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Abstract

Metabolic dysfunction-associated steatotic liver disease (MASLD) has garnered considerable attention globally.
Changing lifestyles, over-nutrition, and physical inactivity have promoted its development. MASLD is typically
accompanied by obesity and is strongly linked to metabolic syndromes. Given that MASLD prevalence is on the
rise, there is an urgent need to elucidate its pathogenesis. Hepatic lipid accumulation generally triggers lipotoxicity
and induces MASLD or progress to metabolic dysfunction-associated steatohepatitis (MASH) by mediating
endoplasmic reticulum stress, oxidative stress, organelle dysfunction, and ferroptosis. Recently, significant attention
has been directed towards exploring the role of gut microbial dysbiosis in the development of MASLD, offering

a novel therapeutic target for MASLD. Considering that there are no recognized pharmacological therapies due

to the diversity of mechanisms involved in MASLD and the difficulty associated with undertaking clinical trials,
potential targets in MASLD remain elusive. Thus, this article aimed to summarize and evaluate the prominent roles
of lipotoxicity, ferroptosis, and gut microbes in the development of MASLD and the mechanisms underlying their
effects. Furthermore, existing advances and challenges in the treatment of MASLD were outlined.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is a metabolic
liver injury characterized by excessive deposition of tri-
glycerides (TG) in hepatocytes [1, 2]. It is an umbrella
term for a range of liver diseases, including non-alcoholic
fatty liver (NAFL), simple fatty liver (SFL), non-alcoholic
steatohepatitis (NASH), cirrhosis, and hepatocellular
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carcinoma (HCC) in severe circumstances [2]. With the
age of onset of NAFLD progressively decreasing and its
relationship with cancer risk, research on NAFLD has
become even more urgent [3].

The two-hit hypothesis was initially proposed to
explain the pathogenesis of NAFLD, implying that a sec-
ond strike of other causative factors needs to be involved
in the development from simple hepatic steatosis to
NASH [4, 5]. Nevertheless, this hypothesis is gradually
being revised as new theories emerge. Indeed, various
factors, including genetics, dietary habits, air pollution,
alcohol, smoking, and insulin resistance, influence the
development of NAFLD [6-8]. Notably, oral health, such
as periodontitis, has been reported to be linked to the
development of NAFLD [9-11]. With an evolving under-
standing of the pathogenesis of NAFLD, its terminology
has shifted to MASLD, whilst that of NASH was rede-
fined as metabolic dysfunction-associated steatohepati-
tis (MASH) [12]. Given the correlation between MASLD
and metabolic syndrome, it often coexists with metabolic
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disorders [13]. At the same time, MASLD involves mul-
tiple pathogenic molecular pathways, thus leading to
heterogeneity in its pathogenesis and clinical manifesta-
tions [14—16]. Based on these findings, a new theory is
proposed referring to conditions beyond normal hepatic
metabolic capacity, excessive deposition of toxic lipids,
hepatocellular stress, injury, and death [17]. The intricate
molecular mechanisms underlying MASLD are gradually
elucidated. For instance, transmembrane 6 superfam-
ily member 2 (TM6SF2) plays a key role in MASLD, and
participates in the regulation of lipid metabolic processes
[18, 19]. Nevertheless, there is still no clinically recog-
nized agent for the treatment of MASLD. Therefore, there
is an urgent need for further exploration of its pathogen-
esis. Herein, we aim to conclude molecular mechanisms
of MASLD, thus laying a theoretical reference for subse-
quent diagnostic and therapeutic development.

The pathogenesis of MASLD

Risk factors for MASLD include obesity, insulin resis-
tance, hypertension, and hypertriglyceridemia (Fig. 1). As
anticipated, the global prevalence of MASLD increases in
parallel with global obesity rates. A meta-analysis docu-
mented a prevalence of MASLD of 75.27% in the obese
population [20]. Disorders of lipid metabolism are the
primary cause of fatty liver. MASLD is predominantly
hallmarked by triglyceride accumulation in hepatocytes.
Earlier studies have established that a reduction in the
level of triglyceride lipase could effectively lower the risk
of high-fat diet-induced MASH in mice [21]. While the
majority of MASLD patients are obese adults, its inci-
dence in leaner individuals is on the rise, leading to its
designation as “lean liver disease” [22].

Hepatic steatosis can induce oxidative stress, organ-
elle dysfunction, apoptosis, and other pathophysiological
changes, thereby promoting the progression of MASLD
to MASH and liver fibrosis [23]. Steatosis is the result of
caloric overload and the accumulation of large amounts
of triglycerides in hepatocytes. The metabolism of free
fatty acids (FFA), substrates for TG formation, is of par-
ticular importance in this process. The hepatic pathway
for fatty acid acquisition encompasses exogenous dietary
intake, as well as de novo lipogenesis (DNL). Numer-
ous studies have described that the fatty acids (FAs) are
tightly regulated in tissue despite fluctuations in FFA
intake. Consequently, increasing FFA intake will not sig-
nificantly affect its concentration in tissue, but prolonged
intake exceeding 10% of total energy can have detrimen-
tal effects on health [24]. The close association between
the liver and adipose tissue is related to the uptake and
synthesis of lipids in the liver. FAs are released into the
bloodstream from adipose tissue and transported to the
liver bound to plasma proteins. Membrane-bound fatty
acid transport proteins (FATPs), namely FATP2 and
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FATP5, which have been identified in the liver, facilitate
the uptake of fatty acids and make them available for
hepatic lipid metabolism [25]. According to earlier stud-
ies, deficiency of FATPs mitigated the accumulation of
hepatic FAs in a high-fat model of mice [26], demonstrat-
ing the promising role of FATPs during hepatic steatosis.

The level of the fatty acid translocase CD36 is increased
on the plasma membrane of hepatocytes of MASH
patients, while inhibition of CD36 palmitoylation amelio-
rates intracellular lipid accumulation, providing a viable
therapeutic strategy for the treatment of MASLD [27].
Moreover, the levels of two key enzymes in DNL, acetyl-
CoA carboxylase (ACC) and fatty acid synthase (FAS),
are elevated in MASLD patients, implying that DNL plays
an essential role in lipid deposition. Although the mech-
anisms underlying the activation of DNL in MASLD
remain to be elucidated, dysregulation of DNL is consid-
ered crucial for fatty liver formation. Increased fatty acid
oxidation does not eliminate hepatic lipid deposits but
induces dysfunctional mitochondria to produce excessive
ROS, thereby contributing to oxidative stress and leading
to the development of liver disease [28]. Elevated levels of
triglycerides in circulation facilitate FFA infiltration into
non-fat tissues, leading to abnormal accumulation of fat
and dysfunction of non-fat cells. Recently, the concept of
lipotoxicity was introduced. Lipotoxicity drives hepato-
cyte death by activating inflammatory pathways [29-31].

As previously mentioned, the precise mechanisms
underlying MASLD remain to be elucidated. This arti-
cle focused on organelle dysfunction related to hepato-
cyte injury in the progression of MASLD. The concept
of lipotoxicity has been proposed as one of the driving
factors leading to MASH, which causes dysregulation of
hepatic lipid metabolism and, thus, hepatocellular dam-
age. Enhanced lipotoxicity results in substantial hepa-
tocyte damage via endoplasmic reticulum (ER) stress,
activation of inflammatory vesicles, and cell death (Fig. 1)
[18]. Meanwhile, ferroptosis and gut microbial dysbiosis
have also emerged as research hotspots in recent years
for exploring the underlying mechanisms of MASLD
pathogenesis.

Lipotoxicity in MASLD

ER stress

As is documented, the unfolded protein response (UPR)
refers to a defensive response that maintains the dynamic
homeostasis of the endoplasmic reticulum environment,
but its prolonged activation induces apoptotic pathways
that ultimately cause hepatocyte damage and death [32,
33]. Under different stressful conditions, molecular chap-
erones undergo ectopic translocation, phosphorylating
the three ER receptors and subsequently activating the
immunoglobulin-regulated enhancer 1 (IRE1), protein
kinase RNA-like endoplasmic reticulum kinase (PERK)
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Fig. 1 Potential sources and mechanisms of hepatic fat accumulation. Genetic risk, lifestyle, and metabolic factors all contribute to hepatic steatosis. Lipid
accumulation in hepatocytes leads to lipotoxicity, which activates oxidative stress-related molecules and signals and transmits them between cells in the
form of extracellular vesicles or diffusion, thereby triggering the cell death program and pushing hepatic steatosis toward inflammation and fibrosis. FFA,
free fatty acid; TG, triglyceride; ER, endoplasmic reticulum; EV, extracellular vesicles
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or activating transcription factor 6 (ATF6) signaling path-
ways [34, 35]. Previous studies have reported that ATF6a,
PERK/eukaryotic initiation factor-2a (eIF2a), and IREla/
X-box binding protein 1(XBP1), three ER stress sensing
pathways, can regulate the development of MASLD by
altering lipid synthesis [36]. Similarly, all three pathways
promote the synthesis of C/EBP-homologous protein
(CHOP) and directly affect ER stress [37—39]. The down-
regulated expression of GRP78, IREla, XBP1, phosphor-
ylated elF2a, CHOP, and ATF6 attenuates inflammation
and HFD-induced ER stress. Salubrinal regulates lipid
metabolism and down-regulates CHOP expression via
the elF2a signaling pathway to alleviate lipid accumula-
tion in the liver, providing strategies to mitigate MASLD
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[40]. Narjes et al. demonstrated that the administration
of empagliflozin for five weeks reduced hepatocyte apop-
tosis and relieved MASLD in HFD-fed mice [41]. Mean-
while, a newly discovered traditional Chinese medicine,
Berberine, effectively inhibited PERK-ATF4-CHOP
pathway in mouse hepatocytes and macrophages but did
not affect ATF6, IREla, and GRP78 protein levels [42].
Valdecoxib (VAL), a COX-2 inhibitor, was reported to
alleviate lipid accumulation in hepatocytes, and this pro-
tective effect was dependent on reduction of ER stress
[43]. Therefore, modulating hepatic ER stress represents
an effective approach for the treatment of MASLD.
Overall, ER stress remains a popular topic for explor-
ing the pathogenesis of MASLD, wherein CHOP plays a
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Fig. 2 Molecular mechanisms associated with hepatocyte lipotoxicity and apoptosis. There are 3 major sources of fatty acids in the liver, including dietary
intake, self-synthesis from scratch, and catabolism by peripheral adipose tissue. FFA is transported into the hepatocytes to synthesize triglycerides, which
leads to hepatic steatosis. Lipotoxicity induces death receptor signaling pathways that recruit caspase 8 to cleave Bid and regulate apoptosis. Excess SFA
accumulates in the ER and induces ER stress, which in turn induces the transcription factor CHOP and mediates the onset of JNK. CHOP not only inter-
acts with activated c-jun to upregulate the transcription of the pro-apoptotic BH3 protein, PUMA but also increases the expression of another BH3-only
protein, Bim, which synergistically activates the pro-apoptotic protein, Bax. Bim and PUMA synergistically activate the pro-apoptotic protein Bax, which
causes mitochondrial dysfunction and induces apoptosis through the release of cyt C and the activation of caspases proteases. Mitochondrial dysfunc-
tion, on the other hand, also leads to the overproduction of reactive ROS, which causes oxidative stress and further induces cell death. FFA, free fatty acid;
SFA, saturated fatty acid; ER, endoplasmic reticulum; oxygen species
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Fig. 3 The regulatory mechanisms of ferroptosis in MASLD and its effects on the progression of MASLD. Cystine enters the cell via SLC7A11 and SLC3A2
embedded in the surface of the cell membrane and is then oxidized to cysteine, which is catalytically synthesized into GSH.GPX4 utilizes the ability of
GSH to convert lipid peroxidation of [-OOH to L-OH, losing its peroxidative activity and thus protecting against the induction of ferroptosis. Nrf2 inhibits
ferroptosis by regulating GPX4 and iron metabolism. PUFA binds to phosphatidylethanolamine(PE) to form polyunsaturated fatty acids phospholipids,
the latter of which are susceptible to lipoxygenase(LOX)-mediated free radical-induced oxidation that induces ferroptosis. Fe3+is uptaken by TFRT,
reduced to Fe2 + by STEAP3, and later transported into the cytoplasmic unstable iron pool (LIP), a regulator of iron metabolism, and two proteins in the
family of zinc-iron-modulated proteins (ZIP8/14), however, in the presence of excess Fe2+, can induce cellular ferroptosis by increasing reactive oxygen
species generation and promoting lipid peroxidation formation via the fenton pathway. GSH, glutathione; GPX4, glutathione peroxidase 4; Nrf2, nuclear
erythroid-related factor 2; PUMA, P53-up-regulated modulator of apoptosis; TFR1, transferrin receptor 1

P53-up-regulated modulator of apoptosis; TFR1, transferrin receptor 1

critical role (Fig. 2). Moreover, molecules like XBP1 are
also closely related to URP activation and constitute a
potential novel target for suppressing ER stress. A grow-
ing body of evidence has acknowledged the important
role of maladaptive UPR in the progression of liver dis-
ease [44, 45]. Therefore, future research may focus on
liver-specific ER stress modulators. Additionally, stud-
ies with IRE1 and ATF6 in MASLD are warranted to

determine the effects of IRE1 or ATF6 inhibitors on
MASLD and to identify new targeted drugs for this
scenario.

B-cell lymphoma-2(Bcl-2) family proteins and apoptosis

Saturated fatty acids induce apoptosis in hepatocytes
(Fig. 2) through the up-regulation of Bcl2-associated x
(Bax) and Bcl-2 interacting mediator (Bim) of cell death
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in the c-Jun N-terminal kinase (JNK)-a dependent path-
way and upregulation of the BH3-only protein (bcl-2
homolog3r domain only proteins). P53-up-regulated
modulator of apoptosis (PUMA) has also been detected
in human samples and animal models with MASH
[46-48]. Upregulation of hepatic PUMA expression is
governed by JNK1 and CHOP transcription [49, 50].
The pro-apoptotic protein PUMA interacts with Bax to
mediate mitochondrial apoptosis and mobilize caspase
activity [51], which is strongly associated with the pro-
gression of MASLD and MASH [52]. In addition, Bim
likewise contributes to adipocyte apoptosis and interacts
with PUMA to mediate palmitate-induced hepatocyto-
toxicity [53, 54]. Thus, the deficiency of Bim and PUMA
in hepatocytes might alleviate apoptosis and provide a
promising direction for the development of MASLD.
Prior experiments have demonstrated that the JNK inhib-
itor JM-2 attenuated adipocyte apoptosis and MASLD
by limiting palmitic acid (PA)-induced liver fibrosis and
lipid metabolism [55]. Tamoxifen was found to inhibit
hepatic fat accumulation by mediating the JNK/MARK
signaling pathway, suggesting potential implications for
MASLD treatment [56]. At the same time, the protein
expression levels of anti-apoptotic such as Mcl-1, which
comprises four BH structural domains, were reduced in
FFA-exposed hepatocytes [57]. Fernando ] et al. revealed
that FFA regulates Bim expression by activating FoxO3a
and proposed a strategy for the potential treatment of
MASH [54]. Cellular Keapl protein responds to PA-
induced hepatotoxicity by undergoing degradation via
the p62-dependent autophagy pathway to activate Bim
and PUMA, triggering apoptotis [58]. Activation of the
pro-apoptotic protein Bax results in cell death by altering
mitochondrial membrane permeability and stimulating
the caspase response. Given that the level of cytokera-
tin fragments produced by caspase catabolism serves as
a marker in the development of MASLD, caspase inhibi-
tors are a prospective treatment direction [59]. Various
caspase inhibitors (Q-VD-OPh, Belnacasan/VX765) have
been pioneered, offering candidate therapeutic strategies
for MASLD [60, 61]. An aldose reductase inhibitor, epalr-
estat, acts as the upstream of caspase-1 to inhibit NLRP3
inflammatory vesicles and ameliorate MASH pathol-
ogy [62]. Recently, Elodie Bosc et al. presented a defini-
tive perspective on caspase-2-specific inhibitors for the
treatment of MASLD, while their studies exposed that
3-(S)-neopentyl proline (LJ3a) and 6-methyl-tetrahydro-
isoquinoline (LJ2a) inhibited caspase-2-mediated activa-
tion of SREBP2 [63].

Taken together, hepatic apoptosis induced by caspases,
Bcl-2 family proteins, and c-Jun N-terminal kinase has an
impact on influences MASLD/MASH activation. Mul-
tiple apoptosis inhibitors have been identified as poten-
tial treatments for MASH. Several clinical trials targeting
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apoptosis in MASH patients are currently ongoing and
are expected to be an attractive field for mitigating the
progression of MASLD in the future.

Mitochondrial disorder

Bedair Dewidar et al. constructed a MASLD mouse
model and measured its mitochondrial respiration. The
findings showed that hepatic mitochondrial respira-
tion increased due to fatty acid oxidation (FAO)-driven
adaptation to metabolic disorders in response to altera-
tions in lipid metabolism, systemic oxidative stress, and
other changes [64]. Interestingly, MASH patients, on the
other hand, exhibit increased mitochondrial uncoupling
and leakage activity, structural defects, and decreased
function, leading to excessive oxidative stress in the liver
[65, 66]. Voltage-dependent anion channel (VDAC) acts
as an early sensor of lipotoxicity. In response to lipid
accumulation, VDAC exhibits a reduction in GSK3-
mediated phosphorylation, modulating the permeabil-
ity of the outer mitochondrial membrane. This allows a
large influx of water and calcium into the mitochondria,
leading to organelle edema as well as the release of cyt C
that eventually induces cell death [67, 68]. Furthermore,
in PA-mediated lipotoxicity, the mitochondrial protein
Sab interacts with JNK, leading to impairment of the
mitochondrial electron respiratory chain, increased ROS
production, and ultimately activation of apoptosis [69].
Mitochondrial autophagy eliminates ROS to maintain
mitochondrial homeostasis and holds significant impli-
cations for the treatment of MASLD [70]. At the same
time, excessive intake of SFAs affects the structure and
function of hepatic mitochondria and limits respiratory
efficiency, which induces liver damage [71]. Additionally,
cAMP-response element binding protein H (CREBH),
which specifically regulates hepatic lipid metabolism, has
been implied as a therapeutic target for hepatocyte resis-
tance to mitochondrial oxidative stress and inflammation
in MASH [72].

Collectively, the previous study demonstrated that
SFA plays a vital role in the progression of hepatic ste-
atosis as well as MASLD by impacting the regulation of
mitochondrial function [73, 74]. A large number of stud-
ies conducted in mice and humans have determined
that mitochondrial respiration is typically increased in
the early stages of hepatic steatosis [64, 75]. However,
this role of mitochondrial respiration in bioenergetics
remains underexplored, and there is growing evidence
that reactive oxygen species and lipid peroxidation are
generated in patients with hepatic steatosis, thereby
impairing the respiratory chain and inducing apoptosis
[76]. This culminates in a vicious cycle in which massive
ROS production exacerbates apoptosis. Although a link
between apoptosis stimulated by mitochondrial dysfunc-
tion and MASLD has been proposed [77, 78], further
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research is necessitated to determine the mechanisms by
which SFA regulates mitochondrial respiration, electron
leakage, and other pathways that may play a role in the
initiation of apoptotic processes.

Lysosomal dysfunction

Studies have uncovered that the relative absence of lyso-
somal acid lipase in the liver of patients with MASLD
reflects lysosomal dysfunction [79, 80]. Of note, dam-
aged autophagy in MASLD is caused by defective lyso-
somal acidification and lysosomal calcium retention
[81, 82]. FFA contributes to the translocation of Bax to
lysosomes in hepatocytes, rendering lysosomes unsta-
ble and releasing cathepsin B (ctsb) into the cytoplasm,
thereby mediating lipotoxicity [83]. Autophagy refers to
the mechanism responsible for removing dysfunctional
intracellular components through lysosomal degradation
and has been shown to mediate intracellular lipid metab-
olism, a phenomenon termed lipophagy [84]. Recently,
Karla K. Frietze et al. unveiled that DDX58 deficiency
impairs autophagy and that DDX58 overexpression pre-
vents PA-induced death, indicating that autophagy is a
new direction for the treatment of MASLD [85]. At the
same time, Liu et al. concluded that autophagy inhibition
could be regarded as a potential contributor to MASLD
and highlighted the potential of Nrf2, an anti-oxidative
stress transcription factor, for the treatment of fatty
liver disease [86]. Previous studies have also reported
that unsaturated fatty acids exert a protective effect on
organelle dysfunction induced by saturated fatty acids
[87]. Liu et al’s study further demonstrated that oleic acid
(OA) supplementation attenuated lysosomal dysfunction
caused by disrupted autophagy, presenting OA as a ther-
apeutic agent for metabolic diseases, including MASLD
[88]. Of note, cholesterol from dead hepatocytes induces
macrophage lysosomal dysfunction, thereby promoting
the occurrence of MASH [89].

Ferroptosis in MASLD

Ferroptosis, first introduced by Stockwell’s work, is an
iron-dependent type of non-apoptotic cell death. It is
driven by the accumulation of lipid peroxides, unlike the
universal forms of cell death (autophagy, apoptosis, and
necrosis) [90]. Several studies have corroborated that fer-
roptosis exhibits unique morphological, biochemical, and
genetic features [90-92]. In terms of cellular morphol-
ogy, ferroptosis is characterized by smaller mitochon-
drial volume, increased membrane density, and a lower
number of cristae, along with insignificant changes in
the nucleus [93]. Biochemically, it is usually accompa-
nied by increased lipid peroxidation, elevated ROS levels,
and related genetic changes [94]. The regulation of fer-
roptosis is closely linked to a wide range of metabolisms
[95]. Consequently, mounting evidence emphasizes the
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close relationship between ferroptosis and liver meta-
bolic diseases [96, 97], including MASLD [98, 99]. Given
the relevance of ferroptosis to MASLD, understanding
and elucidating the exact pathogenesis of ferroptosis
in affecting MASLD is significant. In other words, such
insights may contribute to the development and applica-
tion of potential therapeutic target drugs for MASLD in
the future.

Considering the susceptibility of the liver to iron
metabolism and lipid peroxidation, a substantial body
of evidence supports the notion that ferroptosis may be
closely associated with the pathogenesis of MASLD. Li
et al. conducted RNA-seq analysis and revealed that fer-
roptosis was promoted by arachidonic acid metabolism
in a methionine-choline deficient (MCD)-diet induced
MASH mouse model, suggesting that ferroptosis may be
a therapeutic target for MASH [98]. The role of ferropto-
sis as a trigger for eliciting inflammation in MASH was
noted in a study carried out in 2019 [100]. Although the
underlying mechanisms of ferroptosis in MASLD remain
enigmatic, research on ferroptosis has remained vigorous
in recent years. Tong et al. observed that the ferroptosis
inhibitor liproxstatin-1 restricted hepatocyte apoptosis,
pyroptosis, and necroptosis in a mouse model of MAFLD
[101]. In addition, Liu et al. documented the antioxida-
tive and anti-inflammatory effects of zeaxanthin (ZAF),
an inhibitor of ferroptosis, in FFA-induced HepG2 cells
[102]. Most ferroptosis inhibitors can alleviate liver dam-
age and offer possible strategies for intervening in the
development of MASLD and inflammation. MASH pro-
gression is regulated by numerous ferroptosis-related
genes. Among them, GPX4 and Nrf2 stand out as protec-
tive mechanisms that inhibit ferroptosis (Fig. 3). Further
study of these genes may be beneficial for MASLD treat-
ment. GPX4 is an essential target in MASH, and up-regu-
lation of GPX4 expression can effectively alleviate hepatic
metabolic injury. However, a precise understanding of
the genetic modulation of GPX4 is still lacking. Further
elucidation of the role of GPX4 in MASH via depletion or
overexpression in hepatocytes is required. Thymosin beta
4 (TP4) inhibits ferroptosis and optimizes lipid metabo-
lism in HFD-induced MASLD mice by protecting against
hepatocyte injury and upregulating GPX4 [103]. Zhang
et al. identified inhibition of the tripartite motif-contain-
ing (TRIM59) family as a possible candidate for MASLD
treatment, given that it promotes ferroptosis and lipoat-
rophy by enhancing GPX4 ubiquitination [104, 105]. Tar-
geted induction of inducible-GPX4 (iGPX4) promotes
deleterious ferroptosis under MAFLD conditions, con-
trary to the effect of canonical-GPX4 (cGPX4). Thus, the
conversion of GPX4 isoforms provides new horizons for
ferroptosis regulation [106]. Nevertheless, MCD dietary
modeling is not a complete substitute for physiologically
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relevant diets in MASLD, posing limitations on data
interpretation on GPX4 isozyme conversion.

Given the complex involvement of multiple metabolic
pathways and ambiguity in the mechanisms of MASLD,
the role of ferroptosis in the prevention and treatment
of MASLD deserves further in-depth investigation. Lip-
roxstatin-1 (LPT1), a ferroptosis inhibitor, significantly
inhibits PANoptosis (a combination of apoptosis, pyrop-
tosis, and necroptosis) in MASLD and thus attenuates
hepatic lipoatrophy, which is conducive to the prevention
and treatment of MASLD [101]. In summary, although
ferroptosis inhibitors have shown promise in the treat-
ment of MASLD, long-term safety, and optimal dosing
regiments need to be further evaluated. In addition, pro-
spective studies remain a prerequisite prior to perform-
ing clinical trials.

Gut microbial dysbiosis in MASLD

Gut microbes (GM) play a pivotal role in metabolic
homeostasis, and disruptions in gut microbial homeo-
stasis can lead to the development of a variety of meta-
bolic disorders, including MASLD [107, 108]. Dysbiosis
of the intestinal flora may increase the permeability of
the intestinal barrier, which leads to enhanced absorption
of fatty acids [109]. On the other hand, intestinal damage
may induce liver damage by exposing the liver to bacte-
ria and their products, such as endotoxins [110]. GM can
also chemically modify bile acids (BA) and affect glucose
and lipid metabolism in the liver by modulating the BA
signaling pathway, thereby influencing the pathogen-
esis of MASLD [111]. Observations from several studies
indicate that the diversity of gut microflora is generally
lower in MASLD patients than in the healthy population.
Abundance of Gram-negative bacteria (e.g., Bacteroide-
tes) is enriched, while abundance of Prevotella is lower
[112, 113]. Mbaye et al. identified a potential association
between lactic acid bacteria and MASH by statistically
analyzing the microflora of 10 MASH patient cases and
controls [114]. It is universally recognized that gut micro-
bial metabolites play a key role in regulating MASLD
pathogenesis. Treatment using Lingguizhugan decoc-
tion (a traditional Chinese medicine prescription) for
four weeks effectively ameliorated MCD-induced MASH
features and reversed the alterations in the abundance of
57 gut microbial metabolites, suggesting the potential of
gut flora and its metabolites as therapeutic MASH tar-
gets [115]. Short-chain fatty acids (SCFAs), as one of the
most common products of carbohydrates (CHOs) and
proteins, exerts an integral positive effect in MASLD.
Furthermore, clinical evidence demonstrated that SCFA
levels are significantly lower in patients with MASH
[116]. For example, recent studies have evinced that com-
mensal microbe-derived acetate moderates the devel-
opment of MASLD through the free fatty acid receptor
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2 (FFAR?2) signaling pathway in mouse models [117]. In
addition, ethanol, an essential gut microbial metabo-
lite, is also strongly associated with MASLD [118]. The
role of microbial-derived ethanol in the pathogenesis of
MASLD warrants further investigation. By intervening
with the selective alcohol dehydrogenase (ADH) inhibi-
tor 4-methyl pyrazole in MASH patients and controls,
Meijnikman et al. demonstrated that the elevated etha-
nol production in patients with MASLD may be driven
by the gut microbiome [118]. Elevated levels of alcohol-
producing bacteria in the gut and blood ethanol concen-
trations have been detected in MASH patients, compared
to those with hepatic steatosis, indicating that endog-
enous alcohol could be implicated in the pathogenesis of
MASLD [118-120]. The role of lipid factors in the com-
plex mechanisms of MASLD cannot be overlooked, and
recent discoveries suggest potential interactions with gut
microbiota homeostasis, offering promising therapeutic
directions for delaying MASLD progression [121]. Ape-
lin (APLN) has been hypothesized to be associated with
MASLD progression and the gut microbiota, particu-
larly associated with the abundance of Enterobactericae,
Prevotellaceae, and Lactobacillaceae. Therefore, chang-
ing Apelin levels by altering the gut microbiota may be
an effective approach to preventing the progression of
MASLD [122]. At present, modulation of gastrointesti-
nal microbiota has been widely studied and applied as a
novel target for the treatment of MASLD. Recent studies
have found that alanyl-glutamine (AG), a dipeptide com-
prising alanine and glutamine, can alleviate HFD-induced
MASLD by modulating gut microbial composition [123].
The recent discovery that Oat beta-glucan regulates the
gut microbiota, and mitigates hepatic inflammation and
fibrosis in MASLD, indicating a well-tolerated approach
to preventing MASLD [124]. In addition, Liu et al.
explored interplay of apolipoprotein H (APOH) and gut
microbiota in MASLD [125]. They concluded that down-
regulation of APOH induces gut microbial disorders and
exacerbates fatty liver, highlighting the role of APOH in
fatty liver [125]. Notably, oral health, such as periodonti-
tis, has been theorized to be linked to the development of
MASLD [126]. In addition, emerging evidence suggests a
relationship between oral and gut microorganisms [127,
128]. The oral-gut-liver axis concept has been proposed,
portraying periodontal treatment as a potential treatment
and prevention strategy for MASLD [129]. Psoriasis, a
prevalent dermatological disease affecting 125 million
people worldwide, is closely related to liver disease due
to systemic inflammation, as evidenced in various stud-
ies [130, 131]. Furthermore, beyond the chronic inflam-
matory status, intestinal dysbiosis exacerbates the
pathogenesis of psoriasis-like phenotypes through fluc-
tuations in fatty acid metabolism [132]. On the other
hand, the microbiome plays a critical role in preserving
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the homeostasis of T cells and immunoglobulin A pro-
duction in the gastrointestinal tract [133]. At present, the
causal relationship between specific intestinal flora and
MASLD has not been fully elucidated. Further explora-
tion is required to determine the impact of regulating the
intestinal flora and metabolites as a therapeutic strategy
for MASLD in the future.

Research prospects for therapeutic strategies

At present, no licensed pharmacological therapy has
been approved for the treatment of MASLD, and drug
development in MASLD trials remains challenging due
to the high variability in histopathological assessment of
liver biopsies [134]. Nevertheless, research into treatment
options for MASLD is underway, and this review aims to
summarize current treatment advances to lay a theoreti-
cal reference for future studies.

A healthy diet combined with regular exercise remains
the first-line non-pharmacological intervention for
the treatment of MASLD [135]. A meta-analysis con-
ducted by Shirin Hassani Zadeh et al. determined that
the Mediterranean dietary (MD) pattern reduced the
risk of MASLD by 23% compared to the Western dietary
pattern [136]. Therefore, lowering ketosis and free fatty
acid intake and controlling carbohydrate consumption
enhances hepatic metabolic function and reduces the risk
of liver disease, thereby preventing the development of
MASLD [137]. In addition, the ketogenic diet is involved
in controlling MASLD by altering the functional state of
liver mitochondria, promoting ketogenesis, and improv-
ing hepatic fat metabolism [138, 139]. However, the pre-
cise mechanisms of ketosis in MASLD remains unknown
[138, 139]. Li et al. explored the therapeutic effects of diet
in MASLD patients and determined that intermittent
fasting (IF) was more beneficial in reducing the lipotoxic-
ity of MASLD compared to conventional therapies than
switching to a normal diet (ND) [140]. Recently, a high-
fat/high-fructose diet including 10% of bean leaves has
also been found to ameliorate lipoatrophy and lipid per-
oxidation in fatty liver disease, providing new perspec-
tives for the prevention and treatment of MASLD and
MASH [141]. Regular exercise may also alleviate glyco-
lipid metabolism disorders and thus be effective against
MASLD, but there is no clear evidence regarding the
therapeutic effects of exercise modalities in patients with
MASLD in the literature [142, 143].

Although weight loss, dietary modifications, and exer-
cise are recommended for the prevention and treatment
of MASLD, they are not a long-term solution, necessitat-
ing additional research on effective therapeutic agents for
MASLD. The guidance in 2018 stated that omega-3 fatty
acids may be effective in MASLD [144]. There have been
several subsequent studies addressing the benefits of
omega-3 fatty in the treatment of MASLD, among which
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Mohammad Mohammadi et al. identified the potential
synergistic efficacy of fish oils (FOs) and chicory acid
(CA) in reducing hepatic fat accumulation in a MASLD
in vitro model [145]. Ascribed to the unclear pathogen-
esis of MASLD, targeted drugs for MASLD have not yet
been developed. However, the prevalence of MASLD is
statistically higher in T2DM patients; consequently, anti-
T2DM drugs such as sodium-glucose cotransporter2
inhibitors, biguanides, and thiazolidinediones are often
employed for the treatment of MASLD in the clinical set-
ting [146]. Noteworthily, insulin resistance plays a cen-
tral role in obesity-related MASLD. It is reported that
gremlin-1, a novel secreted insulin antagonist, facilitates
MAFLD development according to in vivo and in vitro
observation [147]. This effects were accompanied by
elevated ER stress and inhibition of autophagy pathway
[147]. Resveratrol effectively decreases the levels of fatty
liver biomarkers and confers protection against MASLD
in animal studies. Nonetheless, further studies are
needed to determine its clinical applicability [148]. Bre-
viscapine directly inhibits the TGF-B-activated kinase 1
(TAK1) and is deemed a possible candidate for the treat-
ment of MASH [149]. In recent years, the effect of gut
microbes on MASLD has been a research hotspot. Pre-
biotics and probiotics are considered reasonable options
for the prevention and treatment of MASLD [150]. The
gut microbiota participates in intestinal energy metabo-
lism, and their implication in the pathogenesis of obesity
and MASLD is being increasingly recognized. Similarly,
intestinal hormone pathways are potential therapeu-
tic targets for the management of MASLD [151]. Newly
identified targeted drugs like PPAR agonists, FXR ago-
nists, and THR-P agonists are currently being investi-
gated in clinical trials and are anticipated to be applied
for the treatment of MASLD. To date, bariatric surgery
can effectively control obesity and reduce prevalence of
MASLD [152]. In addition, the possibility that bariatric
surgery induces microbiome alterations and thus pre-
vents MASLD cannot be excluded, a concept that holds
promise for the development of novel therapeutic strate-
gies [153].

Strengths and limitations

This article focuses on the major pathogenic mecha-
nisms of MASLD, including recent research advances in
lipotoxicity and gastrointestinal microbiology, as well as
possible therapeutic approaches and emerging targets for
the treatment of MASLD. Moreover, the article offers a
comprehensive overview of the latest research results on
MASLD. Nevertheless, there are certain shortcomings
that merit acknowledgment. Attributed to data limita-
tions, the provision of clinical trial results on drugs for
the treatment of MASLD is relatively lacking. In addition,
the bidirectional relationship between pathogenesis and
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Fig.4 Schematic representation illustrating part of the pathogenesis of MASLD. Excessive dietary fat intake triggers multiple hepatic mechanisms, includ-
ing mitochondrial dysfunction, which induces hepatic lipid accumulation, leading to MASLD. on the other hand, gut microbial dysbiosis is an essential
component in the study of MASLD development, and the “liver-gut axis”has been proposed as a new target to drive the complex progression of MASLD.

MASLD was not explored in this article. Finally, more
research is necessitated to elucidate the intricate links

between various mechanisms and the development of
MASLD.

Conclusion and outlook

The term MASLD encompasses a spectrum of liver dis-
eases. Among them, MASH, which is featured as inflam-
mation, steatosis, and cellular damage, can lead to liver
fibrosis, cirrhosis, and hepatocellular carcinoma. Instead
of the conventional two-hit doctrine, the multiple-hit
theory is widely accepted, attributing the complex patho-
genesis of MASLD to factors such as genetic suscep-
tibility, epigenetic changes, signaling pathways related
to hepatic lipid metabolism pathways, and dysbiosis of
intestinal microflora. Excessive energy is stored in the
body in the form of fatty acids, which are deposited in
the liver through fat mobilization and DNL from sub-
strates such as amino acids. Evidently, disturbances in
fatty acid metabolism promote hepatic lipid deposition,

and the resulting metabolite-induced lipotoxicity strik-
ingly affects MASLD development(Fig. 4). Although
MASLD has become a global health concern, pharma-
cological interventions for its treatment are in the devel-
opmental stage. So far, lifestyle interventions remain
fundamental to the prevention and treatment of MASLD,
with antidiabetic drugs as well as lipid-lowering drugs
playing a complementary role. Research into the dys-
function of metabolism remains a key focus for pharma-
ceutical development, and the influence of gut microbes
on MASLD is of interest as a potential therapeutic strat-
egy (Fig. 4). Considering the global prevalence of MASLD
and the relatively young age of disease onset, healthcare
providers should be more vigilant in timely diagnos-
ing the disease. Likewise, regular medical check-ups are
essential for early disease diagnosis and prevention prior
to the development of complications.

Abbreviations
ACC Acetyl  CoA carboxylase
ADH Alcohol dehydrogenase



Li et al. Lipids in Health and Disease (2024) 23:117

AG Alanyl-glutamine

APLN Apelin

APOH Apolipoprotein H

ATF6 Activating transcription factor 6

Bax Bcl2-associated x

Bim Bcl-2 interacting mediator

CA Chicory acid

cGPX4 canonical-GPX4

CHOP C/EBP-homologous protein

CHOs Carbohydrates

ctsb cathepsin B

DNL De novo lipogenesis

elF2a eukaryotic initiation factor-2a

ER Endoplasmic reticulum

FAO Fatty acid oxidation

FAs Fatty acids

FAS Fatty acid synthase

FATPs Fatty acid transport proteins

FFA Free fatty acid

FFAR2 Free fatty acid receptor 2

FOs Fish oils

GM Gut microbes

GPX4 Glutathione peroxidase 4

GSH Glutathione

HCC Hepatocellular carcinoma

IF Intermittent fasting

iGPX4 Inducible-GPX4

IRE1 Immunoglobulin-regulated enhancer 1
INK c-Jun N-terminal kinase

JNK c-Jun N-terminal kinase

LJ2a 6-methyl-tetrahydro-isoquinoline

LJ3a 3-(S)-neopentyl proline

LPT1 Liproxstatin-1

MASH Metabolic dysfunction-associated steatohepatitis
MASLD Metabolic dysfunction-associated steatotic liver disease
MCD Methionine-choline deficient

MD Mediterranean dietary

NAFL Non-alcoholic fatty liver

NAFLD Nonalcoholic fatty liver disease

NASH Non-alcoholic steatohepatitis

ND Normal diet

Nrf2 Nuclear erythroid-related factor 2

OA Oleic acid

PA Palmitic acid

PERK protein kinase RNA-like endoplasmic reticulum kinase
PUMA P53-up-regulated modulator of apoptosis
SCFAs Short-chain fatty acids

SFA Saturated fatty acid

SFL Simple fatty liver

TFR1 Transferrin receptor 1

TG Triglyceride

TM6SF2 Transmembrane 6 superfamily member 2
TRIM59 Tripartite motif-containing

R4 Thymosin beta 4

UPR Unfolded protein response

VDAC Voltage-dependent anion channel
XBP1 X-box binding protein 1

ZAF Zeaxanthin

Acknowledgements
We thank Home for Researchers editorial team (www.home-for-researchers.
com) for language editing service.

Author contributions
Y.X.Li, PPYang, and Y.D.Wang wrote the manuscript.Y.D.Wang obtained

funding. J.L.Ye, Q.Y.Xu, and JQWu assisted in figure preparation and discussed

the manuscript. all authors reviewed the manuscript.

Funding

This work was supported by the National Natural Science Foundation of China

(grant.n0.82100500).

Page 11 of 15

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 20 November 2023 / Accepted: 11 April 2024
Published online: 22 April 2024

References

1.

14.

Scorletti E, Carr RM. A new perspective on NAFLD: focusing on lipid droplets.
J Hepatol. 2022;76:934-45. https://doi.org/10.1016/jjhep.2021.11.009.
Lazarus JV, Mark HE, Anstee QM, Arab JP, Batterham RL, Castera L, et al.
Advancing the global public health agenda for NAFLD: a consensus state-
ment. Nat Rev Gastroenterol Hepatol. 2022;19:60-78. https.//doi.org/10.1038/
s41575-021-00523-4.

Liu G, LiuT, Zhang Q, Jia P, Song M, Zhang Q, et al. New-onset age of nonalco-
holic fatty liver Disease and Cancer Risk. JAMA Netw Open. 2023;6:€2335511.
https://doi.org/10.1001/jamanetworkopen.2023.35511.

Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver
disease: the multiple parallel hits hypothesis. Hepatology (Baltimore MD).
2010;52:1836-46. https://doi.org/10.1002/hep.24001.

Loomba R, Friedman SL, Shulman Gl. Mechanisms and disease consequences
of nonalcoholic fatty liver disease. Cell. 2021;184:2537-64. https://doi.
0rg/10.1016/j.cell.2021.04.015.

Baselli GA, Jamialahmadi O, Pelusi S, Ciociola E, Malvestiti F, Saracino M, et al.
Rare ATG7 genetic variants predispose patients to severe fatty liver disease. J
Hepatol. 2022;77:596-606. https://doi.org/10.1016/jjhep.2022.03.031.

Chang Q ZhangY, Zhang T, Liu Z, Cao L, Zhang Q et al. Healthy lifestyle and
the risk of Metabolic Dysfunction-Associated fatty liver disease: a large pro-
spective cohort study. Diabetes Metabolism J. 2024. https://doi.org/10.4093/
dmj.2023.0133.

Yang J, Zhang Y, Yuan'Y, Xie Z, Li L. Investigation of the Association between
Air Pollution and non-alcoholic fatty liver disease in the European Population:
a mendelian randomization study. Toxics. 2024. https://doi.org/10.3390/
toxics12030228.

Yilmaz Y. Brushing your teeth may be good for your liver: linking oral health
to non-alcoholic fatty liver disease. Ann Hepatol. 2023;101159. https://doi.
0rg/10.1016/j.a0hep.2023.101159.

Pischke S, Shiprov A, Peters U, Schulze Zur Wiesch J, Kluwe J, Westphal T,

et al. High prevalence of periodontal disease in patients with NASH- pos-
sible association of poor dental health with NASH severity. Ann Hepatol.
2023;28:100887. https://doi.org/10.1016/}.a0hep.2022.100887.

Lu Z LiY, Chowdhury N, Yu H, Syn W-K, Lopes-Virella M, et al. The Presence of
Periodontitis exacerbates non-alcoholic fatty liver Disease via Sphingolipid
Metabolism-Associated Insulin Resistance and hepatic inflammation in

mice with metabolic syndrome. Int J Mol Sci. 2023. https://doi.org/10.3390/
ijms24098322.

A call for unity. The path towards a more precise and patient-centric
nomenclature for NAFLD. Hepatology. 2023;78:3-5. https://doi.org/10.1097/
hep.0000000000000412.

Diehl AM, Day C. Cause, Pathogenesis, and treatment of Nonalcoholic
Steatohepatitis. N Engl J Med. 2017;377:2063-72. https://doi.org/10.1056/
NEJMra1503519.

Jiang B, Wang D, HuY, Li W, Liu F, Zhu X, et al. Serum amyloid A1 exacerbates
hepatic steatosis via TLR4-mediated NF-kB signaling pathway. Mol Metab.
2022;59:101462. https://doi.org/10.1016/j.molmet.2022.101462.

Guo Q, Xin M, Lu Q, Feng D, Yang V, Peng LF, et al. A novel NEDD4L-TXNIP-
CHOP axis in the pathogenesis of nonalcoholic steatohepatitis. Theranostics.
2023;13:2210-25. https://doi.org/10.7150/thno.81192.


http://www.home-for-researchers.com
http://www.home-for-researchers.com
https://doi.org/10.1016/j.jhep.2021.11.009
https://doi.org/10.1038/s41575-021-00523-4
https://doi.org/10.1038/s41575-021-00523-4
https://doi.org/10.1001/jamanetworkopen.2023.35511
https://doi.org/10.1002/hep.24001
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.1016/j.jhep.2022.03.031
https://doi.org/10.4093/dmj.2023.0133
https://doi.org/10.4093/dmj.2023.0133
https://doi.org/10.3390/toxics12030228
https://doi.org/10.3390/toxics12030228
https://doi.org/10.1016/j.aohep.2023.101159
https://doi.org/10.1016/j.aohep.2023.101159
https://doi.org/10.1016/j.aohep.2022.100887
https://doi.org/10.3390/ijms24098322
https://doi.org/10.3390/ijms24098322
https://doi.org/10.1097/hep.0000000000000412
https://doi.org/10.1097/hep.0000000000000412
https://doi.org/10.1056/NEJMra1503519
https://doi.org/10.1056/NEJMra1503519
https://doi.org/10.1016/j.molmet.2022.101462
https://doi.org/10.7150/thno.81192

Li et al. Lipids in Health and Disease

20.

22.

23.

24,

25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

(2024) 23:117

Zhu X, Cai J, Wang Y, Liu X, Chen X, Wang H, et al. A high-Fat Diet increases
the characteristics of Gut Microbial Composition and the Intestinal Damage
Associated with non-alcoholic fatty liver disease. Int J Mol Sci. 2023. https://
doi.org/10.3390/ijms242316733.

Nassir FNAFLD. Mechanisms, treatments, and biomarkers. Biomolecules.
2022. https://doi.org/10.3390/biom12060824.

Luo F, Oldoni F, Das A. TM6SF2: a Novel Genetic Player in nonalcoholic fatty
liver and Cardiovascular Disease. Hepatol Commun. 2022;6:448-60. https://
doi.org/10.1002/hep4.1822.

Luo F, Smagris E, Martin SA, Vale G, McDonald JG, Fletcher JA, et al. Hepatic
TM6SF2 is required for Lipidation of VLDL in a Pre-golgi Compartment in
mice and rats. Cell Mol Gastroenterol Hepatol. 2022;13:879-99. https://doi.
0rg/10.1016/},jcngh.2021.12.008.

Quek J, Chan KE, Wong ZY, Tan C, Tan B, Lim WH, et al. Global prevalence of
non-alcoholic fatty liver disease and non-alcoholic steatohepatitis in the
overweight and obese population: a systematic review and meta-analysis.
Lancet Gastroenterol Hepatol. 2023;8:20-30. https://doi.org/10.1016/
S2468-1253(22)00317-X.

Fuchs CD, Radun R, Dixon ED, Mlitz V, Timelthaler G, Halilbasic E, et al. Hepa-
tocyte-specific deletion of adipose triglyceride lipase (adipose triglyceride
lipase/patatin-like phospholipase domain containing 2) ameliorates dietary
induced steatohepatitis in mice. Hepatology (Baltimore MD). 2022;75:125-39.
https://doi.org/10.1002/hep.32112.

Jaiswal A, Jain K, Babu N. Metabolic Profile of Lean/Non obese NAFLD (non
alcoholic fatty liver disease) subjects. J Clin Diagn Res. 2021. https://doi.
0rg/10.7860/jcdr/2021/51585.15600.

Hydes T, Alam U, Cuthbertson DJ. The impact of Macronutrient Intake on
non-alcoholic fatty liver Disease (NAFLD): too much Fat, too much carbo-
hydrate, or just too many calories? Front Nutr. 2021,8640557. https://doi.
0rg/10.3389/fnut.2021.640557.

Marangoni F, Galli C, Ghiselli A, Lercker G, La Vecchia C, Maffeis C, et al. Palm
oil and human health. Int J Food Sci Nutr. 2017;68:643-55. https://doi.org/10.
1080/09637486.2016.1278431. Meeting report of NFI: Nutrition Foundation of
Italy symposium.

Pohl J, Ring A, Hermann T, Stremmel W. Role of FATP in parenchymal cell fatty
acid uptake. Biochim Biophys Acta. 2004;1686:1-6.

Geng Y, Faber KN, de Meijer VE, Blokzijl H, Moshage H. How does hepatic lipid
accumulation lead to lipotoxicity in non-alcoholic fatty liver disease? Hepatol
Int. 2021;15:21-35. https://doi.org/10.1007/512072-020-10121-2.

Zhao L, Zhang C, Luo X, Wang P, Zhou W, Zhong S, et al. CD36 palmitoylation
disrupts free fatty acid metabolism and promotes tissue inflammation

in non-alcoholic steatohepatitis. J Hepatol. 2018,69:705-17. https://doi.
0rg/10.1016/},jhep.2018.04.006.

Simoes ICM, Amorim R, Teixeira J, Karkucinska-Wieckowska A, Carvalho A,
Pereira SP, et al. The alterations of mitochondrial function during NAFLD
Progression-An Independent Effect of mitochondrial ROS production. Int J
Mol Sci. 2021. https://doi.org/10.3390/ijms22136848.

Mota M, Banini BA, Cazanave SC, Sanyal AJ. Molecular mechanisms of
lipotoxicity and glucotoxicity in nonalcoholic fatty liver disease. Metabolism.
2016;65:1049-61. https://doi.org/10.1016/j.metabol.2016.02.014.

Pereira ENGS, BPd A, Rodrigues KL, Silvares RR, Guimaraes FV, Martins

CSM, et al. Cholesterol exacerbates the pathophysiology of non-alcoholic
steatohepatitis by Upregulating Hypoxia-Inducible factor T and modulating
Microcirculatory Dysfunction. Nutrients. 2023;15. https://doi.org/10.3390/
nu15245034.

Pham TH, Lee GH, Jin SW, Lee SY, Han EH, Kim ND, et al. Sesamin ameliorates
lipotoxicity and lipid accumulation through the activation of the estrogen
receptor alpha signaling pathway. Biochem Pharmacol. 2023;216:115768.
https://doi.org/10.1016/j.bcp.2023.115768.

Ajoolabady A, Aslkhodapasandhokmabad H, Libby P, Tuomilehto J, Lip GYH,
Penninger JM, et al. Ferritinophagy and ferroptosis in the management of
metabolic diseases. Trends Endocrinol Metab. 2021,32:444-62. https://doi.
0rg/10.1016/j.tem.2021.04.010.

Almanza A, Carlesso A, Chintha C, Creedican S, Doultsinos D, Leuzzi B, et al.
Endoplasmic reticulum stress signalling - from basic mechanisms to clinical
applications. FEBS J. 2019;286:241-78. https://doi.org/10.1111/febs.14608.
Hetz C, Zhang K, Kaufman RJ. Mechanisms, regulation and functions of the
unfolded protein response. Nat Rev Mol Cell Biol. 2020;21:421-38. https://doi.
0rg/10.1038/541580-020-0250-z.

McQuiston A, Diehl JA. Recent insights into PERK-dependent signaling

from the stressed endoplasmic reticulum. F1000Res. 2017. https://doi.
0rg/10.12688/f1000research.12138.1.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 12 of 15

Ajoolabady A, Kaplowitz N, Lebeaupin C, Kroemer G, Kaufman RJ, Malhi H, et
al. Endoplasmic reticulum stress in liver diseases. Hepatology (Baltimore MD).
2023;77:619-39. https//doi.org/10.1002/hep.32562.

GelenV, Sengul E, Yildirim S, Cinar 1. The role of GRP78/ATF6/IRE1 and
caspase-3/Bax/Bcl2 signaling pathways in the protective effects of gallic
acid against cadmium-induced liver damage in rats. Iran J Basic Med Sci.
2023;26:1326-33. https://doi.org/10.22038/1JBMS.2023.71343.15525.

Liu L, Tang L, Luo J-M, Chen S-Y,Yi C-Y, Liu X-M, et al. Activation of the PERK-
CHOP signaling pathway during endoplasmic reticulum stress contributes
to olanzapine-induced dyslipidemia. Acta Pharmacol Sin. 2024,45:502-16.
https://doi.org/10.1038/541401-023-01180-w.

LuoY, LeiY, Zhou H, Chen Y, Liu H, Jiang J, et al. ARRB1 downregulates
acetaminophen-induced hepatoxicity through binding to p-elF2a to inhibit
ER stress signaling. Cell Biol Toxicol. 2024;40:1. https://doi.org/10.1007/
$10565-024-09842-z.

LiJ, Li X, Liu D, Zhang S, Tan N, Yokota H, et al. Phosphorylation of elF2a
signaling pathway attenuates obesity-induced non-alcoholic fatty liver
disease in an ER stress and autophagy-dependent manner. Cell Death Dis.
2020;11:1069. https://doi.org/10.1038/541419-020-03264-5.

Nasiri-Ansari N, Nikolopoulou C, Papoutsi K, Kyrou |, Mantzoros CS, Kyriako-
poulos G, et al. Empagliflozin attenuates non-alcoholic fatty liver Disease
(NAFLD) in High Fat Diet Fed ApoE(-/-) mice by activating Autophagy and
reducing ER stress and apoptosis. Int J Mol Sci. 2021. https://doi.org/10.3390/
ijms22020818.

Yang L, Yu'S,Yang Y, Wu H, Zhang X, Lei Y, et al. Berberine improves liver injury
induced glucose and lipid metabolic disorders via alleviating ER stress of
hepatocytes and modulating gut microbiota in mice. Bioorg Med Chem.
2021;55:116598. https://doi.org/10.1016/j.bmc.2021.116598.

Park SY, Cho W, Abd EI-Aty AM, Hacimuftuoglu A, Jeong JH, Jung TW.
Valdecoxib attenuates lipid-induced hepatic steatosis through autophagy-
mediated suppression of endoplasmic reticulum stress. Biochem Pharmacol.
2022;199:115022. https://doi.org/10.1016/j.bcp.2022.115022.

Kern P, Balzer NR, Blank N, Cygon C, Wunderling K, Bender F, et al. Creld2
function during unfolded protein response is essential for liver metabo-

lism homeostasis. FASEB J. 2021;35:¢21939. https://doi.org/10.1096/
f1.202002713RR.

LuoY, Jiao Q Chen Y. Targeting endoplasmic reticulum stress-the responder
to lipotoxicity and modulator of non-alcoholic fatty liver diseases. Expert
Opin Ther Targets. 2022;26:1073-85. https://doi.org/10.1080/14728222.2022.2
170780.

Alkhouri N, Carter-Kent C, Feldstein AE. Apoptosis in nonalcoholic fatty liver
disease: diagnostic and therapeutic implications. Expert Rev Gastroenterol
Hepatol. 2011;5:201-12. https://doi.org/10.1586/egh.11.6.

El-Kashef DH, Sewilam HM. Empagliflozin mitigates methotrexate-induced
hepatotoxicity: Targeting ASK-1/JNK/Caspase-3 pathway. Int Immunophar-
macol. 2023;114:109494. https://doi.org/10.1016/j.intimp.2022.109494.

Zhao Q,Yu M, Li J, Guo Y,Wang Z, Hu K, et al. GLUD1 inhibits hepatocellular
carcinoma progression via ROS-mediated p38/JNK MAPK pathway activa-
tion and mitochondrial apoptosis. Discover Oncol. 2024;15:8. https://doi.
0rg/10.1007/512672-024-00860-1.

Cazanave SC, Elmi NA, Akazawa Y, Bronk SF, Mott JL, Gores GJ. CHOP and
AP-1 cooperatively mediate PUMA expression during lipoapoptosis. Am J
Physiol Gastrointest Liver Physiol. 2010,299:G236-G. https://doi.org/10.1152/
ajpgi00091.2010.

Chen'Y, Yan X, Wang T, Deng H, Deng X, Xu F, et al. PNPLA3 148 M/M Is More
Susceptible to Palmitic Acid-Induced Endoplasmic Reticulum Stress-Associ-
ated Apoptosis in HepG2 Cells. Int J Endocrinol. 2023;2023(2872408). https://
doi.org/10.1155/2023/2872408.

Cazanave SC, Mott JL, Elmi NA, Bronk SF, Werneburg NW, Akazawa Y, et al.
INK1-dependent PUMA expression contributes to hepatocyte lipoapoptosis.
J Biol Chem. 2009;284:26591-602. https://doi.org/10.1074/jbc.M109.022491.
Kanda T, Matsuoka S, Yamazaki M, Shibata T, Nirei K, Takahashi H, et al.
Apoptosis and non-alcoholic fatty liver diseases. World J Gastroenterol.
2018;24:2661-72. https;//doi.org/10.3748/wjg.v24.i25.2661.

Erlacher M, LabiV, Manzl C, Bock G, Tzankov A, Hacker G, et al. Puma cooper-
ates with Bim, the rate-limiting BH3-only protein in cell death during lym-
phocyte development, in apoptosis induction. J Exp Med. 2006;203:2939-51.
Barreyro FJ, Kobayashi S, Bronk SF, Werneburg NW, Malhi H, Gores GJ. Tran-
scriptional regulation of Bim by FoxO3A mediates hepatocyte lipoapoptosis.
J Biol Chem. 2007;282:27141-54. https://doi.org/10.1074/jbc.M704391200.
Jin L, Wang M, Yang B, Ye L, Zhu W, Zhang Q, et al. A small-molecule JNK
inhibitor JM-2 attenuates high-fat diet-induced non-alcoholic fatty liver


https://doi.org/10.3390/ijms242316733
https://doi.org/10.3390/ijms242316733
https://doi.org/10.3390/biom12060824
https://doi.org/10.1002/hep4.1822
https://doi.org/10.1002/hep4.1822
https://doi.org/10.1016/j.jcmgh.2021.12.008
https://doi.org/10.1016/j.jcmgh.2021.12.008
https://doi.org/10.1016/S2468-1253(22)00317-X
https://doi.org/10.1016/S2468-1253(22)00317-X
https://doi.org/10.1002/hep.32112
https://doi.org/10.7860/jcdr/2021/51585.15600
https://doi.org/10.7860/jcdr/2021/51585.15600
https://doi.org/10.3389/fnut.2021.640557
https://doi.org/10.3389/fnut.2021.640557
https://doi.org/10.1080/09637486.2016.1278431
https://doi.org/10.1080/09637486.2016.1278431
https://doi.org/10.1007/s12072-020-10121-2
https://doi.org/10.1016/j.jhep.2018.04.006
https://doi.org/10.1016/j.jhep.2018.04.006
https://doi.org/10.3390/ijms22136848
https://doi.org/10.1016/j.metabol.2016.02.014
https://doi.org/10.3390/nu15245034
https://doi.org/10.3390/nu15245034
https://doi.org/10.1016/j.bcp.2023.115768
https://doi.org/10.1016/j.tem.2021.04.010
https://doi.org/10.1016/j.tem.2021.04.010
https://doi.org/10.1111/febs.14608
https://doi.org/10.1038/s41580-020-0250-z
https://doi.org/10.1038/s41580-020-0250-z
https://doi.org/10.12688/f1000research.12138.1
https://doi.org/10.12688/f1000research.12138.1
https://doi.org/10.1002/hep.32562
https://doi.org/10.22038/IJBMS.2023.71343.15525
https://doi.org/10.1038/s41401-023-01180-w
https://doi.org/10.1007/s10565-024-09842-z
https://doi.org/10.1007/s10565-024-09842-z
https://doi.org/10.1038/s41419-020-03264-5
https://doi.org/10.3390/ijms22020818
https://doi.org/10.3390/ijms22020818
https://doi.org/10.1016/j.bmc.2021.116598
https://doi.org/10.1016/j.bcp.2022.115022
https://doi.org/10.1096/fj.202002713RR
https://doi.org/10.1096/fj.202002713RR
https://doi.org/10.1080/14728222.2022.2170780
https://doi.org/10.1080/14728222.2022.2170780
https://doi.org/10.1586/egh.11.6
https://doi.org/10.1016/j.intimp.2022.109494
https://doi.org/10.1007/s12672-024-00860-1
https://doi.org/10.1007/s12672-024-00860-1
https://doi.org/10.1152/ajpgi.00091.2010
https://doi.org/10.1152/ajpgi.00091.2010
https://doi.org/10.1155/2023/2872408
https://doi.org/10.1155/2023/2872408
https://doi.org/10.1074/jbc.M109.022491
https://doi.org/10.3748/wjg.v24.i25.2661
https://doi.org/10.1074/jbc.M704391200

Li et al. Lipids in Health and Disease

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

(2024) 23:117

disease in mice. Int Immunopharmacol. 2023;115109587. https://doi.
0rg/10.1016/j.intimp.2022.109587.

Fang Z, Xu H, Duan J, Ruan B, Liu J, Song P, et al. Short-term tamoxifen
administration improves hepatic steatosis and glucose intolerance through
INK/MAPK in mice. Signal Transduct Target Ther. 2023;8:94. https://doi.
0rg/10.1038/541392-022-01299-y.

Masuoka HC, Mott J, Bronk SF, Werneburg NW, Akazawa Y, Kaufmann SH,

et al. Mcl-1 degradation during hepatocyte lipoapoptosis. J Biol Chem.
2009;284:30039-48. https://doi.org/10.1074/jbc.M109.039545.

Zhang M-H, Li J, Zhu X-Y, Zhang Y-Q, Ye ST, Leng Y-R, et al. Physalin B ame-
liorates nonalcoholic steatohepatitis by stimulating autophagy and NRF2
activation mediated improvement in oxidative stress. Free Radic Biol Med.
2021. https://doi.org/10.1016/j freeradbiomed.2020.12.020.

Hao F, Cubero FJ, Ramadori P, Liao L, Haas U, Lambertz D, et al. Inhibition of
Caspase-8 does not protect from alcohol-induced liver apoptosis but allevi-
ates alcoholic hepatic steatosis in mice. Cell Death Dis. 2017;8e3152. https://
doi.org/10.1038/cddis.2017.532.

Chauvier D, Ankri S, Charriaut-Marlangue C, Casimir R, Jacotot E. Broad-
spectrum caspase inhibitors: from myth to reality? Cell Death Differ.
2007;14:387-91.

Linton SD, Aja T, Armstrong RA, Bai X, Chen L-S, Chen N, et al. First-in-class pan
caspase inhibitor developed for the treatment of liver disease. J Med Chem.
2005;48:6779-82.

ShiW, Xu G, GaoY, Zhao J, LiuT, Zhao J, et al. Novel role for epalrestat:
protecting against NLRP3 inflammasome-driven NASH by targeting

aldose reductase. J Transl Med. 2023;21:700. https://doi.org/10.1186/
$12967-023-04380-4.

Bosc E, Anastasie J, Soualmia F, Coric P, Kim JY, Wang LQ, et al. Genuine selec-
tive caspase-2 inhibition with new irreversible small peptidomimetics. Cell
Death Dis. 2022;13:959. https://doi.org/10.1038/541419-022-05396-2.
Dewidar B, Mastrototaro L, Englisch C, Ress C, Granata C, Rohbeck E, et al.
Alterations of hepatic energy metabolism in murine models of obesity,
diabetes and fatty liver diseases. EBioMedicine. 2023;94:104714. https://doi.
0rg/10.1016/j.ebiom.2023.104714.

Koliaki C, Szendroedi J, Kaul K, Jelenik T, Nowotny P, Jankowiak F, et al.
Adaptation of hepatic mitochondrial function in humans with non-alcoholic
fatty liver is lost in Steatohepatitis. Cell Metab. 2015;21:739-46. https://doi.
0rg/10.1016/j.cmet.2015.04.004.

Greatorex S, Kaur S, Xirouchaki CE, Goh PK, Wiede F, Genders AJ, et al. Mito-
chondria- and NOX4-dependent antioxidant defense mitigates progression
to nonalcoholic steatohepatitis in obesity. J Clin Invest. 2023;134. https://doi.
org/10.1172/JC1162533.

Martel C, Allouche M, Esposti DD, Fanelli E, Boursier C, Henry C, et al.
Glycogen synthase kinase 3-mediated voltage-dependent anion channel
phosphorylation controls outer mitochondrial membrane permeability
during lipid accumulation. Hepatology (Baltimore MD). 2013. https://doi.
0rg/10.1002/hep.25967.

Wei X, Lin L, Yuan Q-Q Wang X-Y, Zhang Q, Zhang X-M, et al. Bavachin pro-
tects against diet-induced hepatic steatosis and obesity in mice. Acta Phar-
macol Sin. 2023;44:1416-28. https://doi.org/10.1038/541401-023-01056-z.
Win S, Than TA, Le BHA, Garcfa-Ruiz C, Fernandez-Checa JC, Kaplowitz N,
Sab. (Sh3bp5) dependence of JNK mediated inhibition of mitochondrial
respiration in palmitic acid induced hepatocyte lipotoxicity. J Hepatol.
2015;62:1367-74. https://doi.org/10.1016/jjhep.2015.01.032.

Zhu L, Wu X, Liao R. Mechanism and regulation of mitophagy in nonalcoholic
fatty liver disease (NAFLD): a mini-review. Life Sci. 2023;312:121162. https://
doi.org/10.1016/}.1fs.2022.121162.

Meex RCR, Blaak EE. Mitochondrial dysfunction is a key pathway that Links
Saturated Fat Intake to the Development and Progression of NAFLD. Mol Nutr
Food Res. 2021,65:21900942. https://doi.org/10.1002/mnfr.201900942.
Zhang J, Zhao Y, Wang S, Li G, Xu K. CREBH alleviates mitochondrial oxidative
stress through SIRT3 mediating deacetylation of MnSOD and suppression of
NIrp3 inflammasome in NASH. Free Radic Biol Med. 2022;190:28-41. https://
doi.org/10.1016/jfreeradbiomed.2022.07.018.

Li S, Dou X, Ning H, Song Q, Wei W, Zhang X, et al. Sirtuin 3 acts as a negative
regulator of autophagy dictating hepatocyte susceptibility to lipotoxic-

ity. Hepatology (Baltimore MD). 2017;66:936-52. https://doi.org/10.1002/
hep.29229.

Yanran W, Jung S, Ko KS. Saturated fatty Acid-Induced impairment of hepatic
lipid metabolism is worsened by Prohibitin 1 Deficiency in Hepatocytes. J
Med Food. 2022,25:845-52. https://doi.org/10.1089/jmf.2022.K.0028.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Page 13 of 15

Fan L, Gokaltun A, Maggipinto S, Kitagawa Y, Martyn J, Yeh H, et al. Alterations
in Cytoskeleton and Mitochondria in the development and reversal of steato-
sis in human hepatocytes. Cell Mol Gastroenterol Hepatol. 2023;16:243-61.
https://doi.org/10.1016/jjcrgh.2023.04.003.

Ferrer MD, Reynés C, Monserrat-Mesquida M, Quetglas-Llabrés M, Bouzas C,
Garcia S, et al. Polyunsaturated and Saturated Oxylipin plasma levels allow
monitoring the non-alcoholic fatty liver disease progression to severe stages.
Antioxid (Basel). 2023. https://doi.org/10.3390/antiox12030711.

Li'S, Li X, Chen F, Liu M, Ning L, Yan Y, et al. Nobiletin mitigates hepatocytes
death, liver inflammation, and fibrosis in a murine model of NASH through
modulating hepatic oxidative stress and mitochondrial dysfunction. J Nutr
Biochem. 2022;100108888. https://doi.org/10.1016/jjnutbio.2021.108888.
Wolff G, Sakurai M, Mhamane A, Troullinaki M, Maida A, Deligiannis IK, et

al. Hepatocyte-specific activity of TSC22D4 triggers progressive NAFLD by
impairing mitochondrial function. Mol Metab. 2022;60:101487. https://doi.
org/10.1016/j.molmet.2022.101487.

Baratta F, Pastori D, Del Ben M, Polimeni L, Labbadia G, Di Santo S, et al.
Reduced lysosomal acid lipase activity in adult patients with non-alcoholic
fatty liver disease. EBioMedicine. 2015;2:750-4. https://doi.org/10.1016/j.
ebiom.2015.05.018.

Tovoli F, Napoli L, Negrini G, DAddato S, Tozzi G, D’Amico J, et al. A relative
Deficiency of lysosomal acid lypase activity characterizes non-alcoholic fatty
liver disease. Int J Mol Sci. 2017;18. https://doi.org/10.3390/ijms18061134.
Kim KE, Shin HJ, JuY, Jung Y, An HS, Lee SJ, et al. Intermittent fasting
attenuates metabolic-dysfunction-Associated Steatohepatitis by enhanc-
ing the hepatic autophagy-lysosome pathway. Nutrients. 2023. https://doi.
0rg/10.3390/nu15214574.

Zeng J, Acin-Perez R, Assali EA, Martin A, Brownstein AJ, Petcherski A, et al.
Restoration of lysosomal acidification rescues autophagy and metabolic
dysfunction in non-alcoholic fatty liver disease. Nat Commun. 2023;14:2573.
https://doi.org/10.1038/541467-023-38165-6.

Feldstein AE, Werneburg NW, Canbay A, Guicciardi ME, Bronk SF, Rydze-

wski R, et al. Free fatty acids promote hepatic lipotoxicity by stimulating
TNF-alpha expression via a lysosomal pathway. Hepatology (Baltimore MD).
2004;40:185-94.

Singh R, Kaushik S, Wang Y, Xiang Y, Novak |, Komatsu M, et al. Autophagy
regulates lipid metabolism. Nature. 2009;458:1131-5. https://doi.org/10.1038/
nature07976.

Frietze KK, Brown AM, Das D, Franks RG, Cunningham JL, Hayward M, et al.
Lipotoxicity reduces DDX58/Rig-1 expression and activity leading to impaired
autophagy and cell death. Autophagy. 2022;18:142-60. https://doi.org/10.10
80/15548627.2021.1920818.

Liu P, Anandhan A, Chen J, Shakya A, Dodson M, Ooi A, et al. Decreased
autophagosome biogenesis, reduced NRF2, and enhanced ferroptotic

cell death are underlying molecular mechanisms of non-alcoholic fatty

liver disease. Redox Biol. 2023;59102570. https://doi.org/10.1016/j.
redox.2022.102570.

LiuW, Zhu M, Gong M, Zheng W, Zeng X, Zheng Q, et al. Comparison of the
effects of Monounsaturated fatty acids and polyunsaturated fatty acids on
liver lipid disorders in obese mice. Nutrients. 2023. https://doi.org/10.3390/
nu15143200.

Liu X, Li X, Su'S, Yuan Y, Liu W, Zhu M, et al. Oleic acid improves hepatic
lipotoxicity injury by alleviating autophagy dysfunction. Exp Cell Res.
2023;429:113655. https://doi.org/10.1016/j.yexcr.2023.113655.

Itoh M, Tamura A, Kanai S, Tanaka M, Kanamori Y, Shirakawa |, et al. Lysosomal
cholesterol overload in macrophages promotes liver fibrosis in a mouse
model of NASH. J Exp Med. 2023. https://doi.org/10.1084/jem.20220681.
Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE,

et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell.
2012;149:1060-72. https://doi.org/10.1016/j.cell.2012.03.042.

Yagoda N, von Rechenberg M, Zaganjor E, Bauer AJ, Yang WS, Fridman DJ, et
al. RAS-RAF-MEK-dependent oxidative cell death involving voltage-depen-
dent anion channels. Nature. 2007;447:864-8.

Yang WS, Stockwell BR. Synthetic Lethal Screening identifies compounds
Activating Iron-Dependent, nonapoptotic cell death in Oncogenic-RAS-
Harboring Cancer cells. Chem Biol. 2008;15:234-45. https://doi.org/10.1016/j.
chembiol.2008.02.010.

Gautheron J, Gores GJ, Rodrigues CMP. Lytic cell death in metabolic liver dis-
ease. J Hepatol. 2020;73:394-408. https://doi.org/10.1016/jjhep.2020.04.001.
LiJ, Cao F, Yin H-L, Huang Z-J, Lin Z-T, Mao N, et al. Ferroptosis: past,

present and future. Cell Death Dis. 2020;11:88. https://doi.org/10.1038/
s41419-020-2298-2.


https://doi.org/10.1016/j.intimp.2022.109587
https://doi.org/10.1016/j.intimp.2022.109587
https://doi.org/10.1038/s41392-022-01299-y
https://doi.org/10.1038/s41392-022-01299-y
https://doi.org/10.1074/jbc.M109.039545
https://doi.org/10.1016/j.freeradbiomed.2020.12.020
https://doi.org/10.1038/cddis.2017.532
https://doi.org/10.1038/cddis.2017.532
https://doi.org/10.1186/s12967-023-04380-4
https://doi.org/10.1186/s12967-023-04380-4
https://doi.org/10.1038/s41419-022-05396-2
https://doi.org/10.1016/j.ebiom.2023.104714
https://doi.org/10.1016/j.ebiom.2023.104714
https://doi.org/10.1016/j.cmet.2015.04.004
https://doi.org/10.1016/j.cmet.2015.04.004
https://doi.org/10.1172/JCI162533
https://doi.org/10.1172/JCI162533
https://doi.org/10.1002/hep.25967
https://doi.org/10.1002/hep.25967
https://doi.org/10.1038/s41401-023-01056-z
https://doi.org/10.1016/j.jhep.2015.01.032
https://doi.org/10.1016/j.lfs.2022.121162
https://doi.org/10.1016/j.lfs.2022.121162
https://doi.org/10.1002/mnfr.201900942
https://doi.org/10.1016/j.freeradbiomed.2022.07.018
https://doi.org/10.1016/j.freeradbiomed.2022.07.018
https://doi.org/10.1002/hep.29229
https://doi.org/10.1002/hep.29229
https://doi.org/10.1089/jmf.2022.K.0028
https://doi.org/10.1016/j.jcmgh.2023.04.003
https://doi.org/10.3390/antiox12030711
https://doi.org/10.1016/j.jnutbio.2021.108888
https://doi.org/10.1016/j.molmet.2022.101487
https://doi.org/10.1016/j.molmet.2022.101487
https://doi.org/10.1016/j.ebiom.2015.05.018
https://doi.org/10.1016/j.ebiom.2015.05.018
https://doi.org/10.3390/ijms18061134
https://doi.org/10.3390/nu15214574
https://doi.org/10.3390/nu15214574
https://doi.org/10.1038/s41467-023-38165-6
https://doi.org/10.1038/nature07976
https://doi.org/10.1038/nature07976
https://doi.org/10.1080/15548627.2021.1920818
https://doi.org/10.1080/15548627.2021.1920818
https://doi.org/10.1016/j.redox.2022.102570
https://doi.org/10.1016/j.redox.2022.102570
https://doi.org/10.3390/nu15143200
https://doi.org/10.3390/nu15143200
https://doi.org/10.1016/j.yexcr.2023.113655
https://doi.org/10.1084/jem.20220681
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.chembiol.2008.02.010
https://doi.org/10.1016/j.chembiol.2008.02.010
https://doi.org/10.1016/j.jhep.2020.04.001
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1038/s41419-020-2298-2

Li et al. Lipids in Health and Disease

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

(2024) 23:117

ZhangY, Xin L, Xiang M, Shang C, Wang Y, Wang Y, et al. The molecular mech-
anisms of ferroptosis and its role in cardiovascular disease. Biomed Pharma-
cother. 2022;145:112423. https://doi.org/10.1016/j.biopha.2021.112423.
Zhang H, Axinbai M, ZhaoY, Wei J, Qu T, Kong J, et al. Bioinformatics analysis
of ferroptosis-related genes and immune cell infiltration in non-alcoholic
fatty liver disease. Eur J Med Res. 2023;28:605. https://doi.org/10.1186/
s40001-023-01457-0.

Zhang T, Wang M-Y, Wang G-D, Lv Q-Y, Huang Y-Q, Zhang P, et al. Metfor-

min improves nonalcoholic fatty liver disease in db/db mice by inhibiting
ferroptosis. Eur J Pharmacol. 2024;966:176341. https://doi.org/10.1016/).
ejphar.2024.176341.

Li X, Wang T-X, Huang X, LiY, Sun T, Zang S, et al. Targeting ferroptosis allevi-
ates methionine-choline deficient (MCD)-diet induced NASH by suppressing
liver lipotoxicity. Liver Int. 2020;40:1378-94. https://doi.org/10.1111/liv.14428.
Qi J, Kim J-W, Zhou Z, Lim C-W, Kim B. Ferroptosis affects the progression

of nonalcoholic steatohepatitis via the modulation of lipid peroxidation-
mediated cell death in mice. Am J Pathol. 2020;190:68-81. https://doi.
0rg/10.1016/j.ajpath.2019.09.011.

Tsurusaki S, Tsuchiya Y, Koumura T, Nakasone M, Sakamoto T, Matsuoka M,

et al. Hepatic ferroptosis plays an important role as the trigger for initiating
inflammation in nonalcoholic steatohepatitis. Cell Death Dis. 2019. https://
doi.org/10.1038/541419-019-1678-y.

Tong J, Lan X-T, Zhang Z, Liu Y, Sun D-Y, Wang X-J, et al. Ferroptosis inhibi-

tor liproxstatin-1 alleviates metabolic dysfunction-associated fatty liver
disease in mice: potential involvement of PANoptosis. Acta Pharmacol Sin.
2023;44:1014-28. https://doi.org/10.1038/541401-022-01010-5.

Liu H,Yan J, Guan F, Jin Z, Xie J, Wang C, et al. Zeaxanthin prevents ferroptosis
by promoting mitochondrial function and inhibiting the p53 pathway in free
fatty acid-induced HepG2 cells. Biochim Biophys Acta Mol Cell Biol Lipids.
2023;1868159287. https://doi.org/10.1016/j.bbalip.2023.159287.

Zhu Z, Zhang Y, Huang X, Can L, Zhao X, Wang Y, et al. Thymosin beta 4
alleviates non-alcoholic fatty liver by inhibiting ferroptosis via up-regulation
of GPX4. Eur J Pharmacol. 2021;908:174351. https://doi.org/10.1016/j.
ejphar2021.174351.

Zhang J, Xie H,Yao J, Jin W, Pan H, Pan Z, et al. TRIM59 promotes steatosis and
ferroptosis in non-alcoholic fatty liver disease via enhancing GPX4 ubiquitina-
tion. Hum Cell. 2023;36:209-22. https://doi.org/10.1007/513577-022-00820-3.
LiuY, Chen M. The TRIM family as a potential target for nonalcoholic

fatty liver disease. Hum Cell. 2023;36:870-1. https://doi.org/10.1007/
$13577-022-00838-7.

Tong J, Li D, Meng H, Sun D, Lan X, Ni M, et al. Targeting a novel inducible
GPX4 alternative isoform to alleviate ferroptosis and treat metabolic-asso-
ciated fatty liver disease. Acta Pharm Sinica B. 2022;12:3650-66. https://doi.
0rg/10.1016/j.apsb.2022.02.003.

Fan Y, Pedersen O. Gut microbiota in human metabolic health and

disease. Nat Rev Microbiol. 2021;19:55-71. https://doi.org/10.1038/
541579-020-0433-9.

Wu J, LiY, Yang P, Fu J, Wang Y. Gut microbiota and vascular diseases:

an update. Cardiovasc Innov Appl. 2024. https://doi.org/10.15212/
€via.2023.0090.

Xie F, Xu H-F, Zhang J, Liu X-N, Kou B-X, Cai M-Y, et al. Dysregulated hepatic
lipid metabolism and gut microbiota associated with early-stage NAFLD

in ASPP2-deficiency mice. Front Immunol. 2022;13:974872. https://doi.
0rg/10.3389/fimmu.2022.974872.

. Yuan H, Wu X, Wang X, Zhou J-Y, Park S. Microbial Dysbiosis Linked to Meta-

bolic Dysfunction-Associated fatty liver disease in asians: Prevotella copri
promotes Lipopolysaccharide Biosynthesis and Network Instability in the Pre-
votella Enterotype. Int J Mol Sci. 2024. https://doi.org/10.3390/ijms25042183.

. Zhang D,Wang H, Liu A, Wang S, Xu C, Lan K, et al. The chronic consumption

of dietary fructose promotes the gut Clostridium species imbalance and
bile acid alterations in developing nonalcoholic fatty liver disease. J Nutr
Biochem. 2023;121109434. https://doi.org/10.1016/jjnutbio.2023.109434.

. Kapil S, Duseja A, Sharma BK, Singla B, Chakraborti A, Das A, et al. Small intes-

tinal bacterial overgrowth and toll-like receptor signaling in patients with
non-alcoholic fatty liver disease. J Gastroenterol Hepatol. 2016;31:213-21.
https://doi.org/10.1111/jgh.13058.

. Boursier J, Mueller O, Barret M, Machado M, Fizanne L, Araujo-Perez F, et al.

The severity of nonalcoholic fatty liver disease is associated with gut dys-
biosis and shift in the metabolic function of the gut microbiota. Hepatology
(Baltimore MD). 2016;63:764-75. https://doi.org/10.1002/hep.28356.

. Mbaye B, Wasfy RM, Alou MT, Borentain P, Andrieu C, Caputo A, et al. Limosi-

lactobacillus Fermentum, Lactococcus lactis and thomasclavelia ramosa

115.

116.

117.

118.

12

122.

126.

129.

Page 14 of 15

are enriched and Methanobrevibacter smithii is depleted in patients with
non-alcoholic steatohepatitis. Microb Pathog. 2023;180106160. https://doi.
0rg/10.1016/j.micpath.2023.106160.

Zhu M, Wang X, Wang K, Zhao Z, Dang Y, Ji G, et al. Lingguizhugan decoction
improves non-alcoholic steatohepatitis partially by modulating gut micro-
biota and correlated metabolites. Front Cell Infect Microbiol. 2023;131066053.
https://doi.org/10.3389/fcimb.2023.1066053.

Ganesan R, Gupta H, Jeong J-J, Sharma SP, Won S-M, Oh K-K; et al. A metabo-
lomics approach to the validation of predictive metabolites and phenotypic
expression in non-alcoholic fatty liver disease. Life Sci. 2023,322121626.
https://doi.org/10.1016/}.1fs.2023.121626.

Aoki R, Onuki M, Hattori K, Ito M, Yamada T, Kamikado K, et al. Commensal
microbe-derived acetate suppresses NAFLD/NASH development via hepatic
FFAR2 signalling in mice. Microbiome. 2021;9:188. https://doi.org/10.1186/
s40168-021-01125-7.

Meijnikman AS, Davids M, Herrema H, Aydin O, Tremaroli V, Rios-Morales M, et
al. Microbiome-derived ethanol in nonalcoholic fatty liver disease. Nat Med.
2022;28:2100-6. https://doi.org/10.1038/541591-022-02016-6.

. Zhu L, Baker SS, Gill C, Liu W, Alkhouri R, Baker RD, et al. Characterization of

gut microbiomes in nonalcoholic steatohepatitis (NASH) patients: a connec-
tion between endogenous alcohol and NASH. Hepatology (Baltimore MD).
2013;57:601-9. https://doi.org/10.1002/hep.26093.

. Mbaye B, Magdy Wasfy R, Borentain P, Tidjani Alou M, Mottola G, Bossi V, et al.

Increased fecal ethanol and enriched ethanol-producing gut bacteria limosi-
lactobacillus fermentum, Enterocloster bolteae, Mediterraneibacter Gnavus
and Streptococcus mutans in nonalcoholic steatohepatitis. Front Cell Infect
Microbiol. 2023;131279354. https://doi.org/10.3389/fcimb.2023.1279354.

. Zeng F, Su X, Liang X, Liao M, Zhong H, Xu J, et al. Gut microbiome features

and metabolites in non-alcoholic fatty liver disease among community-
dwelling middle-aged and older adults. BMC Med. 2024;22:104. https://doi.
0rg/10.1186/512916-024-03317-y.

Effenberger M, Grander C, Hausmann B, Enrich B, Pjevac P, Zoller H, et al.
Apelin and the gut microbiome: potential interaction in human MASLD. Dig
Liver Dis. 2023. https://doi.org/10.1016/j.d1d.2023.11.023.

. Zheng,Ying H, Shi J, Li L, Zhao Y. Alanyl-Glutamine Dipeptide attenu-

ates non-alcoholic fatty liver Disease Induced by a high-Fat Diet in mice
by improving gut microbiota dysbiosis. Nutrients. 2023;15. https://doi.
0rg/10.3390/nu15183988.

. Jaeger JW, Brandt A, Gui W, Yergaliyev T, Herndndez-Arriaga A, Muthu

MM, et al. Microbiota modulation by dietary oat beta-glucan prevents
steatotic liver disease progression. JHEP Rep. 2024. https://doi.org/10.1016/j.
jhepr.2023.100987.

. LiuY, ZhaoY, Liu Q Li B, Daniel PV, Chen B, et al. Effects of apolipoprotein H

downregulation on lipid metabolism, fatty liver disease, and gut microbiota
dysbiosis. J Lipid Res. 2024. https://doi.org/10.1016/},jIr.2023.100483.

Qiao F, Li X, LiuY, Zhang S, Liu D, Li C. Periodontitis and NAFLD-related dis-
eases: a bidirectional two-sample mendelian randomization study. Oral Dis.
2023. https://doi.org/10.1111/0di.14785.

. Wang M, Li L, Qian J, Wang N, Bao J, Lu J, et al. Periodontitis salivary

microbiota exacerbates nonalcoholic fatty liver disease in high-fat diet-
induced obese mice. IScience. 2023;26:106346. https://doi.org/10.1016/j.
isci.2023.106346.

. Kuraji R, Ye C, Zhao C, Gao L, Martinez A, Miyashita Y, et al. Nisin lantibiotic

prevents NAFLD liver steatosis and mitochondrial oxidative stress following
periodontal disease by abrogating oral, gut and liver dysbiosis. NPJ Biofilms
Microbiomes. 2024. https://doi.org/10.1038/541522-024-00476-x.

Kamata Y, Kessoku T, Shimizu T, Sato S, Kobayashi T, Kurihashi T, et al.
Periodontal Treatment and Usual Care for nonalcoholic fatty liver disease:

a Multicenter, Randomized Controlled Trial. Clin Trans| Gastroenterol.
2022;13:00520. https://doi.org/10.14309/ctg.0000000000000520.

. Balato N, Napolitano M, Ayala F, Patruno C, Megna M, Tarantino G. Nonal-

coholic fatty liver disease, spleen and psoriasis: New aspects of low-grade
chronic inflammation. World J Gastroenterol. 2015;21:6892-7. https://doi.
0rg/10.3748/wjg.v21.i22.6892.

. Takezaki D, Morizane S, lkeda K, Iseki M, Sakamoto Y, Kawakami'Y, et al. Co-

occurrence of non-alcoholic steatohepatitis exacerbates psoriasis associated
with decreased adiponectin expression in a murine model. Front Immunol.
2023;14:1214623. https://doi.org/10.3389/fimmu.2023.1214623.

. Zhao Q,Yu J, Zhou H, Wang X, Zhang C, Hu J, et al. Intestinal dysbiosis exacer-

bates the pathogenesis of psoriasis-like phenotype through changes in fatty
acid metabolism. Signal Transduct Target Ther. 2023. https://doi.org/10.1038/
$41392-022-01219-0.


https://doi.org/10.1016/j.biopha.2021.112423
https://doi.org/10.1186/s40001-023-01457-0
https://doi.org/10.1186/s40001-023-01457-0
https://doi.org/10.1016/j.ejphar.2024.176341
https://doi.org/10.1016/j.ejphar.2024.176341
https://doi.org/10.1111/liv.14428
https://doi.org/10.1016/j.ajpath.2019.09.011
https://doi.org/10.1016/j.ajpath.2019.09.011
https://doi.org/10.1038/s41419-019-1678-y
https://doi.org/10.1038/s41419-019-1678-y
https://doi.org/10.1038/s41401-022-01010-5
https://doi.org/10.1016/j.bbalip.2023.159287
https://doi.org/10.1016/j.ejphar.2021.174351
https://doi.org/10.1016/j.ejphar.2021.174351
https://doi.org/10.1007/s13577-022-00820-3
https://doi.org/10.1007/s13577-022-00838-7
https://doi.org/10.1007/s13577-022-00838-7
https://doi.org/10.1016/j.apsb.2022.02.003
https://doi.org/10.1016/j.apsb.2022.02.003
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.15212/cvia.2023.0090
https://doi.org/10.15212/cvia.2023.0090
https://doi.org/10.3389/fimmu.2022.974872
https://doi.org/10.3389/fimmu.2022.974872
https://doi.org/10.3390/ijms25042183
https://doi.org/10.1016/j.jnutbio.2023.109434
https://doi.org/10.1111/jgh.13058
https://doi.org/10.1002/hep.28356
https://doi.org/10.1016/j.micpath.2023.106160
https://doi.org/10.1016/j.micpath.2023.106160
https://doi.org/10.3389/fcimb.2023.1066053
https://doi.org/10.1016/j.lfs.2023.121626
https://doi.org/10.1186/s40168-021-01125-7
https://doi.org/10.1186/s40168-021-01125-7
https://doi.org/10.1038/s41591-022-02016-6
https://doi.org/10.1002/hep.26093
https://doi.org/10.3389/fcimb.2023.1279354
https://doi.org/10.1186/s12916-024-03317-y
https://doi.org/10.1186/s12916-024-03317-y
https://doi.org/10.1016/j.dld.2023.11.023
https://doi.org/10.3390/nu15183988
https://doi.org/10.3390/nu15183988
https://doi.org/10.1016/j.jhepr.2023.100987
https://doi.org/10.1016/j.jhepr.2023.100987
https://doi.org/10.1016/j.jlr.2023.100483
https://doi.org/10.1111/odi.14785
https://doi.org/10.1016/j.isci.2023.106346
https://doi.org/10.1016/j.isci.2023.106346
https://doi.org/10.1038/s41522-024-00476-x
https://doi.org/10.14309/ctg.0000000000000520
https://doi.org/10.3748/wjg.v21.i22.6892
https://doi.org/10.3748/wjg.v21.i22.6892
https://doi.org/10.3389/fimmu.2023.1214623
https://doi.org/10.1038/s41392-022-01219-0
https://doi.org/10.1038/s41392-022-01219-0

Li et al. Lipids in Health and Disease

133.

134.

13

a

136.

13

138.

139.

140.

141.

142.

143.

144.

~

(2024) 23:117

Huus KE, Petersen C, Finlay BB. Diversity and dynamism of IgA-microbiota
interactions. Nat Rev Immunol. 2021;21:514-25. https://doi.org/10.1038/
s41577-021-00506-1.

Harrison SA, Allen AM, Dubourg J, Noureddin M, Alkhouri N. Challenges and
opportunities in NASH drug development. Nat Med. 2023;29:562-73. https://
doi.org/10.1038/541591-023-02242-6.

. Al'Hashmi K, Giglio RV, Pantea Stoian A, Patti AM, Al Waili K, Al Rasadi K, et

al. Metabolic dysfunction-associated fatty liver disease: current thera-

peutic strategies. Front Nutr. 2024;11:1355732. https://doi.org/10.3389/
fnut.2024.1355732.

Hassani Zadeh S, Mansoori A, Hosseinzadeh M. Relationship between dietary
patterns and non-alcoholic fatty liver disease: a systematic review and meta-
analysis. J Gastroenterol Hepatol. 2021;36:1470-8. https://doi.org/10.1111/
jgh.15363.

Risi R, Tozzi R, Watanabe M. Beyond weight loss in nonalcoholic fatty liver
disease: the role of carbohydrate restriction. Curr Opin Clin Nutr Metab Care.
2021;24:349-53. https://doi.org/10.1097/MC0O.0000000000000762.
Luukkonen PK, Dufour S, Lyu K, Zhang X-M, Hakkarainen A, Lehtimaki TE, et
al. Effect of a ketogenic diet on hepatic steatosis and hepatic mitochondrial
metabolism in nonalcoholic fatty liver disease. Proc Natl Acad Sci U S A.
2020;117:7347-54. https://doi.org/10.1073/pnas.1922344117.

Watanabe M, Tozzi R, Risi R, Tuccinardi D, Mariani S, Basciani S, et al. Beneficial
effects of the ketogenic diet on nonalcoholic fatty liver disease: a com-
prehensive review of the literature. Obes Rev. 2020,21:¢13024. https://doi.
0rg/10.1111/0br.13024.

Li D, DunY, Qi D, Ripley-Gonzalez JW, Dong J, Zhou N, et al. Intermittent fast-
ing activates macrophage migration inhibitory factor and alleviates high-fat
diet-induced nonalcoholic fatty liver disease. Sci Rep. 2023;13:13068. https.//
doi.org/10.1038/541598-023-40373-5.

Becerril-Campos AA, Ramos-Gomez M, De Rios-Arellano L, Ocampo-Angui-
ano EA, Gonzalez-Gallardo PV, Macotela A. Bean leaves ameliorate lipotoxicity
in fatty liver disease. Nutrients. 2023. https://doi.org/10.3390/nu15132928.
Fang C, Liu S, Yang W, Zheng G, Zhou F, Gao X, et al. Exercise ameliorates lipid
droplet metabolism disorder by the PLIN2-LIPA axis-mediated lipophagy in
mouse model of non-alcoholic fatty liver disease. Biochim Biophys Acta Mol
Basis Dis. 2024;1870167045. https://doi.org/10.1016/j.bbadis.2024.167045.

Qi Z Le S,Cheng R, Du X, Zhao C, Zhang Z, et al. Responses of the serum lipid
Profile to Exercise and Diet interventions in nonalcoholic fatty liver disease.
Med Sci Sports Exerc. 2024. https://doi.org/10.1249/MSS.0000000000003388.
Sumida'Y, Yoneda M. Current and future pharmacological therapies for
NAFLD/NASH. J Gastroenterol. 2018;53:362-76. https://doi.org/10.1007/
500535-017-1415-1.

146.

150.

152.

153.

Page 15 of 15

. Mohammadi M, Abbasalipourkabir R, Ziamajidi N. Fish oil and chicoric acid

combination protects better against palmitate-induced lipid accumulation
via regulating AMPK-mediated SREBP-1/FAS and PPARa/UCP2 pathways. Arch
Physiol Biochem. 2023;129:1-9. https://doi.org/10.1080/13813455.2020.1789
881.

Rong L, Zou J,Ran W, Qi X, Chen Y, Cui H, et al. Advancements in the treat-
ment of non-alcoholic fatty liver disease (NAFLD). Front Endocrinol (Laus-
anne). 2022;13:1087260. https://doi.org/10.3389/fendo.2022.1087260.

. Choi SW, Oh H, Park SY, Cho W, Abd El-Aty AM, Hacimuftuoglu A, et al. Adi-

pokine gremlin-1 promotes hepatic steatosis via upregulation of ER stress by
suppressing autophagy-mediated signaling. J Cell Physiol. 2023;238:966-75.
https://doi.org/10.1002/jcp.30982.

. He X, LiY, Deng X, Xiao X, Zeng J. Integrative evidence construction for res-

veratrol treatment of nonalcoholic fatty liver disease: preclinical and clinical
meta-analyses. Front Pharmacol. 2023;14:1230783. https://doi.org/10.3389/
fphar.2023.1230783.

. LanT, Jiang S, Zhang J,Weng Q, Yu Y, Li H, et al. Breviscapine alleviates NASH

by inhibiting TGF-B-activated kinase 1-dependent signaling. Hepatology
(Baltimore MD). 2022;76:155-71. https://doi.org/10.1002/hep.32221.
Rodriguez-Pastén A, Ferndndez-Martinez E, Pérez-Hernandez N, Soria-Jasso
LE, Carifo-Cortés R. Prebiotics and Probiotics: effects on Dyslipidemia and
NAFLD/NASH and the Associated mechanisms of Action. Curr Pharm Bio-
technol. 2023;24:633-46. https://doi.org/10.2174/1389201023666220818145
350.

. Koukias N, Buzzetti E, Tsochatzis EA. Intestinal hormones, gut microbiota and

non-alcoholic fatty liver disease. Minerva Endocrinol. 2017;42:184-94. https://
doi.org/10.23736/50391-1977.16.02567-0.

Finelli C, Padula MC, Martelli G, Tarantino G. Could the improvement of
obesity-related co-morbidities depend on modified gut hormones secretion?
World J Gastroenterol. 2014,20:16649-64. https://doi.org/10.3748/wjg.v20.
i44.16649.

Dong TS, Katzka W, Yang JC, Chang C, Arias-Jayo N, Lagishetty V, et al. Micro-
bial changes from bariatric surgery alters glucose-dependent insulinotropic
polypeptide and prevents fatty liver disease. Gut Microbes. 2023;15:2167170.
https://doi.org/10.1080/19490976.2023.2167170.

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


https://doi.org/10.1038/s41577-021-00506-1
https://doi.org/10.1038/s41577-021-00506-1
https://doi.org/10.1038/s41591-023-02242-6
https://doi.org/10.1038/s41591-023-02242-6
https://doi.org/10.3389/fnut.2024.1355732
https://doi.org/10.3389/fnut.2024.1355732
https://doi.org/10.1111/jgh.15363
https://doi.org/10.1111/jgh.15363
https://doi.org/10.1097/MCO.0000000000000762
https://doi.org/10.1073/pnas.1922344117
https://doi.org/10.1111/obr.13024
https://doi.org/10.1111/obr.13024
https://doi.org/10.1038/s41598-023-40373-5
https://doi.org/10.1038/s41598-023-40373-5
https://doi.org/10.3390/nu15132928
https://doi.org/10.1016/j.bbadis.2024.167045
https://doi.org/10.1249/MSS.0000000000003388
https://doi.org/10.1007/s00535-017-1415-1
https://doi.org/10.1007/s00535-017-1415-1
https://doi.org/10.1080/13813455.2020.1789881
https://doi.org/10.1080/13813455.2020.1789881
https://doi.org/10.3389/fendo.2022.1087260
https://doi.org/10.1002/jcp.30982
https://doi.org/10.3389/fphar.2023.1230783
https://doi.org/10.3389/fphar.2023.1230783
https://doi.org/10.1002/hep.32221
https://doi.org/10.2174/1389201023666220818145350
https://doi.org/10.2174/1389201023666220818145350
https://doi.org/10.23736/S0391-1977.16.02567-0
https://doi.org/10.23736/S0391-1977.16.02567-0
https://doi.org/10.3748/wjg.v20.i44.16649
https://doi.org/10.3748/wjg.v20.i44.16649
https://doi.org/10.1080/19490976.2023.2167170

	﻿Updated mechanisms of MASLD pathogenesis
	﻿Abstract
	﻿Introduction
	﻿The pathogenesis of MASLD
	﻿Lipotoxicity in MASLD
	﻿ER stress
	﻿B-cell lymphoma-2(Bcl-2) family proteins and apoptosis
	﻿Mitochondrial disorder
	﻿Lysosomal dysfunction
	﻿Ferroptosis in MASLD

	﻿Gut microbial dysbiosis in MASLD
	﻿Research prospects for therapeutic strategies
	﻿Strengths and limitations
	﻿Conclusion and outlook
	﻿References


