Supplemental materials and methods

Histological Analysis
Liver tissues were harvested as previously described, embedded in paraffin, and sliced into sections for staining with H&E. Histological changes in the liver tissue were visualized and documented using a Leica DM2500 fluorescence microscope system.

Real-Time Reverse Transcription Polymerase Chain Reaction (RT‒PCR)
RNA was extracted from liver tissue or cultured cells using TRIzol reagent. cDNA was synthesized using the PrimeScript™ RT Reagent Kit (TaKaRa, Kusatsu, Shiga, Japan) following the manufacturer’s instructions. The reaction mixture for reverse transcription included 2 µL of 5X PrimeScript buffer, 0.5 µL of PrimeScript RT Enzyme Mix I, 0.5 µL of oligo(dT) primer (50 μM), 0.5 µL of random hexamers (100 μM), 500 ng of total RNA, and 10 µL of RNase-free water. Reverse transcription was performed under the following conditions: 37°C for 15 minutes, 85°C for 5 seconds, and a hold at 4°C.

Real-time PCR was conducted in a 20 µL reaction mixture consisting of 10 µL of SYBR Green Master Mix, 0.4 µL of forward primer (10 µM), 0.4 µL of reverse primer (10 µM), 4 µL of cDNA, and RNase-free water. The amplification conditions were as follows: 50°C for 2 minutes, 95°C for 5 minutes, followed by 50 cycles of 95°C for 15 seconds and 60°C for 30 seconds. The primers specific to each target gene are listed in Supplemental Table 1. The target mRNA expression levels were normalized to those of HPRT, and the relative expression levels were calculated using the 2-ΔΔCt method.

Western Blot Analysis
Proteins were extracted from liver tissue or primary hepatocytes using RIPA buffer supplemented with 1% protease and phosphatase inhibitors. The protein concentration was determined using the Pierce™ Rapid Gold BCA Protein Assay Kit (Invitrogen, Thermo Fisher Scientific) according to the manufacturer’s protocol. Equal amounts of protein (20–40 µg) were loaded onto SDS‒12% polyacrylamide gels and transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Hercules, CA). The membranes were blocked with 5% skim milk at room temperature for 1 h and incubated with primary antibodies overnight at 4°C. Detailed antibody information is provided in Supplemental Table 2. Following primary antibody incubation, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:2000 for anti-mouse IgG; Cell Signaling Technology, Cat# 7076; 1:1000 for anti-rabbit IgG; Cell Signaling Technology, Cat# 7074) for 1 h at room temperature.

Protein detection was carried out using Super Signal™ West Pico PLUS (Invitrogen, Thermo Fisher Scientific), and chemiluminescent signals were captured using a Bio-Rad detection system. Band intensities were quantified using ImageJ software (National Institutes of Health, Bethesda, USA).

Immunofluorescence Staining
Primary hepatocytes were cultured and treated with TM as described previously. The cells were fixed in 4% paraformaldehyde at room temperature for 20 minutes, permeabilized with 0.5% Triton X-100 at 37°C for 20 minutes, and blocked with 3% BSA containing 1% goat serum for 1 h at 37°C. After blocking, the cells were incubated with primary antibodies against DDX3X (1:500, Abcam, Cambridge, UK) or PPARα (1:500, Abcam) overnight at 4°C. The cells were then incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:200, Invitrogen) or Alexa Fluor 568-conjugated goat anti-mouse IgG (1:200, Invitrogen) for 30 minutes at 37°C. Nuclei were stained with DAPI (Abcam, 10 µL). Images were acquired using a Leica TCS SP8 confocal microscope system.

Evaluation of Apoptosis
Apoptotic cells in liver tissue sections were detected using the TUNEL assay on liver tissues embedded in O.C.T. compound. The TUNEL procedure was carried out following the manufacturer's instructions (Beyotime Biotechnology, China). The nuclear density was assessed by DAPI staining. Immunofluorescence images were captured using a laser-scanning confocal microscope (Carl Zeiss, Oberkochen, Germany), and apoptosis was quantified via the analysis of five randomly selected fields per sample.

siRNA Transfection
For silencing of PPARα genes, hepatocytes at approximately 80% confluence were transfected with either scramble or target-specific siRNA (GenePharma, Shanghai, China) at a final concentration of 100 pM using in vivo jetPEI® (Polyplus Transfection, Alsace, France) according to the manufacturer's instructions. The culture medium was replaced 12 h post-transfection. mRNA was extracted 48 h after transfection, as previously described.

Assessment of Cell Viability via the CCK-8 Assay
Primary hepatocytes were seeded into 96-well plates and treated according to the experimental protocol. Cell viability was determined using a CCK-8 assay kit (Sigma, Cat# 96992). After treatment, CCK-8 solution was added directly to the medium, and the cells were incubated for 1 h. The absorbance was measured at 490 nm, and the cell viability was expressed as the ratio of the absorbance in the experimental group to that in the untreated control group.

Lactate Dehydrogenase (LDH) Cytotoxicity Assay
Primary hepatocytes were seeded in 96-well plates and treated as described. Cytotoxicity was assessed using a LDH release assay kit (Sigma, Cat# 91963). After treatment, the maximum amount of enzyme release reagent was added 1 h before the working solution was added. After 1 h of incubation in the dark, the absorbance at 490 nm was measured. Cell death was quantified as the ratio of the absorbance of the experimental group to that of the maximum enzyme release group.

Flow Cytometry for Apoptosis
Primary hepatocytes were seeded in 6-well plates at 1×106 cells per well and treated as described. Apoptosis was evaluated using an Annexin V-PE/7-AAD apoptosis detection kit (BD Bioscience, Cat# 559763). After treatment, the cells were washed with PBS and resuspended in binding buffer containing 10 µL of PE and 7-AAD for flow cytometric analysis using a FACSCalibur flow cytometer (BD Bioscience). The data were analyzed with FlowJo software. The percentage of apoptotic cells was calculated as the sum of the percentages of early apoptotic (PE+/7-AAD−) and late apoptotic (PE+/7-AAD+) cells.

Nuclear and Cytosolic Fractionation
Liver tissue was collected, or primary hepatocytes were cultured and treated as specified. Cytoplasmic and nuclear proteins were isolated using a nuclear/cytosol fractionation kit (Abcam, Cat# ab289882). The cells were first incubated in cytosol extraction buffer A (CEB-A) on ice for 10 minutes and then in buffer B (CEB-B) for 1 minute. The lysate was centrifuged, and the supernatant was collected as the cytoplasmic extract. The pellet was resuspended in 100 µL of nuclear extraction buffer (NEB) and incubated on ice for 40 minutes, followed by centrifugation to obtain the nuclear extract. Both fractions were stored at -80°C for further analysis by WB.

Co-IP Analysis
For confirmation of the interaction between target proteins, Co-IP was performed in this study. The procedure is as follows:
1) Cell Lysis: Cells were seeded at 2×10⁶ per 6 cm dish according to the experimental design. After drug treatment, the cells were lysed. The culture dishes were placed on ice, and the cells were washed with prechilled PBS. The PBS was aspirated, and 0.5 mL of prechilled lysis buffer was added. The cells were scraped off the dish via a nondamaging cell scraper and transferred gently to a prechilled centrifuge tube. The tube was incubated on a rotating shaker at 4°C for 30 minutes, followed by centrifugation at 12,000 rpm and 4°C for 20 minutes. The supernatant was carefully aspirated and transferred to a clean tube. The protein concentration was measured via a previously described method.
2) Immunoprecipitation: Immunoprecipitation was performed at 4°C. A total of 500 μg of cell lysate was added to a centrifuge tube, and the target protein antibody was added according to the manufacturer's instructions for dilution. The mixture was incubated overnight at 4°C on a rotating shaker. Moreover, agarose beads were prepared as follows: for monoclonal antibodies, protein G-conjugated agarose beads were used; for polyclonal antibodies, protein A-conjugated agarose beads were used. The beads were mixed thoroughly, and an appropriate amount of suspension was added to an EP tube. The beads were centrifuged to pellet them, and the supernatant was discarded. The beads were then washed three times with lysis buffer, vortexed at the highest speed to resuspend the beads, and centrifuged again to remove the supernatant.
3) Protein-Antibody Binding and Washing: 100 μL of agarose bead suspension was added to each sample, and the mixture was incubated at 4°C for 4 h with gentle rotation. After incubation, the mixture was centrifuged, and the supernatant was discarded. The beads were washed three times with lysis buffer. After the final wash, loading buffer was added, and the samples were heated at 100°C in a metal bath for 5 minutes to dissociate the proteins from the beads. After centrifugation, the supernatant was collected for SDS‒PAGE analysis, as previously described.
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Figure S1. Inhibition of ER stress ameliorates ConA-induced liver injury and regulates the expression of PPARα and DDX3X. A. C57BL/6J mice (n=6/per group) were injected with Con A (20 mg/kg) for the indicated durations (0 h, 4 h, 8 h, 12 h, and 24 h) via the tail vein. B. Time-course analysis of DDX3X, PPARα, and apoptosis. Immunofluorescence images of TUNEL (green), DDX3X (red), and PPARα (green) with DAPI (blue) at 0–24 h (scale bar, 25 µm). White arrows indicate the direction of the line-scan analysis. (Right) Line-scan quantification of the green fluorescence intensity along the indicated white arrow trajectories. C. mRNA levels of PPARα, CHOP, and DDX3X were assessed via RT‒PCR. D. Western blot analysis of p-DDX3X (Ser102), Cleaved PARP and Cleaved Caspase-3 levels at the indicated time points, with β-actin serving as a loading control. E. Densitometric quantification of the WB shown in D. For two-group comparisons, data were analyzed using unpaired two-tailed Student's t-test. *:P<0.05, **:P<0.01, ***:P<0.001.
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Figure S2. Inhibition of ER stress ameliorates ConA-induced liver injury and regulates the expression of PPARα and DDX3X.
A. C57BL/6J mice (n=6/per group) were injected with 4-PBA (100 mg/kg) 1 h before treatment with Con A (20 mg/kg) for 8 h. B. Representative TUNEL staining images (green) and quantification of TUNEL-positive cells/DAPI-positive nuclei. Nuclei were counterstained with DAPI (blue). Scale bar, 25 μm. For two-group comparisons, data were analyzed using unpaired two-tailed Student's t-test. *:P<0.05, **:P<0.01, ***:P<0.001.
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Figure S3. PPARα ameliorates ConA-induced liver injury and reduces the phosphorylation of DDX3X regulated by ER stress. 
A. C57BL/6J mice (n=6/per group) were injected with WY-14643 (6 mg/kg) 2 h before treatment with Con A (20 mg/kg) for 8 h. B. Representative TUNEL staining images (green) and quantification of TUNEL-positive cells/DAPI-positive nuclei. Nuclei were counterstained with DAPI (blue). Scale bar, 25 μm. C. mRNA levels of CHOP and DDX3X were assessed via RT‒PCR. D. Western blot analysis of Cleaved PARP and Cleaved Caspase-3 levels at the indicated time points, with β-actin serving as a loading control. E. Densitometric quantification of the WB shown in D. For two-group comparisons, data were analyzed using unpaired two-tailed Student's t-test. *:P<0.05, **:P<0.01, ***:P<0.001.
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Figure S4. Phosphorylation of DDX3X promotes ConA-induced liver injury in mice. 
A-D. DDX3Xfl/fl and DDX3XΔHep mice were treated with Con A for the indicated durations to induce liver injury. A. mRNA levels of DDX3X were assessed via RT‒PCR. B. Liver injury was assessed by AST and ALT measurements. C. PPARα mRNA levels were assessed via RT‒PCR. D. The protein levels of PPARα were examined via WB. E. Densitometric quantification of the WB shown in D.  F. Schematic diagram of phosphorylation site mutations in the DDX3X protein structure generated through analysis using PyMOL software. G. Western blot of Cleaved PARP and Cleaved Caspase-3 levels at the indicated time points, with β-actin serving as a loading control. H. Densitometric quantification of the WB shown in G. For two-group comparisons, data were analyzed using unpaired two-tailed Student's t-test. For multi-group comparisons, data were analyzed using one-way ANOVA followed by Tukey's post hoc test for multiple comparisons. *:P<0.05, **:P<0.01, ***:P<0.001.
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Figure S5. Phosphorylation of DDX3X is crucial for its cytoplasmic–nuclear transport during ER stress. 
A. Cell viability was analyzed using the CCK-8 assay. B. The cell death rate was assessed using the LDH release assay. C. The percentage of apoptotic cells in each group was analyzed by flow cytometry. For two-group comparisons, data were analyzed using unpaired two-tailed Student's t-test. For multi-group comparisons, data were analyzed using one-way ANOVA followed by Tukey's post hoc test for multiple comparisons. *:P<0.05, **:P<0.01, ***:P<0.001.
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Figure S6. PPARα regulates phosphorylation of DDX3X during ER stress. 
Primary mouse hepatocytes were transfected with siPPARα (or siNC) for 48 h, followed by treatment with TM (20 μg/mL) for 6 h to induce ER stress. Parallelly, hepatocytes were infected with LV5 PPARα (or LV5 NC) for 48 h, followed by TM (20 μg/mL) induction for 24 h. A-B. Immunofluorescence staining for DDX3X (green) and DAPI (blue) was performed to evaluate its subcellular localization. Line-scan analysis of the fluorescence intensity (indicated by white arrows) revealed that knockdown of PPARα significantly facilitated TM-induced nuclear translocation of DDX3X (A). Conversely, overexpression of PPARα markedly attenuated this process (B).
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Figure S7. PPARα regulates phosphorylation of DDX3X during ER stress. 
A. Schematic diagram of the experimental design. Mice were pretreated with siRNA NC or siRNA PPARα via tail vein injection for 48 h, followed by TM (or PBS) administration for 6 h before sacrifice. B. Quantitative analysis of serum ALT and AST levels in the indicated groups. C. Representative immunofluorescence images and line-scan analysis of DDX3X (red) and DAPI (blue) in liver sections. D. Western blot analysis of PPARα, p-DDX3X (Thr323), total DDX3X, and CHOP expression. Data are presented as mean ± SD. Densitometric analysis was performed via ImageJ software. E. Representative TUNEL staining images (green) and quantification of TUNEL-positive cells/DAPI-positive nuclei. Nuclei were counterstained with DAPI (blue). Scale bar, 25 μm.  For two-group comparisons, data were analyzed using unpaired two-tailed Student's t-test. For multi-group comparisons, data were analyzed using one-way ANOVA followed by Tukey's post hoc test for multiple comparisons. *:P<0.05, **:P<0.01, ***:P<0.001.
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Figure S8. PPARα regulates phosphorylation of DDX3X during ER stress. 
A. Schematic illustration of the in vivo experimental design. Mice were injected with LV5 NC or LV5 PPARα via tail vein for 7 d, followed by TM (or PBS) administration for 24 h. B. Serum ALT and AST levels in the indicated groups. C. Representative immunofluorescence images and line-scan analysis of DDX3X (red) with DAPI (blue) in liver sections. D. Western blot analysis of PPARα, p-DDX3X (Thr323), DDX3X, and CHOP. Data are shown as mean ± SD. Densitometric analysis was performed via ImageJ software. E. Representative TUNEL staining images (green) and quantification of TUNEL-positive cells/DAPI-positive nuclei. Nuclei were counterstained with DAPI (blue). Scale bar, 25 μm. For two-group comparisons, data were analyzed using unpaired two-tailed Student's t-test. For multi-group comparisons, data were analyzed using one-way ANOVA followed by Tukey's post hoc test for multiple comparisons. *:P<0.05, **:P<0.01, ***:P<0.001.
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Figure S9. The PPARα-DDX3X interaction masks the phosphorylation site of DDX3X during ER stress.
A. Line-scan analysis of fluorescence intensity over time showing the distribution of PPARα (green), DDX3X (red), and DAPI (blue) in TM-treated cells. B. Quantitative analysis of Co-IP efficiency (IP/input relative intensity) for DDX3X and PPARα in whole cell, cytoplasmic, and nuclear lysates under indicated conditions. (TM 6h) C. Co-immunoprecipitation (Co-IP) assays confirming the interaction between endogenous PPARα and DDX3X in whole cell, cytoplasmic, and nuclear lysates at TM-24h. D. Quantitative analysis of Co-IP efficiency (IP/input relative intensity) for DDX3X and PPARα in whole cell, cytoplasmic, and nuclear lysates under indicated conditions. (TM 24h) PPARα was not quantified in the nuclear fractions, as its expression was undetectable in these lysates. The purity of subcellular fractions was verified using Histone H3 and Tubulin. Data are presented as mean ± SD. For two-group comparisons, data were analyzed using unpaired two-tailed Student's t-test. *:P<0.05, **:P<0.01, ***:P<0.001.
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Figure S10. The helicase domain of DDX3X is critical for its interaction and pro-apoptotic function.
A. Quantitative analysis of interaction intensity (IP/input relative intensity) in cells expressing full-length DDX3X-wt-mCherry or its truncation mutants lacking the N-terminus, helicase domain, or C-terminus. B-C.  Effects of the indicated DDX3X truncation mutants on cell viability (B) and cytotoxicity measured by LDH release (C). D. mRNA levels of CHOP were assessed via RT‒PCR. E. The protein levels of CHOP were examined via WB. F. Densitometric analysis was performed via ImageJ software.  The blots and images are representative of 3 independent experiments. All data from 3 independent experiments are shown. Deletion of the helicase domain significantly abolished the interaction and exacerbated cellular damage. Data are shown as mean ± SD. For two-group comparisons, data were analyzed using unpaired two-tailed Student's t-test. *:P<0.05, **:P<0.01, ***:P<0.001.







Supplemental Tables

Supplemental Table 1.
List of Primers
	Genes
	Primers

	Mus-HPRT Forward (5'-3')
	AGTCCCAGCGTCGTGATTAG

	Mus-HRRT Reverse (5'-3')
	GCCTCCCATCTCCTTCATGA

	Mus-DDX3X Forward (5'-3')
	TGGAGGAAGTACAGCAAGCA

	Mus-DDX3X Reverse (5'-3')
	TCCCCTTGATCCACTTCCAC

	Mus-CHOP Forward (5'-3')
	TCACTACTCTTGACCCTGCG

	Mus-CHOP Reverse (5'-3')
	ACTGACCACTCTGTTTCCGT

	Mus-PPARα Forward (5'-3')
	ACCTTGTGTATGGCCGAGAA

	Mus-PPARα Reverse (5'-3')
	AAGGAGGACAGCATCGTGAA

	Human-HPRT Forward (5'-3')
	CCTGGCGTCGTGATTAGTGA

	Human-HRRT Reverse (5'-3')
	GCCTCCCATCTCCTTCATCA

	Human-DDX3X Forward (5'-3')
	TTTGCTGGCCTAGACCTGAA

	Human-DDX3X Reverse (5'-3')
	TCCCCTTGATCCACTTCCAC





[bookmark: _Hlk190648993]Supplemental Table 2.
List of Antibodies
	Antibodies
	Company
	Catalog Number
	Application

	β-actin
	Cell Signaling Technology
	4970
	WB

	DDX3X
	Abcam
	ab196032
	WB

	CHOP
	Cell Signaling Technology
	2895
	WB

	Histone H3
	Cell Signaling Technology
	4499
	WB

	Tubulin
	[bookmark: OLE_LINK25]Cell Signaling Technology
	2148
	WB

	PPARα
	Abcam
	ab126285
	WB

	mCherry
	Invitrogen
	PA5-34974
	WB

	p-DDX3X (Thr323)
	Invitrogen
	PA5-38470
	WB

	DDX3X
	Abcam
	ab271002
	IF

	PPARα
	Abcam
	ab61182
	IF

	DDX3X
	Invitrogen
	MA5-32971
	IP

	PPARα
	Invitrogen
	MA1-822
	IP

	[bookmark: OLE_LINK28]Anti-mouse IgG, HRP-linked
	Cell Signaling Technology
	7076
	[bookmark: OLE_LINK42]WB

	[bookmark: OLE_LINK29]Anti-rabbit IgG, HRP-linked
	[bookmark: OLE_LINK30]Cell Signaling Technology
	7074
	WB

	Anti-mouse IgG (Alexa Fluor® 647 Conjugate)
	Cell Signaling Technology
	4410
	IF

	Anti-rabbit IgG (Alexa Fluor® 488 Conjugate)
	Cell Signaling Technology
	4412
	IF
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