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1. Fatty acids 

Fatty acids (FAs) are essential components of lipids, which, along with 

proteins, carbohydrates and nucleic acids, constitute the major classes of 

biological molecules (1). FAs fulfill diverse roles in living organisms. Their 

oxidation is highly exergonic, serving as a primary energy source for humans 

and contributing roughly 30% of total energy intake (2). FAs can be stored 

long-term as triacylglycerol (TAG) in adipose tissue and mobilized during 

energy deprivation. Additionally, as fundamental constituents of 

phospholipids (PLs), FAs form the structural backbone of cell membranes, 

playing a vital role in defining their properties and functions. 

FAs consist of  a carboxylate group with an aliphatic chain containing 2 to 40 

carbon atoms (3), (4). They are categorized based on their carbon chain 

length, the number of double bonds, and their position. The classification 

based on FA chain length can vary slightly between studies (5). Here, we will 

consider that short-chain FAs (SCFAs) contain 2 to 6 carbon atoms, medium-

chain FAs (MCFAs) range from 8 to 12 carbon atoms, long-chain FAs 

(LCFAs) span 14 to 22 carbon atoms, and very long-chain FAs (VLCFAs) 

have 24 or more carbon atoms. Most FAs contain an even number of carbon 

atoms, as their synthesis and degradation processes occur in two-carbon 

increments (2). 
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1.1.  Long-chain fatty acids (LCFAs) 

LCFAs are further classified into three primary groups based on the number 

of double bonds in their structures: saturated fatty acids (SFAs), which have 

no double bonds; monounsaturated fatty acids (MUFAs), containing a single 

double bond; and polyunsaturated fatty acids (PUFAs), characterized by two 

to six double bonds (6). In some contexts, the term highly unsaturated fatty 

acid (HUFA) is used to describe LCFAs with more than three double bonds. 

LCFAs account for most of FAs (5,6), and, for simplicity, will hereafter be 

referred to simply as FAs. Representative FAs of each class are presented in 

Figure 1. 

 

Figure 1: Chemical structures of representative FAs. Representative FAs include 
SFAs (palmitate and stearate), MUFAs (oleate and elaidate), and PUFAs. PUFA 
examples include essential FAs (linoleate and α-linolenate) and some derivatives 
highly unsaturated (arachidonate and docosahexaenoate). 
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SFAs are the most prevalent FAs, usually comprising 30-40% of the total FAs 

in animal tissues, with palmitic acid (16:0) and stearic acid (18:0) being the 

primary constituents (7). Beyond their common functions with other FAs, 

myristate (14:0) and palmitate (16:0) have unique roles in post-translational 

modifications (PTMs), specifically in N-myristoylation and side-chain 

palmitoylation, respectively. These modifications are involved in key cellular 

processes, including protein trafficking, protein-protein interactions, and 

protein-membrane interactions.  

The majority of MUFAs feature a single cis double bond between the 9th and 

10th carbons. This results in a distinct orientation of the adjacent carbons 

across the double bond, giving the molecule a curved structure (2). The 

primary representatives of this group are oleate (18:1ω-9), vaccenate (18:1ω-

7) and palmitoleate (16:1ω-7). Some MUFAs of exogenous origin, such as 

elaidate (18:1ω-9t), exist in the trans configuration. This configuration 

produces a straight structure with physicochemical properties resembling 

those of SFAs.  

PUFAs, excluding mead acid (20:3ω-9) (8), cannot be synthesized de novo. 

When not directly obtained from the diet, they are derived from the essential 

precursors linoleate (18:2ω-6) and α-linolenate (18:3ω-3) (9). Most PUFAs 

feature exclusively cis double bonds. These bonds are typically non-

conjugated and separated by an sp3 carbon atom, which confers high 

flexibility to the acyl chain (10). At this bis-allylic position, hydrogens are 

preferentially abstracted by peroxyl radicals, rendering PUFAs highly 
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susceptible to lipid peroxidation (11). However, a small fraction of PUFAs 

with conjugated double bonds, primarily isomers of linoleate (18:2ω-6), can 

also be obtained from dietary sources. The unique properties and functions of 

PUFAs stem from two primary modes of action: serving as precursors for 

signaling lipids and as fundamental building blocks of membranes (12). This 

will be discussed in sections 2.10. and 2.11. 

 

2. Fatty acid metabolism 

 

2.1. Uptake 

Most FAs in the body are derived from the diet, primarily as TAGs, which 

are hydrolyzed in the intestinal lumen (9). Due to their minimal water 

solubility, FAs are incorporated into bile acid micelles in the intestine and 

transported through the systemic circulation bound to albumin. Additionally, 

FAs are carried in the systemic circulation as TAGs within lipoproteins, 

where they are locally released via hydrolysis by lipoprotein lipases. 

The mechanism by which FAs enter cells remains a subject of debate. Some 

studies suggest that neutral FAs passively diffuse across the plasma 

membrane (13). However, as FAs are predominantly negatively charged at 

physiological pH, such diffusion by flip-flop mechanism is unlikely to be 

favored (9). Instead, several plasma membrane FA transporters have been 
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identified, and it is estimated that approximately 90% of cellular uptake is 

protein-mediated. Different mechanisms are involved in protein-mediated FA 

uptake. Transporters, such as CD36 and fatty acid transport proteins (FATPs), 

directly facilitate FA entry into cells. Activators, including long-chain acyl-

CoA synthetases (ACSLs) and binders, such as fatty acid binding proteins 

(FABPs), contribute to limiting FA efflux. As FATPs also exhibit acyl-CoA 

synthetase activity for VLCFAs, the precise mechanisms underlying their role 

in cellular FA uptake remain under investigation (14). Once inside the cell, 

FAs are transported and distributed either by FABPs in their free form or by 

acyl-CoA binding protein (ACBP) if activated (15). 

2.2. De novo synthesis 

SFAs, primarily palmitate (16:0), can be de novo synthesized from surplus 

carbohydrates (9). This de novo biosynthesis takes place in lipogenic tissues, 

including the liver, adipose tissue, and lactating mammary glands.  

De novo FA biosynthesis is an iterative process that occurs in the cytosol, 

involving acetyl-CoA, malonyl-CoA, NADPH, and the large, dimeric, 

multidomain enzyme fatty acid synthase (FAS) (16). The process begins with 

acetyl-CoA, the primer substrate, which is repeatedly extended by malonyl-

CoA building blocks, adding two carbons at a time and releasing CO2 during 

each condensation step. The β-carbon of the condensation product is 

processed by a NADPH-dependent reduction, followed by a dehydration and 

an additional NADPH-reduction. At each step, the substrate is transferred 

between domains while tethered to the 4′-phosphopantetheine prosthetic 
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group of the acyl carrier protein (ACP) domain. The growing of the substrate 

continues through successive addition of malonyl moieties, culminating in the 

formation of palmitoyl-thioester, which is subsequently cleaved to release 

palmitate (16:0). 

2.3. Elongation  

FAs from all sources can undergo modification through elongation and 

desaturation. Elongation primarily occurs in the endoplasmic reticulum (ER) 

and involves the addition of two carbon units to existing SFAs, MUFAs, or 

PUFAs using malonyl-CoA (3). While this process is mechanistically similar 

to de novo synthesis, elongation is carried out by multiple distinct enzymes. 

Initially, FAs are activated into acyl-CoA by an ACSL. Subsequently, four 

independent enzymes mediate successive steps of condensation, reduction, 

dehydration, and a final reduction. The initial condensation reaction, 

catalyzed by one of the seven ketoacyl-CoA synthetases (ELOVL1-7), is the 

rate-limiting step that determines FA specificity. 

2.4. Desaturation 

FAs can undergo further modification through the action of various FA 

desaturases, which catalyze stereospecific dehydrogenation reactions to 

introduce double bonds into the aliphatic chain (17). 

Stearoyl-CoA desaturases (SCDs) are Δ9 desaturases localized in the ER, 

where they convert SFAs into MUFAs by introducing a double bond between 
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the 9th and 10th carbon atoms. SCDs require prior activation of the FA into 

fatty acyl-CoA and preferentially utilize palmitoyl- and stearoyl-CoAs as 

substrates. The process is dependent on molecular oxygen (O2) and involves 

electron transfer through NAD(P)H, cytochrome b5 reductase, and 

cytochrome b5.  

Humans lack Δ12 and Δ15 desaturases, which restricts endogenous 

desaturation to positions beyond the Δ9 carbon (2). Consequently, dietary 

intake of linoleate (18:2ω-6) and α-linolenate (18:3ω-3) is necessary for 

synthesizing all ω-6 and ω-3 series PUFAs. PUFA biosynthesis from these 

essential FAs requires sequential desaturation by Δ5 and Δ6 desaturases 

(D5D and D6D, respectively), elongation by ELOVLs, and, in the case of 

docosahexaenoate (22:6ω-3), peroxisomal β-oxidation (Figure 2) (18). 

 

Figure 2. Biosynthetic pathway of ω-6 and ω-3 PUFAs. The synthesis of ω-6 and 
ω-3 PUFA series begins with the essential precursors linoleate (18:2ω-6) and α-
linolenate (18:3ω-3), respectively. The pathway includes sequential desaturation and 
elongation steps, with peroxisomal β-oxidation (β-Ox) contributing to the final 
processing of very long-chain PUFAs. Adapted from (3).  
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2.5. Degradation 

The primary pathway for FA degradation is mitochondrial β-oxidation 

(FAO), which involves approximately 20 proteins (19). The process begins 

with the mitochondrial import of acyl-CoAs via the carnitine shuttle system. 

Once inside the mitochondria, the cyclic FAO process shortens acyl-CoA 

molecules by sequentially removing two carboxy-terminal carbon atoms as 

acetyl-CoA. Each cycle involves four enzymatic steps, starting with the 

dehydrogenation of acyl-CoA, which introduces a trans double bond between 

the α and β carbons (Figure 3). This is followed by hydration at the β carbon, 

oxidation of the resulting alcohol into a ketone, and, finally, cleavage of the 

3-ketoacyl-CoA to yield acetyl-CoA and an acyl-CoA shortened by two 

carbons. FAO cycles continue and, as acyl-CoA molecules are progressively 

shortened, distinct enzymes with substrate preferences for shorter chain 

lengths take over within the FAO machinery. This process enables FAs to be 

completely degraded. In addition to supplying acetyl-CoA for the 

tricarboxylic acid (TCA) cycle and ketogenesis, FAO generates FADH2 and 

NADH, which directly fuel the respiratory chain. To degrade MUFAs and 

PUFAs, auxiliary enzymes, including reductases and isomerases, reposition 

various double bonds into the trans-2 configuration, enabling enoyl-CoAs to 

reenter the FAO cycle (20). 
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Figure 3. FA β-Oxidation pathway. The four sequential steps of β-oxidation and the 
chemical structures of the intermediates are depicted. The two-carbon shortened 
acyl-CoA re-enters the β-oxidation cycle for further processing. Adapted from (19). 

2.6. Fatty acid as a building block  

FAs serve as fundamental building blocks for the synthesis of more complex 

lipids, including glycerolipids and glycerophospholipids (GPLs) (9). 

Glycerolipids are a group of neutral lipids characterized by a glycerol 

backbone esterified with one (1- and 2-monoacylglycerols), two (1,2- and 

1,3-diacylglycerols), or three (triacylglycerol; TAG) FAs. The primary 

functions of TAGs are to act as a reservoir of FAs for energy production and 

the synthesis of membrane lipids (21). TAGs are stored in cells within small 

organelles called lipid droplets (LDs) and transported through the systemic 

circulation, packaged in lipoproteins. 

GPLs consist of a lipophilic component, formed by 1,2-diacylglycerols 

(DAG), and a hydrophilic head group attached to the sn-3 hydroxyl group of 
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the glycerol backbone via a phosphodiester bond (22). Several different head 

groups (choline, ethanolamine, serine, inositol or glycerol) give rise to 

distinct classes of GPLs (Figure 4) with specific properties. The amphipathic 

nature of GPLs drives their assembly into membrane bilayers, which act as 

selective barriers to the extracellular environment and delineate intracellular 

organelles. In addition, GPLs act as a reservoir of precursors for the synthesis 

of lipid mediators, such as eicosanoids. 

 

Figure 4. Different hydrophilic head groups define distinct phospholipid species. 
The glycerophospholipid (GPL) structure on the left represents 1-palmitoyl-2-
oleoyl-sn-phosphatidylcholine. On the right, various hydrophilic head groups can 
replace the circled choline, giving rise to different GPL species. Adapted from (23). 
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2.7. Triacylglycerol synthesis 

TAG synthesis occurs primarily in adipose tissue, the liver, and the intestine 

(9), and it is thought to take place mainly in the ER (21). This process involves 

two distinct pathways: the glycerol phosphate pathway and the 

monoacylglycerol (MAG) pathway. Both pathways depend on acyl-CoAs as 

FA donors (24). The glycerol phosphate pathway is nearly ubiquitous and 

primarily relies on the reduction of a glycolytic intermediate to generate 

glycerol-3-phosphate (9). This glycerol-3-phosphate backbone undergoes 

two sequential esterifications with FAs by two different acyltransferases, 

resulting in the formation of phosphatidic acid (PA) (Figure 5). 

Subsequently, PA is dephosphorylated by a phosphatase, yielding DAG. The 

final step, which is common to both pathways, involves the acylation of DAG 

to form TAG. The MAG pathway is primarily active in enterocytes of the 

small intestine, where it mediates the re-esterification of 2-MAG derived 

from dietary fat hydrolysis.  

2.8. Glycerophospholipid synthesis 

The synthesis of GPLs involves multiple pathways and numerous enzymes 

distributed across various organelles, including the ER, mitochondria, 

peroxisomes, and Golgi apparatus (25). However, the ER and Golgi apparatus 

are the main sites of GPL biosynthesis in most primary cells. 

Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) comprise the 

majority of GPLs. Their synthesis begins in a manner analogous to TAG 

synthesis, starting with the formation of DAG (Figure 5) (22). Subsequently, 
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specific transferases utilize activated cytidine-diphosphate (CDP) derivatives 

of choline and ethanolamine to attach the polar head groups to DAG. 

Phosphatidylserine (PS), on the other hand, cannot be synthesized de novo 

and is instead produced through a head-group exchange between PC or PE 

and serine. Unlike PC and PE, phosphatidylinositol (PI), 

phosphatidylglycerol (PG), and cardiolipin (CL) are synthesized from PA, 

which acts as a precursor for cytidine-diphosphate-1,2-diacylglycerol (CDP-

DAG). As a result, the dephosphorylation of PA to DAG represents a crucial 

regulatory step in phospholipid biosynthesis and energy storage. The polar 

head groups can also be interconverted through additional reactions, such as 

methylations, which converts PE to PC, and decarboxylation, which 

transforms PS into PE. 

 

Figure 5. The crossroads of TAG and GPL synthesis. TAG and GPL synthesis both 
begin with the acylation of glycerol-3-phosphate, yielding lysophosphatidic acid 
(LPA), followed by a second acylation to produce PA. PA serves as a precursor for 
PI, PG, and CL. Alternatively, PA can be dephosphorylated to generate DAG, which 
undergoes a third acylation to form TAG or serves as an intermediate for the 
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synthesis of PC, PE, and PS. GPATs, glycerol-3-phosphate acyltransferases; 
AGPATs, acylglycerol phosphate acyltransferases; PAP-1, phosphatidate 
phosphatases 1; DGATs, diacylglycerol acyltransferases. 

2.9. Fatty acid remodeling in glycerophospholipids 

Similar to the interconversion of polar head groups after GPL synthesis, the 

FA composition of GPLs can also be modified (26). Given the vast diversity 

of FAs in humans and their two possible positions (sn-1 and sn-2) on the 

glycerol backbone, thousands of potential combinations give rise to an 

equally diverse array of GPL species. To fine-tune the membrane 

composition of GPLs, extensive remodeling of FAs, primarily at the sn-2 

position, occurs through coordinated reactions involving phospholipases A 

(PLAs), ACSLs, transacylases, and lysophospholipid acyltransferases 

(LPLATs). This process, known as the Lands' cycle, is crucial for tailoring 

the GPL compositions of membranes, enabling variation across different cell 

types, organelles, and between inner and outer membranes. It plays vital roles, 

such as generating disaturated GPLs that function as surfactants in the lungs 

or enriching membranes with PUFAs. 

2.10. Fatty acid influence on phospholipid structure and function 

On average, the first FA of a GPL is typically a SFA, while the second is 

either a MUFA or a PUFA (10). However, significant variations in this pattern 

exist across different membranes. Simple organisms lack PUFAs, 

highlighting the essential role of the MUFA/SFA ratio in maintaining basic 

cellular functions. This ratio is typically low in membranes with protective 
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barrier functions, such as the apical membranes of epithelial cells or lung 

surfactant, and tends to be high in membranes involved in biosynthetic 

activities, such as the endoplasmic reticulum (ER). This can be attributed to 

the intrinsic shapes of MUFA- and SFA-GPLs. SFA-GPLs are cylindrical and 

tightly packed, which limits the membrane permeability (Figure 6A and 6B). 

Conversely, MUFA-containing GPLs exhibit a conical shape that disrupts 

membrane organization and generates large water-accessible packing defects. 

This supports the anchoring of cytosolic proteins to the ER or ER-derived 

membranes involved in biogenic processes. 

Unlike SFA- and MUFA-GPLs, which possess a defined intrinsic shape, 

PUFA-GPLs can adopt multiple conformations of comparable energy, 

alternating between cones, cylinders and hairpins (Figure 6C). Like MUFAs, 

PUFAs in GPLs increase membrane disorder and reduce membrane 

thickness. However, the packing defects caused by PUFA-GPLs are more 

superficial, as their highly flexible tails tend to fill these voids. The greater 

structural flexibility they impart minimize the packing stress that results from 

the fast conformational changes of membrane proteins or the mechanical 

work of membrane-bending proteins. As a result, PUFA-GPLs are 

particularly abundant in membranes hosting fast reactions like 

phototransduction and neurotransmission as well as in membranes that 

undergo important bending, such as those involved in endocytosis. 

Additionally, PUFA-GPLs are often regarded as enhancers of membrane 

fluidity, though quantitative evidence demonstrating a greater effect 

compared to MUFAs remains limited (12). 
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Figure 6. Conformational differences between saturated, monounsaturated, and 
polyunsaturated acyl-Chains influence membrane properties. (A) SFA-rich GPLs 
adopt a cylindrical shape, enabling tight packing and forming effective barrier 
membranes. (B). MUFA-rich GPLs exhibit a conical shape, creating large packing 
defects that facilitate protein adsorption (blue triangle). (C) PUFA-rich GPLs are 
highly adaptable, minimizing mechanical stress induced by rapid protein 
conformational changes (exemplified by G-protein coupled receptor). Adapted from 
(10). 

2.11. Involvement of PUFAs as precursors of lipid mediators 

Multiple lipid mediators are derived from PUFAs and are produced 

downstream of GPL synthesis during the deacylation-reacylation (Lands’ 

cycle) process (27). Among these mediators are eicosanoids, a group of 

bioactive, oxygenated compounds derived from 18-22 carbon PUFAs (28). 

Arachidonate (20:4ω-6) serves as the primary precursor for more than a 

hundred distinct eicosanoids. These are synthesized through three major 

pathways, collectively referred to as the "arachidonate cascade": the 

cyclooxygenase (COX), lipoxygenase (LOX), and epoxygenase (EPOX) 

pathways (Figure 7). 
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Figure 7. Phospholipid Remodeling Mobilizes PUFAs for Eicosanoid Synthesis. 
PLA₂s release PUFAs from GPLs, providing substrates for eicosanoid synthesis via 
the COX, EPOX and LOX pathways. The reacylation of free PUFAs into GPLs by 
ACSLs and LPLATs constrains eicosanoid synthesis. PGH₂, prostaglandin H₂; EET, 
epoxy eicosatrienoic acids; HpETEs, hydroperoxy eicosatetraenoic acids; diHETEs, 
dihydroxy eicosatetraenoic acids; HETEs, hydroxy eicosatetraenoic acids. 

Eicosanoids are synthesized on demand in response to external stimuli, such 

as hormonal signals (28). The process begins with the release of free PUFAs 

from GPLs via calcium-dependent PLA2-mediated hydrolysis. These 

liberated PUFAs are then converted into various eicosanoids through the three 

major pathways. Once synthesized, eicosanoids are released from the cell to 

exert local effects, in an autocrine and paracrine manner, by binding to class 

I G protein–coupled receptors (GPCRs). Their effects are typically short-

lived, lasting only seconds to minutes before degradation. To prevent 

prolonged eicosanoid synthesis after stimulation, it is thought that free 
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arachidonate  is rapidly converted back to arachidonoyl-CoA (AA-CoA) and 

reesterified into GPLs via the reacylation step of Lands' cycle (29). 

Eicosanoids regulate diverse biological processes, notably in immune defense 

and inflammation. While arachidonic acid (20:4ω-6) is the dominant 

precursor, other ω-6 and ω-3 PUFAs also serve as substrates for eicosanoid 

synthesis. Generally, eicosanoids derived from ω-6 PUFAs are considered 

pro-inflammatory, whereas those derived from ω-3 PUFAs, such as 

eicosapentaenoate (20:5ω-3) and docosahexaenoate (22:6ω-3), are often 

linked to pro-resolving activities. However, exceptions to these 

generalizations are well-documented (12).  

2.12. The central role of acyl-CoA activation in fatty acid 

metabolism 

Most of the numerous metabolic fates of FAs, including β-oxidation, 

elongation, desaturation, and the synthesis of FA-derived lipids such as 

TAGs, GPLs, cholesteryl esters (CE), and sphingolipids (SL), require their 

initial activation to acyl-CoAs (30). This critical activation step is catalyzed 

by long-chain acyl-CoA synthetases (ACSLs), positioning them as key 

regulators of FA metabolism (Figure 8). Beyond FA activation, ACSLs 

facilitate FA uptake and even participate in the regulation of eicosanoid 

synthesis, one of the few metabolic pathways that do not necessitate acyl-

CoA formation. By limiting the availability of PUFA precursors, ACSLs 

ensure that lipid mediator production remains transient. The following section 
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will explore the pivotal role of ACSLs, with a specific focus on the fourth 

isoform, ACSL4. 

 

Figure 8. Central role of ACSLs in FA metabolism. FAs enter the cell via FATPs, 
CD36, or passive diffusion. Once inside the cell, ACSLs catalyze FA conversion into 
acyl-CoAs, effectively trapping them (I) and directing them toward diverse 
metabolic pathways: synthesis of complex lipids (TAGs, GPLs, SL, and CE) (II), 
degradation via β- and ω-oxidation (III), elongation and desaturation (IV), 
membrane remodeling (V), and protein acylation (VI). By modulating free PUFA 
levels, ACSLs also influence eicosanoid synthesis (VII). β-ox, β-oxidation ; ω-ox, 
ω-oxidation. Inspired by (30). 
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3. ACS family 

 

3.1. Classification 

ACSs are members of the Acyl-CoA/NRPS/Luciferase (ANL) superfamily of 

enzymes, defined structurally by a large N-terminal domain and a smaller C-

terminal domain linked by a flexible hinge (Figure 9) (31). The active site 

resides at the interface of these two domains. A key feature of this superfamily 

is their conserved catalytic mechanism, which includes the formation of an 

adenylated intermediate as the first step in a two-step reaction process (32). 
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Figure 9. General ANL structure illustrated through ACSL4 model. The figure 
shows a refined AlphaFold 2 model of ACSL4_v1 in complex with an acyl-AMP 
intermediate (green sticks) (33). The structure features the large N-terminal domain 
(grey), the small C-terminal domain (black), and the connecting flexible linker 
(green). 
 

Acyl-CoA synthetases (ACSs) are classified into five subfamilies based on 

the chain length of their prefered FA substrates (34). Short-chain synthetases 
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(ACSSs) activate FAs ranging from C2 to C4, medium-chain synthetases 

(ACSMs) target FAs from C4 to C12, and long-chain synthetases (ACSLs) 

process FAs from C12 to C22. Bubblegum synthetases (ACSBG) specialize 

in FAs spanning C14 to C24, while very-long-chain synthetases (SLC27A 

family) handle FAs from C18 to C26. 

3.2. ACSL isoforms 

Humans express five isoforms of ACSLs (ACSL1, ACSL3, ACSL4, ACSL5, 

and ACSL6), each with multiple spliced variants (34). These enzymes 

catalyze the formation of a thioester bond between a FA and coenzyme A 

(CoA) via an ordered Bi Uni Uni Bi ping-pong mechanism, as demonstrated 

by kinetic studies across various organisms (35,36). The catalytic mechanism 

has been further elucidated through the crystallographic structure of Thermus 

thermophilus ACSL (ttLC-FACS), the sole structural representative of this 

subfamily (37). The process begins with ATP binding (Figure 10), which 

induces a significant conformational change that brings the C-terminal 

domain closer to the N-terminal domain. This conformational closure opens 

the FA gate tunnel, allowing the FA to enter the catalytic cavity. The reaction 

proceeds with the formation of an acyl-AMP intermediate and the release of 

pyrophosphate (PPi). In the second step, CoA replaces AMP, resulting in the 

production of fatty acyl-CoA.  
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Figure 10. Catalytic mechanism of ACSLs. The reaction proceeds through two 
sequential steps: (I) ATP binds, followed by the FA, forming an acyl-AMP 
intermediate and releasing PPi. (II) CoA then replaces AMP, resulting in the 
formation of acyl-CoA and AMP. 

Although the five ACSL isoforms catalyze the same reaction, they exhibit 

significant differences in sequence identity (38,39). In rats, two distinct 

clusters emerge upon comparing their sequence identities. The first cluster 

comprises ACSL1, ACSL5, and ACSL6, while the second consists of ACSL3 

and ACSL4. Within each cluster, the isoforms share approximately 60% 

sequence identity with each other. However, between clusters, only about 

30% sequence identity is observed. 

Despite these variations, five motifs are highly conserved (40), as highlighted 

in the sequence alignment of ttLC-FACS with hACSL isoforms (Figure 11). 

Comparative analysis of these motifs with the crystal structure of ttLC-FACS 

has provided valuable insights into the ACSL mechanism (37).  
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 Motif I includes the P-loop, described in the ttLC-FACS structure, which 

binds the phosphate of ATP/AMP and ensures proper substrate orientation. 

Motif II contains the L-motif of ttLC-FACS, which functions as a linker 

between the N-terminal and C-terminal domains and is essential for the ATP-

induced conformational change. Mutational analysis has further revealed its 

involvement in determining FA chain-length specificity (41). Motif III is 

associated with ATP/AMP binding, stabilizing the adenine moiety via a 

conserved tyrosine. Motif IV forms part of the gate domain in ttLC-FACS, 

preventing FA entry before ATP binding, with steric hindrance mediated by 

Trp234. This tryptophan is absent in the human ACSL isoforms, but a 

tyrosine (Tyr318 in ACSL4) or a phenylalanine has been proposed to fulfill a 

similar role (Figures 11-12) (34). Finally, motif V contains a highly 

conserved lysine believed to play a crucial role in stabilizing the closed 

conformation by interacting with residues in motif II. The different motifs are 

illustrated on the refined AlphaFold 2 structural model of ACSL4 (33), in 

Figure 12. 
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Figure 12. Conserved motifs within the ACSL family illustrated through the 
structural model of ACSL4. The figure presents a magnified view of the catalytic 
cavity of the refined AlphaFold 2 model of ACSL4 in complex with the acyl-AMP 
intermediate (green sticks). The N-terminal domain is depicted in grey, the C-
terminal domain in black, the linker in green and the five sequence motifs conserved 
across the ACSL family are highlighted in blue. The proposed gating residue of 
hACSL4 (Tyr318) is indicated in orange. 

The distinct ACSL isoforms differ in tissue distribution, subcellular 

localization, and substrate specificity (29,39,42–46). These variations led to 

the proposition that each isoform plays a specialized role in directing selective 

FAs toward specific metabolic fates (47). This concept is strongly supported 

by extensive gain- and loss-of-function studies combined with lipidomic 

analyses (48,49,58,59,50–57). 
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4. ACSL4 specificities 

 

4.1. Variants and tissue distribution 

ACSL4 is localized on the Xq23 chromosome and produces two distinct 

variants through alternative splicing (60,61). The shorter variant, ACSL4_v1, 

consists of 670 amino acids and lacks the initial 41 N-terminal amino acids 

present in ACSL4_v2, which are predicted to function as an integral 

membrane association domain (56). ACSL4_v1 was identified as a 

membrane-associated protein rather than an integral membrane protein, based 

on observations that it could be washed from rat liver fractions using high salt 

concentrations (62). 

ACSL4_v2 appears to be brain-specific (61), whereas ACSL4_v1 transcripts 

are expressed across a wide range of tissues, with the highest levels observed 

in steroidogenic tissues in rats (29). In humans, ACSL4_v1 gene expression is 

highest in the placenta, testis, ovary, spleen, and adrenal cortex (60). 

ACSL4_v1 is also expressed in most areas of the brain, except in the 

cerebellum and corpus callosum, where ACSL4_v2 is the only variant 

expressed (63). 

4.2. Subcellular localization 

Immunofluorescence and subcellular fractionation studies have revealed a 

strong association of ACSL4 with the endoplasmic reticulum (ER) (56,63–
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66). Additionally, the enzyme was localized to lipid droplets (LD) 

(56,64,67,68), mitochondria-associated membranes (MAM) (49,62,69),  the 

plasma membrane (PM) (56,64), peroxisomes (62), the cytosol (56), and 

secretory vesicles (70). 

Küch et al. explored the differential subcellular localization of the two 

ACSL4 variants (56). ACSL4_v1 was found to localize primarily to the inner 

surface of the PM, including microvilli, with partial presence in the cytosol. 

In contrast, ACSL4_v2 was predominantly associated with the ER and LD. 

A recent study, however, suggested that ACSL4 exhibits a widespread 

distribution throughout the cell (66). It has been proposed that the specific 

localization of ACSL4_v1, which is not an intrinsic membrane protein, is 

facilitated through interactions with other proteins (62). 

4.3. Fatty acid preference 

Since its early characterization, ACSL4 has been shown to convert a broad 

range of FAs, with a marked preference for arachidonate (20:4ω-6) and 

eicosapentaenoate (20:5ω-3) as substrates (29). The enzyme's catalytic 

efficiency (kcat/Km) for these PUFAs was found to be more than 10-fold higher 

than for palmitate (16:0) (29,71). However, other studies reported 

contradictory findings, showing comparable kcat/Km values for both 

arachidonate (20:4ω-6) and palmitate (16:0) (39,46). These discrepancies 

highlight that the determination of kinetic parameters is highly influenced by 
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the experimental design, including the specific constructs and methodologies 

employed (46). 

The comparison of ACSL4_v1 and ACSL4_v2 using a consistent 

methodology, revealed that both variants exhibit comparable activities and 

similar FA preferences (72). 

Despite the wide range of FAs converted by purified ACSL4, studies in the 

more complex environment of sf-9 cell lysates overexpressing ACSL4 

revealed that only highly unsaturated fatty acids (HUFAs) were metabolized 

(58). This suggests the presence of a regulatory mechanism that governs its 

FA preference in more intricate environnements.  

ACSL4, like other ACSLs, is also capable of metabolizing signaling 

eicosanoids such as epoxy eicosatrienoic acids (EETs) and hydroxy 

eicosatetraenoic acids (HETEs) (46). 

4.4. Regulation of ACSL4 expression 

The regulation of ACSL4 is intricate, encompassing multiple layers of 

control. Various pathophysiological stimuli, including ischemia (73), and 

epithelial-mesenchymal transition (74) enhance ACSL4 expression via the 

transcription factor Sp1 and the transcription coregulator YAP, respectively. 

Additionally, studies have shown that diet significantly influences ACSL4 

expression in the liver. Specifically, a high-cholesterol high-fat diet 

(HCHFD) induces ACSL4 expression through PPAR-δ activation (75), 
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whereas a high-fat diet (HFD) suppresses its expression (76). However, this 

diet-regulated expression of ACSL4 is tissue-dependent, as HFD induces its 

expression in gonadal adipocytes (59). 

Hormones, including insulin (55) and androgens (77), have been shown to 

repress ACSL4 expression, whereas adrenocorticotropin (78) and 

angiotensine II (79) induces its expression. In addition, studies have identified 

multitude of miRNAs capable of regulating ACSL4 expression at the mRNA 

level, as reviewed in this work (80). 

4.5. Regulation of ACSL4 stability 

ACSL4 is subject to multiple post-translational modifications (PTMs) that 

modulate its stability (Figures 11,13), particularly via the ubiquitin-

proteasomal pathway. Notably, arachidonate, its preferred substrate, has been 

reported to promote ACSL4 degradation through this pathway (76). 

Proteomic analysis further identified an interaction between ACSL4 and the 

intracellular vesicular transport factor p115 (81). This interaction, which is 

enhanced by arachidonate, accelerates ACSL4 degradation. Interestingly, 

arachidonate-induced degradation occurs independently of p115, suggesting 

that arachidonate either acts upstream of p115 or engages an alternative 

mechanism. Further studies are needed to clarify the precise role of p115 in 

ACSL4 turnover.  

Additionally, ACSL4 stability is regulated by CARM1-mediated methylation 

at Arg339 (82). This modification promotes the recruitment of RNF25, 
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leading to ACSL4 ubiquitination and proteasomal degradation. TRIM9 and 

RBBP6 have also been identified as potential E3 ubiquitin ligases involved 

in ACSL4 degradation.  

Phosphorylation also plays a key role in ACSL4 regulation. AKT-mediated 

phosphorylation of ACSL4 at Thr624 enhances its recognition at Lys621 by 

SKP2 (83). This interaction triggers ACSL4 polyubiquitination and 

subsequent degradation through the lysosomal pathway. Conversely, the 

phosphatase LHPP dephosphorylates AKT, thereby preventing ACSL4 

phosphorylation and degradation.  

The stability of ACSL4 is further modulated by SUMOylation, with 

deSUMOylation mediated by the SENP1 protease under hypoxic conditions, 

promoting ACSL4 degradation (84). 

Immunoprecipitation assays have demonstrated an interaction between 

ACSL4 and O-GlcNAc transferase (85). Since ACSL4 is stabilized by the 

substrates of this transferase in cells, it is suggested that this stabilization is 

mediated through O-GlcNAcylation. 
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Figure 13. Post-translational modifications (PTMs) of ACSL4. Refined AlphaFold 
2 model of ACSL4 bound to the acyl-AMP intermediate (green sticks), highlighting 
the four residues known to undergo PTMs (shown in purple). The N-terminal domain 
is depicted in grey, the C-terminal domain in black, and the linker in green. 

4.6. Regulation of ACSL4 activity 

Other PTMs regulate ACSL4 activity (Figure 13). Stimulation of 

steroidogenic cells by ACTH promotes the phosphorylation of ACSL4 

dimeric form (69). In vitro phosphorylation assays suggest that protein kinase 

A (PKA) and protein kinase C (PKC) are involved. Phosphorylation by the 

two kinases occurs independently at distinct sites, resulting in opposing 

effects on ACSL4 activity: phosphorylation by PKA enhances its activity, 

while phosphorylation by PKC diminishes it. 



 

34 

 

In a different context, lipid peroxidation-mediated phosphorylation of 

PKCβII activates the kinase, which then phosphorylates ACSL4 at Thr328, 

promoting its dimerization and enhancing its activity (86). 

Additionally, mitochondrial phosphoenolpyruvate carboxykinase 2 (PCK2) 

phosphorylates ACSL4 at Thr679, further increasing its activity (87).  

The multilayered regulatory system governing ACSL4 activity and turnover 

suggests that it is a highly dynamic protein involved in transient physiological 

responses.  

4.7. Structure 

Limited structural information is available for ACSL4, primarily due to the 

absence of a resolved crystal structure. Current insights are mostly based on 

the dimeric structure of ttLC-FACS, which shares only about 20% sequence 

identity (37% sequence homology) with ACSL4 (37). However, several 

observations suggest functional similarities between the two proteins. Studies 

(69,86), indicate that ACSL4_v1 also likely functions as a dimer. 

Additionally, ATP binding induces a comparable conformational change, as 

evidenced by the stabilization of the ACSL4 C-terminal domain in hydrogen-

deuterium exchange mass spectrometry (HDx-MS) (33).  

Other related crystal structures differ substantially. For example, the 

monomeric FATP/ACSVL from Mycobacterium tuberculosis features a 

hydrophobic tunnel running through the entire protein, enabling FAs to bind 
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in the catalytic cavity while remaining partially embedded in the membrane 

(88). The human medium-chain ACSM2A, which also functions as a 

monomer, does not exhibit an ordered binding of ATP followed by FA (89). 

Moreover, it displays a domain alternation mechanism, common to many 

ANL enzymes (32), in which the C-terminal domain undergoes a major 

rotation between the adenylate-forming and thioester-forming reactions, 

exposing opposite faces to the N-terminal domain. Notably, this large-scale 

conformational shift has not been observed in ttLC-FACS (37). Finally, low-

resolution cryogenic electron microscopy (cryoEM) structures and 

mutagenesis analyses have shown that ACSL1 is active as a monomer (90). 

Altogether, these diverse structural observations demonstrate the high degree 

of heterogeneity within the ACS enzyme family. 

The AlphaFold 2 in silico model of ACSL4_v2 predicts the local three-

dimensional positioning of amino acids with high accuracy (91), with over 

95% of residues assigned a high or very high confidence score (Figure 14A). 

However, although individual domains are reliably modeled, their relative 

spatial arrangement is predicted with lower confidence (Figure 14B). This 

likely reflects the intrinsic flexibility of the interdomain linker, as well as the 

use of homologous structures resolved in distinct conformational states 

during AI-based model generation. Nevertheless, homology models (92) and 

AlphaFold-predicted structures (33,93) have been effectively utilized to 

investigate the binding mode of small molecules to ACSL4.  
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Figure 14. Confidence metrics of the AlphaFold 2 model of ACSL4_v2 (91). (A) 
Per-residue confidence scores based on the predicted local distance difference test 
(pLDDT), reflecting high local structural accuracy across most of the protein. (B) 
Predicted aligned arror (PAE) plot assessing the confidence in the relative 
positioning of residue pairs, revealing lower confidence in the spatial arrangement 
between domains. 

 

5. Physiological role of ACSL4 

 

5.1. Fatty acid uptake 

All ACSLs enhance overall cellular FA uptake (56,94–97). This uptake 

mechanism is primarily attributed to the inability of amphipathic acyl-CoAs 

to passively diffuse through membranes, unlike FAs. Consequently, 

thioesterification of FAs to acyl-CoAs prevents their efflux, effectively 
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trapping them within the cell or organelle. However, the downstream 

metabolic utilization of acyl-CoAs also influences FA uptake, contributing to 

a broader yet incompletely understood phenomenon known as "metabolic 

trapping". Notably, the construction of an ACSL4 variant exclusively 

localized to the outer mitochondrial membrane demonstrated that the 

enhanced uptake of arachidonic acid is independent of ACSL4's subcellular 

localization (56).  

5.2. Shaping membrane composition 

Due to its unique substrate preference, ACSL4 channels arachidonate into 

various phospholipid species through membrane remodeling (59,98). 

Depending on the study, its incorporation is observed in specific PLs, 

including PC (56,58,68,99), PI (56,99,100), and PE (58,100,101). ACSL4 

also facilitates the integration of other PUFAs into PLs, such as adrenate 

(22:4ω-6) (101), eicosapentaenoate (22:5ω-3), docosahexaenoate (22:6ω-3) 

(59), and contributes to PUFA incorporation into TAGs (68,100). Since 

ACSL4 deficiency results in a reciprocal increase in the incorporation of other 

FAs, such as oleate (18:1ω-9), this suggests that ACSL isoforms compete to 

shape the cellular phospholipidome (98). Interestingly, ACSL4 exerts a 

localized influence on membrane composition, as demonstrated by the 

reduced incorporation of arachidonate into ER membranes when ACSL4 is 

restricted to the mitochondria (56). This suggests that acyl-CoAs are 

preferentially utilized at the membranes where they are synthesized. 
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5.3. Regulation of eicosanoid synthesis - Inflammation 

It has long been established that eicosanoid synthesis is primarily constrained 

by the availability of its precursors, mainly arachidonate, which must first be 

released by PLA2s from esterified stores in complex lipids (Figure 7) (102). 

Given ACSL4's specificity in channeling the re-esterification of arachidonate, 

the enzyme effectively limits the levels of precursors available for eicosanoid 

synthesis. Consistently, ACSL4 overexpression in human arterial smooth 

muscle cells (SMCs) attenuates cytokine-induced prostaglandin (PG)E₂ 

release, whereas its inhibition enhances PGE₂ production (100). Likewise, 

ACSL4 knockdown or ACSL4 inhibition significantly increases interleukin-

1β-stimulated PG synthesis in rat fibroblastic 3Y1 cells (99,103). 

Furthermore, in bone marrow-derived macrophages from ACSL4-deficient 

mice, LPS-dependent PG release is markedly enhanced (58).  ACSL4 

knockout in mice leads to the overproduction of COX-derived eicosanoids 

and exacerbates LPS-induced systemic inflammation, resulting in more 

severe symptoms and higher mortality (104). Together, these studies suggest 

that ACSL4 deficiency may promote inflammation by amplifying the 

stimulus-dependent release of COX-derived lipid mediators. However, 

conflicting results have been observed in mice with myeloid-specific ACSL4 

deficiency, where opsonized zymosan-stimulated eicosanoid synthesis and 

the associated inflammatory response are attenuated (98). These conflicting 

results have been attributed to differences in the timing of ACSL4 targeting, 

varying between acute and long-term  inhibition (100). According to this 

hypothesis, constitutive ACSL4 activity maintains a reservoir of 
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arachidonate, and long-term silencing depletes this pool, thereby limiting 

eicosanoid production. In contrast, acute ACSL4 inhibition does not deplete 

the pool of arachidonate but prevents its reacylation, thereby promoting 

sustained eicosanoid synthesis after stimulation. Further studies are required 

to elucidate this phenomenon and to define more precisely the role of ACSL4 

in inflammation. 

5.4. Regulation of eicosanoid synthesis - Steroidogenesis 

ACSL4 contributes to steroidogenesis by regulating eicosanoid production 

through an alternative metabolic pathway, known as the ACSL4-ACOT2 axis 

(Figure 15) (105). The rate-limiting step in steroidogenesis is the transport of 

cholesterol to the inner mitochondrial membrane, where P450scc catalyzes 

its conversion into pregnenolone (106). This cholesterol transport is mediated 

by the steroidogenic acute regulatory protein (StAR), whose expression is 

transcriptionally regulated by trophic hormones (107). Additionally, 

adrenocorticotropin (ACTH) or the second messenger cAMP also stimulate 

ACSL4 synthesis in adrenal and Leydig cells, respectively (78). In these cells, 

ACSL4, along with acyl-CoA thioesterase 2 (ACOT2), participates in the 

intramitochondrial transport of arachidonate (108,109). The exact transport 

mechanism remains unclear but begins with ACSL4 converting arachidonate 

into arachidonoyl-CoA (AA-CoA). It is speculated that AA-CoA binds to 

ACBP, enabling its mitochondrial entry via the translocator protein (TSPO) 

(105). Inside the mitochondria, ACOT2 hydrolyzes the thioester bond, 

releasing free arachidonate, which is then metabolized through the LOX 
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(110,111) or EPOX pathways (112). The resulting eicosanoids 

transcriptionally enhance StAR expression, thereby promoting 

steroidogenesis. In addition, the steroidogenic role of ACSL4 may stem from 

its involvement in cholesteryl ester (CE) formation, as CEs serve as an 

important reservoir of cholesterol for steroid synthesis (113). Notably, steroid 

tissue-specific ACSL4 ablation in mice results in a 50% reduction in adrenal 

CE storage, disrupting steroidogenesis exclusively in males (114). In contrast, 

female mice heterozygous for ACSL4 deficiency exhibit reduced fertility 

accompanied by morphological uterine changes (115). However, whether this 

phenotype is linked to the ACSL4-ACOT2 axis remains unclear, as the 

observed increase in uterine PG levels is also associated with disrupted 

steroidogenesis and impaired fertility. 
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Figure 15. ACSL4’s role in steroidogenesis. ACTH and luteinizing hormone (LH) 
stimulate StAR and ACSL4 expression. ACSL4 converts arachidonate (AA) into 
arachidonoyl-CoA (AA-CoA), which binds ACBP for transport and enters 
mitochondria via TSPO. Inside, ACOT2 releases AA, which is processed into 
eicosanoids by LOX and EPOX. These eicosanoids enhance StAR transcription, 
promoting cholesterol transport to the inner mitochondria membrane. Additionally, 
ACSL4 contributes to increasing the cellular cholesterol pool as CE.  

5.5. Regulation of eicosanoid synthesis – Insulin secretion 

Beyond inflammation and steroidogenesis, the eicosanoid-regulating role of 

ACSL4 also influences insulin secretion. ACSL4 knockdown in the pancreatic 

INS 832/13 β-cell line increases the secretion of epoxy eicosatrienoic acids 

(EETs) (116), leading to impaired glucose-stimulated insulin secretion (70). 

However, in this context, rather than limiting the availability of the precursor 
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arachidonate for EET synthesis, ACSL4 is believed to regulate EET levels by 

directly producing EET-CoAs, which are subsequently incorporated into 

membranes. 

5.6. Brain development 

ACSL4 plays a role in brain development, as suggested by the identification 

of null mutations in ACSL4 associated with non-syndromic X-linked mental 

retardation in two families (61,117). In Drosophila larvae, null mutation of 

dAcsl, the functional homolog of ACSL4, significantly reduces the number 

of glial and neuronal cells and impairs axonal targeting (118). This phenotype 

can be rescued by wild-type ACSL4 but not by patient-derived mutants. 

Further mechanistic investigations reveals that the null mutation leads to 

axonal aggregation of membranous organelles, synaptic defects, and impaired 

retrograde transport (119). Additionally, gene knockdown studies in rat 

hippocampal neurons suggest that ACSL4 is involved in dendritic spine 

generation (63).  

Several lines of evidence, though conflicting, also point to a role for ACSL4 

in neuronal differentiation. ACSL4 knockout in embryonic stem cells 

markedly attenuates induced neuronal differentiation (120), whereas another 

study reports the opposite effect, showing that ACSL4 knockdown promotes 

neural stem cell differentiation (121). The mechanisms by which ACSL4 

contributes to neural development remain unclear, and further research is 

needed to determine whether disrupted eicosanoid regulation, altered 

membrane composition, or other pathways are involved. 
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6. Pathophysiological role of ACSL4 

 

ACSL4 activity is also linked to various pathological conditions, including 

cancers and disorders associated with ferroptosis, a form of regulated cell 

death. The following section will first introduce ferroptosis, highlighting 

ACSL4’s role and its involvement in related diseases. The second part will 

explore the enzyme’s role in cancer.  

6.1. Ferroptosis overview 

The term ferroptosis was coined in 2012 to describe a novel form of regulated 

cell death that is biochemically, morphologically, and genetically distinct 

from other known mechanisms (such as apoptosis or necroptosis) (122). The 

ultimate executioner of ferroptosis is the accumulation of phospholipid 

hydroperoxides (PLOOHs), a process positioned at the intersection of 

reactive oxygen species (ROS) biology,  iron regulation, and lipid metabolism 

(Figure 16) (123).  

6.1.1. Iron-dependent lipid peroxidation 

The mechanisms initiating lipid peroxidation in ferroptosis are not fully 

understood but likely involve iron-dependent enzymatic and non-enzymatic 

processes (124). Among PL structures, PUFA acyl chains, characterized by 

weak bis-allylic C–H bonds, are the most susceptible to peroxidation. At this 

position, a radical chain reaction can be initiated either by spontaneous 
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hydrogen abstraction or by hydroxyl radical (OH·)-mediated abstraction, 

likely generated through the iron-catalyzed Fenton reaction. Subsequently, 

the addition of O2 to the bis-allylic radical forms a phospholipid peroxyl 

radical (PLOO·), which can react with neighboring lipids, generating 

PLOOHs and a new radical. Initiation can also be triggered by iron-dependent 

enzymes, such as specific LOXs (125) or cytochrome P450 oxidoreductase 

(POR) (126), leading to PLOOH formation. In the presence of labile iron and 

oxygen, the Fenton reaction further produces alkoxyl (PLO·) or PLOO· 

radicals from PLOOH, which drives the propagation of the chain reaction. 

Eventually, this process leads to the generation of numerous secondary 

products that decompose into highly reactive electrophiles, such as 4-

hydroxynonenal and malondialdehyde. These electrophiles react with 

nucleophilic sites on DNA and proteins, ultimately compromising membrane 

integrity and causing membrane rupture. Ferroptosis can be experimentally 

induced by endoperoxide compounds (FINO2), which initiate lipid 

peroxidation, likely through a Fenton reaction (127). In contrast, endogenous 

lipophilic radical trapping antioxidants (RTAs) such as α-tocopherol (vitamin 

E) (128) and exogenous RTAs, including ferrostatin-1 (122) and liproxstatin-

1 (129), terminate lipid autoxidation and inhibit ferroptosis (130). 

As iron drives the amplification of lipid peroxidation, it serves as a hallmark 

of ferroptosis. Various physiological processes that alter cellular labile iron 

levels influence sensitivity to ferroptosis. Iron import mechanisms mediated 

by transferrin and its receptor (131), as well as the autophagic degradation of 

ferritin, the cellular iron reservoir (132), promote ferroptosis. Conversly, 



 

45 

 

mechanisms that facilitate iron export confer resistance to ferroptosis 

(133,134). Small molecule iron chelators, such as deferoxamine are able to 

prevent ferroptosis (122). 
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Figure 16. Overview of the ferroptosis mechanism. Ferroptosis occurs when lipid 
peroxidation surpasses a critical threshold, overwhelming cellular defense 
mechanisms. ACSL4 promotes ferroptosis by incorporating highly peroxidizable 
PUFAs into phospholipids (PUFA-PL), whereas ACSL3 counteracts this by favoring 
MUFA incorporation (MUFA-PL). The mechanisms initiating peroxidation are iron-
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dependent and can be enzymatically driven by lipoxigenases (LOXs) or cytochrome 
oxidoreductase (POR) or mediated via free radicals. Once phospholipid 
hydroperoxide (PLOOH) are produced, Fenton reaction, involving iron and oxygen 
propagates the radical chain reaction. Rescue pathways include GSH-dependent 
GPX4, which directly reduces PLOOH to alcohol (PLOH) derivatives, and 
NAD(P)H-dependent FSP1, which reduces oxidized endogenous lipophilic 
antioxidant such as CoQ10. Ferroptosis is experimentally induced by direct GPX4 
inhibition with RSL3 or by depleting GSH through system xc⁻ inhibition with 
Erastin. Additionally, FINO2 compounds trigger ferroptosis via endoperoxide-
mediated lipid peroxidation. Ferroptosis can be suppressed by radical-trapping 
antioxidants (RTAs), iron chelators, or ACSL4 inhibitors (ROSI, Triacsin C, 
PRGL493). 

6.1.2. Rescue systems 

To prevent the accumulation of lipid peroxides and the onset of ferroptosis, 

cells employ various detoxification pathways. Glutathione peroxidase 4 

(GPX4) plays a key role in reducing PLOOHs to their corresponding alcohol 

derivatives, using gluthatione (GSH) as cofactor (135). Notably, its 

conditional knockout in mice was shown to induce lipid peroxidation and 

non-apoptotic cell death even before the term ferroptosis was coined (128). 

Consistently, the direct inhibition of GPX4 by the covalent inhibitor RSL3 

(136) or the inhibition of system xc⁻ by Erastin (137), which is involved in 

cystine import, the precursor of GSH required for GPX4 activity, induce 

ferroptosis. Inhibiting GPX4 activity constitutes the primary strategy 

employed to induce ferroptosis in most studies. GPX4 plays a pivotal role in 

ferroptosis prevention, but it is now clear that it operates alongside other 

protective systems. Genome-wide screens have identified ferroptosis 

suppressor protein 1 (FSP1) as an independent ferroptosis regulator 

(138,139). Mechanistically, FSP1 is recruited to the plasma membrane after 
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myristoylation, where it recycles oxidized lipophilic RTAs, such as 

Coenzyme Q10 or vitamin E, to their reduced form using NAD(P)H as 

cofactor. 

6.1.3. Lipid metabolism 

Due to the propensity of PUFA-PLs to undergo peroxidation, enzymes that 

increase PUFA incorporation into membrane PLs play a crucial role in 

driving ferroptosis. Two independent genome-wide haploid and CRISPR-

cas9 genetic screens, have uncovered the proferroptotic role of ACSL4 

(101,140). The genetic deletion of ACSL4 confers resistance to RSL3-induced 

ferroptosis and enables GPX4 knockout pfa1 cells to proliferate for months 

(101). Interestingly, this effect is specific to the ACSL4 isoform, as the 

genetic deletion of other ACSL family members does not confer any 

protection. In addition, the sustained cell viability in the presence of RSL3 is 

associated with the prevention of lipid peroxidation, as assessed using the 

lipid peroxidation-sensitive dye BODIPY 581/591 C11. Together, these 

findings confirm that ACSL4 knockout effectively prevents ferroptosis. 

Further (oxo)lipidomics investigation reveals that specific PLs are the 

preferential substrates for oxidation during ferroptosis (57). In pfa1 cells, 

treatment with RSL3 or GPX4 knockout results in an increase of oxygenated 

arachidonate (AA, 20:4ω-6) and adrenate (AdA, 22:4ω-6) containing PE 

species. Moreover, ACSL4 knockout considerably decreases the levels of AA-

CoA and AdA-CoA, as well as those of AA and AdA containing PE, along 

with their oxidized forms in the case of RSL3-treated cells. The finding that 
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exogenous AA-OOH-PE, but not AA-OOH-CoA, potently enhances RSL3-

induced ferroptosis in ACSL4 knockout cells demonstrates that oxidative 

damage occurs directly on PE rather than through the re-esterification of 

preoxidized FAs. 

Similar results to those observed with ACSL4 knockout were obtained with 

the pharmacological inhibition of ACSL4 using thiazolidinedione (TZD) 

compounds such as rosiglitazone (ROSI) (101). ROSI protects against RSL3-

induced ferroptosis and treated cells present the same changes in the 

phospholipidome. ROSI has been marketed as a PPARγ agonist, but its 

antiferroptotic activity is independent of PPARγ, as it is retained in PPARγ 

knockout cells. In addition, ACSL4 inhibition by ROSI in TAM-inducible 

GPX4 knockout mice, which typically succumb to renal failure within 12 

days, significantly extends their survival. 

Beyond its role in enriching membranes with oxidizable FAs and sensitizing 

cells to ferroptosis, ACSL4 also serves as a key regulatory point in the 

process. ACSL4 actively participates in a feedforward loop where protein 

kinase C beta type isoform 2 (PKCβII) senses early lipid peroxidation and 

responds by phosphorylating ACSL4 at Thr328 (86). This phosphorylation 

enhances ACSL4 activity, promoting PUFA incorporation into membranes 

and increasing ferroptosis susceptibility. In addition, several signaling 

pathways regulate ferroptosis sensitivity by modulating ACSL4 expression 

(73,74), and ACSL4 itself is considered a biomarker for monitoring 

ferroptosis (123,141). 
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The incorporation of PUFA-CoAs into PLs is catalyzed by one of fifteen 

lysophospholipid acyltransferases (LPLATs), each exhibiting preferences for 

specific substrates (142). Among them, lysophosphatidylcholine 

acyltransferase 3 (LPCAT3), involved in the remodeling pathway, has been 

identified in a genetic screen to have an important role in ferroptosis induction 

(140). However, LPCAT3 knockout only provides mild protection against 

RSL3-induced ferroptosis, suggesting that additional LPLATs might be 

involved in the esterification of AA and AdA to PE (101). Together, these 

data strongly support the idea that a specific death signal, driven by distinct 

oxidized PLs, such as AA- and AdA-PE, directs cells toward ferroptosis. The 

underlying mechanism remains unclear but may involve the specific 

localization of PE within cells or its particular arrangement in membranes, 

which could facilitate the binding of peroxidation-initiating proteins such as 

LOX. 

In contrast to the ferroptosis-sensitizing role of PUFAs, exogenous MUFA 

supplementation or increased biosynthesis via stearoyl-CoA desaturase 1 

protects against ferroptosis by displacing oxidizable PUFAs from PLs in an 

ACSL3-dependent (125,143,144). 

6.2. Ferroptosis in physiology 

Whether ferroptosis plays a role in normal physiology or merely represents 

an adverse consequence of cellular iron and oxygen utilization, which cells 

have evolved to regulate, remains unclear. Ferroptosis might be involved in 

tumor suppression, since multiple tumor suppressors, including p53, sensitize 
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cancer cells to ferroptosis (145,146). It could also play a role in immune 

surveillance as, CD8+ T cells production of interferon-γ, suppresses system 

xc⁻ and stimulates ACSL4, inducing tumor cell ferroptosis (147,148). Recent 

studies go further, demonstrating that ferroptosis, propagated by trigger 

waves, drives a massive, spatially restricted cell death event during muscle 

remodeling in the embryonic avian limb (149). These findings provide the 

first evidence of ferroptosis as a tissue-sculpting mechanism during 

organismal development. 

6.3. Ferroptosis in pathologies 

In contrast to its putative role in normal physiology, ferroptosis has been 

implicated in a wide range of human pathologies, including cancer, ischemia-

reperfusion injuries (IRI), and neurodegenerative diseases (NDD). After 

briefly discussing the implication of ferroptosis in cancer and the potential 

therapeutic benefits of its induction, the focus will shift to ferroptosis-related 

diseases where its inhibition, particularly through ACSL4 inhibition, emerges 

as a promising treatment strategy. 

6.3.1. Ferroptosis in cancer 

The discovery of ferroptosis originates from studies on novel antitumoral 

compounds that selectively target RAS-mutated cancer cells (150,151). The 

two ferroptosis inducers RSL3 (oncogenic-RAS-selectively lethal) and 

Erastin derive their names from this original design. Since then, classical 

ferroptosis inducers have been shown to be lethal to a wide range of cancer 
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cells, as reviewed here (152). Additionally, several marketed drugs, including 

targeted therapies (sorafenib), chemotherapy agents (cisplatin), anti-

inflammatory drugs (sulfasalazine), and lipid-lowering drugs (simvastatin), 

all with antitumor activity, are also capable of inducing ferroptosis. 

Furthermore, ferroptosis has been implicated in the death mechanism of 

immunotherapy and radiotherapy-treated cancer cells (147,153). The 

susceptibility of cancer cells to ferroptosis is thought to stem from their 

heightened metabolic activity and increased ROS load. This vulnerability is 

particularly pronounced in mesenchymal and dedifferentiated cancer cells, 

which are typically resistant to conventional treatments, as well as in therapy-

persister cancer cells (154–156). This positions ferroptosis induction as a 

promising approach for developing novel antitumoral treatments. 

6.3.2. Ferroptosis and ACSL4 in ischemia-reperfusion injuries  

Ischemia-reperfusion (IR) is a pathological condition caused by the 

temporary restriction and subsequent restoration of blood supply to an organ 

(157). It underlies various disorders, including heart attack, stroke, acute 

kidney injury and is a major concern in organ transplantation. While the 

ischemic phase induces hypoxia, reperfusion, though essential for survival, 

triggers oxidative damage and cell death, ultimately exacerbating tissue 

injury. Dysregulation of key ferroptosis regulators has been observed in 

various rodent models of IR injuries. For instance, GPX4 is downregulated in 

the kidney (158), and heart (159), ACSL4 is upregulated in the lung (160) and 

intestine (73), and 15-LOX is activated in the heart (161,162) during IR. More 
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specifically, these dysregulations occur during the ischemic phase, priming 

cells for ferroptosis, which is triggered early during reperfusion, as evidenced 

in a mouse model of intestinal IR (Figure 17) (73).  

 

Figure 17. Role of ferroptosis in ischemia-reperfusion injury (IRI). Metabolic 
adaptations during the ischemic phase increase cellular susceptibility to the oxidative 
stress of reperfusion, leading to cell death, partly through ferroptosis, and 
exacerbating tissue damage. Targeting ferroptosis, either by inhibiting ACSL4 prior 
to reperfusion or by blocking lipid peroxidation with radical trapper antioxidant 
(RTA), can mitigate tissue injury. PIO, pioglitazone; AS, AS-252424. 
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Furthermore, ferroptosis inhibitors, such as RTAs (ferrostatin-1 and 

liproxstatin-1) alleviate tissue damages in rodent models of IR affecting the 

heart (163), liver (129), lung (160), kidney (164), intestine (73) and brain 

(133). Similar protective effects are observed when targeting ACSL4. 

Knockdown of ACSL4 reduces IR-induced lipid ROS accumulation and cell 

lethality in lung epithelial cells (160). Moreover, inhibition of ACSL4 by 

ROSI prevents ferroptosis and improves pulmonary function in a mouse 

model of lung IR. Consistently in the intestine, ACSL4 silencing rescues IR-

induced cell death and decreases lipid peroxidation in Caco-2 cells, while 

ROSI protects against intestinal IR injuries and mitigates intestinal barrier 

dysfunction in vivo (73). ACSL4 expression also influences the outcome of 

acute IR brain injuries across different models (165). In an oxygen-glucose 

deprivation (OGD) model using N27 neuronal cultures, which are highly 

sensitive to ferroptosis, ACSL4 knockout confers resistance to 

OGD/reperfusion-induced toxicity, whereas ACSL4 overexpression 

increases vulnerability. Similarly, in various rodent models of brain IR, 

ACSL4 overexpression exacerbates injury by increasing infarct volume, 

worsening neurological scores, and impairing motor coordination, while 

ACSL4 knockout has the opposite effect. Consistently, ACSL4 inhibition by 

pioglitazone (PIO) or triacsin C provides neuroprotection in vitro and 

improves functional outcomes in vivo. 

Recently, AS-252424, a known PI3-kinase inhibitor repositioned as an 

ACSL4 inhibitor, has been shown to suppress ferroptosis and protect against 

IR-induced acute kidney and liver injuries in mouse models (93). 
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However, it is important to highlight that in these studies, inhibitors are 

administered at least one hour before ischemia induction to allow sufficient 

time for proper phospholipid remodeling. The unpredictability and often-

extreme acuteness of conditions such as stroke and ischemic heart injuries 

provide only a narrow window for intervention. Whether ferroptosis 

inhibitors, particularly ACSL4 inhibitors, could be effective as crisis 

treatments remain to be demonstrated. 

In organ transplantation, however, IR is inevitable but predictable. 

Administration of RTAs during organ preservation alleviates cold IR injuries 

in donor lungs (166) and livers (167) and prevents  cardiomyocyte cell death 

and neutrophil recruitment in heart transplant recipients (168). Further 

investigations are required to determine whether ACSL4 inhibitors could be 

used in this context. 

6.3.3. Ferroptosis and ACSL4 in neurodegeneration 

For a long time, brain iron accumulation and its abnormal deposition in 

specific regions associated with motor and cognitive dysfunctions have been 

linked to ageing and various neurodegenerative diseases (169). With the 

identification of an iron-dependent cell death, the role of ferroptosis in 

neurodegeneration has become an area of intense investigation. Emerging 

evidence suggests that ferroptosis is implicated in the pathological 

development of neurodegenerative diseases, including Alzheimer’s disease 

(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and 

Huntington’s disease (HD).  
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AD is the most common neurodegenerative disease and it is characterized by 

extracellular accumulation of amyloid β (Aβ)-plaques and intracellular 

neurofibrillary tangles of hyperphosphorylated tau protein. AD progressively 

affects memory, cognition, and behavior. In addition, there is a close 

association between AD and cardiac anomalies, as Aβ-plaques often deposit 

in the heart. Primary evidence of ferroptosis involvement in AD comes from 

studies where conditional knockout of GPX4 in the mouse forebrain leads to 

symptoms resembling AD (170). Notably, these symptoms can be 

ameliorated by the administration of ferroptosis inhibitors such as RTAs. 

Consistently, the overexpression of GPX4 in 5xFAD mice, a widely used 

model of AD, reduces neurodegeneration and improves their learning and 

memory abilities (171). There is also substantial evidence highlighting the 

close interconnection between Aβ pathology and ferroptosis. In post-mortem 

human brain tissues, Aβ plaques exhibit dysregulation of several ferroptosis 

biomarkers, including reduced GPX4 levels, with these alterations worsening 

as AD pathology progresses (172). Additionally, ferroptosis inhibition by 

RTAs reduces Aβ-like aggregation and lipid peroxidation in a human brain 

organoid model of AD. Notably, ACSL4 deficiency in 5xFAD mice decreases 

both Aβ plaque load and lipid peroxidation in the brain (173). Furthermore, 

Triacsin C-mediated ACSL4 inhibition completely prevents Aβ-induced cell 

toxicity and contractile dysfunction in cardiomyocytes from wild-type mice 

(174). 

After AD, PD is the second most prevalent neurodegenerative disorder. It is 

characterized by the progressive loss of dopaminergic neurons in the 
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substantia nigra (SN), leading to motor symptoms such as tremor, rigidity, 

and bradykinesia. A key hallmark of PD is the accumulation of intracellular 

α-synuclein aggregates, which interact with cellular membranes, causing 

permeabilization, ion flux disruption, and altered membrane conductance 

(175,176). Numerous ferroptosis biomarkers, such as decreased GPX4 and 

FSP1 and increased ACSL4 levels, are observed in the SN of 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD mouse model (177). 

Consistently, ACSL4 is overexpressed in neurons, microglia and endothelial 

cells from the SN of PD patients (178). Interestingly, the locomotor 

behavioral deficit and neuronal loss are alleviated by ferroptosis inhibition 

with an RTA in MPTP-treated mice (179). In addition, ACSL4 knockdown or 

its inhibition by Triacsin C enhances the survival of N27 and N2a cells 

exposed to 1-methyl-4-phenylpyridinium (MPP+), the toxic metabolite of 

MPTP, while also reducing lipid ROS levels (178). Furthermore, ACSL4 

knockdown or treatment with Triacsin C protects against dopaminergic 

neuronal death and mitigates parkinsonian phenotypes in MPTP-treated mice. 

Several studies also highlight interconnections between α-synuclein 

aggregation and ferroptosis. Labile iron accelerates the spontaneous oxidation 

of dopamine into a nucleophilic dopamine quinone (180) which covalently 

binds to GPX4 and promotes its degradation (181) via the ubiquitin pathway 

(182). The E3 ubiquitin ligase responsible for GPX4 degradation, NEDD4, is 

upregulated by α-synuclein, one of its substrates. This supports a model in 

which α-synuclein, dopamine, and iron cooperate to drive ferroptosis. 

Furthermore, in vitro studies on cortical neurons reveal that lipid peroxidation 

facilitates the interaction between α-synuclein aggregates and membranes, 
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while α-synuclein oligomers further promote lipid ROS accumulation (183). 

Notably, the toxicity of α-synuclein aggregates is completely abolished by 

iron chelators or RTAs in vitro. Finally, overexpression of human α-synuclein 

in the primary cortex of mice induces ferroptosis, leading to the loss of 

parvalbumin interneurons and impaired motor learning (184). However, the 

conditional knockout of GPX4 in mouse dopaminergic neurons induces only 

prodromal PD symptoms, including an anxiety-related phenotype, without 

causing neurodegeneration or motor dysfunction (185). This suggests that 

dopaminergic neurons are at least partially resistant to ferroptosis. It has been 

hypothesized that the co-dependence of α-synucleinopathy and ferroptosis 

may explain why models based on a single factor alone fail to recapitulate the 

later-stage phenotypes of PD (183).  

In ALS, degeneration affects motor neurons, leading to progressive weakness, 

paralysis, and ultimately respiratory failure. Unlike dopaminergic neurons, 

motor neurons in ALS are particularly vulnerable to ferroptosis. The 

conditional GPX4 knockout in mouse neurons leads to preferential 

degeneration of spinal motor neurons, paralysis and death (186). Moreover, 

forced expression of GPX4 in ALS mouse models significantly delays motor 

neuron degeneration and disease progression (187). Additionally, multi-

omics analysis in spinal motor neurons of ALS human induced pluripotent 

stem cells reveals dysregulated lipid metabolism and elevated arachidonate 

levels, suggesting that ACSL4 might be involved in this ferroptosis 

vulnerability (188). 
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HD is characterized by progressive cognitive, behavioral and motor 

dysfunctions associated with short life spans. Neurodegeneration in HD is 

caused by a mutation in HTT that results in the expression of a toxic mutated 

huntingtin (mHTT). Expression of mHTT alone does not induce ferroptosis 

but greatly sensitizes neurons to Erastin-induced ferroptosis (189). 

Furthermore, ACSL4 knockout or inhibition by ROSI or troglitazone (TRO) 

completely prevents this increased susceptibility. However, ACSL4 knockout 

in an HD mouse model does not significantly extend their lifespan. 

Inhibiting ferroptosis may offer a promising strategy to mitigate the 

progression of several neurodegenerative diseases. Targeting ACSL4 appears 

particularly compelling, especially in AD and PD, where its implication has 

been more extensively investigated (Figure 18). 

 

Figure 18. Targeting ferroptosis as a therapeutic strategy in Alzheimer’s and 
Parkinson’s disease.  
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6.4. Role of ACSL4 in cancer 

Considering the pivotal roles of ACSL4 in various biological processes, 

including lipid metabolism, inflammation, steroidogenesis, and ferroptosis, 

its impact on cancer is highly context-dependent. Depending on the cancer 

type, subtype and stage, ACSL4 can either promote tumor proliferation or 

inhibit cancer cell growth. Specifically, ACSL4 is upregulated in several 

cancers, including prostate (190), liver (191,192), and colon (193) cancers, 

while it is downregulated in others, such as lung (194) and leukemia (195). 

Typically, in cancers with high ACSL4 expression (e.g. liver and prostate 

cancers), increased levels are generally associated with an unfavorable 

prognosis, whereas in cancers with low ACSL4 expression (e.g. lung cancer), 

decreased levels predict poor prognosis (190,194,196). Because of this, 

ACSL4 may serve as a risk, diagnostic and prognostic biomarker (197). In 

the following section, cancers in which ACSL4 plays a pro-tumoral role and 

where ACSL4 inhibition represents a potential therapeutic strategy will be 

discussed. 

6.4.1. Hepatic cancer 

Multiple studies have shown that ACSL4 is overexpressed in human 

hepatocellular carcinoma (HCC) (64,191,198–200). Moreover, ACSL4 

expression correlates with TNM stage, and survival analysis indicate a 

significant reduction in overall and disease-free survival in HCC patients with 

high ACSL4 expression (199,200). ACSL4 contributes to the reprogramming 

of lipid metabolism in HCC cells. Silencing ACSL4 in Huh7 and SMMC-
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7721 cells considerably reduces lipid content, including levels of FAs, TAGs 

and cholesterol (201). Mechanistically, ACSL4 stabilizes the oncoprotein c-

Myc by inhibiting its degradation through the ubiquitin-proteasomal pathway 

(200). In turn, c-Myc transcriptionally regulates the expression of sterol 

regulatory element-binding protein 1 (SREBP1), the master regulator of 

lipogenesis, which promotes the expression of several lipogenic enzymes, 

including ACC, FAS, and SCD (201). Cancer cells benefit from de novo FA 

synthesis, as it supplies essential structural components, serves as an energy 

source, and generates key signaling molecules that support tumor growth and 

progression (202). Another study reveals that hexokinase 2 enhances FAO by 

promoting ACSL4 expression (203). 

 Silencing ACSL4 restricts the proliferation of HCC cells, such as Hep3B, 

Huh7 and C3A cells, whereas forced ACSL4 expression in SNU-398, Bel-

7402, and PLC/PRF5 cells, which naturally exhibit low expression, promotes 

cell growth (191,192,200,203). Furthermore, the growth-restricting effects of 

ACSL4 silencing are recapitulated with ACSL4 inhibition by Triacsin C or 

ROSI (200,203). Finally, ACSL4 depletion in HCC xenografts mouse model 

significantly reduces tumor growth (200). Together these data suggest that 

inhibiting ACSL4 might be a potential approach to impair HCC progression.  

However, the pro-ferroptotic role of ACSL4 may also contribute to the 

antitumoral activity of sorafenib, the first-line treatment for HCC. Beyond its 

inhibition of multiple angiogenesis-associated kinases, sorafenib exerts its 

cytotoxic effects by inducing ferroptosis through system xc- inhibition 
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(137,204). ACSL4 expression is negatively-correlated with sorafenib IC50 

values in a panel of HCC cell lines and ACSL4 knockdown reduces sorafenib 

efficacy in vitro and in vivo (205). This is reflected in patients, where those 

with higher ACSL4 expression generally show a better response to sorafenib.  

6.4.2. Colorectal cancer  

ACSL4 is overexpressed at both mRNA and protein levels in colon 

adenocarcinoma compared to adjacent normal tissues (193,206,207). 

Notably, this upregulation appears to emerge during the transition from 

adenoma to adenocarcinoma, as adenomas exhibit ACSL4 expression levels 

comparable to normal tissue (193). Additionally, the tumor promoter PMA 

elevates ACSL4 levels in Int407 intestinal cancer cell line. In two 

independent statistical analyses of stage II colorectal cancer (CRC) patient 

samples, high ACSL4 expression correlates with poorer clinical outcomes  

(208). Furthermore, a multivariable model demonstrates that the combined 

overexpression of ACSL4, ACSL1, and stearoyl-CoA desaturase (SCD) is 

associated with a significantly increased risk of relapse, with greater 

predictive power and statistical strength than any of these genes alone. 

 Silencing ACSL4 in colorectal cancer (CRC) cell line HCT116, significantly 

reduces cell proliferation and invasion (207). In contrast, overexpression of 

ACSL4 has the opposite effect, promoting cell proliferation and invasion. The 

combined overexpression of ACSL4, ACSL1, and SCD in DLD-1 CRC cells 

induce a mesenchymal-like morphology,  provokes the disruption of 

membrane-associated E-cadherin expression and the translocation of β-



 

63 

 

catenin from the membrane to the nucleus (208). Accordingly, the expression 

of epithelial markers is downregulated, while the expression of epithelial-to-

mesenchymal transition (EMT) genes is upregulated. No morphological 

changes, mislocalization of E-cadherin, or alterations in epithelial marker 

expression are observed in cells singly overexpressing any of these genes, 

indicating that their cooperative activity is required to drive EMT. Moreover, 

the combined overexpression enhances migration, invasion and cell survival 

capabilities without affecting proliferation. 

Several mechanisms underlying the pro-tumoral role of ACSL4 in CRC have 

been identified. Notably, ACSL4 appears to enhance vascular endothelial 

growth factor (VEGF) signaling, as suggested by the correlation between 

ACSL4 expression, VEGF receptor levels, and increased secretion of VEGF 

in vitro (207). Moreover, exogenous arachidonate, can induce apoptosis 

through caspase 3 activation in CRC (HT-29) and other cell lines (206). 

Therefore, the elevated levels of ACSL4 and COX-2 observed in CRC may 

function as an apoptosis-evading mechanism by reducing the availability of 

free arachinodate (20:4ω-6). Additionally, ACSL4 contributes to the ACSL-

SCD axis in driving an EMT-like metabolic shift in CRC, although its precise 

role in this process remains unclear. 

ACSL inhibition by Triacsin C induces apoptosis in HT-29 cells, and this 

effect is enhanced when combined with COX-2 inhibition by sulindac (206). 

Triacsin C also reduces the viability of DLD-1 and SW620 cells, with an IC50 

of approximately 2 µM (208). Furthermore, the combination of Triacsin C 
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with an SCD inhibitor at low concentrations synergistically reduces viability 

in multiple CRC cell lines, including DLD-1, SW620, HT-29, and LS174T. 

Notably, this combined treatment reverses the mesenchymal phenotype 

observed in DLD-1 cells overexpressing ACSL4, ACSL1, and SCD.  In 

addition, the combination is also effective on CRC cells resistant to 

conventional chemotherapy. Importantly, the same inhibitors concentrations 

that drastically reduce CRC cell viability are completely ineffective on 

normal colonocytes (CCD18CO and CCD841). Therefore, targeting ACSL4, 

in combination with other treatments, offers a potential therapeutic approach 

for CRC. 

6.4.3. Breast cancer 

Breast cancer (BC) is subcategorized based on the expression of hormone 

receptors, including estrogen receptor (ER), progesterone receptor (PR), 

human epidermal growth factor receptor 2 (HER2), and androgen receptor 

(AR) (209). Cancers that do not express ER, PR, and HER2 are classified as 

triple-negative breast cancers (TNBC), whereas those lacking all four 

receptors are referred to as quadruple-negative breast cancers (QNBC). While 

the majority of BC express ER, TNBC and QNBC exhibit a more aggressive 

phenotype and currently lack targeted treatment options. Observational 

analyses in both cells and tumor samples reveal that there is an inverse 

relationship between expression of ACSL4 and steroid hormone/HER2 

receptors in BC (210,211). ACSL4 is overexpressed in TNBC and 

particularly in QNBC, where it has been proposed as a biomarker (211). 
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Additionally, immunohistochemical analysis of patient tissues reveals that 

ACSL4 expression correlates with N stage, distant metastasis, and poor 

overall survival (212).  

 In MCF-7 cells, which are ER-positive and ACSL4-negative, forced ACSL4 

expression induces a reduction in ER, PR and AR levels, while silencing ER 

induces ACSL4 expression. Conversely, forced expression of ER in naturally 

ER-negative MDA-MB-231 cells downregulates ACSL4 (213). This inverse 

relationship affects the response to targeted therapies. Forced ACSL4 

expression in estrogen-dependent MCF-7 cells  and in HER2-positive SKBr3 

cells induces resistance to tamoxifen and lapatinib, respectively (211). 

However, forced expression of ACSL4 also confers resistance to non-targeted 

therapies, including etoposide (211), cisplatin, doxorubicin, and paclitaxel, 

likely through the upregulation of multidrug resistance transporters (214). 

ACSL4 also influences the progression of BC. Forced expression of ACSL4 

in ACSL4-negative BC cells results in an increased growth, invasion and 

migration (211,215). Conversely, knockdown of ACSL4 in MDA-MB-231 

cells has the opposite effect, reducing cell proliferation, invasion, and 

migration (215). Notably, the increased migration of TNBC cells is ACSL4-

specific, as silencing other ACSL isoforms does not produce a significant 

effect (216).The growth-promoting effect mediated by ACSL4 is also 

observed in vivo across different xenograft mouse models (211,216–218). 

Additionally, ACSL4 facilitates TNBC metastasis, as its depletion in tumors 
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derived from MDA-MB-231 and 4T1 cells significantly reduces metastatic 

burden in the lungs and liver of nude mice (212,216).  

Different mechanisms underlie the role of ACSL4 in driving a more 

aggressive and metastatic form of BC. It has been proposed that ACSL4 

mediates the intramitochondrial transport of arachidonate through a pathway 

involving ACOT2, as steroidogenic cells do (215). This leads to the 

production of 5-LOX metabolites, which upregulate COX-2 expression and 

facilitate the synthesis of PGE2. PGE2 in turn plays a pivotal role in shaping 

the inflammatory microenvironment that fosters cancer initiation and 

progression, as evidenced across various cancer types (219). ACSL4 also 

promotes the PUFA-PL production, which levels are particularly elevated in 

TNBC cells (212). This alters the physical properties of membranes, 

increasing their fluidity and facilitating the recruitment of activated integrin 

β1 into lipid rafts, thereby enhancing the metastatic potential of cancer cells. 

Pharmacological targeting of ACSL4 produces results similar to those 

observed with genetic ablation. Inhibiting ACSL4 activity with PRGL493 

suppresses the proliferation (IC50 = 23 µM), restricts the migration of MDA-

MB-231 cells, and reduces tumor growth in a xenograft mouse model (92). 

PRGL493 treatment also significantly reduces the metastatic burden 

following orthotopic implantation of MDA-MB-231 cells (212). Although, 

another study reports that PRGL493 does not significantly impact the 

proliferation of 4T1 and MDA-MB-231 cells, the compound effectively 
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impairs their invasiveness and migratory capabilities both in vitro and in vivo 

in this experimental setup (216).  

In addition, inhibiting ACSL4 in combination with various other therapies 

has demonstrated beneficial effects. Inhibition of ACSL4 with PRGL493 

sensitizes MDA-MB-231 cells to hormonal therapy (92). The combination of 

ACSL4 inhibitors, such as PRGL493 or Triacsin C, with chemotherapeutic 

agents like doxorubicin, paclitaxel, or cisplatin demonstrates a strong 

synergistic effect in inhibiting MDA-MB-231 cell proliferation (92,214). 

Moreover, the combination of PRGL493 with paclitaxel and cisplatin in mice 

leads to greater tumor growth reduction and a more pronounced decrease in 

lung and liver metastatic burden compared to individual treatments (212).  

Similarly, the combination of ACSL4 inhibition using ROSI, TRO, or 

Triacsin C, along with a 5-LOX inhibitor and a COX inhibitor, synergistically 

suppresses MDA-MB-231 cell proliferation and migration while also 

reducing tumor growth in vivo (217).  Intriguingly, however, Triacsin C alone 

shows higher cytotoxicity in BC cells that lack ACSL4 expression, suggesting 

that its effects may involve other targets, as it is also known to inhibit ACSL1 

and ACSL3 (210,211). 

In summary, these findings suggest that ACSL4 acts as a biomarker for 

specific breast cancer subtypes, drives resistance to hormonal therapy and 

chemotherapy, and promotes the progression of BC. This positions ACSL4 

as a promising target for TNBC and QNBC, particularly in adjuvant therapies. 
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6.4.4. Prostate cancer 

Patients with advanced prostate cancer (PC) initially respond well to 

androgen deprivation therapy (220). However, the treatment eventually 

selects for cancer cells that adapt to androgen deprivation, resulting in the 

development of castration-resistant prostate cancer (CRPC), the leading cause 

of PC-related mortality. Importantly, CRPC preserves AR signaling through 

diverse mechanisms, one of which involves acquiring steroidogenic 

capabilities (221). Similarly to BC, in PC, there is an inverse correlation 

between androgen receptor (AR) expression and ACSL4 levels, as observed 

in different PC cells (190,210). Mechanistically, AR transcriptionally 

represses ACSL4 by binding to the androgen response element within its 

promoter region (77). Immunohistochemical analysis of PC tissues reveals 

that ACSL4 expression is elevated in malignant cells compared to benign 

epithelial cells, especially in CRPC (190). Further evidence suggests that 

ACSL4 directly contributes to the development of CRPC.  Forced expression 

of ACSL4 in androgen-dependent LNCaP cells, which do not naturally 

express ACSL4, decreases their sensitivity to antiandrogen treatment (190).  

ACSL4 is also associated with progression of PC. Forced expression of 

ACSL4 in LNCaP cells results in an increased proliferation, migration and 

invasion (190). Conversely, ACSL4 knockdown in androgen-independent PC 

cells (PC-3 and DU145), which endogenously express ACSL4, reduces 

proliferation, migration and invasion (77,190). Consistent with in vitro 

findings, LNCaP xenografts with forced ACSL4 expression exhibit a 
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significantly accelerated tumor growth rate in mice, whereas ACSL4 

knockdown in PC-3 and DU145-derived tumors markedly inhibits growth.  

Pharmacological inhibition of ACSL4 in PC-3 cells by PRGL493 

significantly reduces steroidogenesis as evidenced with decreased StAR and 

progesterone levels (92). In addition, PRGL493 treatment inhibits 

proliferation (IC50 = 27 µM) and migration in PC-3 cells while also reducing 

proliferation in primary cell cultures derived from tumor tissue samples of PC 

patients. Furthermore, the combination of PRGL493 and docetaxel 

synergizes in inhibiting cell proliferation. Finally, PRGL493 reduces the 

growth of PC-3-derived tumors in mice. This suggests that ACSL4 inhibition 

represents a viable pharmacological target in CRPC.  

6.4.5. Ovarian cancer 

Recently, a correlation has been established between metastatic potential and 

ferroptosis sensitivity in several cancers, including ovarian, liver and head 

and neck cancers  (222). Further analysis through in vivo genetic screens in 

an ovarian cancer (OC) distal metastasis mouse model identified ACSL4 as a 

pro-metastatic gene. Notably, ACSL4 depletion in selected pro-metastatic 

OC cells (ES-2-MC2-Hep) significantly reduces the lung metastasis burden 

after intraperitoneal implantation, without affecting cell proliferation in vitro 

and subcutaneous tumor growth. Mechanistically, ACSL4 facilitates 

extravasation during hematogenous metastasis, as suggested by the reduced 

number and size of metastatic lung lesions following intravenous 

implantation of ACSL4 knockout ES-2-MC2-Hep cells. This is further 
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supported by the observation that deep lung perfusion more efficiently clears 

ACSL4 knockout metastatic cells, as they remain trapped in the lung 

capillaries. Consistently, PRGL493-mediated ACSL4 inhibition reduces 

cancer cell burden in the lung parenchyma following perfusion, whereas in 

the absence of perfusion, the total metastatic burden remains unchanged. The 

evaluation of membrane fluidity using a fluorescent probe compatible with 

live cells demonstrates that ACSL4 depletion leads to a decrease in membrane 

fluidity that is restored in ACSL4-rescuing cells. ACSL4 depletion also 

reduces invasiveness in vitro. Furthermore, increasing arachidonate content 

in parent ovarian cancer cell (ES-2-GFP-luc) phenocopies ACSL4’s function 

and promotes metastatic extravasation after intravenous implantation. 

Together, these results suggest that ACSL4 facilitates ovarian metastatic 

extravasation, likely by increasing PUFA-PL content, which enhances 

membrane fluidity and promotes invasiveness. 

Although ACSL4 promotes extravasation by increasing PUFA-PL content in 

metastatic cells, it also creates dependencies on enzymes involved in 

preparing PUFAs for β-oxidation, which is crucial for the early stages of 

colonization. These enzymes include isomerases and reductases such as 

enoyl-CoA isomerase 1 (EC1) and enoyl-CoA hydratase 1 (ECH1), 

respectively. Depleting these enzymes in ES-2-MC2-Hep cells reduces 

subcutaneous tumor growth in mice, while having no effect on cell 

proliferation in vitro, suggesting a role in colonization. As a result, the double 

knockout of ACSL4 and ECH1 in ES-2-MC2-Hep cells further reduces lung 

metastatic burden after intravenous injection compared to single-gene 
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deletion. Additional investigations are needed to determine whether dual 

inhibition of ACSL4 and ECH1 could offer a viable pharmacological option. 

 

Figure 19. Pro-tumoral roles of ACSL4. ACSL4 promotes PUFA-PL synthesis, 
increasing membrane fluidity and facilitating metastasis in triple-negative breast 
cancer (TNBC) and ovarian cancer (OC). ACSL4 contributes to chemotherapy 
resistance, potentially by upregulating ABC transporters involved in drug efflux in 
TNBC. In hepatocellular carcinoma (HCC), ACSL4 enhances de novo lipogenesis 
by stabilizing c-Myc, which stimulates SREBP1 expression, leading to upregulation 
of lipogenic enzymes. By depleting unesterified arachidonate (AA), ACSL4 
prevents induction of apoptosis in colorectal cancer (CRC). ACSL4 supports 
abnormal steroidogenesis in castration-resistant prostate cancer (CRPC), enabling 
tumor cell survival in androgen-deprived conditions. Lastly, ACSL4 fosters a pro-
inflammatory microenvironment by upregulating COX-2 and promoting PGE2 
synthesis in TNBC. 
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Targeting ACSL4 represents an appealing therapeutic approach in HCC, 

CRC, TNBC, CRPC, and OC, as it limits tumor growth, impairs metastatic 

potential, or both. Figure 19 illustrates examples of the advantages conferred 

to cancer cells by ACSL4. The numerous synergistic effects observed when 

ACSL4 inhibitors are combined with various compounds, including 

conventional chemotherapies and targeted therapies, offer great promise for 

adjuvant treatment strategies. However, these ACSL4-overexpressing 

cancers generally exhibit high ferroptosis sensitivity, as the two are closely 

linked (141). Ferroptosis induction in cancer may result from tumor-

suppressive mechanisms or, at the very least, it provides a potent alternative 

strategy that critically depends on ACSL4 activity. Thus, ACSL4 plays a dual 

role in these cancers: promoting cancer progression through lipid metabolism 

reprogramming, while also exhibiting antitumoral activity by enhancing 

ferroptosis vulnerability. This highlights the complexity of targeting ACSL4 

in cancer. It is conceivable that the benefit of inhibiting ACSL4 versus 

inducing ferroptosis largely depends on the specific context. Future studies 

will define the conditions under which each approach is most effective. 

 

7. ACSL4 inhibitors 

 

Given the growing recognition of ACSL4 as an attractive therapeutic target, 

recent efforts have focused on developing novel, optimized pharmacological 

inhibitors. In this section, we first examine the early identified ACSL4 
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inhibitors, such as ROSI and Triacsin C, followed by a discussion of more 

recently developed compounds with notable properties. The structures and 

pharmacological characteristics of these inhibitors are summarized in Figure 

20. 

 

Figure 20. Structure and pharmacological properties of ACSL4 inhibitors. 
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7.1. Thiazolidinediones (TZD) 

ROSI is the reference ACSL4 inhibitor, widely used overall and especially in 

studies related to ferroptosis. It belongs to the thiazolidinedione (TZD) 

family, a class of oral insulin-sensitizing agents used in the treatment of type 

2 diabetes owing to their potent PPARγ agonist activity (223,224). 

The TZD pharmacophore features a hydrophobic cyclic moiety connected via 

a flexible linker to a central aromatic ring, which is para-substituted with an 

acidic TZD group (Figure 20).  

Among the TZD family, ROSI, TRO and PIO have been thoroughly studied 

for their ACSL4 inhibitory activity (39,225–227). ROSI is the most potent, 

with an IC50 of 0.5 µM, while TRO and PIO show IC50 values of 1.5 µM 

(226). TRO displays a mixed inhibition mechanism with respect to palmitate 

and ATP, and an uncompetitive mechanism toward CoA. 

An interesting feature of ROSI is its selectivity for ACSL4 within the ACSL 

family (39,226). It displays over 15-fold greater activity toward ACSL4 

compared to ACSL1 and ACSL5, and shows no significant inhibition of 

ACSL3 and ACSL6.  

TZDs are frequently used as reference compounds to inhibit ferroptosis via 

ACSL4 targeting (101). Among them, TRO shows the most pronounced 

antiferroptotic activity, despite being a less potent ACSL4 inhibitor. This 

effect is likely attributable to its chromanol moiety, shared with vitamin E, 

which has inherent antioxidant properties. However, given the central role of 

lipid metabolism in ferroptosis, the potent PPARγ activity of TZDs represents 
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a significant liability, as PPARγ is an important regulator of lipid metabolism 

(228). In fact, several recent publications report that PPARγ activation 

inhibits ferroptosis, using the same TZD compounds that serve as reference 

ACSL4 inhibitors in other studies (229–232).  

Thus, their lack of selectivity represents a critical issue for their use as 

pharmacological tools inhibiting ACSL4. It has been noticed that the acidic 

TZD head group in ROSI is essential for its binding to PPARγ, as methylation 

of the TZD nitrogen, which neutralizes its acidity, abolishes ROSI’s ability 

to bind PPARγ (233). Therefore, TZD modification to gain ACSL4 selectivity 

might be possible. Moreover, ROSI, TRO, and PIO differ in their western 

moieties, suggesting that this region of the scaffold tolerates modifications 

and could be further optimized to enhance ACSL4 inhibition. The finding that 

the sulfo-conjugated metabolite of TRO, modified at the hydroxyl group of 

the chromanol ring, is ten times more potent than the parent compound further 

supports this notion (225). 

Due to their potent activity toward ACSL4, selectivity within the ACSL 

family, tolerance for scaffold modifications, and synthetic tractability, TZDs 

represent a promising starting point for medicinal chemistry efforts aimed at 

optimizing ACSL4 inhibition. 

7.2. Triacsins 

Triacsins are metabolites of Streptomyces aureofaciens that were first 

described to inhibit ACSL activity in the late 1980s (234,235). There are four 

different triacsins (A, B, C, and D) that share an unsaturated 11-carbon chain 
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and a terminal N-hydroxytriazene moiety, but differ in the number and 

position of double bonds within the chain. Among the four structures, only 

Triacsin A and C (Figure 20) significantly inhibit ACSL activity in purified 

Pseudomonas aeruginosa enzyme and in microsomal fractions from rat liver, 

with Triacsin C being the most potent (235). The N-hydroxytriazene motif 

has been proposed as essential for ACSL inhibition, as hydrolysis-derived 

aldehyde analogs lack activity. Mechanistic studies reveal that Triacsin A 

inhibits ACSL noncompetitively with respect to ATP and CoA, while 

displaying competitive inhibition toward FAs, consistent with its structural 

resemblance. The first indirect evidence of Triacsin C inhibiting ACSL4 

comes from observations showing that it prevents the incorporation of 

radiolabeled arachidonate into rat neutrophils, and that upon stimulation with 

a calcium ionophore, these treated neutrophils release increased amounts of 

eicosanoids (236). Further evaluation on purified recombinant ACSL 

isoforms revealed that Triacsin C inhibits ACSL1 (IC50 = 4 µM), ACSL3 

(IC50 = 5.5 µM), and ACSL4 (IC50 = 7.5 µM), while showing no activity 

against ACSL5 and ACSL6 (39). Despite their lack of selectivity, numerous 

studies focus solely on the ACSL4-related activity of Triacsin C when 

drawing conclusions, introducing a significant bias.  

The N-hydroxytriazene motif remains poorly explored in medicinal 

chemistry. As a result, little is known about its reactivity and stability in vivo. 

Notably, Triacsin C exhibits time-dependent inhibition that cannot be fully 

reversed by washing, suggesting an irreversible or slowly reversible 

mechanism (237). Moreover, the synthetic routes of Triacsins result in overall 
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low yields, and their biosynthesis involves 15 distinct enzymes (238), limiting 

their synthetic tractability. Thus, they are poorly suited as starting points in 

drug discovery. 

7.3. PRGL493 

PPRGL493 exhibited the highest docking score in the virtual screening of 

over 400,000 drug-like compounds, using a homology model of ACSL4 

focused on the entrance of the putative FA tunnel (92). To improve solubility 

in organic solvent, an acetylated derivative of PPRGL493, PRGL493 (Figure 

20), was synthesized. PRGL493 inhibits ACSL4 with an IC50 of 

approximatively 50 µM, while showing no activity against ACSL1 and 

ACSL3. The compound was extensively studied in biological models, 

showing inhibition of arachidonoyl-CoA (AA-CoA) formation in Leydig 

cells, as well as in BC and PC cell lines. The compound reduces 

steroidogenesis both in vitro and in vivo, inhibits proliferation and migration 

in BC and PC cells, and decreases tumor growth in in vivo models. PRGL493 

is commonly used in studies targeting ACSL4 in cancer research. However, 

its IC50 is relatively high and does not consistently correlate with the 

biological effects, which can occur at much lower or higher concentrations. 

This, coupled with the fact that target engagement has not been determined, 

makes it difficult to confirm that its action is mediated through direct ACSL4 

inhibition. 
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7.4. Silibinin 

Silibinin is a natural compound extracted from Silybum marianum, widely 

used in the treatment of liver diseases due to its antioxidant, anti-

inflammatory, and antiapoptotic properties. Recently, studies have 

investigated Silibinin’s targets using living-cell-target accessibility profiling 

(LC-TRAP) (239). The TRAP approach examines the proteome-level 

accessibility changes induced by ligand binding, identifying the responsive 

proteins as targets. Analysis of the targetome in living HepG2 cells 

highlighted different enriched clusters, including ferroptosis regulators such 

as ACSL4. Further analysis revealed that Silibinin prevents RSL3-induced 

ferroptosis in an ACSL4-dependent manner. ACSL4 target engagement was 

confirmed in HepG2 cell lysates through two independent methods. A pull-

down assay using an alkyne-labeled Silibinin derivative bearing a photo-

cross-linking diazirine group, and a cellular thermal shift assay. Silibinin’s 

binding affinity to ACSL4 was determined using surface plasmon resonance 

(SPR), yielding a dissociation constant (KD) of 0.21 µM. The compound 

inhibited AA-CoA formation in HEK293T cell lysates with an IC50 of 

14.14 µM; however, even at the highest tested concentration (50 µM), only a 

40% reduction in AA-CoA levels was observed. Additionally, Silibinin 

decreased the incorporation of arachidonate into phosphatidylethanolamine 

(PE) in living HepG2 cells. 

Silibinin is known to exhibit a multifaceted mechanism of action, functioning 

as a direct radical scavenger (240) and modulating various signaling 

pathways, including PI3K/AKT and NF-κB (241), which also play a role in 
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ferroptosis and cancer (242,243). Therefore, the use of Silibinin as a tool to 

selectively inhibit ACSL4 is limited by its broad mechanism of action. 

7.5. AS-252424 

Phenotypic screening of a kinase inhibitor library in HT-1080 cells under 

ferroptotic conditions identified AS-252424 (AS) (Figure 20) as a novel 

compound with antiferroptotic activity (93). The compound was subsequently 

validated for its ability to inhibit ferroptosis across various cell lines, where 

ferroptosis was induced through different mechanisms. AS is a potent 

inhibitor of PI3K (IC50 PI3Kγ = 0.033, µM IC50 PI3Kα = 0.93 µM) (244), and 

PI3K/AKT signaling is known to play a role in regulating ferroptosis (242). 

However, since the ferroptosis protection was not replicated by other PI3Kγ 

inhibitors, genetic ablation of PI3Kγ, or AKT inhibitors, this suggests that AS 

exerts its effects through an alternative mechanism (93). Moreover, AS 

neither functions as an iron chelator nor exhibits intrinsic antioxidant activity. 

Further investigations into AS target using a biotin-tagged derivative of the 

compound in a pull-down assay, identified ACSL4 as the most enriched 

protein. The target engagement of AS was then confirmed by drug affinity-

responsive target stability and by cellular thermal shift assay. AS potently 

inhibits recombinant ACSL4, with an IC50 below 1 µM, while showing no 

activity against ACSL1 and ACSL3. 

AS contains a pan-assay interference motif (PAINS), specifically an ene-

rhodanine–like moiety potentially capable of covalently reacting with 

nucleophiles (245). Accordingly, the reversibility of its antiferroptotic 
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activity was assessed and subsequently confirmed (93). To investigate the 

compound's binding site on ACSL4, docking studies were performed using 

an AlphaFold model of the protein, which predicted interaction within the 

ATP-binding pocket. 

Because AS is a poorly soluble compound with a short half-life (t1/2 = 1 hour) 

and a high clearance rate (244), the authors developed a copolymer-based 

nanoparticle formulation to improve its delivery in vivo (93). The formulation 

successfully inhibited ferroptosis in vitro and conferred protection against 

ischemia-reperfusion injury (IRI) in both kidney and liver mouse models. 

Although the compound demonstrates a promising activity in vivo, it also 

presents several limitations that may hinder its broader pharmacological 

application. First, the presence of an acrylamide moiety raises a structural 

alert, as this motif may participate in irreversible reactions with nucleophiles. 

Second, the antiferroptotic activity of AS might still be mediated by other 

PI3K isoforms, as the compound remains a submicromolar inhibitor of 

PI3Kα, and PI3Kα inhibitors potently suppress ferroptosis (246). 

Additionally, PI3Kγ plays a significant role in cancer, where its inhibition 

represents an antitumoral strategy (247). Therefore, the selectivity issues of 

AS compromise its utility in studying ACSL4 in pathological models. Finally, 

its poor ADME properties, which require nanoparticle-based delivery, limit 

its convenience as a pharmacological tool.  

Although several novel compounds have been reported since 2020, the most 

commonly used inhibitors remain ROSI and Triacsin C. 



 

81 

 

The newly identified ACSL4 inhibitors fail to address the major limitation of 

earlier compounds: their lack of selectivity. The development of more potent 

and selective ACSL4 inhibitors would greatly benefit the scientific 

community by enabling more precise investigations into the enzyme’s role in 

pathological settings. 

 

8. Possible adverse outcomes of targeting ACSL4 

 

When considering ACSL4 as a pharmacological target, it is crucial to 

anticipate potential adverse effects of its inhibition. This can be approached 

by analyzing the toxicity profiles of reference inhibitors, examining the 

physiological functions disrupted by ACSL4 inhibition, and studying 

phenotypes of knockout mouse models.  

For ACSL4, the prediction of adverse effects based on the toxicity profiles of 

known inhibitors is limited by their poor selectivity. For instance, the side 

effects of ROSI (e.g., weight gain, edema, and cardiomegaly) are attributed 

primarily to its full PPARγ agonist activity rather than inhibition of ACSL4 

(248). Similarly, triacsins exhibit hypotensive vasodilatory effects, but these 

appear to be independent of ACSL inhibition since triacsin D, which weakly 

inhibits ACSLs, has a significantly stronger vasodilatory activity than triacsin 

C (234). 
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As discussed in sections 5.3 to 5.5, ACSL4 plays a key role in regulating both 

the synthesis and activity of eicosanoids. Consequently, its inhibition could 

interfere with related physiological processes, including inflammation, 

steroidogenesis and insulin secretion. In line with this, ACSL4 inhibitors may 

exacerbate inflammatory responses following proinflammatory stimulation, 

as evidenced by increased systemic inflammation in global ACSL4 knockout 

mice challenged with LPS (104). In addition, given ACSL4's role in brain 

development and the association between null mutations and mental 

retardation (see section 5.6), inhibitors targeting this enzyme may have 

teratogenic potential.  

However, the observation that hemizygous male mice (ACSL4-/y) present a 

normal phenotype and are fertile suggests that ACSL4 is not strictly essential 

in vivo (249). In contrast, heterozygous female mice (ACSL4+/-) exhibit 

reduced fertility, and their offspring carrying disrupted alleles face a high risk 

of embryonic lethality. These findings indicate that a combined deficiency in 

both mother and pups may underlie the elevated embryonic death rate.  

Finally, given the overlapping substrate specificities among ACSL isoforms, 

it is plausible that other family members may partially compensate for 

complete ACSL4 inhibition, thereby mitigating severe disruption of 

physiological pathways and limiting drastic adverse effects. 
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9. Conclusions 

 

ACSL4 is a crucial enzyme that activates PUFAs, driving multiple 

downstream metabolic pathways and linking it to various physiological and 

pathological processes. We first introduced FAs, focusing on their 

metabolism and emphasizing the essential role of ACSLs in their initial 

activation to acyl-CoA. Next, we discussed the similarities among ACSL 

isoforms, highlighting their shared catalytic mechanisms and structures while 

noting their distinct roles in FA partitioning. We then provided a detailed 

overview of ACSL4’s unique properties that define its specialized function, 

including its tissue distribution, subcellular localization, preference for 

specific PUFAs such as arachidonate, and the multiple layers of regulation. 

Those properties underlie the diverse physiological roles of ACSL4, 

including its involvement in PUFA uptake, their channeling into PLs, and the 

regulation of steroidogenesis and eicosanoid synthesis. Beyond its 

physiological functions, we explored ACSL4’s role in pathophysiology, 

emphasizing diseases where its pharmacological inhibition represents a 

compelling therapeutic strategy. As a key regulator of ferroptosis, ACSL4 is 

implicated in conditions such as ischemia-reperfusion injury and 

neurodegenerative diseases. Additionally, by driving lipid metabolism 

reprogramming, ACSL4 confers proliferative advantages and facilitates EMT 

in specific cancers. Finally, we reviewed the different reported ACSL4 

inhibitors, detailing their development, properties, advantages, and 
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limitations, underscoring the need for more potent and selective compounds 

to firmly establish ACSL4 as a therapeutic target. 
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This research falls within the scope of the Medicinal Chemistry Research 

Group (CMFA) at Université Catholique de Louvain and the Innovative 

Therapeutics for Brain Diseases (IT4BD) team at Université de Lille, aligning 

with their thematic focus on drug discovery, with IT4BD specifically 

dedicated to therapeutic strategies for brain diseases. Over the years, both 

groups have developed expertise in discovering novel molecular scaffolds 

targeting various proteins and optimizing their properties to design potent 

pharmacological tools.  

This multidisciplinary expertise integrates various complementary 

approaches: biotechnological methods for protein production and 

purification, biochemical and biophysical techniques for in vitro 

characterization, organic chemistry for scaffold optimization, chemical 

biology for binding site identification, bioinformatics for rational drug design, 

and cellular biology for evaluation in pathological models. 

In this context, this work focuses on ACSL4, with the first two chapters 

dedicated to designing novel inhibitors more potent and selective, with the 

goal of further establishing ACSL4 inhibition as a viable therapeutic 

approach. The strategy pursued to achieve these objectives is illustrated in 

Figure 21.  
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Figure 21. Strategy for the design and optimization of ACSL4 inhibitors. Yellow-
highlighted boxes correspond to the results presented in the first chapter, while the 
results corresponding to purple-highlighted boxes will be briefly discussed in the 
second section. Funnels represent the screening process conducted. 

The initial objective was to build a robust foundation for screening and 

evaluation. This involved producing recombinant ACSL4 and ACSL3, and 

developing both biophysical and biochemical assays to monitor ligand 

binding and inhibitory activity. 

To optimize ACSL4 inhibitors, we implemented two complementary 

medicinal chemistry strategies in parallel. The first approach focused on 

selectively optimizing the side activity (SOSA) of existing drugs, either by 
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modifying the reference compound ROSI or by screening a commercial 

library of FDA-approved compounds, with the objective of eliminating their 

primary activity while enhancing ACSL4 inhibition. The second approach 

followed a fragment-based strategy, where small molecular fragments were 

identified through screening and subsequently elaborated into more potent 

inhibitors. 

Inhibitor optimization was primarily driven by iterative medicinal chemistry 

efforts aimed at enhancing potency for ACSL4 while assessing selectivity 

against ACSL3. Finally, the most promising inhibitors were evaluated for 

their antiferroptotic activity in cell-based models of Parkinson’s disease, 

serving as an initial proof of concept for their therapeutic potential in 

pathological settings. 

Chapter I describes the development of the evaluation platform and the 

identification of a novel inhibitor scaffolds through a screening campaign 

based on the SOSA approach. Chapter II provides (i) a brief overview of the 

optimization efforts for the new inhibitor series identified in Chapter I, (ii) 

the outcomes of structural modifications of ROSI, and (iii) the fragment-

based strategy, serving as a transition between chapters I and III. The 

objectives of chapter III stem from insights gained during the drug discovery 

program and will be presented following the first two chapters. 
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enzymes and establishing a range of biophysical assays to evaluate ligand 

binding. I actively participated in screening campaigns and contributed 

modestly to the synthesis of analogs during the optimization phase, with my 
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To initiate a medicinal chemistry project aimed at developing improved 

ACSL4 inhibitors with antiferroptotic activity, it was first necessary to 

establish an experimental framework. Chapter I details the development of 

this methodology, starting with the production and purification of 

recombinant ACSL4 and ACSL3, followed by validation of their proper 

folding and enzymatic activity. It then describes the biochemical and 

biophysical assays optimized to enable the progression from large-scale 

chemical library screening to the validation of selective inhibitors. The 

applicability of the approach is demonstrated through the screening of an 

FDA-approved library, which led to the identification of a novel inhibitor 

series with antiferroptotic properties in a cell-based model of Parkinson’s 

disease. 

 

The results presented in this chapter have been adapted from the publication 

in Biochemical Pharmacology (250). 
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1. Abstract 

 

Ferroptosis, first coined in 2012, is an iron-dependent regulated cell death 

(RCD) characterized by the accumulation of lipid peroxides to toxic levels. 

This mechanism is currently being evaluated as a target for a variety of 

diseases offering new opportunities for drug design and development. Recent 

reports uncovered acyl-CoA synthetase long-chain 4 (ACSL4) as a critical 

contributor to ferroptosis execution. Therefore, ACSL4 inhibitors are 

emerging as attractive antiferroptotic agents. Herein, we developed a robust 

screening cascade with orthogonal biophysical and biochemical techniques to 

identify original human ACSL4 inhibitors. By screening an FDA-approved 

drug library, we were able to identify and validate new inhibitors with 

micromolar-range activity against ACSL4. With an IC50 of 280 nM against 

hACSL4, antifungal agent sertaconazole is to our knowledge, the most potent 

ACSL4 inhibitor identified so far. In addition, sertaconazole significantly 

reduced lipid peroxidation and ferroptosis in human differentiated 

dopaminergic neurons (Lund human mesencephalic LUHMES cells), 

demonstrating that it is a valuable chemical tool for further investigating the 

role of ACSL4 in ferroptosis. This study highlights phenethyl-imidazole 

scaffold as a novel and promising starting point for the development of 

antiferroptotic agents targeting ACSL4. 
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2. Introduction 

 

Ferroptosis, is a non-apoptotic iron-dependent regulated cell death (RCD, 

Figure 22) first coined in 2012 (122,123). It is characterized by the 

accumulation of toxic membrane lipid peroxides leading eventually to 

membrane damage and cell lysis (124,251). This RCD is highly dependent on 

lipid composition of the membrane (101). Indeed, membrane phospholipids 

(PLs), particularly phosphatidylethanolamines (PE) enriched in 

polyunsaturated fatty acids (PUFAs) such as arachidonate are highly 

susceptible to peroxidation (57). Therefore, the enrichment of PLs with 

PUFAs is a key step in determining ferroptosis sensitivity (101). PLs are 

enriched in PUFAs through the action of acyl-CoA synthetase long chain 

family member 4 (ACSL4) which activates PUFAs in acyl-CoA, which in 
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turn are incorporated in PLs thanks to lysophosphatidylcholine 

acyltransferase 3 (LPCAT3).  

 

Figure 22. Simplified overview of the ferroptotic pathway. Ferroptosis inhibitors 
and inducer are colored in green and red, respectively. AA, arachidonic acid; 
ACSL4, acyl-CoA synthetase long chain 4; ALOX, arachidonate lipoxygenase; 
AMP, adenosine monophosphate; ATP, adenosine triphosphate; CoA, coenzyme A; 
GPX4, glutathione peroxidase 4; GSH, glutathione; LOX, lipoxygenase; LPCAT3, 
lysophosphatidylcholine acyltransferase 3; PL, phospholipids, PPi, pyrophosphate; 
PUFAs, polyunsaturated fatty acids; ROSI, rosiglitazone; RSL3, RAS-selectively 
lethal 3; RTAs, radical-trapping antioxidants. 

During ferroptosis, PUFAs containing PLs are subjected to peroxidation 

through distinct iron-dependent mechanisms. Non-heme iron-containing 

enzymes such as arachidonate lipoxygenases (ALOX) can initiate lipid 

peroxidation, forming substrates for the Fenton reaction (125,252). Lipid 

peroxidation then propagates through autoxidation catalyzed by labile iron. 

Additionally, heme enzymes such as the cytochrome P450 oxidoreductase 

(POR) can generate H2O2 and promote lipid peroxidation (126). In a 

physiological context, peroxidized lipids are neutralized by endogenous 
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antioxidant systems, mainly glutathione peroxidase 4 (GPX4) which uses 

glutathione as co-factor to reduce peroxides to non-toxic alcohols (253). 

Under ferroptotic conditions, increased lipid peroxidation is not sufficiently 

compensated by endogenous antioxidant systems resulting in the 

accumulation of toxic lipid peroxides. This step is considered as the major 

event leading to cell death by ferroptosis (101). Experimentally, ferroptosis 

is generally induced by small molecules like (1S,3R)-RSL3 (RSL3), a 

covalent GPX4 inhibitor or by Erastin, which acts at the cystine-glutamate 

antiporter system xc− and voltage dependent anion channels 2 and 3 

(254,255). 

Over the past years, ferroptosis has attracted considerable attention owing to 

its important role in several diseases (256). Since the early days of the field, 

cancer cells sensitivity to ferroptosis encouraged the development of 

ferroptosis inducers as an appealing strategy to selectively kill cancer cells 

(257). Interestingly, this increased sensitivity particularly affects 

dedifferentiated as well as persister cancer cells and seems to result from a 

more intense metabolic activity associated with a higher reactive oxygen 

species (ROS) generation (155,258). In addition, cancer cells often need high 

amount of iron, thereby increasing their sensitivity to ferroptosis. However, 

cancer cells are not the only cells sensitive to ferroptosis. Metabolic 

adaptations during the ischemic period of ischemia-reperfusion injuries (IRI) 

impair several ROS scavenging mechanisms and the reperfusion phase 

induces a ROS “burst” which leads to cell death, notably by ferroptosis (259). 

In addition, accumulating evidence points at an important role of ferroptosis 
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in neurodegenerative diseases such as Alzheimer’s, Parkinson’s diseases and 

amyotrophic lateral sclerosis (260). The pathologic iron overload observed in 

these diseases catalyzes Fenton chemistry in tissues particularly rich in 

PUFAs, which leads to excessive lipid peroxidation and subsequent 

ferroptosis (261). Therefore, blocking ferroptosis with small molecules 

accounts for an innovative approach in the potential treatment of ferroptosis-

related diseases. For example, ferroptotic cell death can be dramatically 

reduced by iron chelators (such as deferiprone) and radical-trapping 

antioxidants such as liproxstatin-1 (Figures 22 and 23) (262,263). 

In this context, ACSL4 inhibition has attracted much attention lately. Indeed, 

free PUFAs must be activated by ACSL4 to be incorporated into PLs 

membranes to participate in the ferroptotic cell death (Figure 22).  ACSL4 

belongs to the ACSL family of enzymes that play a crucial role in the 

metabolism of FAs (30). They activate FAs into their acyl-CoA analogues 

following a Bi Uni Uni Bi Ping Pong mechanism. Some of the activated FAs 

fuel the lipid biosynthesis and are precursors of structural membrane 

components or signaling molecules such as diacylglycerol and 

lysophosphatidic acid. In mammals, there are five ACSLs isoforms (ACSL 1, 

3, 4, 5 and 6). ASCL3 and 4 share approximately 63% sequence identity and 

only about 30% with other ACSL isoforms (38). ACSLs have specific 

preferences for FA with particular chain lengths and saturations. This 

specificity seems to arise from crucial amino acids in the FA binding pocket. 

By preferentially metabolizing PUFAs such as arachidonate, ACSL4 is 

involved in several biological processes including inflammation, 
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steroidogenesis, cancer and ferroptosis (264). The key role of ACSL4 in 

ferroptosis execution was first demonstrated in a genome-wide screening in 

2015 (140). In 2017, Doll et al. validated ACSL4 as an appealing target in the 

control of ferroptosis by a genome-wide CRISPR-based genetic screen (101). 

They further demonstrated that knockout or pharmacological inhibition of 

ACSL4 with thiazolidinediones (TZDs) such as rosiglitazone (ROSI) 

conferred a strong protection against ferroptosis (Figure 23).  

 

 

Figure 23. Structures of main ferroptosis inhibitors. 

More recently, ACSL4 was reported to be further activated through 

phosphorylation by PKCβII that senses initial lipid peroxidation events. 

Therefore, ACSL4 is an important protagonist in ferroptosis involved in a 

feedforward loop (86). In addition, ACSL4 was shown to exacerbate ischemic 

stroke by promoting ferroptosis-induced brain injury and neuroinflammation 

(265). Another recent study showed that inhibition of ACSL4 attenuates 

ferroptotic damage after pulmonary ischemia-reperfusion (160). 
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Together, these data validate ACSL4 as a key regulator of ferroptosis, paving 

the way to the development of novel ACSL4 inhibitors. Up to now, only three 

PPAR-γ agonists (TZDs), namely, ROSI, pioglitazone and troglitazone were 

described as micromolar-range inhibitors of rat ASCL4 (selective vs. other 

ACSL isoforms) (39,226). Therefore, there is a need for the discovery of 

novel selective ACSL4 inhibitors. To that end, we developed a robust 

screening cascade with orthogonal biophysical and biochemical techniques to 

identify original ACSL4 inhibitors. We report here the identification of a 

novel series of human ACSL4 inhibitors, which best representative 

compound displays potent antiferroptotic activity in cells. 

 

3. Materials and methods 

 

3.1.  Chemicals and reagents. 

ROSI, ECO and FLUCO were purchased from TCI chemicals (Belgium). 

SERTA nitrate was purchased from Sigma Aldrich (France). All salts, buffers 

and ATP were purchased from Sigma Aldrich (France). Dimethylsulfoxide 

(DMSO-d6) was purchased from Eurisotop (France). Chemicals used for 

protein production were purchased from Sigma Aldrich (France or Belgium). 

RSL3 was purchased from Sigma Aldrich (France). For screening, 1134 

FDA-approved drugs were obtained from Selleckchem (Germany). All FDA-
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approved drugs were dissolved in DMSO (Sigma Aldrich, France), and stock 

solutions were stored at -80 °C. 

3.2.  Recombinant expression and purification of human ACSL4 

and ACSL3. 

The plasmid pET-28(a)+ coding for the short isoform of the human His-

tagged ACSL4 at its N-terminal part was purchased from GeneCustTM and 

transformed into E. coli BL21 (DE3). Transformants were grown in LB 

supplemented with 50 µg/mL kanamycine and 34.2 µg/mL chloramphenicol 

at 37 °C until they reached an OD600 of 0.9-1. Recombinant expression of 

ACSL4 proteins was then induced with isopropyl-β-D thiogalactopyranoside 

(IPTG; 1 mM, final concentration) and the incubation continued at 20 °C 

during 18 h. Bacterial cells were then harvested by centrifugation (5,000 rpm, 

4 °C, 20 min). 

Bacterial cells were sonicated in ice-cooled lysate buffer containing 20 mM 

Tris pH 7.5, 1% triton X-100, 0.1% sodium cholate and further processed by 

centrifugation (10,000 rpm, 4 °C, 30 min). The Ni-NTA resin was pre-

equilibrated with wash buffer (50 mM Tris pH 8.5, 10 mM MgCl2, 300 mM 

NaCl, 10% glycerol, 30 mM imidazole). The resulting supernatant was 

supplemented with 20 mM imidazole to avoid non-specific interactions and 

was then incubated with the pre-equilibrated resin for 1 h under stirring. The 

column was subsequently washed with the wash buffer to elute unbound 

proteins. His-tagged ACSL4 proteins were eluted with elution buffer (50 mM 

Tris pH 8.5, 10 mM MgCl2, 300 mM NaCl, 10% glycerol, 500 mM 
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imidazole). Finally, purified proteins were dialyzed at 4 °C for 18 h against a 

stock buffer (50 mM Tris pH 7, 10 mM MgCl2, 300 mM NaCl, 20% Glycerol, 

1 mM DTT). The different steps of the purification process were controlled 

by SDS-PAGE stained with Coomassie blue and apparent molecular weight 

(MW) was determined by comparison to the BioradTM pre-stained protein 

ladders. The protein quality and the batch similarity were confirmed by 

nanoDSF on Tycho NT.6 instrument. The hACSL3 was produced and 

purified using a similar protocol as for ACSL4. 

3.3.  Nano differential scanning fluorimetry 

Proteins diluted at 10 µM in stock buffer were introduced in adapted 

capillaries, placed in a Tycho NT.6 instrument (Nanotemper) and submitted 

to the thermal gradient. Data were analyzed using GraphPad Prism® to 

determine the denaturation temperature (Tm). Each condition was measured 

in triplicate. 

3.4.  Differential scanning fluorimetry.  

DSF was conducted on a QuantStudio 3 real time PCR detection system 

(Applied Biosystems, Life Technologies). A total of 20 μL/well solution was 

prepared containing 2 μM ACSL4, 1 mM ATP, 10 µM of tested compound 

or DMSO and 2 X fluorescent dye (Protein Thermal Shift™ Dye Kit, 

reference 4461146, Applied Biosystems, Life Technologies) in a buffer 

containing 50 mM Tris pH 7, 100 mM NaCl and 1 mM MgCl2. After 

thoroughly mixing and sealing, the plate was heated at 1% of ramp rate (∼ 2 
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°C/min) from 25 to 70 °C. Filters were adapted to correspond to the optimal 

excitation (x4) and emission (m4) wavelengths for fluorescent dye and Rox 

was selected as reporter for detection of fluorescence intensity. Results were 

analyzed and expressed as the first derivative of the fluorescent emission 

plotted against temperature using a trial version of the Protein Thermal 

Shift™ Software v1.4 (Applied Biosystems, Life Technologies). 

3.5.  Microscale thermophoresis experiments.  

The measurements were conducted on a NanoTemper Monolith NT.115 

instrument (NanoTemper Technologies, GmbH, Munich, Germany) with red 

filter. ACSL4 was labeled with the RED-tris-NTA 2nd generation fluorescent 

dye (MO-L018, NanoTemper Technologies, GmbH, Munich, Germany) and 

applied at a final concentration of 500 nM. Serial dilution of ligand was 

prepared in the optimized buffer (PBS: 8 mM Na2HPO4, 2 mM KH2PO4, 150 

mM NaCl, 3 mM KCl; 10 mM MgCl2; 5% DMSO; 0.05% Tween) with 1 mM 

ATP. A volume of 10 µL of labeled ACSL4 was mixed with 10 µL of each 

dilution of ligand and the samples were loaded into standard capillaries. 

Measurements were performed at 23 °C using 100% LED power and 60% 

MST power. Laser on and off times were set at 20 s and 5 s, respectively. The 

curves were extracted from the MST traces at 4 to 5 sec MST on time. Data 

analysis was performed using the NanoTemper® analysis software. 
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3.6.  1D-1H NMR-Line broadening experiments.  

All experiments were performed on a Bruker Ascend Avance III 600 MHz 

system equipped with a broadband cryoprobe (Bruker). Spectra were 

collected at 298 K using 8 transients, a 7239 Hz spectral width, 15.2 K data 

points, and a relaxation delay of 3.0 s. Water signal suppression was achieved 

using an excitation-sculpting scheme. The total experiment time was 

approximately 5 min. hACSL4-6His protein for 1D NMR was expressed and 

purified from E. coli, as described above. The protein was then buffer-

exchanged in commercial phosphate buffer solution (PBS, ThermoFischer, 

Germany) and diluted to reach final concentrations of 0, 0.075, 0.15, 0.30, 

0.60, 1.2 and 2.4 µM in PBS containing 6% DMSO-d6, 1 mM MgCl2, 0.05% 

Tween-20 and 100 µM of ligand. NMR Spectra were phase-adjusted and 

baseline-corrected with TopSpin® 4.09.  

3.7.  ACSL4 and ACSL3 enzymatic assay.  

Inorganic pyrophosphate (PPi) production was monitored with a Varioskan 

Flash spectrophotometer (Thermo Scientific) using the EnzChek® 

pyrophosphate assay kit (E-6645). Each condition was measured in triplicate 

at 25 °C. The total reaction volume was 100 µL and ACSL4 activity was 

assayed in a buffer containing 50 mM Tris pH 7.5, 200 mM NaCl, 1 mM 

MgCl2, 200 µM MESG, 50 µM ATP, 100 µM CoA, 1 mM DTT, 10% DMSO 

(or tested compound), 1 U/mL PNP, 0.03 U/mL pyrophosphatase, and 50 nM 

purified enzyme. ACSL3 activity was assessed under similar conditions, 

except in the absence of NaCl and using 600 nM enzyme. Reactions were 
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initiated by the addition of a palmitate solution, typically to a final 

concentration of 100 µM (0.06% triton, 1% EtOH). A control experiment was 

performed in which a control solution (0.06% triton, 1% EtOH) was added 

instead of palmitate solution. The plate was mixed manually, and the 

absorbance change was recorded every 30 s for 30 min at 360 nm. For data 

analysis, initial rates were calculated during the linear portion. The slope of 

the control experiment was subtracted from each slope and the corrected slope 

was converted to the rate of pyrophosphate (PPi) production by use of PPi 

standard curve. Results were analyzed using GraphPad Prism®. 

3.8.  Cell line and culture conditions. 

LUHMES cells were a generous gift from Pr. Marcel Leist (In vitro 

Toxicology and Biomedicine, University of Konstanz, Germany). LUHMES 

cells are neuronal precursor cells, conditionally-immortalized which can be 

differentiated in 5 days into post-mitotic dopaminergic neurons by shutting-

down the myc transgene. For LUHMES cell culture, NunclonTM cell culture 

flasks and well-plates were pre-coated with 50 μg/mL of poly-L-ornithine 

(Sigma-aldrich) and 1 μg/mL fibronectin (Sigma-Aldrich) in distilled water 

overnight then washed twice. Cells were grown at 37 °C in a humidified 95% 

air, 5% CO2 atmosphere. Proliferating cells were maintained in Advanced 

Dulbecco modified Eagle’s Medium/F12 (Advanced DMEM/F12) 

supplemented with 1 X N-2 supplement, 2 mM L-glutamine and 40 ng/mL 

rBFGF (recombinant basic fibroblast growth factor) purchased from 

ThermoFisher. Cell differentiation was performed following a published 
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protocol (266). Briefly, 2x106 cells were seeded in a T75 flask for 2 days then 

the differentiation started (d0) by replacing the proliferative media with the 

differentiation media containing Advanced DMEM/F12, 1 X N2 supplement, 

2 mM L- glutamine, 1 mM dibutyryl cAMP (Sigma-Aldrich), 1 μg/mL 

tetracycline (Sigma-Aldrich) and 2 ng/mL recombinant human GDNF (Bio-

Techne). After 2 days of pre-differentiation (d2), cells were harvested with 

Trypsine-EDTA 0.05% (ThermoFisher, France), centrifuged for 5 min at 300 

g, seeded in appropriate supports in differentiation media. Cells were left to 

fully differentiate for 3 more days (d5). 

3.9.  Measurement/imaging of lipid ROS.  

LUHMES cells were seeded at d2 in 24 well-plates at a density of 250 000 

cells per well and left to fully differentiate until d5. Cells were pretreated with 

5 µM ECO, 5 µM SERTA, 5 µM FLUCO or media for 14 h before induction 

of ferroptosis with RSL3 (30 nM, 6 h). Following treatments, cells were 

harvested by trypsinization and transferred to a 5 mL tube, pelleted (300 g, 5 

min, 4 °C), resuspended in 200 μL PBS containing a LIVE/DEAD VIOLET 

probe (ThermoFisher, France) at 0.8 µL per tube and incubated for 15 min at 

37°C. Then cell suspensions were incubated with an additional 200 μL of PBS 

containing C11-BODIPY 581/591 probe (ThermoFisher, France) at a final 

concentration of 1 μM for another 15 min at 37 °C. Cells were analyzed using 

the flow cytometer LSR FORTESSA X20 (BD Biosciences) with FITC and 

PE-Texas Red, for detecting green and red fluorescence respectively. Lipid 

peroxidation was measured from green fluorescence detected in the living cell 
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population (cells unlabeled for the LIVE DEAD probe). At least 10 000 cells 

were analyzed per sample and data analyses was conducted using the Kaluza 

Analysis Software (Beckmann Coulter) and three independent biological 

replications were performed for each condition. Of note, in this cell line, a 

sharp decrease in lipid ROS was observed upon Liproxsatin-1 treatment (1 

µM) after inducing ferroptosis with 20 nM of RLS3. 

3.10. Cell viability assay.  

Cell viability analysis was measured in 96 well-plates where cells were 

seeded at d2 of differentiation at a density of 40 000 cells per well. At d5, 

cells were pretreated with 5 µM ECO, 5 µM SERTA, 5 µM FLUCO or media 

for 14 h before to induce ferroptosis with a concentration range of RSL3 (0, 

8, 10, 12, 15 and 20 nM) for 24 h. Then, cell viability was determined 

incubating with 100 µg/mL of Resazurin (Sigma-Aldrich, France) for 2 h at 

37 °C in dark. Fluorescence signals were measured using the Mithras LB 950 

Device with a lamp energy of 5000, excitation 560 nm and emission 600 nm. 

Fluorescence values were normalized by setting fluorescence values of 

control wells as 100% of cell viability. Of note, in this cell line, a strong 

protection was observed upon Liproxsatin-1 treatment (1 µM) after inducing 

ferroptosis with 20 nM of RLS3. 

3.11. 2,2-Diphenyl 1-picrylhydrazyl (DPPH) assay. 

Radical-trapping antioxidant activity of ECO, SERTA, Fer-1 (40, 20, 10 and 

5 µM) and Trolox (40, 32, 24, 16 µM) was assessed in 96 well-plates with a 
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SpectraMax M2e spectrophotometer using the 2,2-diphenyl 1-picrylhydrazyl 

(DPPH) antioxidant assay kit from Dojindo (Germany). Following the 

provided protocol, compounds were incubated with the DPPH reagent for 30 

minutes in the dark at 25°C then absorbance was read at 517 nm. Each 

condition was measured in triplicate. Results were analyzed using GraphPad 

Prism®. 

3.12. Iron chelation assay. 

Iron chelation potential of ECO and SERTA was evaluated at 5 and 12.5 µM 

using the ferrous iron chelating assay kit from Amsbio (Netherlands). EDTA 

(0.5, 5, 12.5 and 25 µM) was used as a positive control. Compounds were 

solubilized in the provided buffer containing 5% DMSO, FeSO4, and 

ferrozine. After incubation for 10 minutes, absorbance was read at 562 nm 

with a SpectraMax M2e spectrophotometer. Each condition was measured in 

triplicate. Results were analyzed using GraphPad Prism®. 

 

4. Results 

 

4.1. Human ACSL4 is a tractable target amenable to screening. 

4.1.1. Enzymatic production of hACSL4 and hACSL3. 

We produced the short isoform of the human ACSL4 (hACSL4, 670 amino 

acids) and a truncated version of the human ACSL3 (hACSL3, 678 amino 



 

109 

 

acids) lacking the transmembrane domain (41 first amino acids) in E. coli 

BL21(DE3). The recombinant proteins containing an N-terminal his-tag were 

purified by Ni2+-affinity chromatography. Using this expression and 

purification procedure, we obtained a typical yield of purified protein around 

10 mg/L of culture for both isoforms. Purified ACSLs were produced with 

good purity as judged by SDS-PAGE and migrated at the expected value of 

ca. 75 kDa (Figure 24A-B). Quality of both proteins were regularly 

controlled in nano differential scanning fluorimetry (nDSF) and displayed a 

melting temperature (Tm) in native conditions of 55.0 and 47.9 °C for ACSL4 

and ACSL3, respectively (Figure 24C-D). Enzymatic activity was also 

regularly measured thanks to an optimized biochemical assay. 

 

Figure 24. Quality control of ACSL4 and ACSL3. Coomassie blue-stained SDS-
PAGE analysis throughout the purification process of ACSL4 (A) and ACSL3 (B). 
Lane 1 and 10, molecular mass standards (SD); lane 2, before induction (BI); lane 3, 
after induction (AI); lane 4 total lysate (T); lane 5, pellet (P); lane 6, supernatant (S); 
lane 7, flow through (FT); lane 8, wash (W), lane 9, purified ACSL. nDSF of purified 
ACSL4 (C) and ACSL3 (D) at 10 µM in the stock buffer. Tm of 55.0 and 47.9 °C 
were determined for ACSL4 and ACSL3 (n=3), respectively. 
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4.1.2. Biochemical assay optimization. 

We adapted the spectrophotometric EnzChek® pyrophosphate assay (267). 

Briefly, this enzymatic coupled assay quantifies the pyrophosphate (PPi) 

produced by ASCL4 or ACSL3 which is converted into two equivalents of 

orthophosphate (Pi) by the pyrophosphatase. The produced Pi and the 2-

amino-6-mercapto-7-methylpurine riboside are then consumed by the purine 

ribonucleoside phosphorylase to generate ribose-1-phosphate and 2-amino-6-

mercapto-7-methyl purine, which is detected by an increase in absorbance at 

360 nm (Figure 25A). Since the absorbance at 360 nm remained linear with 

PPi concentrations only up to 80 µM in the coupling system (Figure 25B), 

ATP concentration was limited to 50 µM in subsequent experiments to 

prevent signal saturation and ensure accurate monitoring of ACSL activity. 

To optimize the assay, we first monitored reaction velocity as a function of 

ACSL concentration under initial conditions: 50 mM Tris.HCl (pH 7), 500 

mM NaCl, 5 mM MgCl2, 0.03% Triton X-100, 10% DMSO, 50 µM ATP, 

100 µM CoA and 100 µM palmitate (Figure 25C). ACSL activity was 

directly proportional to enzyme concentration in the range of 25-500 nM for 

ACSL4 and 50-1200 nM for ACSL3. Based on these results, concentrations 

of 50 nM ACSL4 and 600 nM ACSL3 were selected for further assay 

optimization. We then fine-tuned parameters sequentially, adopting the best 

condition at each step before advancing. For ACSL4, the concentration of 

Triton X-100 (0.06%) was optimized first, followed by pH (7.5), divalent ions 

(1 mM MgCl2), NaCl (200 mM), DTT (1 mM), DMSO (10%), and finally the 

temperature (25 °C) (Figure 25D–J). 
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Optimized conditions for ACSL3 were similar, except that NaCl was 

excluded from the buffer. These optimized conditions were used for the 

evaluation of inhibitors. 
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Figure 25. Biochemical assay conditions optimization. (A) Scheme illustrating real-
time monitoring of the ACSL-catalyzed reaction. Pyrophosphatase catalyzes the 
conversion of the released PPi by ACSL into two equivalents of Pi. Then, Pi and 
MESG are consumed by the PNP to generate the product which is detected at 360 
nm. (B) PPi Standard curve obtained from various concentrations of Na4P2O7 in 
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standard assay conditions in the presence of the coupling system comprising 
pyrophosphatase and purine nucleoside phosphorylase. (C) Measurement of ACSL 
activity in the presence of different amounts of enzyme. Influence of the Triton X-
100 (D), pH (E), divalent ions (F), NaCl (G), DTT (H), temperature (I), DMSO (J) 
on ACSL4 and ACSL3  activity. The parameters were sequentially optimized, 
starting from standard conditions and selecting the optimal setting for each before 
moving on to the next. The reaction rates were calculated over the first five minutes 
(mean ± SEM, n=3). 

4.1.3. Development of a screening cascade 

With the aim of screening chemical libraries, we developed a screening 

cascade composed of orthogonal biophysical and biochemical assays (Figure 

26).  

 

Figure 26: Screening cascade for the identification of ACSL4 inhibitors. 

Differential Scanning Fluorometry (DSF) was developed to serve as the first 

line screening method. DSF relies on the binding of a fluorescent dye to 
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hydrophobic regions of the protein exposed to the solvent upon thermal 

denaturation. In DSF, molecules that stabilize the folded state of the protein 

cause an increase of the denaturation temperature of the protein, indicative of 

a binding event. Assay conditions were optimized with reference inhibitor 

ROSI. Based on the results, we selected an assay mixture containing 2 µM 

ACSL4, 1 mM ATP, 2 X fluorescent Protein Thermal Shift™ Dye in buffer 

containing 50 mM Tris pH 7, 100 mM NaCl and 1 mM MgCl2. Under these 

conditions, ROSI showed a significant thermal shift (ΔTm = 5.0 ± 0.1 °C at 

10 µM) consistent with a binding event (Figure 27A). ROSI-ACSL4 binding 

was then confirmed using an adaptation of the traditional 1D 1H NMR line 

broadening (268).  Indeed, a decrease in NMR signals intensity of ROSI was 

observed with increasing ACSL4 concentration indicating protein-ligand 

binding (Figure 27B). To complement these first line screening assays, in 

addition to the biochemical assay described above, MicroScale 

Thermophoresis (MST) was developed to quantify the binding of ligands to 

ACSL4. MST measures binding affinities by monitoring differential 

movement in a microscopic temperature gradient. The thermophoretic 

movement of particles is detected through fluorescence of one of the binding 

partners. For this experiment, His-tagged ACSL4 (500 nM) was labeled with 

a fluorescent dye according to the supplier protocol. Thermographs of ROSI 

binding to ACSL4 provided well-defined curves and related dose-response 

curve gave a KD of 2.2 ± 0.2 µM (Figure 27C).  
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Figure 27. Assay validation with ROSI. (A) Thermal denaturation profile of ACSL4 
(red curve, n=4) and ACSL4 in presence of 10 µM ROSI (blue curve, n=4). Results 
are expressed as derivative of fluorescence emission against temperature. (B) 
Selected region of the 1H NMR spectra of ROSI (100 µM) at different concentrations 
of ACSL4. (C) MST dose-response curve for the binding interaction between ROSI 
and ACSL4 [extracted from the MST traces at 4 to 5 s MST on time]. The 
concentration of protein is kept constant at 500 nM, while ROSI concentration varies 
from 0.075 µM to 74 µM. Fitting of the binding curve gives a KD of 2.2 ± 0.2 µM 
(n=4). (D) Dose-response curve of ROSI on ACSL4 activity (ACSL4 IC50 = 1.1 ± 
0.1 µM, n=3). 

In parallel, we measured the inhibitory activity of ROSI against hACSL4 

using the spectrophotometric EnzChek® pyrophosphate assay described 

above. ACSL4 inhibitors dose-dependently decreased the absorbance at 360 

nm. Under optimized conditions, ROSI displayed an IC50 value of 1.1 ± 0.1 

μM when tested against 50 nM of hACSL4 (Figure 27D). The same 

experiment was performed against hACSL3. As expected, ROSI showed no 

inhibition of hASCL3 at tested concentrations (IC50 > 50 µM) confirming its 

selectivity over this isoform. Taken together these data validate the screening 

cascade composed of orthogonal biochemical and biophysical techniques. 
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4.2. Screening of FDA-approved drugs led to the identification of 

novel ACSL4 inhibitors. 

4.2.1. Evaluation of an FDA-approved library against hACSL4. 

A set of ca. 1200 FDA-approved drugs were screened to identify ACSL4 

inhibitors using a screening cascade composed of the developed orthogonal 

methods described above (Figure 28A). Thus, compounds were first screened 

at 10 µM using DSF. This step led to the identification of 11 compounds that 

can be divided into three series. Among them, we identified ROSI (which was 

part of the library), acitretin, an oral retinoid used in the treatment of psoriasis 

(ΔTm = 3.0 ± 0.3 °C) and a cluster of nine antifungal drugs with ΔTm ranging 

from 1.7 to 5.7 °C.  

 

Figure 28. Econazole (ECO) identification and validation. (A) Flowchart describing 
TSA screening results. (B) Thermal denaturation profile of ACSL4 (grey curve, n=3) 
and ACSL4 in presence of 10 µM ECO (green curve, n=3). Results are expressed as 
derivative of fluorescence emission against temperature. (C) Selected region of the 
1D 1H NMR spectra of ECO (100 µM) at different concentrations of ACSL4. (D) 
MST dose-response curve for the binding interaction between ECO and ACSL4 



 

117 

 

[extracted from the MST traces at 4 to 5 s MST on time]. The concentration of 
protein is kept constant at 500 nM, while the ECO concentration varies from 0.17 
µM to 74 µM. Fitting of the binding curve gives a KD of 5.2 ± 1.1 µM (n=4). (E) 
Dose-response curves of ECO on ACSL activity (ACSL4 IC50 = 2.0 ± 0.2 µM, n=3; 
ACSL3 IC50 = 22.7 ± 1.7 µM, n=3).  

Among the latter, econazole (ECO, ΔTm = 5.7 ± 0.1 °C, Figure 28B) was 

selected as a representative compound for further validation. Therefore, it was 

assayed in 1H NMR line broadening, MST and enzymatic assay. ECO binding 

to ACSL4 was confirmed in 1H NMR line broadening experiment (Figure 

28C) and a KD of 5.2 ± 1.1 µM was measured by MST (Figure 28D). ECO 

was shown to inhibit ACSL4 with an IC50 value of 2.0 ± 0.2 µM in the 

presence of 0.06 % Triton X-100 (Figure 28E). 

4.2.2. Preliminary Structure−Activity Relationships (SARs) of 

conazole series revealed a sub-micromolar selective 

ACSL4 inhibitor. 

To validate the outcome of the screening process, the nine antifungal 

derivatives and some analogues were evaluated (Table 1). The most 

predominant feature of this series is the presence of an azole ring (imidazole 

or triazole) which is a key structural feature of antifungal derivatives. Despite 

this common feature, we set out to understand the key structural elements that 

were responsible for ACSL4 inhibitory potency. Triazole compounds 

(voriconazole, fluconazole, itraconazole, posaconazole) were inactive in DSF 

experiment as well as in orthogonal assays. The 1,3-dioxolane derivative 

ketoconazole showed a thermal shift value of 0.8 °C at 10 µM and a weak 

ACSL4 inhibition (45% of inhibition at 50 µM). Interestingly, phenethyl-
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imidazole compounds investigated in the series revealed promising ACSL4 

inhibitory activity. 

Table 1. Structure−Activity Relationships of conazole series. aΔTm value was 
determined by three independent experiments for each compound (10 µM) in the 
presence of 1 mM ATP. bMST KD value was determined by three independent 
experiments for each compound in the presence of 1 mM ATP. cIC50 value was 
determined by three independent experiments performed in duplicate for each 
compound concentration. nd: not determined. 
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Compound ΔTm (°C)a 
MST KD 

(µM)b 

IC50 values (µM) 

or % of inhibition at 50 

µMc 

hACSL4 hACSL3 

Rosiglitazone 5.0 ± 0.1 2.2 ± 0.2 1.0 ± 0.02 0% 

Econazole 5.7 ± 0.1 5.2 ± 1.1 2.0 ± 0.2 22.7 ± 3.9 

Fenticonazole 2.8 ± 0.1 2.6 ± 0.5 8.8 ± 1.3 9% 

Isoconazole 2.4 ± 0.1 3.0 ± 0.5 1.4 ± 0.5 0% 

Miconazole 3.4 ± 0.3 1.1 ± 0.2 1.5 ± 0.3 0% 

Sertaconazole 5.0 ± 0.4 2.0 ± 0.3 0.28 ± 0.09 29% 

Sulconazole 1.7 ± 0.2 4.5 ± 0.9 15.2 ± 2.3 0% 

Tioconazole 1.9 ± 0.3 8.1 ± 1.4 1.8 ± 0.2 9% 

Butoconazole 2.3 ± 0.3 > 50 10.9 ± 1.3 0% 

Bifonazole 3.2 ± 0.1 > 50 1.1 ± 0.3 0% 

Clotrimazole < 0.2 nd nd nd 

Voriconazole < 0.2 nd nd nd 

Fluconazole < 0.2 > 50 0% 0% 

Ketoconazole 0.8 ± 0.2 > 50 45% 0% 

Itraconazole < 0.2 nd nd nd 

Posaconazole < 0.2 nd nd nd 

  

For example, close analogues of ECO (isoconazole, miconazole and 

tioconazole) are characterized by an interesting micromolar-range IC50 and 
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KD values. In addition, sertaconazole (SERTA) provided a significant thermal 

shift value (5.0 ± 0.4 °C at 10 µM), a submicromolar IC50 value (280 ± 90 

nM) and a KD value of 2.0 ± 0.3 µM. Biphenyl analogue bifonazole showed 

an inhibition in the micromolar-range but no binding could be observed in 

MST at tested concentrations. Interestingly, phenethyl-imidazole derivatives 

fenticonazole and sulconazole, as well as butoconazole and clotrimazole 

displayed no or reduced ACSL4 inhibitory activity. With the notable 

exception of ECO (IC50 ACSL3 = 22.7 ± 3.9 µM), all of the evaluated 

compounds were found selective for ACSL4 versus ACSL3. 

4.2.3.  ECO and SERTA prevent RSL3-induced lipid 

peroxidation and protect cells from ferroptosis. 

We evaluated whether the most promising inhibitors ECO and SERTA were 

able to prevent RSL3-induced lipid peroxidation in LUHMES cells, a cell line 

highly sensitive to ferroptosis (179). We measured the levels of lipid ROS 

induced by RSL3 (30 nM) in LUHMES cells using the fluorescent probe 

BODIPY-C11 581/591 in the presence of 5 µM of ECO, SERTA and FLUCO 

(negative control). As shown in Figure 29A and B, treatment with RSL3 

induced the lipid ROS accumulation in LUHMES cell line. Lipid ROS 

accumulation was significantly reduced when cells were treated with ECO or 

SERTA but not with FLUCO. Based on these encouraging results, we tested 

whether SERTA could prevent RSL3-induced ferroptosis in LUHMES cell 

line. We incubated the cells with ECO, SERTA and negative control 

(FLUCO) at 5 µM and subjected them to RSL3 treatment (0-20 nM). As 
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represented in Figure 29C, both ECO and SERTA significantly inhibited 

RSL3-induced ferroptosis whereas FLUCO (inactive on ACSL4) failed to 

rescue cells from ferroptosis. 

 

Figure 29. Cellular evaluation of ECO, SERTA and FLUCO. (A) Protection of 
LUHMES cells from RSL3-induced lipid peroxidation. LUHMES cells were treated 
with 5 µM ECO, 5 µM SERTA, 5 µM FLUCO, or media for 14 hours before 
induction of lipid peroxidation with 30 nM RSL3. After 6 hours, lipid peroxidation 
in live cells was measured by flow cytometry using the C11 BODIPY 581/591 probe. 
The staining data obtained at 530 nm (oxidized BODIPY 581/591-C11) are plotted 
as a histogram (B). Results are expressed in mean ± SEM, n=3 independent 
experiments. Statistical analyses were performed using one-way ANOVA followed 
by Dunnett’s multiple comparisons test. **** p < 0.0001. (C) Protection of 
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LUHMES cells against RSL3-induced ferroptosis cell death. Dose dependent 
toxicity of RSL3 (0, 8, 10, 12, 15, 20 nM; 24 hours) after a pretreatment with 5 µM 
ECO, 5 µM SERTA, 5 µM FLUCO (blue curves) or media (red curves) for 14 hours. 
Results are expressed in mean ± SEM, n=3 independent experiments. Statistical 
analyses were performed using two-way ANOVA followed by Sidak’s multiple 
comparison test. *p < 0.05; **p < 0.01; **** p < 0.0001. 

 Finally, to exclude that SERTA and ECO inhibit ferroptosis through other 

mechanisms such as ROS scavenging or iron chelation, we evaluated their 

ability to reduce 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical (Figure 30A) 

and to displace Fe(II)-ferrozine complexe (Figure 30B). We observed no 

significant ROS-scavenging activity for ECO and SERTA compared to the 

two RTAs ferrostatin-1 (Fer-1) and trolox. In addition, iron chelation was 

negligible at the tested antiferroptotic concentrations. 

 

Figure 30. Evaluation of radical-trapping and iron-chelating activity of ECO and 
SERTA. (A) Assessment of antioxidant activity of ECO and SERTA (5, 10, 20 and 
40 µM) compared to Fer-1 (5, 10, 20 and 40 µM) and trolox (16, 24, 32 and 40 µM) 
using the DPPH assay. Compounds were incubated with DPPH reagent (kit from 
Dojindo™) for 30 min at 25°C in the dark. Absorbance was read at 517 nm. The 
percent inhibition of DPPH for each condition was plotted as a histogram expressed 
in mean ± SEM, n=3 independent experiments. (B) Iron-chelation assesssment of 
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ECO, SERTA (5 and 12.5 µM) compared to EDTA (0.5, 5, 12.5 and 25 µM) 
monitored by displacement of Fe(II)-Ferrozine complex (kit from AmsbioTM). 
Following ten minutes incubation, absorbance was read at 562 nm. Ferrous iron 
chelating (%) was plotted as a histogram expressed in mean ± SEM, n=3 
experiments. 

 

5. Discussion 

 

Ferroptosis, a recently coined regulated cell death, has attracted considerable 

attention owing to its important role in several diseases. Particularly, 

inhibiting ferroptosis accounts for an innovative approach in the potential 

treatment of neurodegenerative diseases and ischaemia reperfusion injuries 

(256). ACSL4 recently emerged as a key enzyme in ferroptosis execution 

(86,101). Knockout (KO) or pharmacological inhibition of ACSL4 was 

shown to confer a strong protection against ferroptosis. The research work 

presented here aims at developing orthogonal biochemical and biophysical 

tools for the identification of novel selective ACSL4 inhibitors with 

antiferroptotic properties. 

Even though ACSLs from different organisms have been studied for decades, 

little is known about human ACSL4. Most studies on recombinant ACSL4 

were performed using the rat enzyme (226). The production of human 

recombinant ACSL4 was reported only once and the purification was only 

partial (72). Here, we provide a robust protocol allowing the production of 

pure ACSL4 (purity > 95%) with a typical yield of 10 mg/L of culture 

volume.  
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In the perspective of screening chemical libraries to find new ACSL4 

inhibitors, potential hits need to be validated through orthogonal methods. 

Therefore, we developed four different techniques to assess potential 

inhibitor. DSF was developed to serve as the first line screening method. This 

technique was optimized with reference inhibitor ROSI which displayed a 

significant thermal shift (ΔTm = 5.0 ± 0.1 °C) when tested at 10 µM, indicating 

an increased stability of the protein upon ROSI binding. In 1D 1H NMR line 

broadening experiments, a decrease in NMR signals intensity of ROSI was 

observed with increasing concentrations of ACSL4 consistent with a binding 

event. These qualitative results were further supported by quantitative data 

obtained from MST and an enzymatic assay. MST experiments were set up 

in order to determine the binding affinity of ACSL4 inhibitors. Experiments 

were optimized with ROSI which displayed a KD value of 2.2 µM. Finally, 

although numerous studies have reported experimental setup to monitor 

ACSLs activity, only a few allow a continuous determination of the 

synthetase activity (39,46,72,226). To address this limitation, we adapted the 

spectrophotometric EnzChek® pyrophosphate assay (267). This robust 

enzymatic coupled assay which quantifies the pyrophosphate (PPi) formation, 

allowed an easy monitoring of ACSL4 activity. Under optimized conditions, 

reference ACSL4 inhibitor ROSI displayed an IC50 value of 1.0 µM, in good 

agreement with the data described against the rat ACSL4 (39,226).  

Because ACSL4 is the only ACSL that increases ferroptosis sensitivity in 

presence of endogenous FA (101,141), selectivity over other ACSLs is 

desirable for the new ACSL4 inhibitors. In mammals, there are five ACSLs 
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isoforms (members 1, 3, 4, 5 and 6). The isoforms 3 and 4 share 

approximatively 63% sequence identity and only about 30% with other 

ACSLs (38). Therefore, in order to evaluate the selectivity profile of future 

inhibitors, a truncated and soluble hACSL3 was produced and purified using 

a similar protocol as for ACSL4. As expected, ROSI showed no inhibition of 

ASCL3 at tested concentrations (IC50 > 50 µM). 

Using a screening cascade composed of the developed orthogonal methods 

described above, an FDA-approved drug library was screened and allowed 

for the identification of 11 hits including a family of antifungal drugs. The 

main representative compound of this series (ECO) was shown to bind 

ACSL4 in DSF (ΔTm = 5.7 ± 0.1 °C), 1H NMR line broadening and in MST 

experiments (KD = 5.2 ± 1.1 µM), and to inhibit ACSL4 activity with an IC50 

value of 2.0 ± 0.2 µM. Because ECO is known to form colloidal aggregates, 

we double-checked that the inhibition was not the result of an aggregation-

based inhibition mechanism which is a leading cause of false positives in 

screening campaigns (269). Aggregation-based inhibition is often 

characterized by a steep dose-response curve and is strongly attenuated by 

addition of non-ionic detergent such as Triton X-100 (often used at 0.01%) 

(270,271). ECO, when tested in the presence of up to 0.1% Triton X-100, kept 

its inhibitory activity with an appropriate dose–response curve (Hill slope = 

1.1) (272), suggesting a specific inhibition mechanism. Early SAR studies 

highlighted the phenethyl-imidazole moiety as being important for ACSL4 

inhibition. With an IC50 value of 280 nM, SERTA is, to the best of our 
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knowledge, among the most potent hACSL4 inhibitor described so far. It was 

also shown to be selective over hACSL3.  

It is worth noting that for several compounds, such as ROSI, ECO, and 

SERTA, the measured IC50 values are lower than their corresponding KD 

values. Theoretically, this should not occur, as inhibition requires the 

compound to be bound to the enzyme, implying that the KD should be equal 

to or lower than the IC50. This discrepancy may arise from differences in 

experimental conditions between the two assay types, particularly regarding 

enzyme concentration. In the MST assay, a relatively high concentration of 

ACSL4 (500 nM) is used. Although only 5% of the enzyme is fluorescently 

labeled (25 nM), constituting the “target”, the remaining 95%, which is 

unlabeled, can still bind ligands. This excess of untagged enzyme may 

sequester compounds, effectively reducing the concentration available to 

interact with the labeled fraction and thus leading to an underestimation of 

the true binding affinity. This underestimation becomes more pronounced 

with increasing binding affinity, making it difficult to accurately determine 

KD values that approach or fall below the total enzyme concentration. 

Therefore, MST KD values should be viewed as an orthogonal method to 

assess relative binding affinities through dose-response analysis, rather than 

as absolute measures of affinity. 

Antiferroptotic effect of both ECO and SERTA was then evaluated in 

LUHMES cells. These immortalized cells, derived from embryonic human 

mesencephalon, can be differentiated into dopaminergic-like neurons with 

expression of specific biochemical markers, extensive neurites, and the 
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capability to release and uptake dopamine (273).  LUHMES cells exhibit high 

physiological relevance and retain practical culture requirements, which 

justifies their frequent use as a Parkinson’s disease model when exposed to 

toxins. 

This differentiated cell line is also particularly sensitive to ferroptosis (179), 

and ACSL4 knockdown was shown to protect cells against ferroptosis induced 

by Erastin or RSL3 or AA + Fe (274). Because lipid peroxidation is 

considered the major event leading to ferroptosis, we measured the levels of 

lipid peroxidation induced by RSL3 using BODIPY-C11 581/591 in the 

presence of 5 µM of either ECO or SERTA. We found that these two ACSL4 

inhibitors significantly reduced lipid peroxidation. They were also able to 

protect LUHMES cells against RSL3-induced ferroptosis. 

Because, conazoles are reported to be cytochrome P450 (CYP) inhibitors, we 

wondered whether the protective effects were at least in part related to this 

CYP activity. We demonstrated that FLUCO (inactive on ACSL4) did not 

decrease lipid peroxidation and did not rescue cells from RSL3-induced 

ferroptosis. We also examined whether ECO and SERTA act as radical 

trapping antioxidants (RTAs) besides inhibiting ACSL4, which could explain 

the antiferroptotic activity. DPPH assay is the most straightforward method 

to evaluate the antioxidant/radical-trapping activity of compounds. In this 

assay, both ECO and SERTA did not reduce the absorbance of DPPH solution 

at 517 nm, indicating that they do not behave as RTAs. In addition, we 

excluded the possibility of an iron chelating mechanism that could contribute 

to the antiferroptotic effect at 5 µM.  
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Together, these results suggest that ECO and SERTA can effectively suppress 

lipid peroxidation and protect cells from ferroptosis likely through an 

ACSL4-dependent mechanism. 

In summary, with the aim of identifying novel ACSL4 inhibitors, we 

developed a robust screening cascade composed of orthogonal biophysical 

and biochemical techniques that allowed the screening of an FDA-approved 

drug library. Identified hit inhibitors were successfully validated and the most 

promising compound (SERTA) displayed an IC50 of 280 nM against hACSL4 

and a good selectivity over hACSL3. In addition, SERTA decreased lipid 

peroxidation and protected cells from RSL3-induced ferroptosis in a non-

oncogenic neuronal cell line that is sensitive to ferroptosis (LUHMES). These 

results suggest that SERTA is not only an interesting tool for studying the 

biological role of ACSL4 in ferroptosis but may also serve as a starting point 

for the development of novel potent antiferroptotic compounds. 
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In Chapter I, we established a methodology to evaluate ACSL4 ligands and 

inhibitors, which enabled the identification of a novel phenethyl-imidazole 

inhibitor series with antiferroptotic activity. Chapter II builds on this 

foundation by presenting the team’s efforts across diverse medicinal 

chemistry approaches aimed at further optimizing inhibitors through iterative 

cycles of scaffold modification and evaluation. The first section of Chapter II 

outlines the SOSA strategy, beginning with a brief exploration of phenethyl-

imidazole modifications, followed by a thorough investigation of the ROSI 

scaffold, which led to the development of improved ACSL4 inhibitors (33). 

The second part of this chapter discusses the fragment-based drug design 

(FBDD) strategy, initiated with the screening of a fragment library and 

culminating in the design of a potent novel inhibitor. Finally, the last part of 

Chapter II highlights a common limitation across all inhibitor series, their 

reduced activity against ACSL4’s preferred substrates. 

 

1. Selective optimization of side activity (SOSA) approach 

 

An early objective of the SOSA approach is to chemically modify the scaffold 

to eliminate the compound’s original pharmacological activity while 

preserving or improving the desired activity. In this context, two strategies 

were pursued in parallel: modification of the newly identified phenethyl-

imidazole series (see Chapter I) and optimization of the reference inhibitor, 

ROSI. 
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1.1. Modulating the phenethyl-imiadzole scaffold 

To optimize phenethyl-imidazole series, we used SERTA and ECO as starting 

points, with the primary objective of eliminating their original 

pharmacological activities. Notably, azole antifungals are known to inhibit 

lanosterol 14α-demethylase, a cytochrome P450 (CYP) enzyme essential for 

ergosterol biosynthesis (275). Azole inhibitors occupy the active site typically 

reserved for CYP substrates, with their imidazole/triazole moiety 

coordinating directly with the heme iron, thereby blocking oxygen binding 

and inhibiting the enzyme (276). However, there is a cross-over inhibition of 

human sterol 14α-demethylase (CYP51) involved in cholesterol biosynthesis 

(277). Figure 31 illustrates the binding between econazole and CYP51. 
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Figure 31. Crystal structure of human CYP51 in complex with Econazole (ECO). 
The protein is shown in green, with amino acid residues located within 4 Å of ECO 
represented as sticks. ECO and the heme group are shown as sticks with carbon 
atoms colored magenta and salmon, respectively. Oxygen, nitrogen, iron, and 
chlorine atoms are colored red, blue, orange, and green. Black dashed lines indicate 
hydrogen bonds. From (277).  

In addition, azole antifungals inhibit various other CYP enzymes involved in 

xenobiotic metabolism, including CYP3A4 (278), and also target other heme-

containing proteins such as indoleamine 2,3-dioxygenase (279), as well as 

iron-dependent non-heme enzymes like thromboxane synthase (280). 

Given that these off-targets likely involve iron coordination, efforts to 

optimize ACSL4 inhibition focused primarily on replacing the imidazole 

moiety with less chelating alternatives. The removal of the imidazole group 

from the ECO scaffold (1) led to a significant decrease in activity (with an 

estimated IC50 of 25 µM), although inhibition remained present (Figure 32). 

In line with the imidazole modulation strategy, a recent study aimed at 

minimizing CYP3A4 inhibition by itraconazole (ITRA), explored a series of 

azole and non-azole derivatives (281). They initially observed that replacing 

the 1,2,4-triazole moiety of ITRA with the imidazole found in SERTA or 

ECO did not affect CYP3A4 inhibition, suggesting that both heterocycles 

possess comparable metal-chelating properties. However, introducing alkyl 

groups such as methyl, ethyl, or isopropyl at the 2-position of the imidazole 

ring progressively reduced CYP inhibition, likely due to increased steric 

hindrance interfering with iron coordination. Additionally, substituting 

imidazole with pyrazole or tetrazole significantly diminished CYP inhibition. 
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Based on this, we investigated similar modulations on SERTA scaffold and 

evaluated their inhibitory activity against ACSL4 (Figure 32). 

The introduction of alkyl groups at the 2-position (2,3,4) led to a drastic 

reduction in activity (IC50 2 ≈ 50 µM), with the bulkier the alkyl group, the 

greater the decrease in inhibition. Replacing the imidazole with a pyrazole (5) 

or tetrazole (6,7) also reduced activity, though to a lesser extent, with IC50 

values around 15 µM. Although this represents a 50-fold reduction compared 

to the parent SERTA, these findings suggest that it is possible to reduce CYP 

inhibition while retaining meaningful activity against ACSL4. However, the 

coordinating properties of the scaffold may be important for interacting with 

the magnesium cofactor within the ACSL4 catalytic pocket, potentially 

complicating the selective optimization of ACSL4 activity. 
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Figure 32. Pilot study on imidazole modification. Compounds were tested at 50 µM 
(blue), 10 µM (yellow), 5 µM (cyan), and 1 µM (magenta). Each bar is the result of 
a single experiment. 

Another limitation of the phenetyl-imidazole scaffold is its high lipophilicity, 

which appears to correlate with its activity against ACSL4. All the hits in 

Table 1 have a predicted partition coefficient (logP) above 4.5, with the most 

potent SERTA also being among the most lipophilic compound, showing a 

logP of 5.6. In contrast, ketoconazole, which exhibits low activity, has a lower 

predicted logP of 3.6, while completely inactive FLUCO has a value below 1 
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(Table 2). Additionally, SERTA exhibits a low fraction of sp3-hybridized 

carbons (Fsp3 = 0.15), leading to pronounced planarity that adversely affects 

its solubility (282). 

Table 2. Relationship between lipophilicity and activity for conazole derivatives. 
Physicochemical properties are predicted using SwissADME.ch. LogP value is the 
average of five predictive models. Activity values represent the mean of three 
independent experiments. MW, molecular weight; Fsp3, fraction of sp3 cabons; nd, 
not determined. 

 IC50  (µM) MW (g/mol) LogP Fsp3 

SERTA 0.28 437.8 5.6 0.15 

KETO ≈ 50 531.4 3.6 0.38 

FLUCO nd 306.3 0.9 0.23 

 

Therefore, future optimization efforts should also aim to reduce the 

lipophilicity and enhance the 3D features of the SERTA scaffold.  

1.2. Modulation of ROSI-scaffold 

While early attempts to improve the phenethyl-imidazole series were 

unsuccessful, the SOSA approach starting from ROSI led to significant 

optimization of ACSL4 inhibition. The results presented here provide a brief 

overview of this work, as reported in Angewandte Chemie (33).  
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ROSI is the most widely used ACSL4 inhibitor in the literature. However, its 

potent primary activity as a PPARγ agonist, a central regulator of lipid 

homeostasis, represents a major limitation to its use as a selective ACSL4 

inhibitor. To overcome this limitation, we initiated a medicinal chemistry 

campaign to optimize the ROSI scaffold with the goal of eliminating its 

PPARγ activity while preserving its inhibitory effect on ACSL4. The TZD 

ring, particularly its acidic character, is essential for PPARγ activity (233), so 

our initial approach focused on replacing it on ROSI scaffold or its phenyl 

analogue (8) (Table 3). Simply removing it led to a complete loss of activity 

(9, IC50 > 50 µM). However, N-methylation of the TZD, which removes its 

acidic properties, retained activity (10, IC50 = 4.5 µM). This suggested that it 

was possible to eliminate PPARγ activity while preserving ACSL4 inhibition. 

Next, we considered opening the TZD ring with ester analogues. 

Interestingly, the ethylene ester analogue preserved activity (11, IC50 = 8.5 

µM), and the linker showed an optimal size, as both smaller (12, IC50 = 24 

µM) and larger (13, IC50 > 50 µM) linkers resulted in decreased activity. 

Rigidifying compound 11 by forming a methylacrylate derivative resulted in 

activity (14, IC50 = 1.5 µM) comparable to the parent compound ROSI. 
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Finally, replacing the amine in the linker connecting the two phenyl groups 

by an amide further improved the activity (15, IC50 = 0.38 µM). Remarkably, 

compound 15 showed no activity against PPARγ or ACSL3 at the tested 

concentrations. The binding of 15 to ACSL4 was further confirmed by nDSF 

(ΔTm = 5.3 °C) and by MST (KD = 0.72 µM) and, similarly to ROSI and 

SERTA, was dependent on the presence of ATP. This is consistent with the 

requirement of ATP for FA binding in ttLC-FACS, suggesting that these 

inhibitors may engage the enzyme in an analogous manner. 
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Table 3. Modulations around ROSI scaffold. IC50, KD and ΔTm  values (± SD) 
represent the mean of three independent experiments. 
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To investigate the binding site of 15, photoaffinity labeling (PAL) 

experiments were conducted using a derivative bearing a para-substituted 

trifluoromethyl diazirine moiety on the benzamide. Following trypsin 

digestion and LC-MS/MS analysis, Ala329 was found to be the modified 

residue. This residue aligns with Leu236 in ttLC-FACS, positioned at the 

distal end of the FA tunnel. Based on these results, we initiated in sillico 

studies using a refined AlphaFold 2 model. Blind docking of compound 15 

revealed the best pose within the orthosteric FA binding site. Furthermore, 

molecular dynamics (MD) simulations performed to refine ACSL4-15 

complex model highlighted an interaction by sustained hydrogen bonds 

between the amide of 15 and Gln302 side chain (Figure 33). Additional 

interactions include hydrophobic contacts within the lipophilic tunnel, 

notably involving residue Leu325. 

 

Figure 33. Putative binding mode of compound 15 on ACSL4. ASCL4-compound 
15 complex after docking and an additional 100 ns MD simulation.  
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To assess the importance of these residues in compound 15 binding, different 

ACSL4 mutants, including Gln302Ala, Gln302Met and Leu325Phe were 

generated and evaluated. While the Gln302Ala and Gln302Met mutations 

disrupt the ability to form hydrogen bonds with the amide group of compound 

15, the Leu325Phe mutation introduces steric hindrance within the FA tunnel, 

impairing ligand accommodation. All these mutants exhibited a significant 

reduction in both inhibitory activity and binding affinity of 15. Together, 

these data strongly support the binding of 15 into the FA pocket. 

Finally, the antiferroptotic activity of compound 15 was assessed across 

various cell lines, including LHUMES. It effectively prevented lipid 

peroxidation (Figure 34A) and the associated cell death (Figure 34B) 

triggered by co-treatment with arachidonate and iron, in a manner comparable 

to ACSL4 knockdown. ACSL4 engagement by compound 15 in cells was 

monitored by cellular thermal shift assay (CETSA). CETSA is based on the 

same principle as conventional TSA, but ligand-induced stabilization is 

assessed at the target level in more complex environments, such as intact cells 

(283). This is possible because, in these settings, proteins generally unfold 

and precipitate sufficiently independently of one another. Thus, after treating 

cells with the drug, followed by heating, lysis, and removal of aggregates, 

western blot analysis allows for the determination of remaining soluble or 

folded protein.  

Treatment of LUHMES cells with 15 significantly stabilized ACSL4, 

demonstrating that the compound reaches its target in a cellular context and 

supporting the enzyme's role in its antiferroptotic activity (Figure 34C). 
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Overall, compound 15 (LIBX-A401) is a promising tool for studying the role 

of ACSL4 in various pathological settings.  

 

Figure 34. Compound 15 prevents ferroptosis in LHUMES cells by targeting 
ACSL4. (A) Percentage of lipid peroxidation in LUHMES cells transfected with 
ACSL4 siRNA or pretreated with 2.5 µM of 15 for 4 h, followed by treatment with 
AA+Fe for 24 h. Lipid peroxidation was assessed by flow cytometry using the C11 
BODIPY 581/591 probe. The fluorescence signal at 530 nm (oxidized C11 
BODIPY) is shown as a histogram. Data represent mean ± SEM (n = 4). (B) Cell 
viability of LUHMES cells assessed by flow cytometry using LIVE/DEAD™ Violet 
stain. Cells were transfected with ACSL4 siRNA or pretreated with 2.5 µM of 15 for 
4 h, followed by treatment with AA+Fe for 48 h. Data represent mean and SEM (n 
= 3). (C) Representative western blots showing thermal stability of ACSL4 in 
LUHMES cell line in the presence of DMSO or compound 15 at 10 µM. ACSL4 was 
quantified by immunoblotting. Statistical analyses were performed using two-way 
ANOVA followed by Tukey’s multiple comparisons test. **** p < 0.001. 

Optimization of the inhibitor series has continued beyond the initial 

publication. One limitation of LIBX-A401 is its methylacrylate moiety, a 

Michael acceptor that can potentially form covalent bonds with nucleophiles 
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(284,285). Although the reversibility of ACSL4 inhibition was confirmed via 

a jump-dilution assay and minimal reactivity was observed in the presence of 

nucleophiles such as GSH, potential reactivity in more complex biological 

systems cannot be excluded.  

Therefore, the subsequent focus in optimizing the series was directed toward 

modifying this methylacrylate group.  Replacing the central phenyl group by 

a naphtyl (16), which retains scaffold rigidity while eliminating the Michael 

acceptor character, resulted in activity comparable to LIBX-A401 (Figure 

35). However, the ester moiety in compound 16 remains problematic, as it 

may be susceptible to hydrolysis by circulating esterases in vivo. This concern 

is particularly relevant given that the corresponding acid analogue (17) 

completely loses activity. Considerable efforts were devoted to modulating 

this ester, culminating in the development of a methyl-oxadiazole derivative 

(18) with potent ACSL4 activity (IC50 = 0.10 µM). 
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Figure 35. Modifying the methylacrylate group of LIBX-A401. The figure depicts 
three LIBX-A401 analogues and presents their inhibitory activity against ACSL4. 
IC50 are the results of three replicates.  

Similar to the conazole analogues, optimization of the ROSI series also tends 

to favor lipophilic and planar scaffolds, as reflected by the increasing LogP 

and decreasing Fsp3 when progressing from ROSI, to LIBX-A401, and 

ultimately compound 18 (Table 4). To address these physicochemical 

limitations, ongoing lead optimization is pursuing a scaffold-hopping 

strategy, focusing on modifications to the central core of 18, such as 

heterocycle replacement or ring opening. 

  



 

147 

 

Table 4. Relationship between potency, lipophily and planarity for ROSI 
derivatives. Physicochemical properties are predicted using SwissADME.ch. LogP 
value is the average of five predictive models. IC50 represent the mean of three 
independent experiments. MW, molecular weight; Fsp3, fraction of sp3 cabons. 

 IC50

 

(µM) MW (g/mol) LogP Fsp3 

ROSI 1.1 357.4 2.3 0.28 

(15) LIBX-
A401 

0.38 339.4 3.2 0.20 

18 0.10 387.4 4.0 0.17 

 

 I personally contributed to this work by synthesizing a few ROSI derivatives, 

including compound 13, and by evaluating the binding interactions of LIBX-

A401 with both wild-type ACSL4 and the mutants using MST and nDSF. 
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2. Fragment-based drug discovery  

 

The successful use of the AI-based structural model of ACSL4 with the ROSI 

series motivated us to pursue the development of inhibitors through a 

fragment-based drug discovery (FBDD) strategy. Indeed, this approach, 

which aims to identify low-affinity chemical starting points, is greatly 

facilitated by structural information that enables the rational evolution of 

fragments into lead compounds (286).  

The results presented here provide an overview of the FBDD approach 

applied to ACSL4, as reported in the Journal of Medicinal Chemistry (287). 

 

We began our FBDD program by screening a library of 640 fragments 

(Maybridge library, Fischer Scientific), which were visually pre-selected to 

maximize chemical diversity, using the screening cascade we had previously 

established (250). Following the initial DSF screening in the presence of 

ATP, fragments that stabilized ACSL4 by more than 1 °C at 2 mM, or by 

more than 0.5 °C at 0.5 mM for the less soluble compounds, were selected. 
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Among these, 31 fragments showed at least 50% inhibition of ACSL4 activity 

at 500 µM. Figure 36A presents four of the most appealing fragments, all 

exhibiting ligand efficiency (LE) greater than 0.3. Ligand efficiency (LE) is 

a parameter frequently monitored during fragment-to-lead optimization 

(288). It represents the binding energy of a compound normalized by its 

number of heavy atoms (non-hydrogen atoms). In practice, binding energies 

can be approximated using IC50 values obtained in a given assay system. 

During optimization, maintaining or improving LE as the fragment is grown 

ensures that improvements in potency are not offset by a disproportionate 

increase in molecular weight. Benzofuran 19 was prioritized for optimization 

due to its potency (IC50 = 33 µM), multiple potential sites for derivatization, 

and synthetic accessibility (Figure 36B). 
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Figure 36. Identification of benzofuran (19) as a promising starting fragment. (A) 
Representative fragment hits selected from the primary screening cascade. (B) Initial 
structural modifications explored around compound 19. 

Figure 37 illustrates the key intermediates involved in the optimization of 

fragment 19. SAR exploration began with modifications at the C-3 position 

of the benzofuran ring.  An amino group was initially introduced due to the 

tractable synthesis and the potential for further functionalization. While this 

modification was tolerated, it did not enhance the activity of the parent 

compound 19. However, acetylation of the amine led to a six-fold 

improvement in potency (23: IC50 = 5.6 µM). 

The ketone moiety present on the fragment was found to be essential for 

ACSL4 inhibition. Its reduction to either a secondary alcohol or a methylene 
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group led to a complete loss of activity. Likewise, the phenyl ring of the 

acetophenone was critical to activity.  

Further SAR exploration focused on substituting the benzofuran core. 

Substitution at C-5 with a methyl group (24: IC50 = 0.33 µM) significantly 

enhanced ACSL4 inhibition. Notably, the incorporation of a methylacrylate 

moiety, as seen in LIBX-A401, resulted in a marked improvement in activity 

(25: IC50 of 0.049 µM). Elongation of the methyl ester did not have a positive 

impact on the inhibitory activity, while replacing the ester by a carboxylic 

acid led to a total loss of potency. Thus, compound 25 was selected for further 

characterization.  

 

Figure 37. Fragment evolution toward compound 25. 

Initial selectivity profiling revealed that 25 does not inhibit ACSL3. 

Furthermore, the binding of 25 to ACSL4 was validated by nDSF (ΔTm = 6.6 

°C) and by MST (KD = 0.29 µM). As with previous inhibitors, binding was 

ATP-dependent, suggesting a similar binding mode to LIBX-A401. Based on 

this hypothesis, in silico docking within the FA pocket of the refined ACSL4 

model we previously reported (33), followed by molecular dynamics 

simulations, revealed that compound 25 primarily engages in hydrophobic 

interactions. As observed for LIBX-A401, Leu325 was among the key 
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interacting residues, whereas Gln302 was not involved. Consistently, 

evaluation of 25 against the Gln302Met mutant did not alter potency, while 

its activity was reduced by tenfold against Leu325Phe mutant. Collectively, 

these findings support the hypothesis that compound 25 binds within the FA 

pocket of ACSL4. 

Finally, compound 25 was evaluated for its antiferroptotic activity across two 

different cell models. In MDA-MB231 cancer cells, 25 dose-dependently 

prevented cell death (EC50 = 172 nM) (Figure 38A), with ACSL4 

engagement confirmed through cellular thermal shift assay (Figure 38B). 

Furthermore, in LHUMES cells, compound 25 reduced lipid peroxidation 

(Figure 38C) and preserved cell viability under ferroptotic conditions 

(Figure 38D), similarly to ACSL4 knockdown. 
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Figure 38. Compound 25 prevents ferroptosis by targeting ACSL4 in different 
cellular models. (A) Cell viability of MDA-MB-231 cells assessed by MTS assay. 
Cells were pretreated with increasing concentrations of  compound 25 for 18 h, 
followed by treatment with 800 nM RSL3 for 24 h. Data represent mean and SEM 
(n = 3). (B) Representative western blots showing thermal stability of ACSL4 in 
MDA-MB-231 cell line in the presence of DMSO or compound 25 at 10 µM. ACSL4 
was quantified by immunoblotting. (C) Percentage of lipid peroxidation in 
LUHMES cells transfected with ACSL4 siRNA or pretreated with 2.5 µM of 25 for 
4 h, followed by treatment with AA+Fe for 24 h. Lipid peroxidation was assessed 
by flow cytometry using the C11 BODIPY 581/591 probe. The fluorescence signal 
at 530 nm (oxidized C11 BODIPY) is shown as a histogram. Data represent mean ± 
SEM (n = 4). (D) Cell viability of LUHMES cells assessed by flow cytometry using 
LIVE/DEAD™ Violet stain. Cells were transfected with ACSL4 siRNA or 
pretreated with 2.5 µM of 25 for 4 h, followed by treatment with AA+Fe for 48 h. 
Data represent mean and SEM (n = 3). Statistical analyses were performed using 
two-way ANOVA followed by Tukey’s multiple comparisons test. **** p < 0.001. 

Compound 25 (LIBX-A403) is the most potent ACSL4 inhibitor reported to 

date, exhibiting nanomolar activity. Its development constitutes a strong 

foundation for further lead optimization.  

Nonetheless, the physicochemical profile of LIBX-A403 remains 

suboptimal. With a logP above 3 and a high molecular planarity (Fsp3 = 0.1), 

the compound exhibits poor solubility. Current efforts therefore focus on 

optimizing solubility by modifying the scaffold to introduce polar groups that 

lower the logP, and to reduce the planarity by increasing the content of sp3 

carbons (Figure 39). 
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Figure 39. Enhancing solubility of the LIBX-A403 scaffold. The figure shows three 
LIBX-A403 analogues and presents their activity on ACSL4 as well as key 
physicochemical properties predicted using SwissADME.ch. IC50 are the results of 
three replicates. 

Introducing nitrogens, either at the 7-position on the benzofuran ring (26), or 

at the meta position of the phenyl (27) reduced logP by 0.5 and 0.8 

respectively. However, these modest modifications resulted in a substantial 

loss of ACSL4 inhibitory activity, with compound 27 exhibiting an IC50 over 

90-fold higher, and compound 26 showing only 3% inhibition at 10 µM. 
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Interestingly, opening the benzofuran ring (28) to increase Fsp3 preserved 

ACSL4 inhibitory activity (IC50 = 0.98 µM), although with a 20-fold 

reduction in potency. Therefore, while the inhibitory activity of benzofuran 

analogues appears intrinsically linked to the lipophilicity and planarity of 

their scaffold, there may be room to optimize these parameters without 

substantially affecting potency. 

My contribution to this work involved participating in the initial fragment 

screening and performing biophysical characterizations of LIBX-A403 and 

compound 24 binding to ACSL4. 

 

3. FA-dependent inhibition 

 

In recent years, significant progress has been made in the development of 

ACSL4 inhibitors, with compounds exhibiting up to a twenty-fold increase in 

potency and enhanced selectivity compared to reference inhibitors. However, 

we made a disappointing, yet intriguing discovery when assessing ACSL4 

inhibition against its preferential substrate arachidonate. We found that the 

developed molecules were significantly less active in the presence of 

arachidonate (20:4ω-6) compared to palmitate (16:0), which had been the 

substrate used in the activity assays up to that point. To further investigate 

this phenomenon, we evaluated several ACSL4 inhibitors, both in-house 

compounds such as LIBX-A403 and compound 18, and those from the 

literature, against a panel of structurally diverse FAs (Table 5). Initially, we 
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observed that several recently reported inhibitors, such as PRGL493 or 

silibiline, were completely inactive in our experimental setup, regardless of 

the FA used. In addition, for all the compounds that did show inhibition, we 

noted a clear FA-dependent pattern in their activity. ACSL4 inhibition was 

strongest for SFAs and MUFAs and progressively declined with increasing 

unsaturation (up to four double bonds) reaching its lowest level with HUFAs, 

including arachidonate (20:4ω-6), eicosapentaenoate (20:5ω-3) and adrenate 

(22:4ω-6).  

Surprisingly, AS-252424, previously reported to inhibit ACSL4 in the 

presence of arachidonate (93), was completely inactive with this FA in our 

assay.  

Although significantly less potent, LIBX-A403 and compound 18 were 

among the most effective ACSL4 inhibitors in the presence of PUFAs, 

suggesting that improved inhibition with palmitate (16:0) may correlate with 

enhanced activity in the presence of PUFAs as well. 
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Table 5. FA dependency of ACSL4 inhibitors. Evaluation of several reported and 
in-house ACSL4 inhibitors (10 µM) against nine structurally distinct FAs: palmitate 
(16:0), stearate (18:0), oleate (18:1ω-9), linoleate (18:2ω-6), eicosenoate (20:1ω-9), 
arachidonate (20:4ω-6), eicosapentaenoate (20:5ω-3), docosenoate (22:1ω-9), and 
adrenate (22:4ω-6). Results are presented as mean % inhibition relative to control. 
Each value represents the average of two independent experiments performed 
duplicates. 

 

 

This trend, where inhibition diminishes as the FA more closely resembles the 

preferred substrate, suggests a competitive relationship between the inhibitor 

and the FA for binding to ACSL4. Such a competitive mechanism would be 

consistent with the proposed binding site of LIBX-A401 and LIBX-A403 

within the FA pocket, as well as with the ATP-dependency observed for the 

binding of most of these inhibitors. However, the detailed mechanism of 

ACSL4 inhibition remains uncharacterized for any of these compounds. The 

Triacsin C analogue Triacsin A was reported to act as a competitive inhibitor 

with respect to oleate in Pseudomonas aeruginosa ACSL (235). In contrast, 
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the TZD analogue troglitazone (TRO) was unexpectedly reported as a mixed 

inhibitor toward palmitate (49). We re-evaluated the inhibition mechanism of 

TRO and confirmed the mixed inhibition pattern for palmitate (16:0) in our 

experimental setup. This suggests that the inhibitor binds ACSL4 whether 

palmitate (16:0) is present or not, which may point to distinct binding sites 

between the two ligands. Nevertheless, mixed inhibition does not preclude 

the possibility of inhibitor binding within the enzyme’s active site (289). It 

was even recently proposed that mixed inhibitors exclusively bind to active 

sites (290). As conclusions could not be drawn from kinetic studies alone, we 

turned to biophysical methods for further insight.  

We initiated the development of a saturation transfer difference nuclear 

magnetic resonance (STD NMR) assay to perform competition between FAs 

and inhibitors. In this technique, a selective saturation pulse is applied to the 

target protein, and saturation is transferred to nearby ligands, resulting in a 

reduction of their proton NMR signals (291). Compounds showing proton 

signal attenuation under these conditions are identified as binders. As results 

are presented as the absolute difference between spectra acquired with and 

without protein saturation, stronger STD signals for a given ligand-protein 

complex indicate more substantial interactions with the protein. 

We observed that in the presence of arachidonate (20:4ω-6), aromatic STD 

signals of ROSI were significantly reduced by roughly 62%, whereas 

palmitate (16:0) caused only a 17% reduction (Figure 40).  
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Figure 40. STD NMR competition assay between ROSI and FAs. The figure depicts 
1H STD spectra of ROSI (50 µM) in the aromatic region (6–8 ppm) in the presence 
of ACSL4 (1 µM): (A) alone, (B) with palmitate (150 µM), and (C) with 
arachidonate (150 µM). Spectra are the results of a single experiment each time. 

It demonstrates that arachidonate (20:4ω-6), but not palmitate (16:0), 

efficiently displaces ROSI from ACSL4. This may explain why ROSI inhibits 

ACSL4 in the presence of palmitate but not in the presence of arachidonate. 

However, even a three-fold excess of arachidonate relative to ROSI was 

insufficient to fully displace the inhibitor, with approximately 40% of the 
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signal remaining. This residual binding suggests incomplete competition, 

potentially indicating the presence of additional, non-selective binding sites 

that are not displaced by arachidonate. Thus, although the method supports 

the hypothesis of a competitive relationship between ACSL4-specific FAs 

and the inhibitors, uncertainty remains.  

Ultimately, this investigation into a potential competitive mode of inhibition 

raised more questions than it answered, highlighting discrepancies between 

the different techniques used (Figure 41). 

 

Figure 41. Hypotheses arising from observations that inhibitor activity is FA-
dependent. 
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While biophysical methods suggest that FAs and inhibitors share a common 

binding site, kinetic studies indicating a mixed mode of inhibition with 

respect to FAs do not support this conclusion. Further highlighting the 

limitations of activity-based assays, some compounds previously described 

as inhibitors in the literature (93,239) showed no detectable inhibitory effect 

in our system. Moreover, there is a notable disconnect between the overall 

modest differences in FA preference observed in specificity studies 

(29,34,39,46), and the drastic loss of inhibitor activity in the presence of 

certain PUFAs we observe. Taken together, these findings suggest that 

ACSL4 activity measurements may not reliably reflect the enzyme’s true 

kinetic behavior, and that alternative methods could be better suited for 

determining its FA preference. In addition, given that the potency of 

inhibitors appears intrinsically linked to ACSL4 substrate specificity, a 

deeper understanding of the molecular mechanisms underlying its FA 

preference could greatly facilitate lead optimization. To gain insight into 

these mechanisms, we conducted substrate specificity studies. 

 

4. Supplemental methods 

 

4.1. STD NMR 

All NMR experiments were conducted on a Bruker Ascend Avance III 600 

MHz spectrometer equipped with a broadband cryoprobe (Bruker). 
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Recombinant hACSL4 was expressed and purified from E. coli as previously 

described (250). The purified protein was buffer-exchanged into phosphate-

buffered saline (PBS, ThermoFisher, Germany) and diluted to a final 

concentration of 1 µM in PBS supplemented with 5% DMSO-d6, 1 mM 

MgCl2, 400 µM ATP, and 50 µM ROSI, either in the presence or absence of 

150 µM of the FA. Initial 1H NMR spectra were recorded at 298 K using 8 

scans, a spectral width of 7239 Hz, 15.2 K data points, and a relaxation delay 

of 3.5 s to accurately determine the position of the water resonance. 1D STD 

NMR spectra were acquired using the stddiffesgp.3 pulse program, which 

includes a spoil sequence, water suppression via excitation sculpting, a T2 

filter and a spin-lock (D29 = 5 ms) to minimize protein background signals. 

STD spectra were acquired at 298 K with 4096 scans, a spectral width of 

7239 Hz, 15.2 K data points, a saturation time of 3 s, and a relaxation delay 

of 3.5 s. On-resonance and off-resonance saturation frequencies were set to 

0 ppm and -40 ppm, respectively. The total acquisition time per experiment 

was approximately 12 hours. All spectra were processed using TopSpin® 

4.0.9. Phase correction and baseline adjustment were applied. The aromatic 

region of ROSI in the STD difference spectra (6–8 ppm) was integrated, and 

values were normalized to the corresponding off-resonance spectrum for 

comparative analysis. 

  



 

163 

 

 

 

 RESULTS-CHAPTER III 



 

164 

 

  



 

165 

 

Chapter II described the drug design strategies that led to the development of 

improved ACSL4 inhibitors, achieving nanomolar-range IC50 values and 

enhanced selectivity profiles. However, these potent inhibitions appear to 

correlate with the enzyme’s substrate specificity, resulting in drastically 

reduced potencies in the presence of arachidonate, the physiologically 

relevant FA. Given its implication for the inhibitors significance, we 

undertook an in-depth exploration of ACSL4 FA specificity, anticipating that 

a clearer understanding would provide a rational basis for further chemical 

optimization. Chapter III presents the results of this investigation into ACSL4 

substrate specificity, evaluating the enzyme’s activity and affinity for various 

FAs using the previously developed biochemical and biophysical assays, 

along with a novel LC-MS-based competition assay. This in-depth study 

ultimately challenges the conventional approaches previously used. It 

proposes alternative methodologies and emphasizes the importance of 

considering the acyl-CoA products when determining ACSL4 specific 

substrates. 
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Characterization of acyl-CoA synthetase long-chain 

family member 4 (ACSL4) fatty acid preference 

reveals product-governed substrate specificity 

 

Romain Marteau, Alexandre Gobert, Noah Cossou, Darius Mazhari, Martin 

Roumain, Jamal El Bakali, Raphaël Frédérick, Séverine Ravez 

The results discussed in this chapter are set to be submitted to the Journal of 

Lipid Research. 

 

1. Abstract 

 

ACSL4 is one of five isoforms that activate long-chain fatty acids (FAs) by 

catalyzing their conversion into acyl-CoA thioesters, enabling their 

participation in diverse metabolic pathways. ACSL4 is widely recognized for 

its preference for polyunsaturated fatty acids (PUFAs), especially 

arachidonate (20:4ω-6), linking it to eicosanoid synthesis, ferroptosis, and 

associated pathophysiological processes. However, the molecular 

mechanisms underlying this preference remain poorly understood. Moreover, 

biochemical characterizations of FA specificity are insufficient to explain 

ACSL4’s marked selectivity for PUFAs observed in biological systems. In 

this study, we employed complementary approaches to thoroughly investigate 
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ACSL4 FA specificity. Conventional biochemical assays measuring 

enzymatic activity with individual FAs revealed minimal differences among 

substrates. In contrast, binding affinity assessments clearly differentiated FAs 

based on their chain length and degree of unsaturation. To further elucidate 

ACSL4 substrate preference, we developed an LC-MS competition assay to 

monitor specific FA consumption when the enzyme is exposed to mixtures of 

FAs. This approach enabled the establishment of a FA preference ranking that 

more accurately captures the diversity of the biological context. The 

competition experiments revealed that the preferential formation of PUFA-

derived products strongly inhibits the conversion of lower-priority FAs. 

Further investigation revealed a significant correlation between product 

inhibition and the established FA preference ranking. Collectively, these 

findings uncovered a product-inhibition mechanism that regulates ACSL4 

substrate specificity, offering new insights into how the enzyme plays its 

specialized role. By highlighting the importance of the product in determining 

which FA ACSL4 converts, this work also provides a foundation for future 

investigations into the substrate specificities of other ACSL isoforms. 
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2. Introduction 

 

Polyunsaturated fatty acids (PUFAs) are essential lipid components that 

contribute to the structural integrity and functionality of cell membranes (12). 

Their preferential incorporation at the sn-2 position of phospholipids (PLs) 

by lysophospholipid acyltransferases provides enhanced structural plasticity 

compared to other FAs (10). In addition to their structural role, certain PUFAs 

also act as precursors for lipid mediators. Arachidonate, for instance, is 

released from membranes by phospholipase A2 and serves as substrate for 

the synthesis of eicosanoids, a diverse class of signaling molecules involved 

in inflammation, brain function, platelet aggregation and various other 

processes (27).  

At the crossroads of FA metabolism, long-chain acyl-Coenzyme A 

synthetases (ACSLs) play a crucial role by catalyzing the formation of a 

thioester bond between a FA and Coenzyme A (CoA), producing acyl-CoAs. 

Key insights into their catalytic mechanism have primarily come from the 

crystallographic structure of Thermus thermophilus long chain fatty acyl-

CoA synthetase (ttLC-FACS), the only ACSL family member with a resolved 

three-dimensional structure (37). The latter supports an ordered Bi Uni Uni 

Bi ping-pong catalytic mechanism, in which ATP binding induces a 

conformational shift that allows FA entry into the active site. The reaction 

proceeds through the formation of an acyl-AMP intermediate, which then 

reacts with CoA to generate fatty acyl-CoA (Figure 42). 
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Figure 42. Catalytic Mechanism of ACSLs. The reaction proceeds through two 
sequential steps: (I) ATP binds first, followed by the FA, forming an acyl-AMP 
intermediate and releasing PPi. (II) CoA then replaces AMP, resulting in the 
formation of acyl-CoA and AMP. 

The formation of acyl-CoAs by ACSLs facilitates diverse metabolic 

processes, including PL synthesis, β-oxidation, and protein acylation, while 

also modulating the availability of free PUFAs for eicosanoid biosynthesis 

(30). In mammals, the ACSL family consists of five isoforms (ACSL1, 3, 4, 

5, and 6), which, despite substantial sequence divergence, share highly 

conserved functional domains (39). Each isoform displays distinct patterns of 

tissue distribution, subcellular localization, and FA preferences (29,42–45). 

While ACSLs exhibit a broad FA utilization, it has been proposed that 

individual isoforms channels specific FA toward distinct metabolic pathways 

(30). Understanding these substrate preferences is critical to elucidate how 

the different ACSLs contribute to lipid metabolism.  

To investigate their specific contribution to FA partitioning, numerous 

biochemical studies have analyzed the activities of recombinant ACSLs in 

response to various FA substrates (39,46). However, efforts to characterize 

FA preferences of ACSLs have met significant challenges. Biochemical 
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evaluations often reveal overlapping substrate utilization across isoforms, 

making it difficult to delineate clear metabolic roles. Moreover, notable 

discrepancies have been reported across studies as well as between different 

constructs examined within the same study (34,46). Despite these 

inconsistencies, several reports emphasize ACSL4's marked preference for 

20-carbon PUFAs, such as arachidonate (20:4ω-6) and eicosapentaenoate 

(20:5ω-3) (29,58), supporting its key role in regulating eicosanoid 

biosynthesis (98,99,115). ACSL4 also activates a diverse array of saturated, 

monounsaturated, and other polyunsaturated FAs ranging from 14 to 22 

carbons, albeit generally with lower efficiency (29,39,46).  

More recently, ACSL4 has attracted considerable attention due to its role in 

ferroptosis, a form of iron-dependent regulated cell death (RCD) 

characterized by excessive lipid peroxidation within membrane PLs. By 

selectively activating arachidonate and other PUFAs containing bis-allylic 

positions, ACSL4 promotes the formation of oxidizable phospholipids, which 

serve as essential substrates for lipid peroxidation and drive ferroptosis. This 

RCD is implicated in various pathologies, including cancer, ischemic organ 

injury and neurodegenerative diseases (101,124). Given the importance of 

ACSL4 in shaping the phospholipidome and its direct link to ferroptosis, 

further investigation is needed to understand how its substrate specificity 

influences cell fate decisions. 

To gain deeper insights into ACSL4's marked preference for arachidonate, we 

explored several complementary approaches. Here, we present an in-depth 
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study comparing ACSL4’s activity and affinity toward eight structurally 

diverse FAs. Using a novel LC-MS-based competition assay, we evaluated 

ACSL4-mediated utilization of FA within mixtures, providing a model that 

better reflects the complexity of the cellular environment. Surprisingly, 

arachidonoyl-CoA (AA-CoA) product potently inhibited the conversion of 

lower-priority substrates, revealing a previously unrecognized mechanism of 

product-governed substrate specificity. These findings offer fresh insights 

into how ACSL4 prioritizes PUFAs and may inform future studies on lipid 

metabolism and ferroptosis regulation.  

 

3. Materials and methods 

 

3.1. Reagents 

Palmitate, eicosadienoate, γ-linolenate and arachidonoyl-CoA lithium salt 

were purchased from Merck (Belgium or France). α-linolenate was purchased 

from Selleckchem (Germany), Mead acid from Cayman (USA), Elaidate 

from Fischer Scientific (Belgium), Adrenate from Cambridge Bioscience 

(UK), and arachidonate and AMP from Doug Discovery (UK). Palmitoyl-

CoA lithium salt was purchased from Santa Cruz Biotechnology and ApCpp 

was purchased from Jenna Bioscience. 
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3.2. ACSL4 expression and purification 

Recombinant N-terminally His-tagged ACSL4_v1 protein expression and 

purification were carried out following previously described protocols (250). 

Briefly, E. coli BL21 (DE3) transformants were cultured in LB medium 

containing kanamycin and chloramphenicol. Protein expression was induced 

with 1 mM IPTG at 20 °C for 18 h. Cells were harvested by centrifugation, 

lysed in an ice-cooled buffer containing 20 mM Tris pH 7.5, 1% triton X-100, 

0.1% sodium cholate, and clarified by centrifugation. His-tagged ACSL4 

proteins were purified using Ni-NTA affinity chromatography, with elution 

performed in a buffer containing 50 mM Tris pH 8.5, 10 mM MgCl2, 300 mM 

NaCl, 10% glycerol, 500 mM imidazole. Purified proteins were dialyzed 

overnight at 4 °C against stock buffer (50 mM Tris pH 7, 10 mM MgCl2, 300 

mM NaCl, 20% Glycerol, 1 mM DTT) for final preparation. 

3.3. Spectrophotometric ACSL4 activity assay 

ACSL4 Activity Assay. ACSL4 activity was assessed using a previously 

described procedure (250) with the EnzChek® Pyrophosphate Assay Kit 

(Thermo Scientific) on a Varioskan Flash spectrophotometer. Enzyme 

activity was monitored in a reaction buffer containing 50 mM Tris (pH 7.5), 

200 mM NaCl, 1 mM MgCl2, 200 µM MESG, 50 µM ATP, 100 µM CoA, 1 

mM DTT, 10% DMSO, 0.06% Triton-X 100, 1 U/mL PNP, 0.03 U/mL 

pyrophosphatase, and 50 nM purified ACSL4. Reactions were initiated by the 

addition of a FA solution, to a final concentration of 100 µM (final 

concentration: 0.06% triton, 1% EtOH). A control experiment was performed 
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in which a solution (0.06% triton, 1% EtOH) was added instead of a FA 

solution. The plate was mixed manually, and the absorption change was 

recorded every 30 s for 30 min at 360 nm. Reaction rates were determined 

from the linear phase, typically using 10 data points between 2 and 10 minutes 

of the reaction. The slope of the control experiment was subtracted from each 

measured slope to obtain corrected values, which were then expressed as a 

percentage of the enzyme's activity relative to the uninhibited control. 

The first step of ACSL4 activity was measured under the same conditions, 

except that CoA was excluded, and ACSL4 and pyrophosphatase 

concentrations were adjusted to 4 µM and 0.075 U/mL, respectively. 

Michaelis−Menten Kinetics. Steady-state kinetic parameters for FAs were 

determined at saturating concentrations of the other two substrates (100 µM) 

using the standard assay conditions described above. Initial velocities (v0) 

were measured as a function of substrate concentration to generate a 

saturation curve, which was then fitted to the Michaelis-Menten equation 

using nonlinear regression analysis. 

3.4. Nano differential scanning fluorimetry (nDSF) 

NanoDSF measurements were performed as described (33), with a 

Prometheus NT.48 fluorimeter (Nanotemper Technologies, GmbH, Munich, 

Germany) using Prometheus standard capillaries. ACSL4 was diluted at 8 µM 

in assay buffer (PBS: 8 mM Na2HPO4, 2 mM KH2PO4, 150 mM NaCl, 3 mM 

KCl, 10 mM MgCl2, 5% Glycerol, 0.05% Tween, 5% DMSO) supplemented 
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with 1 mM ATP or non-hydrolyzable α,β-methyleneadenosine-5'-

triphosphate (ApCpp) if indicated. The FAs were diluted at 100 µM in the 

same assay buffer. The solutions were mixed (1:1) and transferred to 

capillaries. Thermal protein stability was assessed by monitoring the 

fluorescence derivative signal (330 nm) over a temperature range of 25 to 80 

°C (at a rate of 7 °C/min) with the excitation power set to 100%. 

3.5. Microscale thermophoresis (MST) assay 

MST measurements were performed as previously described (33) using a 

NanoTemper Monolith NT.115 instrument with a red filter. ACSL4 (500 nM) 

was labeled with 25 nM RED-tris-NTA 2nd generation dye (NanoTemper 

Technologies). Ligand serial dilutions were prepared in assay buffer (PBS: 8 

mM Na2HPO4, 2 mM KH2PO4, 150 mM NaCl, 3 mM KCl, 10 mM MgCl2, 

5% Glycerol, 0.05% Tween, 5% DMSO) supplemented with 1 mM ATP or 

ApCpp if indicated. Labeled ACSL4 (10 µL) was mixed with 10 µL of each 

ligand dilution, and samples were loaded into standard capillaries. 

Measurements were conducted at 23 °C with 100% LED power and 60% 

MST power, using laser on/off times of 20 s and 5 s, respectively. Data were 

extracted from the 5th run at 9-10 s MST on-time. 

3.6. LC-MS measurement of ACSL4 FA consumption 

Single time-point analysis. Specific FA consumption by ACSL4 was 

evaluated in various FA mixtures, each containing 25 µM of individual FAs, 

across a range of ATP concentrations (0 to 250 µM). The reaction was 
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initiated by adding the ATP solution to a buffer containing the FA mixture, 

with final concentrations of 50 mM Tris (pH 7.5), 200 mM NaCl, 1 mM 

MgCl2, 250 µM CoA, 1 mM DTT, 10% DMSO, 0.06% Triton-X 100, and 

100 nM purified ACSL4. The reaction was incubated for 90 minutes at 30°C 

and terminated by adding an equal volume (1:1) of acetonitrile spiked with 

100 µM eicosadienoate (20:2ω-6) as an internal standard. Following 

centrifugation at 20,000 × g for 20 minutes, the supernatants were analyzed 

by LC-MS to quantify the remaining FAs. Analysis was conducted using an 

Agilent 1100 series LC-MS single quadrupole (InfinityLab) equipped with 

electrospray ionization in negative mode. Briefly, 40 µl of sample was 

injected into Ascentis Express C18 column (100 × 4.6 mm; 2.7 µm, Sigma). 

The LC flow was maintained at 0.5 ml/min and elution was conducted in 

isocratic mode using mobile phase consisting of 90% acetonitrile, 10% water 

and 1 mM ammonium acetate. FAs (M-H)⁻ were extracted, and their levels 

normalized to the 0 µM ATP condition.  

Kinetic analysis. Kinetic measurements were performed at 50 µM ATP over 

1, 2, 5, and 10 minutes under the same conditions, except with 50 µM of 

individual fatty acids and 25 nM purified ACSL4. 

3.7. Statistical analysis 

All experiments were conducted for a minimum of three times unless 

mentioned otherwise. Data are presented as mean ± SD. Unpaired t-tests are 

used as indicated in the legend to calculate p-values. Statistical significance 

was determined with a p-value under 0.05. Graphs and statistical analyses 
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were performed using GraphPad Prism software version 10.0. nDSF and MST 

data were analyzed using PR.ThermControl software (Nanotemper 

Technologies, GmbH, Munich, Germany) and MO.Affinity Analysis v2.3 

software (Nanotemper Technologies, GmbH, Munich, Germany), 

respectively. 

 

4. Results 

 

4.1. Biochemical analysis of ACSL4 substrate preference reveals 

limited differentiation among FAs 

Yamamoto and colleagues identified the different ACSL isoforms present in 

mammals and initially characterized their FAs specificities by evaluating a 

set of FAs at a single concentration (29,42–45). To compare their findings on 

the rat ACSL4 with our human construct of ACSL4_v1, consisting of the 

short variant His-tagged at its N-terminal, we evaluated the activity of 20 FAs 

using a previously described assay (250). In brief, inorganic pyrophosphate 

(PPi) production during the first catalytic step is monitored at 360 nm using 

an enzymatic coupling system with pyrophosphatase and purine nucleoside 

phosphorylase. 

As reported, arachidonate (20:4ω-6) exhibited increased activity compared to 

palmitate (16:0) (Figure 43A). However, the increase in activity observed 

with hACSL4 was modest compared to rACSL4, with respective activity 
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levels of 127% and over 200% (29). Two FAs namely, arachidate (20:0) and 

α-linolenate, exhibited notably low activity. Beyond these exceptions, the 

enzymatic activities with the remaining FAs showed minimal differentiation.  

 

Figure 43. FA activity profiling of ACSL4. Activity measurements were performed 
using the EnzChek® pyrophosphate assay. (A) ACSL4 enzymatic activity in the 
presence of various FAs (50 µM). Results are expressed as percentage of activity 
relative to palmitate (16:0). Each bar is the result of two independent experiments 
performed in duplicate. Eight representative FAs from the entire panel were selected 
for further characterization (indicated by colored bars). 16:0 palmitate; 14:0 
myristate; 17:0 heptadecanoate; 18:0 stearate; 20:0 arachidate; 16:1ω-7 palmitoleate; 
18:1ω-9 (Z) oleate; 18:1ω-9 (E) elaidate; 18:2ω-6 linoleate; 18:3ω-3 α-linolenate; 
18:3ω-6 γ-linolenate;  20:1ω-9 eicosenoate; 20:2ω-6 eicosadienoate; 20:3ω-6 
dihomo-γ-linolenate; 20:3ω-9 eicosatrienoate; 20:4ω-6 arachidonate; 20:5ω-3 
eicosapentaenoate; 22:1ω-9 docosenoate; 22:4ω-6 Adrenate; 22:6ω-3 
docosahexaenoate. (B) Michaelis-Menten curves for eight representative FAs at 
saturating concentrations (100 µM) of ATP and CoA. Associated kinetic parameters 
are reported in Table 6. Each curve is the result of three independent experiments 
performed in duplicate. 

We evaluated the kinetic parameters of ACSL4 using eight structurally 

diverse FAs selected from the previous experiment: palmitate (16:0), oleate 

(18:1ω-9), linoleate (18:2ω-6), γ-linolenate (18:3ω-6), eicosenoate (20:1ω-9), 



 

178 

 

dihomo-γ-linolenate (20:3ω-6), arachidonate (20:4ω-6), and 

docosahexaenoate (22:6ω-3) (Table 6, Figure 43B).  

Under our assay conditions, the Km values for palmitate (Km 16:0 = 10 µM), 

arachidonate (Km 20:4ω-6 = 12 µM), eicosenoate (Km 20:1ω-9 = 11 µM) and 

docosahexaenoate (Km 22:6ω-3 = 9 µM) were similar. ACSL4 showed a distinct 

Km for oleate (Km 18:1ω-9 = 38 µM), linoleate (Km 18:2ω-6 = 18 µM), and dihomo-

γ-linolenate (Km 20:3ω-6 = 25 µM), which were 2- to 4-fold higher than the Km 

value for arachidonate (20:4ω-6). The maximum initial velocity for the FAs 

ranged from 0.8 to 1.5 µM.min-1, with the highest Vmax observed for 20-

carbon FAs. Substrate specificity is conventionally assessed using the kinetic 

parameters ratio kcat/Km (catalytic efficiency), as it captures enzyme behavior 

both when substrate binding is rate-limiting (via Km) and when the substrate 

is at saturating concentrations (via kcat) (289). 
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Table 6. Biochemical characterizations of ACSL4 substrates. Kinetic parameters 
were determined using the EnzchekⓇ pyrophosphate assay at saturating 
concentrations of ATP and CoA. The reported values (± SD) are the results of three 
independent experiments. The ranking associated with the parameter is indicated in 
bold. 

Fatty acid Vmax (µM.min-1) Km (µM) kcat/Km (M-1 s-1) 

16:0 0.89 ± 0.17 (4) 9.74 ± 0.63 (1) 2213 ± 428 (3) 

18:1ω-9 0.82 ± 0.06 (4) 38.39 ± 3.49 (7) 520 ± 107 (7) 

18:2ω-6 0.98 ± 0.19 (4) 17.78 ± 1.64 (5) 1314 ± 129 (6) 

20:1ω-9 1.24 ± 0.24 (1) 10.79 ± 0.77 (1) 2737 ± 288 (1) 

20:3ω-6 1.52 ± 0.34 (1) 25.36 ± 4.08 (6) 1445 ± 150 (5) 

20:4ω-6 1.37 ± 0.25 (1) 11.98 ± 1.05 (1) 2739 ± 291 (1) 

22:6ω-3 0.82 ± 0.18 (4) 9.02 ± 1.54 (1) 2205 ± 219 (3) 

The highest catalytic efficiencies were obtained for arachidonate (20:4ω-6) 

and eicosenoate (20:1ω-9), but these were only 1.2-fold higher than those for 

palmitate (16:0) and docosahexaenoate (22:6ω-3). The lowest catalytic 

efficiency was observed for oleate (18:1ω-9) with a kcat/Km ratio 5-fold lower 

than that of arachidonate (20:4ω-6). The determination of these kinetic 

parameters did not explain the marked preference of ACSL4 for arachidonate. 

However, it has been suggested that kcat/Km may not fully reflect the efficiency 

of enzymes like ACSL4, which catalyze reactions involving multiple 

substrates and products (292). Recently, the crucial role of binding affinity in 

determining the substrate specificity of enzymes has been emphasized (293), 
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prompting us to characterize FA binding by two biophysical methods: nano 

differential scanning fluorimetry (nDSF) and microscale thermophoresis 

(MST). 

4.2. Characterization of binding events highlights distinctions 

among FAs 

We performed nDSF experiments following a procedure we previously 

described for assessing inhibitor binding (33) (Figure 44A, Figures S1-S2). 

Based on the structure of ttLC-FACS, ATP initially binds to the enzyme, 

inducing the opening of the FA tunnel (37). This facilitates the entry of the 

FA into the catalytic cavity, leading to the formation of an acyl-AMP 

intermediate. The binding of selected FAs was therefore evaluated both with 

and without 1 mM ATP (saturating concentration), as well as in the presence 

of 1 mM of the non-hydrolyzable ATP analog, α,β-methyleneadenosine-5'-

triphosphate (ApCpp). As observed for ttLC-FACS, FA binding required the 

prior binding of ATP (37), as minimal stabilization was detected for any of 

the eight FAs in its absence (Figure 44A). However, in the presence of 

ApCpp, a distinct stabilization pattern emerged (Figure 44A). Interestingly, 

the highest stabilization was observed with arachidonate (20:4ω-6), showing 

a ΔTm of 6.9 °C. This was followed by other PUFAs, including 18:3ω-6 (ΔTm 

= 4.7 °C), 22:6ω-3 (ΔTm = 4.7 °C), 20:3ω-6 (ΔTm = 3.9 °C), and 18:2ω-6 

(ΔTm = 2.3 °C). Monounsaturated FAs (MUFAs) showed lower stabilization, 

with 18:1ω-9 yielding a ΔTm of 1.7 °C and 20:1ω-9 a ΔTm of 1.2 °C, while 

saturated 16:0 exhibited the least stabilization effect, with a ΔTm of 0.4 °C. 
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This suggests that FAs with a higher degree of unsaturation exhibit stronger 

binding to ACSL4. In the presence of ATP, the stabilization trend followed a 

similar pattern. Among the tested FAs, arachidonate (20:4ω-6) induced the 

highest stabilization (ΔTm = 9.6 °C), whereas palmitate (16:0) exhibited the 

lowest (ΔTm = 0.8 °C). Compared to the ApCpp condition, we observed 

improved stabilization for all FAs, except for γ-linolenate (18:3ω-6), which 

exhibited the same ΔTm values (Figure 44A). We speculated that the 

differences between the two conditions were due to the formation of the acyl-

AMP intermediate in the presence of ATP (Figure S3A). To challenge this 

hypothesis, we evaluated ACSL4 activity under conditions comparable to the 

nDSF assay, in the absence of the final substrate CoA (Figure S3B). We 

observed low but measurable PPi generation, demonstrating that the acyl-

AMP intermediate could be formed even without CoA. In contrast, ACSL4 

was confirmed to be inactive when ATP was replaced by ApCpp (Figure 

S3C). Consequently, we inferred that nDSF experiments in the presence of 

ATP partly reflect the formation of the acyl-AMP intermediate.  
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Figure 44. Assessment of FA binding to ACSL4. (A) Thermal shift assay of eight 
representative FAs on hACSL4. nDSF traces of ACSL4 (4 µM) with each FA (50 
µM) under apo condition or in the presence of 1 mM ApCpp or ATP. Each curve is 
the result of three independent experiments. Associated ΔTm values are reported in 
Table 7. (B) Determination of FA affinities. MST traces for the binding interaction 
of FAs with 1 mM ApCpp or ATP. Each curve is the result of three independent 
experiments. Associated KDs or appKDs are reported in Table 7. 

Given that stabilization in nDSF showed clear patterns, we further 

investigated FA binding by determining their KD values using the MST 

method we had previously developed (33) (Figure 44B, Figure S4). The 

affinity determined in the presence of ATP is referred to as appKD, as it 

includes the contribution of intermediate formation. Consistent with the 

nDSF results, binding events were either undetectable or observed only at 

high concentrations in the absence of ATP or ApCpp (data not shown). In 
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contrast, their presence enabled the measurement of binding affinities for 

most tested FAs, except for palmitate (16:0) in the presence of ApCpp, 

presumably due to its very low affinity under these conditions (Table 7, 

Figure 44B). As observed in the nDSF experiments, affinity was consistently 

higher in the presence of ATP compared to ApCpp, further supporting the 

hypothesis that the acyl-AMP intermediate forms and enhances binding. In 

both conditions, arachidonate (20:4ω-6) presented the highest affinity, while 

palmitate (16:0) showed the lowest (when measurable). The overall trend in 

MST aligned with that observed in nDSF experiments, showing a comparable 

influence of the degree of unsaturation (Table 7, Figure 44B). Thus, while 

activity-based comparisons failed to effectively differentiate substrates, 

biophysical characterizations of FA binding to ACSL4 revealed clear 

distinctions and structure-based tendencies. However, the biophysical 

methods differed in the precise ranking of intermediate FAs (Table 7). 
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Table 7. Biophysical characterization of eight representative FAs binding to ACSL4. 
aΔTm values (± SD) were determined in nDSF by three independent experiments for 
each FA in the presence of 1 mM ApCpp or ATP. bKD and cappKD values (± SD) were 
determined using MST by three independent experiments for each FA in the 
presence of 1 mM ApCpp or ATP, respectively. The ranking associated with the 
parameter is indicated in bold. 

 

4.3. FA competition for ACSL4-mediated activation establishes a 

preference ranking 

A recognized limitation of conventional activity measurements is their 

inability to account for the mixtures of FAs typically processed by ACSLs 

(46). To further investigate substrate preference, we developed an LC-MS-

based competition assay to monitor ACSL4’s specific FA consumption when 

exposed to a mixture of the eight selected FAs. This assay involved 
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incubating the enzyme with the FA mixture (25 µM of each FA), excess CoA 

(250 µM), and a range of ATP concentrations, from limiting to excess levels 

(0 to 250 µM) (Figure S5A). After a non-limiting incubation period (90 min), 

the reaction was quenched, and the remaining specific FAs were quantified 

relative to the control. Calibration curves verified the linearity of the 

response, and two distinct controls confirmed that FA consumption was 

dependent on both the presence of ATP and ACSL4 (Figures S5B-S5C). 

As shown in Figure 45A, arachidonate (20:4ω-6) and dihomo-γ-linolenate 

(20:3ω-6) were the only FAs converted at low ATP concentrations, 

highlighting ACSL4’s preference for these two substrates within the mixture 

of eight FAs. Further increasing the concentration of ATP enabled the 

consumption of other PUFAs, such as docosahexaenoate (22:6ω-3), γ-

linolenate (18:3ω-6) and linolenate (18:2ω-6), as well as the MUFA 

eicosenoate (20:1ω-9). However, even at excess ATP levels (250 µM), the 

conversion of γ-linolenate (18:3ω-6), linolenate (18:2ω-6) and eicosenoate 

(20:1ω-9) remained incomplete, while palmitate (16:0) and oleate (18:1ω-9) 

were largely unaffected.  
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Figure 45. FA competition for ACSL4 activity. LC-MS monitoring of ACSL4 
specific FA consumption (25 µM of each) in different FA mixtures with ranging 
ATP concentrations (from 0 to 250 µM). Higher-priority FAs from a mixture were 
not included in subsequent experiments. (A) Mixture of eight representative FAs. 
(B) Mixture of five FAs excluding 20:4ω-6, 20:3ω-6 and 22:6ω-3. (C) Mixture of 
four FAs excluding 18:3ω-6. (D) Mixture of 18:1ω-9 and 16:0.  

We hypothesized that the acyl-CoAs produced from high-priority PUFAs 

such as arachidonate (20:4ω-6), dihomo-γ-linolenate (20:3ω-6) and 

docosahexaenoate (22:6ω-3) inhibited the conversion of lower-priority FAs. 

To test this hypothesis, we removed these three PUFAs and repeated the 

experiment using a combination of the remaining five FAs (Figure 45B). 

Under these conditions, conversion of all five FAs increased markedly. γ-

Linolenate (18:3ω-6) was preferentially consumed, followed closely by 

linoleate (18:2ω-6) and eicosenoate (20:1ω-9), whereas consumption of 
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oleate (18:1) and palmitate (16:0) remained incomplete at highest ATP 

concentration. 

Continuing our stepwise elimination strategy, we next evaluated a four-FA 

mixture excluding γ-linolenate (18:3ω-6) (Figure 45C). This resulted in a 

significant increase in the utilization of remaining FAs.  Since the 

consumption of the two lowest-priority FAs, oleate (18:1ω-9) and palmitate 

(16:0), was still not complete, we evaluated them together (Figure 45D). This 

time, their conversion reached completion at an ATP concentration close to 

the equimolar condition.  

To better define substrate preferences, we analyzed closely competing FAs 

together by monitoring their specific consumption over time using an adapted 

LC-MS method (Figure S6). The two preferential substrates could be 

distinguished, as the slope for arachidonate (20:4ω-6) consumption over time 

was significantly higher than that of dihomo-γ-linolenate (20:3ω-6). 

Similarly, palmitate (16:0) showed a steeper slope compared to oleate (18:1ω-

9), while γ-linolenate (18:3ω-6) exhibited a slightly higher consumption rate 

than linoleate (18:2ω-6) and eicosenoate (20:1ω-9). However, the slopes for 

eicosenoate (20:1ω-9) and linoleate (18:2ω-6) were similar. 

At this point, we could establish a ranking of the eight FAs based on their 

preferential consumption by ACSL4 (Table 8). When certain PUFAs are 

present, the enzyme preferentially utilizes them in a specific order: 

arachidonate (20:4ω-6), followed closely by dihomo-γ-linolenate (20:3ω-6), 

and then docosahexaenoate (22:6ω-3). Following these, ACSL4 prioritizes γ-
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linolenate (18:3ω-6) over eicosenoate (20:1ω-9) and linoleate (18:2ω-6), with 

no clear preference between the latter two. At the bottom of the ACSL4 

preference list, palmitate (16:0) ranks just above oleate (18:1ω-9).  

Table 8. Comparison between different parameters for the ranking of ACSL4 FA 
preference. 

 

4.4. Inhibition by preferential products shapes ACSL4 FA 

specificity 

The LC-MS competition assay suggested that certain products influence 

ACSL4's FA specificity. To test the product inhibition hypothesis, we 
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monitored the specific FA consumption within a mixture of four lower-

priority FAs (20:1ω-9, 18:2ω-6, 18:1ω-9 and 16:0) in the presence of one 

reaction product: arachidonoyl-CoA (AA-CoA), palmitoyl-CoA (PA-CoA), 

AMP, or PPi (Figure 46A). Among the four products investigated, AA-CoA 

stood out by drastically inhibiting the consumption of all four FAs, while the 

inhibitory effects of the other products remained minimal.  

The inhibition of ACSL4 activity by AA-CoA and PA-CoA (10 µM) was 

further assessed across the eight FAs using the spectrophotometric activity 

assay (Figure 46B). AA-CoA completely inhibited the conversion of 

palmitate (16:0) and oleate (18:1ω-9), while the inhibition of higher-ranked 

FAs, linoleate (18:2ω-6), γ-linolenate (18:3ω-6) and eicosenoate (20:1ω-9), 

was less significant. In contrast, the conversion of preferential PUFAs 

(20:3ω-6, 20:4ω-6 and 22:6ω-3) was minimally affected by AA-CoA. 

Strikingly, the percentage of inhibition by AA-CoA correlated with the 

established FA ranking from the LC-MS competition assay. On the other 

hand, inhibition of ACSL4 by PA-CoA, the product of a lower-priority FA, 

was negligible. We further evaluated the inhibitory potential of AA-CoA by 

determining its IC50 for the conversion of three representative FAs from the 

panel: a saturated FA (palmitate, 16:0), a MUFA (eicosenoate, 20:1ω-9), and 

a PUFA (arachidonate, 20:4ω-6) (Figure 46C). While AA-CoA potently 

inhibited palmitate (16:0, IC50 = 0.35 µM), its effect was less pronounced 

against eicosenoate (20:1ω-9, IC50 = 1.6 µM), and no inhibition was observed 

in the presence of arachidonate (20:4ω-6). 
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Figure 46. AA-CoA governs ACSL4 substrate specificity (A) LC-MS analysis of 
ACSL4-mediated FA consumption in a mixture of 18:2ω-6, 20:1ω-9, 18:1ω-9 and 
16:0 (25 µM of each) with 98 µM of ATP in the presence of 200 µM AMP (light 
grey), 200 µM PPi (dark grey), 50 µM of PA-CoA (cyan) or 50 µM of AA-CoA 
(purple). Each bar is the result of three independent experiments. Statistical analysis 
was determined using unpaired t-test,*** p < 0.001; **** p < 0.0001 (B) ACSL4 
activity for eight distinct FAs (100 µM) measured using the EnzChek® 
pyrophosphate assay, in the presence of either PA-CoA, AA-CoA (10 µM), or 
control conditions. Each bar is the result of two independent experiments performed 
in duplicate. (C) Dose-response inhibition of ACSL4 by AA-CoA, measured using 
the EnzChek® pyrophosphate assay, for three representative FAs: palmitate (16:0, 
IC50 = 0.35 µM), eicosenoate (20:1ω-9, IC50 = 1.6 µM) and, arachidonate (20:4ω-6) 
at 100 µM of FA. Each curve is the results of three independent experiments 
performed in duplicate. (D) nDSF traces of ACSL4 with AA-CoA in apo condition 
(blue curve, ΔTm = 4.4 ± 0.1 °C) or in the presence of ATP (purple curve, ΔTm = 5.5 
± 0.4 °C) compared to respective controls (black curves). ΔTm values were 
determined by three independent experiments. (E) MST traces for the binding 
interaction between ACSL4 and AA-CoA in the presence (purple curve, KD = 0.35 
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± 0.03 μM) or absence (blue curve, KD = 1.3 ± 0.1 μM) of ATP. KD values were 
determined by three independent experiments.  

To deepen the characterization of AA-CoA, we monitored its binding 

interaction with ACSL4 using nDSF and MST (Figure 46D-E). Interestingly, 

we observed that, in contrast to FAs, AA-CoA could bind with high affinity 

in the absence of ATP (ΔTm = 4.4 ± 0.1 °C, KD = 1.3 ± 0.1 μM). Furthermore, 

its affinity increases in the presence of ATP (ΔTm = 5.5 ± 0.4 °C, KD = 0.35 

± 0.03 μM), resulting in a 3-fold higher affinity compared to the 

corresponding substrate, arachidonate (KD = 1.4 ± 0.1) under the same 

conditions.  

 

5. Discussion 

 

ACSLs play a central role in lipid metabolism by catalyzing the initial 

activation of FAs, a crucial step for their utilization in various downstream 

metabolic pathways (30). Based on their unique properties, it is widely 

accepted that each ACSL isoform plays a distinct role in directing selective 

FAs toward specific metabolic fates. What sets ACSL4 apart is its preference 

for PUFAs, particularly arachidonate, positioning it at the intersection of 

eicosanoid regulation, ferroptosis, and various associated pathologies (99). 

However, the mechanisms underlying ACSL4's preference for arachidonate 

remain poorly understood. Here, we provide extensive characterization 
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demonstrating that product inhibition plays a key role in shaping ACSL4’s 

substrate specificity. 

To gain insights into the mechanisms governing ACSL4 FA preference, we 

initially followed the conventional approach used in earlier studies by 

screening structurally distinct FAs for activity. Although ACSL4 exhibited 

the highest activity toward arachidonate, the differences among FAs were 

modest. For instance, when comparing arachidonate (20:4ω-6) to palmitate 

(16:0), only a 1.27-fold increase in activity at 50 µM and a 1.2-fold difference 

in catalytic efficiency was observed. Given that palmitate is the most 

abundant FA, accounting for 20–30% of total FAs in humans (294), such 

differences appear negligible. These observations contrast with the initial 

characterization of rACSL4 (29), in which a nearly 2-fold increase in activity 

was reported at 100 µM, along with more than a tenfold increase in kcat/Km 

for arachidonate (20:4ω-6) compared to palmitate (16:0). However, apparent 

similar activities between the two FAs have also been reported in other 

publications (39,46), highlighting the impact of methodological conditions on 

observed results.  

Although the kcat/Km ratio serves as a valuable comparative parameter for 

enzymes with unimolecular mechanisms, its relevance in the assessment of 

multireactant systems is often unwarranted (292). Following the strategy 

employed by (293) to differentiate two substrates with comparable kcat/Km, 

we assessed ACSL4 binding interactions with eight FAs using nDSF and 

MST. Using these two orthogonal methods, we showed that, similar to ttLC-
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FACS, ACSL4 requires a primary conformational change induced by ATP to 

bind a FA. By comparing the FA binding events observed in the presence of 

ATP with those in the presence of a non-hydrolyzable analogue, we likely 

captured two distinct steps in the catalysis: intermediate formation and FA 

binding. 

Both methods, under both conditions, revealed clear differentiation between 

FAs, allowing general tendencies to be established (Table 7). ACSL4 

exhibited the highest affinity for PUFAs, with arachidonate (20:4ω-6) 

showing the strongest binding, followed by MUFAs, and lastly the saturated 

FA palmitate (16:0), which displayed the weakest affinity. The more than 

eleven-fold difference in ΔTm and over two log units difference in appKD 

between arachidonate (20:4ω-6)  and palmitate (16:0) stand in stark contrast 

to the minimal variations observed in kinetic studies. 

Previously, Coleman et al. reported a marked inhibition of palmitate (16:0) 

conversion when co-incubated with arachidonate (20:4ω-6), despite both 

substrates exhibiting comparable kcat/Km values in their study (39). This 

suggests that kinetic parameters may not accurately reflect ACSL4 behavior 

when exposed to mixtures of FAs, as is typically the case in the cellular 

environment.  To account for this competition scenario, we developed a novel 

LC-MS assay to monitor specific FA consumption by ACSL4 within mixtures 

of up to eight FAs. Using this assay, we observed that the preferential 

consumption of specific PUFAs such as arachidonate (20:4ω-6) and dihomo-

γ-linolenate (20:3ω-6) inhibits the conversion of other FAs. Successive 
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removal of the preferential FAs from the mixtures gradually unlocked the 

conversion of lower-priority FAs, suggesting that a product-inhibition 

mechanism governs ACSL4’s substrate specificity. We pursued the 

investigation of this phenomenon by evaluating ACSL4 inhibition in the 

presence of two representative products: AA-CoA, corresponding to a 

preferential substrate, and PA-CoA, representing the product of a lower-

priority substrate. While inhibition by PA-CoA was minimal, AA-CoA 

displayed potent inhibitions against lower-priority FAs. Remarkably, the 

intensity of this inhibition was inversely correlated with the FA ranking 

determined in the LC-MS competition assays (Table 8), strongly supporting 

the role of product inhibition in shaping ACSL4’s FA preference.  

Product inhibition is a well-established negative feedback mechanism that 

plays a crucial role in regulating metabolic balance (295). However, to our 

knowledge, this is the first time that product inhibition of an enzyme has been 

implicated in controlling its substrate specificity. Such mechanism confers a 

highly specialized role to ACSL4 in activating arachidonate and related 

PUFAs.  It possibly prevents the saturation of the ACSL4 active site by 

constitutively abundant FAs, thereby facilitating the rapid reesterification of 

arachidonate. This may be crucial, considering that low dose (10 µM) of 

arachidonate can induce apoptosis (296) and that eicosanoid synthesis, an 

intrinsically transient process, is limited by arachidonate  availability (102). 

Preventing the activation of lower-priority FAs may also facilitate the 

formation of specialized membranes enriched in PUFAs, which is essential 

for maintaining proper membrane fluidity. Membrane fluidity, in turn, 
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influences the activity of specific membrane proteins, supports cellular and 

organelle integrity, and regulates vascular permeability, factors believed to be 

critical for numerous brain functions (297). On the other hand, ACSL4's high 

specificity for arachidonate underpins its unique role, compared to other 

isoforms, in sensitizing cells to ferroptosis (101).  

We also characterized AA-CoA interaction and found that it binds tightly to 

ACSL4 in the absence of ATP (ΔTm = 4.4 °C, KD = 1.3 µM), a condition that 

reflects the end of one catalytic cycle and the initiation of the next. AA-CoA 

affinity further increases (ΔTm = 5.5 °C, KD = 0.35 µM) following the ATP-

induced conformational shift necessary for the binding of a new FA, leading 

to nearly a 3-fold stronger affinity compared to the corresponding substrate. 

With the product already bound, this may result in an unfair competition that 

prevents lower affinity FAs from binding.  

The higher affinity of AA-CoA compared to arachidonate is likely due to the 

synergy between the fatty acyl and CoA moieties. Together, these 

components strengthen the binding, an effect presumably attributable to most 

FAs. This implies that FAs with higher affinities are converted into products 

that are more potent inhibitors, balancing the overall reaction rates among 

FAs. Such phenomenon may explain why the conventional biochemical 

methodologies show limited differentiation between FAs, often resulting in 

comparable kcat/Km values for the preferential arachidonate (20:4ω-6) and the 

lower-priority palmitate (16:0) (39,46). Product inhibition also likely 

contributes to the discrepancies observed in the substrate preference rankings 
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from previous studies, as variations in protein purity and FA concentrations 

can lead to significantly different levels of inhibition. For instance, in the 

more complex medium of Sf-9 cell lysate supernatants with overexpressed 

ACSL4 and low levels of FAs (0.1-1 µM), only highly unsaturated FAs are 

converted (58), possibly due to the presence of endogenous products 

inhibiting activity for lower-priority FAs.   

The regulation of substrate specificity by product inhibition suggests that 

relying solely on the kinetic parameters of isolated FAs is inadequate for 

accurately determining ACSL4’s FA preference. To account for all the 

interactions that occur when mixtures of FAs are presented to the enzyme, it 

is crucial to use an assay capable of monitoring the specific FA activities. 

Other ACSL isoforms also exhibit inconsistencies across studies, and 

reported FA specificity profiles often lack clear or consistent patterns (34,46). 

Despite these inconclusive results, each ACSL likewise fulfill specialized 

roles in FA channeling (298). For instance, ACSL3 plays an opposing role to 

ACSL4 by channeling MUFAs into membrane phospholipids, thereby 

displacing oxidizable PUFAs and protecting cells from ferroptosis (299). 

Previous studies have reported that PA-CoA inhibits nonspecific ACSL 

activity in rat liver microsomal fractions (300). Given the minimal inhibition 

of ACSL4 by PA-CoA, it is likely that other ACSL isoforms are also 

regulated by product inhibition.  

Evidence that preferential products influence ACSL4’s FA specificity pave 

the way for future investigations into other isoforms. A precise determination 
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of the specific substrates for each ACSL will enhance our knowledge of their 

specific roles in FA metabolism. 

 

6. Acknowledgments  

 

The authors thank Prof. Jean-François Goossens for providing access to the 

Varioskan Flash spectrophotometer. This work was supported by l’agence 

nationale de la recherche (ANR-23-CE18-0051) (EGID ANR-10-LABX-

046), the Région Hauts-de-France (Start-AIRR FerInh4Park), the French 

Community Of Belgium (ARC 21/26–115), the Belgian Fonds National de la 

Recherche Scientifique (F.R.S.-FNRS; PDR grant 40003810), the Télévie 

(Grant 40007387). D.M.D. is a Télévie research fellow. N.P. received an 

Aspirant Ph.D Fellowship from FRS-FNRS (Belgium).  

  



 

198 

 

7. Supplementary material 

 

 

Figure S1. Thermal shift assays of four representative FAs on ACSL4. nDSF traces 
of ACSL4 (4 µM) with 50 µM of (A) palmitate (16:0), (B) oleate (18:1ω-9), (C) 
linoleate (18:2ω-6), and (D) γ-linolenate (18:3ω-6) under apo condition or in the 
presence of 1 mM ApCpp or ATP (colored curves) compared to the corresponding 
control (black curves). Each curve represents the average of three independent 
experiments. Corresponding ΔTm values are reported in table 5a. 
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Figure S2. Thermal shift assays of four representative FAs on ACSL4. nDSF traces 
of ACSL4 (4 µM) with 50 µM of (A) eicosenoate (20:1ω-9), (B) dihomo-γ-
linolenate (20:3ω-6), (C) arachidonate (20:4ω-6), and (D) docosahexaenoate 
(22:6ω-3) under apo condition or in the presence of 1 mM ApCpp or ATP (colored 
curves) compared to the corresponding control (black curves). Each curve represents 
the average of three independent experiments. Corresponding ΔTm values are 
reported in table 5a. 
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Figure S3. The ATP and ApCpp conditions capture two distinct FA binding events. 
(A) Schematic representation of the hypothesis proposing that ApCpp allows the 
observation of FA binding alone, while ATP enables both FA binding and acyl-AMP 
formation. (B) ACSL4 retains residual activity in the absence of CoA, indicating 
acyl-AMP formation. Enzymatic activity was assessed in conditions analogue to 
nDSF, with 4 µM ACSL4, using palmitate (16:0) as a substrate, with or without 100 
µM CoA. The plot represents one of three independent experiments performed in 
duplicate. (C) ApCpp is not a substrate of ACSL4. ACSL4 (50 nM) activity assay 
was performed in the presence of ATP or ApCpp (50 µM). The plot represents one 
of three independent experiments performed in triplicate. 
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Figure S4. MST traces showing the binding interactions of eight FAs. Binding 
interactions of palmitate (16:0), oleate (18:1ω-9), linoleate (18:2ω-6), γ-linolenate 
(18:3ω-6), eicosenoate (20:1ω-9), dihomo-γ-linolenate (20:3ω-6), arachidonate 
(20:4ω-6), and docosahexaenoate (22:6ω-3) with ACSL4 in the presence of 1 mM 
ATP (blue curves) or ApCpp (purple curves). Each curve represents the average of 
three independent experiments. Associated KDs or appKDs are reported in table 5b,c. 
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Figure S5. Development of a LC-MS-based competition assay to monitor specific 
FA consumption by ACSL4. (A) Schematic representation of the competition assay. 
(B) Calibration curves of eight FAs. LC-MS responses for serial dilutions of an 
eight-FA mixture, demonstrating linearity across concentration range (50 to 1.56 
µM). Each point is the result of three independent experiments. (C) Control 
experiments for FA consumption in eight-FAs mixtures. Comparison of FAs levels 
between a control experiment with ACSL4 in the absence of ATP (solid bars) and 
another control without ACSL4 but with 250 µM ATP (striped bars), demonstrating 
that FA consumption is dependent on both ACSL4 and ATP. Each bar is the result 
of three independent experiments. ACN, acetonitrile; IS, internal standard. 
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Figure S6. Kinetic LC-MS monitoring of ACSL4’s consumption of closely 
competing FAs. (A) Mixture of 20:4ω-6 and 20:3ω-6. (B) Mixture of 18:2ω-6, 
18:3ω-6 and 20:1ω-9. (C) Mixture of 18:2ω-6 and 20:1ω-9. (D) Mixture of 18:1ω-9 
and 16:0. Each point is the result of three independent experiments. Statistical 
analysis was determined using unpaired t-test, * p < 0.05 ; ** p < 0.01. 
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In this work, we focused on ACSL4, an enzyme involved in the initial 

activation step of PUFAs. Given its relevance in cancer and ferroptosis-

related diseases, ACSL4 represents a compelling therapeutic target. Our aim 

was therefore to develop optimized inhibitors with improved potency and 

selectivity profiles compared to the reference compounds. 

In the first chapter, we initiated the project by producing recombinant ACSL4 

and ACSL3 constructs and developing a screening cascade integrating both 

biophysical and biochemical methods. Since false positives are a significant 

burden in screening campaigns, the use of multiple orthogonal methods 

represents a major advantage that limits the risk of non-specificity. We thus 

developed four techniques that we validated with ROSI, the most used 

reference inhibitor. Intriguingly, during this validation, we observed that 

binding of the reference inhibitor was ATP-dependent in DSF and MST. 

From that point onward, we considered a potential analogy with FAs, which, 

based on the ttLC-FACS structure, require an ATP-induced conformational 

change to bind.  

Using the screening platform developed, we assessed an FDA-approved 

library to identify novel inhibitor scaffolds. The underlying approach aimed 

to repurpose existing drugs by identifying new activity against ACSL4. As 

noted by Nobel laureate Sir James Black, “The most fruitful basis for the 

discovery of a new drug is to start with an old drug.” Drug repurposing is 

particularly popular among pharmaceutical companies, as it offers a lower-

cost and potentially faster alternative to de novo drug discovery and 
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development. In recent years, drug repurposing has contributed to 

approximately 30% of newly FDA-approved drugs (301). Beyond these 

considerations, the primary advantage for us was the ability to start from 

scaffolds presumed to possess more drug-like properties, while also 

benefiting from a wealth of existing information, such as synthesis procedures 

and physicochemical characteristics.  

A primary screening of the library using DSF yielded 11 hits, corresponding 

to a hit rate of approximately 1%, which is consistent with expectations for 

this type of screening strategy (302,303). To identify potential ATP 

competitors, we also screened the library in the absence of the nucleotide. 

However, no compounds induced a significant thermal shift under these 

conditions, highlighting the difficulty of targeting ACSL4 in its apo form. 

The hits included the reference inhibitor ROSI and acitretin, a vitamin A 

analogue. 

Notably, nine of the hits identified belonged to the same azole antifungal 

family. Among them, only the compounds bearing a phenethyl-imidazole 

moiety passed all validation assays, showing the importance of this structural 

element for ACSL4 inhibition. The most potent compound of the series, 

SERTA (Figure 47), exhibited an activity 3-fold increased (IC50 = 280 nM) 

compared to ROSI and demonstrated selectivity for ACSL4 over ACSL3.  

Additionally, SERTA reduced lipid peroxidation and protected LUHMES 

cells from ferroptosis. Since the antiferroptotic activities paralleled ACSL4 

inhibition (SERTA > ECO > FLUCO), and were independent of iron-
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chelation and antioxidant effects, it is likely that the protective effects are 

mediated through ACSL4 inhibition. However, its target engagement remains 

to be validated. 

In conclusion, this work established a robust methodology that bridges the 

investigation of large compound libraries to their evaluation in cellular 

pathological models. We validated the approach by identifying a novel 

inhibitor series able to prevent ferroptosis in a cell-based model of 

Parkinson’s disease. The most potent compound, SERTA, does not only 

constitute an interesting tool but may serve as a starting point for the 

development of novel antiferroptotic compounds. 

Noteworthy, during this work, we observed that the affinity of SERTA 

measured by MST (KD = 2.0 µM) appeared significantly weaker than the IC50 

value (IC50 = 0.28 µM), which is theoretically inconsistent, as specific 

inhibition presupposes target binding, implying that KD should always be 

equal to or lower than the IC50 (Equation 1). This discrepancy may arise from 

differences in experimental conditions between the two methods, particularly 

the high enzyme concentration (500 nM) required for MST experiments, 

which limits the accurate determination of KD below this threshold. 

𝐼𝐶ହ଴ =
[𝐸]଴

2
+ 𝐾஽(𝑎𝑝𝑝)       (𝟏) 

Where [E]0  is the total enzyme concentration. 
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 Nonetheless, MST remains a valuable dose-response orthogonal technique 

to validate hit binding and rank them by relative affinity. To better estimate 

the absolute affinity, we could determine the inhibition constant (Ki), which 

represents the KD obtained through inhibition kinetic analysis. Ki 

measurements would allow independence from enzyme and substrate 

concentrations, enabling better comparisons. For example, in selectivity 

studies, where ACSL3 concentration is 12-fold higher than ACSL4, Ki values 

would provide a more accurate comparison across isoforms than IC50. 

However, Ki values only accurately reflects a binding constant when the 

mode of inhibition is correctly identified, which can be challenging to 

establish for an enzyme, such as ACSL4, with a complex catalytic mechanism 

and strong product inhibition. Alternatively, other biophysical methods, such 

as surface plasmon resonance (SPR) or isothermal titration calorimetry (ITC), 

could provide accurate KD values while also generating valuable binding 

kinetic and thermodynamic contribution data, respectively. 
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Figure 47. Structure and properties of developed ACSL4 inhibitors. 

In the second chapter, which serves as a transition, we briefly discussed the 

medicinal chemistry efforts employed to optimize compounds from three 

distinct inhibitor series. We also highlighted a significant limitation shared by 

all ACSL4 inhibitors: FA-dependency.  

Starting from the scaffold of a known drug often requires reducing its 

typically high activity toward the original target in order to enhance 

selectivity for the new target of interest. To reduce CYP inhibition by the 

SERTA series, we investigated modifications around the imidazole moiety, 

known to coordinate the CYP heme iron. Replacing it with non- or less-
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chelating moieties either completely abolished ACSL4 inhibition or 

significantly reduced it, by approximately 50- to 100-fold. Thus, although 

CYP inhibition can be reduced, it comes at the cost of a drastic loss in ACSL4 

inhibition. This suggests that a chelating group may be crucial in this region 

of the scaffold, potentially to coordinate the magnesium ion required for 

ACSL4 enzymatic activity (37). Thus, future efforts to optimize the SERTA 

scaffold should continue to focus on reducing CYP inhibition, while 

preserving ACSL4 inhibitory potency. A dedicated assay to monitor CYP 

activity would be required to conduct selectivity optimization. 

Starting from the widely used ROSI, strategies were developed to eliminate 

its PPARγ agonist activity. The acidic TZD head group present in ROSI is 

crucial for its binding and functional activity on PPARγ (233). To our 

satisfaction, removal of the acidic character preserved ACSL4 inhibitory 

activity. Optimization efforts led to LIBX-A401 (Figure 47), a compound 

that, compared to ROSI, exhibits improved ACSL4 activity (IC50 = 0.38 µM), 

lacks PPARγ agonist activity, and maintains selectivity over ACSL3. As with 

all inhibitors investigated so far, LIBX-A401 binding to ACSL4 is ATP-

dependent. A thorough investigation of its binding site, using integrated 

chemical biology approaches, in silico studies, and mutagenesis analysis, 

demonstrated that LIBX-A401 binds within the predicted FA pocket. LIBX-

A401 also confers protection against ferroptosis in cell-based models, with 

target engagement further supporting ACSL4 involvement in this activity. 

The methylacrylate moiety in LIBX-A401 is a liability as it may react 

irreversibly with nucleophiles in biological systems. Consequently, strategies 
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targeting the replacement of the methylacrylate moiety led to the development 

of compound 18, which exhibits nearly a fourfold increase in activity 

compared to LIBX-A401 (Figure 47). Lead optimization is currently 

progressing through a scaffold-hopping approach, aimed at modifying the 

central core to incorporate hydrophilic elements and boost the sp3 character 

of the molecule. Although only a few key molecules are presented here, over 

a hundred analogues were synthesized and evaluated to reach the potent 

compound 18, establishing a structure-activity relationship (SAR) that will be 

detailed in a forthcoming publication later this year. 

The valuable structural insights obtained during ROSI optimization 

encouraged us to pursue a fragment-based drug discovery (FBDD) program. 

After a screening of 640 fragments using the screening cascade we developed, 

we validated 31 hits. Fragment 19, which showed the most potent activity 

(IC50 = 33 µM) and a good ligand efficiency (LE = 0.37), was selected for hit 

optimization, although other compounds with promising properties could also 

have served as suitable starting points. Optimization of fragment 19 led to 

LIBX-A403 (Figure 47), the most potent ACSL4 inhibitor reported to date 

(IC50 = 0.049 µM; LE = 0.38). As with LIBX-A401, the ATP-dependency of 

binding, along with molecular modeling and site-directed mutagenesis, 

suggests that LIBX-A403 may also bind within the FA pocket, where it is 

predicted to engage primarily in hydrophobic interactions. In addition, the 

compound potently prevents ferroptosis (EC50 = 0.172 µM), while showing 

target engagement in cells. Like LIBX-A401, LIBX-A403 contains a 

methylacrylate moiety with potential reactivity concerns, and modifications 
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of this group are currently being considered. A major limitation of LIBX-

A403 is its poor aqueous solubility, which restricts its use in biological 

models. Early attempts to improve the physicochemical properties of the 

benzofuran series, either by introducing heteroatoms to reduce lipophilicity 

or by opening the benzofuran ring to decrease planarity, resulted in a 

significant loss of activity. Thus, inhibition by benzofuran analogues appears 

to correlate with both lipophilicity and planarity. However, the open-ring 

analogue preserves substantial potency (28, IC50 = 0.98 µM), and may serve 

as a new starting point to improve the drug-likeliness of the chemical series. 

Although this issue is clearly illustrated by the benzofuran derivatives, it may 

extend to all inhibitor series studied. Phenethyl-imidazole drugs are even 

more lipophilic, restricting their application primarily to topical use. Within 

the broader azole antifungal family, the most potent compound, SERTA, 

displays one of the highest logP and among the lowest Fsp3 values. 

Optimization of the LIBX-A401 scaffold also favors the development of 

compounds with increased lipophilicity and planarity, as illustrated by 

comparing LIBX-A401 (IC50 = 0.38 µM, LogP = 3.17, Fsp3 = 0.20) to the 

compound 18 (IC50 = 0.10 µM, LogP = 4, Fsp3 = 0.17). Given the tropism of 

ACSL4 for the cell’s lipophilic compartments and the inherent lipophilicity 

of its FA substrates, it is not surprising that the inhibitors also tend to be 

highly lipophilic. However, to maximize the likelihood of favorable ADME 

properties, balancing low oxidative and renal clearance with sufficient 

solubility and passive permeability, the logD of a compound should ideally 

fall within the range of 1 to 3 (304). In addition, the high degree of planarity 
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observed in the most potent inhibitors across all series represents not only a 

liability in terms of solubility but may also restrict their ability to occupy 

greater 3D chemical space (282). Adding complexity to the scaffolds, by the 

means of saturation and chiral centers could result in compounds that better 

complement the spatial subtleties of ACSL4, potentially enhancing both 

potency and selectivity. In fact, the average Fsp3 value has been shown to 

increase throughout drug development, rising from 0.36 at the discovery stage 

to 0.47 in approved drugs (282). Thus, the three inhibitor series share 

common physicochemical liabilities, which should be addressed by 

incorporating hydrophilic features and increasing molecular complexity. 

Future lead optimization efforts will need to strike a careful balance between 

improving drug-likeness while preserving potency. 

As we further characterized the developed ACSL4 inhibitors, we 

unexpectedly found that they were nearly inactive in vitro against the 

enzyme’s preferred substrate, arachidonate. This prompted us to evaluate a 

range of inhibitors against a panel of FAs, revealing FA-dependent inhibition 

across all active compounds tested, with arachidonate showing the lowest 

level of inhibition.  

Although FA-dependency of inhibition was anticipated based on the putative 

binding sites of some inhibitors, the magnitude of the effect was unexpected. 

A 100- to 1000-fold increase in IC50 was estimated when comparing palmitate 

(16:0) to arachidonate (20:4ω-6), which contrasts sharply with the more 
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moderate activity differences between FAs in substrate specificity studies 

(29),(39),(46).  

We investigated a potential potent competitive mechanism to account for 

these drastic differences. Kinetic studies with TRO revealed a mixed 

inhibition pattern, which, by nature, remains inconclusive. Preliminary STD 

NMR competition studies showed that arachidonate (20:4ω-6), but not 

palmitate (16:0), was able to significantly displace ROSI binding. However, 

displacement by arachidonate was only partial, suggesting that the 

competition is not complete. Further optimization of the method or the use of 

an orthogonal technique is needed to clarify the competitive mechanism. 

Realizing that all known ACSL4 inhibitors exhibit poor in vitro inhibition 

when assessed against the enzyme’s preferred FA substrates, raises critical 

questions: what is their value if they fail to effectively inhibit the isoform’s 

physiologically relevant activity? The therapeutic potential of ACSL4 is 

closely tied to its activity toward arachidonate and the selective inhibition of 

its activity toward SFAs or MUFAs would likely be ineffective. 

How does the inhibition of purified ACSL4 correlate with the activity of 

these inhibitors in more complex models? Are they capable of inhibiting 

arachidonoyl-CoA synthetase activity in cellular systems or in vivo?  

LIBX-A401 and LIBX-A403 were shown to bind ACSL4 in cells (33), while 

AS-252424 and the Silibinin probe effectively target ACSL4 in cell lysates 

(93,239). Furthermore, ROSI and PRGL493 were shown to decrease the 

formation of AA-CoA in cells (92), whereas Silibinin reduced AA-CoA 
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formation in cell lysates (239). These findings confirm that the compounds 

do inhibit arachidonoyl-CoA synthetase activity in cellular contexts. 

Given that AS-252424 (93) and PRGL493 (92) were reported to inhibit 

purified ACSL4 in the presence of arachidonate but failed to show 

activity in our assay, could the issue lie in our experimental setup? The 

importance of experimental methodology has been highlighted in studies of 

ACSL substrate specificity, as variations in protein purification protocols and 

activity assays can result in significant discrepancies (34,46). In our setup, 

while the potency of the inhibitors varies depending on the FA used, the 

relative ranking of their inhibitory effects tends to be conserved across 

different FAs. Therefore, monitoring inhibition using palmitate (16:0) seems 

relevant, as it enables meaningful comparison between different inhibitors. 

Because ACSL4 is considerably more difficult to inhibit in the presence of 

arachidonate (20:4ω-6) than with palmitate (16:0), gaining a deeper 

understanding of the molecular mechanisms underlying its preference for 

arachidonate could significantly aid lead optimization. To this end, we 

initiated substrate specificity studies. 

In chapter III, we investigated the mechanisms governing ACSL4's FA 

preference. We first adopted a conventional approach by screening 

structurally distinct FAs for activity. Although ACSL4 showed the highest 

activity toward arachidonate, the differences among FAs were modest. 

Comparing arachidonate (20:4ω-6) to palmitate (16:0) revealed only a 1.27-
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fold increase in activity at 50 µM and a 1.2-fold difference in catalytic 

efficiency.  

We further investigated substrate specificity by monitoring ACSL4 binding 

interactions with eight FAs using nDSF and MST. These two orthogonal 

methods revealed that, similar to ttLC-FACS, ACSL4 undergoes a primary 

ATP-induced conformational change necessary for FA binding. In addition, 

by comparing FA binding events in the presence of ATP versus a non-

hydrolyzable analogue, we likely distinguished two catalytic steps: FA 

binding and intermediate formation. 

Both methods, under both conditions, were consistent and revealed clear 

distinctions between FAs. ACSL4 showed the highest affinity for PUFAs, 

with arachidonate (20:4ω-6) binding most strongly, followed by MUFAs, and 

finally palmitate (16:0). The more than eleven-fold difference in ΔTm and 

over two log units in apparent KD between arachidonate (20:4ω-6) and 

palmitate (16:0) sharply contrast with the minimal differences observed in 

kinetic studies. 

Although all biophysical methods resulted in a similar overall FA ranking, 

the exact positioning of intermediate FAs varied between approaches. To 

serve as a benchmark method, we developed a novel LC-MS assay to monitor 

specific FA consumption by ACSL4 within mixtures of FAs. Using this 

assay, we observed that the preferential consumption of specific PUFAs such 

as arachidonate (20:4ω-6) and dihomo-γ-linolenate (20:3ω-6) strongly 

inhibited the conversion of other FAs. The successive removal of fully 
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consumed FAs from the mixtures progressively enabled the conversion of 

lower-priority FAs, suggesting that product inhibition may play a role in 

regulating ACSL4’s substrate specificity. Using four different mixtures, we 

established a preference ranking that better captures the complexity of a 

physiological environment. Among the different ranking methods, nDSF in 

the presence of ATP most closely approximates the ranking observed in the 

competition assay. 

We validated the product-inhibition mechanism by evaluating ACSL4 

activity in the presence of two representative products: AA-CoA, 

corresponding to a preferential substrate, and PA-CoA, product of a lower-

priority substrate. While inhibition by PA-CoA was minimal, AA-CoA 

potently inhibited lower-priority FAs conversion. The inhibition remarkably 

correlated with the FA ranking determined in the LC-MS competition assays, 

supporting the role of product inhibition in shaping ACSL4’s FA preference. 

It is well established that product inhibition plays a key role in maintaining 

metabolic balance through negative feedback mechanisms (295). However, 

we found no other reports of this type of mechanism contributing to substrate 

specificity in any enzymatic system. It clearly confers upon ACSL4 a highly 

specialized role in vitro in the activation of arachidonate and related PUFAs. 

The physiological advantages of such specificity control remain speculative, 

but may involve the need for a rapid response to tightly regulate arachidonate 

levels, thereby preventing apoptosis (296) or halting eicosanoid synthesis 

(102). Alternatively, this tight specificity might be required to support the 
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biosynthesis of PUFA-rich membrane domains with specialized functions, 

ultimately contributing to ferroptosis sensitivity (101). 

We characterized AA-CoA interaction and found that it binds with high 

affinity to ACSL4 in the absence of ATP (KD = 1.3 µM), a condition that 

reflects the end of one catalytic cycle and the initiation of the next. Following 

the ATP-induced conformational change that enables binding of a new FA, 

AA-CoA affinity further increases (KD = 0.35 µM), resulting in nearly 

threefold stronger binding compared to the most preferred substrate. With the 

product already bound, this may result in an unfair competition that prevents 

lower affinity FAs from binding. Thus, a new model can be proposed in which 

the catalytic cavity is never truly empty, but instead occupied by a preferential 

product (Figure 48). PUFAs may be less affected by the constitutive presence 

of their products, either due to their inherently higher affinity, or perhaps due 

to their ability to navigate a partially occupied cavity thanks to greater 

structural flexibility. Obtaining structural insights would be instrumental in 

clarifying this phenomenon. 

 

Figure 48. Preferential products remain bound to ACSL4, preventing processing of 
lower-priority FAs. 
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One might question the relevance of product-governed substrate specificity 

in more complex biological systems. Numerous gain- and loss-of-function 

have demonstrated that ACSL4 exclusively metabolizes PUFAs in cellular 

contexts (58,59,68) which support the existence of a regulatory mechanism 

when considering the ability of recombinant enzymes to use other type of 

FAs. In addition, previous studies have reported that PA-CoA inhibits 

nonspecific ACSL activity in rat liver microsomal (300) or mitochondrial 

(305) fractions, validating the effect in more complex media. However, the 

presence of ACBP, a small cytosolic protein with nanomolar affinity for acyl-

CoAs (306) and the ability to mitigate ACSL inhibition by PA-CoA (305) 

might temper the efficiency of product inhibition. Further investigation into 

ACBP’s role in modulating ACSL4 product inhibition and its influence on 

FA preference will provide deeper insights into the relevance of this 

regulatory mechanism in vivo. 

Based on the results we obtained, it can be assumed that FAs with higher 

affinities are converted into products with stronger binding, which act as more 

potent inhibitors, thereby balancing the overall reaction rates across different 

FAs. Such phenomenon may explain why the conventional biochemical 

methodologies show limited differentiation between FAs, often resulting in 

comparable kcat/Km values for the preferential arachidonate (20:4ω-6) and the 

lower-priority palmitate (16:0) (39,46). Thus, relying solely on the kinetic 

parameters of isolated FAs is inadequate for accurately determining ACSL4’s 

substrate preference.  
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These assumptions likely extend to other ACSL isoforms, whose reported FA 

specificity profiles, based on kinetic measurements, often lack clear and 

consistent patterns (34,46). Given the previously reported ACSL inhibition 

by PA-CoA (300,305) and the minimal ACSL4 inhibition we observed with 

the same product, it is probable that other isoforms are also subject to 

regulation via product inhibition. Therefore, it would be valuable to re-

evaluate the FA preferences of other ACSLs by accounting for product 

inhibition, using a methodology similar to that developed for ACSL4. 

However, whether this approach on purified proteins provides a meaningful 

advantage over cell-based evaluations is open to discussion. To explore this 

further, we will discuss the respective limitations of each approach.  

ACSL activity is tightly regulated by post-translational modifications, such 

as phosphorylation, which can even influence oligomeric states, as observed 

for ACSL4 (86). These transient modifications cannot be recapitulated in 

purified proteins, especially when expressed in simple organisms such as 

bacteria.  

Furthermore, as with other proteins that operate at the water-lipid interface, 

accurately assessing their activity presents a major challenge, as purification 

procedures inevitably create an artificial environment that differs 

significantly from their native cellular context (34). To obtain sufficient 

amounts of protein from E. coli lysates, we had to use Triton X-100 at 

concentrations way above its critical micellar concentration. We also 

observed that both the enzymatic activity and apparent oligomeric state of 
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ACSL4 were highly sensitive to the type and concentration of detergent used 

(data not shown). In addition, these enzymes use FAs as substrates, which are 

likely sequestered within the artificial micelles, and generate detergent-like 

products that can potentially alter the micellar environment.  

Another limitation is that we cannot determine the FA concentration at the 

enzyme’s active site in a cellular context, as it is not uniformly distributed 

(46). The majority of the intracellular unesterified FA pool is bound with high 

affinity to abundant fatty acid-binding proteins (FABPs), restricting free FA 

concentrations to the low nanomolar range (9). This suggests that enzymes 

utilizing FAs may require dedicated delivery mechanisms, for example 

through interactions with FABPs. Moreover, the release of certain esterified 

FAs, such as arachidonate, is a transient process that is highly dependent on 

the (patho)physiological conditions (307). Altogether, these considerations 

make it challenging to reproduce a cellular environment containing a 

physiologically relevant mixture of FAs. Considering that FABPs can 

accommodate FA concentrations up to 300 µM (9), and that unesterified 

arachidonate levels range from low (0.5-15 µM) under resting conditions to 

high micromolar levels (100-500 µM) following stimulation (307), using 

200 µM total FAs, distributed as 25 µM each for eight representative species, 

provides a reasonable physiological approximation. For more specific 

contexts, the composition of this mixture could still be adjusted accordingly. 

Finally, working with purified proteins does not capture the advantages of 

multi-protein assemblies that typically enhance pathway efficiency, as 
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substrates and intermediates remain concentrated near potential downstream 

proteins rather than being diluted into the bulk phase (298). This mechanism 

has been proposed in the context of the ACSL1-GPAT1 interactome and 

could also involve FABPs and ACBP. 

Therefore, future studies using purified proteins should focus on evaluating 

their activity in well-defined systems that incorporate membranes closely 

resembling their native environment, along with key components of their 

interactome. 

Although cellular evaluations better mimic a physiologically relevant 

environment and allow for the assessment of the metabolic fate of FAs, gain- 

and loss-of-function studies come with their own set of drawbacks. A major 

caveat of gain- and loss-of-function studies concerning ACSLs is that long-

term changes in gene expression may affect other enzymes or proteins 

involved in FA transport and metabolism (97). As a result, interpretations 

may be confounded by secondary alterations in gene expression or 

posttranslational modifications affecting other proteins involved in lipid 

metabolism. 

Evidence from overexpression studies is particularly questionable due to the 

potential mislocalization of the overexpressed ACSL, which may 

significantly alter FA channeling (30). Downstream pathways may become 

saturated and unable to process an excess flux of acyl-CoA substrates. The 

surplus acyl-CoA could then aberrantly inhibit metabolic enzymes and 

damage cellular membranes due to its detergent-like properties. Thus, studies 
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employing transient inhibition, either through inducible knockout or selective 

pharmacological inhibitors, are preferable. 

Another limitation is that the distribution of FAs and the function of ACSL 

isoforms may vary across tissues and cell types, meaning that conclusions 

might be restricted to the specific models studied. 

Additionally, the FA profile of cultured cells differs markedly from that of 

natural cells, typically containing twice the MUFA and half the PUFA levels, 

due to limited availability of PUFAs in culture media (308). This discrepancy 

can significantly alter lipid metabolism in cell-based models.  

Finally, the diverse metabolic roles of ACSLs, from FA uptake to their 

channeling into multiple distinct pathways, make it challenging to 

comprehensively track their functional contributions. Sensitive methods 

capable of simultaneously measuring in vivo fluxes of free FAs and acyl-

CoAs are therefore required to clearly delineate their specific roles.  

In conclusion, both biological and biochemical models come with inherent 

limitations, as is the case with any experimental system. Evaluating the 

metabolic fate of FAs is simply not possible using purified proteins alone and 

requires more complex biological models. However, defining a clear 

substrate spectrum or investigating the molecular determinants underlying it 

is far more feasible in biochemical systems, where strict control over 

experimental parameters enables clearer interpretation of results. For 

instance, uncovering a product-inhibition mechanism is challenging in 
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biological systems, since introducing the product would substitute for the 

enzyme natural activity. 

Because this work spanned from medicinal chemistry to biochemistry, 

beginning with the observation that ACSL4 inhibition is intrinsically linked 

to substrate specificity, it is natural to question whether the product inhibition 

underlying this specificity contributes to the FA-dependent inhibition. First, 

it is reasonable to assume that the substrate and product share at least a 

partially overlapping binding site, given their common fatty acyl moiety. 

Thus, a potential competition mechanism between the FA and the inhibitor 

may also be preserved by the product. This might explain why TRO displays 

a mixed inhibition pattern, as its binding wouldn't be affected by the FA alone. 

Investigating this will require a robust biophysical competition method that 

provides clear signals for inhibitors, FAs and their derivatives. Alternatively, 

should ACBP facilitate the removal of the product, this could restore the 

inhibitory effect of pharmacological compounds on ACSL4 in the presence 

of arachidonate. If so, it would strongly suggest that the product impairs the 

compounds’ binding.  This would also support the idea that ACSL4 inhibition 

in the presence of arachidonate is facilitated in biological systems by the 

downstream processing of acyl-CoAs, potentially explaining the 

discrepancies observed between biochemical and cellular models. 

Recognizing the role of the product in ACSL4 catalysis does not provide a 

straightforward solution to the lack of inhibition by pharmacological 
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compounds in the presence of arachidonate. However, it opens new avenues 

for the design of optimized ACSL4 inhibitors.  

Through the study of product binding and product inhibition, we observed for 

the first time an inhibitor capable of binding ACSL4 in the absence of ATP. 

This presents an opportunity to design ligands that replicate this mechanism. 

A product-mimetic compound could extend the window of the catalytic cycle 

during which the inhibitor can bind, potentially enhancing potency. 

Moreover, the CoA-binding pocket provides additional hotspot residues 

capable of forming non-hydrophobic interactions, compensating for the 

limited interaction diversity within the predominantly lipophilic FA-binding 

pocket. Consequently, this approach could facilitate the improvement of 

drug-like properties during lead optimization. As a proof of concept, a hybrid 

molecule combining a LIBX derivative linked through the cinnamic ester 

group to a CoA moiety is envisioned. However, the synthesis of such 

amphiphilic compounds may be challenging, and the rational design of CoA 

modulations could prove difficult during later optimization steps.  

It is possible that ACBP alleviates product inhibition by interacting with 

ACSLs and extracting acyl-CoAs. If so, disrupting this interaction could 

represent a novel inhibitory strategy. Achieving this would require a detailed 

understanding of the putative binding interface between ACSL4 and ACBP. 

Nevertheless, since exogenous AA-CoA seems to have minimal inhibitory 

effect on ACSL4 arachidonoyl-CoA synthetase activity, strategies based on 
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mimicking the product or blocking the putative alleviating mechanisms may 

prove ineffective.  

Alternatively, we could consider the hypothesis in which PUFAs are 

selectively processed in the presence of AA-CoA due to their structural 

flexibility, enabling them to slip into a partially obstructed catalytic cavity. 

According to this hypothesis, AA-CoA blocks the entry of lower-priority FAs 

and possibly that of inhibitors as well, thereby preventing their action. In this 

context, developing ‘contortionist’ inhibitors that mimic the bis-allylic 

features of PUFAs to access the partially blocked cavity may prove valuable. 

To support this idea, Triacsin C, which resembles a FA and contains a bis-

allylic carbon, is the most effective inhibitor in the presence of arachidonate. 

However, up to now, we have rather observed that rigidifying the scaffolds 

tends to enhance inhibitory activity, but this may be due to the fact that 

evaluations during the drug optimization process were conducted using 

palmitate (16:0). Reevaluating the SAR of key analogues in the presence of 

arachidonate (20:4ω-6) would be valuable and necessary to ensure the 

relevance of this strategy. 

A more classical approach to improving inhibition in the presence of 

arachidonate would be to identify key residues specifically involved in 

arachidonate binding and to design inhibitors that target or extend toward 

those residues. For such studies, docking of representative FAs and inhibitors, 

followed by molecular dynamics simulations using the refined AlphaFold 2 

model of ACSL4 that we developed (33), may yield valuable insights. 
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Moreover, the recently updated AlphaFold 3 further enhances prediction 

capabilities for protein-ligand complexes, as it was shown to outperform 

state-of-the-art docking tools (309). This version also enables the assessment 

of how post-translational modifications (PTMs) influence the predicted 

protein structure, which could be especially relevant for ACSL4, considering 

the numerous PTMs reported (69,76,82–87). However, one limitation of AI-

based prediction methods for proteins with multiple distinct conformations is 

that they tend to generate “in-between” models by averaging across resolved 

structures in different conformational states. To address this limitation, the 

set of structures used to generate models for each distinct state should be 

carefully curated. For example, only apo structures could be selected for one 

state and ATP-bound structures for another. Finally, the generated model 

should also reflect the correct oligomeric state, which can be achieved using 

different tools, such as AlphaFold-Multimer (310). 

It is noteworthy that such deep-learning-predicted structures are only as good 

as the quality and similarity of the available data. In this case, the closest 

homologous structure available, ttLC-FACS, differs substantially from 

ACSL4, sharing only 20% sequence identity. Because of this, the newly 

optimized model would need to be validated using experimental data, for 

example from mutagenesis studies. 

 In any case, resolving the ACSL4 structure through X-ray crystallography or 

cryo-EM remains a primary objective. Capturing the distinct conformational 

states of ACSL4 by determining structures of the enzyme complexed with 
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arachidonate, intermediates, and product derivatives would be instrumental 

in fully elucidating the catalytic mechanism. Furthermore, resolving 

structures of ACSL4 bound to inhibitors would provide a precise definition 

of the binding sites and facilitate rational drug design. To achieve this goal, 

two different approaches are currently being pursued in parallel by the team 

and collaborators from the Centre de Biologie Structurale (CBS). Following 

the optimization of negative-stain electron microscopy conditions to obtain a 

well-populated, monodispersed sample, cryo-EM experiments have now been 

initiated. The other strategy aims to crystallize a chimeric protein comprising 

the catalytic domain of ACSL4 embedded within the scaffold of the ttLC-

FACS structure, to maximize the likelihood of obtaining crystals. 

Most of the proposed perspectives above aim to outcompete the specific 

substrate of an enzyme that, as we have observed, is highly specialized in its 

metabolism. Moreover, as mentioned before, a notable weakness of 

compounds binding in the FA pocket is the highly hydrophobic nature of the 

cavity, which tends to favor the development of highly lipophilic inhibitors. 

For these reasons, it might be wiser to move away from FA competition. 

Since FAs require ATP to bind, one strategy to identify FA-independent 

inhibitors would be to screen for compounds that can bind in the absence of 

ATP. Because no hits were identified under these conditions in our initial 

screenings, such compounds appear to be rare, and exploring larger chemical 

libraries will likely be necessary to discover them. An alternative strategy 

would be to screen compounds directly in an activity assay conducted with 
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arachidonate as the substrate. Thus, the journey may continue as it began, 

with new screenings paving the way forward.  
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