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Abstract In our screening campaign for novel ferroptosis inhibitors, we identified that vitamin A (VA)

and its metabolite all-trans retinoic acid (ATRA) exhibited potent ferroptosis-suppressing activity.

Notably, through a combination of biochemical and pharmacological assays, we demonstrated that the

anti-ferroptotic effects of VA and ATRA are independent of both antioxidative mechanisms and the ca-

nonical RAR/RXR signaling pathway. This conclusion was corroborated by a series of newly synthesized

VA analogues. Furthermore, VA and its structural derivatives significantly alleviated ferroptosis-

associated pathological phenotypes in murine models. Intriguingly, we discovered a novel function of

VA and its analogues, which directly target acyl-CoA synthetase long-chain family member 3

(ACSL3) and enhance its enzymatic activity. This ACSL3-dependent mechanism increases the MUFA/

PUFA ratio in phospholipids, thereby preventing lipid peroxidation. Strikingly, we further demonstrated

that VA and its analogue D3 [(2E,4E,6E,8E )-N,3,7-trimethyl-9-(2,6,6-trimethylcyclohex-1-en-1-yl)nona-
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2,4,6,8-tetraenamide] extend the lifespan of C. elegans in a manner dependent on ACSL3, highlighting

the physiological relevance of this pathway in aging. Collectively, our findings unveil a previously unrec-

ognized role for VA and its analogues in modulating lipid metabolism, thereby providing a theoretical

basis for their potential application in treating ferroptosis-related diseases and possibly enhancing

longevity.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ferroptosis is an iron-dependent form of non-apoptotic cell death

characterized by extensive phospholipid peroxidation, resulting in

plasma membrane damage and cell death1. Lipid peroxidation

primarily targets esterified polyunsaturated fatty acids (PUFAs)

rather than free PUFAs, with phospholipids (PLs) containing

PUFA tails exhibiting heightened susceptibility to peroxidation at

bis-allylic carbons2. Notably, phosphatidylethanolamines (PEs)

and phosphatidylcholine (PCs) esterified with arachidonic acid

(AA, C20:4) or arachidonic acid (AdA, C22:4) are more tightly

associated with ferroptosis than other PLs2,3. Glutathione perox-

idase 4 (GPX4) is the only mammalian enzyme identified to

catalyze the conversion of phospholipid hydroperoxide into

phospholipid alcohol, thus suppressing ferroptosis4. Moreover,

there exist endogenous lipophilic radical trapping agents,

including coenzyme Q105-7, vitamin E2, tetrahydrobiopterin

(BH4)8, vitamin K9 and 7-dehydrocholesterol (7-DHC)10,11, that

inhibit ferroptosis by quenching lipid radicals.

The susceptibility of fatty acids to peroxidation hinges on their

saturation status. Phospholipids with monoacyl-PUFA and diacyl-

PUFA tails (e.g., PC-PUFA2) readily undergo peroxidation via

labile iron or iron-containing enzymes, generating phospholipid

hydroperoxides that propagate oxidative chain reactions within

membranes12,13. A recent study reported that LPCAT1 preferen-

tially incorporates saturated fatty acids (SFAs) into cellular

membrane PLs while decreasing the levels of PL-PUFAs, resulting

in increased resistance to ferroptosis14. Notably, monounsaturated

fatty acids (MUFAs) have been recognized as a potent inhibitor of

ferroptosis through competing with PUFAs for incorporation into

PLs, a process that is dependent on ACSL315. ACSL3 displays a

marked preference for catalyzing the esterification of MUFAs with

CoA, and the lyso-PL acyltransferases, specifically membrane

bound O-acyltransferase domain containing 1 and 2 (MBOAT1/

2)16, selectively incorporate MUFA-CoA into PLs. This process

results in an elevation of membrane PL-MUFAs and a concomi-

tant reduction of PL-PUFAs, thereby serving as an intrinsic

mechanism to combat ferroptosis. Another study reported that

melanoma cells from lymph nodes evade ferroptosis by enriching

phospholipids with oleic acid in a manner that is dependent on

ACSL317. Furthermore, the elevated expression of stearoyl-CoA

desaturase (SCD1), an enzyme that catalyzes the biosynthesis of

MUFAs from SFAs, confers ferroptosis resistance in ovarian

cancer cells, mimicking the protective effects observed with

MUFAs treatment18. Thus, genetic or pharmacological modulation

of lipid metabolism and membrane PL remodeling may represent

a potential therapeutic strategy for ferroptosis-associated diseases.

Numerous studies have indicated that ferroptosis is involved in

a wide range of diseases, including cancer, neurodegeneration,

ischemia/reperfusion (I/R)-induced tissue injury, metabolic

diseases, immunological diseases and so on19-22. Additionally,

ferroptosis has emerged as a significant and evolutionarily

conserved regulator of aging, mediated through the interplay of

lipid metabolism dysregulation, oxidative stress, and disrupted

iron homeostasis23-25. The nematode C. elegans-a leading model

for aging research-exhibits age-associated elevated iron levels,

GSH depletion, and increased susceptibility to ferroptosis23.

Treatment of liproxstatin-1, a potent ferroptosis inhibitor, could

also significantly alleviate age-related cell death and substantially

extend lifespan in C. elegans. This beneficial outcome could be

attributable to the accumulation of MUFAs, which combats the

age-related rise in lipid oxidation. This process enhances

longevity by elevating the MUFAs/PUFAs ratio in the membrane

lipids of C. elegans26. These findings offer novel opportunities for

regulating longevity through lipid metabolism adjustments.

In this study, we identified VA and its analogues as potent

ferroptosis inhibitors through high-throughput screening.

Although VA and ATRA have previously been found as ferrop-

tosis inhibitors27, we unexpectedly discovered that the anti-

ferroptotic activity of VA/ATRA is independent of the tradi-

tional RAR/RXR transcriptional signaling pathway. Instead, VA

and its analogues bind to and activate ACSL3, facilitating the

incorporation of MUFAs into phospholipids to inhibit ferroptosis.

Additionally, we demonstrate that VA analogues significantly

reduce aging-induced lipid peroxidation and extend lifespan in C.

elegans. These findings unveil novel VA analogues that modulate

lipid metabolism, thereby offering a promising strategy for

modulating ferroptosis and promoting longevity.

2. Results

2.1. Vitamin A and its metabolites inhibit ferroptosis

independent of antioxidant capacity or RAR/RXR activation

To discover small molecule compounds that inhibit ferroptosis, we

performed a phenotypic screening against a compound library

(∼4000) in HT-1080 cells (Supporting Information Fig. S1A)28.

Notably, vitamin A (VA) and its metabolite all-trans retinoic acid

(ATRA) were identified as ferroptosis inhibitors (Fig. S1B and Fig.

1A). VA is an essential nutrient, which is obtained from dietary

sources including animals and plants, and ATRA is the most

abundant and active metabolite of VA. The half maximal effective

concentration (EC50) of VA and ATRA in response to RSL3-

induced ferroptosis were determined to be 0.40 and 3.78 μmol/L,

respectively in HT-1080 cells (Fig. 1B). Similarly, for Erastin-

induced ferroptosis, the EC50 values were 1.94 and 8.12 μmol/L

for VA and ATRA, respectively (Fig. 1B). The efficacy of VA and

ATRA in suppressing ferroptosis was comparatively lower than

that of the well-established ferroptosis inhibitors Liproxstatin-1
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(Lip-1) and Ferrostatin-1 (Fer-1) (Fig. S1C), which function as

potent radical-trapping agents (RTAs) that directly scavenge lipid

peroxides. Notably, however, the effective concentration of VA

falls within the range of physiological serum retinol levels (1—3

μmol/L) observed under normal conditions29. VA and ATRA also

efficiently rescued cells from ferroptosis triggered by RSL3 or

Erastin in other cancer and non-cancer cell lines including 786-O,

SK-HEP-1, 769-P and ARPE-19 cells (Fig. S1D—S1F). Intrigu-

ingly, we found that the intermediate metabolite retinal (RAL),

which is essential for phototransduction in retina, also inhibited

ferroptosis (Fig. 1C). In addition, VA, ATRA and RAL did not

affect staurosporine (STS)-induced apoptosis and H2O2-induced

necrosis (Fig. S1G), showing their specificity in ferroptosis inhi-

bition. Moreover, VA, ATRA and RAL suppressed GPX4-knockout

triggered ferroptotic cell death (Fig. 1D).

VA, ATRA and RAL efficiently reduced RSL3-or Erastin-

induced lipid peroxidation-a hallmark of ferroptosis-in HT-1080

and 786-O cells in a concentration-dependent manner (Fig.

S1H—S1L). However, unlike the antioxidant Trolox, these com-

pounds do not act as radical-trapping agents (RTAs) as measured

by the DPPH assay (Fig. 1E). This was further confirmed by

fluorescence-enabled inhibited autoxidation (FENIX) assay, which

employs liposomes composed of egg phosphatidylcholine to

simulate the cell membrane’s lipid bilayer in vitro. Compared to

Fer-1, a well-established RTA, supplementation with ATRA and

RAL up to 10 μmol/L did not significantly delay the process of

autoxidation, while VA exhibited a modest inhibitory effect on

autoxidation (Fig. 1F). These results suggest that the anti-

ferroptotic effects of VA, ATRA and RAL are not attributed to

direct antioxidative capabilities, while VA may act partially

through modest antioxidant activity.

It has been well established that biological functions of VA/

ATRA are mediated through downstream gene transcription,

which is regulated by the RAR/RXR nuclear receptors30,31.

However, VA and ATRA did not appear to influence the expres-

sion of those genes involved in ferroptosis regulation, including

ACSL4, GPX4, SLC7A11, FSP1, SCD1, HO-1 and NRF2, in HT-

1080, 786-O or ARPE-19 cells (Fig. 1G, Supporting Information

Fig. S2). VA and ATRA also did not alter cellular levels of

glutathione (GSH), a co-substrate of GPX4 (Supporting Infor-

mation Fig. S3A). Since ferroptosis is an iron-dependent cell

death, we proceeded to investigate whether VA and ATRA regu-

late iron metabolism. The levels of labile ferrous iron, detected by

FerroOrange, were not affected by VA or ATRA (Fig. S3B).

Moreover, the expression of genes involved in iron metabolism,

including FTH1, TFRC and IRP1, was not altered by either VA or

ATRA in multiple cell lines (Fig. 1H and Fig. S2). These obser-

vations raise the possibility that VA and ATRA may suppress

ferroptosis independently of RAR/RXR-mediated gene transcrip-

tion. To investigate this intriguing hypothesis, we employed

several pharmacological and genetic approaches. Firstly, we co-

treated RSL3-challenged HT-1080 cells with VA/ATRA and a

pan-RAR antagonist (AGN193109) or a pan-RXR antagonist

(HX531). The results show that neither antagonist exerted a sig-

nificant influence on the inhibitory effects of VA and ATRA on

ferroptosis in HT-1080 cells (Fig. 1I, J and Fig. S3C). Similar

results were also observed in 786-O and ARPE-19 cells (Fig. S3D

and S3E). We also evaluated some other antagonists targeting

RAR (BMS453, LE135 and LY2955303) or PPARß/δ (GSK3787),

and found these compounds did not affect the anti-ferroptotic

activity of VA and ATRA either (Fig. S3F). Second, we con-

structed RXRA and RXRB knockout cells (Fig. S3G and S3H), and

examined the effects of VA and ATRA on RSL3-induced ferrop-

tosis. The results show that neither knockout of RXRA or RXRB

individually nor RXRA/RXRB double knockdown affect the anti-

ferroptosis activity of VA and ATRA (Fig. 1K, Fig. S3I and

S3J). Third, we treated cells with Ch55 and ADA, two RAR ag-

onists that are known to stimulate RAR/RXR-mediated gene

transcription32,33. However, these two compounds did not exhibit

inhibitory effect on ferroptosis (Fig. 1L). Consequently, these data

demonstrate that inhibition of ferroptosis by VA and its metabo-

lites is independent of RAR/RXR activation.

2.2. A new class of VA analogues are identified as ferroptosis

inhibitors

We observed that VA and its metabolites ATRA and RAL are

potent ferroptosis inhibitors, which is consistent with the previous

findings27,34. However, their activities had not been impacted by

RAR/RXR inactivation in our results. These findings prompt us to

direct our attention to the structural characteristics of VA, ATRA,

and RAL. Notably, we noticed that they all share a common

structural motif, which possess a ß-Ionone ring and a poly-

unsaturated side chain. To further clarify the significance of key

structural determinants in VA, we designed and synthesized a

series of VA analogues through optimization of the number of

double bonds, the hydroxy group in VA, and carboxylic acid group

in ATRA. The synthesis primarily commenced with commercially

available VA, ATRA, and ß-Ionone. These starting materials un-

derwent a series of reactions including Wittig-Horner reactions,

reduction, oxidation, esterification, and amide formation, ulti-

mately yielding 16 analogues with the longest linear sequence

consisting of 6 steps (Supporting Information Schemes S1—S3).

The activities of these compounds against ferroptosis were

measured in HT-1080 cells and a preliminary structure—activity

relationship was established (Table 1). Our results suggest a

positive correlation between the number of double bonds in these

VA analogues and their anti-ferroptotic activity (Fig. 2A). Spe-

cifically, unsatisfactory anti-ferroptotic activity was observed in

VA analogues A1 and B1-B5, which possess one or two double

bonds (Table 1). Similarly, VA analogues C1—C3 embedded with

three double bonds in their side chains did not exhibit improved

activity. Interestingly, replacing the terminal functional groups of

C1—C3 with a hydroxy group (C4), an aldehyde (C5), and a ke-

tone (C6) significantly enhanced their anti-ferroptotic activity

(Table 1). The side chains of the VA analogues D1—D4, 4-HRP,

and Acitretin tethering four double bonds, were subsequently

synthesized and evaluated. Notably, the presence of four conju-

gated double bonds, combined with optimized terminal

functionalities-particularly hydroxy groups and related polar

motifs-proved essential for effective ferroptosis inhibition. To our

delight, all these compounds exhibited considerable anti-

ferroptotic activity, with D3 being the most effective, demon-

strating an excellent EC50 value of 0.53 μmol/L against RSL3-

induced ferroptosis.

Similar to VA and ATRA, these analogues had no direct

antioxidative property, as evidenced by DPPH assay (Fig. 2B) and

FENIX assay (Fig. 2C). Moreover, the representative analogues

C4, D2 and D3 efficiently suppressed RSL3-triggered lipid ROS

accumulation, whereas C5 did not exhibit this effect (Fig. 2D),

indicating C5 may possess a distinct activity to inhibit ferroptosis.

To rule out the possibility that these analogues act through acti-

vating the RAR/RXR pathway, we utilized a RARE-luciferase

reporter system. The results show that, in contrast to ATRA, a

1512 Nanxuan Luo et al.



Figure 1 Vitamin A and its metabolites inhibit ferroptosis independent of antioxidant capacity or RAR/RXR activation. (A) Illustration of the

structures of VA and ATRA. (B) Measurement of the EC50 values of VA and ATRA towards RSL3 (0.5 μmol/L) or Erastin (10 μmol/L) induced

ferroptosis in HT-1080 cells. Cells were treated with drugs for 24 h. (C) RAL suppressed RSL3 and Erastin-induced ferroptosis in HT-1080 cells.
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renowned ligand for RAR/RXR signaling, none of the analogues

B3, B5, C5, C6, D2 or D3 were able to activate RARE-driven

luciferase expression (Fig. 2E). This experiment reinforces the

conclusion that VA and its analogues inhibit ferroptosis

independent of the RAR/RXR signaling. Taken together, these

observations demonstrate that VA and its analogues exert their

anti-ferroptotic function through similar structural features rather

than by promoting gene transcription.

Table 1 The activities of VA analogues against ferroptosis in HT-1080 cells.

Compd. R EC50 (RSL3,

μmol/L)

EC50 (Erastin,

μmol/L)

Antioxidant

capacity (DPPH)

A1
>40

>40 No

B1 >40
>40 No

B2 >40 >40 No

B3 >15.54
>30.49 No

B4
>40

>40 No

B5
>30.88

>22.37 No

C1 >40
>40 No

C2 14.17 >40 No

C3
>40

>40 No

C4 1.18 3.38 No

C5
2.48

13.14 No

C6
7.83

>27.97 No

D1 2.23
>40 No

D2 2.82 7.08 No

D3 0.53
7.98 No

D4 4.96
31.30 No

4-HRP
0.61

3.30 No

Acitretin
2.98

17.53 No

(D) Viability of HT-1080 GPX4-KO cells treated with the indicated compounds for 24 h after withdrawal of Fer-1, which is essential for the

survival of GPX4-KO cells. (E) The antioxidative capacity of VA (50 μmol/L), ATRA (50 μmol/L) and RAL (50 μmol/L) was analyzed by

the DPPH (2,2-diphenyl-1-picrylhydrazyl) assay. Trolox (50 μmol/L) was used as a positive control. (F) The effect of VA, ATRA and RAL on the

autoxidation of C11 BODIPY581/591 initiated by AAPH in EggPC liposomes was measured by FENIX assay. Fer-1 was used as a positive control.

(G) Protein expression levels of GPX4, SLC7A11, ACSL4, SCD1, FSP1, HO-1 and NRF2 in HT-1080 cells were analyzed by Western blot. Cells

were treated with VA (1 μmol/L) or ATRA (10 μmol/L) in the presence or absence of RSL3 (0.25 μmol/L) for 2.5 h or Erastin (10 μmol/L) for 8 h.

(H) Protein expression levels of IRP1, TFRC and FTH1 in HT-1080 cells were analyzed by Western blot. Cells were treated with VA (1 μmol/L)

or ATRA (10 μmol/L) in the presence or absence of RSL3 (0.25 μmol/L) for 2.5 h or Erastin (10 μmol/L) for 8 h. (I, J) Cell viability of HT-

1080 cells after co-treatment with RSL3 and VA or ATRA in the presence of pan-RAR antagonist AGN193109 (20 μmol/L) (I) or pan-RXR

antagonist HX531 (20 μmol/L) (J). (K) The protective effects of VA or ATRA on RSL3-induced ferroptosis in RXRA and RXRB knockout

HT-1080 cells. (L) Viability of HT-1080 cells treated with different doses of RAR agonists Ch55 and Adapalene (ADA) under RSL3 (0.5 μmol/L)

and Erastin (10 μmol/L)-induced ferroptosis for 24 h. Data shown represent the mean ± SD (n � 3). **P < 0.01, and ***P < 0.001, indicating

significant differences between groups. ns means no significance.

1514 Nanxuan Luo et al.



2.3. VA and its analogues protect against ConA-induced acute

liver injury and hepatic ischemia/reperfusion (I/R) injury

Since VA and its analogues had a pronounced inhibitory activity

against ferroptosis in vitro, we further investigated their protective

effects against ferroptosis-related pathology in vivo. The liver

serves as the primary organ for VA storage, where hepatic stellate

cells (HSCs) store approximately 80% of VA. Consequently, the

ferroptosis inhibition by VA and its analogues may possess clin-

ical potential for the treatment of liver-related diseases35. Previous

studies indicate that Concanavalin A (ConA) is known to induce

ferroptosis in mouse liver, causing acute liver injury (ALI), which

could be alleviated by ferroptosis inhibitors28,36,37. When VA,

ATRA and D3 were applied on this model, all the three com-

pounds compromised the elevated levels of serum alanine

aminotransferase (ALT) and aspartate aminotransferase (AST)

induced by ConA (Fig. 3A and B). H&E staining of mouse liver

sections indicated that treatments with VA, ATRA and D3

significantly alleviated ConA-induced acute liver injury in mice

(Fig. 3C). Moreover, treatment with VA, ATRA and D3 reduced

the levels of lipid peroxidation markers, including 4-HNE (Fig.

3C), MDA (Fig. 3D), and restored GPX4 expression level that

was reduced by ConA (Fig. 3E). Meanwhile, VA, ATRA and D3

decreased the hepatic iron level (Fig. 3C), Ptgs2 expression (Fig.

3F), as well as inflammatory factor Tnfα expression in mouse liver

(Fig. 3G). Hepatic ischemia/reperfusion (I/R) injury is another

well-recognized pathological process that involves ferroptosis38,39

and represents a major challenge in liver transplantation.

Intriguingly, treatment with VA or D3 significantly compromised

the hepatic I/R-induced elevation of serum ALT and AST levels

(Fig. 3H). H&E staining showed that hepatic injury was mitigated

in mice with VA or D3 treatment (Fig. 3I). Moreover, VA or D3

Figure 2 VA analogues inhibit ferroptosis. (A) Measurement of the EC50 values of VA analogues towards RSL3-induced ferroptosis in HT-

1080 cells. The heatmap illustrates the EC50 values of VA analogues. “>” indicates that EC50 is greater than the marked value. (B) VA analogues

did not possess antioxidative activity measured by DPPH assay. Trolox (50 μmol/L) was used as a positive control. (C) VA analogues did not

suppress autoxidation of C11 BODIPY581/591 initiated by AAPH in EggPC liposomes. Fer-1 was used as a positive control. (D) Lipid peroxidation

evaluated by C11 BODIPY581/591 staining in HT-1080 cells. (E) VA analogues did not activate RARE luciferase activity. HEK293T cells

transfected with pGL3-RARE were pretreated with RAR antagonist (AGN193109), and then treated with ATRA (10 μmol/L), B3 (20 μmol/L), B5

(20 μmol/L), C5 (10 μmol/L), C6 (10 μmol/L), D2 (10 μmol/L) and D3 (5 μmol/L) for 24 h. Luciferase activity was assayed. The results are

expressed as relative value of luciferase activity to cell viability. Data shown represent the mean ± SD (n � 3). ***P < 0.001, indicating

significant differences between groups. ns means no significance.
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also reduced the hepatic iron deposition (Fig. 3I), Ptgs2 expres-

sion (Fig. 3J) and rescued GPX4 downregulation (Fig. 3K)

induced by I/R injury. Together, these results suggest that VA and

its analogues effectively alleviate ConA-induced ALI and hepatic

IR injury through inhibition of ferroptosis.

2.4. ACSL3 is required for VA analogues-induced protection

from ferroptosis

To identify the molecular targets of VA and its analogues, we

performed the limited proteolysis mass spectrometry (Lip-MS)

profiling (Fig. 4A). Among 75 candidate proteins identified, we

prioritized ACSL3, PRDX6, and TXNRD1 based on their estab-

lished roles in lipid metabolism and redox regulation (Fig. 4B).

Genetic validation using sgRNA-mediated knockout revealed that

the anti-ferroptotic activity of VA was specifically dependent on

ACSL3, as PRDX6-or TXNRD1-deficient cells maintained full

responsiveness to VA treatment (Supporting Information Fig. S4A

and S4B). Subsequently, ACSL3 knockout monoclonal cells were

generated in both 786-O and HT-1080 cells (Fig. 4C). In accor-

dance with previous findings15, ACSL3 KO resulted in a modest

increase in cellular vulnerability to ferroptosis (Fig. 4D). Notably,

loss of ACSL3 significantly attenuated the anti-ferroptotic effect of

VA, ATRA and D3 analogue in 786-O and HT-1080 cells (Fig. 4E

and F). Furthermore, the anti-ferroptotic effects of other VA an-

alogues, such as 4-HRP and Acitretin, were also reduced in

ACSL3 KO cells (Fig. S4C and S4D). Consistent with these ob-

servations, VA, ATRA and D3 were not able to efficiently scav-

enge RSL3-induced lipid peroxidation in ACSL3-deficient 786-O

and HT-1080 cells (Fig. 4G and H). Moreover, reconstitution of

ACSL3 in ACSL3 KO cells restored the anti-ferroptotic effects of

VA, ATRA and D3 (Fig. 4I and J). Taken together, the above

findings indicate that ACSL3 is indispensable for ferroptosis in-

hibition by VA and its analogues.

2.5. VA analogues inhibit ferroptosis through the regulation of

MUFAs metabolism

ACSL3 catalyzes the activation of fatty acids to their acyl-CoA

esters in the presence of ATP and CoA. This process is essential

for the anti-ferroptotic activity of MUFAs, as it facilitates the

incorporation of MUFA-CoA into PLs, thereby reducing the levels

of PUFA-PLs15. This raises a possibility that VA analogues may

regulate ACSL3 activity and affect the incorporation of MUFAs

into phospholipids to suppress ferroptosis. To test this, we con-

ducted targeted lipidomics analysis in HT-1080 cells treated with

DMSO, VA, or D3. Intriguingly, both VA and D3 treatment

significantly increased the MUFA/PUFA ratio in key membrane

phospholipids (PEs and PCs) (Fig. 5A and B), indicating that

MUFAs metabolism is involved in ferroptosis inhibition of VA

analogues.

Given the structural similarity between the polyene chain of

VA analogues and the fatty acid chain of unsaturated fatty acids,

two hypotheses were proposed: (1) VA analogues might serve as

direct substrates for ACSL3, leading to the formation of acyl-CoA

ester-conjugated metabolites that could reduce PUFA-PLs in a

manner similar to MUFA-CoA; (2) VA analogues might bind to

ACSL3 and promote its activity. To clarify these hypotheses, we

first explored whether inhibition of SCD1 would influence the

activity of VA analogues. SCD1 catalyzes the desaturation of

saturated fatty acids, principally stearic acid (18:0) and palmitic

acid (16:0), to their D9-monounsaturated counterparts oleic acid

(18:1) and palmitoleic acid (16:1)40, thus providing MUFAs as

substrates for ACSL3. As shown in Fig. 5C, pretreatment with

SCD1 inhibitor A939572 decreased the protective effects of VA

and ATRA against ferroptosis. To further confirm the results, we

constructed SCD1 knockout cells in HT-1080 cells (Fig. 5D).

Knockout of SCD1 led to a decrease of OA-CoA levels (Fig. 5E),

indicating that SCD1 deficiency decreased cellular MUFAs level,

consequently reducing ACSL3-catalyzed OA-CoA synthesis.

Consistent with a previous study18, knockout of SCD1 made cells

more sensitivity to ferroptosis (Fig. 5F and Fig. S4E). Notably,

loss of SCD1 also significantly compromised the anti-ferroptotic

activity of VA, ATRA and D3 (Fig. 5G and Fig. S4F), while

this effect could be restored by the supplementation with oleic

acid, a product synthesized by SCD1 (Fig. 5H and I). These results

demonstrate that the anti-ferroptotic activity of VA analogues

require SCD1 catalyzed MUFAs production. Thus, VA analogues

are unlikely to be direct substrates of ACSL3.

2.6. VA analogues directly bind to ACSL3 and activate ACSL3

We then focused on investigating the hypothesis that VA ana-

logues might directly or indirectly modulate ACSL3 activity. To

this end, we synthesized a probe D5, an alkynyl-modified deriv-

ative of D3, for click-chemistry-based pull-down assay (Fig. 6A).

D5 exhibited comparable anti-ferroptotic activity to D3 (Fig. 6B),

confirming that alkynyl modification preserved biological func-

tion. Using this probe, we performed pull-down assays and suc-

cessfully captured ACSL3, while pretreatment with high dosage of

D3 competitively inhibited the interaction between D5 and

ACSL3 (Fig. 6C), demonstrating specific binding between VA

analogues and ACSL3. To further confirm the binding between VA

analogues and ACSL3, we carried out a microscale thermopho-

resis (MST) assay by using labelled recombinant His-ACSL3

protein (Fig. 6D) along with a range of dilutions of VA ana-

logues. The result also demonstrated the association between

ACSL3 and VA, ATRA or D3 with dissociation constant (Kd)

determined to be 1.85 μmol/L for VA, 12.82 μmol/L for ATRA,

and 1.28 μmol/L for D3, respectively (Fig. 6E).

We then inquired about how VA analogues might regulate the

function of ACSL3. As shown in Fig. 6F and G, VA and ATRA did

not alter the expression levels of ACSL3 mRNA and protein.

Considering the increased ratio of MUFA/PUFA lipids (Fig. 5A),

it is possible that VA analogues promote ACSL3 enzyme activity.

In fact, VA analogues promoted acylation reaction with OA as

substrate in the presence of ACSL3 (Fig. 6H), indicating ACSL3

enzyme activity were upregulated by VA analogues. To further

clarify the binding modes of VA analogues with its target ACSL3,

a protein structure-based molecular docking study was conducted

using the predicated structure of ACSL3. VA analogues were

successfully docked into the predicated binding pockets of ACLS3

(Fig. 6I). The binding energy (ΔG) data were shown in Supporting

Information Table S1. These compounds established hydrogen

bond interactions with Ser288, implying that Ser288 may be

essential for VA analogues binding to ACSL3. We therefore re-

expressed wildtype (WT) and mutant ACSL3S288A in ACSL3

knockout cells (Fig. 6J). Both WT and mutant ACSL3 were able to

restore the reduced cell sensitivity to RSL3 caused by ACLS3 KO,

although the mutant ACSL3 was not as efficient as the WT ACSL3

in this regard (Fig. 6L). Notably, in comparison with ACSL3-WT,

ACSL3S288A reconstitution failed to restore the anti-ferroptotic

effect of VA, ATRA and D3 (Fig. 6K), indicating that Ser288
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Figure 3 VA and its analogues attenuate ConA-induced acute liver injury and hepatic I/R injury through ferroptosis inhibition. (A, B) Con-

centrations of ALT (A) and AST (B) in mouse serum were measured with an automatic biochemical analyzer. H and L indicate high (30 mg/kg)
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residue of ACSL3 is required for VA analogues to suppress

ferroptosis.

2.7. VA and its analogue D3 promote lifespan extension via

ACSL3 homologous in C. elegans

Recent work shows that MUFAs increase lipid droplet abundance

and reduce lipid oxidation during aging, further extending lifespan

in C. elegans26. Meanwhile, ACS-4 and ACS-17, the C. elegans

protein homologous to human ACSL3, are also localized on the

surface of lipid droplets41. In light of these findings, we asked

whether VA and its analogues may promote longevity via the

regulation of MUFAs metabolism. Since loss-of-function (lf ) of

acs-4(ok2872) mutant displays a strong sterile phenotype while

acs-17(ok1562) mutant is superficially wild-type, we knocked

down (kd ) acs-4 in acs-17(lf) strains in case they are functionally

redundant. In line with previous studies, we observed that middle-

aged worms exhibited higher levels of malondialdehyde (MDA), a

reliable biochemical marker of lipid peroxidation, compared to

their younger counterparts (Fig. 7A and B). Treatment with VA or

its analogue D3 reduced lipid oxidation in wild-type individuals,

while these effects were diminished in the acs-4(kd);acs-17(lf)

group (Fig. 7A and B). Notably, either VA or D3 treatment were

found to significantly extended the worms’ lifespan, an effect that

was significantly compromised by acs-4/17 deficiency (Fig. 7C and

D, Supporting Information Table S2). To better understand how VA

and D3 delay aging, we examined two key biomarkers of senes-

cence: lipofuscin accumulation and senescence-associated

ß-galactosidase (SA-ß-gal) activity42,43. We found that both VA

and D3 treatments reduced lipofuscin accumulation in wild-type

worms. However, this effect was largely compromised in the

acs-4(kd);acs-17(lf) group (Fig. 7E and F). Similarly, VA and D3

decreased the area of SA-ß-gal staining in wild-type worms on Day

7, an effect that was also not observed in the acs-4(kd);acs-17(lf)

mutants (Fig. 7G and H). These observations indicate that ACSL3

homolog proteins are crucial for the activity of VA analogues in

preventing lipid oxidation, and extending lifespan of C. elegans.

We next used a transgenic strain that expresses lipid droplet

membrane protein DHS-3 fused with green fluorescent protein

(GFP) to assess the number of lipid droplets in vivo44,45. DHS-

3GFP is driven by the endogenous dhs-3 promoter, which is

expressed mainly in intestinal cells and localized to intestinal lipid

droplets. In accordance with their lifespan-extending effects, both

VA and D3 supplementation increased the number of lipid drop-

lets in the intestine, the main fat storage tissue in C. elegans, while

this effect was abolished in acs-4(kd);acs-17(lf) group (Fig. 7I and

J). In particular, acs-4(kd);acs-17(lf) worms were strongly

inhibited in locomotion and whose phenotype like paralysis,

suggesting that reduced lipid droplets may be related to locomo-

tion. To further evaluate the importance of each ACSL3 homolog

protein in mediating the function of VA and D3 in lifespan

extension, we knocked down either acs-4 or acs-17, respectively.

The results show that degradation of acs-4(kd) had a greater

impact on diminishing VA or D3-promoted longevity than acs-17

(kd) (Fig. 7K and L), indicating acs-4 is the major contributor in

mediating the function of VA or D3. Together, these data suggest

that VA and D3 extend lifespan through regulation MUFA meta-

bolism to reduce lipid peroxidation via ACSL3 homolog proteins

in C. elegans.

3. Discussion

VA is an essential micronutrient that must be obtained from the

diet, which is subsequently metabolized into retinal (RAL) and

retinoic acid (ATRA). VA and its metabolites are indispensable for

systemic health, playing critical roles in embryonic development,

visual function, metabolic homeostasis, and immune regulation,

among other vital physiological processes46. It is widely accepted

that ATRA, the predominant active metabolite of VA, acts as a

ligand for the RAR/RXR nuclear receptor complex, leading to its

activation and subsequent modulation of gene expression. While

ATRA has been reported to influence non-genomic signaling

pathways47-49, the activity of VA and ATRA that is independent of

transcriptional control remains largely unexplored. In the current

study, we uncovered a novel activity of VA and its analogues that

binds and activates ACSL3 to regulate lipid metabolism. Consis-

tent with the function of ACSL3 in protecting cells from ferrop-

tosis, we observed VA and those analogues suppressed ferroptosis

at concentrations resembling physiological levels. This activity is

contingent upon the polyene chain present in the structure of these

compounds, as those containing four double bonds in side chain,

resembling the structure of VA, demonstrated the most potent

activity against ferroptosis. In recent years, vitamin family

members have been found to possess new functions beyond their

traditional activities50-52. Our current study also provides impor-

tant clues regarding new functions of vitamin A beyond tran-

scriptional regulation.

Several previous studies have suggested that VA possesses

antioxidant properties53,54. However, there has been a long-lasting

debate concerning whether VA and ATRA exerts its antioxidant

effects directly or indirectly55. Although some studies have sug-

gested that VA and RAL may inhibit ferroptosis through anti-

oxidative activity27,34, our findings from DPPH, ABTS, and

FENIX assays consistently reveal that VA and its metabolites

possess minimal radical-trapping activity. Furthermore, the newly

synthesized VA analogues that have anti-ferroptotic activity also

lack antioxidant properties. This suggests that VA and its ana-

logues mitigate ferroptosis via indirect mechanisms rather than

through direct radical scavenging. Based on the current under-

standing, the biological activity of VA/ATRA is primarily ascribed

to RAR/RXR mediated gene transcription30. Recent studies sug-

gested that ATRA activates RAR/RXR to transcriptionally

and low (10 mg/kg)) concentration of drugs, respectively. (C) Representative images of H&E staining, 4-HNE immunostaining and DAB-

enhanced Prussian blue staining in mouse liver sections. Lesions observed in the livers were indicated by yellow lines. Scale bars: 200 or

50 μm. (D) MDA levels in liver tissues were measured by a biochemical kit. (E) Western blot analysis of GPX4 protein in the liver of ConA-

induced ALI. (F) The relative mRNA expression of Ptgs2 in mouse livers. Gapdh served as an endogenous control. (G) The relative mRNA

expression of Tnfα in mouse livers. Gapdh served as an endogenous control. (H) Serum levels of ALT and AST were assessed by an automatic

biochemical analyzer. The dosage of VA and D3 is 15 mg/kg. (I) Liver sections were stained with H&E staining and DAB-enhanced Prussian blue

staining. Lesions observed in the livers were indicated by yellow lines. Scale bars: 200 or 50 μm. (J) Hepatic Ptgs2 mRNA expression was

assessed by qRT-PCR. (K) Western blot analysis of GPX4 protein in the liver of hepatic I/R injury. Data shown represent the mean ± SD (n � 5).

*P < 0.05, **P < 0.01, and ***P < 0.001, indicating significant differences between groups.
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upregulate a bunch of ferroptosis-protective genes including

GPX4, FSP1, GCH1, ACSL3 and SCD127,34. However, by

employing a comprehensive strategy involving the use of pan-

RAR antagonists, pan-RXR antagonists, RAR agonists and RXR

gene knockout models, we have proven that neither suppression

nor activation of RAR/RXR signaling influenced the protective

effects of VA and ATRA against ferroptosis (Fig. 1). Moreover,

newly synthesized VA analogues, which displayed potent

Figure 4 ACSL3 is required for VA analogues-induced protection from ferroptosis. (A) The work flow of Lip-MS assay. (B) Volcano plots of

feature sequence in Lip-MS assay. ACSL3 emerged as a potential target of VA. (C) Validation of ACSL3 KO in 786-O and HT-1080 cells. (D)

Viability of vector and ACSL3 KO 786-O and HT-1080 cells treated with different dosages of RSL3 for 24 h. (E, F) ACSL3 KO compromised the

anti-ferroptotic effect of VA analogues in (E) 786-O and (F) HT-1080 cells. Cells were co-treated with RSL3 (0.5 μmol/L) and VA (1 μmol/L),

ATRA (10 μmol/L) or D3 (2 μmol/L) for 24 h. (G, H) Lipid peroxidation evaluated by C11 BODIPY581/591 staining in vector and ACSL3 KO 786-

O (G) and HT-1080 (H) cells. (I) Validation of ectopically expressed ACSL3 in ACSL3 KO 786-O cells by Western blot. (J) Reconstitution of

ACSL3 in ACSL3 KO cells restored the protective effects of VA analogues against ferroptosis. Cells were co-treated with RSL3 (0.5 μmol/L) and

VA (1 μmol/L), ATRA (10 μmol/L) or D3 (2 μmol/L) for 24 h. All the data are presented as the mean ± SD (n � 3).
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inhibitory effect on ferroptosis, were not able to activate RARE

mediated gene transcription (Fig. 2E). These results provide

compelling evidence that the inhibitory effect of VA and its ana-

logues on ferroptosis operates independently of the RAR/RXR

signaling pathway.

Inspired by the similar polyene chain of VA analogues, we

discovered that these compounds actually bind to ACSL3 and

enhance its enzyme activity, thereby increasing the MUFA/

PUFA-PLs ratio to inhibit ferroptosis. Previous studies indicate

that ACSL3 is required for the extracellular lipid utilization and

Figure 5 VA analogues inhibit ferroptosis through the regulation of MUFA metabolism. (A, B) Lipidomic analysis of MUFAs and PUFAs in

membrane lipids including PE (A) and PC (B) following VA (5 μmol/L) and D3 (5 μmol/L) treatment for 12 h in HT-1080 cells. (C) Viability HT-

1080 cells treated with RSL3 (0.5 μmol/L) and VA (1 μmol/L) or ATRA (10 μmol/L) in the presence or absence of SCD1 inhibitor A939572

(20 μmol/L) for 24 h. (D) Validation of SCD1 KO in HT-1080 cells. (E) The levels of OA-CoA were decreased in SCD1 knockout HT-1080 cells.

(F) Viability of Vector and SCD1 KO cells treated with RSL3 for 24 h. (G) SCD1 KO compromised the anti-ferroptotic effect of VA analogues in

HT-1080 cells. Cells were treated with RSL3 (0.5 μmol/L) and VA (1 μmol/L), ATRA (10 μmol/L) or D3 (5 μmol/L) for 24 h. (H, I) Supplement

of OA restored the protective effect of VA analogues against ferroptosis. Vector and SCD1 KO HT-1080 cells were pretreated with OA in (10 and

20 μmol/L in panel H, and 10 μmol/L in panel I, followed by treatment with RSL3 (0.5 μmol/L) and VA (1 μmol/L), ATRA (10 μmol/L) or D3

(5 μmol/L) for 24 h. All the data are presented as the mean ± SD (n � 3). *P < 0.05, ***P < 0.001, indicating significant differences between

groups.
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Figure 6 VA analogues directly bind to ACSL3 and activate ACSL3. (A) The flow diagram of D5-probe pull-down assay via a click chemistry

reaction. (B) D5-probe suppressed RSL3-induced ferroptosis in HT-1080 cells. (C) D5-probe was able to pull down ACSL3 from cell lysates,

which could be competitively abolished by D3. HT-1080 cell lysates were incubated with D5-probe (5 μmol/L) in the presence or absence of a 10-

fold excess of unlabeled D3 (50 μmol/L), followed by click pull-down with streptavidin-agarose. (D) Purification of human ACSL3 protein. (E)

Binding of VA, ATRA or D3 to ACSL3 protein was analyzed by a microscale thermophoresis (MST) assay. (F, G) VA and ATRA did not affect

either the mRNA (F) or protein (G) level of ACSL3. HT-1080 cells were treated with VA (1 μmol/L) or ATRA (10 μmol/L) in the presence or

absence of RSL3 (0.25 μmol/L) for 2.5 h. (H) VA, ATRA, and D3 enhanced the enzymatic activity of ACSL3. The activity of ACSL3 in

catalyzing the production of OA-CoA was measured using LC—MS. (I) Representative docking patterns of VA analogues into the predicted

binding sites of ACSL3 using Autodock Vina. All the structure figures were produced with PyMOL. VA (blue), ATRA (orange), D3 (yellow) and

4-HRP (green) were presented in the docking models. (J) Validation of ectopically expressed ACSL3-WT or ACSL3S288A in ACSL3 KO HT-

1080 cells by Western blot. (K) Reconstitution of ACSL3S288A failed to restore the protective effect of VA analogues against ferroptosis. Cells were

co-treated with RSL3 (0.5 μmol/L) and VA (1 μmol/L), ATRA (10 μmol/L) or D3 (5 μmol/L) for 24 h. (L) ACSL3 KO HT-1080 cells transfected

with vector, ACSL3-WT and ACSL3S288A were treated with RSL3 and the cell viability was detected by CellTiter-Glo. All the data are presented as

the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, indicating significant differences between groups. ns means no significance.
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Figure 7 VA and its analogues D3 extend the lifespan of C. elegans in an ACSL3-dependent manner. (A, B) Relative MDA levels during aging

and following supplementation with VA (A) and D3 (B) in acs-4(kd);acs-17(lf) worms. “d” indicates days. (C, D) Survival analysis in control and

acs-4(kd);acs-17(lf) worm supplementation with VA (C) or D3 (D). Survival curves were represented the mean ± SEM and analyzed by log-rank

test (n ≥ 60 for each curve). (E, F) Representative autofluorescence images and quantification of the intestinal lipofuscin accumulation in control

and acs-4(kd);acs-17(lf) worms treated with VA (E) or D3 (F) on Days 3 and 7 of adulthood. scale bars: 100 μm, n ≥ 12 worms per group. (G, H)

Representative bright-field images and quantification of the average optical density of whole worms showed senescence-associated ß-galacto-

sidase (SA-ß-GAL) staining (blue) on Day 3 and 7 in control and acs-4(kd);acs-17(lf) worms treated with VA (G) or D3(H), scale bars: 100 μm,

n ≥ 13 worms per group. (I, J) Number of intestinal lipid droplets assessed by fluorescence, in dhs-3p:dhs-3:GFP worms with acs-4(kd);acs-17(lf)

group following VA (I) and D3 (J) supplementation, respectively. Fluorescence images of the intestine (left). Scale bars, 10 μm. Quantitative

analysis of lipid droplets (right), n � 10 for each group. (K, L) Survival analysis in control, acs-4(kd);acs-17(lf) worm supplementation with VA

(K) or D3 (L). Survival curves were represented the mean ± SEM and analyzed by log-rank test (n ≥ 60 for each curve). Data shown represent the

mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the group treated with vehicle. ns means no significance.
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proliferation of mutant KRAS-driven lung cancer cells56. Its

knockout reduces tumor fibrosis and suppresses PDAC (pancre-

atic ductal adenocarcinoma) progression57. A recent study

further demonstrated that radioresistant colorectal and lung tu-

mors rely on ACSL3-meidated MUFA metabolic reprogramming

to evade ferroptosis, and combining ACSL3 inhibition

with ferroptosis inducers restored radiosensitivity in these

treatment-resistant malignancies58. While ATRA has been

established as a standard treatment for acute promyelocytic

leukemia (APL), clinical trials have not demonstrated

equivalent efficacy of ATRA in solid tumors, attributing

this discrepancy to the development of resistance to ATRA59.

Though the precise mechanism underlying ATRA resistance in

solid tumors is not yet fully understood, our findings point to a

potential link between high ACSL3 expression and drug resis-

tance in these cancers, which warrants further investigations.

Furthermore, our study demonstrated that VA analogues treat-

ment notably reduced the inflammatory response and improved

the pathogenesis of ConA-induced ALI and hepatic I/R

injury37,60. Given that VA and ATRA have well-established

pharmacokinetic profiles as clinical drugs61,62, they exhibit

substantial potential for application in the treatment of

ferroptosis-related diseases.

Intriguingly, we demonstrate that VA analogues extend C.

elegans lifespan in an ACSL3-dependent manner. Accumulation

of MUFAs have recently been found to decrease lipid oxidation

through upregulation of the MUFA/PUFA-PLs ratio during aging,

which is beneficial to longevity26. Another study reported that VA

extends lifespan and reduces lipofuscin and fat accumulation in C.

elegans via transcriptionally upregulating SKN-1/NRF263.

Consistent with these findings, we confirm that VA extends life-

span by mitigating lipid peroxidation. Moreover, the observation

that compound D3 exerts a similar effect underscores that VA

analogues prolong lifespan through a distinct mechanism depen-

dent on ACSL3-mediated MUFAs metabolism. Notably, this effect

is specifically mediated by acs-4- not its paralogue acs-17-despite

both being orthologues of human ACSL3. This suggests that acs-4

and acs-17 may function differentially in C. elegans, which war-

rants further investigation.

Translating C. elegans lifespan findings to mammals involves

complexities stemming from biological distinctions. Mammalian

lipid metabolism, for instance, is more intricate, featuring

specialized cell types and complex transport mechanisms,

compared to the simpler lipid storage in nematodes. These varia-

tions could influence how VA and its analogues affect mammalian

lipid profiles and cellular responses, potentially leading to different

longevity outcomes. Furthermore, while homologous, C. elegans

Acs-4 and Acs-17 may exhibit functional nuances compared to the

multifaceted human ACSL family. Thus, targeting ACSL3 in C.

elegans might have distinct or more complex effects in mammals.

This underscores the need for future mammalian studies to validate

and precisely define the therapeutic potential of VA analogues in

human aging and ferroptosis-related conditions.

4. Conclusions

In conclusion, our work uncovers a novel biological activity of VA

and its analogues in MUFAs metabolism, which offers a novel

strategy for the treatment of ferroptosis-related diseases and pro-

longing longevity.

5. Experimental

5.1. Chemicals and reagents

Vitamin A (S5592) and ATRA (S1653) were purchased from

Selleck (Shanghai, China). All-trans-retinal (T5256), Fenreti-

nide (T1872), Acitretin (T1330), AGN193109 (TQ0097), HX531

(T22843), Ch55 (T14946), Adapalene (T1093) and A939572

(T4515) were purchased from TargetMOI (Shanghai,

China). BODIPY™ 581/591 C11 was obtained from Thermo.

Staurosporine (HY-15141) was purchased from MedChemExpress

(Shanghai, China). 2,2′-Azobis(2 methylpropionamidine) dihydro-

chloride (AAPH, 440914), 2,2-diphenyl-1-picrylhydrazyl

(DPPH, D9132) and Egg-PC (840051P, Avanti Polar Lipids)

were purchased from Sigma. Hieff Trans�Polyethylenimine

Linear (PEI, 40816) was purchased from YESEN (Shanghai,

China). PolyJet™ (SL100688) was purchased from SignaGen

Laboratories.

5.2. General chemistry for the synthesis of VA analogues

All starting materials and reagents were either obtained from

commercial suppliers or prepared according to procedures re-

ported in the literature. All purchased chemicals and solvents were

used without further purification unless otherwise noted. Flash

chromatography was performed using silica gel (200− 300 mesh

or 300− 400 mesh). All reactions were monitored by thin-layer

chromatography (TLC) on silica gel plates with fluorescence in-

dicator F254, which were visualized under UV light. NMR spectra

were recorded on a Bruker AVANCE III 600 instrument, using

CDCl3 or DMSO-d6 as solvents. All reagents were sourced from

commercial suppliers (Sigma—Aldrich, Adamas, J&K, Innochem,

TCI, and Acros) and used without further purification. The general

procedures for synthesizing the VA analogues, along with the

corresponding characterization data, are included in the support-

ing information.

5.3. Cell culture

HT-1080, 786-O, 769-P, SK-HEP-1, HEK293T cell lines

were acquired from American type culture collection (ATCC).

ARPE-19 cell line was purchased from the Cell Banks of Type

Culture Collection of the Chinese Academy of Sciences. All cells

were grown in Dulbecco’s modified Eagle’s medium supple-

mented with 10% fetal bovine serum (ExCell Bio), 100 U/mL of

penicillin and 100 μg/mL of streptomycin in a 37 ◦C incubator

with 5% CO2 humidified atmosphere. ARPE-19 cells were

cultured with DMEM/F12 medium. HT-1080 GPX4 KO cells

were grown in DMEM medium supplemented with 1 μmol/L of

Fer-1.

5.4. Cell viability assay

Cells were seeded on 96-well plates (10,000 cells per well) and

treated with RSL3 or Erastin in the presence or absence of the

indicated compounds for 24 h. Cell viability was assessed using

Cell-Titer Glo Luminescent Cell Viability Assay Kit (Beyotime

Biotechnology, C0057S) according to the manufacturer’s recom-

mendations by a microplate reader.
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5.5. Free radical-trapping capacity measurement

The DPPH and ABTS assays are widely used methods for the

assessment of the antioxidant capacities of natural products, they

both are spectrophotometric techniques based on quenching of

stable radicals (ABTS or DPPH).

5.5.1. DPPH assay

The stable radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) was

dissolved in methanol to a final concentration of 50 μmol/L 1 mL

of DPPH solution was added to 1 μL of each test compound

dissolved in DMSO. Samples were inverted several times and

incubated at room temperature for 30 min. The absorbance at 517

nm was recorded via a microplate reader and normalized to

background (methanol only).

5.5.2. ABTS assay

Total Antioxidant Capacity Assay Kit with ABTS kit was pur-

chased from Beyotime Biotechnology (S0119). 2,2′-Azino-bis (3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) was used as a

chromogenic reagent. All procedures were according to the

manufacturer’s recommendations by a microplate reader at 405

nm. ABTS assay measures the relative ability of antioxidants to

scavenge the ABTS generated in aqueous phase, as compared with

a Trolox standard.

5.6. Fluorescence-enabled inhibited autoxidation (FENIX)

assay

A lipophilic radical initiator 2,2′-azobis (2-methylpropionamidine)

dihydrochloride (AAPH) was used to generate lipid peroxyl radi-

cals, while lipid peroxidation probe C11 BODIPY581/591 was

implemented to monitor the autoxidation reaction. Briefly, the

prepared EggPC liposomes (1 mmol/L) and C11 BODIPY 581/591

(1 μmol/L) in PBS were added to a black 96-well plate. The plate

was incubated for 5 min at room temperature. This was followed by

addition of VA, retinal, ATRA, C4, C5, D2, D3 and Fer-1 in different

concentrations. Then the autoxidation was initiated by the addition

of AAPH (1 mmol/L) and mixing in a plate reader. The lipid per-

oxidation signals were acquired by excitation at 488 nm and emis-

sion was measured at 518 nm lasting for 3 h by a fluorescence

microplate.

5.7. Measurement of cellular lipid peroxidation

HT-1080 cells were seeded into six-well plates. Cells were treated

with RSL3 or Erastin in the presence or absence of the indicated

compounds. After treatment, cells were stained with C11-

BODIPY (581/591) (D3861; Thermo Fisher Scientific) for 30

min at 37 ◦C and then harvested by trypsinization. Cells were

washed and resuspended in PBS, and then analyzed by a flow

cytometer (Accuri C6; BD Biosciences). A minimum of 10,000

cells were analyzed per condition. Data analysis was performed

using FlowJo_V10 software.

5.8. Cellular GSH level

HT-1080 cells were seeded into six-well plates. Cells were treated

with RSL3 or Erastin in the presence or absence of Vitamin A and

ATRA. Cells were collected, resuspended with protein removal

reagent M and lysed through freezing and thawing. Total GSH

levels were detected by GSH Assay Kit (Beyotime Biotechnology,

S0053) following the manufacturer’s protocol. Protein quantifi-

cation was performed using the BCA assay kit.

5.9. Cellular ferric ion level

HT-1080 cells were seeded into black 96-well plates (10,000 cells

per well). Cells were treated with Vitamin A, Retinal and ATRA

for 4 h. DFO was used for a positive control. Cells were washed

three times with PBS after treatment. Next cells were stained with

1 μmol/L of FerroOrange (Dojingo, F374) in PBS with indicated

compounds for exactly 30 min at 37 ◦C and 5% CO2. The fluo-

rescence was measured at Ex 543 nm/Em 580 nm via a micro-

plate. Cell viability was detected for normalization.

5.10. RARE luciferase assay

The plasmid of pGL3-RARE-luciferase was from T. Michael

Underhill (Addgene plasmid # 13458; http://n2t.net/addgene:

13458;/RRID:/Addgene_13458). HEK293T cells were seeded in

white 96-well plate. pGL3-RARE-luciferase plasmid at dose of 50

ng per well was transfected into cells with the PolyJet™ reagent

(SignaGen). After transfection for 24 h, cells were treated with

ATRA and its analogues in the presence or absence of pan RAR

antagonist AGN193109 for another 24 h. The activation of RARE

luciferase was detected with Lite Luciferase Reporter Assay Kit

(Vazyme, DD1205). Cell viability was measured with Cell-Titer

Glo assay for normalization.

5.11. Lip-MS analysis

HT-1080 cells were grown until approximately 80%—85%

confluence, washed with ice-cold PBS, and lysed with PBS. After

centrifuge for 10 min at 18,000×g at 4 ◦C, the supernatant was

transferred to a new 1.5-mL tube. Protein concentration was

measured with bicinchoninic acid (BCA) assay. A total of 100 μg

protein per sample was used in next experiments. Cell lysate was

incubated with DMSO or VA for 30 min at room temperature with

shaking with a thermomixer, followed by digestion with protease

K. The samples were separated on SDS-PAGE. The gel bands

corresponding to the protected proteins were collected and

analyzed via quantitative mass spectrometry using standard pro-

tein identification approaches. Lip-MS and data analysis were

performed by Shanghai Applied Protein Technology Co., Ltd.

According to the principle of Lip-MS, an increase in the abun-

dance of the long peptide of a sequence and a decrease in the

abundance of the corresponding short peptide are detected

simultaneously, which may be a target sequence of compounds

binding, named feature sequence.

5.12. Pull-down assay

Pull-down experiments were carried out to confirm the interaction

between VA analogues and ACSL3. HT-1080 cells were grown

until 90% confluence and lysed with RIPA lysis buffer containing

protease inhibitors. Cell lysates were treated with probe D5 (5

μmol/L) in the presence or absence of D3 (50 μmol/L) and

incubated for 2 h at 4 ◦C. A freshly premixed click chemistry

cocktail (100 μmol/L Biotin-N3 from 100 mmol/L stock solution

in DMSO, 100 μmol/L TBTA from 100 mmol/L freshly prepared

stock solution in DMSO, 1 mmol/L TCEP from 1 mol/L freshly

prepared stock solution in deionized water, and 1 mmol/L CuSO4

from 1 mol/L freshly prepared stock solution in deionized water)
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was added to the lysates, followed by UV irradiation (365 nm) for

30 min on ice. The reaction was further incubated for 2 h prior to

precipitation with prechilled acetone at − 20 ◦C. The proteins were

collected by centrifugation (16,000×g, 10 min at 4 ◦C) and dis-

solved in PBS containing 1% SDS. Biotin-labeled proteins were

collected by incubation with streptavidin beads (Cytiva) for 2 h at

room temperature, the beads were washed with 1% SDS in PBS

(thrice), 0.1% SDS in PBS (thrice), and PBS (thrice). The beads

were boiled in Laemmli sample buffer followed by SDS-PAGE

analysis.

5.13. CRISPR-Cas9-mediated gene knockout

sgRNAs targeting human ACSL3, SCD1, RXRA, RXRB, PRDX6

and TXNRD1 were cloned into the lentiviral lentiCRISPR_V2

vector. Lentiviral particles were generated by co-transfection into

HEK293T cells with psPAX2 and pMD2.G packaging plasmids.

Target cells were infected with lentivirus with addition of 8 μg/mL

polybrene and selected with puromycin (1 μg/mL) or blasticidin

(10 μg/mL). Single cells were sorted into 96-well plates and

grown for 2—3 weeks. Each colony was examined by Western blot

and genomic DNA PCR to confirm the deletion of target gene.

The sequences of sgRNAs used in this study are listed below:

sgRXRA: GCACATCTGCGCCATCTGCG, AAGCACATCTG

CGCCATCTG

sgRXRB: TACGGGGTTTACAGCTGTGA, GGACAACAA

AGACTGCACAG

sgACSL3: AGCTATCATCCACTCGGCCC, CGAGTGGA

TGATAGCTGCAC

sgSCD1: CAATGATCAGAAAGAGCCGT, GCCACCGCTCT

TACAAAGCT

sgPRDX6: ATCCTCTACCCAGCTACCAC, GAAACGGATG

CGGCCGACGG

sgTXNRD1: CCGTGCTGGTGAATCCTGCT, CCAGGGAT

GCCCAAGTAACG.

5.14. Generation of overexpression stable cell lines

Human ACSL3 gene and its mutant were cloned into a pLVX

vector. HEK293T cells were transfected with either pLVX-empty

vector, pLVX-ACSL3 or pLVX-ACSL3S288A, together with

psPAX.2 and pMD2.G packaging plasmids. Target cells were

infected with lentivirus with addition of 8 μg/mL polybrene.

Stable cells were selected with blasticidin and protein expression

was verified by Western blot.

5.15. Protein extraction and Western blot analysis

Cells were washed with PBS and lysed in RIPA buffer with pro-

tease inhibitor Cocktail (Selleck). After centrifugation, the su-

pernatant was collected and mixed with 4x Laemmli sample

buffer. Samples were separated on SDS-PAGE gels and analyzed

by Western blot. Primary antibodies used were as follows: ACSL3

(Santa Cruz, sc-166374), ACSL3 (Proteintech, 20710-1-AP),

ACSL4 (Proteintech, 66617-1-Ig), SLC7A11 (CST, 12691S),

GPX4 (HuaBio, ER1803-15), IRP1 (CST, 20272S), TFRC (CST,

13113S), FTH1 (CST, 4393S), RXRA/RXRB (CST, 8589), SCD1

(Proteintech, 28678-1-AP), FSP1 (Proteintech, 20886-1-AP),

HSP90 (Proteintech, 13171-1-AP), ß-actin (Proteintech, 81115-1-

RR) and Vinculin (Sigma, V9131). The secondary antibodies were

anti-rabbit/mouse IgG (Jackson ImmunoResearch).

5.16. Real-time quantitative PCR (qRT-PCR)

RNA Purification Kit (EZBioscience) was used to isolate RNA

from cells and tissues. Totally 1 μg of mRNA was used for cDNA

synthesis with Reverse Transcription Mix II (with gDNA

Remover, EZBioscience). qPCR was performed on a

LightCycler480 Real-Time PCR machine (Roche). Gene expres-

sion levels were normalized to GAPDH. The primer sequences are

listed as follow, ACSL3-F: TTCTGCTGTCCTGTTGGTC

(human) GAPDH-F: GGAGCGAGATCCCTCCAAAAT

(human); Ptgs2-F: TGCACTATGGTTACAAAAGCTGG

(mouse), Tnfα-F: GGTGCCTATGTCTCAGCCTCTT (mouse)

and Gapdh-F: AGGTCGGTGTGAACGGATTTG (mouse).

5.17. Targeted lipidomics

HT-1080 cells were treated with VA (5 μmol/L) and D3 (5 μmol/L)

for 12 h, then cells were digested and counted. Cell precipitation was

collected by centrifugation and used for Targeted lipidomics anal-

ysis. Lipidomic analysis was performed by LipidALLTechnologies

(Changzhou, China).

5.18. ACSL3 protein purification

Human ACSL3 was subcloned into a pET28a-his-sumo vector and

transduced into E. coli BL21 cells (DE3). Expression of fusion

protein was induced with 0.5 mmol/L of isopropyl ß-D-thio-

galactopyranoside (IPTG) at 16 ◦C for 20 h. Bacteria cells were then

pelleted, resuspended in lysis buffer (50 mmol/L Tris-HCl pH 7.4,

500 mmol/L NaCl, 1 mmol/L PMSF, 2 mmol/L DTT, 2 mmol/L

MgCl2, 1% DDM), and sonicated. ACSL3 fusion protein was pu-

rified by using Ni-NTA resin (Smart-Lifesciences, China) and a

Superdex 200 column according to manufacturer’s instructions.

5.19. Microscale thermophoresis (MST)

The MST measurement for the binding of VA analogues to ACSL3

was performed using Monolith NT.115 (NanoTemper). In brief,

his-ACSL3 protein was stained with RED-tris-NTA (MO-L018,

NanoTemper). A titration series of VA analogues concentrations

was prepared, and equal volumes of labeled ACSL3 protein solu-

tion and VA analogues concentrations were mixed and incubated to

achieve binding equilibrium. After incubation for 30 min at room

temperature, all the samples were loaded into MST NT.115 stan-

dard glass capillaries and measurement was carried out, the binding

affinity (Kd) was analyzed using the MO. affinity software.

5.20. ACSL3 enzyme activity

ACSL3 activity was measured as previously described56. Briefly,

recombinant ACSL3 protein was incubated with VA, ATRA or D3

for 2 h at 37 ◦C in a 200-μL reaction system containing 100 mmol/L

Tris (pH 7.4), 5 mmol/L DTT, 5 mmol/L MgCl2, 10 mmol/L ATP,

200 μmol/L CoA, 50 μmol/L OA and 0.03% Triton X-100. The re-

action was terminated by adding 400 μL of acetonitrile and full

vortex to extract. Centrifugation was performed at 13,000×g for 10

min, and the upper liquid was collected to be dried in the SpeedVac

Vacuum Concentrator. Next, 100 μL methyl alcohol was added to

fully dissolve the sample. Then, the samples were centrifuged at

13,000×g for 10 min, and the upper liquid was taken for LC—MS

detection. OA-CoA was analyzed by LC—MS using an Ultimate-

Orbitrap Exploris120 system using a Hypersil GOLD™ C18
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column (1.9 μm, 100 mm × 2.1 mm). Mobile phase A consists of

methyl alcohol with 0.05% ammonia, and mobile phase B consists of

water with 0.05% ammonia. The gradient elution program was set as

follows: 0—0.5 min, 98% B; 0.5—4 min, 55% B; 4—6.5 min, 10% B;

6.5—9 min, 2% B; 9—10 min, 98% B. A 2 μL aliquot of each sample

was injected for analysis.

5.21. Molecular docking of VA analogues with ACSL3

To elucidate the binding modes of VA analogues with their target,

ACSL3, a protein structure-based molecular docking study was

conducted utilizing the predicted structure of ACSL3 derived from

AlphaFold 2. PrankWeb was employed to identify binding pockets

for the docking analysis, successfully generating twelve binding

sites under default parameters. Following this, compounds VA,

ATRA, and D3 were docked into the predicted binding site using

AutoDock Vina, as facilitated by PrankWeb.cz. The three-

dimensional structures of the ligands were generated using the

RDKit cheminformatics package and optimized using the Merck

Molecular Force Field (MMFF) with a maximum number of it-

erations set to 20,000. The protein structure and the optimized

ligand structure were prepared using two Python scripts, “pre-

pare_receptor.py” and “prepare_ligand.py”, respectively, with all

preparation parameters set to default. The molecular docking

engine used was Autodock Vina 1.2.3, with the scoring function

set to “vina”, and other key parameters set to “exhaustiveness �

16”, “energy_range � 3”.

5.22. ConA-induced acute immune hepatitis (AIH)

Male C57BL/6 mice (4—6 weeks) were purchased from

GemPharmatech (Jiangsu, China) and bred in SPF-class housing of

laboratory. All the animal experiments were approved by the Na-

tional Institutional Animal Care and Ethical Committee of

Chongqing Medical University (IACUC-CQMU-2024-09053).

Animal suffering was minimized according to the Guidelines of the

National Institutes of Health for the Care and Use of Laboratory

Animals. ConA (Sigma, L7647) was dissolved in pyrogen-free

normal saline solution to induce hepatitis by intravenous admin-

istration at a dose of 15 mg/kg. Mice were pretreated intraperito-

neally with low and high dosage of VA (10 and 30 mg/kg), ATRA

(10 and 30 mg/kg), D3 (10 and 30 mg/kg) and Fer-1 (5 mg/kg) for

24 h, followed by an additional treatment for 0.5 h before the in-

jection of ConA. These compounds were dissolved in 5% DMSO

and 95% Corn oil. After ConA administration for 24 h, mice were

euthanized for blood collection. Serum AST and ALT levels were

measured by an automatic biochemical analyzer. The liver tissues

were collected and fixed for paraffin sections, and others were

frozen quickly in liquid nitrogen for further research.

5.23. Hepatic ischemia/reperfusion (I/R) injury

Male C57BL/6 mice (8—10 weeks old) were used to produce the

hepatic ischemia/reperfusion (I/R) injury model. Briefly, mice

were pretreated intraperitoneally with VA (15 mg/kg) and D3 (15

mg/kg) for 48 and 24 h, followed by an additional treatment for 1

h before the operation. Mice were anesthetized with sodium

pentobarbital. After opening the abdominal cavity, an atraumatic

clip was placed across the portal vein, hepatic artery, and bile

duct to interrupt blood supply to the left lateral and median lobes

of the liver. After 60 min of ischemia, the clamp was removed and

the liver was then reperfused. Mice were sacrificed 6 h after

reperfusion, and samples of blood and ischemic lobes were

collected.

5.24. Hematoxylin and eosin (H&E) staining and

Immunohistochemistry (IHC)

Liver tissues were fixed in 4% paraformaldehyde and embedded

with paraffin. Liver sections were deparaffinized and dehydrated

by the usage of xylene and ethanol. For H&E staining, the sections

were stained by hematoxylin and eosin, and sealed by using

coverslip. For IHC, the specimens were blocked with 5% goat

serum for 1 h at room temperature, and incubated at 4 ◦C over-

night with 4-HNE antibody (Abcam, ab46545, 1: 200). Then, the

liver slices were washed with PBS and incubated with secondary

antibody for 1 h at 37 ◦C. DAB reagent was used for color

development and hematoxylin was used for nuclear staining. The

stained sections were sealed with neutral resin and analyzed by

using a microscope (Olympus, Japan).

5.25. C. elegans strains, maintenance and treatment

Caenorhabditis elegans (C. elegans) were maintained on nema-

tode growth medium (NGM) plates seeded with E. coli OP50. The

following strains/alleles were obtained from the Caenorhabditis

Genetics Center (CGC) or as indicated: N2 Bristol (wild-type

strain), acs-17(ok1562), glp-4(bn2), ldrIs1[dhs-3p:dhs-3:GFP +

unc-76(+)]. All experiments on C. elegans were supplemented

with 17.5 mmol/L VA or its analogues D3, which was resuspended

in water (with the assistance of ultrasound), or D3, which was

dissolved in 2% DMSO (with the assistance of ultrasound). Prior

to OP50 introduction, VA or D3 was applied to the surface of the

NGM plates (100 μL per 6-cm dish) after the plates had fully

cooled to room temperature following autoclaving. All resus-

pension procedures and experimental handling of VA or D3 were

conducted in darkness to prevent photodegradation.

5.26. RNA interference

RNAi bacterial strains containing targeting genes were obtained

from the Dharmacon RNAi collection, Cat#: RCE1181. Briefly, E.

coli strain HT115(DE3) expressing dsRNA corresponding to each

worm gene was grown overnight in LB broth containing 100

μg/mL ampicillin at 37 ◦C, then spread onto NGM plates con-

taining 100 μg/mL ampicillin and 1 mmol/L IPTG. The RNAi-

expressing bacteria were then grown overnight at 25 ◦C. Syn-

chronized L4 larvae were placed on the seeded RNAi plates at 20
◦C until animals reached maturity. Young adult worms were used

for further experiments.

5.27. Lifespan assays

All lifespan assays were carried out at 25 ◦C, unless stated other-

wise. The worms were synchronized using the bleaching method as

previously described. Synchronized eggs were allowed to grow on

NGM plates at 15 ◦C until they reached the early L4 stage, at which

point they were shifted to 25 ◦C. The following day, young-adult

worms were cultured on plates coated with VA or D3 and freshly

cultured RNAi bacteria overnight. The adults were transferred to

new petri dishes every two days until all the worms died.
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5.28. Confocal microscopy for lipid droplets quantification

A reporter strain expressing the lipid droplet protein DHS-3 fused

to GFP was used as a marker of lipid droplets in C. elegans. For

each experiment, approximately 10 worms were imaged per

condition. Synchronized L4 worms were imaged using laser

scanning confocal microscopy (LSM 980, Carl Zeiss). The

numbers of lipid droplets were analyzed in ImageJ software by

applying the same threshold to all images and manually counting

the lipid droplets in the same area.

5.29. MDA levels

The colorimetric reaction of malondialdehyde and thiobarbituric

acid was used to detect malondialdehyde (MDA) content in mice

liver and C. elegans. For liver in mice, about 100 mg of liver was

lysed with MDA lysis buffer through a tissue grinder, then

centrifuged at 22,000×g at 4 ◦C for 10 min, and supernatant was

collected for analysis. For C. elegans, glp-4(bn2) and glp-4(bn2);

acs-17(lf) hermaphrodites were treated with control or acs-4

RNAi, along with VA or D3 treatment for 3 or 7 days at 25 ◦C.

Worms samples were ultrasonic treated (200 W, 3 s on, 10 s off,

repeated 30 times), then centrifuged at 22,000×g at 4 ◦C for 10

min, and supernatant was collected for analysis. BCA Protein

Assay Kit (Beyotime, P0010S) was used to determine the protein

concentration. MDA levels were measured according to manu-

facturer’s instructions (Solarbio, BC0025).

5.30. DAB-enhanced Prussian blue staining

DAB-enhanced Prussian blue was used for histochemical deter-

mination of iron storage in liver tissue. According to the protocol,

the liver sections were placed into Prussian blue solution and

incubated for 30 min at room temperature. DAB reagent was used

for color development and hematoxylin was used for nuclear

staining. All sections were then rinsed, dehydrated, cover-slipped,

and digitized via light microscopy (Olympus, Japan).

5.31. Measurement of lipofuscin accumulation

To measure the accumulation of lipofuscin, synchronized her-

maphrodites at L4 stage were treated with either control or acs-4

RNAi, along with supplementation of either VA or D3. Worms

were maintained at 25 ◦C for 3 or 7 days. After the treatment

period, worms were immobilized on 2% (w/v) agarose pads for

microscopy. Fluorescent images were captured using a Nexcope

910 microscopy system (Ningbo, China) (excitation/emission 360/

460 nm). Lipofuscin levels were quantified by measuring the

average fluorescence intensity across the entire body of each

worm using ImageJ software (NIH).

5.32. Senescence-associated ß-galactosidase activity assay

To measure senescence-associated ß-galactosidase (SA-ß-gal)

activity, synchronized adult worms were collected on Days 3 or 7.

Worms were first fixed in 4% paraformaldehyde for 30 s at room

temperature and then permeabilized through four freeze-thaw

cycles in liquid nitrogen. After fixation, worms were washed

with PBS (pH 6.0) containing 0.1% Tween-20 and incubated

overnight at 37 ◦C in a staining solution prepared using the

Senescence ß-Galactosidase Staining Kit (#9860, Cell Signaling

Technology). Following the incubation, worms were mounted on

2% agarose pads and imaged using bright-field microscopy at 10

× magnification. The area of SA-ß-gal staining was quantified by

measuring the average optical density of the worm body using

ImageJ software.

5.33. Statistical analysis

The data in figure legends are presented as mean ± standard de-

viation (SD). Statistical analyses were performed by one-way

ANOVA for normally distributed data and by Kruskal—Wallis

one-way ANOVA on ranks for data that were not normally

distributed. When analysis of variance was significant, the Tukey/

Dunn post hoc testing of differences between groups was per-

formed. Full lifespan assays were assessed using standard

Kaplan—Meier log-rank survival tests. All statistical analyses

were performed using Prism 8.0 GraphPad software. P < 0.05 was

considered significant.
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47. Cañón E, Cosgaya JM, Scsucova S, Aranda A. Rapid effects of reti-

noic acid on CREB and ERK phosphorylation in neuronal cells. Mol

Biol Cell 2004;15:5583—92.

48. Gupta P, Ho PC, Huq MM, Ha SG, Park SW, Khan AA, et al. Retinoic

acid-stimulated sequential phosphorylation, PML recruitment, and

SUMOylation of nuclear receptor TR2 to suppress Oct4 expression.

Proc Natl Acad Sci U S A 2008;105:11424—9.

49. Wei S, Kozono S, Kats L, Nechama M, Li W, Guarnerio J, et al. Active

Pin1 is a key target of all-trans retinoic acid in acute promyelocytic

leukemia and breast cancer. Nat Med 2015;21:457—66.

50. Xue JH, Chen GD, Hao F, Chen H, Fang Z, Chen FF, et al. A vitamin-

C-derived DNA modification catalysed by an algal TET homologue.

Nature 2019;569:581—5.

51. Kovatcheva M, Melendez E, Chondronasiou D, Pietrocola F, Bernad R,

Caballe A, et al. Vitamin B12 is a limiting factor for induced cellular

plasticity and tissue repair. Nat Metab 2023;5:1911—30.

52. Swamynathan MM, Kuang S, Watrud KE, Doherty MR, Gineste C,

Mathew G, et al. Dietary pro-oxidant therapy by a vitamin K

precursor targets PI 3-kinase VPS34 function. Science 2024;386:

eadk9167.

53. Tesoriere L, Ciaccio M, Bongiorno A, Riccio A, Pintaudi AM,

Livrea MA. Antioxidant activity of all-trans-retinol in homogeneous

solution and in phosphatidylcholine liposomes. Arch Biochem Biophys

1993;307:217—23.

54. Keys SA, Zimmerman WF. Antioxidant activity of retinol, glutathione,

and taurine in bovine photoreceptor cell membranes. Exp Eye Res

1999;68:693—702.

55. Blaner WS, Shmarakov IO, Traber MG. Vitamin A and Vitamin E:

will the real antioxidant please stand up?. Annu Rev Nutr 2021;41:

105—31.

56. Padanad MS, Konstantinidou G, Venkateswaran N, Melegari M,

Rindhe S, Mitsche M, et al. Fatty acid oxidation mediated by acyl-

CoA synthetase long chain 3 is required for mutant KRAS lung

tumorigenesis. Cell Rep 2016;16:1614—28.

57. Rossi Sebastiano M, Pozzato C, Saliakoura M, Yang Z, Peng RW,
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