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Hepatocellular carcinoma (HCC) is characterized by poor prognosis and remains a leading cause of 
cancer mortality worldwide. Advanced HCC is managed with several first-line therapies, including 
tyrosine kinase inhibitors (TKI) and immunotherapy (mAb-PD-1 and mAb-VEGF). However, the efficacy 
of HCC therapeutics is often short-lived. Recent studies have demonstrated that the activation of 
the Nrf2-Bcl-xL pathway contributes to poor prognosis in a subset of HCC patients. Here, we found 
that dimethyl fumarate (DMF), a drug used for treating psoriasis and multiple sclerosis, regulates 
the Nrf2-Bcl-xL signaling axis to inhibit HCC growth in a mice xenograft model. Mechanistically, the 
downregulation of the Nrf2-Bcl-xL axis led to mitochondria stress and apoptosis in vitro and in vivo. 
Enforced Nrf2 or Bcl-xL expression in HCC cells markedly reversed the antitumor effects of DMF in HCC 
cells. Importantly, DMF enhanced sorafenib’s antitumor effects. Collectively, our results demonstrate 
new mechanism insights into the antitumor effects of DMF and that Nrf2-targeted therapy might 
improve HCC treatment outcomes.
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Hepatocellular carcinoma (HCC) is one of the most aggressive cancers worldwide, with few therapeutic options 
at advanced stages. About 841,000 new HCC cases and 782,000 deaths were recorded in 20181,2. The incidence 
is projected to increase owing to the prevalence of metabolic disorders and viral infections3,4. Tyrosine kinase 
inhibitors (TKIs), such as sorafenib, and Lenvatinib, are usually prescribed for systemic therapy for patients 
with advanced HCC5,6. However, the therapeutic effects of TKI monotherapy are short-lived and associated 
with substantial side effects. To meet clinical needs, the combination of anti-PDL1 monoclonal antibody 
(atezolizumab) and anti-VEGF monoclonal antibody (bevacizumab) was approved as a first-line treatment 
for advanced HCC treatment in 20207,8. The combination therapy more than doubled the life expectancy of 
advanced HCC patients9. There is also an ongoing Phase 2 trial for the combination of Lenvatinib (TKI) with 
nivolumab (anti-PD1) as first-line therapy for HCC (NCT03841201). These recent trends suggest that targeting 
alternative signaling pathways could improve HCC treatment outcomes.

Oncogenic activation of survival pathways contributes to chemoresistance in HCC10,11. The transcription 
factor NF-E2-related factor 2 (Nrf2) plays a vital role in detoxifying and mounting antioxidant responses against 
harmful substances12. However, emerging data suggest that constitutive activation of Nrf2 contributes to the 
malignant phenotype in HCC13,14. Somatic mutation in Nrf2 or its negative regulator, Keap1, recurs in HCC 
patients15–17 and independently drives rat hepatocarcinogenesis18–20. Constitutively active Nrf2 gives tumors a 
survival advantage by detoxifying chemotherapeutics and upregulating antioxidant defense systems21. Another 
mode of action by which Nrf2 activation contributes to tumor progression relates to the upregulation of Bcl2 
antiapoptotic proteins22,23. It is well known that alterations in the delicate balance of Bcl-2 family proteins influence 
a plethora of biological functions ranging from survival24, metastasis25, and angiogenesis26,27. Antiapoptotic 
B-cell lymphoma-extra-large (Bcl-xL) is highly expressed in one-third of HCC patients28,29. In this context, 
several studies have identified the role of Nrf2 in promoting HCC proliferation and invasion through the Bcl-xL 
upregulation22,30,31. These findings underscore the potential of Nrf2-Bcl-xL axis to promote tumor growth and 
provide insight into how targeting this signaling axis might improve HCC treatment.

Discovering new uses for clinically approved drugs with well-defined profiles may be cost-effective and 
valuable for patients. Dimethyl fumarate (DMF) is an ester of fumaric acid that has demonstrated promising 
results in psoriasis and multiple sclerosis treatment32. DMF is also examined in an ongoing phase II clinical 
trial for Cutaneous T Cell Lymphoma (CTCL) treatment (NCT02546440). Previous research has shown that 
DMF possesses antitumor properties. In breast cancer cells, DMF inhibits the nuclear factor κB pathway33. It 
also inhibited the growth of melanoma and cervical cancer by promoting cell cycle arrest and apoptosis34–36. 
In human pancreatic cells, DMF could induce cell metabolism dysfunction possibly via targeting the enzyme 
methylenetetrahydrofolate dehydrogenase 1 (MTHFD1)37. It also induced apoptosis in ovarian carcinoma 
OVCAR3 cells by regulating Nrf238. However, little is known about the effects and intrinsic molecular 
mechanisms of DMF in HCC.

In addressing the unmet need for effective HCC therapeutic, we provide an evaluation of DMF’s therapeutic 
potential on HCC. Treatment with DMF inhibited tumor growth by targeting the Nrf2-Bcl-xL axis and resulted 
in the accumulation of damaged mitochondria. Furthermore, DMF was as efficient as sorafenib in two xenograft 
models, and their combination synergistically improved treatment outcomes. Taken together, our study provides 
evidence to evaluate the potential of DMF, alone or in combination with sorafenib, for HCC treatment.

Materials and methods
Cell lines and cell culture
Human HCC cell lines Huh7 (RRID:CVCL_0336) and HepG2 (RRID:CVCL_0027) were acquired from 
JCRB Cell Bank, Osaka, Japan, and the American Type Culture Collection (ATCC), respectively. MIHA cell 
(Immortalized Human Hepatocytes) was obtained from Zhangang Xiao’s lab at the Department of Pharmacology, 
Southwest Medical University, Luzhou, China. The cells were maintained in Dulbecco’s modified Eagle’s medium 
supplemented with 10% fetal bovine serum (Gibco), 100 IU/ml penicillin, and 100 mg/ml streptomycin. Cells 
were cultured at 37  °C in a 5% CO₂ incubator and routinely screened for mycoplasma contamination using 
a sensitive PCR-based method to ensure culture integrity. Human HCC cell lines Huh7 and HepG2 were 
authenticated yearly by short tandem repeat (STR) profiling by using the PowerPlex16 Cell-ID assay (Promega).

Reagents
Dimethyl fumarate (purity > 99%) and sorafenib (Bay 43-9006, purity > 99%) were purchased from Sigma (St. 
Louis, MO, USA) and MCE (USA) respectively.

Cell survival and death assays
Cell survival was determined using Cell Counting Kit-8 (CCK-8, Beyotime, Shanghai, China). Briefly, cells were 
treated with indicated concentrations of DMF for 24 h and 48 h. Following treatment, the optical density of 
viable cells was measured at 450 nm in a spectrophotometer (Tecan Group Ltd, Männedorf, Switzerland). Cell 
viability assays were performed in triplicate.

Cell death was assessed using the Annexin V/7-AAD Apoptosis Detection kit (Yeasen, China). In brief, 
cells were collected and incubated with Annexin V and 7-AAD at room temperature for 15 min in the dark. 
Subsequently, stained samples were analyzed using a BD LSRFortessa flow cytometer. Annexin V/7-AAD assays 
were performed in triplicate.

Terminal deoxytransferase-mediated dUTP-biotin nick-end labeling (TUNEL-Alexa 640) assay was used to 
detect cell apoptosis in GFP-expressing cell lines. Cells were fixed with 4% paraformaldehyde for 20 min. Cell 
permeabilization and staining procedures were performed according to the manufacturer’s guidelines (Yeasen, 
China). After TUNEL staining, the nuclei were stained with DAPI, and cells were imaged by fluorescence 
microscopy (IX70, Olympus, Tokyo, Japan). At least three independent experiments were performed.
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Edu staining assay
Ethynyl-2-deoxyuridine incorporation assay was used to determine cell proliferation of huh7 in vitro. 5-Ethynyl-
2′-deoxyuridine (EdU), an analog of thymidine, is incorporated into dividing cells during DNA synthesis 
(Beyotime, Shanghai, China). In brief, cells were incubated with Edu (20 µM) for 1 h after cells were treated 
with 150 µM DMF or a control vehicle for 24 h. Afterward, cells were fixed with 4% paraformaldehyde in PBS at 
room temperature for 15 min. After rinsing thrice, cells were permeabilized with 0.3% Triton-X100 in PBS. The 
incorporated Edu was stained by incubating cells with 1 × Apollo solution for 30 min at room temperature (R.T.) 
in the dark. Finally, cell nuclei were stained using 1 × Hoechst nuclear dye staining for 30 min and then detected 
by fluorescence microscopy.

RNA sequencing
Total RNA was extracted from cells treated with vehicle control or DMF for 48  h using TRIzol reagent 
(Invitrogen), and RNeasy MinElute Cleanup Kit (Qiagen). Each group had three biological replicates (six RNA 
samples in total). After that, RNA integrity analysis was performed, and the cDNA library was constructed using 
Illumina TruSeq RNA Sample Preparation Kit. RNA sequencing was performed using Illumina HiSeq 4000 by 
Novogene (Beijing, China). In brief, the purified RNA samples were used to construct the sequencing libraries 
with the NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (New England Biolabs, USA). The data mining 
and pathway analysis were performed using the BGI in-house customized data mining system called Dr.Tom 
(http://report.bgi.com) and the filtering threshold was P value < 0.001 and FC ≥ 1. The raw RNA seq data has 
been uploaded to GEO (https://ncbi.nlm.nih.gov/sra/PRJNA842764).

Mitochondrial O2- detection
Mitochondrial O2- levels were detected using MitoTracker® Red CM-XRos (Yeasen, China). Cells were washed 
in PBS and incubated with 150 nM MitoSOXTM Red at 37 C for 30 min. Fluorescence was detected using a 
BD LSRFortessa flow cytometer according to the manufacturer’s protocol. O2- levels were expressed as mean 
fluorescence intensity (MFI). Data were analyzed using FlowJo software (version 10.0.7r2; Treestar). Undetached 
cells were also stained after treatment and imaged using confocal microscopy.

Mitochondrial membrane potential assay
After treatment for 48 h, cells were collected in 0.5 mL medium and incubated with 0.5 mL JC-1 (Yeasen, China) 
working solution. Cells were maintained at 37 °C in a 5% CO2 incubator for 30 min. After that, the cells were 
centrifuged at 1000 r/min for 3 min at 4 °C. The cells’ mitochondrial membrane potential (ΔΨm) was detected 
with flow cytometry according to the manufacturer’s instructions.

Quantitative PCR
RT-qPCR assays were carried out using 1  μg RNA extracted from Huh7 cells. cDNA was synthesized using 
HiScript® III-RT SuperMix for qPCR kit (Vazyme) following the manufacturer’s protocol. Real-time qPCR 
was performed using qPCR SYBR Green Master Mix (Q111-02, Vazyme). PCR was performed in the relative 
quantification of mRNA expression using the comparative cycle threshold (C.T.) method. 18S rRNA expression 
was used as the endogenous control. The sequence of primers used can be found in Supplementary Table 1.

Adenosine-triphosphate (ATP) measurement
Intracellular ATP was measured using an ATP assay kit (Beyotime, China) according to the manufacturer’s 
instructions. In brief, cells were washed with PBS, lysed, and centrifuged at 12,000 g for 5 min at 4  °C. The 
supernatant was collected and mixed with an ATP detection working solution and then measured using a 
spectrophotometer. The ATP concentration in each sample was calculated using a standard curve normalized 
to total protein.

Mitochondrial isolation
Mitochondria were isolated from cytoplasmic fraction using a mitochondrial/cytosolic fraction isolation kit 
(Beyotime, China) following the manufacturer’s instructions. In brief, cells (or animal tissue) were washed with 
ice-cold PBS, suspended in mitochondria extraction mixed buffer, and lyzed/ homogenized on ice. The cell 
suspension was then centrifuged at 600 g for 10 min at 4 C. To collect the mitochondrial fraction, the supernatant 
was centrifuged at 11,000 g for 10 min and the pellet was immediately used or stored at − 80 °C (resuspended in 
mitochondrial storage solution).

Western blot
Cells were washed with PBS and lysed using ice-cold lysis buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1% 
Triton X-100, 0.1% SDS) supplemented with a Roche protease inhibitor cocktail and phosphatase inhibitor. 
After centrifugation at 14,000 rpm for 20 min at 4 °C, the supernatant was collected. Protein concentrations 
were quantified, and samples were separated by 8–12% SDS–polyacrylamide gel electrophoresis before being 
transferred onto polyvinylidene difluoride (PVDF) membranes (G.E., MA, USA). Membranes were blocked 
with 5% bovine serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 h and 
incubated with specific primary antibodies followed by HRP-conjugated secondary antibodies. Protein bands 
were visualized using the C600 Western blot imaging system (Azure Biosystems). Note: Membranes were cut 
prior to antibody incubation to enable efficient probing of multiple targets on the same blot and to minimize 
antibody consumption. The corresponding uncropped blots are provided and clearly documented in the 
supplementary figure. The following antibodies were used in this study: Beta-actin (sc-517582, Santa Cruz), 
cytochrome c (cat. no. bs-0013R, Bioss), Bcl-xL (cat. no. 4C12A6, Proteintech), Bak (cat. no. BSM-1284R, Bioss), 
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Bax (cat. no. BSM-0127M, Bioss), Nrf2 (cat. no. BSM-52179R, Bioss), Histone H3 (cat. no. AF0009, Beyotime), 
AKT (cat. no. BS-50505R, Bioss), p-AKT (cat. no. BSM-33281M, Bioss), Stat3 (cat. no. BSM-52210R, Bioss), 
p- Stat3 (cat. no. BS-1658R, Bioss).

Transmission and Scanning electron microscopy (TEM/SEM)
Sample preparation for electron microscopy was carried out with aid from the Imaging laboratory at the 
Guangdong Institute of Agricultural Sciences. In brief, samples for transmission electron microscopy were fixed 
in 2.5% glutaraldehyde for 30 min at room temperature and then post-fixed with 2% osmium tetroxide for 1 h at 
4 °C. This was followed by dehydration in increasing concentration of ethanol (30%-100%) and polymerization 
by epoxy resin. Ultra-thin sections were obtained and double-stained with 4% uranyl acetate and lead citrate. 
Finally, the ultrastructure of the cells was observed under a Tecnai G2 F20 S-TWIN transmission electron 
microscope (FEI). Cellular morphology was studied using SEM. Cells were fixed in 2.5% glutaraldehyde. After 
washing in phosphate buffer, samples were subjected to post-fixation with 1% OsO4 and dehydrated with an 
increasing concentration of ethanol. Subsequently, samples were dried and coated with Au–Pd (80:20) using a 
Polaron E5000 sputter coater. Images were then taken with the S.E. detector.

Transfection
A lentivirus expressing human BCL2L1 (Bcl-xL) was purchased from RiboBio (Guangzhou RiboBio Technology, 
China). HCC cell lines, Huh7 and HepG2, were transduced with the lentivirus, a multiplicity of infection of 16 
along in the presence of 5 μg/mL polybrene for 48 h. Lentivirus-infected cells were screened with an increasing 
concentration of puromycin (Sigma Aldrich, USA) for 6 days. Finally, healthy colonies were selected and cultured 
in 6-well plates with a fresh culture medium. NFE2L2 (Nrf2) plasmid was obtained from the same company for 
trainset Nrf2 expression.

Xenograft models
Animal experiments were performed in compliance with the institutional guidelines and prior approval from the 
Animal Experimentations Ethics Committee, Southern Medical University, for the care and use of experimental 
animals. Athymic female mice (NU/NU), aged 4–6 weeks, were subcutaneously inoculated with 1 × 107 huh7 
cells. When the tumors became palpable (0.1–0.2 cm3), the mice received an intraperitoneal injection of DMF 
(30 mg/kg), oral sorafenib (30 mg/kg), or combination once daily for 14 days. All drugs were dissolved in 0.8% 
methylcellulose daily. The growth tumor curves were determined after measuring the tumor volume using the 
equation V = (length × width2)/2. The length and width of the tumor were measured using vernier caliper. After 
the experiment, the mice were euthanized by cervical dislocation. Serum alanine transaminase (ALT), aspartate 
transaminase (AST), blood urea nitrogen (BUN), and creatinine (ALP) determinations were performed using 
Beckman Coulter AU5800 automatic biochemical analyzer (Mannheim, Germany), and the respective diagnostic 
kits (A.U. Chemistry Systems, Beckman Coulter).

Immunofluorescence staining analyses
After treatment, cells were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 for 15 min, 
blocked with PBS buffer containing 5% bovine serum albumin, and washed with PBS three times. The cells were 
incubated with primary antibody for 2 h, followed by 1-h incubation with Alexa Fluor-594 conjugated anti-
rabbit immunoglobulin antibody. The nuclei were stained using DAPI (4 = 6-diamidino-2-phenylindole) for 1 h. 
The images were captured on a Zeiss laser scanning microscope (LSM 880 NLO with Airyscan; Germany).

Immunohistochemical staining (IHC)
Firstly, tissues were fixed in formalin. Next, the samples were embedded in paraffin and stained with the following 
primary antibodies activated caspase-3 (dilution 1:200, Bioss BSM-33199 M), or Bcl-xL (dilution 1:100, Cell 
signaling technology, USA) and Ki67 (Wanleibio WL03319,). After 1 h of incubation at 37 °C, and corresponding 
HRP-labelled streptavidin solution was added for 10  min and then stained with diaminobenzidine (DAB). 
HRP-conjugated Affinipure Goat Anti-Mouse IgG(H + L)(Origene) and HRP-conjugated Affinipure Goat Anti-
RabbitIgG(H + L)(Origene) were used as secondary antibodies.

Statistical analysis
The data were analyzed using GraphPad Prism 8 (GraphPad Software, USA). Each experiment had 3 to 5 
biological independent samples for each group/condition. Results are reported as the mean value ± s.e.m (unless 
otherwise specified) of at least 3 independent experiments. An unpaired t-test was used to analyze the differences 
between 2 groups, one-way analysis of variance (post hoc Tukey’s test) was used to compare the differences of 
more than 2 groups. P < 0.05 was considered significant.

Results
Dimethyl fumarate (DMF) represses the tumorigenicity of hepatocellular carcinoma cells in 
vivo
To investigate if DMF displays anticancer effects, eight-week-old female athymic BALB/c nude mice were 
engrafted with Huh7 cells (Fig. 1A). The mice received DMF (30 mg/kg body weight), sorafenib (30 mg/kg), 
or combined treatment, once daily, for 14  days. After treatment, tumor volume in all groups significantly 
reduced compared with the model group (Fig. 1B). DMF and sorafenib both inhibited tumor growth, and the 
co-treatment of both drugs markedly decreased tumor volumes (Fig. 1C) while all groups showed similar body 
weight profiles (Fig. 1D). We then performed immunohistochemistry staining of tumor sections. A significant 
decrease in proliferation marker ki67 while active caspase 3 increased after DMF treatment relative to model 
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Fig. 1.  Dimethyl fumarate (DMF) represses the tumorigenicity of hepatocellular carcinoma cells in vivo. (A) A 
schematic of the Huh7 cell line-derived xenograft tumor model exposed to drug treatment for 14 days. 1 × 107 
Huh7 cells were injected once into the mice to establish the xenograft model. (B) The xenograft mice were 
randomly divided into four groups and treated with vehicle control (0.8% methylcellulose, oral), DMF (30 mg/
kg body weight i.p.), sorafenib (30 mg/kg/day, oral), or both daily for 14 days. The image shows tumours 
harvested from each treatment group (C, D) Tumour volume and body weight in all groups were recorded. The 
fourth tumour in the DMF + sora group was too small to be measured accurately. The S.D for the DMF + sora 
group does not include the fourth tumour. Results are mean ± SD. **P ≤ 0.01. n = 4 biologically independent 
samples) mean ± s.d. unless otherwise specified (E) Representative images of IHC for Ki67 and cleaved-
caspase 3 in control (0.8% methylcellulose), and DMF ((30 mg/kg body weight) treatment groups of mice were 
detected by immunohistochemistry. Quantification of the IHC images can be found in the supplementary 
figure. Bar scale 20 μm (F) Total RNA was isolated from five mice of each group (DMF, 30 mg/kg body weight 
i.p. or 0.8% methylcellulose, oral) and the expression of target genes were analysed by qPCR (n = 5 biologically 
independent samples) mean ± s.e.m. *P < .05, **P < 0.01.
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group (Fig. 1E, Fig. S1A). Notably, the biochemical results indicated that the co-treatment did not induce renal 
or hepatotoxicity in the treated mice (Table 1). These results suggested that DMF possesses an antitumor effect 
in vivo.

Information about the effects of DMF on gene transcription in HCC cells remains unknown. To address this 
knowledge gap, an analysis of transcriptional pathways was carried out on Huh7 cells treated with DMF or a 
control vehicle for 48 h. Compared with gene expression in the model group cells, 2031 upregulated genes and 
1891 downregulated genes were found in the cells treated with DMF (|log2FC|≥ 1 and P-value ≤ 0.001, Fig. 1F). 
Interestingly, we observed the modulation of many genes involved in cell cycle, apoptosis, metabolic pathways, 
and protein processing in the endoplasmic reticulum in DMF-treated cells following KEGG pathway analysis. 
Based on our RNA-seq data, we selected several dysregulated genes involved in these pathways for further 
investigation. Their mRNA expression levels were evaluated using RT-qPCR. The qPCR analysis confirmed 
significant alterations in the expression of these genes in two cell lines (Huh7 and HepG2) as well as in tumor 
tissues from our animal study. Notably, cell cycle regulators CDC6 and MCM7, which are dysregulated in HCC, 
were consistently downregulated in the DMF-treated groups (Fig. S1B–D). The transcriptomic results suggested 
that DMF exerts regulatory effects on vital pathways involved in oncogenesis and tumor progression. Taken 
together, these data demonstrated that DMF treatment significantly inhibited tumor growth in vivo and that 
a variety of pathways were involved in the inhibition of tumorigenicity. it highlights key genes of interest that 
were dysregulated according to our RNA-seq data—specifically those involved in cell cycle regulation, apoptosis, 
metabolic pathways, and protein processing.

DMF represses cell proliferation and induces apoptosis
Based on the signaling pathways from the above bioinformatics study, we then performed in vitro experiments 
to confirm the antiproliferation effects of DMF on HCC cells using cell counting kit-8 (CCK-8) assay. Incubation 
of Huh7 and hepG2 cells with DMF resulted in reduced cell viability in a time and dose-dependent manner 
(Fig. 2A). In contrast, MIHA cells were less sensitive to DMF treatment (Fig. S2A). Notably, we observed that 
co-treatment of DMF and sorafenib repressed HCC cell growth compared to the single treatment. Our data 
showed that co-treatment of DMF and sorafenib reduced huh7 cell growth and enhanced the decrease of 
AKT and STAT3 phosphorylation, two markers linked to a good prognosis of HCC (Fig. S2B–D). Next, EdU 
incorporation assay was performed to assess cell division after DMF treatment. We observed that DMF treatment 
reduced the number of dividing cells in the S phase of the cell cycle compared to the model group. (Fig. 2B). To 
clarify whether DMF-induced cell growth inhibition is associated with apoptosis, annexin V/7AAD staining was 
performed. We observed that DMF treatment caused a time-dependent increase of apoptotic (annexin V+) cells 
compared to model group cells (Fig. 2C, D). Furthermore, the incubation of HCC cells with the pan-caspase 
inhibitor Z-VAD-FMK significantly reduced DMF-induced apoptosis (Fig.  1E). We also observed increased 
DNA damage and altered cell morphological features, as indicated by the increase of p-H2A.X (Fig. 2F, G). In 
summary, DMF inhibited hepatoma cell growth in vitro by repressing DNA synthesis and activating apoptosis.

DMF induces mitochondrial dysfunction and ATP depletion
Fumarates are readily transported into the mitochondria and influence the citric acid cycle through their 
metabolites39,40. Next, we mapped the morphological effects of DMF on various cellular organelles. Huh7 cells 
were treated and analyzed with transmission electron microscopy (TEM). The untreated Huh-7 cells showed 
intact organelles ultrastructures such as nucleus membrane, mitochondria consisting of well-defined cristae, 
and electron-dense mitochondrial matrix (Fig. 3A). In contrast, the DMF-treated cells exhibited disrupted and 
engulfed mitochondria, swollen morphology with a visible accumulation of vacuoles in the cytosol, and severely 
swollen endoplasmic reticulum. The presence of disrupted mitochondria and extensive mitophagy suggested 
DMF-induced mitochondrial impairment. Next, we investigated the effect of DMF exposure on mitochondrial 
membrane potential. Consistently, after treatment with DMF for 48  h, a significant loss of mitochondrial 
membrane potential (Fig.  3B) was observed in DMF-treated cells. In contrast, we observed only a slight 
mitochondrial damage in MIHA cells (immortalized Human Hepatocytes) following DMF treatment for 48 h 
(Fig. S3A). As previously reported, compromised mitochondria are often associated with amplified superoxide 
production and ATP depletion. Therefore, we further examined the mitochondrial superoxide (MitoSOX) 
production level upon DMF treatment. Our results from flow cytometric analyses showed that DMF triggered 
an increase in MitoSOX compared to control (Fig. 3C). Similarly, we observed a marked reduction of ATP level 
in DMF-treated cells (Fig. 3D) and tumor samples (Fig. S3B), further suggesting that mitochondrial dysfunction 

Control DMF Sorafenib Sorafenib + DMF

ALT (U/L) 47.25 ± 4.87 49 ± 4.06 38 ± 4.74 31.25 ± 3.34*

AST (U/L) 100 ± 10.56 110.75 ± 3.27 112 ± 14.3 81 ± 4.95*

Blood urea nitrogen (mmol/L) 6.92 ± 2.21 8.17 ± 1.21 6.3 ± 0.53 6.15 ± 0 .18

Creatinine (µmol/dL) 9.25 ± 1.79 9 ± 0.71 6 ± 0.71* 9.75 ± 0.83

Weight (g) 25.1 ± 0.21 24.5 ± 0.15 24.8 ± 0.15 24.5 ± 0.17

Table 1.  Renal and hepatic function tests were used to assess the toxicity of DMF and sorafenib and treatment. 
ALT, Alanine transaminase; AST, Aspartate transaminase. Unpaired t-test was used for the statistical analysis. 
*P < 0.05. Data are presented as mean ± SD (n ≥ 3).
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and membrane integrity damage were induced by DMF exposure. Together, our data demonstrated that DMF 
triggered mitochondria dysfunction and that mitochondria seemed to be involved in DMF-induced cell death.

DMF induces apoptosis through downregulating Bcl-xL
Cell apoptosis is mainly initiated through the extrinsic or intrinsic pathway. Changes in Bcl-2 family proteins 
expression in the mitochondria regulate the activation of the intrinsic apoptosis pathway. Our earlier results 
suggested that DMF induced caspase-dependent apoptosis and extensive mitochondrial stress. Next, we assessed 
the role of mitochondrial in DMF-induced apoptosis. The expression of several Bcl-2 family proteins was 
assessed using immunoblot assays.

Notably, we observed an increased expression of the pro-apoptotic proteins Bax and Bak, accompanied by a 
significant downregulation of the anti-apoptotic protein Bcl-xL in both western blot and immunofluorescence 
analyses of cells treated with or without DMF (Fig. 4A–C, Fig. S4A, B). Additionally, tumor tissues from model 
mice treated with DMF showed a significant reduction in Bcl-xL expression compared to untreated model mice 
group (Fig.  4D). Unlike other antiapoptotic Bcl-2 proteins, Bcl-xL is highly expressed in one-third of HCC 
patients and contributes to therapeutic resistance and low survival rates28,29.

Based on this, we next examined whether DMF inhibits HCC progression by downregulating Bcl-xL. Firstly, 
we stably infected HCC cells with empty or Bcl-xL-expressing vectors and treated them with vehicle control or 
DMF (Fig. S4C). TUNEL staining assay revealed that Bcl-xL-overexpression significantly reduced apoptosis rate 
in DMF-treated cells (Fig. 4E Fig. S4D). Additionally, as Bcl-xL is known to regulate mitochondria integrity, 
we tested whether Bcl-xL overexpression could modulate cytosolic cytochrome c levels in DMF-treated cells. 
Interestingly, immunoblot assay revealed that DMF-induced cytosolic cytochrome c was significantly decreased 
in Bcl-xL overexpressing cells (Fig. 4F). Together, these findings suggest that Bcl-xL downregulation by DMF 
contributed to cytochrome c release, caspase activation, and ultimately apoptosis. Together, these findings 
showed that Bcl-xL downregulation is vital in DMF-induced tumor growth in vitro and in vivo.

DMF downregulates Bcl-xL through Nrf2 regulation
The Bcl-xL decrease can be caused by either less production or increased protein degradation. Next, we 
investigated how Bcl-xL was downregulated in DMF-treated cells. Protein degradation is dependent on the 
proteasome or lysosomal degradation pathway. To clarify the role of proteolysis, we examined the effect of 
MG132 (ubiquitin–proteasome inhibitor) or the lysosome inhibitor NH4Cl on DMF-induced Bcl-xL reduction. 
Treatment with either MG132 or NH4Cl could not significantly reverse DMF-induced Bcl-xL downregulation 
or cell death (Fig. 5A,B). Then we examined the Bcl-xL mRNA level in DMF-treated HCC cells and observed 
significant downregulation (Fig. 5C, Fig. S2A). Nrf2 is a redox-sensitive transcriptional factor of Bcl-xL22 and 
has been reported as a target of DMF41,42. We carried out immunoblotting analyses and observed Nrf2 reduction 
in the DMF-treated cells (Fig. 5D, E, Fig. S5A). Next, we examined whether Bcl-xL downregulation induced by 
DMF was related to Nrf2 depletion by overexpressing Nrf2 in HCC cells. To do this, cells transfected with Nrf2 
or control plasmid were treated with DMF and subjected to immunoblot analysis. Interestingly, the inhibitory 
effect of DMF on the protein expression of Bcl-xL was reversed by Nrf2 overexpression (Fig.  5F, Fig. S5B). 
Similarly, we observed reduced apoptosis in Nrf2-overexpressed HCC cells (Fig. 5G, Fig. S5C). Taken together, 
our results suggest that Nrf2 is an important upstream regulator in DMF-induced Bcl-xL downregulation.

Discussion
In the present study, we provided the most comprehensive preclinical assessment of DMF in HCC to date. 
Ultrastructural and molecular analysis revealed that DMF regulated the NRF2-Bcl-xL axis in HCC cells, leading 
to cell division arrest, mitochondria dysfunction, and, ultimately, growth inhibition. Notably, DMF functioned 
synergistically with sorafenib in vitro and in vivo to suppress tumor growth.

DMF has demonstrated promising efficacy in the treatment of psoriasis and multiple sclerosis treatment43–45. 
A review of the literature indicated that DMF exerts multiple pharmacological effects, including anti-
inflammatory46,47, immunomodulatory48,49, and anticancer effects33,37,50–59 in different cell types. Despite these 
promising results, the mechanisms underlying the anticancer action of DMF are not fully understood, and its 
cellular targets in HCC cells remain unidentified. Firstly, we confirmed the antitumor effects of DMF by using mice 
tumor xenograft models. Fewer Ki-67-positive cells were observed in the tumor treated with DMF compared to 
the untreated group, indicating that DMF could inhibit tumor growth in vivo. By combining electron microscopy, 
deep sequencing, and protein profile analysis, we showed that the mechanism of action of DMF centers around 
the mitochondria and is dependent on the downregulation of the Nrf2-Bcl-xL signaling axis. Nrf2 is typically 
considered a protective mechanism that helps maintain cellular homeostasis under stressful conditions12. Under 
the physiological state, low Nrf2 expression is maintained through a negative feedback system controlled by E3 
ubiquitin ligases60,61. However, Nrf2 is persistently activated in many cancer types due to somatic mutations 
of Nrf2 or other oncogene activations62–65. Such mutations make tumor cells chemoresistant and resilient to 
stress. In HCC, Nrf2 gain-of-function mutation is associated with poor prognosis15–17 and independently drives 
hepatocarcinogenesis in animal models18–20. Aside from its cytoprotective functions, Nrf2 also increases the 
threshold for caspase activation by upregulating antiapoptotic Bcl2 proteins’ expression22,23. Nrf2-dependent 
Bcl-xL upregulation promotes HCC tumor growth30. Unlike other antiapoptotic Bcl-2 proteins, Bcl-xL is highly 
expressed in one-third of HCC patients and contributes to therapeutic resistance and low survival rates28,29. We 
showed that DMF could regulate the Nrf2/Bcl-xL signaling axis. In addition, the overexpression of Nrf2 or Bcl-
xL rendered HCC cells refractory to the DMF antitumor effects, suggesting the functional relevance of the Nrf2/
Bcl-xL signaling axis. This is consistent with existing literature that DMF can downregulate Nrf2 in cancer cells 
at a cytotoxic concentration38,66. Our data lend evidence that DMF could be used to target Nrf2-Bcl-xL in HCC 
and other cancer types. The doses used for in vivo and in vitro experiments are similar to previous studies. DMF 
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(144.127 g/mol) has a relatively lower molecular weight and requires higher molar concentration for in vitro 
studies compared to sorafenib (464.825 g/mol) or other cases, rapamycin (914.172 g/mol).

The short-lived and poor therapeutic response of HCC has been partly attributed to intra-tumor and inter-
tumor molecular heterogeneity67,68. Given this observation, the combination of sorafenib with other chemical 
drugs with alternated mechanisms of action could amplify its anticancer activity and improve patients’ prognoses. 
Interestingly, DMF combined with sorafenib treatment exhibited greater antitumor efficacy than DMF or 
sorafenib treatment alone, as indicated by the marked inhibition of tumor growth in the mice xenograft model. 
Notably, the treatment was well tolerated in both xenograft models. Furthermore, our results showed that the co-
treatment enhanced the decrease of AKT and STAT3 phosphorylation, two markers linked to a good prognosis 
of HCC. A recent report also showed that DMF suppressed HCC progression by activating the SOCS3/JAK1/
STAT3 signaling pathway53. Previous studies have shown that modest doses of DMF can result in high local 
concentrations of its primary metabolite, MMF. For instance, doses as low as 20 mg/kg in rats produced MMF 
levels ranging from 450 to 474 µM in the portal vein69. Based on this, our intraperitoneal administration of 
DMF at 30 mg/kg is likely sufficient to achieve or exceed the 100 µM threshold in local hepatic tissues, as further 
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supported by our immunohistochemistry findings (e.g., Ki-67 and caspase-3). Despite these encouraging 
outcomes, a notable limitation of this study lies in its reliance on tumor cell-derived xenografts, which do not 
fully capture the heterogeneity of HCC. Although our data suggest that DMF modulates mitochondrial redox 
balance and integrity, the precise upstream signaling events remain incompletely understood, underscoring the 
need for more detailed mechanistic analyses. Future work employing patient-derived xenograft models will be 
crucial for gaining deeper insights into DMF’s antitumor potential in HCC. Moreover, DMF has been shown to 
downregulate Nrf2 by promoting the degradation of its stabilizer protein, DJ-138,66. Drugs that directly target 
Nrf2 might be more effective at addressing Nrf2 overexpression in cancer cells.

In conclusion, our present study revealed important details regarding the anticancer effects of DMF in 
HCC. Mechanistically, DMF inhibits the Nrf2-Bcl-xL axis, causing mitochondria dysfunction and apoptosis 
in HCC cells. Although we focused on the Nrf2-Bcl-xL axis, DMF could regulate other pathways, for example, 
NFKB, to repress HCC growth. Besides, any potential clinical application of DMF for cancer treatment 
must consider previously reported DMF’s side effects, including gastrointestinal tract irritation, flushing, 
and lymphocytopenia70. Our findings support further evaluation of targeting the Nrf2-Bcl-xL axis for HCC 
treatment as a single therapy or in combination with sorafenib. Additional studies might be needed to identify 
the patient subgroup(s) that will benefit from DMF treatment. This study provides insight into developing a new 
therapeutic strategy for HCC.

Fig. 2.  Dimethyl fumarate represses cell proliferation and induces apoptosis. (A) Huh7 and hepG2 
hepatocellular carcinoma cell lines were treated with different concentrations of DMF for 24 and 48 h. Cell 
survival was measured by CCK-8 assay with each point representing the mean of n = 5 biologically independent 
samples. mean ± s.e.m. (B) EdU staining was used to assess the effect of DMF on the proliferation of HCC 
cells. Cells were exposed to DMF (150 μM) or vehicle control for 24 h and stained using EdU assay. Figure 
showing the percentage of EdU-positive cells in each group. Mean was calculated using the percentage of EdU-
positive cells from 3 biologically independent samples. mean ± s.d (C, D) Huh7 and HepG2 cells were treated 
with DMF in a time-dependent manner (0H, 12H, 24H and 48H). Cell death was analyzed using Annexin 
V-FITC/7-AAD staining. n = 3 biologically independent samples. mean ± s.e.m. (E) Huh7 cells were treated 
with DMF (150 μM) with or without Z-VAD-MFK for 48H. Cell death was analyzed using Annexin V-FITC/7-
AAD staining. n = 3 biologically independent samples mean ± s.e.m. (F) Western blots of DNA damage marker, 
p-H2A.X, in vehicle control and DMF-treated cells. Cells were treated with vehicle control or DMF (150 μM) 
for the indicated time points (0H, 12H, 24H and 48H) (G) Scanning electron microscopy images of Huh7 cells 
treated with DMF (150 μM) or vehicle control for 24H. Control cells displayed normal cellular membranes, 
while DMF-treated cells had an altered membrane structure after 24 h of treatment (arrows pointing at the 
altered membrane) *, #P < .05, **P < 0.01.
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Fig. 3.  Dimethyl fumarate induces mitochondrial dysfunction and ATP depletion. (A) Representative electron 
microscopic images of huh7 cells treated with 150 μM DMF or vehicle control for 24H. Electron micrograph 
showing cristae and electron-dense mitochondrial matrix in vehicle-treated cells. Damage mitochondria were 
observed after DMF treatment. Arrows in the images point at the normal and damaged mitochondria) (B) 
JC-1 staining by flow cytometry was used to assess mitochondrial membrane potential (MMP) after 150 μM 
DMF treatment or vehicle control for 48H. Histograms indicate the red/green ratio of JC-1 fluorescence. n = 3 
biologically independent samples mean ± s.e.m. (C) MitoSOX fluorescence images of HCC cells treated with 
150 μM DMF or vehicle control for 12H. mtROS level was measured by staining with mitoSOx (150 nM) 
for 0.5 h. Flow cytometry results were calculated and represented as the relative value to the control vehicle 
(*p < 0.05). n = 3 biologically independent samples mean ± s.e.m. (D) Cellular ATP levels were measured 
in huh7 treated with 150 μM DMF or vehicle control for 48 h. n = 3 biologically independent samples. 
mean ± s.e.m. Scale bar, 20 µm. *P < 0.05, **P < 0.01, **P < 0.001.
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Fig. 4.  DMF induces apoptosis through downregulating Bcl-xL. (A) Cells were treated with 150 μM DMF or 
vehicle control for 48 h, and then the expression of mitochondria apoptosis-related proteins was analysed by 
western blotting. (B, C) Huh7 and HepG2 cells were treated with 150 μM DMF or vehicle control for 48H. 
The cells were fixed, and the gene expression was assessed by immunofluorescence assay. (D) The expression 
levels of Bcl-xL in control (0.8% methylcellulose), and DMF ((30 mg/kg body weight) of mice were detected 
by immunohistochemistry. (E) Bcl-xl overexpression represses DMF-induced apoptosis in Huh7 cells. 
Representative immunofluorescence images of TUNEL-positive (green) in Huh7 cells treated with 150 μM 
DMF or vehicle control for 48H. Histogram indicating the percentages of TUNEL-positive cells relative to the 
total number of cells. Data are presented as mean ± s.e.m. (n = 3 biologically independent samples. (F) Bcl-xl 
overexpression suppresses DMF-induced increase in cytosolic cytochrome c in huh7 cells treated with 150 μM 
DMF or vehicle control for 48H. *P < 0.05, **P < 0.01.
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Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request. The raw RNA seq data has been uploaded to GEO ​(​​​h​t​t​p​s​:​/​/​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​s​r​a​/​P​R​J​N​A​8​4​
2​7​6​4​​​​​)​.​​
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