte death is by no means a pas-
sive outcome, but a key turning point and amplifier in the
pathological network of MASLD/MASH—lipotoxicity in-
duces mitochondrial function collapse by destroying MQC,
and then activates the three death pathways of apoptosis,
pyroptosis and ferroptosis, and the DAMPs released by
dead cells and inflammatory cells strongly drive the process
of inflammatory infiltration and fibrosis, which further ag-
gravates lipotoxic stress and mitochondrial damage, form-
ing a vicious circle, which is closely related to the process
of MQC.

3. Physiological Regulation and Therapeutic
Targets of Mitochondrial Quality Control

As the cellular powerhouse, mitochondria play a piv-
otal role in maintaining cellular homeostasis and vital bio-
logical processes [74]. The cells possess a series of com-
plex quality control mechanisms to ensure the proper func-
tioning of mitochondria, which can be categorized into
organelle-level regulation and molecular-level regulation
[75]. Mitochondrial quality control systems primarily con-
sist of four coordinated mechanisms: mitophagy, mito-
chondrial biogenesis, mitochondrial dynamics, and the mi-
tochondrial unfolded protein response [8,76]. These co-
ordinated processes maintain mitochondrial structure and
function.

3.1 Mitophagy
Mitophagy plays a critical role in maintaining human

health, delaying aging-related neurodegenerative diseases,
and regulating processes such as inflammation, metabolic
transitions, and cellular reprogramming, dysregulated mi-
tophagy can contribute to disease progression [77,78,79].
As a cytoprotective mechanism, mitophagy eliminates su-
perfluous or dysfunctional mitochondria and fine-tunes
mitochondrial quantity to balance intracellular homeosta-
sis. In humans, mitophagy is primarily mediated by the
PINK1/Parkin, BNIP3/NIX, and FUN14 domain contain-
ing 1 (FUNDC1) pathways [80].

3.1.1 PINK1/Parkin Pathway
3.1.1.1 Physiological Mechanism. The PINK1/Parkin
Pathway is the earliest identified mitophagy pathway [81].
Upon mitochondrial injury or dysfunction, membrane de-
polarization triggers PINK1 accumulation on the OMM
[82]. Stabilized PINK1 undergoes autophosphorylation at
Ser228 for activation [83,84]. Subsequently, PINK1 phos-
phorylates MFN2 at Thr111 and Ser442, recruiting Parkin
to the OMM [85]. Alternatively, PINK1 phosphorylates
ubiquitin at Ser65 on OMM proteins to promote Parkin
recruitment [86]. Parkin, originally confined to the mito-
chondria, becomes activated through PINK1’s phosphory-
lation at Ser65 and ubiquitinated phosphoamino acids, initi-
ating substrate ubiquitination and amplifying a feedforward
recruitment loop. Parkin ubiquitinates OMM proteins,
which are recognized by mitophagy adaptors (e.g., p62,
NBR1, HDAC6), facilitating light chain 3 (LC3) recruit-
ment and autophagosome formation [87,88]. Ubiquitin-
specific protease 8 (USP8) selectively removes ubiqui-
tin from Parkin at Lys6, enhancing Parkin translocation
to depolarized mitochondria and promoting mitophagy
[89,90]. Conversely, USP15 and USP30 counteract mi-
tophagy by reversing ubiquitination [91]. Autophospho-
rylation of PINK1 at Ser228 and Ser402 is essential for
ubiquitin recognition [92]. Additional receptors, including
SQSTM1/p62, NDP52, OPTN, and TNFα/Miz1, further
enhance PINK1/Parkin-mediated mitophagy [93,94,95,96]
(Fig. 2).

3.1.1.2 Pathological Targets. During Parkin activation,
PINK1 directly phosphorylates Parkin at Ser65 [97], gen-
erating pSer65-ubiquitin that resists deubiquitinating en-
zymes [98]. Phosphatase and tensin homologue (PTEN)-L
protein antagonizes pSer65-ubiquitin formation through its
phosphatase activity, inhibiting PINK1-dependent Parkin
recruitment andmitophagy [99]. Experimental studies have
shown that penicillium-derived neosesquiterpenoids atten-
uate MASLD-associated lipid accumulation through coor-
dinated mitochondrial function. These reagents promote
ATP synthesis, stabilize membrane potential, reduce oxida-
tive stress, and restore mitochondrial structure. Mechanis-
tically, they activate the PINK1/Parkin pathway to upregu-
late mitochondrial quality control proteins and mitophagy
markers [100]. In high-fat diet-induced MASLD mice,
PINK1 and Parkin expression is significantly downregu-
lated, accompanied bymitochondrial apoptosis pathway ac-
tivation and mPTP opening [101]. Type 2 diabetic patients
exhibit reduced PINK1 and Parkin levels, which are re-
versed by metformin, restoring ETC complex levels and
enhancing adenosine 5’-monophosphate (AMP)-activated
protein kinase (AMPK) activation and mitophagy [102]. It
has been found that atractyloside can promote AMPK ac-
tivation, reduce mTOR activity, and finally promote au-
tophagosome formation and alleviate hepatic steatosis in
mice [103].
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Fig. 2. The process of mitophagy in mitochondrial quality control. The primary pathway for mitophagy in mammalian cells is
mediated by three pathways. PINK1/Parkin Pathway can occur in the brace mitochondria or damaged mitochondria, accomplished by
phosphorylation and ubiquitination of outer mitochondrial membrane (OMM) proteins; Both BNIP3/NIX and FUNDC1 pathways occur
due to instability such as hypoxia, miRNA, and pharmacological modulation. Eventually form the autophagosomes. PINK1, PTEN-
induced putative kinase 1; BNIP3/NIX, B-cell leukemia/lymphoma 2/adenovirus E1B 19 kDa interacting protein 3-like; FUNDC1,
FUN14 domain containing 1; HIFα, hypoxia-inducible factor α; BECN1, beclin1; MFN2, mitochondrial fusion protein 2; NBR1, NBR1
Autophagy Cargo Receptor; HDAC6, histone deacetylase 6; LC3, light chain; Atg2a, autophagy related protein 2a.

3.1.2 BNIP3/NIX Pathway

3.1.2.1 Physiological Mechanism. Both BNIP3 and NIX
are anchored to the OMM, share a non-canonical BH3-only
domain and act as mitophagy receptors. Under hypoxia,
BNIP3 induces mitophagy via two pathways: (1) Its BH3
domain competitively binds BCL-2 to disrupt the BCL2-
BECN1 complex, releasing Beclin-1 to activate mitophagy
[104,105]; (2) Its N-terminal LC3-interacting region (LIR)
binds Atg8/LC3 to directly recruit autophagosomes [106,
107]. Beyond hypoxia, BNIP3 expression is regulated by
cellular stressors, microRNAs (miR-347, miR-30, miR-
302/367, miR-133a), pharmacological agents, DNAmethy-
lation, and developmental signals [108] (Fig. 2).

3.1.2.2 Pathological Targets. Iron chelator DFP induces
robust PINK1/Parkin-independent mitophagy, demonstrat-
ing that OMM protein-NIX interactions drive mitophagy
[109]. The BNIP3/NIX pathway may intersect with ferrop-
tosis: BNIP3/NIX double-knockout cells exhibit elevated

mitochondrial ROS, activating the NRF2 antioxidant path-
way while increasing ferroptosis susceptibility [110]. Sir-
tuin family members (e.g., SIRT1, SIRT3) critically modu-
late MASLD progression by regulating inflammation, ox-
idative stress, apoptosis, autophagy, and mitochondrial bio-
genesis [111]. Sirtuin1 (SIRT1) and SIRT3 enhance Beclin-
1 and LC3II expression, prolonging autophagosome activ-
ity [112]. Resveratrol and its derivatives alleviate MASLD
by activating SIRT1, SIRT3, and PINK1 to stimulate mi-
tophagy [113,114].

3.1.3 FUNDC1 Pathway

3.1.3.1 Physiological Mechanism. FUNDC1mediates mi-
tochondrial dynamics and quality control by coupling mito-
chondrial fission, fusion, and mitophagy [115]. Under hy-
poxia, dephosphorylation of FUNDC1 at Ser13 strengthens
its interaction with LC3, enhancing mitophagy. FUNDC1
anchors Optic Atrophy 1 (OPA1) to the inner OMM surface
via lysine residue Lys70. Stress-induced OPA1 degrada-
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tion or cleavage promotes mitochondrial fission and trig-
gers mitophagy [116]. FUNDC1 also interacts with au-
tophagic protein Autophagy-related protein 2 homolog A
(ATG2A), facilitating autophagosome elongation and clo-
sure [117] (Fig. 2).

3.1.3.2 Pathological Targets. A “seesaw-like model” clar-
ifies interactions among DRP1, OPA1, and FUNDC1:
FUNDC1 binds OPA1 under normal conditions but re-
cruits DRP1 to mitochondria during stress, promoting fis-
sion and mitophagy [116]. In hepatic fibrosis, FUNDC1
recruits mitochondrial Glutathione Peroxidase 4 (GPX4)
to activate mitophagy, leading to GPX4 degradation and
ferroptosis [118]. Both FUNDC1 and BNIP3L are regu-
lated by microRNAs [119]. Artesunate inhibits actin fil-
ament associated protein 1 Like 2 gene (AFAP1L2) ex-
pression and SRC/FUNDC1 phosphorylation, promoting
FUNDC1-mediated LC3 recruitment and mitophagy [120],
and in vitro experiments, A was found to modulate NLRP3
inflammasomes in MASLD, inhibiting lipid accumula-
tion and inflammation [121]. Empagliflozin protects cells
through AMPKα1/ULK1-mediated, FUNDC1-dependent
mitophagy activation [122,123].

3.2 Mitochondrial Dynamics

Mitochondrial dynamics, the process by which mito-
chondria maintain their morphology, quantity, and func-
tional equilibrium through continuous fission and fusion,
play a pivotal role in cellular energy metabolism, oxida-
tive stress regulation, apoptosis, and intracellular signaling
[124].

3.2.1 Mitochondrial Fusion
3.2.1.1 Physiological Mechanism. In mammalian cells,
mitochondrial fusion is mediated by MFN1/2 and OPA1,
which regulate OMM and inner mitochondrial membrane
(IMM) fusion, respectively [125,126]. The process of mi-
tochondrial merging is divided into a two-phase sequence:
outer mitochondrial membrane union, followed by inner
mitochondrial membrane union.

For OMM fusion, MFN1/2 proteins tether opposing
mitochondria via their HR2-domains, forming a SNARE-
like tethering complex [127,128,129]. This tethering ac-
tivity depends on GTP hydrolysis [130,131]. MFN1 ex-
hibits stronger GTPase activity in its G-HB1 domain com-
pared to MFN2, with MFN1 predominantly driving GTP
hydrolysis [132]. GTP binding triggers conformational
changes in MFN proteins from a folded to an upright
state, enabling G-domain dimerization between opposing
OMM-bound MFNs to complete tethering [133]. MFN2
forms homotypic (MFN2-MFN2 or MFN1-MFN1) or het-
erotypic (MFN1-MFN2) oligomers at the OMM [61,134].
MFN1-MFN2 heterotypic complexes demonstrate superior
fusion efficiency, likely due to GTP loading and hydrol-
ysis dynamics [132]. Following GTP hydrolysis, the G-

domains and HB1 domain of trans-MFN dimers adopt a
closed conformation, pulling OMMs into proximity for
membrane merger [133]. Moreover, MFN2 enhances the
direct contact between the ER and mitochondria [135].
During GTP hydrolysis, the N-terminal cytoplasmic do-
main of the dynamin-like protein ATL forms trans-dimers,
pulling adjacent ER membranes closer for fusion via its
three-helix bundle (3HB) [136,137] (Fig. 3). OPA1 medi-
ates IMM fusion through homotypic (OPA1-OPA1) or het-
erotypic (OPA1-cardiolipin) complexes formed post-OMM
fusion [138,139]. OPA1 comes in two forms: the lengthy L-
OPA1 variant and the shorter S-OPA1 version, both result-
ing from the enzymatic breakdown of a protein. Similari-
ties in the MGD domains of S-OPA1 and the yeast protein
Mgm1 point to a shared function in the IMMmembrane fu-
sion process [139]. OPA1, a GTPase, shapes IMM cristae;
its loss causes mitochondrial fragmentation and cristae dis-
organization [140]. Mgm1/OPA1 assembly induces mem-
brane curvature to form unstable cristae tips. Contact be-
tween opposing tips initiates lipid mixing and pore expan-
sion for IMM fusion [133]. Cardiolipin is critical but its
exact role remains unclear (Fig. 3).

3.2.1.2 Pathological Targets. Moderate mitochondrial fu-
sion protects against mitophagy during nutrient stress,
while excessive fusion suppresses mitophagy [141]. High-
fat diets reduce hepatic MFN1 expression, correlating with
MASH progression [142]. Reduced MFN2 levels observed
in MASH patients and murine models exacerbate disease
by impairing phosphatidylserine (PS) transfer to mitochon-
dria, promoting phospholipid biosynthesis and ER stress.
OPA1 downregulation in high-fat diet-fed mice is reversed
by liraglutide treatment [60]. Bitter melon extract and sal-
vianolic acid B upregulate MFN1/MFN2 expression, mit-
igating oxidative stress and hepatocyte death to alleviate
hepatic inflammation and steatosis [143,144]. The antidia-
betic drug pioglitazone enhances OPA1 and MFN2 expres-
sion while suppressing DRP1, protecting mitochondrial in-
tegrity [145].

3.2.2 Mitochondrial Fission

3.2.2.1 Physiological Mechanism. Mitochondrial fission
occurs in response to oxidative stress-induced damage, seg-
regating impaired mitochondria from healthy ones [146,
147]. This process is regulated by DRP1 and its recep-
tors, including fission 1 (FIS1), mitochondrial fission fac-
tor (MFF), mitochondrial dynamics proteins of 49 kDa
(MID49), and MID51 [148,149]. Under fission signals,
cytosolic DRP1 translocates to the OMM, where it binds
to receptor proteins and assembles into GTP-dependent
higher-order complexes that constrict and sever mitochon-
dria [149,150]. Among these receptors, MFF andMID pro-
teins exhibit stronger interactions with DRP1 [151,152],
while FIS1 and MFF independently recruit and oligomer-
ize DRP1 at the OMM, with MFF playing a dominant
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Fig. 3. The process of mitochondrial dynamics in mitochondrial quality control. (A) Under GTP hydrolysis, mitochondrial fusion
occurs through the changes in the stereoconformation of MFN1/2 proteins on the two mitochondria and the docking of OPA1 proteins
on the inner membrane, respectively resulting in OMM fusion and IMM fusion. (B) Mitochondrial fission is also a process in which
proteins such as MID49, MID51, FIS1 and MFF on the mitochondrial membrane attract DRP1 in the cytoplasm under GTP hydrolysis
and undergo spiral conformational changes. GTP, Guanosine triphosphate; MFN1/2, mitochondrial fusion protein 1/2; OPA1, optic
atrophy 1; OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; MID49/51, mitochondrial dynamics proteins
of 49kDa/51kDa; MFF, mitochondrial fission factor; DRP1, dynamin-related protein 1.

role [153,154]. GTP hydrolysis drives helical contraction
of DRP1 to complete mitochondrial scission [155]. Post-
fission, the resulting daughter mitochondria often display
unequal membrane potentials: the depolarized, damaged
mitochondrion is targeted for mitophagy [156] (Fig. 3).

3.2.2.2 Pathological Targets. Therapeutic interventions
targeting mitochondrial regulatory proteins have shown
great clinical potential. Pharmacological regulation of
key molecules, including DRP1, MFN2, and OPA1, can
restore cellular homeostasis. Specific strategies focus-
ing on post-translational modifications (PTMs) of MFN2
have been shown to be particularly effective in rebalanc-
ing mitochondrial dynamics [86,157]. DRP1 also initi-
ates mitophagy via mitochondrial recruitment, a process
linked to phosphorylation at Ser-616 and dephosphoryla-
tion at Ser-637, though the exact pathway remains un-
clear [158]. In MASH models with hepatic inflammation
and fibrosis, overexpression of isocitrate dehydrogenase 2

(IDH2) reduces FIS1 and DRP1 levels [142]. Metformin
activates AMPK signaling, promotes mitochondrial fission
in high-fat diet (HFD)-fed mice, restores membrane po-
tential, and upregulates ATP production [159]. In addi-
tion, it has been found that the natural compound narin-
genin can also regulate the AMPK pathway, increase mi-
tochondrial fusion and reduce fission to activate apopto-
sis of cancer cells [160]. Resolvin D1 (RvD1) protects
against hepatic ischemia-reperfusion injury by suppress-
ing DRP1-mediated fission [161]. Mdivi-1, a DRP1 in-
hibitor, alleviates MASH by blocking pathological mito-
chondrial fragmentation [162,163]. Rhein similarly inhibits
DRP1-dependent fission via the DRP1/PINK1/Parkin path-
way, enhancing mitophagy and reducing apoptosis [164].
Pyridostigmine (PYR), an acetylcholinesterase inhibitor,
improves mitochondrial morphology by upregulating ATP
synthesis and OPA1, DRP1, and FIS1 expression [165]. Li-
raglutide stabilizes mitochondrial structure by increasing
DRP1 and OPA1 levels [60].
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3.3 Mitochondrial Biogenesis
3.3.1 Physiological Mechanism

Mitochondrial biogenesis refers to the process by
which cells maintain energymetabolic homeostasis through
the regulation of mitochondrial generation, proliferation,
and functional remodeling. It coordinates mitochondrial
and nuclear genomes, encompassing mtDNA transcription,
translation, synthesis, import and assembly of nuclear DNA
(nDNA)-encoded mitochondrial proteins, and other regu-
latory steps [166]. This process is primarily governed by
peroxisome proliferator-activated receptor gamma coacti-
vator 1-alpha (PGC-1α) and its downstream signaling path-
ways [167]. As the central regulator of mitochondrial bio-
genesis, PGC-1α is activated by upstream Sirt1 and stimu-
lates NRF1/NRF2 to promote mtDNA transcription, repli-
cation, and the expression of mitochondrial transcription
factor A/B (TFAM/TFBM), ensuringmitochondrial genome
stability [168,169]. PGC-1α also activates estrogen-related
receptor alpha (ERRα) [170] and peroxisome proliferator-
activated receptor alpha (PPARα) [171,172], upregulating
SIRT3 to enhance mitochondrial protein synthesis. As a
rule, during the MASH stage, bacterial signalling and in-
flammatory cytokines inhibit AMPK, thereby reducing mi-
tochondrial biogenesis (Fig. 4).

3.3.2 Pathological Targets
Conditions like obesity, T2DM, cardiovascular disor-

ders, and fatty liver are linked to compromised PGC-1α
expression and its activity [173]. Dipicrylamine activates
the AMPK-PGC-1α/ERRα pathway to elevate SIRT3 lev-
els, ameliorating mitochondrial dysfunction and oxidative
stress [174]. Metformin upregulates PGC-1α expression
in T2DM patients via AMPK activation, thereby restor-
ing mitochondrial biogenesis [102]. Formoterol, a β2-
adrenergic receptor agonist, induces mitochondrial biogen-
esis by phosphorylatingAkt to produceNO,which activates
soluble guanylate cyclase (sGC) [175]. Sofosbuvir (SOF),
a nucleotide analog inhibitor of HCV polymerase, increases
hepatic and muscular PGC-1α and NRF1 expression in
young female rats [123]. Anthocyanins boost AMPK-PGC-
1α signaling, thereby rejuvenating mitochondria, promot-
ing their formation, and improving oxidative phosphory-
lation (OXPHOS) and fatty acid β-oxidation [176,177].
Moreover, Sitagliptin may dose-effectively increase PGC-
1α and irisin levels, which could enhance insulin sensitiv-
ity, glucose and lipid metabolism, and mitigate inflamma-
tory responses [178].

3.4 Mitochondrial Unfolded Protein Response
UPRᵐᵗ is a protective stress mechanism that restores

cellular homeostasis by addressing misfolded or dysfunc-
tional proteins within mitochondria [179]. Under mi-
tochondrial proteostatic imbalance, mitochondrial matrix
buildup of improperly folded proteins triggers UPRmt sig-
nals. UPRᵐᵗ activation partially depends on FUNDC1-

mediated mitophagy to reduce mtDNA stress [180] and
involves mitochondrial ROS (mtROS) acting as signal-
ing molecules to oxidize cytosolic chaperone DNAJA1
(HSP40) [181]. UPRmt works primarily through two
molecular pathways. The classical ATF4/ATF5-C/EBP-
homologous protein (CHOP) cascade controls transcrip-
tional stress adaptation, while the Sirt3-Forkhead box O3
(FOXO3a)-superoxide dismutase 2 (SOD2) axis coordi-
nates redox homeostasis through enzymatic antioxidant
regulation.

3.4.1 ATF4/ATF5-CHOP Pathway

3.4.1.1 Physiological Mechanism. In this pathway, CHOP
transcription is induced by mitochondrial proteotoxic stress
through the c-Jun N-terminal kinase (JNK) signaling cas-
cade [182]. CHOP, part of the integrated stress response
(ISR), upregulates mitochondrial chaperones (e.g., Hsp60,
Hsp10, mtHsp70) and proteases (e.g., LONP1, ClpXP) to
refold or degrade misfolded proteins [183,184,185,186].
Chaperones facilitate GTP-dependent protein folding and
prevent cytoplasmic leakage of mitochondrial proteins
[184], while proteases clear damaged proteins [185,186].
Although non-proteotoxic mitochondrial stress can induce
CHOP via ATF4, this process lacks chaperone activation
[183,187]. ATF5 translocates from mitochondria to the nu-
cleus during stress, enhancing chaperone and protease tran-
scription [188]. ISR activation phosphorylates eIF2α, pro-
moting ATF4, ATF5, and CHOP activity [189] (Fig. 5).

3.4.1.2 Pathological Targets. PYR upregulates UPRᵐᵗ fac-
tors LONP1 and HSP60, alleviating obesity-induced liver
injury [165]. Vacuolar H-ATPase (v-ATPase) activates
mTORC1-dependent ATF4 phosphorylation to drive UP-
Rᵐᵗ transcription [190]. Resveratrol modulates UPRᵐᵗ
by upregulating ATF4/ATF6 and downregulating CHOP,
thereby mitigating ER stress [191]. Research indicates that
nanoparticles infused with curcumin can jumpstart the au-
tophagy process, thus safeguarding cells from dying off.
This protective mechanism is believed to be tied to its abil-
ity to fine-tune the signaling pathway that’s activated by
eIF2α in the context of endoplasmic reticulum stress [192].
In addition, berberine may also primarily inhibit ER stress
by targeting eIF2α [193].

3.4.2 Sirt3-FOXO3a-SOD2 Pathway

3.4.2.1 Physiological Mechanism. This pathway operates
independently of ATF4/ATF5-CHOP and is activated by
both proteotoxic stress and mitochondrial ROS [194]. Dur-
ingmitochondrial dysfunction, Sirt3 deacetylatesFOXO3a,
promoting its nuclear translocation and transcriptional ac-
tivity. This enhances antioxidant enzymes SOD2 and cata-
lase, reducing superoxide accumulation and oxidative dam-
age [195,196]. Sirt3 also activates SOD2 via deacetylation,
converting superoxide to hydrogen peroxide, which cata-
lase further detoxifies to water [197]. This cascade mini-
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Fig. 4. The process of mitochondrial biogenesis in mitochondrial quality control. Mitochondrial biogenesis mainly involves the
activation of NRF-1/NRF-2 gene, AMPKα1/ULK1 pathway, and the binding of ERR and PPAR by PGC-1α protein, resulting in the
transcription of mitochondrial RNA. AMPKα1, adenosine activated protein kinaseα1; ULK1, Unc-51 like autophagy activating kinase 1;
ERR, estrogen-related receptor; PPAR, peroxisome proliferators-activated receptors; PGC-1α, peroxisome proliferator-activated receptor
gamma co-activator-1 alpha gene.

mizes oxidative protein misfolding in the matrix [198]. The
pathway’s interplay with PINK1-mediatedmitophagy high-
lights novel mechanistic links between UPRᵐᵗ and MQC
[199,200] (Fig. 5).

3.4.2.2 Pathological Targets. Liraglutide activates
SIRT1/SIRT3-FOXO3a signaling, enhancing mitophagy
and proteostasis to mitigate MASLD progression [60].
Hypoxia training reduces Sirt3, FOXO3a, and SOD2 levels
in mice, suggesting Sirt3-FOXO3a signaling mediates
hypoxia-induced mitophagy [201].

4. Drugs and Targets or Pathways
Clinically, many drugs have been shown to act on

the corresponding targets and pathways of MQC, thereby
achieving therapeutic effects for MASLD (Table 1, Ref.
[17,60,100,102,103,113,114,120,122,123,143,144,145,
159,160,161,162,163,164,165,174,175,176,177,178,190,
191,192,193,202,203,204,205,206,207]).

5. Conclusion
This review systematically elucidates the critical role

of MQC mechanisms, including mitophagy, mitochon-
drial dynamics, biogenesis, and UPRmt, in the pathogen-
esis and progression of MASLD. Dysregulation of MQC
disrupts mitochondrial homeostasis, driving fragmentation,
metabolic impairment, and exacerbation of hepatic steato-
sis, inflammation, and cellular injury. Critically, defective
mitophagy accelerates the accumulation of damaged mito-
chondria, amplifying oxidative stress and impairing hepa-
tocyte regeneration. While pharmacological interventions
targeting MQC components show therapeutic promise, sig-
nificant mechanistic and translational limitations persist,
necessitating critical appraisal:

(1) Interdependence of MQC Pathways: The complex
temporal and mechanistic crosstalk between MQC path-
ways (e.g., mitochondrial fission enabling mitophagy vs.
excessive fission disrupting network integrity) remains in-
completely resolved. Emerging tools like CRISPR/Cas9-
mediated gene editing offer unprecedented precision to dis-
sect these interactions in vivo (e.g., conditional knockout of
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Table 1. Drugs targeting MASLD.
Drugs Subject of experimentation Targets or pathways References

Tryptanthrin in vitro macrophages NOD-like receptor thermal protein domain associated pro-
tein 3 (NLRP3)

[17]

Griseofulvin in vitro cells and mice nuclear factor kappa-B (NF-κB), cGAS-STING [202]
Glycyrrhiza Uralensis Polysac-
charides

mice cGAS-STING [203]

Licorice flavonoids mice cGAS-STING [204]
Puerarin mice Nuclearfactor erythroidderived 2-like 2

(NRF2)/Glutathione peroxidase 4 (GPX4)
[205]

Auroursodeoxycholic acid mice Transferrin receptor protein (TFRC) [206]
New sesquiterpenes and viridin
derivatives

zebrafish PTEN-induced putative kinase 1 (PINK1)/Parkin [100]

Metformin human PINK1/Parkin, Adenosine 5’-monophosphate (AMP)-
activated protein kinase (AMPK)

[102,159]

Atractyloside mice AMPK [103]
Resveratrol/polydatin in vitro hepatocytes SIRT1, SIRT3, PINK1 [113,114]
Artesunate in vitro hepatocytes FUN14 domain containing 1 (FUNDC1) [120]
Empagliflozin mice adenosine activated protein kinase α1 (AMPKα1), Unc-51

like autophagy activating kinase 1 (ULK1), FUNDC1
[122,207]

Liraglutide mice dynamin-related protein 1 (DRP1), optic atrophy 1 (OPA1) [60]
Bitter gourd mice mitochondrial fusion protein 1/2 (MFN1/2) [143]
Salvianolic acid B mice MFN1 /MFN2 [144]
Pioglitazone mice OPA1, MFN2, DRP1 [145]
Naringenin in vitro cells and mice AMPK [160]
Resolvin D1 mice DRP1 [161]
Mdivi-1 mice DRP1 [162,163]
Rhein mice DRP1, PINK1/Parkin [164]
Pyridostigmine (PYR) mice OPA1, DRP1, Fission 1 (FIS1) [165]
Dihydromyricetin in vitro hepatocytes and mice AMPK-PGC-1α/estrogen-related receptor (ERRα) [174]
Metformin human peroxisome proliferator-activated receptor gamma co-

activator-1 alpha gene (PGC-1α)
[102]

Formoterol New Zealand white rabbits Akt-sGC [175]
Sofosbuvir (SOF) mice PGC-1α, NRF1 [123]
Anthocyanin mice AMPK-PGC-1α [176,177]
Sitagliptin mice PGC-1α [178]
Pyridostigmine (PYR) mice LONP1, HSP60 [165]
v-ATP enzyme mice activating transcription factor 4/5 (ATF4/5)-C/EBP-

homologous protein (CHOP)
[190]

Resveratrol human ATF4/6-CHOP [191]
curcumin-loaded nanoparticles in vitro cells eIF2α [192]
Berberine mice eIF2α [193]
Liraglutide mice Sirt3-Forkhead box O3 (FOXO3a)-superoxide dismutase 2

(SOD2)
[60]

PINK1, Parkin, or fission/fusion regulators), enabling tar-
geted validation of therapeutic nodes.

(2) Pharmacological Limitations and Clinical Transla-
tion: Current MQC-targeting drugs (e.g., fission inhibitors,
mitophagy inducers) face substantial hurdles: poor tissue
specificity, off-target effects, and inadequate pharmacoki-
netics for sustained hepatic exposure. Many compounds
lack isoform selectivity, raising safety concerns. Moreover,
efficacy data remain largely confined to rodent models or

in vitro systems, with minimal human validation. Human
clinical trials are urgently needed but are hampered by the
absence of reliable biomarkers to stratify patients based on
MQC dysfunction phenotypes and monitor target engage-
ment. Critically, most agents target singleMQC nodes, fail-
ing to address the interconnected nature of MQC failure in
MASLD. This “whack-a-mole” approach risks therapeutic
dead ends without combinatorial strategies.
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Fig. 5. The process of mitochondrial unfolded protein response (UPRmt) in mitochondrial quality control. UPRmt is mainly per-
formed through the ATF4/ATF5-CHOP and Sirt3-FOXO3a-SOD2 pathways, but other pathways may also exist. ATF4/ATF5-CHOP
pathway can eventually form chaperone proteins and proteases to clear damaged or misfolded proteins. Sirt3-FOXO3a-SOD2 pathway
can ultimately reduce the accumulation of mitochondrial superoxide, which is also closely related to the PINK1 pathway to a certain ex-
tent. ATF, activating transcription factor; CHOP, C/EBP-homologous protein; FOXO3a, Forkhead box O3; SOD2, superoxide dismutase
2.

(3) Impaired Liver Regeneration: MQC dysfunction
critically undermines hepatocyte regeneration in advanced
MASLD, particularly post-resection. Downregulation of β-
oxidation regulators (PPARα, CPT1α) and disrupted sig-
naling (e.g., PPARβ/Akt/E2F) impair energy supply and
proliferation [208,209]. Direct mechanistic links between
MQC failure and regeneration defects warrant urgent inves-
tigation using lineage-tracing models and human explants.

Furthermore, while MQC modulation holds com-
pelling mechanistic promise for MASLD, its clinical via-
bility hinges on resolving pharmacological shortcomings,
advancing human studies, and integrating systemic thera-
pies. CRISPR-driven target discovery and MQC-specific
biomarker development represent critical frontiers for de-
risking translation and personalizing interventions.
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