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SUMMARY

Succinate is a crucial metabolite in the TCA cycle and contributes to cancer development. However, the role of
exogenous succinate in hepatocellular carcinoma (HCC) is unclear. Here, we report that the concentration of suc-
cinate in HCC tissues is lower compared to adjacent normal tissues, as determined by spatial metabolomics and
quantitative metabolomics analysis. Succinate supplementation exhibits an anti-tumorigenic effect, inhibiting
cell proliferation and colony formation in liver cancer cells but not in non-tumor LO2 cells. Additionally, succinate
supplementation significantly reduces tumor formation in xenograft nude mice models and carcinogen-induced
WT mice models. The anti-tumorigenic function of succinate is mechanistically mediated by FN1-activated
SQLE-related cholesterol biosynthesis. Our study demonstrates that exogenous succinate acts as a cholesterol
biosynthesis inhibitor to suppress HCC both in vitro and in vivo, highlighting its potential therapeutic applications.

INTRODUCTION

Liver cancer is a leading cause of cancer-related death world-
wide, accounting for 866,136 new cases and 758,726 deaths
globally in 2022." In China, approximately 367,700 new liver can-
cer cases and 316,500 deaths were reported in 2022.” Metabolic
disorders are critical for the development of hepatocellular carci-
noma (HCC).® Certain well-known genes related to tumors, such
as p53,*° PTEN,® and Myc,” can induce liver metabolism reprog-
ramming and influence HCC progression. Metabolism-related
genes, including pyruvate kinase M2 (PKM2), which is a vital
regulator of the Warburg effect, can impair glucose metabolism
and promote HCC growth.® Squalene epoxidase (SQLE), a
cholesterol biosynthesis regulator, contributes to the develop-
ment of non-alcoholic fatty liver disease-associated liver cancer
(NAFLD-HCC) by activating the PI3K/AKT/mTOR pathway.”""
Additionally, certain metabolites involved in PUFA, one-carbon
metabolism, and amino acid metabolism can also impact HCC
development.'>~'* However, further investigation is needed to
determine the precise role of specific metabolites in HCC. Suc-
cinate is a crucial metabolite in the tricarboxylic acid cycle and
acts as a substrate for succinate dehydrogenase.’® Succinate

increasing thermogenesis in fat cells and reducing macrophage
inflammation caused by obesity.'®"'® However, the specific role
of succinate in tumorigenesis is still not fully understood. Some
research suggests that mutations in succinate dehydrogenase
may result in the accumulation of succinate in tumors, leading
to metabolic changes and supporting tumor growth.'® Neverthe-
less, based on spatial metabolomics and quantitative metabolo-
mics analysis of liver cancer tissues, we observed a significant
decrease in the concentration of succinate within liver cancer.
This suggests that succinate may have organ-specific effects
during cancer development. In this study, we investigate the
role of succinate supplementation in inhibiting liver cancer cell
proliferation in vitro. We also observed reduced tumor develop-
ment in xenograft models and in DEN-injected WT mice models.
Mechanism studies suggest that succinate addition inhibits the
FN1/SQLE signal, resulting in a reduced intracellular cholesterol
concentration and suppression of HCC development.

RESULTS

The concentration of succinate is lower in HCC
We collected seven pairs of liver cancer tissue samples and per-

has shown a wide range of metabolic benefits, including formed spatial proteomic sequencing (Figure 1A). KEGG
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Figure 1. The concentration of succinate is lower in HCC

HCC tissues, along with paired adjacent normal tissues, were collected for spatial metabolomics analysis (A-E). All samples were initially confirmed using H&E

staining.
(A) Representative image of H&E staining of these samples.

(B) KEGG pathway analysis of the results of spatial metabolomics sequencing.

(C) Images of schematic representation of the metabolites in the TCA cycle.
(D) The concentration of the TCA cycle metabolites in HCC.

(E) Representative image of succinate concentration in HCC tissues compared to adjacent normal tissue.
(F) The concentration of the TCA cycle metabolites in HCC was validated by the targeted central carbon metabolism metabolomics. Data are represented as

means + SEM.
*p < 0.05, *p < 0.01.

pathway analysis demonstrated significant changes in nicotinate
and nicotinamide metabolism, TCA cycle, and several amino
acid metabolism pathways in HCC compared to adjacent tissues
(Figure 1B). Specifically, several metabolites of the TCA cycle
(Figure 1C), such as the levels of pyruvate, succinate, and fuma-
rate, were significantly decreased in HCC tissue, while citrate
and cis-aconitate showed a noticeable decreasing trend
(Figures 1D, 1E, and S1A; Table S2). To confirm these findings,
targeted central carbon metabolism metabolomics were con-
ducted by using nine pairs of HCC and adjacent normal tissues.
The results also revealed a significant decrease in the levels of
succinate and fumarate in liver cancer tissues (Figures 1F and
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S1B; Table S3), suggesting a certain role of succinate and fuma-
rate in the occurrence and development of liver cancer.

Succinate addition suppresses cell growth, colony
formation, and migration in HCC cells

To investigate the role of specific metabolites in HCC develop-
ment, we treated three liver cancer cell lines (SK-Hep1, PLC/
PRF/5, and MHCC97H) and one non-cancer cell line (LO2) with
succinate, fumarate, malate or PBS. Here, LO2 cells were used
as a negative control to select the metabolites that have a spe-
cific role in liver cancer. The IC50 of succinate for LO2 (IC50 =
1.202 mg/mL) was significantly higher than that of MHCC97H
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(IC50 = 0.211 mg/mL), SK-Hep1 (IC50 = 0.1188 mg/mL), and
PLC/PRF/5 (IC50 = 0.1295 mg/mL), suggesting that succinate
has specific anti-proliferation effects on liver cancer cells (Fig-
ure 2A). Meanwhile, fumarate and malate treatment showed
similar 1C50 in LO2 (for fumarate is 0.1089 mg/mL, for malate
is 0.1375 mg/mL) compared to MHCC97H (for fumarate is
0.1632 mg/mL, for malate is 0.1935 mg/mL) and PLC/PRF/5
(for fumarate is 0.2818 mg/mL, for malate is 0.1462 mg/mL) cells
(Figure S2). Collectively, succinate was used to perform cell
viability analysis. Furthermore, succinate significantly sup-
pressed the viability of SKHep1, PLC/PRF/5, and MHCC97H
cell lines, as determined by MTT assay (Figure 2B), EAU analysis
(Figure 2C) and colony formation assays (Figure 2D). In line with
these findings, succinate addition into HCC cells showed a
significantly decreased in S phase cell population, with a
concomitant increase in cells in G1 phase (Figure 2E) while hav-
ing no effect on LO2 cells. Moreover, monolayer wound healing
assay results also indicated that succinate addition significantly
suppressed the cell migration ability in HCC cell lines (Figure 2F).
These results suggest that succinate addition has a specific ef-
fect on the suppression of HCC cell proliferation and migration.

Succinate supplementation suppresses HCC
development in vivo

We next investigated the efficacy of succinate in vivo. Succi-
nate supplementation (60 mg/kg body weight per day by
gavage) significantly inhibited the growth of subcutaneous
MHCC97H xenografts (p < 0.01) (Figure 3A), in terms of both tu-
mor size and tumor weight (p = 0.007) (Figure 3B). Consistent
with this, succinate also significantly suppressed the growth
of subcutaneous PLC/PRF/5 xenografts (p < 0.01) and tumor
weight (p < 0.001) (Figures 3C and 3D). We also validated the
anti-tumor efficacy of succinate in WT mice injected with DEN
and CCL4 treatment (Figure 3E). Succinate supplementation
significantly reduced HCC formation confirmed by histological
examination (H&E staining) (Figure 3F). Succinate also
decreased tumor incidence (3/6 mice in the succinate group
vs. 6/6 mice in the PBS group, p < 0.01), tumor number
(p < 0.01), and tumor load (p < 0.01) (Figure 3G). Liver tissues
from succinate treated mice showed lower Ki-67 scores
compared to the liver tissues from PBS treated mice (Figure 3H),
which is consistent with our in vitro observations. Moreover,
serum ALT and AST levels were reduced after succinate treat-
ment (Figure 3l), suggesting that succinate may cf. some
benefit on liver injury. Succinate supplementation is therefore
a promising choice that should be safe and effective for the pre-
vention and treatment of HCC.

Succinate inhibits cell proliferation and migration via
FN1 in HCC

RNA-seq analysis of succinate-treated SK-Hep1 and MHCC97H
cells revealed a reduction in ABCA2, FN1, LAMAS5, and others

iScience

(Figure 4A). To investigate the downstream target gene of succi-
nate, gene expression profiling in cells and mouse liver was con-
ducted using gPCR. We found that the mRNA expression of FN1,
but not ABCA2 or LAMAS5, was significantly decreased in both
succinate-treated HCC cells (SK-Hep1, PLC/PRF/5, and
MHCC97H) and mice (Figures S3A and S3B). Western blot
further confirmed that the protein expression of FN1 was
reduced by succinate (0.20 mg/mL) in SK-Hep1, PLC/PRF/5,
and MHCC97H (Figure 4A). Proteasome inhibitor (MG132) treat-
ment failed to restore FN1 protein expression, indicating that
succinate suppresses FN1 protein expression mainly by inhibit-
ing its transcription (Figure 4B). Considering the possible
absence of FN1 protein expression in LO2 cells, we hypothe-
sized that succinate inhibits liver cancer cell proliferation by
decreasing FN1 protein levels. To test this, we silenced FN1 us-
ing siRNA and then treated the cells with succinate. Compared to
the siNC group, silencing FN1 significantly increased the IC50 of
MHCC97H (siNC = 0.188 mg/mL vs. siFN1 = 0.404 mg/mL), PLC/
PRF/5 (siNC = 0.134 mg/mL vs. siFN1 = 0.233 mg/mL), and SK-
Hep1 (siNC =0.169 mg/mL vs. siFN1=0.377 mg/mL) (Figure 4C).
Furthermore, silencing FN1 prior to treatment notably amelio-
rated the impact of succinate on the viability and migration of
MHCC97H, PLC/PRF/5, and SK-Hep1 cell lines, as determined
by cell growth (Figure 4D), colony formation assays (Figure 4E)
and wound healing assays (Figure 4F). These results suggest
that FN1 plays an important role in the function of succinate in
HCC development.

FN1 mediates the function of succinate-suppressed
cholesterol biosynthesis and tumor formation

To confirm our findings, we analyzed the protein expression
levels of FN1 in two HCC cohorts (our own cohort and the data-
base OEP000321 in NODE (https://www.biosino.org/node)).?°
The protein levels of FN1 were significantly upregulated in pri-
mary HCC compared to their adjacent normal tissues in our
own cohort (n = 10, p < 0.001) and in the the database
OEP000321 (n = 150, p < 0.001) (Figure 5A). The upregulation
of FN1 protein was validated in an independent cohort of 6
paired HCC samples (Figure 5B). KEGG pathway analysis re-
vealed that the protein expression of FN1 in HCC is positively
associated with steroid biosynthesis, ECM-receptor interac-
tion, the cell cycle, the PIBK/AKT pathway, cholesterol meta-
bolism, and others (Figure 5C). GSEA analysis further
confirmed that FN1 expression is positively correlated with
the steroid biosynthesis pathway in HCC (p = 0.002, NES =
2.265) (Figure 5D). Consistent with this finding, the protein
expression of FN1 showed a positive correlation with SQLE in
HCC (p < 0.05, R =0.1601, Fudan cohort) (Figure 5E). Silencing
FN1 in SK-Hep1, PLC/PRF/5 and MHCC97H cells reduced the
mRNA expression of SQLE (Figure 5F), indicating that FN1 pro-
motes cell proliferation through SQLE-mediated steroid
biosynthesis in HCC. Moreover, succinate treatment markedly

Figure 2. Succinate addition suppresses cell growth, colony formation, and migration in HCC cells

(A) IC50 assay of exogenous succinate in SK-Hep1, PLC/PRF/5, MHCC97H, and LO2.

(B-F) The anti-tumorigenic effect of succinate in SK-Hep1, PLC/PRF/5, and MHCC97H cells was determined by MTT assay (B), EAU assay (C), colony formation
assay (D), cell cycle analysis (E), and wound healing assay (F). Data are represented as means + SEM.

*p < 0.05, *p < 0.01, **p < 0.001.
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Figure 3. Succinate supplementation suppresses HCC development in vivo
(A and B) Succinate supplementation (60 mg/kg body weight per day by gavage) inhibited the growth of subcutaneous MHCC97H, as evidenced by a reduction in

tumor volume (A) and weight (B).

(C-E) Succinate supplementation also significantly suppressed the growth of subcutaneous PLC/PRF/5 xenografts (C) and tumor weight (D). Succinate sup-
plementation (60 mg/kg body weight per day by gavage) suppressed tumorigenesis in DEN-injected and CCL4-treated WT mice (E).

(F) H&E staining of PBS- and succinate-treated livers.

(G-I) Succinate significantly decreased tumor incidence, tumor number, and load. Ki-67 staining (H) and serum ALT and AST levels of PBS- and succinate-treated

mice (l). Data are represented as means + SEM. *p < 0.05,

**p < 0.01.
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Figure 4. Succinate inhibits cell proliferation and migration via FN1 in HCC

(A) RNA-seq and western blot analysis of PBS- and succinate-treated SK-Hep1 and MHCC97H cells.

(B) Representative western blot results showed that succinate treatment cannot influence FN1 protein degradation.

(C) IC50 assay of succinate in siNC and siFN1 cells.

(D-F) (D) MTT, (E) colony formation analysis and (F) wound healing assay of the effects of succinate in FN1 silenced liver cancer cells. Data are represented as
means + SEM.

*p < 0.05, *p < 0.01, **p < 0.001.
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HCC conditions

Cholesterol

Cholestero
Cholesterol

inhibited the protein expression of FN1 and SQLE in three liver
cancer cells (Figure 5G) and subcutaneous MHCC97H and
PLC/PRF/5 xenograft tumor models (Figure 5H). Analyses of
intracellular lipid profiles also showed increased levels of
high-density lipoprotein cholesterol (HDL) (Figure S4A) and
decreased levels of low-density lipoprotein cholesterol (LDL)
(Figure S4A), cholesterol (TC) and triglyceride (TG) in three suc-
cinate treated liver cancer cells (SK-Hep1, PLC/PRF/5 and
MHCC97H) (Figure 5I), while very low-density lipoprotein
(VLDL) just significantly decreased in succinate treated
MHCC97H cells (Figure S4A). In keeping with this, succinate
supplementation markedly decreased serum and liver TG,
TC, LDL, and VLDL levels (Figure S4B). However, the effect of
succinate on reduced SQLE expression and cholesterol con-

Succinate therapy

FN1
v
e
v
v

iScience

Figure 6. Schematic diagram of succinate
supplementation ameliorated HCC devel-
opment

FN1 promotes HCC cell growth by activating
SQLE, which further activates cholesterol
biosynthesis. The anti-tumorigenic effect of suc-
cinate supplementation is mediated by the FN1/
SQLE axis, resulting in decreased cholesterol
concentration.

centration may be ameliorated by
silencing FN1 in MHCC97H, PLC/PRF/
5, and SK-Hep1 cells (Figure 5J). Collec-
tively, the anti-proliferation role of succi-
nate was mediated by FN1-regulated
SQLE expression and cholesterol accu-
mulation (Figure 6).

DISCUSSION

In this study, based on spatial metabolo-
mics and quantitative metabolomics
analysis of paired tumor and adjacent
liver samples, we discovered that the
concentration of succinate was signifi-
cantly decreased in liver cancer tissues.
Succinate addition exerts its anti-prolifer-
ation effect through reducing FN1 gene
expression, resulting in SQLE-related
cholesterol biosynthesis inhibition to sup-
press carcinogenesis in HCC cell lines.
Succinate supplementation conferred a
therapeutic benefit in HCC, including xenograft nude mice
models and carcinogen-induced WT mice model, corroborating
succinate supplementation as a therapeutic strategy in the sub-
set of HCC.

The tricarboxylic acid cycle (TCA cycle) is crucial for cellular
energy metabolism, macromolecule synthesis, and redox bal-
ance.’’ Recent studies have revealed that genes and metabo-
lites within the TCA cycle are implicated in tumor development
and progression.?? Specifically, succinate, a significant metabo-
lite in this cycle, plays a role in both tumor initiation and progres-
sion.?>2* In lung cancer, succinate derived from the cancer cells
activates the SUCNRT1 receptor and facilitates tumor metastasis
through the PI3K/AKT pathway.'® However, data from The Can-
cer Genome Atlas (TCGA) indicate that SUCNR1 expression is

Figure 5. FN1 mediates the function of succinate-suppressed cholesterol biosynthesis and tumor formation

(A) FN1 protein expression in two independent HCC cohorts.

(B) Increased FN1 protein expression in human HCC was validated by western blot.

(C) KEGG analysis of FN1 protein in the Fudan cohorts.

(D) GSEA analysis of FN1 protein and the sterol biosynthesis pathway in Fudan cohorts.
(E) The protein expression of FN1 showed a positive correlation with SQLE in HCC.

(F) Silence FN1 by siRNA significantly reduce mRNA expression of SQLE.

(G and H) Succinate treatment decreases FN1 and SQLE protein expression in HCC cells (G) and xenografts mice models (H).
(l) Succinate treatment significantly decreased intracellular cholesterol and triglyceride concentration.
(J) SQLE protein expression and cholesterol concentration detection in succinate-treated and FN1-silenced HCC cells. Data are represented as means + SEM.

*p < 0.05, *p < 0.01, **p < 0.001.
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considerably decreased in liver cancer, suggesting a distinct role
for succinate in liver cancer. Our metabolomic study discovered
that succinate is downregulated in liver cancer, and supplement-
ing succinate inhibits tumor cell growth and formation. These
findings highlight tissue-specific differences in the function of
succinate, underscoring the importance of precision medicine
in the development of future therapeutic strategies.

RNA sequencing and western blot analysis showed that suc-
cinate addition significantly inhibits the expression of the fibro-
nectin (FN1) gene. FN1 is a glycoprotein that plays a crucial
role in the extracellular matrix.>> Previous studies have high-
lighted the importance of FN1 in tumorigenesis and malignant
progression in various cancers, such as colorectal cancer,
breast cancer, and gastric cancer.?®2% However, its role in liver
cancer remains unclear. In this study, we found a positive corre-
lation between FN1 expression and several cancer-related path-
ways, including cholesterol biosynthesis, ECM, cell cycle, and
the PI3BK/AKT pathway. Furthermore, silencing FN1 resulted in
suppressed cell proliferation and reduced intracellular choles-
terol levels in liver cancer cells. Additionally, FN1 was found to
mediate the anti-proliferative and anti-cholesterol biosynthesis
effects of succinate, suggesting its involvement in the develop-
ment of liver cancer.

Our findings support the idea that cholesterol has oncogenic
properties.”? SQLE is important for cholesterol biosynthesis
and is a new oncogene in HCC.'® Targeting SQLE is an effective
treatment strategy for HCC."" In line with this, we discovered that
succinate supplementation significantly decreases SQLE
expression and lowers intracellular cholesterol levels. Therefore,
our data reveal that extracellular succinate acts as an inhibitor of
SQLE-related cholesterol biosynthesis, which is crucial for the
growth of HCC cells.

The impact of our findings was strengthened by observing that
the concentration of succinate was lower in HCC compared to
adjacent normal tissues. Succinate supplementation showed
therapeutic benefits in HCC by inhibiting FN1/SQLE-related
cholesterol biosynthesis. Although the impact of succinate re-
quires additional validation through various models, our findings
endorse the concept that the supplementation with native me-
tabolites is a promising therapeutic strategy for the management
of human diseases.

In conclusion, the discovery of succinate, an integral metabo-
lite in the TCA cycle, which is decreased in liver cancer tissue and
acts as an inhibitor of cholesterol biosynthesis, could suppress
liver cancer cell proliferation and tumor formation. The supple-
mentation of extracellular succinate may represent a promising
therapeutic approach for the prevention of HCC.

Limitations of the study

The study’s limitation lies in the role of succinate in liver cancer.
Our findings indicate that exogenous succinate exhibits thera-
peutic effects on liver cancer, aligning with studies on the bene-
ficial effects of dietary succinate on improvements in glucose
and insulin tolerance in WT mice.*° However, tumor-derived suc-
cinate has been shown to act as a driver of tumor growth and
metastasis.’® Additionally, protein succinylation, mediated by
succinyl CoA, contributes to HCC development.®'*? A recent
study has reported that 3-succinylated cholic acid (3-sucCA), a

¢ CellP’ress

OPEN ACCESS

significant product of microbial-derived succinate, ameliorates
metabolic dysfunction-associated steatohepatitis (MASH) in
mice.*® Collectively, the true role and mechanism of succinate
supplementation in liver disease warrant further investigation in
the future.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Fibronectin Rabbit Polyclonal antibody Proteintech Cat#15613-1-AP; RRID: AB_2105691
SQLE Polyclonal antibody Proteintech Cat#12544-1-AP; RRID: AB_2195888
Beta Actin Monoclonal antibody Proteintech Cat#66009-1-lg; RRID: AB_2687938

Biological samples

Human HCC and adjacent normal samples
(Clinical information of HCC patients see Table S1)

4™ Affiliated Hospital of N/A
Harbin Medical University

Chemicals, peptides, and recombinant proteins

Succinic acid Aladdin Lot#B2222467; cas:110-15-6
N-Nitrosodiethylamine Aladdin Lot#B2220828; cas:55-18-5

Carbon tetrachloride Macklin Lot#C14404678; cas:56-23-5
Fumaric acid GLPBIO Batch No:GC304481; cas:110-17-8
Malic acid GLPBIO Batch No:GC338081; cas:6915-15-7

Critical commercial assays

Cell Cycle Staining Kit MULTI SCIENCES 70-CCS012

BeyoClick EAU Cell proliferation Kit with TMB Beyotime C0088S

Triglyceride assay kit Nanjing Jiancheng Bioengineering Institute A110-1-1

Low-density lipoprotein cholesterol assay kit Nanjing Jiancheng Bioengineering Institute A113-1-1

High-density lipoprotein cholesterol assay kit Nanjing Jiancheng Bioengineering Institute A112-1-1

Mouse AFP ELISA Kit Proteintech KE10092

CH ELISA KIT Spbio SP12645
Glutamic-oxalacetic Transaminase Solarbio BC1565
(GOT/AST)Activity Assay Kit

Glutamic-pyruvic Transaminase Solarbio BC1555

(GPT/ALT)Activity Assay Kit

Human very low-density lipoprotein ELISA Kit Spbio SP11888

Experimental models: Cell lines

Human:LO2 cells ATCC RRID: CVCL_6926
Human:SK-Hep1 cells ATCC HTB-52; RRID:CVCL_0525
Human: PLC/PRF/5 cells ATCC CRL-8024; RRID: CVCL_0485

Human: MHCC97H cells

Sun Yat-sen University

N/A; RRID: CVCL_4972

Experimental models: Organisms/strains

Mouse:C57BL/6J

Mouse: BALB/c nude

Biocytogen Pharmaceuticals
(Beijing) Co., Ltd

Beijing Vital River Laboratory
Animal Technology Co., Ltd.

RRID: IMSR_JAX:000664

RRID: IMSR_CRL:194

Oligonucleotides

siRNA targeting sequence: FN1 #1:
GGCAUUAGAAGGGAUUUUUTT
Primers for SQLE, FN1, ABCA2
and LAMADS see Table S4

Primers for Sqle, Fn1, Abca2
and Lamab see Table S4

This paper

This paper

This paper

N/A

N/A

N/A

Software and algorithms

Graphpad Prism 8
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https://www.graphpad.com/
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http://www.njjcbio.com/products.asp?id=2579
http://www.njjcbio.com/products.asp?id=2585
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ModFit LT 5.0 https://vsh.com/

Nikon Capture NX 2.1.1 https://www.nikon.com/

Gen5 CHS3.03 https://www.biotekinc.com/

LightCycler 480 Software https://www.roche.com.cn/

Other

Spatial metabolomics analysis Shanghai Lu Ming Biotech Co., Ltd. https://fanOliachen.qiyeku.com/
index.html

Central carbon metabolite analysis Shanghai Biotree Biotech Co., Ltd. https://biotree.yellowurl.cn/

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Human samples

HCC and adjacent normal samples used in this study were collected from patients with hepatocellular carcinoma at the 4th Affiliated
Hospital of Harbin Medical University (Table S1). This study was approved by the Ethics Committee of the 4th Affiliated Hospital of
Harbin Medical University, and informed consent was obtained from all patients (Approval no. 2023 - Ethical Approval No. 37).

Xenograft models

PLC/PRF/5 cells or MHCC97H cells (5% 10° cells in 0.1 mL PBS) were injected subcutaneously into the left dorsal flank of 6-week-old
male nude mice (Balb/c). Then the mice were divided into two groups: succinate (60 mg/kg/Day) and PBS in drink water. The diam-
eter of each tumor was measured every 2 days. The mice were sacrificed at indicated days, and tumor tissues were weighed. Tumor
volume (mm3) was calculated as follows: volume = (shortest diameter)? x (longest diameter) x 0.5. All experimental procedures were
approved by the Animal Ethics Committee of the 4th Affiliated Hospital of Harbin Medical University (Approval no.
2024-DWSYLLCZ-25).

DEN injection-induced HCC models

Male wild-type mice (WT) were injected with a single dose of Diethylnitrosamine (DEN, 5 mg/kg body weight) at 10-12 days of age,
and then treated with CCL4 (0.2 mL/kg body weight) twice per week by intraperitoneal injections (IP) starting at the age of 6 weeks. At
the endpoint, the number of hepatic tumors was counted and confirmed by HE staining. The tumor load of the individual mouse liver
was calculated with the following formula: the sum of mean diameters of all tumors in each mouse; mean diameter = (major diameter +
minor diameter)/2. All experimental procedures were approved by the Animal Ethics Committee of the 4th Affiliated Hospital of Harbin
Medical University (Approval no. 2024-DWSYLLCZ-25).

Cell culture

LO2, SK-Hep1 and PLC/PRF/5 cells were purchased from ATCC (Manassas, VA). MHCC97H cells were kindly provided by Professor
Xiaoxing Li from Sun Yat-sen University, China. These cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
supplemented with 1% Antibiotic-Antimycotic (anti-anti; Gibco) and 10% Fetal Bovine Serum (FBS; Thermo Fisher Scientific). The
cells were maintained at 37°C in a humidified incubator with 5% CO2.

METHOD DETAILS

MTT assay

Cell proliferation activity was investigated using the MTT assay. Liver cells (LO2, SKHep1, PLC/PRF/5, and MHCC97H) or siFN1
transfected cells (1500/well) were plated in 96-well plates and treated with succinate (0.20 or 0.12 mg/mL in PBS) or PBS control
on the second day. At the indicated time points, 20uL of the MTT (5 mg/mL) solution was added to each well and incubated for
4 h at 37°C. Then, all the medium was removed and the cells were incubated with 150 uL of DMSO for 30 min in each well. Finally,
the OD570 was detected using a machine to plot the cell growth curve.

EdU (5-ethynyl-2-deoxyuridine) assay

Cell proliferation activity was also investigated using the BeyoClick EdU Cell Proliferation Kit (C0088, Beyotime) with TMB. Cells (10%)
were plated in 96-well plates and treated with succinate (0.12 mg/mL in PBS) or PBS control on the second day. Then the EAU (20 uM)
was added according to the manufacturer’s instructions. The results were expressed as the means + SEM and this assay was con-
ducted three times in triplicate.
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Apoptosis and cell cycle analyses

Cell cycle and apoptosis analysis kit (C1053, Beyotime) was used to detect the cell cycle. Cells (10 ®) were plated in 6-well plates and
treated with succinate (0.12 mg/mL in PBS) or PBS control on the second day. After 48h treated by succinate or PBS, cells were fixed
in 70% ethanol, stained with DNA staining solution (C1053, Beyotime) and propidium iodide, and analyzed by flow cytometry.

IC50 assay

Liver cells (LO2, SKHep1, PLC/PRF/5, and MHCC97H) or siFN1-transfected cells (1500/well) were plated in 96-well plates. After
overnight incubation for cell adhesion, the treatment group was exposed to succinate at concentrations of 0.015 mg/mL,
0.03 mg/mL, 0.06 mg/mL, 0.12 mg/mL, 0.24 mg/mL, and 0.48 mg/mL, while the control group was treated with PBS. After 72 h
of treatment, 20 uL of MTT (5 mg/mL) was added to each well and then followed the protocol of the MTT assay. The formula for calcu-
lating the inhibition rate is as follows: Inhibition Rate = (OD value of the control group - OD value of the treatment group)/OD value of
the control group.

Colony formation assay

Liver cells (LO2, SKHep1, PLC/PRF/5, and MHCC97H) or siFN1 transfected cells (1500/well) were plated in 6-well plates and treated
with succinate or PBS control on the second day. After culturing for 10 days, cells were fixed with 70% ethanol and stained with 1%
crystal violet solution for 15 min. 6-well plates were washed with PBS and the colonies were counted. In this study, this assay was
conducted three times in triplicate.

Monolayer wound healing assay

Liver cells (LO2, SKHep1, PLC/PRF/5, and MHCC97H) were plated in 6-well plates (4 x 10° cells/well). A scratch was made perpen-
dicular to the ruler using a pipette tip on the second day and then treated with succinate or PBS control with serum-free medium.
Photographs were taken at 12, 24, 36, and 48 h to assess the cells’ migration ability, and the migration rate was calculated.

Western blot analysis

Western blot was performed as previously described.**° Total protein samples were first separated by SDS-PAGE. Next, the pro-
tein samples were transferred onto nitrocellulose (NC) membranes (GE Healthcare). After 1 h of blocking with 3% BSA buffer at room
temperature, the membrane was incubated overnight at 4°C with primary antibodies (1:1000 dilution in 1% BSA) and then incubated
for 1 h at room temperature with the secondary antibody (1:10000 dilution in 1% BSA). Finally, the membranes containing the inter-
ested proteins were visualized using ECL Plus Western blotting Detection Reagents (GE Healthcare).

Ki-67 staining

Paraffin slides from succinate treated WT mice were used. Ki67 signal was assessed by anti-Ki-67 antibody (ab833; Abcam). The
proliferation index was determined by counting the numbers of positive staining cells as percentages of the total number of liver cells.
At least 1000 cells were counted each time.

Serum ALT and AST
The serum ALT and AST concentrations were detected by the ELISA detection kit (Solarbio). Serum from wild-type mice with PBS or
succinate treatment was plated in 96-well plates (2 uL per well) and then detected according to the manufacturer’s instructions.

Serum AFP

The serum AFP was detected by the mouse a-fetoprotein/AFP ELISA kit, according to the manufacturer’s instructions (KE10092,
Proteintech). 10 pL of serum from mice was diluted to 200 pL with Sample dilute PT1. Then the diluted samples, standard, and control
were added to each microplate well for further analysis.

Lipid profile analysis

The concentrations of different metabolites were detected using the Cholesterol Quantification kit (ab65359, Abcam); or Triglyceride
detection kit (ab65336, Abcam); or Low-density lipoprotein cholesterol assay kit (LDL, A113-1-1, Nanjing Jiancheng Bio); or High-
density lipoprotein cholesterol assay kit (HDL, A112-1-1, Nanjing Jiancheng Bio); or Very low density lipoprotein ELISA Kit (VLDL,
SP11888, spbio). Cells (10% or tissues (1-2 mg) or serums (2 uL) were used in this study. The results were expressed as the
means + SEM and this assay was conducted three times in triplicate.

Spatial metabolomics analysis

The embedded samples underwent spatial metabolomics analysis following the protocol developed by Shanghai Lu Ming Biotech
Co., Ltd. (Shanghai, China). In summary, all embedded samples were cut into consecutive sagittal slices of approximately 10 um
using a cryostat microtome (Leica CM 1950, Leica Microsystem, Germany). These slices were then placed on a positive charge
desorption plate (Thermo Scientific, U.S.A) and stored at —80°C until further analysis. Before mass spectrometry imaging (MSI) anal-
ysis, the slices were desiccated at —20°C for 1 h and then at room temperature for 2 h. Additionally, an adjacent slice was preserved
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for hematoxylin-eosin (H&E) staining. Finally, the ions detected by AFADESI were annotated using the pySM 5 pipeline and the in-
house SmetDB database (Lumingbio, Shanghai, China).

Central carbon metabolite analysis

The tissue samples were weighed precisely into Eppendorf tubes. Two small steel balls and 500 pL of MeOH/H20 (3/1, v/v) that had
been pre-cooled at —40°C were added to the samples. The samples were vortexed for 30 s and then homogenized for 4 min at 40 Hz.
They were also sonicated for 5 min in an ice-water bath. The homogenate and sonicate steps were repeated three times. After that,
the samples were incubated at —40°C for 1 h and then centrifuged at 12000 rpm (RCF = 13800(xg), R = 8.6cm) and 4°C for 15 min.
The supernatants (400 uL) were collected and dried by spinning. Following that, 200 pL of water was added to the dried residue as a
reconstitution solution. The reconstituted samples were vortexed before being filtered through the filter membrane. They were then
transferred to inserts in injection vials for HPIC-MS/MS analysis, following the protocol developed by SHANGHAI BIOTREE
BIOMEDICAL TECHNOLOGY CO., LTD (Shanghai, China).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis
All statistical analyses were performed using SPSS or GraphPad software. The data were presented as means + standard error of the

mean (SEM). For multiple group comparisons, one-way analysis of variance (ANOVA) was used. For comparisons between two vari-
ables, t-tests were employed. A p-value less than 0.05 indicated statistical significance.
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