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Background: Methotrexate (MTX) is widely used as a chemotherapeutic and immunosuppressive agent, but is frequently as-
sociated with hepatotoxicity. Ferroptosis, an iron-dependent form of cell death driven by lipid peroxidation, is increasingly
recognized as a major contributor to drug-induced liver injury. Peroxisome proliferator-activated receptor α (PPARα) serves
as a critical regulator of lipid metabolism and antioxidant defense. However, its role in MTX-induced hepatocyte ferroptosis
remains unclear. This study aimed to determine whether PPARα modulates MTX-induced liver injury by regulating oxidative
stress and ferroptosis in vivo and in vitro.
Methods: A mouse model of MTX-induced liver injury was established, and hepatic histopathology, serum biochemical pa-
rameters (alanine aminotransferase (ALT), aspartate aminotransferase (AST)), inflammatory cytokines (tumor necrosis factor
α (TNF-α), interleukin-6 (IL-6)), oxidative stress markers (4-hydroxynonenal (4-HNE), malondialdehyde (MDA), superoxide
dismutase (SOD), glutathione (GSH)), and ferroptosis-related proteins (glutathione peroxidase 4 (GPX4), solute carrier family
7 member 11 (SLC7A11), acyl-CoA synthetase long-chain family member 4 (ACSL4), arachidonate 15-lipoxygenase (ALOX15),
transferrin receptor 1 (TFR1)) were assessed. PPAR-related signaling molecules (PPARα, PPARγ, and peroxisome proliferator-
activated receptor gamma coactivator 1-α (PGC-1α)) were analyzed using Western blotting. In vitro, AML-12 hepatocytes were
exposed toMTXwith or without the PPARα agonist GW7647 to evaluate lipid peroxidation, antioxidant capacity, and ferroptosis
markers.
Results: MTX treatment induced significant liver injury, characterized by hepatocellular swelling, vacuolization, elevated
ALT/AST (p < 0.05), increased proinflammatory cytokines (p < 0.05), enhanced lipid peroxidation (p < 0.05), and reduced
antioxidant capacity (p < 0.05). Ferroptosis-associated markers were significantly altered (decreased GPX4; increased ACSL4,
ALOX15, and TFR1; p < 0.05). MTX also disrupted PPAR signaling (reduced PPARα and PGC-1α; increased PPARγ; p <

0.05). Activation of PPARα by GW7647 restored PGC-1α expression, enhanced antioxidant defenses (GPX4, SLC7A11, GSH,
SOD; p < 0.05), suppressed ferroptosis-related lipid-remodeling enzymes (p < 0.05), and reduced lipid peroxidation (p < 0.05),
thereby alleviating MTX-induced hepatocellular damage in vivo and in vitro.
Conclusion: PPARα activation mitigates MTX-induced liver injury by reprogramming lipid metabolism and enhancing antiox-
idant defenses, ultimately suppressing ferroptosis. These findings highlight the therapeutic potential of targeting the PPARα-
ferroptosis pathway as an innovative strategy to counteract MTX-associated hepatotoxicity.
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Introduction

Methotrexate (MTX) is a folate-based compound ex-
tensively used in the management of malignant tumors and
autoimmune disorders [1,2]. Although clinically effective,
MTX frequently induces liver toxicity in a dose-dependent
manner, characterized by elevated serum transaminases,
hepatic inflammation, and structural liver damage [3]. Re-
cent studies indicate that oxidative stress and lipid peroxi-
dation play pivotal roles inMTX-induced hepatocyte injury
[4,5]. However, the precise mechanisms linking MTX ex-
posure to hepatocyte death remain incompletely defined.

Ferroptosis, an iron-dependent form of regulated cell
death triggered by uncontrolled lipid peroxidation, has re-
cently been recognized as a key contributor to liver pathol-
ogy, including drug-induced hepatotoxicity, ischemia-
reperfusion injury, and nonalcoholic fatty liver disease
[6–8]. This process is characterized by the accumula-
tion of peroxidation-susceptible polyunsaturated fatty acid
(PUFA) phospholipids, depletion of glutathione (GSH), and
inactivation of glutathione peroxidase 4 (GPX4). Key
enzymes such as acyl-CoA synthetase long-chain fam-
ily member 4 (ACSL4) and arachidonate 15-lipoxygenase
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(ALOX15) orchestrate the incorporation and oxygenation
of PUFAs into phospholipids, thereby regulating cellular
sensitivity to ferroptosis [9,10]. Accordingly, targeting fer-
roptosis has emerged as a promising strategy to alleviate
hepatocyte injury and preserve liver function.

Peroxisome proliferator-activated receptor α

(PPARα) is a nuclear receptor that serves as a master
regulator of lipid metabolism and antioxidant defense
[11–13]. PPARα activation reduces lipid accumulation,
promotes fatty acid catabolism, and enhances the ex-
pression of antioxidant enzymes, all of which are critical
components of the cellular ferroptosis-defense system
[14–16]. Despite these established roles, the potential role
of PPARα in modulating ferroptosis during MTX-induced
liver injury has not been systematically investigated.

In the present study, we hypothesized that MTX-
induced hepatotoxicity is mediated, at least in part, by
dysregulated ferroptosis and disruption of PPARα signal-
ing. Using a combination of in vivo MTX-induced liver
injury models and in vitro hepatocyte experiments, we
aimed to determine whether activation of PPARα can repro-
gram lipid metabolism, enhance antioxidant defenses, and
suppress ferroptotic pathways to protect hepatocytes from
MTX-mediated damage. Our findings provide new insights
into the mechanistic relationship between PPARα signaling
and ferroptosis in drug-induced hepatotoxicity, offering po-
tential therapeutic strategies for clinical intervention.

Materials and Methods

Animals Model
Male C57BL/6 mice (6–8 weeks old, SPF grade; total

n = 42) were purchased from Beijing Speifu Biotechnology
Co., Ltd. (Beijing, China). All animals, weighing 18–22
g, were acclimated for one week under standard laboratory
conditions (22–25 °C, 12 h light/dark cycle) with ad libi-
tum access to food and water. To evaluate MTX-induced
liver injury, mice were randomly assigned to three groups
(n = 6 per group) and received saline (control), low-dose
MTX (2 mg/kg, intraperitoneally; HY-14519, MedChem-
Express, CA, USA), or high-dose MTX (20 mg/kg, in-
traperitoneally). Bodyweight and general healthweremon-
itored throughout the study. The dosing regimen was se-
lected based on previous reports [17,18]. MTX was admin-
istered as a single intraperitoneal injection, and three days
later, mice were euthanized. Euthanasia was performed us-
ing an overdose of pentobarbital sodium (150 mg/kg, in-
traperitoneally), followed by cervical dislocation to ensure
complete euthanasia. Liver tissues and blood samples were
subsequently collected.

To examine the protective effects of PPARα over-
expression against MTX-induced hepatotoxicity, adeno-
associated virus serotype 9 (AAV9) vectors carrying ei-
ther PPARα (AAV9-PPARα; Genechem, Shanghai, China)
or an empty vector (AAV9-NC) were administered via tail

vein injection to half of the mice (n = 12). All animals used
for AAV9 experiments were independent from the first co-
hort, and the AAV9-related study was performed as a sep-
arate batch to avoid cross-interference. Viral preparations
were provided at a titer of 1× 1012 viral genomes (vg)/mL,
and each mouse received 100 µL via the tail vein. The con-
struct contained full-length mouse PPARα (NM_011144.6)
cDNA driven by a CMV promoter and packaged into an
AAV9 capsid. Four weeks after vector delivery, mice were
randomly assigned to four experimental groups (n = 6 per
group) for evaluation of MTX-induced liver injury: con-
trol mice with AAV9 empty vector (Con + WT), control
mice with AAV9-PPARα (Con + OE), MTX-treated mice
with AAV9 empty vector (MTX + WT), and MTX-treated
mice with AAV9-PPARα (MTX + OE). MTX (20 mg/kg,
intraperitoneally) was administered using the standard dose
for inducing acute liver injury in AAV-modified mouse
models. Three days after MTX injection, mice were sac-
rificed for the collection of liver tissues and blood samples
for histological, biochemical, and molecular analyses.

Cell Culture and Treatment
AML-12 mouse hepatocytes were obtained from Pro-

cell (CL-0602, Wuhan, China) and cultured in DMEM/F12
medium (11320033, Gibco, MA, USA) supplemented with
10% fetal bovine serum (FBS; A5670701, Gibco, MA,
USA) and 1% penicillin-streptomycin (15140122, Gibco,
MA, USA) at 37 °C incubators containing 5% CO2. Cells
were seeded in 6-well or 96-well plates, depending on ex-
perimental requirements.

For in vitro assays, AML-12 cells (a mouse hepatocyte
line exhibiting epithelial-like morphology with polygonal
cell shape and distinct cell borders) were confirmed to be
free of mycoplasma contamination via routine PCR-based
screening before the experiments. AML-12 cells were
treated with MTX (30 µM) for 24 hours with or without
6-hour pretreatment with GW7647 (5 µM; ab141124, Ab-
cam, UK). Control cells were exposed to vehicle (DMSO).
The concentrations of MTX and GW7647 were selected
based on previous studies [18,19]. After treatment, cells
were harvested for assessment of ferroptosis markers, ox-
idative stress indicators, and PPAR signaling proteins using
Western blotting or biochemical assays.

Histological Analysis
Liver tissues were harvested, fixed in 10% formalin,

embedded in paraffin, and sectioned at 4 µm. For hema-
toxylin and eosin (H&E) staining, sections were deparaf-
finized in xylene, rehydrated through a graded ethanol se-
ries, and stainedwith a hematoxylin solution (G1120, Solar-
bio, Beijing, China) for 5 min, followed by differentiation
in 1% acid alcohol and bluing in running tap water. Slides
were then counterstained with eosin solution (G1100, So-
larbio, Beijing, China) for 2 min, dehydrated, cleared, and
mounted using a neutral resin mounting medium (G8590,
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Solarbio, Beijing, China). Representative images were cap-
tured using a light microscope (AH-2, Olympus, Tokyo,
Japan).

Biochemical Analyses
At the end of the experiment, mice were euthanized

by intraperitoneal injection of sodium pentobarbital (150
mg/kg). After cessation of respiration, cardiac puncture
was performed using a 1 mL syringe with a 25G needle to
obtain whole blood, which was allowed to clot for 30 min
at room temperature and subsequently centrifuged at 3000
rpm for 10 min at 4 °C. Serum was collected and stored
at –80 °C until analysis. Serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels were
determined using commercial assay kits (C009-2-1, C010-
2-1; Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instructions, and
absorbance was detected at 510 nm using a microplate
reader (SpectraMax i3x, Molecular Devices, CA, USA).
Proinflammatory cytokines, including tumor necrosis fac-
tor α (TNF-α) and interleukin-6 (IL-6), were quantified
using enzyme-linked immunosorbent assay (ELISA) kits
(MTA00B, M6000B; R&D Systems, MN, USA), with ab-
sorbance recorded at 450 nm and reference 570 nm. Hepatic
and cellular oxidative stress were evaluated by quantify-
ing 4-hydroxynonenal (4-HNE), malondialdehyde (MDA),
superoxide dismutase (SOD), and GSH using commer-
cial kits (H268-1-1, A003-1-2, A001-3-2, A006-2-1, Nan-
jing Jiancheng Bioengineering Institute, Nanjing, China)
following the manufacturers’ protocols. Detection wave-
lengths were 450 nm for 4-HNE, 532 nm for MDA, 550 nm
for SOD, and 405 nm for GSH.

Western Blot Analysis
Protein extracts from liver tissues and AML-12 cells

were prepared using RIPA lysis buffer (P0013B, Beyotime,
Shanghai, China). Protein concentration was measured us-
ing a BCA assay (23227, Thermo Scientific, MA, USA).
Equal amounts of protein were separated by SDS-PAGE
and transferred to PVDF membranes. Membranes were
blocked with 5% non-fat milk and incubated overnight
at 4 °C with primary antibodies against GPX4 (1:500,
30388-1-AP, Proteintech, Wuhan, China), solute carrier
family 7member 11 (SLC7A11) (1:1000, 32384-1-AP, Pro-
teintech, Wuhan, China), acyl-CoA synthetase long-chain
family member 4 (ACSL4) (1:5000, 22401-1-AP, Protein-
tech, Wuhan, China), ALOX15 (1:500, 13286-1-AP, Pro-
teintech, Wuhan, China), transferrin receptor 1 (TFR1)
(1:2000, 84766-4-RR, Proteintech, Wuhan, China), PPARα
(1:1000, 15540-1-AP, Proteintech, Wuhan, China), PPARγ
(1:1000, 16643-1-AP, Proteintech, Wuhan, China), and per-
oxisome proliferator-activated receptor gamma coactivator
1-α (PGC-1α) (1:5000, 66369-1-Ig, Proteintech, Wuhan,
China) at recommended dilutions. Membranes were incu-
bated with HRP-conjugated secondary antibodies (1:2000;

SA00001-1 or SA00001-2, Proteintech, Wuhan, China).
Protein bands were visualized using ECL reagent (PE0010,
Solarbio, Beijing, China) and imaged with a ChemiDocMP
1708280 Imaging System (Bio-Rad, CA, USA). Band in-
tensities were quantified using ImageJ software (version
1.54i, National Institutes of Health, Bethesda, MD, USA).

Statistical Analysis
All data are presented as mean ± standard deviation

(SD). Statistical analyses were performed using GraphPad
Prism 9.5 (GraphPad Software, San Diego, CA, USA).
Prior to hypothesis testing, data were assessed for normality
using the Shapiro-Wilk test and for homogeneity of vari-
ance using Levene’s test. For comparisons between two
groups, normally distributed data with equal variances were
analyzed using Student’s t-test. For comparisons among
multiple groups, one-way ANOVA was applied, followed
by Tukey’s post hoc test, which adjusts for multiple pair-
wise comparisons. When normality or homoscedastic-
ity assumptions were not met, nonparametric tests (Mann-
Whitney U test or Kruskal-Wallis test with Dunn’s post hoc
correction) were employed. A two-tailed p< 0.05 was con-
sidered statistically significant.

Results

Establishment of the MTX-Induced Mouse Model
and Alterations in PPAR Signaling

To evaluate how MTX influences hepatic PPAR sig-
naling, we established a murine model that mimics MTX-
induced liver injury (Fig. 1A). H&E staining revealed char-
acteristic histopathological alterations, including hepato-
cellular swelling and vacuolization, with occasional infil-
tration of inflammatory cells (Fig. 1B). Serum biochem-
ical markers (ALT and AST) were significantly elevated
(Fig. 1C,D; p < 0.05), confirming impaired liver function,
while proinflammatory cytokines (TNF-α and IL-6) were
markedly increased (Fig. 1E,F; p < 0.05). In parallel, ox-
idative stress was exacerbated, as indicated by increased
4-HNE and MDA levels (p < 0.05), along with reduced
antioxidant capacity (SOD and GSH; p < 0.05) (Fig. 1G–
J). Moreover, ferroptosis-associated proteins demonstrated
a significant decrease in GPX4 expression, together with el-
evatedACSL4 and TFR1 levels (Fig. 1K–N; p< 0.05), sug-
gesting activation of ferroptosis in MTX-treated mice. No-
tably, Western blot analysis revealed that MTX treatment
dysregulated PPAR signaling: PPARα and PGC-1α expres-
sion were significantly downregulated, whereas PPARγ ex-
pression was increased (Fig. 1O–R; p< 0.05). Collectively,
these findings suggest that MTX-induced hepatotoxicity in-
volves alterations in PPAR signaling pathways, which may
contribute to enhanced ferroptosis.

https://www.discovmed.com/


98

Fig. 1. Establishment of the MTX-induced mouse model of liver injury. (A) Schematic illustration of the experimental design
for MTX-induced liver injury in mice. (B) Representative H&E staining of liver tissue (scale bar = 50 µm). (C,D) Serum levels of
ALT and AST. (E,F) Relative serum levels of TNF-α and IL-6 measured by ELISA. (G,H) Relative serum levels of 4-HNE and MDA.
(I,J) Serum levels of SOD and GSH. (K–N) RepresentativeWestern blot images and quantification of ferroptosis-related markers (GPX4,
ACSL4, TFR1) in mouse liver tissue. (O–R) RepresentativeWestern blot images and quantification of PPAR signaling proteins (PPARα,
PPARγ, and PGC-1α) in mouse liver tissue. Data are presented as mean ± SD (n = 6). ∗∗p < 0.01, ∗∗∗p < 0.001 (vs. control). MTX,
Methotrexate; H&E, hematoxylin and eosin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TNF-α, tumor necrosis
factor α; IL-6, interleukin-6; ELISA, enzyme-linked immunosorbent assay; 4-HNE, 4-hydroxynonenal; MDA, malondialdehyde; SOD,
superoxide dismutase; GSH, glutathione; GPX4, glutathione peroxidase 4; ACSL4, acyl-CoA synthetase long-chain family member
4; TFR1, transferrin receptor 1; PPAR, peroxisome proliferator-activated receptor; PGC-1α, peroxisome proliferator-activated receptor
gamma coactivator 1-α.
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Fig. 2. Effect of PPARα overexpression on MTX-induced liver injury. (A) Schematic diagram of PPARα overexpression in mice.
(B) Representative H&E staining images of liver tissue (scale bar = 50 µm). (C,D) Serum ALT and AST levels. (E,F) Relative serum
levels of TNF-α and IL-6 determined by ELISA. (G–J) Representative Western blot images and quantitative analysis of PPARα, PPARγ,
and PGC-1α expression in mouse liver tissue. Data are presented as mean± SD (n = 6). ns, not significant (p> 0.05); ∗∗p< 0.01, ∗∗∗p
< 0.001.
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PPARα Overexpression Alleviates MTX-Induced
Liver Injury

To further elucidate the role of PPARα in MTX-
induced hepatotoxicity, PPARα-overexpressing mice were
generated (Fig. 2A). H&E staining demonstrated that
PPARα overexpression markedly attenuatedMTX-induced
histopathological alterations, including hepatocyte necro-
sis and vacuolization, with minimal inflammatory infiltra-
tion observed (Fig. 2B). In MTX-treated PPARα overex-
pression group, serum ALT and AST levels were signifi-
cantly reduced (Fig. 2C,D; p < 0.05), and inflammatory
cytokines (TNF-α and IL-6) were similarly decreased (p
< 0.05) compared with MTX-treated controls (Fig. 2E,F).
Western blot analysis confirmed successful upregulation of
PPARα, which was accompanied by restored PGC-1α ex-
pression and a concomitant reduction in PPARγ levels in
the MTX-treated PPARα overexpression group (Fig. 2G–J;
p< 0.05). These findings indicate that PPARα overexpres-
sion confers protection against MTX-induced liver injury.

PPARα Overexpression Reduces Ferroptosis in
MTX-Treated Mice

To elucidate how PPARα confers protection against
MTX-induced liver injury, markers of oxidative stress and
ferroptosis were assessed. In the MTX-treated PPARα
overexpression group, PPARα overexpression significantly
reduced serum 4-HNE and MDA levels while enhancing
antioxidant defenses, as indicated by increased SOD and
GSH levels (Fig. 3A–D; p< 0.05). Moreover, in this group,
PPARα overexpression elevated GPX4 and SLC7A11 ex-
pression, while downregulating ACSL4, ALOX15, and
TFR1 levels (Fig. 3E–J; p < 0.05). These findings indi-
cate that PPARα mitigates MTX-induced oxidative stress
and suppresses ferroptosis in mouse liver tissue.

PPARα Activation by GW7647 Attenuates
Ferroptosis in AML-12 Cells

To further validate the protective role of PPARα at
the cellular level, AML-12 hepatocytes were treated with
the PPARα agonist GW7647. Western blot analysis con-
firmed that, in the MTX-treated group, GW7647 treatment
enhanced PPARα expression, restored PGC-1α levels, and
reduced PPARγ expression (Fig. 4A–D; p < 0.05). Con-
sistent with the in vivo results, in the MTX-treated group,
GW7647 treatment reduced the intracellular accumulation
of 4-HNE and MDA while significantly increasing GSH
levels (Fig. 4E–G; p < 0.05). Moreover, ferroptosis-
related proteins showed changes similar to those observed
in liver tissue: GPX4 and SLC7A11 were upregulated,
whereas ACSL4, ALOX15, and TFR1 were downregulated
(Fig. 4H–M; p < 0.05). These findings demonstrate that
pharmacological activation of PPARα by GW7647 effec-
tively alleviates MTX-induced ferroptosis both in vivo and
in vitro.

Discussion

In this study, we demonstrate that MTX-induced liver
injury is associated with the dysregulation of PPAR sig-
naling and the activation of ferroptotic pathways. Fur-
thermore, we show that restoring PPARα activity, either
through genetic overexpression in vivo or pharmacologi-
cal activation (GW7647) in vitro, attenuates MTX-induced
hepatocellular damage. MTX-treated liver tissues exhibited
histological injury, elevated ALT/AST and proinflamma-
tory cytokines, increased lipid peroxidation (4-HNE,MDA)
and reduced antioxidant capacity (SOD, GSH). Consistent
with earlier reports, MTX promotes oxidative stress, lipid
peroxidation, and ferroptosis in hepatocytes [20–22]. Con-
currently, ferroptosis markers, including decreased GPX4
expression, elevated ACSL4 levels, and increased TFR1
expression, were observed, together with disruptions in
PPAR signaling characterized by reduced PPARα and PGC-
1α expression and increased PPARγ activity. Compara-
ble perturbations in PPAR signaling under stress conditions
have been documented in other models of drug-induced
or disease-associated liver injury [23–25]. Restoration of
PPARα activity reversed these changes: PPARα upreg-
ulation or activation restored PGC-1α, increased GPX4
and SLC7A11, and reduced ACSL4, ALOX15, and TFR1,
thereby lowering lipid peroxidation biomarkers in both liver
tissue and in AML-12 cells. Collectively, these data indi-
cate that PPARα protects against MTX hepatotoxicity by
suppressing ferroptosis through coordinated regulation of
lipid metabolism and antioxidant defenses.

One of the central mechanisms by which PPARα ac-
tivation reduced ferroptotic signaling in our models in-
volves reprogramming of lipid metabolic pathways that de-
termine the abundance and composition of phospholipid
substrates susceptible to peroxidation. MTX increased
expression of ACSL4 and ALOX15, enzymes that acti-
vate long-chain PUFAs for membrane incorporation, es-
terify PUFAs into phospholipids, and catalyze oxygena-
tion of PUFA-containing lipids, thereby generating a bio-
chemical milieu conducive to ferroptotic lipid peroxida-
tion. Previous studies have demonstrated that ACSL4 and
ALOX15 are essential determinants of ferroptosis sensi-
tivity due to their role in PUFA-phospholipid remodeling
[26–28]. PPARα restoration markedly suppressed ACSL4
and ALOX15, which would (a) reduce the pool of PUFA-
containing phospholipids available for peroxidation and (b)
lower enzyme-driven lipid oxidation.

In parallel, the MTX-induced elevation of TFR1 sug-
gests an enhanced import of labile iron, supplying Fe2+ re-
quired to drive lipid peroxidation and trigger ferroptotic cell
death. As a principal regulator of cellular iron entry, TFR1
was suppressed upon PPARα activation, which likely re-
duces intracellular free iron levels, thereby decreasing Fen-
ton reaction-mediated ROS generation and further protect-
ing hepatocytes from ferroptosis. These findings suggest
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Fig. 3. Effects of PPARα overexpression on oxidative stress and ferroptosis in MTX-treated mice. (A,B) Relative serum levels
of 4-HNE and MDA. (C,D) Serum levels of SOD and GSH. (E–J) Representative Western blot images and quantitative analysis of
ferroptosis-related markers (GPX4, SLC7A11, ACSL4, ALOX15, TFR1) in mouse liver tissue. Data are presented as mean ± SD (n
= 6). ns, not significant (p > 0.05); ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. SLC7A11, solute carrier family 7 member 11; ALOX15,
arachidonate 15-lipoxygenase.

that PPARα not only modulates lipid substrate availability
and oxidation but also indirectly regulates iron-dependent
pro-ferroptotic signals.

Concurrently, we observed recovery of PGC-1α ex-
pression following PPARα activation. As a pivotal tran-
scriptional coactivator regulating mitochondrial biogene-
sis and fatty acid catabolism, its restoration suggests en-
hanced mitochondrial fatty acid (FA) oxidation and im-
proved clearance of surplus fatty acids that would other-
wise serve as substrates for lipid peroxidation. This obser-
vation aligns with previous reports demonstrating that acti-
vation of the PPARα–PGC-1α axis enhances mitochondrial
oxidative metabolism and protects against hepatic lipid ac-

cumulation and oxidative stress [29–31]. Thus, through the
suppression of ACSL4 and ALOX15, restoration of PGC-
1α-dependent metabolic homeostasis, and the reduction of
iron influx via TFR1 downregulation, PPARα activity de-
creases substrate availability for ferroptotic lipid peroxida-
tion, and consequently reduces hepatocyte vulnerability to
ferroptotic injury.

A second, complementary mechanism involves en-
hancement of cellular antioxidant defenses. MTX treat-
ment resulted in a marked depletion of antioxidant indi-
cators (SOD, GSH) and downregulation of GPX4, the es-
sential enzyme that detoxifies phospholipid hydroperoxides
into inert lipid alcohols. Activation or overexpression of
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Fig. 4. Effects of PPARα activation by GW7647 on ferroptosis in AML-12 hepatocytes. (A–D) Representative Western blot images
and quantitative analysis of PPARα, PPARγ, and PGC-1α in AML-12 cells. (E,F) Relative intracellular levels of 4-HNE and MDA. (G)
Intracellular GSH levels. (H–M) Representative Western blot images and quantitative analysis of ferroptosis-related markers (GPX4,
SLC7A11, ACSL4, ALOX15, TFR1) in AML-12 cells. Data are presented as mean ± SD (n = 3). ns, not significant (p > 0.05); ∗∗p <
0.01, ∗∗∗p < 0.001.

PPARα restored intracellular GSH and SOD activity while
elevating GPX4 and SLC7A11 expression. As SLC7A11
mediates cystine uptake for GSH synthesis and GPX4 re-
quires GSH as a cofactor to detoxify lipid peroxides, coordi-

nated upregulation of these proteins reconstitutes the GSH-
dependent anti-ferroptotic system. Additionally, PPARα
may promote antioxidant capacity directly through the tran-
scriptional regulation of redox-responsive genes or indi-
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rectly via metabolic remodeling that reduced ROS produc-
tion; the present data show the functional consequence—
reduced lipid peroxidation (lower 4-HNE/MDA) and in-
creased GSH/antioxidant enzyme activity—consistent with
an enhanced detoxification capacity that antagonizes fer-
ropto.

Ferroptosis is driven by the convergence of (1) the
abundance of peroxidation-prone phospholipid substrates,
(2) the availability of catalytically active labile Fe2+, and
(3) insufficient detoxification of lipid peroxides. Our
findings indicate that PPARα activity disrupts this feed-
forward cycle at multiple mechanistic levels. By suppress-
ing ACSL4 and ALOX15, PPARα reduces the pool of
PUFA-enriched phospholipids and limits enzymatic lipid
oxygenation. Simultaneously, by upregulating SLC7A11
and GPX4 and replenishing antioxidant reserves (GSH,
SOD), PPARα increases the cellular threshold required for
the accumulation of lethal lipid hydroperoxides. The com-
bined effect is the generation of fewer lipid peroxides and
improved clearance of those generated, thereby restricting
the capacity of labile Fe2+ to catalyze lipid radical chain
reactions and halting the biochemical cascade that leads
to ferroptotic cell death. Collectively, these mechanisms
translate into robust protection of hepatocytes from MTX-
induced injury, as evidenced by improved histopathology
and improved serum biomarker profiles.

Our results suggest that modulation of PPARα repre-
sents a promising strategy to mitigate MTX-induced liver
injury. Pharmacological activation of PPARα (we used
GW7647 in vitro) reproduced the protective effects ob-
served with genetic upregulation, supporting its transla-
tional potential. Clinically used PPARα agonists (such as
fibrates) or newly developed selective activators may there-
fore be repurposed to prevent or treat drug-induced fer-
roptotic liver injury. However, species-specific differences
in PPAR biology and the complexity of PPAR family sig-
naling (including the MTX-associated increase in PPARγ)
warrant careful preclinical dose-finding, safety assessment,
and evaluation of potential off-target metabolic effects be-
fore clinical translation. Moreover, the external validity
of our findings should be interpreted with caution, as the
acute high-dose MTX model used in this study differs from
the chronic low-dose regimens commonly applied in clini-
cal settings. Acute and chronic MTX hepatotoxicity may
involve overlapping yet distinct mechanisms. Thus, fu-
ture studies employing long-term MTX exposure or al-
ternative clinically relevant dosing paradigms will be re-
quired to further validate the translational applicability of
PPARα-targeted therapeutic strategies. Additionally, al-
though our biochemical and molecular findings strongly
support ferroptotic involvement, we did not perform re-
versible rescue experiments using established ferroptosis
inhibitors such as ferrostatin-1 or Liproxstatin-1. Incor-
porating these pharmacological rescue approaches into fu-
ture work will help establish the contribution of ferroptosis

to MTX-induced liver injury more definitively and further
clarify how PPARα activation modulates this process.

Conclusion

This study demonstrates that activation or overexpres-
sion of PPARα confers significant protection against MTX-
induced liver injury by suppressing ferroptosis. Mechanis-
tically, PPARα remodels lipid metabolism by downregu-
lating ACSL4 and ALOX15, thereby restoring PGC-1α-
associated lipid metabolic homeostasis and reducing the
availability of peroxidation-prone phospholipids. In paral-
lel, PPARα strengthens the antioxidant defense network via
increased expression of GPX4 and SLC7A11, effectively
limiting lipid peroxidation and labile Fe2+-driven ferrop-
totic cascades. Overall, our results position PPARα as a
central modulator of ferroptosis and indicate that targeted
activation of PPARα could be leveraged to counter MTX-
induced liver injury.
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