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Abstract: Ferroptosis, a iron-dependent programmed cell death characterized by iron-dependent accumulation of lipid peroxidation to
lethal levels, is closely related to the pathogenesis of hypertriglyceridemic acute pancreatitis, a condition marked by lipid metabolism
disorders. This paper summarizes the latest research progress in understanding the mechanistic contributions on the mechanisms of
ferroptosis in HTG-AP, with a particular focus on the roles of lipid peroxidation and iron-catalyzed reactive oxygen species generation
in the pathogenesis and progression of HTG-AP. It further elaborates on critical molecules-including the GPX4, ACSL4, SLC7A11
and FSP1-CoQ10-NAD(P)H and key cellular signaling pathways-including the HIF pathways, JAK-STAT pathways, PI3K/ Akt
pathways closely linked to ferroptosis in HTG-AP. Understanding the pathophysiological role of hypertriglyceridemia in pancreatic
injury is essential for unraveling the complex interplay between lipid and iron metabolic homeostasis. Additionally, by integrating
evidence from preclinical models and human studies, this review emphasizes the importance of ferroptosis mechanisms in the
treatment of HTG-AP, with the goal of identifying potential therapeutic targets and proposing innovative intervention strategies
aimed at mitigating ferroptosis, potentially improving outcomes in HTG-AP.
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Introduction

Hypertriglyceridemic acute pancreatitis (HTG-AP) is a distinct subtype of acute pancreatitis (AP), characterized by
markedly elevated serum triglyceride (TG) levels, typically exceeding 11.3 mmol/L (1000 mg/dL), in the absence of
other common etiologies such as gallstones or alcohol abuse.' In recent years, with the global epidemic of obesity,
diabetes, and metabolic syndrome, the incidence of HTG-AP has risen substantially. It has now become the third leading
cause of AP, following gallstones and alcohol. Epidemiological studies indicate that HTG-AP accounts for approximately
8-20% of all AP cases, with a significantly higher prevalence in Eastern populations, where the proportion can reach
nearly 30% in some Asian cohorts.*> Recent researches have reported that the incidence of HTG-AP is substantially
higher in Eastern countries than in Western populations, and that its mortality rate is approximately three times higher
than that of pancreatitis caused by other etiologies.* Moreover, HTG-AP tends to affect younger individuals. The mean
age of onset is approximately 10 years earlier than that of biliary pancreatitis, and men are disproportionately affected.
Patients frequently have metabolic risk factors such as obesity, diabetes mellitus, excessive alcohol consumption, or
familial hyperlipidemia.>® Clinically, the presentation of HTG-AP resembles that of other forms of AP, with persistent
epigastric pain, nausea, vomiting, and elevated pancreatic enzymes. However, HTG-AP is often more severe in nature,
characterized by rapid onset, extensive pancreatic necrosis, and a heightened systemic inflammatory response that
predisposes to multi-organ dysfunction. Respiratory failure, acute kidney injury, and circulatory collapse occur more
frequently in this subtype.'"” Several studies have reported that the proportion of severe cases can reach 30-40%, with an
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overall mortality rate ranging from 5% to 15%, significantly higher than that of biliary or alcoholic pancreatitis.'®
Furthermore, serum TG concentration at admission correlates closely with the extent of pancreatic necrosis, systemic
inflammation, and clinical outcome. When TG levels exceed 22.6 mmol/L (2000 mg/dL), the risk of developing severe
pancreatitis and organ failure increases markedly.”'® Consequently, HTG-AP represents a major challenge in the
management of severe pancreatitis.'' In terms of prognosis, patients with HTG-AP often experience impaired metabolic
recovery and incomplete restoration of pancreatic function. Follow-up studies have shown that approximately 20-30% of
patients develop pancreatic exocrine insufficiency within six months after the initial episode, manifesting as steatorrhea,
weight loss, and malnutrition.'>'? Some patients also develop impaired glucose tolerance, secondary diabetes mellitus

1415 with a markedly increased risk of recurrent pancreatitis.'® In addition, 15-25% of patients

17,18

and pancreatic cancer
progress to pancreatogenic diabetes, primarily due to sustained B-cell dysfunction and persistent insulin resistance.
The incidence of chronic pancreatitis is also elevated; structural changes and pancreatic fibrosis can occur within one to
three years after the initial episode in a subset of patients.'®'

Recent advancements have highlighted the role of ferroptosis, a novel type of controlled cell death distinguished by
iron-reliant lipid peroxidation, as a key element in the pathogenesis of HTG-AP.'" This review explores the underlying

mechanisms of ferroptosis in HTG-AP, with a focus on lipid peroxidation, iron catalysis, and the synergistic effects of
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these processes in pancreatic injury related to hypertriglyceridemia. By doing so, it sheds light on the emerging links
between metabolic disorders and cell death pathways.

In terms of treatment, this review discusses current therapeutic approaches and their limitations, while emphasizing
the potential of ferroptosis inhibitors as promising therapeutic agents that could fundamentally alter the treatment
landscape. However, challenges such as treatment specificity and adverse effects remain significant barriers.*

In conclusion, this paper aims to synthesize existing research findings and propose future directions for HTG-AP
research, recognizing the potential of ferroptosis as a therapeutic target. By doing so, it seeks to enhance our under-
standing of clinical treatment strategies for HTG-AP.

Pathophysiology and Etiology of HTG-AP

HTG-AP is an acute form of pancreatitis caused by elevated TG levels in the blood. The diagnostic threshold for HTG-
AP is usually a serum TG concentration above 1000 mg/dL, which significantly increases the risk of pancreatitis
developing. This type of pancreatitis is etiologically different from other types of pancreatitis due to the disorder of
lipid metabolism. Up to now, the definite pathophysiological mechanisms by which HTG-AP remain uncertain and are
still a subject of controversy. Several studies using animal models have put forward hypothesis that are generally agreed.
According to the theory originally proposed by Havel, when TG are injected into the isolated pancreas of dogs,
pancreatic lipase within the pancreas hydrolyzed excess TG,?'*? leading to the production of dense accumulations of
free fatty acids (FFAs). When the binding capacity of albumin is surpassed, these FFAs naturally assemble micelle-like
structures, demonstrating detergent-like properties. The micelles aggressively target platelets, vascular endothelial cells,
and acinar cells, leading to the destruction of acinar cells and pancreatic capillaries. This subsequently induces pancreatic
ischemia and creates an acidic milieu within the pancreas.”® Acidosis can activate trypsinogen, which further exacerbates
the toxicity of FFAs, leading to pancreatic congestion, edema, and the onset of HTG-AP.***> Additionally, acidosis may
promote the activation of cathepsin B109, which further activates trypsinogen, triggering or exacerbating inflammation.*?
The inflammatory cascade can culminate in cellular death, fluid accumulation, and pancreatitis, potentially evoking
a widespread inflammatory reaction.?® Furthermore, heightened TG-rich lipoprotein levels increased blood viscosity, and
the accumulated concentration of chylomicrons, especially large-diameter ones, can occlude capillaries and compromise
pancreatic microcirculation, which diminishes pancreatic blood flow, resulting in additional ischemic damage.?

Severe HTG-AP often lies a complex interplay between inherent genetic susceptibility, derangements in metabolic
homeostasis, and, in some cases, the compounding factor of excessive alcohol intake. The genetic backgrounds of HTG-
AP are intricate. Mild to moderate hypertriglyceridemia-induced pancreatitis is often polygenic in origin, while severe
cases, especially in younger patients, are more likely due to a combination of monogenic factors and secondary triggers
that, when uncontrolled, significantly elevate TG levels.”” Therefore, HTG-AP may be influenced by other metabolic
factors associated with AP, including poorly controlled diabetes, obesity, and excessive alcohol consumption.

In recent years, ferroptosis has been identified as a form of programmed cell death closely associated with lipid
peroxidation, disrupted iron homeostasis, and oxidative stress. Lipid peroxidation and iron dysregulation can form
a feedback loop that exacerbates cellular damage and inflammation. These characteristics show significant overlap
with the pathological context of HTG-AP, making this area highly worthy of in-depth investigation.

Cellular lIron Dynamics and Lipid Peroxidation: Unveiling the Pathway of

Ferroptosis

As a distinctive iron-dependent programmed cell death pathway, ferroptosis is marked by the progressive collection of
peroxidized phospholipids (PLs). Unlike apoptosis or necrosis, ferroptosis is intrinsically linked to the metabolic
processes of iron and lipids, making it a distinct pathway of cell death that is associated with a variety of diseases,
including neurodegenerative disorders, cancer, and pancreatitis.''*® At the heart of this process lies the role of iron as
a catalyst, facilitating the generation of reactive oxygen species (ROS). If the ROS generated are of a specific type—such
as phospholipid hydroperoxides (PLOOH)—and cannot be effectively neutralized, they accumulate and compromise the
integrity of the plasma membrane, leading to ferroptosis.
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In cells, the substrates for phospholipid peroxidation are PLs that contain polyunsaturated fatty acids (PUFAs) chains
at the sn-2 position. In the presence of bioactive iron, these PUFA-PLs can undergo both enzymatic and non-enzymatic
lipid peroxidation, resulting in the formation of PLOOH. Since all mammalian cells contain baseline levels of PUFA-PLs
and bioactive iron, specific monitoring or protective mechanisms exist under physiological conditions to prevent
unnecessary ferroptosis. One of the primary surveillance mechanisms is mediated by glutathione peroxidase 4
(GPX4),” which is a singular enzyme in the mammalian, catalyzes the reduction of PLOOH to alcohols, thus detoxifying
lipid peroxides. Inhibition or downregulation of GPX4 renders cells more susceptible to ferroptosis.”*~° The Xc- cystine/
glutamate antiporter system also plays a critical role in this process, as it facilitates the import of cystine, which is
essential for the synthesis of glutathione (GSH). Disruption of this pathway may trigger iron-catalyzed lipid peroxidation,
which is a defining characteristic of ferroptosis. Alongside GPX4-reliant mechanisms, several GPX4-independent path-
ways also mitigate ferroptosis. For instance, proteins such as ferroptosis suppressor protein 1(FSP1), GCHI1, and
DHODH generate metabolites with radical-trapping activity, which can terminate the Fenton radical chain reaction and

prevent the propagation of lipid peroxidation.®*'—*

The Link Between Hypertriglyceridemia and Ferroptosis: A Critical Role in
HTG-AP

Elevated levels of TG in the blood disrupt the delicate balance of lipid metabolism, rendering the pancreas vulnerable to
oxidative stress and cellular dysfunction.?’*” Compared with non-lipotoxic forms of pancreatitis, HTG-AP generates
a distinct biochemical milieu characterized by synergistic amplification of toxic lipid metabolites, dysregulation of iron
homeostasis, and a pro-inflammatory microenvironment. These factors collectively initiate or exacerbate ferroptosis,
thereby triggering a destructive cycle of oxidative damage and inflammation.

Role of Lipid Peroxidation in HTG-AP

HTG-AP is a complex, multifactorial condition defined by increased TG levels, which accelerate lipid peroxidation.
Research indicates that enhanced lipid peroxidation is closely associated with increased acinar cell death.”> Gaining
insight into the factors driving lipid peroxidation in HTG-AP is essential for devising targeted therapeutic interventions.
Lipid peroxidation begins with the oxidative degradation of lipids, which occurs when reactive ROS target PUFAs in
cellular membranes. This interaction results in the generation of lipid radicals that initiate a chain reaction, ultimately
producing lipid hydroperoxides. Elevated lipid hydroperoxide levels not only serve as indicators of oxidative stress but
also directly contribute to tissue damage and inflammation.

From the perspective of substrate availability, HTG-AP provides an exceptionally rich pool of oxidizable lipids.
Hypertriglyceridemia markedly expands lipid stores in the circulation and peripancreatic tissues. Upon pancreatic injury
—such as premature leakage of digestive enzymes—Ilipases (eg, pancreatic lipase) hydrolyze these TG and release large
amounts of FFAs.>> These FFAs are heterogeneous but are typically enriched in PUFAs. Due to their multiple double
bonds, PUFAs are highly prone to spontaneous auto-oxidation or iron-catalyzed peroxidation, effectively serving as the
direct “fuel” for ferroptosis. Ferroptosis is driven by iron-dependent peroxidation of PUFA-containing PLs; thus, when
antioxidant defenses such as the GPX4-GSH axis are compromised, membrane lipid damage is easily triggered.*® The
abundant PUFA substrates provided by HTG-AP therefore significantly enhance ferroptotic potential, in contrast to
etiologies lacking extensive TG hydrolysis, such as purely biliary pancreatitis.

Beyond substrate overload, the enzymology of lipid metabolism and membrane phospholipid remodeling also shapes
ferroptotic susceptibility. FFAs do not dictate cell fate solely in their free form; instead, they undergo enzymatic
activation and incorporation into membrane PLs, thereby determining membrane composition and oxidation vulner-
ability. A key enzyme in this process is acyl-CoA synthetase long-chain family member 4 (ACSL4), which displays
substrate specificity for long-chain PUFAs. In HTG-AP, abundant PUFAs such as arachidonic acid (AA) and eicosa-
pentaenoic acid serve as preferential substrates for ACSL4, promoting its activation and expression.>’ Following
conversion to PUFA-CoA, these lipids are incorporated into phosphatidylcholine or phosphatidylethanolamine (PE) by
enzymes such as lysophosphatidylcholine acyltransferase 3 (LPCAT3), markedly increasing susceptibility to iron-
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catalyzed lipid peroxidation®®*°—a hallmark of ferroptosis. Compared with non-HTG forms of AP, the ACSL4/LPCAT3
pathway is induced or upregulated in HTG-AP, leading to rapid esterification of abundant PUFAs into membranes and
increasing the density of peroxidation-sensitive PLs.** At the molecular level, HTG-AP therefore strengthens the
“loading” phase that primes cells for ferroptosis.

Moreover, dysregulated lipid metabolism in HTG-AP indirectly enhances ferroptotic sensitivity by altering cellular
energy metabolism and mitochondrial function. The mitochondrial membrane exhibits a high concentration of PUFAs,
making it particularly vulnerable to oxidative damage. The presence of oxidative stress results in diminished mitochon-
drial membrane potential, consequently compromising ATP synthesis capacity.*'** Excessive FFAs entering mitochon-
dria lead to intensified B-oxidation, mitochondrial membrane depolarization, and dysfunction of the electron transport
chain.* These changes increase ROS production while depleting NADPH and GSH, weakening antioxidant capacity.
The impairment of mitochondrial function further triggers the release of apoptotic factors, particularly cytochrome c,
enlightening a cascade of apoptotic signaling.** Mitochondrial ROS synergize with membrane lipid peroxidation,
lowering the threshold for ferroptosis and promoting iron-dependent oxidation of phospholipid acyl chains into toxic
aldehydes such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE),*> ultimately compromising membrane
integrity and leading to cell death. Navina et al similarly reported that unsaturated fatty acids can inhibit mitochondrial
respiratory complexes and trigger Ca®+ overload and necrotic injury in models of obesity-related pancreatic
lipotoxicity.*® Studies utilizing mitochondria-targeted antioxidants, such as mitoquinone(MitoQ), have demonstrated
the potential to mitigate oxidative damage by restoring respiratory chain function and energy production. These findings
highlight the necessity of safeguarding mitochondria from ROS to maintain cellular energy homeostasis and promote cell
survival.*®

In addition, inflammation and immunometabolic reprogramming in HTG-AP further amplify ferroptosis. The lipid-
rich microenvironment alters the metabolic phenotype of infiltrating macrophages and neutrophils, enhancing the release
of pro-inflammatory mediators and perturbing iron homeostasis. Upregulation of ACSL4 in immune cells also increases
their intrinsic susceptibility to ferroptosis.*” Once immune cells undergo ferroptosis, they release damage-associated
molecular patterns, which intensify inflammation and propagate ferroptotic death to neighboring acinar and endothelial
cells.*®** This self-reinforcing loop among immunity, lipid metabolism, and ferroptosis is markedly more pronounced in
HTG-AP than in non-lipotoxic pancreatitis.*®

Moreover, oxidative events also affect the endoplasmic reticulum and plasma membrane, leading to disruptions in
calcium homeostasis, which exacerbates cellular injury. Experimental evidence suggests that increased lipid peroxidation
is associated with elevated intracellular calcium levels, thereby promoting cell death pathways.’™! Calcium dysregula-
tion is also recognized as a fundamental mechanism in the development of pancreatitis.

Role of Iron Catalysis in Hypertriglyceridemic AP

Iron plays a paradoxical role in biological systems, functioning as both an essential mediator and a potential toxicant in
various physiological processes. While it is an essential trace mineral for various life functions, excessive iron can
catalyze oxidative stress in pancreatic cells, leading to ferroptosis and tissue damage.’® Therefore, it is crucial to
investigate the role of iron in HTG-AP and identify potential therapeutic targets. A growing body of research has
explored the cellular and molecular mechanisms by which iron metabolism promotes the development of HTG-AP.
Clinical data indicate that elevated iron levels are commonly observed in patients with pancreatitis and are associated
with markers of oxidative damage, such as MDA and HNE. This suggests a close relationship between iron metabolism
dysregulation and oxidative damage in pancreatic tissue. In animal models of pancreatitis with excessive iron intake,
increased production of pro-inflammatory cytokines and pancreatic necrosis have been observed, further supporting the
role of iron in oxidative stress-driven pancreatic injury.”*>> Iron’s pro-oxidant nature enhance the accumulation of ROS,
which are central to oxidative stress, a well-known contributor to pancreatic tissue damage.>?

The fundamental elements of ferroptosis can be distilled into two essential components: (i) an expansion of the labile
iron pool, which provides catalytic iron for Fenton chemistry, and (ii) the oxidation of PUFAs within membrane PLs,
leading to loss of membrane integrity. Consequently, any pathological condition that simultaneously increases bioavail-
able iron and enhances membrane susceptibility to oxidation—or weakens antioxidant defenses—significantly lowers the
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threshold for ferroptotic cell death.*® HTG-AP uniquely promotes both processes: massive lipolysis supplies abundant
PUFAs substrates, while inflammation, hemorrhage, and autophagy-driven ferritinophagy disrupt iron homeostasis,
rapidly increasing local iron availability and thus predisposing the pancreas to ferroptosis more strongly than non-
HTG etiologies.

In HTG-AP, the presence of abundant peripancreatic adipose tissue results in extensive lipolysis when pancreatic
lipase leaks into surrounding areas. The hydrolysis of TG induces marked fat necrosis and structural tissue injury, which
often accompanies microvascular leakage, focal hemorrhage, or erythrocyte lysis—events that release heme and free iron
into the interstitial space.’® Moreover, phagocytosis and clearance of necrotic tissue by macrophages can further liberate
iron or alter its recycling dynamics, causing a transient surge in the local labile iron pool within the pancreatic
microenvironment.*>>” By contrast, typical non-HTG etiologies—such as simple biliary obstruction or mild alcohol-
induced pancreatitis—usually lack extensive fat necrosis or hemorrhage, resulting in less iron release and a slower
accumulation of iron-driven lipid peroxidation. This “iron-source differential” is a major reason why HTG-AP is more
prone to ferroptosis.

Inflammatory stimuli such as IL-6 upregulate hepatic hepcidin, which promotes degradation of the iron exporter
ferroportin and thereby reshapes systemic iron distribution.”® In HTG-AP, lipotoxicity is frequently accompanied by
more intense systemic and local inflammation, leading to dynamic changes in hepcidin and redistribution of iron between
organs. This results in a paradoxical pattern—transient hepatic iron sequestration alongside intracellular iron retention
within pancreatic tissues owing to phagocytosis, cellular injury, and activated autophagy. Animal studies demonstrate that
hepcidin deficiency or impaired hepcidin signaling causes intrapancreatic iron accumulation and chronic pancreatic
injury,” underscoring the essential role of the liver—pancreas iron regulatory axis in maintaining pancreatic tolerance to
iron load.”” Disruption of this axis is generally more severe in HTG-AP than in non-HTG diseases, predisposing the
pancreas to a ferroptosis-permissive iron microenvironment.>® Ferritin serves as a major iron-storage complex that limits
the labile iron pool; however, when autophagic activity increases, selective ferritinophagy—mediated by NCOA4—
degrades ferritin and rapidly releases stored iron.®” Under HTG conditions, pancreatic acinar cells experience FFAs
overload, mitochondrial and ER stress, and typically display enhanced autophagic flux.®’ Recent pancreatitis models
show that autophagy-dependent ferritin degradation is tightly coupled to ferroptosis.”” In HTG-AP, this pathway is more
robustly activated, leading to faster and greater liberation of intracellular iron than in non-HTG etiologies, thereby
accelerating the lipid peroxidation cascade.

Iron and PUFAs are critical determinants of ferroptosis, but the integrity of antioxidant systems—such as GPX4/GSH
and the FSP1-CoQ10 axis—ultimately dictates whether cells cross the ferroptotic threshold.*"** In HTG-AP, NEFA-
induced mitochondrial ROS, NADPH depletion, and ER stress collectively weaken these defensive mechanisms.”’
Simultaneously, increased local iron availability amplifies peroxidation reactions, exhausting antioxidant reserves at an
accelerated rate. In other words, the convergence of “more iron and more oxidizable substrates and weaker antioxidant
defenses” makes HTG-AP far more prone to rapidly triggering ferroptosis, whereas non-HTG causes typically lack at
least one of these components (most commonly PUFAs overload or iron release), rendering ferroptosis less likely.

Overall, from the perspective of iron homeostasis, the heightened susceptibility to ferroptosis in HTG-AP compared
with non-HTG pancreatitis reflects not a single mechanism but rather the combined effects of increased iron sources,
disruption of the liver—pancreas iron regulatory axis, enhanced autophagy-dependent ferritinophagy, and coordinated
failure of antioxidant systems. These insights highlight the need to incorporate “iron homeostasis” into both research and
therapeutic strategies—on par with lipid metabolism—to develop mechanism-driven, precision interventions specifically
tailored to HTG-AP.

Key Cellular Signaling and Molecule Between HTG-AP and Ferroptosis
GPX4

GPX4 is a pivotal intracellular antioxidant enzyme, playing an indispensable role in defending against lipid peroxidation
and regulating ferroptosis. Unlike other GPX isoforms that broadly reduce hydrogen peroxides, GPX4 contains a unique
selenocysteine (Sec) residue that confers exceptionally high catalytic activity and substrate specificity. A distinguishing
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feature of GPX4 is its ability to directly associate with cellular membranes and reduce PLOOH embedded within the
lipid bilayer to their corresponding phospholipid alcohols, thereby interrupting the lipid peroxidation chain reaction and
preserving membrane integrity.> ®> Mechanistically, GPX4 utilizes reduced GSH as an electron donor to catalyze the
reduction of PLOOH. The Sec moiety first attacks PLOOH to form a selenenic acid intermediate, which is subsequently
reduced by two molecules of GSH to regenerate the catalytically active selenol, yielding oxidized GSH in the process.®*
This two-electron reduction mechanism enables GPX4 to terminate peroxidation reactions in a non-radical manner,
preventing further propagation of damaging reactive species.®® GSH reductase then regenerates GSH using NADPH,
thereby sustaining this essential antioxidant cycle.®’

GPX4 exhibits remarkable selectivity toward both its substrates and the surrounding membrane environment.®®
Evidence indicates that hydrophobic residues near its active site interact with the membrane interface, allowing the
enzyme to access esterified PUFAs within PLs. Structural and computational studies support a model in which GPX4 is
strategically positioned on the membrane surface, enabling efficient recognition and reduction of membrane-embedded
PLOOH, thus mitigating membrane damage.®” GPX4 is particularly crucial for detoxifying oxidized PE, especially those
enriched in AA or adrenic acid (AdA). When AA- or AdA-containing PE-OOH are not efficiently removed, they readily
accumulate and trigger cell death. Indeed, studies demonstrate that inhibition or genetic ablation of GPX4 leads to a rapid
buildup of these oxidized PEs, which constitute the key lethal lipid species driving ferroptosis.

The functional status of GPX4 critically shapes cellular fate under both physiological and pathological conditions. In
settings of heightened metabolic stress or increased iron burden—such as pancreatic tissue exposed to HTG—oxidative
pressure intensifies, membrane lipid composition is remodeled (eg, elevated PUFA content), and iron-catalyzed oxidation
reactions such as the Fenton reaction become more prevalent. Under these circumstances, any compromise in GPX4
activity—whether due to GSH depletion, inadequate selenium supply, or direct enzyme inhibition—impairs timely
reduction of lipid hydroperoxides, leading to progressive membrane disruption and ultimately ferroptotic cell
death.”®”" This mechanism has been validated in multiple tissue injury models and underscores the crucial importance
of preserving GPX4 function in HTG-AP.

Experimental evidence further supports the central role of the GPX4-GSH axis as a frontline defense against
ferroptosis. Direct inhibition of GPX4 using small-molecule inhibitors such as RSL3, or depletion of GSH through
blockade of the system Xc cystine/glutamate antiporter (eg, by erastin), reliably induces ferroptosis.”*> Moreover, in vivo
GPX4 knockout models—including those targeting embryonic tissues, liver, heart, and retina—exhibit profound tissue
damage due to uncontrolled lipid peroxidation. Supplementation with lipid-soluble antioxidants such as vitamin
E partially ameliorates these phenotypes,®® further underscoring the irreplaceable role of GPX4 in maintaining membrane
stability.

In summary, GPX4 plays a decisive role in preventing the propagation of lipid peroxidation and maintaining
membrane integrity through its highly specific two-electron reduction mechanism, membrane-targeting capacity, and
stringent substrate selectivity. In pathological states characterized by dysregulated lipid and iron metabolism—such as
HTG-AP—disruption of GPX4 activity directly precipitates fatal membrane damage and ferroptosis. Therefore,
a comprehensive understanding of GPX4 structure—function relationships, regulatory mechanisms (including selenium
availability and GSH metabolism), and the ways in which these processes are perturbed in pancreatic pathology is
essential for advancing both mechanistic insight and therapeutic development.

Within the pathological milieu of HTG-AP, GPX4 function faces dual challenges (Table 1). Firstly, the high FFA
environment significantly increases the PUFA content while decreasing MUFA levels in membrane PLs. PUFAs, due to
their bis-allylic structures, are highly susceptible to peroxidation. This substantially elevates the substrate load for GPX4-
mediated detoxification.”® Furthermore, under sustained high-lipid stress, lipid droplets—the primary PUFA storage
depots—become saturated. This saturation triggers massive PUFA release and their subsequent incorporation into
membrane PLs, becoming major substrates for peroxidation.®® Additionally, ACSL4 catalyzes the activation of long-
chain PUFAs to PUFA-CoAs, promoting their integration into membrane PLs and further amplifying lipid
peroxidation.”* Secondly, exacerbated oxidative stress leads to a burst of ROS, which further consumes GPX4
activity.®>’® GPX4 activity is critically dependent on a continuous GSH supply. In HTG-AP, glucose metabolism
dysregulation induced by the hyperlipidemic microenvironment restricts the pentose phosphate pathway. This limitation
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Table | Key Regulation Molecule Between HTG-AP and Ferroptosis

Regulation Molecules/Pathways Regulation Phenotypic Effects Ref.
Modes

GPX4 FFA overload inhibiting NRF2 nuclear translocation | Transcriptional GPX4 | accumulating membrane lipid [67,73]
and leading to downregulation of GPX4 regulation; peroxides and disrupting lipid membrane.
expression; Disordered glucose metabolism Metabolic
accumulating ROS depleting NADPH and GSH, regulation
thereby downregulating GPX4 expression.

ACSL4 FFA overload and hypoxic conditions activating Transcriptional ACSL4 1 catalyzing the conversion of [48,78,79]
TLR4 and HIF-la, promoting ACSL4 expression; regulation; PUFAs to PUFA-CoA, incorporating into
FFA overload inhibiting histone deacetylase Epigenetic membrane phospholipids and promoting
expression and enhancing the ACSL4 modifications membrane lipid peroxidation.

transcriptional activity.

SLC7AIl1 | FFA overload inhibiting NRF2 nuclear translocation | Transcriptional SLC7AI Il | reducing cystine uptake, GSH [80,81]
and leading to downregulation of SLC7AI | regulation; post- synthesis and cellular antioxidant capacity.
expression; Aberrant dimerization or sulfhydryl translational
modification of SLC7AI | protein impairing its modification
cystine transport capacity.

FSPI FFA overload activating KEAP| or NF-«B, Transcriptional FSP1 | depleting NADPH, impairing the [82-84]
inhibiting NRF2 nuclear translocation and regulation reduction of CoQI0 to ubiquinol and
downregulating FSP| expression. cellular antioxidant capacity.

Abbreviations: ACSL4, acyl-CoA synthetase long-chain family member 4; CoQ10, coenzyme QI0; FFA, free fatty acid; FSPI, ferroptosis suppressor protein |; GSH,
glutathione; GPX4, glutathione peroxidase 4; HIF-lo, hypoxia-inducible factor-1 alpha; KEAPI, kelch-like ECH-associated protein |; NADPH, nicotinamide adenine
dinucleotide phosphate hydrogen; NRF2, nuclear factor erythroid 2-related factor 2; PUFA, polyunsaturated fatty acid; PUFA-CoA, polyunsaturated fatty acid-coenzyme
A; TLR4, toll-like receptor 4; SLC7Al 1, solute carrier family 7 member |1.

reduces NADPH generation, consequently impairing GSH regeneration capacity and indirectly suppressing GPX4
function.®® During the initial phase of HTG-AP, pancreatic acinar cells initiate an adaptive antioxidant response to high-
lipid stress. Animal model studies indicate that GPX4 expression undergoes transient upregulation in the early stages of
sodium taurocholate-induced AP. This represents a compensatory response mediated by nuclear factor erythroid 2-related
factor 2(Nrf2) pathway activation.”> At this stage, despite elevated intracellular ROS levels, enhanced GPX4 activity
effectively maintains the clearance of lipid peroxidation products, delaying the progression of cell death.”® Notably,
specific knockout of the pancreatic GPX4 gene in mice resulted in significantly higher serum amylase and lipase levels,
along with increased tissue necrosis area, compared to wild-type mice in cerulein-induced pancreatitis models.®> As high-
lipid stress persists, the GPX4 defense system gradually collapses, entering an irreversible phase of functional
exhaustion. In canine HTG-AP models, GPX4 protein expression was reduced compared to healthy controls.
Transmission electron microscopy revealed characteristic ferroptotic ultrastructural alterations, including mitochondrial
cristae breakdown and loss of membrane integrity.®” Concomitantly, the decline in GPX4 enzymatic activity was closely
associated with GSH depletion and insufficient NADPH supply.®*’®”” In summary, GPX4, as a core regulator of
ferroptosis, acts as a critical “molecular gatekeeper” in the pathological evolution of HTG-AP. Its dynamic trajectory
—from early compensatory adaptation to late-stage functional collapse—profoundly influences the fate determination of
pancreatic acinar cells.

Acsl4

ACSLA4, a key enzyme in lipid metabolic reprogramming, plays a central role in ferroptosis during HTG-AP by driving
lipid peroxidation through its promotion of PUFA incorporation into membrane PLs (Table 1). ACSL4 catalyzes the
activation of long-chain PUFAs, particularly ®-6 fatty acids (eg, AA, AdA), to acyl-coa (eg, AA-coa, ADA-coa). These
activated PUFAs are subsequently incorporated into membrane PLs—particularly PEs—via LPCAT3. Oxidation by
lipoxygenases (LOXs) or the Fenton reaction then generates lipid peroxides, forming the lipid substrates essential for
ferroptosis.***>%¢ Mechanistically, ACSL4 initiates the pathway by catalyzing an ATP-dependent ligation of PUFAs with
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coenzyme A to generate PUFA-CoAs. These activated PUFA-CoAs are subsequently incorporated by LPCAT3 into the
sn-2 position of PEs, producing species such as AA-PE and AdA-PE.** PUFA-enriched PEs serve as preferential
substrates for subsequent oxidation by LOXs or iron-dependent radical reactions. Once oxidized to PE-OOH,*’ these
PLOOH readily initiate membrane damage and trigger ferroptosis. In this context, ACSL4 functions as a “substrate hub”,
orchestrating the membrane PUFA-PE composition and thereby dictating cellular susceptibility to ferroptotic death.

The strong association between ACSL4 expression/activity and ferroptosis sensitivity has been validated across
multiple studies. CRISPR-based loss-of-function screens and pharmacological inhibition experiments demonstrate that
deletion or suppression of ACSL4 markedly diminishes ferroptotic cell death.*® Additionally, high ACSL4 expression
predicts heightened sensitivity to GPX4 inhibitors such as RSL3 in several cell types. Beyond its role in phospholipid
remodeling, ACSL4 is also linked to mitochondrial dysfunction and ROS production. Specifically, overexpression of
ACSL4 and LPCAT2 renders cells more vulnerable to ferroptosis inducers like RSL3, accompanied by reduced
mitochondrial membrane potential, impaired respiratory capacity, and elevated mitochondrial ROS. Notably, selective
scavenging of mitochondrial ROS using MitoQ partially rescues this cell death phenotype,®® indicating that mitochon-
drial ROS act as a key mediator in ACSL4-driven ferroptosis.

Under pathological conditions such as inflammation, lipid overload, or pancreatic injury, ACSL4 likely acts as
a central determinant of ferroptosis sensitivity by reshaping membrane phospholipid composition and supplying oxidiz-
able substrates.®” In HTG-AP, elevated FFAs, inflammatory signaling, and oxidative stress synergistically enhance
ACSL4-mediated synthesis of PUFA-PEs, thereby increasing the availability of substrates for LOX-dependent or iron-
catalyzed oxidation.*” When GPX4 is inhibited or functionally compromised, these newly formed PE-OOH species
accumulate rapidly, precipitating membrane destruction and subsequent ferroptotic death.

In HTG-AP, elevated levels of saturated fatty acids (eg, palmitic acid) upregulate ACSL4 transcription through the
TLR4/NF-xB pathway. Consistent with this, ACSL4 expression is elevated in pancreatic acinar cells within HTG-AP

mouse models.”®°

Furthermore, FFAs inhibit histone deacetylases, increasing H3K27 acetylation at
the ACSL4 promoter region. This epigenetic modification enhances ACSL4 transcriptional activity,””°' further amplify-
ing ACSL4 function. Hypoxia induced by hyperlipidemia activates HIF-1a, which directly binds to the ACSL4 promoter
and upregulates its expression.”” Supporting this regulatory link, clinical samples reveal a significant positive correlation
between HIF-1o and ACSL4 expression in the pancreas of HTG-AP patients.”> ACSL4 also potentiates the inflammatory
microenvironment characteristic of HTG-AP. Lipid peroxidation products generated via ACSL4 activity (eg, 4-HNE)
activate the NLRP3 inflammasome, promoting IL-1f release and recruiting macrophage infiltration.”* Accordingly,
ACSL4 inhibitors reduce pancreatic IL-1p levels in HTG-AP models.*® These lipid peroxides further activate macro-
phages via TLR2/TLR4 signaling, promoting M1 polarization®> and establishing a detrimental “ferroptosis-
inflammation” vicious cycle. Currently, pharmacological inhibitors targeting ACSL4 are being explored as potential
therapeutic strategies to mitigate cell death in ferroptosis-associated pathologies, including liver disease and
cancer.”*®” Notably, suppressing the ACSL4/p38 MAPK/GPX4 axis reverses silica nanoparticle-induced hepatic
ferroptosis.”® This mechanism may be extrapolated to HTG-AP-associated liver injury. Therefore, modulating ACSL4
activity represents a promising therapeutic target for managing hypertriglyceridemia-associated pancreatitis.”®

SLC7AI I

SLC7AL11 (also known as xCT) serves as the key functional subunit of the system xc™ transporter located on the plasma
membrane. It forms a heterodimeric complex with SLC3A2, responsible for the 1:1 exchange transport of extracellular
cystine into the cell and intracellular glutamate out of the cell. This process constitutes the core metabolic hub of the
cellular antioxidant system: imported cystine is rapidly reduced to cysteine, the rate-limiting precursor for GSH
synthesis®™ (Table 1). GSH, one of the most crucial intracellular antioxidant molecules, acts as an essential substrate
for GPX4, protecting cells against lipid peroxidation and ferroptosis.”” GPX4 utilizes GSH to reduce toxic PLOOH into
harmless, thereby halting the lipid peroxidation chain reaction and maintaining plasma membrane integrity.'°” Under
physiological conditions, SLC7A11 expression is finely regulated by multiple transcription factors, with NRF2 being the
most critical activator. During oxidative stress, NRF2 translocates into the nucleus and binds to the antioxidant response
element (ARE) within the SLC7A11 promoter, significantly upregulating its transcription and enhancing cellular
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antioxidant defenses.®'"'% RNA sequencing analysis of human pancreatic tissue and murine AP models revealed
significant enrichment of cell survival-related pathways during the early disease stage, including transient upregulation
of SLC7AL11 expression.® SLC7AI11 specifically protects acinar cells from ferroptosis by promoting the GSH pool and
maintaining ROS balance. Conversely, acinar cells with impaired or reduced SLC7A11 function exhibit GSH depletion,
increased ferroptosis associated with lipid peroxidation, and significantly exacerbated inflammation and pancreatic tissue
necrosis. Pharmacological activation of the NRF2-SLC7A11 axis significantly alleviates pancreatic injury.**** Within the
pathological context of HTG-AP, this intricate regulatory network is particularly susceptible to disruption, leading to
SLC7A1l dysfunction. The abundant FFAs generated in HTG-AP markedly induce the expression of nicotinamide
N-methyltransferase (NNMT). NNMT depletes S-adenosylmethionine to generate methylated products, resulting in
a global reduction in cellular methylation levels and consequently impacting the expression regulation of both GPX4
and SLC7A11.'°" Experimental evidence demonstrates that NNMT inhibitor treatment significantly elevates GPX4 and
SLC7AL11 expression, reduces lipid peroxidation levels and Fe’+ content, and mitigates ferroptosis.'”' Furthermore,
abundant lipid metabolites activate the aryl hydrocarbon receptor (AhR) signaling pathway. AhR, a ligand-activated
transcription factor, transcriptionally represses SLC7A11 expression, thereby enhancing cellular susceptibility to ferrop-
tosis. This regulatory role of AhR is likely amplified within the pancreatic inflammatory milieu.®’

FSP1-CoQI10-NAD(P)H Antioxidant Axis
FSP1 is a core ferroptosis inhibitor independent of the GPX4 pathway. FSP1 is a flavoprotein that utilizes NAD(P)H as
an electron donor to catalyze the reduction of CoQ to its antioxidant form, ubiquinol (CoQH,).'*> CoQH, acts as a potent
lipophilic radical-trapping antioxidant that terminates the propagation of lipid peroxyl radicals within membranes,
thereby preventing the lethal spread of lipid peroxides.’'***> N-terminal myristoylation facilitates the membrane
association of FSP1, enabling the enzyme to execute its reductive function in close proximity to the phospholipid
bilayer.>? Expression-based screening and CRISPR-mediated synthetic lethal analyses have identified FSP1 as a powerful
ferroptosis-resistance factor capable of compensating for the loss or inhibition of GPX4 and suppressing otherwise fatal
lipid peroxidation.*’

Beyond its canonical role in CoQ reduction, FSP1 is involved in additional regulatory mechanisms with antioxidant
and cytoprotective functions. Emerging evidence suggests that FSP1 may also participate in the vitamin K reduction

cycle to confer antioxidant protection,'®?

and can promote membrane repair through ESCRT-III-mediated mechanisms,
thereby providing resistance to ferroptotic injury.'®* Both in vitro and in vivo studies demonstrate that inhibition of FSP1
markedly sensitizes cells to ferroptosis induced by GPX4 inhibitors, whereas elevated FSP1 expression correlates
positively with ferroptosis resistance across multiple cancer cell lines.>’ When the GPX4-GSH axis is suppressed, the
FSP1-CoQ pathway appears to become rapidly activated to maintain localized membrane redox homeostasis.'*>

In summary, FSP1 constitutes a GPX4-independent and GSH-independent defensive pathway that suppresses the
propagation of lipid peroxidation through CoQ reduction and strategic membrane localization. Under conditions of
heightened oxidative stress and metabolic dysregulation, FSP1 may serve as a crucial compensatory mechanism to
maintain membrane integrity. Elucidating its molecular functions and developing small-molecule modulators targeting
FSP1 will advance our understanding of ferroptosis regulation, particularly within the pathological landscape of HTG-
AP.

FSP1 exerts a central protective role against ferroptosis in HTG-AP through two interconnected mechanisms: the
CoQ10-NAD(P)H antioxidant axis and PPARa/CPT1A-mediated lipid metabolism regulation (Table 1). Under these
conditions, a burst of reactive ROS activates NRF2, leading to a transient upregulation of FSP1 expression. This increase
facilitates enhanced ubiquinol generation, buffering lipid peroxidation damage'®® and delaying acinar cell death. Animal
studies demonstrate that FSP1 expression initially rises compensatorily in mice fed a high-fat diet. However, with
sustained oxidative stress, FSP1 protein degradation accelerates, ultimately leading to functional exhaustion.'®” Notably,
FSP1 overexpression improves survival rates in cerulein-induced pancreatitis models.'”® FSP1 function is dynamically
regulated by the hyperlipidemic microenvironment. Under persistent high-lipid stress, FFAs activate KEAP1, inhibiting
NRF2 nuclear translocation. This cascade results in the downregulation of FSP1 expression, NADPH depletion, and
diminished FSP1 reductase activity, impairing its capacity to effectively regenerate ubiquinol.** Concurrently, FSP1 may
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undergo nuclear translocation, where its C-terminal fragment can induce caspase-independent apoptosis, exacerbating
tissue damage.'® Furthermore, continuous high-lipid stimulation can activate NF-kB via the TLR4/MyD88 pathway,
suppressing NRF2 transcriptional activity and consequently reducing FSP1 expression.** Clinical investigations have
revealed that serum FSP1 levels in severe HTG-AP patients positively correlate with the extent of pancreatic necrosis and
serve as an independent risk factor for predicting multiple organ failure.''® Current research efforts are exploring FSP1 as
a therapeutic target for HTG-AP, particularly in combination with lipid metabolism modulation. For instance, the natural
compound carvacrol activates the NRF2/FSP1 axis, reducing ferroptosis in acinar cells.** However, significant chal-
lenges remain, including the lack of molecular probes for real-time detection of pancreatic FSP1 activity and the
difficulty in precisely determining the optimal therapeutic window. Therefore, future studies should integrate single-
cell spatial transcriptomics to decipher the FSP1 regulatory networks within distinct pancreatic cell subpopulations across
HTG-AP stages, thereby addressing the critical hurdles of tissue-specific drug delivery and dynamic monitoring.

HIF Pathway

Hypoxia-inducible factors (HIFs) are transcription factors composed of an oxygen-sensitive o subunit (HIF-1a or HIF-
20) and a constitutively expressed B subunit. Under normoxic conditions, HIF-a undergoes prolyl hydroxylation by
prolyl hydroxylase domain (PHD) enzymes, leading to its ubiquitination and degradation. Conversely, under hypoxia or
metabolic stress, HIF-a stabilizes, translocates into the nucleus, and regulates downstream target genes
(eg, LDHA, VEGF, GLUTI1), thereby promoting glycolysis, angiogenesis, and iron metabolism adaptation.''! The HIF
signaling pathway is intricately linked to the ferroptosis process. HIF-1a and HIF-2a have been identified as promoters of
ferroptosis, partly through downregulation of genes involved in lipid metabolism (Table 2)."'> HTG-AP is characterized
by severe dyslipidemia, increased lipid droplet synthesis, and excessive FFA accumulation. This milieu promotes iron
accumulation (via upregulation of the transferrin receptor TFRC), exacerbates lipid peroxidation via the Fenton reaction,
and stabilizes HIF-10.*® HIF-2a contributes by directly upregulating the expression of the lipid droplet-associated protein
HILPDA, enhancing the incorporation of PUFAs into triacylglycerols and PLs. HILPDA binds to and inhibits adipose
triglyceride lipase, potentially stimulating the specific conversion of PUFAs into PLs.'"> Furthermore, HIF-
la upregulates hepcidin and the TFRC, promoting intracellular iron accumulation and establishing a deleterious “iron
overload-hypoxia™ positive feedback loop.*® Notably, chelating intracellular free iron using the ferroptosis inhibitor

Table 2 Key Regulation Pathways Between HTG-AP and Ferroptosis

Regulation | Regulation Mechanism Phenotypic Effects Ref.
Molecules
HIF ACSL4, Hypertriglyceridemic microenvironment stabilizing HIF- 1o HIF activation inducing lipid peroxidation, [48,116]
GPX4 upregulating ACSL4, and promoting the integration of mitochondrial dysfunction, and ATP
PUFAs into biological membranes; depletion in acinar cells.

Hypertriglyceridemic microenvironment activating LDHA,

enhancing glycosis, depleting NADPH, and reducing GSH

synthesis.
PI3K/ | GPX4, FFA overload activating PI3K/Akt pathway, promoting Nrf2 | PI3K/Akt activation enhancing cellular [117,118]
Akt SLC7AL | nuclear translocation, upregulating antioxidant genes. antioxidant capacity and reducing lipid

PI3K/ Akt activation upregulating SCD, altering membrane | peroxidation.

lipid unsaturation.

JAK- GPX4, Excessive FFA activating JAK2, STAT3 phosphorylation and | PI3K/Akt activation increasing intracellular [r9o-
STAT | SLC7AII upregulating hepcidin; suppressing NRF2 nuclear lipid peroxidation and compromising cellular | 121]
translocation, downregulating GPX4 and SLC7AI I. antioxidant defense.

STAT3 promoting the release of IL-6 and TNF-a, amplifying
the inflammation in hyperlipidemia microenvironment.

Abbreviations: ACSL4, acyl-CoA synthetase long-chain family member 4; FFA, free fatty acid; GSH, glutathione; GPX4, glutathione peroxidase 4; HIF, hypoxia-inducible
factor; JAK-STAT, janus kinase-signal transducer and activator of transcription; LDHA, lactate dehydrogenase A; NADPH, nicotinamide adenine dinucleotide phosphate
hydrogen; NRF2, nuclear factor erythroid 2-related factor 2; PI3K/Akt, phosphoinositide 3-kinase/protein kinase B; PUFA, polyunsaturated fatty acid; SCD|1, stearoyl-CoA
desaturase- |; SLC7AI I, solute carrier family 7 member 11.
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deferoxamine (DFO) suppresses PHD activity and consequently inhibits HIF-1a activation.''* Under hypoxic conditions,
HIF signaling alters the expression of genes governing iron and lipid metabolism, profoundly impacting lipid peroxida-
tion and ferroptosis susceptibility.''* Specifically, HIF-la suppresses the expression of ferroptosis-related
genes GLUTI, SCDI, and FADS2, promoting the desaturation and conversion of LA to AA''® — a lipid molecule highly
susceptible to peroxidation. Concurrently, HIF-1a upregulates lactate dehydrogenase A (LDHA), facilitating the con-
version of pyruvate to lactate while inhibiting pyruvate entry into mitochondrial oxidative phosphorylation. This
metabolic shift reduces ATP production and depletes NADPH, thereby weakening GPX4-mediated antioxidant
defense.''® HIF-1a also induces the expression of fatty acid synthase and ACSL4, promoting the incorporation of
PUFAs into membrane PLs and enhancing cellular sensitivity to ferroptosis.*® Moreover, HIF-1a directly binds to the
NLRP3 promoter, promoting inflammasome assembly, caspase-1 activation, and subsequent IL-1f release, driving
pyroptosis.  This process synergizes with ferroptosis, as HIF-la concurrently suppresses GPX4
expression.''® Targeting this axis, xanthine oxidase inhibitors like febuxostat indirectly modulate the HIF-1a/LDHA/
NLRP3 pathway and effectively reduce the incidence of SAP.''® In summary, the HIF pathway, particularly HIF-1a, acts
as a central integrator of hypoxic stress, iron dysmetabolism, and lipid peroxidation, positioning it as a critical hub for
ferroptosis in HTG-AP.

PI3K/ Akt Pathway

The phosphoinositide 3-kinase (PI3K) family comprises lipid and protein kinases that play pivotal roles in intracellular
signal transduction, critically regulating cell survival, growth, metabolism, and inflammation. Following its phosphor-
ylation, Akt activates Nrf2, facilitating its nuclear translocation. This initiates the transcription of a suite of antioxidant
genes, including GPX4, SLC7A11, and FTHI, thereby conferring cellular resistance to ferroptosis.'**'** Sustained
activation of the PI3K/Akt/mTORCI1 pathway upregulates stearoyl-CoA desaturase-1 (SCD1) expression via sterol
regulatory element-binding protein 1 (SREBP1), a master transcriptional regulator of lipid metabolism (Table 2).
SCD1 catalyzes the generation of MUFAs, altering membrane lipid composition by reducing the PUFA/MUFA ratio.
This shift may potentially diminish cellular susceptibility to ferroptosis.''” Conversely, inhibition of the PI3K/Akt
pathway can enhance cellular sensitivity to ferroptosis by augmenting iron-dependent lipid peroxidation. For instance,
the unsaturated fatty acid ®-3 PUFA activates NF-kB by suppressing PI3K/Akt signaling, promoting the release of pro-
inflammatory cytokines such as IL-1p and TNF-a.'#*'?* This effect is particularly pronounced in cancer cells character-
ized by hyperactive PI3K/Akt signaling.'*® In contrast, normal cells, owing to their distinct basal metabolic state, are less
prone to ferroptosis induction upon PI3K/Akt inhibition. Silencing Akt using small interfering RNA increases ROS

production by disrupting metabolic flux and diminishing intracellular antioxidant levels,***'%°

thereby heightening
susceptibility to ferroptosis. This underscores a direct mechanistic link between PI3K/Akt signaling and ferroptotic
regulation. Furthermore, comprehensive proteomic and functional analyses have revealed that inhibiting specific targets
within the PI3K/Akt pathway, such as mTORCI, can promote GPX4 protein synthesis. This paradoxically increases
tumor cell sensitivity to ferroptosis, and co-treatment with ferroptosis inducers synergistically enhances cell death in
refractory cancers.'?’ This discovery lays the groundwork for novel therapeutic strategies targeting the PI3K/Akt axis to
modulate ferroptosis in oncology. The PI3K/Akt pathway also exerts significant influence on lipid metabolism. Its
activation mitigates oxidative stress and promotes fatty acid B-oxidation.'*®'?° In the context of AP, enhanced Akt
signaling facilitates pancreatic tissue regeneration and attenuates inflammation,'* thereby potentially reducing the
incidence of HTGP.

JAK-STAT Pathway

The JAK-STAT pathway is indispensable for cytokine signal transduction. Its dysregulation in HTG-AP can lead to
31 Persistent activation of JAK2/
STAT?3 inhibits the nuclear translocation of Nrf2, consequently downregulating the expression of ferroptosis suppressor
proteins such as GPX4 and SLC7A11 (Table 2)."*' FFAs promote JAK2 autophosphorylation, activating STAT3 for
nuclear translocation, where it regulates the transcription of pro-inflammatory genes, culminating in a “cytokine
storm”'®! Saturated fatty acids (eg, palmitic acid) and -6 PUFAs (eg, linoleic acid) also induce JAK2/STAT3

excessive cytokine production, thereby triggering an inflammatory cascade.
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phosphorylation by stimulating receptors on pancreatic acinar cell membranes. Studies demonstrate that treating
pancreatic exocrine cells with linoleic acid significantly increases p-JAK2 and p-STAT3 expression, concomitant with
elevated release of inflammatory cytokines IL-6 and TNF-o.'**'** STAT3 competitively binds DNA with Nrf2, leading

to reduced GPX4 transcription'**

and impairing the cell’s ability to clear lipid peroxides. In severe acute pancreatitis
(SAP) rat models, JAK2/STAT3 activation positively correlates with the degree of lipid peroxidation in pancreatic
tissue.'**'*> Furthermore, the JAK2/STAT3 pathway directly regulates hepcidin expression: activated STAT3 binds the
hepcidin promoter, enhancing its transcription. This results in decreased serum iron and increased intracellular iron
accumulation, providing a source of free iron for ferroptosis.''®"'?! Inhibition of this pathway (eg, via AG490 treatment)
reduces p-STAT3 levels and diminishes characteristic ferroptotic ultrastructural changes in acinar cells, such as plasma
membrane rupture and mitochondrial cristae breakdown.'*® This hyperactive inflammatory response damages not only
pancreatic tissue but also leads to systemic complications. Activated STAT3 promotes TNF-a release from alveolar
macrophages, increasing pulmonary vascular permeability'>’ and facilitating the deposition of lipid peroxidation end-
products (eg, 4-HNE) in lung tissue.'*® Excessive STAT3 activation also contributes to SAP-induced hepatocyte
injury.'*%'*® PPAR-y agonists attenuate pancreatitis-associated renal injury involving ferroptosis (eg, elevated levels of
the lipid peroxidation marker MDA) by inhibiting HMGB1 and downregulating JAK2/STAT3 phosphorylation.'*!-!4?
Similarly, Picroside II and the herbal formulation Da-Huang-Fu-Zi-Tang ameliorate SAP-induced liver injury and exhibit
anti-inflammatory and antioxidant properties by modulating JAK2/STAT3 phosphorylation signaling.'**'** Therefore,
modulating JAK-STAT signaling through targeted inhibitors represents a potential therapeutic strategy to control the
inflammatory response and improve disease outcomes.

Therapeutic Implications and Challenges for HTG-AP

HTG-AP represents a multifaceted pathological condition wherein elevated circulating TG levels trigger inflammatory
cascades culminating in pancreatic injury. Current treatment strategies primarily focus on reducing TG levels and
controlling inflammation to prevent further pancreatic damage and systemic complications. Initial therapeutic approaches
typically include fasting to diminish pancreatic enzyme secretion and intravenous fluid administration to maintain
hydration and electrolyte balance. These treatments are often combined with analgesics to manage pain; in severe
cases, insulin therapy may be employed due to its lipid-lowering effects, which can enhance the breakdown of TG.'**
Additionally, plasma exchange, which removes TG and inflammatory mediators from the bloodstream, is utilized for
rapid TG level reduction. Further interventions include the use of lipid-lowering agents, such as fibrates or omega-3 fatty
acids, which help reduce TG synthesis and promote fatty acid oxidation. These treatments are beneficial in maintaining
lower TG levels over the long term and preventing the recurrence of pancreatitis.'*’

While these therapies have proven beneficial, they do not address the underlying mechanisms associated with
ferroptosis—a regulated form of cell death involved in HTG-AP. Recent insights into the critical role of ferroptosis in
pancreatitis provide a novel therapeutic avenue. For instance, lipid-lowering therapies may attenuate lipid peroxidative
stress, potentially decreasing iron reactivity and subsequent cellular injury."® In various organ injury models, ferroptosis
inhibitors such as ferrostatin-1 and liproxstatin-1 have shown promising preclinical results in reducing lipid peroxidation
and cell death.'*” Administering ferroptosis inhibitors in mouse models alleviates pancreatic necrosis and markedly
decreases systemic inflammatory markers.'""'*® These promising preclinical data have stimulated growing interest in the
clinical translation of ferroptosis-targeted therapies.

ACSL4 and FSP1 occupy opposite regulatory axes of ferroptosis, functioning as pro-ferroptotic and anti-ferroptotic
hubs, respectively. They are not only key molecular determinants for understanding the pathological mechanisms of
diseases, including HTG-AP, but also represent promising therapeutic targets. ACSL4 is a pivotal enzyme that activates
PUFAs and incorporates them into membrane PLs.* Upregulation of ACSL4 increases the abundance of peroxidation-
prone PUFA substrates within membranes. Since ACSL4 activity dictates the cellular “loading capacity” for lipid
peroxidation, its inhibition can fundamentally reduce the number of oxidizable phospholipid sites and thereby lower
the likelihood of ferroptosis. In HTG-AP, elevated ACSL4/LPCAT3 expression has been reported,*® and treatment with
the ferroptosis inhibitor Liproxstatin-1 attenuates pancreatic injury by suppressing ACSL4 expression and lipid
peroxidation.90 In contrast, FSP1 exerts a ferroptosis-protective function through the FSP1-CoQ10-NAD(P)H axis,
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regenerating reduced coenzyme Q10 (CoQ10H,) at the plasma membrane and thereby scavenging radical intermediates
to prevent lipid peroxidation.'*’ Acting independently of GPX4, FSP1 confers an additional layer of cellular resistance to
ferroptosis. Together, these pathways represent complementary strategies—one reducing oxidizable substrates, the other
enhancing membrane-associated antioxidant defense—and may serve as independent or synergistic intervention points
for blocking ferroptosis.

From a therapeutic development perspective, several candidate ACSL4 inhibitors—including small-molecule and
covalent inhibitors—have emerged, demonstrating the ability to reduce lipid peroxidation and ferroptotic cell death
in vitro and in animal models. Recent studies (2024-2025) have identified multiple specific ACSL4 inhibitors, such as
AS-series molecules and LIBX-A401, which effectively suppress lipid peroxidation and inhibit ferroptosis in cultured
cells and mouse models.'>%!! These compounds have exhibited tissue-protective effects in models of kidney injury, liver
damage, fibrosis, and enhanced chemosensitivity in cancer models. In HTG-AP specifically, Liproxstatin-l-mediated
ferroptosis blockade markedly improves histopathological damage and inflammatory responses.*® Conversely, enhancing
FSP1 activity—or supplementing CoQ10 as an upstream metabolic cofactor—represents an additional promising strategy
for mitigating ferroptosis.’""'°® Notably, studies in AP have shown that activation of the IDH2-NADPH metabolic
pathway can elevate CoQ10 levels, attenuate ferroptosis, and protect pancreatic acinar cells.'”®

However, to date, no ferroptosis-specific inhibitor has entered registered clinical trials for HTG-AP or other forms of
AP. The safety and efficacy of these agents in humans remain untested, and additional preclinical validation and early-
phase clinical development are therefore warranted.'”>'>® Before these therapies can be widely applied in clinical
practice, several challenges must be addressed. Systemic administration may lead to unintended off-target effects: long-
term inhibition of ACSL4 could disrupt lipid metabolic processes in other tissues—such as those involved in tumor
suppression, neuronal function, or cardiomyocyte homeostasis'>*—while enhancing FSP1 activity may interfere with
plasma membrane repair or other CoQ10-dependent cellular functions.>' Thus, one critical challenge is achieving
selective targeting of pathological ferroptosis without interfering with the physiological processes in which ferroptosis
plays a protective role, such as tissue modifications and neurogenesis-associated processes.'*”'>> Another challenge in
advancing ferroptosis-targeted therapeutic strategies lies in the identification and validation of predictive biomarkers,
such as MDA, 4-HNE, GPX4, CoQ10 and free iron,'® that could stratify patients according to their potential therapeutic
responsiveness.

Therefore, the clinical translation of these strategies will likely require a gradual and structured approach—beginning
with drug optimization and pancreas-targeted delivery, followed by rigorous preclinical evaluation of toxicity and
metabolic/pharmacokinetic profiles in animal models, progressing to small-scale first-in-human studies focused on safety
and pharmacokinetics, and ultimately advancing to efficacy trials with predefined clinical endpoints.

Based on emerging mechanistic insights, ferroptosis-targeted interventions may be incorporated into clinical manage-
ment as an adjunct to standard therapy, with treatment pathways adapted according to patient risk stratification and
biomarker monitoring. Specifically, ferroptosis-related biomarkers may be assessed within the first 24—48 hours after
hospital admission in patients with HTG-AP'*® to evaluate the degree of ferroptotic activation. For high-risk individuals
—such as those with markedly elevated TG levels, early severe inflammation, or evolving organ dysfunction—additional
therapy with ferroptosis inhibitors or coenzyme CoQ10 supplementation may be considered alongside standard lipid-
lowering measures.'>”'>® Evidence from animal models and early clinical observations suggests that such combination
approaches can simultaneously reduce membrane lipid peroxidation, limit necrotic progression, and attenuate inflamma-
tory amplification.”® During the intermediate phase (48 hours to 7 days), ferroptosis-targeted therapy may be continued,
particularly in patients with persistent inflammation, necrosis, or organ impairment. Adjunctive iron chelation (eg, DFO)
may also be employed to decrease iron-dependent Fenton-driven ROS production and lipid peroxidation.'>® However,
iron chelators require careful monitoring due to potential adverse effects, including hypotension and neurotoxicity.'®® In
the later phase (=7 days), especially when infection or complications arise, clinicians must balance the benefits of
ferroptosis inhibition with its potential impact on host immunity and tissue repair.

Furthermore, an “HTG-AP-ferroptosis rapid-access pathway” should be established. A multidisciplinary team—
including specialists in pancreatology, metabolism, hematology, and critical care—should evaluate candidates for
ferroptosis-targeted therapy at the time of diagnosis36 and incorporate these considerations into clinical trial design.
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Priority should be given to small-scale Phase I/II randomized controlled trials using an add-on design to evaluate safety,
biomarker modulation, and short-term clinical outcomes such as necrotic burden, inflammatory mediators, and organ
function.'”? In the long term, multicenter studies will be needed to determine the effects of ferroptosis-targeted
interventions on recurrence, progression to severe disease, and mortality. Ultimately, ferroptosis monitoring may be
incorporated into supplementary recommendations for HTG-AP clinical guidelines such as suggesting evaluation of
ferroptosis-targeted therapy in high risk patients, to lay the foundation for future precision medicine strategies.

In summary, while the exploration of ferroptosis inhibitors expands the therapeutic landscape for HTG-AP, ongoing
scientific investigations and rigorous clinical trials hold promise for establishing tailored therapeutic approaches that may
revolutionize both the clinical treatment and prognostic outcomes of hypertriglyceridemia-induced AP.'®' Furthermore,
the application of ferroptosis-targeted therapies may potentially extend to other inflammation-related diseases.

Conclusion and Future Directions
Research on ferroptosis in HTG-AP has revealed the underlying mechanisms of this novel cell death pathway. Emerging
scientific data increasingly demonstrates that ferroptotic cell death represents a fundamental mechanism in the progres-
sion of hypertriglyceridemia-induced pancreatic injury. Central to this process is the accumulation of lipid peroxides,
caused by impaired antioxidant defenses and iron-catalyzed oxidative stress. These findings suggest a complex interplay
between abnormal lipid metabolism and iron homeostasis, which promotes pancreatic cell death.'®® Based on the body of
research accumulated so far, targeting ferroptosis appears to be a viable therapeutic strategy for mitigating the
inflammation and necrotic damage associated with HTG-AP. This review highlights the diverse roles of lipid peroxida-
tion and its mediators in pancreatic injury, offering insights into cellular vulnerabilities during hyperlipidemic events.'®®
Subsequent investigations should prioritize elucidating the complex interplay between ferroptotic mechanisms and
other controlling cascades that collectively modulate pancreatic pathophysiology. Developing multi-target therapies
aimed at both hypertriglyceridemia and ferroptosis holds promise, especially with the use of cutting-edge molecular
techniques such as CRISPR genetic modification to validate the roles of various genes involved in ferroptosis.
Furthermore, the integration of advanced proteomic and metabolomic approaches holds promise for elucidating the

complex metabolic alterations associated with ferroptotic cellular demise.
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