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ABSTRACT
Triglycerides, phospholipids, and cholesterol are prominent lipid types that serve diverse 
biological functions. These lipids act as vital structural components of cell membranes, provide 
energy for the body, and serve as signaling molecules that regulate physiological and patho-
logical processes, including regulated cell death (RCD). While the initiation signals, biochemical 
pathways, and effector molecules may differ, increased membrane permeabilization from 
plasma membranes or organelles is a shared characteristic of RCD. This process involves 
alterations in lipid species and functions, along with autophagic degradation. Thus, the lipid 
hypothesis presents a novel perspective that complements other theories elucidating the 
features of cell survival and cell death. In this review, we present a comprehensive summary 
of the latest findings on the role and potential mechanisms of diverse lipids in influencing 
RCD processes, encompassing apoptosis, necroptosis, pyroptosis, ferroptosis, and autophagy.

Abbreviations: ACSL: acyl-CoA synthetase long chain family; DISC: death-inducing signaling 
complex; DAMPs: danger/damage-associated molecular patterns; Dtgn: dispersed trans-Golgi net-
work; FAR1: fatty acyl-CoA reductase 1; GPX4: glutathione peroxidase 4; LPCAT3: lysophosphati-
dylcholine acyltransferase 3; LPS: lipopolysaccharide; MUFAs: monounsaturated fatty acids; 
MOMP: mitochondrial outer membrane permeabilization; MLKL, mixed lineage kinase domain 
like pseudokinase; oxPAPC: oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine; 
OxPCs: oxidized phosphatidylcholines; PUFAs: polyunsaturated fatty acids; POR: cytochrome 
p450 oxidoreductase; PUFAs: polyunsaturated fatty acids; RCD: regulated cell death; RIPK1: 
receptor interacting serine/threonine kinase 1; SPHK1: sphingosine kinase 1; SOAT1: sterol 
O-acyltransferase 1; SCP2: sterol carrier protein 2; SFAs: saturated fatty acids; SLC47A1: solute 
carrier family 47 member 1; SCD: stearoyl-CoA desaturase; VLCFA: very long chain fatty acids
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Introduction

Lipids play a critical role in various biological processes. 
One of their primary functions is as an energy source for 
cellular processes, with cells breaking down triglycerides 
[1] or sterol esters [2] from lipid droplets to generate 
metabolic energy. Lipid storage abnormalities are asso-
ciated with diseases, such as obesity, diabetes, and athero-
sclerosis [3,4]. Additionally, lipids serve as the primary 
structural components of biological membranes, providing 
hydrophobic barriers that separate intracellular compart-
ments and the extracellular environment. Sterols, fatty 
acids, and phospholipids are essential for membrane 
synthesis, and their varied compositions affect membrane 
charge density and surface tension, fundamental for mem-
brane homeostasis [5]. Lipids also facilitate transmem-
brane protein function, serving as signaling molecules. 
For example, cardiolipin binds to specific sites within the 
membrane domain of the respiratory complex, providing 
stabilization for the highly tilted transmembrane helices of 

the subunit [6–8]. Moreover, lipids are substrates for post- 
translational modification. Proteins can be modified with 
fatty acids, which can regulate intracellular trafficking, 
subcellular localization, and protein-protein as well as 
protein-lipid interactions [9,10]. Palmitate is a common 
fatty acid modifying group that may contribute to meta-
bolic diseases [9].

Regulated cell death (RCD) is a controllable biological process 
that extensively participates in the development or tissue home-
ostasis of multicellular organisms [11]. Linked to the pathogenesis 
of human diseases, including autoimmunity, viral infections, neu-
rodegenerative diseases, and cancer, RCD is divided into apoptotic 
and nonapoptotic forms, each exhibiting different molecular 
mechanisms and signaling regulation [12]. While membrane per-
meabilization appears as a common theme in RCD, each form of 
cell death involves unique membrane-related changes that trigger 
and regulate their distinct biochemical machinery. Lipids are 
essential for signaling in cell death and macroautophagy/ 
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autophagy, a tightly regulated process involved in lysosomal 
degradation and recycling [13].

In this review, we discuss the role of different lipids in 
RCD and autophagy, and highlight the challenges and 
opportunities associated with activating cell death pathways 
through precision lipid intervention [14]. The post-genomic 
revolution and systems biology have made lipid biology 
a cutting-edge research field.

Lipid classification and nomenclature

Lipids are a group of organic compounds that are hydropho-
bic or amphiphilic, and are characterized by their complexity 
and heterogeneity, making a precise definition difficult. In 
2005, the International Lipid Classification and 
Nomenclature Committee (ILCNC) developed 
a comprehensive classification system for lipids based on the 
concept of two fundamental “building blocks”: ketoacyl and 
isoprene groups [15]. This system has been widely adopted by 
the lipidomics community and divides lipids into eight cate-
gories, each with its own subclassification hierarchy that can 
be further divided into classes, subclasses, and, in some cases, 
4th-level classes for prenol lipids. The classification system 
assigns each lipid a unique LIPID MAPS Structure Database 
ID (LM ID), which is based on the classification scheme and 
provides a systematic means of identifying each lipid mole-
cule. For example, palmitic acid belongs to the category of 
fatty acyls (FA), main class of fatty acids and conjugates 
(FA01), subclass of straight chain fatty acids (FA0101), and 
has a unique LM ID of “LMFA01010001”. The LIPID MAPS 
Structure Database currently contains 47,817 unique lipid 
structures, making it the largest public lipid-only database in 
the world. LIPID MAPS offers an online website (https:// 
lipidmaps.org/) to provide useful information on lipid mole-
cules and structures [16,17].

Lipid nomenclature falls into two main categories: sys-
tematic names and common names. Common names 
include abbreviations that are a convenient way to define 
acyl/alkyl chains in acylglycerols, sphingolipids, and glycer-
ophospholipids [18]. For example, “palmitic acid” is 
a common name, while “hexadecanoic acid” is the systema-
tic name, with synonyms such as palmitate, C16:0, and 
cetylic acid. A standardized nomenclature for lipid species 
is important to promote and advance the field of lipido-
mics. The International Union of Pure and Applied 
Chemists and the International Union of Biochemistry 
and Molecular Biology (IUPAC-IUBMB) Commission on 
Biochemical Nomenclature has defined guidelines for sys-
tematic names to provide a comprehensible shorthand 
notation for commonly analyzed lipids. Table 1 lists some 
common names of example lipids involved in RCD, accord-
ing to the LIPID MAPS web resources.

Lipid mechanisms in RCD

RCD heavily relies on the recruitment and activation of 
specific signaling pathways, and emerging evidence high-
lights the significant involvement of lipids in different 
forms of RCD. In this section, our focus centers on 

exploring the specific lipids that contribute to RCD path-
ways and we shed light on how these lipids drive the 
development of major forms of RCD, including apoptosis, 
necroptosis, pyroptosis, and ferroptosis.

Apoptosis

In 1972, apoptosis was initially characterized by distinct mor-
phological features, including cell shrinkage, nuclear conden-
sation, and the formation of apoptotic bodies [19]. The 
caspase activation cascade downstream of mitochondrial 
CYCS (cytochrome C, somatic) release involves two main 
pathways: the intrinsic and extrinsic pathways (Figure 1). In 
apoptosis, lipids play a crucial role in regulating either the 
intrinsic or extrinsic pathway. Investigations focus on under-
standing how lipid composition, fatty acid metabolism, and 
lipid transport proteins influence mitochondrial integrity, the 
release of apoptogenic factors, and the activation of down-
stream apoptotic signaling pathways.

Intrinsic pathway

The intrinsic pathway, also called the mitochondrial pathway, 
is triggered by various stress signals, such as toxic agents and 
DNA damage. Upon intrinsic apoptotic stimuli, pro-apoptotic 
BH3-only proteins (e.g., BCL2L11/BIM [BCL2 like 11], 
PMAIP1/NOXA [phorbol-12-myristate-13-acetate-induced 
protein 1], BBC3/PUMA [BCL2 binding component 3], and 
BAD [BCL2 associated agonist of cell death]) can be upregu-
lated to activate BAX (BCL2 associated X, apoptosis regulator) 
and BAK1 (BCL2 antagonist/killer 1) at the mitochondrial 
outer membrane [20,21]. Activated BAX or BAK1 oligomerize 
and form pores in the mitochondrial membrane, causing 
mitochondrial outer membrane permeabilization (MOMP), 
which leads to the release of CYCS into the cytosol [22]. 
Extrinsic stimuli activate CASP8 (caspase 8), which cleaves 
the pro-apoptotic BH3-only protein BID (BH3 interacting 
domain death agonist) to generate truncated BID (tBID), 
which then translocates to mitochondria, also triggering 
MOMP. MOMP and the release of CYCS trigger the forma-
tion of apoptosomes, which recruit CASP9 (caspase 9) and 
thereby promote downstream CASP3 (caspase 3) and CASP7 
(caspase 7) activation, leading to apoptosis and “the point of 
no return” [23,24].

Mitochondrial lipids, such as cardiolipin, ceramide, and 
sphingosine-1-phosphate, are involved in the regulation and 
propagation of intrinsic apoptosis. In healthy mitochondria, 
cardiolipin is predominantly found in the inner mitochondria 
membrane (IMM) and is involved in lipid-protein interac-
tions, ensuring proper mitochondrial function [25,26]. During 
the apoptosis process, cardiolipin translocates to the mito-
chondrial outer membrane [27–29] and acts as a target site 
for binding tBID [21]. The tBID-cardiolipin interaction plays 
a critical role in the cristae remodeling essential for the release 
of CYCS into the cytosol and for the formation of fission sites 
in the mitochondria [30]. In the presence of cardiolipin, BAX 
and BAK1 then undergoes dimerization to form active oligo-
mers and trigger pore-formation, whereas a lack of cardiolipin 
results in the formation of inactive BAX and BAK1 oligomers 
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[31]. Moreover, mitochondrial ceramide is produced inside 
cells in response to pro-apoptotic stimuli [32,33], and the 
ceramide-enriched membrane is the primary requirement 
for BAX oligomerization [34–37]. The addition of exogenous 
ceramide to cultured cells induces the release of CYCS from 
mitochondria [38,39]. Ceramide and activated BAX together 
are responsible for forming stable pores known as the cera-
mide channel in the phospholipid bilayer, leading to the 
release of CYCS from the mitochondria and activating apop-
tosis [40,41]. In addition, sphingosine-1-phosphate is 
degraded by SGPL1 (sphingosine-1-phosphate lyase 1) to 
form hexadecenal under different stresses. Sphingosine- 
1-phosphate and hexadecenal cooperate specifically with 
BAK1 and BAX, respectively, promoting their oligomerization 
followed by the release of CYCS [42]. BAX activation is 
inhibited by cholesterol and by decreases in membrane fluid-
ity [43]. Cholesterol accumulation in the mitochondrial mem-
brane contributes to diminishing cellular capacity for 
inducing MOMP and resistance to chemotherapy in cancer 

cells [43,44]. Mechanistically, cholesterol can form ordered 
domains that inhibit the insertion and activation of BAX 
into the mitochondrial membrane, which ultimately prevents 
apoptosis [43,45].

While there are several reports suggesting that fatty acids 
are capable of inducing apoptosis in different cancer cells, the 
apoptotic regulation mechanism for different sources and 
bioactivities of fatty acids remains controversial [46]. For 
example, polyunsaturated fatty acids (PUFAs), such as doco-
sahexaenoic acid, eicosapentaenoic acid, arachidonic acid, and 
linoleic acid, promote apoptosis of cancer cells through the 
upregulation of numerous pro-apoptotic proteins, such as 
BCL2 family proteins, CYCS, and different caspases [47–49]. 
Oleic acid serves as a potent anticancer agent by inducing 
autophagy and apoptotic responses via inhibiting the AKT 
(AKT serine/threonine kinase)-MTOR (mechanistic target of 
rapamycin kinase) pathway [50]. Oleic acid induces different 
apoptotic markers, such as TP53 (tumor protein p53) and 
cleaved CASP3, while decreasing the expression of CCND1 

Table 1. Lipids involved in regulated cell death.

Category Example (common name) Synonyms Subclass RCD involved

Fatty acyls (FA) Palmitic acid C16:0 Straight chain fatty acids Ferroptosis, pyroptosis
Stearic acid C18:0 Straight chain fatty acids Ferroptosis, pyroptosis
Arachidonic acid AA Unsaturated fatty acids Ferroptosis
Adrenic Acid C22:4n-6,9,12,15 Unsaturated fatty acids Ferroptosis
Oleic acid C18:1n-9 Unsaturated fatty acids Ferroptosis
Cis-9-palmitoleic acid Palmitoleic acid; 

C16:1n-7
Unsaturated fatty acids Ferroptosis

Linoleic acid C18:2n-6,9 Unsaturated fatty acids Ferroptosis
Docosahexaenoic acid C22:6n-3,6,9,12,15,18 Unsaturated fatty acids Ferroptosis; 

pyroptosis
Docosapolyenoic acid C22:5n-3,6,9,12,15 Unsaturated fatty acids Ferroptosis
Eicosapentaenoic acid C20:5n-3,6,9,12,15 Unsaturated fatty acids Ferroptosis; 

pyroptosis
Acetic acid Acetate; C2:0 Straight chain fatty acids Pyroptosis
Propionic acid Propionate; C3:0 Straight chain fatty acids Pyroptosis
Butyric acid Butanoate; C4:0 Straight chain fatty acids Pyroptosis
Cetyl alcohol 1-hexadecanol / Ferroptosis
Stearyl alcohol 1-octadecanol / Ferroptosis

Glycerolipids (GL) Triglycerides (16:0/16:0/16:0) Tripalmitin Triacylglycerols /
Category Example (common name) Synonyms Subclass RCD involved
Glycerophospholipids 

(GP)
Cardiolipin (CL) 1,3-bis (sn- 

3-phosphatidyl)-sn- 
glycerol

Diacylglycerophosphoglycero 
phosphodiradylglycerols

Apoptosis, pyroptosis

PS (P-16:0/12:0) PS (P-28:0) 1-(1Z-alkenyl) 
,2-acylglycerophosphoserines

Apoptosis, necroptosis

PtdIns PI Diacylglycerophosphoinositols /
PtdIns (12:0/13:0) PI 25:0 Diacylglycerophosphoinositols /
PtdIns3P / Diacylglycerophosphoinositol 

monophosphates
Autophagy

PtdIns4P / Diacylglycerophosphoinositol 
monophosphates

Pyroptosis, autophagy

PC (16:0/20:4(5Z,8Z,10E,14Z) (12OH 
[S]))

PC (16:0_20:4(OH)) Oxidized glycerophosphocholines Pyroptosis

Sphingolipids (SP) Sphingosine 4-Sphingenine Sphing-4-enines (Sphingosines) Pyroptosis
Sphingosine-1-phosphate / Sphingoid base 1-phosphates Apoptosis
Ceramide N-acylsphingosine N-acylsphingosines (ceramides) Apoptosis, pyroptosis, 

autophagy
Cer (d18:1/14:0) C14 Cer N-acylsphingosines (ceramides) /

Category Example (common name) Synonyms Subclass RCD involved
GD3 Gangliosides Autophagy
Sphingomyelin Ceramide phosphocholines 

(sphingomyelins)
Apoptosis

Sterol Lipids (ST) Cholesterol Cholesterol and derivatives Apoptosis, autophagy; 
Pyroptosis

25-hydroxy-cholesterol 25-OHC Cholesterol and derivatives Pyroptosis
22:6 Cholesterol ester CE (22:6) Steryl esters Ferroptosis
22:5 Cholesterol ester CE (22:5) Steryl esters Ferroptosis

Prenol Lipids Coenzyme Q10 Ubiquinone-10 Ubiquinones Ferroptosis
alpha-tocopherol Vitamin E Vitamin E Ferroptosis
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(cyclin D1) and BCL2. Additionally, stearic acid inhibits inva-
sion and proliferation and induces apoptosis in various 
human cancer cell types, although the underlying mechanism 
remains elusive [51]. Given the rich variety of fatty acids, 
more specific mechanisms of their roles in apoptosis need to 
be carefully evaluated. Understanding how lipid signaling 
pathways intersect with intrinsic pathways can provide new 
insights into apoptotic regulation and potential therapeutic 
targets.

Extrinsic pathway

The extrinsic apoptotic pathway is initiated by the activation 
of cell surface death receptors, such as TNFRSF1A/TNFR1 
(TNF receptor superfamily member 1A) and TNFRSF1B/ 
TNFR2) [52,53], FAS [54,55], TNFRSF10A/DR4 (TNF recep-
tor superfamily member 10a), and TNFRSF10B/DR5 (TNF 
receptor superfamily member 10b) [56,57]. Upon binding of 

their ligands (e.g., FASLG [Fas ligand], TNFSF10/TRAIL 
[TNF superfamily member 10], and TNF [tumor necrosis 
factor]), the death receptors oligomerize and recruit adapter 
proteins (TRADD [TNFRSF1A associated via death domain] 
and FADD [Fas associated via death domain]) [58] and pro- 
CASP8, resulting in the formation of the death-inducing 
signaling complex (DISC) [58], which then activates CASP8. 
Activated CASP8 induces apoptosis either directly by proteo-
lytically activating an effector caspase (CASP3 or CASP7) or 
indirectly through proteolytic activation of the BH3-only pro-
tein BID into tBID, which then links to the intrinsic apoptotic 
pathway [59] (Figure 1).

Apoptotic death receptors can be translocated into lipid 
rafts and trigger downstream apoptotic signals, making lipid 
rafts behave as scaffolds for coupling adaptor proteins (e.g., 
FADD and TRADD) and effector proteins (e.g., pro-CASP8 
and pro-CASP10) involved in the extrinsic pathway of apop-
tosis [60–64]. Mechanistically, lipid rafts enhance the 

Figure 1. Lipid mechanism in apoptosis. Under intrinsic lethal stimuli, activated BAX or BAK1 oligomerizes and forms pores in the mitochondrial membrane, resulting 
in mitochondrial outer membrane permeabilization (MOMP) and the subsequent release of CYCS/cytochrome c into the cytosol. During this process, cardiolipin (CL) 
translocates to the mitochondrial outer membrane (MOM) and acts as a binding site for truncated BID (tBID), BAX or BAK1, triggering pore formation. Furthermore, 
mitochondrial ceramide (Cer) is necessary for BAX oligomerization. Cer and activated BAX together contribute to the formation of stable pores known as the 
ceramide channel (Cer-BAX channel). Additionally, sphingosine-1-phosphate (S1P) is degraded by SGPL1/S1P lyase to form hexadecenal. S1P and hexadecenal 
specifically cooperate with BAK1 and BAX, respectively. Conversely, cholesterol (Chol) accumulation in the mitochondrial membrane inhibits MOMP. Under extrinsic 
lethal stimuli, activated CASP8 can induce apoptosis directly by activating CASP3 or CASP7 or indirectly through the activation of the BH3-only protein BID, leading to 
the intrinsic apoptotic pathway. Lipid raft-disrupting agents such as methyl-beta cyclodextrin (MβCD), resveratrol, and edelfosine can trigger apoptosis. Cer, 
a hydrolyzed product of sphingomyelin (SM), induces coalescence of elementary rafts and enhances DISC formation, thereby amplifying FAS signaling. Furthermore, 
palmitoylation of TNFRSF10A/DR4 promotes TNFSF10/TRAIL-mediated apoptotic signaling. Phosphatidylserine (PS) exposure serves as an “eat me” signal for 
apoptotic cell clearance. [change TRAIL to “TNFSF10”.
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apoptotic signaling capacity by: i) promoting death receptor 
trimerization, which is required for signal transduction, ii) 
acting as concentrating platforms for DISC assembly and the 
recruitment of death domains, and iii) protecting death recep-
tors from internalization or enzymatic degradation [65].

Lipid rafts are dynamic membrane microdomains that 
consist of cholesterol, phospholipids, and sphingomyelin and 
are key regulators of apoptosis [64]. Altering their composi-
tion affects raft behavior. Because cholesterol is usually 
enriched in rafts, methyl-beta cyclodextrin (MβCD) , a lipid 
raft-disrupting agent that selectively and efficiently removes 
cholesterol from membranes, has been widely used [66]. At 
high concentrations, MβCD can induce cytotoxicity by deplet-
ing cholesterol from lipid rafts, triggering apoptosis in cancer 
cells through the inhibition of the PI3K-Akt-Bad pathway 
[67,68]. Furthermore, the modification of MβCD with man-
nose enhances its anticancer activity [69]. In addition, mito-
chondria-associated lipid microdomains play a role in 
regulating apoptosis. The disruption of these lipid microdo-
mains in isolated mitochondria by MβCD prevents mitochon-
drial depolarization and sensitizes lymphoblastoid CEM cells 
to apoptosis induced by disialoganglioside GD3 and t-BID 
[70]. However, resveratrol promotes the formation of choles-
terol- and sphingolipid-enriched lipid rafts that significantly 
alter TNFRSF10A/DR4-raft colocalization and sensitize 
TNFSF10-induced apoptosis in colorectal cancer cells [61]. 
Edelfosine, a synthetic alkyl lipid, was reported as the first 
anticancer drug that acts through its interaction with lipid raft 
domains in cell membranes, promoting their reorganization 
and eventually leading to the triggering of apoptosis [71]. 
Edelfosine treatment of multiple myeloma cells leads to FAS- 
DISC formation and apoptosis [72,73]. Ceramide, 
a hydrolyzed product of sphingomyelin, induces coalescence 
of elementary rafts, leading to the formation of large plat-
forms that trap FAS complexes and enhance DISC formation, 
thereby potentiating FAS signaling [74,75].

Besides lipid composition, protein-lipid interactions also 
play key roles in raft regulation. For instance, palmitoylation 
increases a protein’s affinity for rafts [76,77]. Both FAS and 
TNFRSF10A/DR4 receptor are palmitoylated, and palmitoyla-
tion is mandatory for TNFRSF10A/DR4 oligomerization, lipid 
raft localization, and TNFSF10-induced apoptotic signaling 
[61]. Inhibiting palmitoylation with 2-bromopalmitate, a non- 
metabolizable palmitate analog that blocks palmitate incor-
poration onto proteins, abrogates TNFRSF10A/DR4-mediated 
TNFSF10 signaling in colorectal cancer cells. Thus, targeting 
lipid rafts in cancer treatment has the potential to disrupt 
signaling platforms, inhibit oncogenic receptors, modulate 
cholesterol homeostasis, disrupt cell adhesion and migration, 
and overcome drug resistance.

Apoptotic cell clearance

Apoptosis and the clearance of apoptotic cells are essential 
processes in body development and homeostasis. 
Phosphatidylserine is one of the major phospholipids present 
in the plasma membrane, which is normally confined to the 
cytoplasmic leaflet of the membrane by a “flippase”. However, 
during apoptosis, a “scramblase” is activated, which quickly 

exposes phosphatidylserine (PS) on the cell surface [78]. PS 
exposure was discovered in 1985 as an “eat me” signal that 
prompts phagocytes to engulf red blood cells [79]. Living cells 
exhibit phosphatidylserine (PS) exposure when the flippases, 
specifically TMEM30A (transmembrane protein 30A), are 
fully inactivated [80]. PS exposure also occurs when cells are 
transformed with a constitutively active form of ANO6 (anoc-
tamin 6) [81]. However, it’s important to note that PS recog-
nition alone is not enough to trigger engulfment [82]. Cells 
lacking flippase activity due to a null mutation of TMEM30A 
or expressing an active form of ANO6 scramblase continu-
ously expose phosphatidylserine without undergoing apopto-
sis [80,82]. In co-culture experiments with thioglycollate- 
elicited macrophages, cells lacking TMEM30A-mediated flip-
pase activity are engulfed, while cells expressing active ANO6 
are not engulfed [80]. When apoptotic cells cannot expose the 
phagocytic signal or cannot be swiftly recognized by macro-
phages, they undergo secondary necrosis and release danger/ 
damage-associated molecular patterns (DAMPs) that activate 
the immune system. Mice deficient in the phosphatidylserine- 
binding protein MFGE8 (milk fat globule EGF and factor V/ 
VIII domain containing) develop a systemic lupus erythema-
tosus-type autoimmune disease [83].

In summary, phosphatidylserine plays a critical role in the 
signal transduction system for apoptotic cell engulfment. Its 
exposure on apoptotic cells facilitates their recognition and 
clearance by phagocytes, leading to the maintenance of 
immune homeostasis, suppression of inflammation, induction 
of immune tolerance, and resolution of inflammation. 
Understanding the importance of phosphatidylserine in 
these processes is essential for elucidating the mechanisms 
of immune regulation and developing strategies to modulate 
immune responses and treat immune-related disorders.

Necroptosis

Necroptosis is a caspase-independent form of regulated 
necrosis, orchestrated by necrosomes and governed by kinases 
[84,85]. This pathway exhibits morphological features similar 
to necrosis, such as organelle swelling and plasma membrane 
rupture, and can be triggered by stimuli shared with apopto-
sis, such as the activation of death receptors (e.g., TNFRSF1A 
and TNFRSF1B [86], FAS [87]) or pathogen recognition 
receptors (e.g., TLR3 [toll like receptor 3] and TLR4 [toll 
like receptor 4] [88]), in the presence of caspase inhibition 
[89]. Under these conditions, the activity of CASP8 deter-
mines whether a cell will undergo apoptosis or necroptosis. 
If CASP8 is active, it cleaves RIPK1 (receptor interacting 
serine/threonine kinase 1) [90] and RIPK3 (receptor interact-
ing serine/threonine kinase 3) [91,92], preventing their activa-
tion, and apoptosis proceeds. If CASP8 is inactive, however, 
a complex called the necrosome containing RIPK1, RIPK3, 
and MLKL (mixed lineage kinase domain like pseudokinase) 
forms [93,94]. Within this complex, RIPK3-mediated phos-
phorylation induces a conformational change that activates 
MLKL and drives its oligomerization and translocation to the 
plasma membrane, a step that is essential for the execution of 
necroptosis [95,96]. MLKL forms pores or cation channels at 
the plasma membrane that disrupt osmotic balance, leading to 
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the eventual rupture of the plasma membrane [97]. Current 
models propose that MLKL binds to negatively charged 
phosphatidylinositol phosphate (PIP) phospholipids via 
a patch of positively charged amino acids on the surface of 
a four-helical bundle domain located in its N-terminal region 
[98] (Figure 2).

Phosphoinositide lipids consist of seven naturally occur-
ring phosphorylated derivatives of phosphatidylinositol 
(PtdIns), namely phosphatidylinositol-3-phosphate 
(PtdIns3P), phosphatidylinositol-4-phosphate (PtdIns4P), 
phosphatidylinositol-5-phosphate (PtdIns5P), phosphatidylin-
ositol-3,4-bisphosphate (PtdIns [3,4]P2), phosphatidylinositol- 
3,5-bisphosphate (PtdIns [3,5]P2), phosphatidylinositol- 
4,5-bisphosphate (PtdIns [4,5]P2), and phosphatidylinositol- 
3,4,5-trisphosphate (PtdIns [3–5]P3) [99]. Lipid array analyses 
have shown that recombinant MLKL binds to PtdIns5P, 
PtdIns(4,5)P2, and PtdIns(3,4,5)P3, but not to unphosphory-
lated phosphatidylinositol PtdIns or other phospholipids [98]. 
However, experiments with MLKL in micelles suggest 
a binding preference for PtdIns(4,5)P2 in the presence of 
PtdIns and PtdIns4P [100]. Interfering with the formation of 

PtdIns5P or PtdIns(4,5)P2 inhibits TNF-induced necroptosis, 
rather than apoptosis. Therefore, PIPs, including PtdIns5P, 
PtdIns(4,5)P2, and PtdIns(3,4,5)P3, act as lipid receptors of 
MLKL in the inner leaflet of the plasma membrane.

PIPs are enzymatically deconstructed into diacylglycerol 
and inositol phosphates (IPs) [100]. A current model of 
MLKL activation assumes that its interaction with soluble 
inositol phosphates and membrane lipids is also important 
for MLKL to exert its membrane-destabilizing function 
[101]. MLKL binds to certain PIPs, in part via recognition 
of their IP polar head group. For example, MLKL directly 
binds inositol hexakisphosphate (IP6) with high affinity and 
does not require phospholipids to mediate structural rear-
rangements in MLKL. Mutagenesis of IP-binding sites in the 
N-terminal domain impairs necroptosis. Beginning with an 
unbiased genetic screen in haploid human cell knockouts, 
necroptosis specifically requires the IP kinase activity of 
IPMK (inositol polyphosphate multikinase) and ITPK1 (ino-
sitol-tetrakisphosphate 1-kinase) for producing highly phos-
phorylated IPs [101]. However, IP6, but not IP3, promotes 
an active conformation of MLKL that allows it to undergo 

Figure 2. Lipid mechanism in necoroptosis. In the presence of caspase inhibition, necroptosis can be triggered by death receptor stimuli (e.g., TNFRSF1A/TNFR1 and 
FAS) or pathogen recognition receptor stimuli (e.g., TLR3 and TLR4). When CASP8 is inactive, a complex called the necrosome, comprised of RIPK1, RIPK3, and MLKL, 
forms. Within this complex, RIPK3-mediated phosphorylation induces a conformational change that activates MLKL, leading to its oligomerization and translocation 
to the plasma membrane. Subsequently, MLKL forms pores or cation channels at the plasma membrane, resulting in necroptosis. MLKL binds to PtdIns5P, 
PtdIns(4,5)P2, and PtdIns(3,4,5)P3, but not to unphosphorylated phosphatidylinositol (PtdIns) or other phospholipids. PIPs can be enzymatically deconstructed into 
diacylglycerol and inositol phosphates. MLKL interacts with highly phosphorylated inositol products (e.g., IP6, IP5, IP4) generated by IP kinases (IPMK and ITPK1). 
Necroptotic cells also expose phosphatidylserine (PS) on the outer leaflet of the plasma membrane, acting as an “eat-me” signal that can be recognized and 
phagocytosed.
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necroptosis by binding MLKL and displacing the auto- 
inhibitory region of its N-terminal bundle. MLKL binds to 
highly phosphorylated inositol products (e.g., IP6, IP5, and 
IP4) of the IP kinases. The IP kinases IPMK and ITPK1 are 
required for TNF-induced necroptosis. Hence, all results 
indicate an important role for highly phosphorylated IPs as 
activators of MLKL function. Engagement of IPs and PIPs 
may occur at distinct stages of MLKL activation, promoting 
MLKL oligomerization, membrane recruitment, and down-
stream effector function during necroptosis. Future studies 
are needed to dissect the precise dynamics of these regula-
tory mechanisms.

In addition to PIPs, the functional involvement of very 
long chain fatty acids (VLCFAs) in necroptosis has been 
demonstrated [102]. In a necroptosis model of colorectal 
adenocarcinoma cell line HT-29, the accumulation of 
VLCFAs promotes membrane permeabilization and necrop-
tosis, while perturbing VLCFA biosynthesis via FASN (fatty 
acid synthase) inactivation delays necroptosis. However, it is 
not clear whether VLCFAs are directly related to the machin-
ery of necroptosis induction, or whether they are required for 
the membrane compositions that facilitate cell death by 

changing the organization of lipids and/or proteins in the 
membrane. Inactivation of FASN will affect the fatty acid 
pools and other downstream complex lipids. Therefore, it is 
important to carefully evaluate whether there are other down-
stream lipids involved in necroptosis besides VLCFAs.

Similar to apoptosis, necroptotic cells also expose phospha-
tidylserine on the outer leaflet of the plasma membrane, 
which acts as an “eat-me” signal and can be recognized and 
phagocytosed [103,104]. Phosphatidylserine-exposure is 
inhibited by necrosulfonamide, which binds phosphorylated 
MLKL and inhibits phosphorylated-MLKL membrane trans-
location prior to induction of necroptosis. However, it is 
currently unclear whether the “eat-me” signal involved in 
necroptosis differs from the one observed in apoptosis. 
Further research will be necessary to fully comprehend the 
underlying mechanisms and physiological significance of this 
necroptotic “eat-me” signal.

Ferroptosis

Ferroptosis is a form of iron-dependent regulated cell death 
that is characterized by uncontrolled lipid peroxidation and 

Figure 3. Lipid mechanism in ferroptosis. Ferroptosis is regulated by antioxidant enzymes, including GPX4 and AIFM2, which play a role in reducing ubiquinone 
(coenzyme Q10) and inhibiting ferroptosis. Among lipids, polyunsaturated fatty acids (PUFAs) are highly susceptible to peroxidation during ferroptosis. Long-chain 
saturated fatty acids (SFAs), such as palmitic acid (PA, C16:0) and stearic acid (SA, C18:0), as well as their downstream fatty alcohols (1-hexadecanol and 
1-octadecanol), sensitize RSL3-induced ferroptosis. Conversely, exogenous monounsaturated fatty acids (MUFAs), including oleic acid (OA, C18:1) and palmitoleic 
acid (POA, C16:1), suppress ferroptosis. The regulation of key lipid metabolic enzymes involved in lipid synthesis, degradation, storage, transformation, and utilization 
is crucial in the context of ferroptosis. AA: arachidonic acid, AdA: adrenic acid, DHA: docosahexaenoic acid, DPA: docosapolyenoic acid, 1-HE: 1-hexadecanol, 1-OE: 
1-octadecanol, eLPE/LPC: ether lysophosphatidylethanolamine/lysophosphocholine, ePe/epc: ether phosphatidylethanolamine/phosphocholine.
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abnormal autophagic activity, ultimately leading to mem-
brane rupture and cell lysis [105–109]. In 2003, during 
a high-throughput synthetic lethal screening, a novel com-
pound called erastin was discovered to selectively kill engi-
neered tumorigenic cells with an oncogenic RAS mutation 
[110]. Subsequently, in 2012, the term “ferroptosis” was 
coined to describe this iron-dependent, non-apoptotic 
form of RCD [105]. Ferroptosis can be inhibited by various 
antioxidant enzymes, especially GPX4 (glutathione peroxi-
dase 4) or AIFM2/FSP1 (apoptosis inducing factor mito-
chondria associated 2) [111–113], which reduces coenzyme 
Q10 (CoQ10), one of the most significant lipid antioxidants 
[114]. In contrast, inhibition of GPX4 or AIFM2 sensitizes 
ferroptosis by driving lipid peroxidation [115]. Lipid per-
oxidation products play a crucial role as the primary med-
iators of ferroptosis [116], and the regulation of lipid 
metabolism plays a central role in determining the ferrop-
totic response [117]. Alpha-tocopherol, a prenol lipid and 
potent biological antioxidant, is widely recognized as the 
most active form of vitamin E in humans, capable of 
blocking GPX4 inhibitor RSL3-induced ferroptosis [118]. 
Numerous lipid-associated molecules have been discovered 
to control cell sensitivity to ferroptosis [117]. In this sec-
tion, we summarize the impact of lipid metabolism on 
ferroptosis from two perspectives: lipid substrates and 
lipid metabolic enzymes (Figure 3).

Lipid substrates

The oxidation of polyunsaturated fatty acids (PUFAs) plays 
a critical role in executing ferroptosis [119]. Lipidomics stu-
dies have revealed that, in human fibrosarcoma cells 
(HT1080) treated with erastin, PUFAs are the most suscepti-
ble lipids to peroxidation during ferroptosis [120]. Exogenous 
PUFAs enhance erastin-induced ferroptosis, while deleting 
genes that exchange PUFAs with deuterated PUFAs inhibit 
ferroptosis [121,122]. For example, adding PUFAs to culture 
media restores sensitivity to cell death in a ferroptosis-tolerant 
melanoma cell line (UACC-257) [123]. Mechanistically, 
PUFAs with weak C-H bonds are particularly prone to 
undergo autoxidation and can be converted into reactive 
free radicals after being oxidized by free radicals, thus propa-
gating the lipid peroxidation chain reaction. In addition, the 
double bonds adjacent to methylene groups in PUFAs weaken 
the hydrogen bond energy of the bis-allylic methylene groups, 
resulting in an increased susceptibility to hydrogen abstrac-
tion and consequent oxygenation [124]. Interestingly, in 
HT1080 cells long-chain saturated fatty acids (SFAs), includ-
ing palmitic acid (C16:0) and stearic acid (C18:0), as well as 
their downstream fatty alcohols (1-hexadecanol and 1-octade-
canol), sensitize to RSL3-induced ferroptosis [125]. 
Interestingly, fatty alcohol demonstrates a more pronounced 
effect on the induction of ferroptosis [125]. However, the 
underlying reasons and mechanisms for the heightened 
impact of fatty alcohol on ferroptosis are yet to be further 
examined.

PUFAs are especially vulnerable to oxidation but must first 
be esterified into membrane lipids and undergo oxidation to 
serve as ferroptotic signals [122]. Lipidomic studies in 

ferroptotic Pfa1 cells indicate that phosphatidylethanolamines 
(PEs) containing arachidonic acid (C20:4) or its elongation 
product, adrenic acid (C22:4), are key phospholipids that 
undergo oxidation and drive cells toward ferroptosis [122]. 
Moreover, a genome-wide CRISPR-Cas9 screen in human 
renal and ovarian carcinoma cells, combined with lipidomic 
profiling analysis, reveals that peroxisomes synthesize PUFA- 
containing ether phospholipids/PUFA-ePLs that act as sub-
strates for lipid peroxidation during ferroptosis [126]. In 
contrast, in the C. elegans model, ether lipids can protect 
against ferroptosis instead of promoting it [127]. This could 
be due to the relatively lower presence of PUFAs in ether 
lipids of C. elegans compared to mammalian cells.

Another study demonstrated that oxidized phosphatidyl-
cholines can induce cardiomyocyte cell death through 
a ferroptotic pathway during reperfusion injury [128]. In 
addition to phospholipids, the plasma membrane of mamma-
lian cells contains cholesterol, which affects membrane fluid-
ity. Our cohort has shown that accumulating cholesteryl esters 
containing PUFAs, including docosahexaenoic acid (C22:6) 
and docosapolyenoic acid (C22:5), also increases RSL3- or 
erastin-induced ferroptosis in human pancreatic cancer cell 
lines [129].

In contrast to PUFAs and SFAs, which promote ferropto-
sis, exogenous monounsaturated fatty acids (MUFAs), such as 
oleic acid (C18:1) and palmitoleic acid (C16:1), suppress fer-
roptosis [130]. Treatments that impede MUFA uptake, activa-
tion, or de novo synthesis have the potential to overcome the 
ferroptosis-resistant state and enhance the effectiveness of 
existing proferroptotic agents. Mechanistically, MUFAs 
oppose PUFA activation and inhibit the accumulation of 
lipid-based reactive oxygen species/ROS within the plasma 
membrane [130]. Nevertheless, the mechanism by which 
MUFAs decrease cellular levels of PUFA-phospholipids 
remains unclear. Monitoring the interplay between PUFAs, 
SFAs, and MUFAs can provide insights into predicting the 
susceptibility of cells to ferroptosis.

Additional resources of lipids for ferroptosis can be 
obtained from lipophagy-mediated lipid degradation [131] 
or the activation of peroxisomes [126]. Peroxisomes are 
involved in the biosynthesis of ether-linked phospholipids, 
which are particularly susceptible to lipid peroxidation- 
induced ferroptosis.

Lipid metabolic enzymes

Emerging evidence suggests that specific lipid substrates play 
a crucial role in ferroptosis, and the regulation of key lipid 
metabolic enzymes is essential in governing processes such as 
lipid synthesis, degradation, storage, transformation, and uti-
lization [117]. ACSL (acyl-CoA synthetase long chain family) 
enzymes play a critical role in activating free fatty acids to 
fatty acyl-CoAs, which are necessary for their incorporation 
into phospholipids. Among the five human ACSL enzymes 
(ACSL1, and ACSL3 to ACSL6; ACSL2 does not exist), 
ACSL4 has a marked preference for activating PUFAs. As 
a result, the deletion of ACSL4 prevents the incorporation of 
PUFAs into membrane phospholipids, effectively blocking the 
execution of ferroptosis [121,122,132]. In contrast, ACSL3 
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mainly activates MUFAs and exerts an inhibitory function in 
ferroptosis [130]. Once activated by ACSL4, PUFAs are ester-
ified to lysophospholipids through LPCAT3 (lysophosphati-
dylcholine acyltransferase 3), an enzyme that transfers the 
fatty acyl chain from fatty acyl-CoA to 1-acyl lysophospholi-
pid to form various classes of phospholipids. LPCAT3 func-
tions as a ferroptosis prompter downstream of ACSL4, most 
likely by modulating membrane phospholipid remodeling 
[121]. Additionally, the lack of LPCAT3 leads to extreme 
reductions in membrane arachidonate levels during ferropto-
sis [133]. SCD (stearoyl-CoA desaturase), the lipid desaturase 
in the synthesis of MUFAs, catalyzes the desaturation of 
saturated fatty acids and thereby interferes with lipid home-
ostasis and protects against ferroptosis [134,135]. Conversely, 
inhibition of SCD decreases CoQ10 during ferroptosis [134]. 
Furthermore, the peroxisomal enzyme FAR1 (fatty acyl-CoA 
reductase 1) is critical for SFA-induced ferroptosis by the 
conversion of fatty acyl-CoA molecules to fatty alcohols, uti-
lizing NADPH as a cofactor. Elimination of FAR1 expression 
in HT1080 cells results in robust resistance to erastin- or 
RSL3-induced ferroptosis [125].

Lipid peroxidation can occur via enzymatic or nonenzy-
matic processes. Nonenzymatic peroxidation of lipids is 
mediated by carbon- and oxygen-centered radicals, is also 
known as autoxidation, and requires iron for the initiation 
step [136]. In contrast, lipid peroxidation during ferroptosis 
can be catalyzed by cellular enzymes, such as ALOXs (arachi-
donate lipoxygenases) [120] and POR (cytochrome p450 oxi-
doreductase) [123,137], in a controlled manner.

ALOXs are dioxygenases that contain nonheme iron and 
catalyze the stereospecific oxygenation of PUFAs [138]. In 
humans, there are six members of the ALOX family 
(ALOX5, ALOX12, ALOX12B, ALOX15, ALOX15B, and 
ALOXE3), named based on the specific carbon position 
where they introduce oxygen into their PUFA substrates 
[139]. The involvement of ALOX in ferroptosis is context 
dependent, as different family members exhibit distinct tissue 
and cell expression profiles. For instance, the overexpression 
of ALOX5 [140], ALOX12 [141], or ALOX15 [142] sensitizes 
human embryonic kidney cells to ferroptosis.

POR belongs to a class of oxidoreductases residing in the 
endoplasmic reticulum, and it plays a crucial role in xenobio-
tic detoxification, cellular metabolism, and homeostasis. In 
genome-wide suppressor screens utilizing CRISPR-Cas9 tech-
nology, POR was identified as a promoter of ferroptotic cell 
death in cancer cells. It achieves this by upregulating the 
peroxidation of membrane polyunsaturated phospholipids 
independently of ALOX enzymes [123]. Similarly, an siRNA 
screening study demonstrates that oxidoreductases, including 
POR and CYB5R1 (cytochrome b5 reductase 1), promote 
ferroptosis in HeLa cells by facilitating the transfer of elec-
trons from NAD(P)H to oxygen, resulting in the production 
of hydrogen peroxide [137]. While the exact threshold of 
reactive oxygen species for triggering ferroptosis remains 
undetermined, there exist numerous mechanisms through 
which lipid peroxidation occurs during this process.

The proper transport of phospholipids from their sites of 
synthesis to specific organelle membranes is crucial for many 
biological processes, and this function is carried out by lipid 

transport proteins. One such protein is SCP2 (sterol carrier 
protein 2), which is involved in propagating oxidative stress 
between compartments by trafficking cholesterol hydroperox-
ides to mitochondria [143]. SCP2 promotes Gpx4 depletion- 
induced ferroptosis, leading to acute renal failure in mice 
[144]. Another lipid transporter, SLC47A1 (solute carrier 
family 47 member 1), has recently been identified as a novel 
repressor of ferroptosis. In SLC47A1-deficient cells, SOAT1 
(sterol O-acyltransferase 1), a rate-limiting enzyme that cata-
lyzes the conversion of cholesterol and fatty acids into cho-
lesteryl esters, acts downstream of ACSL4 to mediate PUFA- 
CE production, promoting ferroptosis [129]. Further research 
is needed to determine whether other lipid transporters play 
a similar or different role in ferroptosis.

TMEM164 is a transmembrane protein that has been iden-
tified as a positive regulator of ferroptosis in cancer cells 
[145]. This protein can induce autophagosome formation or 
act as an acyltransferase that forms ferroptotic C20:4 ether 
phospholipids [146]. As a result, targeting TMEM164 May 
have therapeutic potential for diseases associated with ferrop-
tosis, including cancer and neurodegenerative disorders.

Pyroptosis

Pyroptosis was first identified in 2001, but the effector of 
pyroptosis remained unknown until 2015 when GSDMD 
(gasdermin D) was identified as an executor of pyroptosis 
[147]. Pyroptosis is a proinflammatory form of RCD charac-
terized by membrane pore formation, which causes osmotic 
imbalance and cell lysis, and allows the release of intracellular 
inflammatory cytokines (e.g., IL1B [interleukin 1 beta] and 
IL18 [interleukin 18]) and DAMPs (e.g., HMGB1 [high mobi-
lity group box 1] and SQSTM1/p62 [sequestosome 1]) [148– 
153]. The pore-forming process is executed by the inflamma-
some-mediated cleavage and activation of GSDMD [154,155]. 
Additionally, lipids, including oxysterols, fatty acids, and 
phospholipids, play intricate roles in pyroptosis (Figure 4).

Inflammasome activation

Inflammasomes are multi-protein complexes that regulate the 
cleavage of cysteine protease CASP1 or CASP4/CASP11, 
secretion of inflammatory cytokines, and induction of pyrop-
tosis [156,157]. There are two inflammasome pathways. In the 
canonical inflammasome pathway, bacterial and viral patho-
gen-associated stimuli, including pathogen-associated mole-
cular pattern/PAMP molecules and DAMPs that are released 
from damaged or dying cells, activate cytosolic sensor pro-
teins such as NLRP3 (NLR family pyrin domain containing 3), 
NLRC4 (NLR family CARD domain containing 4), or AIM2 
(absent in melanoma 2). Once activated, these sensors oligo-
merize and recruit the adapter protein PYCARD/ASC (PYD 
and CARD domain containing) to form inflammasomes 
[158]. This leads to the activation of CASP1 through the 
assembly of the inflammasome complex [147,159,160].

Numerous lipids have been linked to the activation of 
inflammatory processes, including:
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(i) PtdIns4P. One of the cytosolic sensor proteins, 
NLRP3, localizes to cellular compartments with 
exposed negatively charged lipids such as PtdIns4P 
in dispersed trans-Golgi network (dTGN) vesicles, 
where it adopts a stable oligomeric structure [161]. 
Disruption of the interaction between NLRP3 and 
PtdIns4P on the dTGN impairs NLRP3 aggregation 
and downstream signaling. In vitro assays with lipidic 
strips have shown that a purified NLRP3 fragment 
containing the KKKK motif, as well as inactive 
NLRP3 cages, bind to several phosphorylated phos-
phatidylinositols and phosphatidic acid, but not 
unphosphorylated phosphatidylinositols, suggesting 
that NLRP3 is recruited to dTGN via binding to 
PtdIns4P. This process is essential for NLRP3 inflam-
masome activation [161].

(ii) Cardiolipin. Lipopolysaccharide (LPS)-induced expo-
sure of cardiolipin in the mitochondrial membrane is 
necessary for functional NLRP3 inflammasome 

assembly in macrophages, creating a platform for 
the formation of the NLRP3 inflammasome. 
Cardiolipin binds to NLRP3 directly, and interference 
with cardiolipin synthesis specifically inhibits NLRP3 
inflammasome activation [162–164].

(iii) Ceramide and sphingosine. Lipotoxicity increases 
intracellular ceramide, which can be sensed by the 
NLRP3 inflammasome, inducing CASP1 cleavage in 
macrophages and adipose tissue. Therefore, NLRP3 
inflammasome senses ceramide and contributes to 
obesity-induced insulin resistance and inflammation 
in a mouse model [165]. Sphingosine, a downstream 
metabolite of ceramide, induces NLRP3-dependent 
IL1B secretion [166].

(iv) Fatty acids. Stimulation of macrophages with ω-3 fatty 
acids, including eicosapentaenoic acid and docosahexae-
noic acid, prevents NLRP3 inflammasome activation, 
inhibiting subsequent CASP1 activation and IL1B secre-
tion [167,168]. In contrast, SFAs (such as palmitic and 

Figure 4. Lipid mechanism in pyroptosis. Pyroptosis is a proinflammatory form of programmed cell death characterized by the formation of membrane pores. The 
process of pore formation is executed through the inflammasome-mediated cleavage and activation of GSDMD. Lipids, including oxysterols, fatty acids, and 
phospholipids, play complex and critical roles in pyroptosis. For instance, the activation of the NLRP3 inflammasome requires binding to cholesterol in the 
endoplasmic reticulum, while the stable oligomerization of NLRP3 is facilitated by phosphoinositides (PIPs), and cardiolipin promotes NLRP3 inflammasome 
formation. Moreover, the functionality of GSDMD pores is dependent on phosphoinositides, and the enrichment of phosphatidylinositol-4,5-bisphosphate (PtdIns 
[4,5]P2) directly enhances their dynamics.
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stearic acids) activate the NLRP3 inflammasome and 
promote IL1B release in human and murine monocytes 
and macrophages [169,170]. Short-chain fatty acids 
(SCFAs), such as acetate, propionate, and butanoate, 
promote inflammasome activation in macrophages by 
binding to the PYRIN domain of PYCARD. 
Administration of SCFAs or dietary fibers, which are 
fermented to SCFAs by gut bacteria, significantly pro-
longs the survival of Salmonella enterica serovar 
Typhimurium-infected mice through PYCARD- 
mediated inflammasome activation. Activated inflam-
masomes facilitate neutrophil recruitment to promote 
bacterial elimination and suppress survival of S. 
Typhimurium in macrophages by pyroptosis [158].

(v) Cholesterol. Cholesterol plays a critical role in mod-
ulating the activation of the NLRP3 inflammasome in 
macrophages. Depletion of cholesterol specifically in 
the endoplasmic reticulum of murine macrophages 
strongly affects the association of NLRP3 with the 
adapter protein PYCARD, leading to the abrogation 
of CASP1 activation and IL1B secretion. This effect is 
not observed when cholesterol is depleted from the 
plasma membrane [171,172]. Mechanistically, choles-
terol crystals induce phagolysosomal damage, result-
ing in the release of lysosomal contents, including 
cathepsins, into the cytoplasm. This activates the 
NLRP3 sensor protein, triggering the inflammasome 
cascade [173]. However, an oxysterol called 25- 
hydroxycholesterol suppresses the activation of both 
NLRP3 and AIM2 inflammasomes [174,175]. In 
response to bacterial infection or LPS stimulation, 
macrophages upregulate the expression of CH25H 
(cholesterol 25-hydroxylase) to maintain repression 
of SREBF2/SREBP2 (sterol regulatory element bind-
ing transcription factor 2) activation and cholesterol 
synthesis. The accumulation of excess cholesterol, 
which is mediated by deficiency in CH25H, can trig-
ger IL1B release in an AIM2-dependent manner.

The non-canonical inflammasome pathway is activated by 
cytoplasmic LPS directly binding to mouse CASP4/CASP11 
or human CASP4 or CASP5, leading to the cleavage of 
GSDMD [176]. CASP4 and CASP5 recognize cytosolic 
LPS by binding to the lipid A moiety [177]. Accumulating 
evidence indicates that CASP4 and CASP5 are activated by 
binding to bacterial LPS or certain endogenous oxidized 
phospholipids.

Oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phos-
phocholine (oxPAPC), a complex mixture of oxidized lipids 
released from dying cells, can translocate to the cytoplasm 
and directly bind to CASP4, inducing NLRP3 inflamma-
some activation and IL1B release in dendritic cells, bypass-
ing pyroptosis [178,179]. However, targeting the non- 
canonical inflammasome in macrophages, oxPAPC protects 
against septic shock [180]. High concentrations of extracel-
lular oxPAPC may activate the alternative NLRP3 pathway, 
whereas intracellularly delivered oxPAPC acts as an antago-
nist of CASP4 [181].

In addition, pathogenic lipids, such as E. coli LPS and 
Leishmania glycolipid lipophosphoglycan/LPG, can bind 
and activate CASP4 and CASP5, inducing non-canonical 
NLRP3 inflammasome activation [182]. Delivery of lipo-
phosphoglycan into macrophages triggers CASP4 activa-
tion, whereas infections performed with Lpg1-/- parasites 
reduce CASP4-NLRP3 activation [182]. Ornithine lipids, 
found in bacteria such as Vibrio cholerae and 
Pseudomonas aeruginosa, can activate CASP4 and induce 
non-canonical NLRP3 inflammasome activation in murine 
macrophages [182,183].

Lipids play a crucial role in the entire process of inflam-
masome activation. For instance, NLRP3 activation requires 
binding to cholesterol in the endoplasmic reticulum, 
whereas the stable oligomerization of NLRP3 requires 
PIPs, and cardiolipin favors NLRP3 inflammasome forma-
tion. However, some lipid regulation models can induce 
NLRP3 inflammasome activation and IL1B release while 
bypassing pyroptosis, such as oxPAPC. Interestingly, the 
function of oxPAPC in modulating NLRP3 activation 
appears to be cell-type and location-dependent, and the 
underlying mechanism requires further investigation.

Membrane pore formation

The activation of the inflammasome cleaves GSDMD, leading 
to the production of the N-terminal fragment (GSDMD-N), 
which mediates pyroptosis by forming pores on the plasma 
membrane [148]. During pore formation, GSDMD-N oligo-
merizes and binds phosphoinositides on the inner leaflet of 
the plasma membrane [184], allowing the release of mature 
IL1B and IL18. GSDMD-N domains bind preferentially to 
liposomes containing 10–20% PtdIns(4,5)P2, but not unpho-
sphorylated phosphatidylinositol [185].

Mycobacterium tuberculosis, a pathogen that causes 
tuberculosis, secretes an effector protein called PtpB (pro-
tein-tyrosine-phosphatase) that dephosphorylates host 
plasma membrane PtdIns4P and PtdIns(4,5)P2, inhibiting 
the membrane localization of GSDMD-N and preventing 
pyroptosis and cytokine release. This strategy helps the 
bacteria evade host immunity and survive intracellu-
larly [186].

GSDMD-N can also bind cardiolipin, a lipid present in 
bacterial membranes, resulting in bacterial destruction out-
side of the cell. The N domains of GSDMD, GSDMA or 
GSDMA3 are efficiently and specifically precipitated by 
cardiolipin liposomes. In contrast, the binding efficiency 
of GSDMD-N decreases when the concentration of cardio-
lipin is reduced from 20% to 10% [185].

In addition to phosphoinositides and cardiolipin, peroxi-
dation products of phospholipids such as PtdIns4P, 
PtdIns(4,5)P2, diacylglycerol, and phosphatidic acid enhance 
the activity of GSDMD-N pores and contribute to cell death. 
Oxidation of these phospholipids promotes GSDMD- 
N-mediated pyroptosis in lethal polymicrobial sepsis, whereas 
GPX4 blocks GSDMD cleavage during inflammasome activa-
tion [187]. Overall, membrane pore formation is a key event 
in pyroptosis, and lipids play a pivotal role in both the 
activation and execution of this form of cell death.
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Lipid mechanisms in autophagy

Autophagy is a highly regulated and evolutionarily conserved 
cellular process that facilitates the degradation and recycling 
of unnecessary or dysfunctional cellular components. It serves 
as a critical quality control mechanism implicated in various 
human diseases and aging [188,189]. During autophagy, dou-
ble-membrane structures called autophagosomes are formed, 
enclosing portions of the cytoplasm, organelles, or protein 
aggregates [190]. These autophagosomes then fuse with lyso-
somes, forming autolysosomes, where the engulfed contents 
are degraded by lysosomal enzymes. The breakdown products 
are subsequently recycled and utilized to generate new mole-
cules and provide energy for the cell.

Autophagy encompasses both nonselective and selective pro-
cesses, exerting complex effects on cellular stress and home-
ostasis [145,191,192]. In many cases, an increase in 
nonselective autophagy can promote cell survival in the context 
of environmental stresses, such as nutrient deprivation, infec-
tion, and cellular damage [191,193]. However, selective autopha-
gy exhibits context-dependent roles in RCD. For example, 
selective degradation of ferritin, known as ferritinophagy, leads 
to iron release and promotes ferroptosis [194]. Autophagic 

degradation of PTPN13 (protein tyrosine phosphatase non- 
receptor type 13), a negative regulator of extrinsic apoptosis, 
promotes apoptosis [195], while selective removal of mitochon-
dria via mitophagy by autophagy inhibits apoptosis [196]. 
Moreover, the targeted autophagic degradation of BIRC2/ 
cIAP1 (baculoviral IAP repeat containing 2), a negative regulator 
of necroptosis, facilitates necroptosis [197].

Various lipid species, including phospholipids, sphingoli-
pids, and sterols, play crucial roles at different stages of 
autophagy (Figure 5). Particularly, phosphoinositides, 
a subgroup of phospholipids, have emerged as key modulators 
of autophagy, influencing various signaling processes involved 
in autophagy initiation, autophagosome biogenesis, and 
maturation. PtdIns(3,4,5)P3 is involved in the regulation of 
autophagy by activating the MTOR signaling pathway, which 
negatively regulates autophagy initiation [198]. PTEN (phos-
phatase and tensin homolog), a 3-phosphatase responsible for 
dephosphorylating PtdIns(3,4,5)P3, triggers autophagy by 
inactivating the PI3K-AKT-MTOR pathway [199].

During the autophagic process, the phagophore emerges 
from specialized PtdIns3P-enriched sites, which act as signal-
ing molecules for the recruitment of various PtdIns3P- 
binding proteins. This process allows for the interaction 

Figure 5. Lipid mechanisms in autophagy. Various lipid species, such as phospholipids, sphingolipids, and sterols, play crucial roles in different stages of autophagy. 
Specifically, phosphoinositides have been identified as key modulators of autophagy, involved in signaling processes that govern autophagy initiation, autophago-
some biogenesis, and maturation. Ceramide (Cer) has also been implicated in the induction of autophagy. Furthermore, gangliosides, including GD3 gangliosides, can 
be recruited to autophagosomes and contribute to morphogenic remodeling.
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between PtdIns3P and MAP1LC3 (microtubule associated 
protein 1 light chain 3) lipidation, which is essential for 
phagophore function. PtdIns3P generated by the class III 
PtdIns 3-kinase is critical for autophagosome formation 
[198]. PtdIns5P synthesis is also required for autophagosome 
formation that acts via a similar pathway as that utilizing 
PtdIns3P for the formation of the autophagosome [200]. In 
addition, PtdIns (3,5)P2, generated by PIKFYVE/FAB1 from 
PtdIns3P, is required for the maturation of autophagosomes 
in mammals [201]. PtdIns4P, generated by mammalian 
PI4KA (phosphatidylinositol 4-kinase alpha), promotes auto-
phagosome-lysosome fusion [202,203]. Depression of PI4K2A 
(phosphatidylinositol 4-kinase type 2 alpha), which generates 
PtdIns4P from PtdIns, reduces the autophagic flux by block-
ing autophagosome and lysosome fusion. Besides, the conver-
sion of PtdIns4P to PtdIns (4,5)P2 is important in a late step 
of mammalian autophagy, termed autophagic lysosome refor-
mation, which is critical for maintaining lysosome homeosta-
sis [204].

Sphingolipids play a bioactive role in the induction of 
autophagy [205]. Among them, ceramide, a major species 
that regulates diverse cellular processes including survival, 
differentiation, and senescence, has been implicated in auto-
phagy induction across various models [206–209]. Ceramide 
levels are upregulated during stress-induced autophagy, and 
ceramide itself activates the autophagic process. In response to 
the increased ceramide levels, JUN/c-JUN upregulates the 
transcription of MAP1LC3, thereby promoting autophagy 
[210]. Ceramide-1-phosphate (C1P) is a bioactive sphingoli-
pid that plays a pivotal role in the regulation of diverse 
physiological processes. In both human epithelial cells and 
monocytes, the depletion of the C1P transfer protein CPTP 
(ceramide-1-phosphate transfer protein), or the introduction 
of specific point mutants designed to target the C1P binding 
site, triggers a significant increase in the assembly of ATG9A- 
dependent phagophores and the formation of MAP1LC3- 
dependent autophagosomes [211]. This cascade of events 
further culminates in heightened inflammasome activation 
[211]. Similarly, the elevation of intracellular C1P levels 
through exogenous C1P treatment (rather than CPTP inhibi-
tion) also induces both autophagy and inflammasome activa-
tion [211]. Gangliosides, sialic-acid-containing sphingolipids, 
also contribute to autophagy. For instance, GD3 gangliosides 
are recruited to the autophagosome and play a role in mor-
phogenic remodeling, including changes in membrane curva-
ture and fluidity, ultimately facilitating the maturation of 
autophagosomes into autolysosomes [212].

The autophagosome membrane is characterized by a high 
content of unsaturated fatty acids [213,214] and low levels of 
cholesterol [215,216]. The removal of cholesterol plays 
a crucial role in autophagosome initiation. For example, 
depleting cholesterol using MβCD and statins enhances 
MAP1LC3 lipidation and promotes autophagosome forma-
tion [217–219]. Furthermore, the endoplasmic reticulum cho-
lesterol transfer protein GRAMD1C (GRAM domain- 
containing 1C) is a negative regulator of starvation-induced 
autophagy. Autophagosomes form at endoplasmic reticulum- 
associated sites, and the loss of GRAMD1C leads to increased 
mitochondrial cholesterol levels and reduced endoplasmic 

reticulum cholesterol. These elevated mitochondrial choles-
terol levels in GRAMD1C-depleted cells affect mitochondrial 
bioenergetics [215,220]. On the other hand, the cholesterol- 
transfer protein GRAMD1A (GRAM domain-containing pro-
tein 1A) accumulates at autophagosome initiation sites in 
response to starvation [221]. GRAMD1A appears to play 
a role in maintaining the elevated cholesterol content of 
autophagosomal membranes, thus facilitating autophagosome 
maturation [221].

Notably, human ACSL4, which localizes to autophagic 
membranes, plays a role in autophagosome formation, further 
establishing a connection between autophagy and lipid meta-
bolism in the context of ferroptosis [222]. Given the intricate 
interplay between autophagy and lipid metabolism, elucidat-
ing the feedback mechanisms in response to different stresses 
can be a challenging endeavor.

Moreover, the internalization of cellular free fatty acids 
stands as a fundamental mechanism, particularly activated 
in response to starvation, for instigating the autophagic 
process. Conversely, within cultured hepatocyte models, 
autophagy assumes a pivotal role in finely modulating 
lipid content. This reciprocity implies an intricate interplay. 
However, it is essential to underscore that an abnormal 
accumulation of intracellular lipids can significantly 
impede the efficient clearance of materials targeted for 
autophagic degradation [223]. In harmony with an alter-
native hypothalamic model focused on starvation, heigh-
tened levels of fatty acids induced by fasting orchestrate 
a swift uptake of these molecules within the hypothalamus. 
This, in turn, promptly triggers the initiation of autophagy 
[224]. Notably, the introduction of exogenous oleic or 
palmitic acid amplifies the flux of autophagic activity in 
hypothalamic GT1–7 cells [224]. Nevertheless, in contrast 
to the acute lipid-driven stimulus that actively fosters auto-
phagy, a chronic condition of lipid overload, as manifested 
in prolonged overnutrition or sustained high-fat diets, ulti-
mately leads to a regression in autophagic functionality. 
This situation is characterized by a compromised capacity 
for autolysosome formation and overall autophagic activ-
ity [223].

In summary, lipids and lipid-related processes exert pivotal 
roles throughout all stages of phagophore formation, autopha-
gosome development, and autolysosome maturation, finely 
tuning the intricate activity of the autophagic pathway.

Conclusion and outlook

In recent years, mounting evidence has highlighted the intri-
cate connections among lipids, autophagy, and RCD. Lipids 
serve as structural components in cell membranes, providing 
scaffolds for proteins such as BAX, MLKL, and GSDMD to 
regulate cellular death processes, including pore formation. 
Moreover, lipids can act as substrates for peroxidation, trig-
gering ferroptosis. However, lipids also play a crucial role in 
specific protein-lipid interactions and signaling events neces-
sary for the activation of the RCD machinery. Lipids are 
essential for autophagosome biogenesis, and lipid metabolism 
as well as lipid-modifying enzymes such as phospholipases, 
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acyltransferases, and lipid kinases, are crucial for the regula-
tion of autophagy and cellular homeostasis.

The emerging concepts of the lipid hypothesis in governing 
RCD not only provide insights into the intricate lipid molecular 
networks involved in RCD but also open up new avenues for the 
development of innovative therapeutic strategies targeting 
defective lipid metabolism-associated diseases. For instance, 
nanoliposomes containing C6-ceramide have been identified 
as a chemotherapeutic agent capable of suppressing metastasis 
in a mouse xenograft model of ovarian cancer by inducing 
MLKL-dependent necrotic cell death [225]. Similarly, in the 
case of M. tuberculosis infection, bacterial-secreted PtpB utilizes 
host ubiquitin to inhibit pyroptosis by altering host membrane 
phosphoinositide composition, thereby presenting potential 
directions for the development of anti-M. tuberculosis therapies.

Moreover, targeting cholesterol metabolism for cancer 
treatment has gained significant recognition. For instance, 
cholesterol deficiency contributes to T cell exhaustion by 
inhibiting T cell proliferation and triggering autophagy- 
mediated apoptosis. This connection between cholesterol defi-
ciency and antitumor immunity highlights the importance of 
cholesterol in regulating immune responses [226]. On the 
other hand, cholesterol depletion using MβCD has shown 
potential anticancer effects in various types of cancer cells. 
Studies have reported the potential anticancer activity of 
MβCD in non-small cell lung cancer (NSCLC) cells [227], 
melanoma cells [228], colorectal cancer cells [69] and others. 
These findings suggest that manipulating cholesterol levels 
holds promise as a therapeutic approach in cancer treatment.

However, as discussed here, certain lipids can exhibit 
similar or even opposing functions in different modes of 
RCD, and the precise lipid molecular effectors, crosstalk, 
and potential switches between distinct lipid sub-pathways 
in RCD remain largely unknown. Addressing these unre-
solved questions is crucial for the development of lipid- 
targeted therapies and interventions in lipid metabolic pro-
cesses, as dysregulation of the cellular lipidome undeniably 
has an impact upon various human pathologies associated 
with RCD.

Delineating the precise landscape of lipid-regulated RCD and 
autophagy encounters several challenges. First, the inherent 
flexibility and heterogeneity of lipid structures often lead to 
limited resolution, leaving uncertainties regarding their specific 
identities. Second, our quantitative understanding of lipid biol-
ogy, particularly concerning transient and precarious lipid spe-
cies, remains limited. Third, the absence of accurate tools to 
determine absolute lipid concentrations in living cells, in vivo 
models, or with subcellular resolution presents a significant 
obstacle. Fourth, lipid metabolism and autophagy are dynamic 
processes influenced by diverse cellular and environmental fac-
tors, including cellular stress, nutrient availability, and signaling 
pathways. Capturing and comprehending the dynamic nature of 
lipid metabolism and autophagy pose challenges as experimen-
tal conditions must faithfully replicate physiological or patho-
logical contexts. Furthermore, the presence of redundancy and 
compensatory mechanisms within lipid metabolism and auto-
phagy pathways further complicates research efforts. 
Collectively, these challenges impede our understanding of 
how lipids precisely undergo alterations under specific stresses 

and, conversely, how lipids affect the regulation of RCD and 
autophagy at the cellular, tissue, or organismal levels. Acquiring 
such knowledge is crucial for elucidating the specific mechan-
isms through which lipids contribute to these processes.
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