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Isoacteoside alleviates hepatocellular
carcinoma progression by inhibiting
PDHB-mediated reprogramming of
glucose metabolism

Check for updates

Lijun Zhao1,2, Haonan Qi1,2, Weiting Liu1,2, Huiying Lv1, Peixian Li1, Wenyue Liu1, Ruili Sun 1,3 ,
Qiongzi Wang 1,3 & Xiangpeng Wang 1,3

Pyruvate dehydrogenase B (PDHB) is an important component of the pyruvate dehydrogenase
complex and is implicated in altering tumor metabolism and promoting malignancy. However, the
specific impact of PDHB on hepatocellular carcinoma (HCC) metabolic reprogramming and its role in
tumor progression remain to be elucidated. In our investigation, we have discerned a pronounced
elevation in PDHB expression within HCC, intricately linked to delayed tumor staging, heightened
tumor grading, and diminished prognostic outcomes. PDHB overexpression drives tumor growth and
metastasis in vitro and in vivo. Mechanistically, PDHBmediates metabolic reprogramming by binding
to the promoter regions of SLC2A1, GPI, and PKM2, promoting glycolysis-related gene transcription,
contributes to HCC sorafenib resistance. In addition, Isoacteoside is a targeted inhibitor of PDHB and
exert antitumor effects on HCC. In the mouse xenograft model, the combination of isoacteoside and
sorafenib shows significantly better effects than sorafenib alone. In summary, our study validates
PDHB as an oncogenic drug resistance-related gene capable of predicting HCC tumor progression.
PDHB and Isoacteoside could be potential avenues for targeted and combination therapies in liver
cancer.

Hepatocellular carcinoma (HCC) ranks among the most prevalent and
lethal cancers globally, with China accounting for over half of the new
cases and fatalities and posing a grave threat to public health1. HCC
typically progresses insidiously and lacks effective and reliable
screening methods, resulting in most patients being diagnosed at
advanced or terminal stages. Early-stage HCC is amenable to radical
treatments, including surgical resection, radiofrequency/microwave
ablation, transarterial chemoembolization, liver transplantation, and,
occasionally, systemic chemotherapy1,2. Nevertheless, these interven-
tions carry a substantial risk of metastasis and recurrence3. For
patients with advanced HCC, surgical options are not viable and
usually require systemic therapy (e.g., chemotherapy)4. However,
chemotherapeutic agents can severely affect patients’ normal physio-
logical functions, inducing adverse reactions such as digestive issues,
immune suppression, and organ damage, including pneumonia and

esophagitis, thereby diminishing the quality of life and potentially
exacerbating the disease5.

As the first multitargeted tyrosine kinase inhibitor approved by the
FDA6, sorafenib is the cornerstone of first-line therapy for advanced-stage
HCC, having demonstrated a significant survival benefit for patients with
unresectable HCC6. Its effectiveness has been validated in two large-scale
clinical trials, and showing superiority over dozens of other molecular
drugs7,8. However, the emergence of sorafenib resistance has become a
critical issue, undermining therapeutic outcomes and leading to recurrence
and mortality9. The mechanisms underlying sorafenib resistance are mul-
tifaceted, encompassing not only inherent resistance but also acquired
resistance factors such as dysregulation of the JAK-STAT and PI3K-AKT
pathways, epithelial-mesenchymal transition (EMT), tumor hypoxia, and
metabolic reprogramming10,11. Therefore, unraveling the mechanisms of
acquired sorafenib resistance and developing novel combination therapy
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strategies to overcome this resistance remain imperative for enhancing the
treatment efficacy for patients with advanced HCC.

Recent studies have unveiled that metabolic reprogramming is a
hallmark of cancer cells, fostering growth and survival12,13. And there is a
significant correlation between metabolic reprogramming and cancer drug
resistance14, especially in the case of the glycolytic pathway dominated by
aerobic glycolysis (the Warburg effect), which has been observed to sig-
nificantly compromise the efficacy of chemo-radiotherapy treatments15.
Pyruvate dehydrogenase E1 subunit β (PDHB), a key component of the
pyruvate dehydrogenase (PDH) complex, catalyzes the decarboxylation of
pyruvate, playing a pivotal role in the glycolytic pathway and cellular energy
metabolism16,17. As a crucial part of thePDH,PDHB is implicated in altering
tumor metabolism and promoting malignancy18. It has been recognized as
an oncogenic factor that is overexpressed in various cancers, including those
of the bladder,melanoma, ovary, andprostate19, and is known to spur tumor
cell growth18,19. However, the specific impact of PDHB on HCC metabolic
reprogramming and its role in sorafenib resistance and tumor progression
remain to be elucidated.

In this study, we identified PDHB as a potential novel target and
biomarker for HCC treatment. We found that PDHB expression was sig-
nificantly elevated in HCC and correlated with advanced tumor stage, high
grade, and poor prognosis. PDHB appears to play an oncogenic role, as its
overexpression promotes tumor growth and metastasis both in vitro and
in vivo.Mechanistically, we linked increased PDHB expression to sorafenib
resistance in HCC, showing that PDHB promotes the transcription of
glycolytic genes by binding to the promoters of the glycolysis-related genes
glucose transporter protein 1 (GLUT-1, SLC2A1), glycosylpho-
sphatidylinositol (GPI) and pyruvate kinase M2 (PKM2), thus influencing
metabolism reprogramming and consequent HCC resistance and tumor
progression. Furthermore, through targeted virtual docking to the PDHB
protein structure, we identified isoacteoside (HY-N0022), a naturally
occurring compound, as a selective inhibitor of PDHB. Isoacteoside, a
dihydroxyphenylethyl glycoside isolated from various plants20, is known for
its various pharmacological benefits, including immune modulation, anti-
oxidant, endurance enhancement, and antifatigue effects21. Recently, its
anti-inflammatory, neuroprotective, and antitumor activities have gained
increasing amounts of attention22–24. However, its anticancer potential in
HCC has not been well defined. Herein, we found that isoacteoside exerts
antitumor effects on HCC by targeting and inhibiting PDHB. Moreover,
compared to sorafenib monotherapy, the combination of isoacteoside and
sorafenib significantly increased the therapeutic efficacy. In conclusion, our
findings elucidate the critical role of PDHB inHCC sorafenib resistance and
tumor progression, as well as the potential molecular mechanisms under-
lying its actions, and propose potential targeted treatments for sorafenib-
resistant tumors. These insights will open new avenues for targeted and
combination therapies in liver cancer.

Results
The expression of PDHB as a prognostic indicator in HCC
progression
To evaluate the expression and clinical relevance of PDHB inHCC.We first
analyzed the pancancer expression of PDHB using the TIMER 2.0 and
TCGA databases. The results showed that PDHB was significantly over-
expressed in a variety of cancers, including HCC (Supplementary
Fig. 1A, B). Then, RT‒PCR was performed to compare PDHB expression
between 30 HCC tissues and corresponding nontumor tissues. The results
showed a significant increase inPDHBexpression inHCC tissues compared
to adjacent normal tissues, which was consistent with the results of bioin-
formatics analysis (Supplementary Fig. 1C). Additionally, Kaplan–Meier
survival analysis revealed that elevated PDHB levels may be closely asso-
ciatedwith unfavorable outcomes in individuals withHCC (Supplementary
Fig. 1D).The analysis of theUALCAN(Supplementary Fig. 1E) andTIMER
(Supplementary Fig. 1F) databases confirmed that high PDHB expression
was significantly correlated with high HCC tumor stage and grade and a
poor patient prognosis. Collectively, these findings indicate that PDHB

expression is a potential prognostic biomarker for tumor progression and
patient outcomes in HCC.

PDHB promotes HCC cells proliferation and invasion in vitro
To investigate the oncogenic function of PDHB in HCC cells, we con-
structed PDHB overexpression and knockdown plasmids, and then over-
expressed or knocked down PDHB in the HCC cell lines HepG2 and
SMMC7721 (Fig. 1A, F, G and Supplementary Fig. 2A, F, G). The effects of
PDHB overexpression and knockdown on the proliferation, colony for-
mation, invasion and epithelial-mesenchymal transition (EMT) ofHCCcell
lines were detected. The results demonstrated that overexpression of PDHB
significantly promoted cell proliferation (Fig. 1B and Supplementary
Fig. 2B), colony formation (Fig. 1C and Supplementary Fig. 2C), invasion
(Fig. 1DandSupplementary Fig. 2D), andEMT(Fig. 1E andSupplementary
Fig. 2E) inHepG2 and SMMC7721 cells. Conversely, knockdown of PDHB
expression markedly inhibited proliferation (Fig. 1H and Supplementary
Fig. 2H), colony formation (Fig. 1I, J and Supplementary Fig. 2I, J), invasion
(Fig. 1K and Supplementary Fig. 2K), andEMT (Fig. 1L and Supplementary
Fig. 2L) of HCC cells.

PDHB promotes HCC tumor growth and metastasis in vivo
To investigate the effects of PDHB on the tumor growth and metastasis of
HCC,we first conducted a subcutaneous tumorigenesis experiment in nude
mice by injecting HCC cells with overexpressed or knocked-down PDHB
subcutaneously into the mice. The results showed that compared with the
control group (pHBLV), the tumor growth in the PDHB overexpression
group (PDHB) was significantly higher, with heavier tumor weight and
larger tumor volume (Fig. 2A–C). In contrast, compared with the control
group (pLKO.1), the tumor growth in the PDHB low-expression group (sh-
PDHB) was significantly slower than the control group, with a noticeable
reduction in tumor weight (Fig. 2H–J).

Furthermore, we also injected the stably overexpressed or knocked-
downmouse cell lineHepA1-6-luci cells via the tail vein intomice and used
a small animal live imaging instrument to dynamically monitor the growth
and metastasis of tumors in mice. The results showed that compared with
the control group (pCDH) mice, the lung metastasis in PDHB over-
expression group (PDHB) mice was significantly enhanced, as shown by
bioluminescence imaging (Fig. 2D). Notably, histological examination
revealed that compared with the control group mice, the lung metastatic
nodules in PDHB overexpression mice were larger and more numerous,
with increased Ki67 staining (Fig. 2E–G). Conversely, compared with the
control group mice (pLKO.1), the lung metastasis in PDHB knockdown
group (sh-PDHB) was significantly reduced, with smaller and fewer lung
metastatic nodules, and a noticeable decrease in Ki67 staining (Fig. 2K–N).
In summary, these results indicate that PDHB can promote the prolifera-
tion, invasion, andmetastasis of HCC cells both in vitro and in vivo suggest
that PDHB is a potential oncogene, and high expression of PDHB is
necessary formaintaining the occurrence anddevelopment ofHCCtumors.

High PDHB expression correlates with sorafenib
resistance in HCC
Given that sorafenib remains the standard therapy for patients with
advanced HCC6 and its treatment effects are superior to those of dozens
of other molecular drugs7,8. We probed the influence of PDHB expression
on HCC cell sensitivity to sorafenib. The results showed that PDHB
overexpression significantly increased the IC50 of sorafenib in HepG2
(Fig. 3A) and SMMC7721 (Fig. 3C) cells, while knockdown of PDHB
decreased the IC50 of sorafenib in HepG2 (Fig. 3B) and SMMC7721
(Fig. 3D) cells.

Additionally, we developed sorafenib-resistant HepG2-R and
SMMC7721-R cell lines by exposing HepG2 and SMMC7721 cells to gra-
dually increasing concentrations of sorafenib over three months. Subse-
quently,we assessedPDHBexpressionand its effects on establishedHepG2-
R and SMMC7721-R cells. The results showed that PDHBwas significantly
highly expressed in the HCC sorafenib-resistant strains HepG2-R and

https://doi.org/10.1038/s42003-025-07622-x Article

Communications Biology |           (2025) 8:205 2

www.nature.com/commsbio


SMMC7721-R (Fig. 3E). Overexpression of PDHB significantly increased
the IC50 in both HepG2-R (Fig. 3F) and SMMC7721-R (Fig. 3H) cells,
while PDHB knockdown markedly decreased the IC50 of sorafenib
(Fig. 3G, I).

In conclusion, these results indicate that overexpression of PDHB
reduces the sensitivity of HCC to sorafenib, thereby promoting resis-
tance. Conversely, downregulation of PDHB enhances sensitivity to the
drug and significantly diminishes HCC resistance to sorafenib. The data
thus suggest that PDHB expression is associated with sorafenib resistance
in HCC and may contribute to the regulation of this resistance
mechanism.

PDHB affects HCC sorafenib resistance by regulating glucose
metabolism reprogramming
To further elucidate the molecular mechanisms underlying the pro-
oncogenic role of PDHB in drug resistance, we conducted RNA sequencing
on HepG2-R cells subjected to PDHB knockdown, followed by KEGG
pathway, and differentially expressed gene (DEG) analyses (Fig. 4A–C and
Supplementary Data 2 and 3). The analyses revealed that PDHB sig-
nificantly influences metabolic pathways (Fig. 4A), especially oxidative
phosphorylation and glycolysis/gluconeogenesis (Fig. 4B). PDHB also
markedly affected the expression of pivotal metabolic genes such as PCK1,
which is crucial for gluconeogenesis, and SLC2A1, essential for glycolysis

Fig. 1 | PDHB promotes HCC cells proliferation and invasion in vitro.
A, F,G PDHB was either overexpressed or knocked down in HepG2 cells. B,H The
CCK8 assay was conducted to evaluate the impact of PDHB overexpression or
knockdown on HepG2 cell proliferation. C, I, J Colony formation assays were
performed to assess the effect of PDHBoverexpression or knockdown on the colony-
forming capacity of HepG2 cells. D, K The Transwell assay was utilized to examine

the influence of PDHB overexpression or knockdown on the invasion ability of
HepG2 cells. Scale bar = 200 μm.E,LRT-PCR analysis was conducted to evaluate the
effects of PDHB overexpression or knockdown on epithelial-mesenchymal transi-
tion (EMT) in HepG2 cells. Data are presented as means ± standard deviation from
three independent experiments; *P < 0.05, **P < 0.01, ***P < 0.001.
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(Fig. 4C).We first focused on the effect of PDHB on PCK1 expression. The
results showed that overexpressionof PDHBsubstantially suppressedPCK1
expression,while PDHBknockdownenhancedPCK1expression (Fig. 4D,E
and Supplement Fig. 3A, D), suggesting that PDHB may inhibit the glu-
coneogenesis pathway. Recognizing that gluconeogenesis is the reverse
process of aerobic glycolysis25, we further explored the influence of PDHB

on glycolysis. We found that overexpression of PDHB leads to increased
expressionof several glycolysis-related genes (including SLC2A1,HK2,GPI,
PFKL, ALDOA, GAPDH, PGK1, ENO1, PKM2, and LDHA), whereas
PDHB knockdown corresponded with a generalized reduction in the
expression of these glycolysis-related genes (Fig. 4F, G and Supplementary
Fig. 3B, E). To corroborate these results, we employedWestern Blot analysis

Fig. 2 | PDHB promotes HCC tumor growth and metastasis in vivo.
A–C Subcutaneous tumorigenesis assay was used to detect the effect of over-
expression of PDHB on tumor growth in vivo, and the following are the statistics of
tumor volume and body weight.D–GHepA1-6 cells were injected into mice via the
tail vein after PDHB overexpression to establish an in vivo lung metastasis model
(n = 3 mice/group). Bioluminescence was measured at designated time points, and
representative images and quantifications are shown (D). Lungs were dissected and
photographed (E), with representative HE-stained images of lung sections displayed
(F, Scale bar = 2 mm) and immunohistochemical Ki67 staining images (G, Scale bar
= 20 μm). H–J Subcutaneous tumorigenesis assay was used to detect the effect of

knockdown of PDHB on tumor growth in vivo, and the following are the statistics of
tumor volume and body weight. K–N HepA1-6 cells with PDHB knockdown were
injected into mice via the tail vein to create the in vivo lung metastasis model (n = 3
mice/group). Bioluminescence was measured at designated time points, with
representative images and quantifications shown (K). Lungs were dissected and
photographed (L), along with representative HE-stained images of lung sections
(M, Scale bar = 2 mm) and immunohistochemical Ki67 staining images (N, Scale bar
= 20 μm). Data are presented as means ± standard deviation, with P values deter-
mined using a two-tailed t-test; *P < 0.05, **P < 0.01, ***P < 0.001.
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to evaluate the impact of PDHB on key enzymes involved in both gluco-
neogenesis and glycolysis at the protein level. Consistent with the RT-PCR
findings, overexpression of PDHB inhibited gluconeogenesis and promoted
glycolysis, whereas PDHB knockdown yielded opposite outcomes
(Fig. 4H, I and Supplementary Fig. 3C, F).

Additionally, GEPIA analysis revealed that the expression of PDHB in
liver cancer tissue samples is significantly negatively correlated with the
expression of the key gluconeogenic enzyme PCK1, significantly positively
correlatedwith the expression of key glycolytic enzymes such asGPI, PFKL,
ENO1, and weakly positively correlated with the expression of ALDOA,
GAPDH,PGK1, LDHA,with no significant correlationwith SLC2A1,HK2,
PKM2, etc. (Supplementary Fig. 3G). STRING analysis also showed that
among the proteins that have direct or indirect interactions with PDHB,
there aremany known glycolysis-related genes, such asGPI, LDHA, ENO1,
PFKL, PKM2, etc. (Supplementary Fig. 3H). Overall, these findings suggest

that PDHB may play an important role in sorafenib resistance in HCC by
mediating metabolic reprogramming of glucose metabolism.

To further clarify the molecular mechanisms by which PDHB func-
tions,weperformedsubcellular localizationof PDHB. Immunofluorescence
results showed that in HCC cells, PDHB is primarily localized in the cyto-
plasm (Fig. 4J). Interestingly, we also found that under the treatment of
sorafenib, a portion of PDHB enters the nucleus (Fig. 4J). This finding
suggests that PDHB may play a role in transcriptional regulation. Subse-
quently, we enhanced the expression of PDHB in HepG2 cells and per-
formed ChIP-PCR. The results showed that PDHB can be recruited to the
promoters of glycolytic enzymes SLC2A1, GPI, and PKM, but not to the
upstream regions of other promoters (Fig. 4K). This indicates that PDHB
can promote the transcription of glycolysis-related genes by binding to the
promoters of glycolytic genes SLC2A1, GPI, and PKM2, thereby mediating
the reprogramming of sugar metabolism.

Fig. 3 | Association of PDHB expression with sorafenib resistance in HCC.
A,COverexpression of PDHB increases the IC50 of SMMC7721 andHepG2 cells to
sorafenib.B,DKnockdown PDHB reduces the IC50 of SMMC7721 andHepG2 cells
to sorafenib. E RT-PCR was used to detect the expression of PDHB in sorafenib-
resistant strains of HCC (HepG2-R and SMMC7721-R). F, H Overexpression of

PDHB increases the IC50 of HepG2-R and SMMC7721-R to sorafenib.
G, I Knocking down PDHB reduces the IC50 of HepG2-R and SMMC7721-R to
sorafenib. Data are presented asmeans ± standard deviation from three independent
experiments; *P < 0.05, **P < 0.01, ***P < 0.001.
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Finally, based on the overexpression and knockdown of PDHB, we
treated the cells with 2-DG (a glycolysis inhibitor that can reduce HCC
resistance to sorafenib) to investigate the critical role of glycolysis in PDHB-
induced HCC sorafenib resistance. The results showed that 2-DG could
alleviate the sorafenib resistance induced by PDHB in HCC. Conversely,
2-DG treatment significantly enhanced the reduction of sorafenib resistance
in HCC caused by sh-PDHB (Fig. 4L and Supplementary Fig. 3I). This

indicates that glycolysis is a key factor in PDHB-induced HCC sorafenib
resistance, and inhibiting glycolysis can relieve the sorafenib resistance
inducedbyPDHB.Furthermore,we treated cellswithhigh-glucose and low-
glucose media based on PDHB overexpression, and used 2-DG to inhibit
glucose metabolism to assess the IC50 value of sorafenib in HCC cells. The
results showed that, compared to high-glucose conditions, low-glucose
culture conditions enhanced the sensitivity to sorafenibmediated byPDHB,

Fig. 4 | PDHB plays a crucial role in the metabolic reprogramming of HCC.
A KEGG analysis of the effects of PDHB on physiological processes. B KEGG
analysis of the effect of PDHB on metabolic pathways. C Volcano plot showing
significantly differentially expressed genes affected by PDHB.D,ERT-PCRwas used
to detect the effect of overexpression or knockdown of PDHB on the expression of
the gluconeogenic key enzyme PCK1. F,G RT-PCR was used to detect the effects of
overexpression and knockdown of PDHB on the expression of glycolysis-related
genes. H, I WB was used to detect the effects of overexpression and knockdown of
PDHB on the expression of gluconeogenic and glycolysis-related genes.
J Immunofluorescence was used to examine the intracellular distribution of PDHB

following sorafenib treatment in HepG2 cells. PDHB (red) signals were observed
under a laser microscope, while blue indicates the nuclei stained with 4’,6-diami-
dino-2-phenylindole (DAPI). Scale bar = 25 μm. K ChIP analysis of PDHB occu-
pancy on the indicated gluconeogenic and glycolysis-related genes promoters in
HepG2 cells. LCytotoxicity analysis was performed to detect the role of glycolysis in
PDHB-mediated resistance to sorafenib.M Cytotoxicity analysis was performed to
detect the effect of glucose on PDHB-mediated resistance to sorafenib. Data are
presented as means ± standard deviation from three independent experiments;
*P < 0.05, **P < 0.01, ***P < 0.001.

https://doi.org/10.1038/s42003-025-07622-x Article

Communications Biology |           (2025) 8:205 6

www.nature.com/commsbio


indicating that PDHB regulation of sorafenib resistance is glucose-
dependent (Fig. 4M and Supplementary Fig. 3J). Moreover, the reduction
of sorafenib resistance by 2-DGwas reversed under the condition of PDHB
overexpression (Fig. 4M and Supplementary Fig. 3J). Interestingly, we also
observed that sorafenib treatment partially suppressed the expression of
PDHB and glycolysis-related genes. Moreover, the effect of PDHB on glu-
cosemetabolism reprogrammingwas inhibited during sorafenib treatment,
whereas the effects of PDHBknockdown on glucosemetabolismweremore
pronounced during sorafenib treatment (Supplementary Fig. 3K, L). This
suggests that the effect of PDHB on glucose metabolismmay depend on its
dynamic regulation and changes in the intracellular environment following
sorafenib intervention. In conclusion, these data further indicate that PDHB
can promotes sorafenib resistance in HCC by promoting glycolysis and
affecting glucose metabolism reprogramming.

Isoacteoside inhibits HCC sorafenib resistance and tumor pro-
gression by targeting PDHB
Given that PDHB-mediated reprogramming of glucose metabolism plays a
pivotal role in HCC sorafenib resistance and tumor progression, we sought
to identify natural small molecule inhibitors that selectively target PDHB
expression. Utilizing virtual docking techniques, multiple compounds were
identified that interact with the active site of PDHB, exhibiting strong
binding affinities. Among them, the fivemost potent compounds wereHY-
N0022, HY-101937C, Z1576583090, Z2436582684, and Z4480904659
(Supplementary Fig. 4).

Through a series of experimental verifications, we discovered that HY-
N0022 (Isoacteoside) is one of the targeted inhibitors of PDHB (Fig. 5A, B).
HY-N0022 significantly inhibits the expression of PDHB protein in a dose-
dependentmanners (Fig. 5C).Next,we evaluated the effect ofHY-N0022on
HCC cell resistance and tumor progression. Initially, we determined the
optimal dose of HY-N0022 through cytotoxicity assays (Fig. 5D, H). Sub-
sequently, we examined the effect of HY-N0022 on HCC sorafenib resis-
tance in HepG2 and SMMC7721 cells. After HY-N0022 treatment, the
sensitivity of HCC cells to sorafenib significantly increased (Fig. 5E, I).
Additionally, through in vitro and in vivo experiments, we observed that
HY-N0022 can inhibit the proliferation (Fig. 5F, J), invasion (Fig. 5G, K),
EMT (Fig. 5L, O), and tumor growth potential (Fig. 5M, N, P, Q) of
HCC cells.

In addition, we also examined the effects of HY-N0022 on PDHB
expression and glucose metabolism. The results showed that HY-N0022
could inhibit the expression of PDHB and glucose metabolism genes, and
promote the expression of the key enzyme PCK1 in gluconeogenesis
(Fig. 5R, S). These findings suggest that HY-N0022 exhibits anticancer
effects on HCC, and its mechanism involves inhibiting HCC sorafenib
resistance and progression by targeting PDHB to affect metabolic
reprogramming.

The combination of isoacteoside and sorafenib significantly
increased the therapeutic efficacy of HCC
Given the anticancer effects of HY-N0022, we explored the potential of
combining isoacteoside with sorafenib to augment HCC therapeutic effi-
cacy. Firstly, we established groups of HCC cells for a negative control, HY-
N0022 treatment, sorafenib treatment, and a combination of HY-N0022
and sorafenib, and evaluated the impact of the various treatments on HCC
cell growth usingCCK-8 and apoptosis assays. The results showed that both
monotherapy and combination therapy suppressed HCC cell proliferation
(Fig. 6A, C) and induced tumor cell apoptosis (Fig. 6B, D). Notably, sor-
afenib monotherapy was more effective than HY-N0022 alone. And the
combination therapy of HY-N0022 and sorafenib showed a significantly
greater impact on tumor growth inhibition compared to sorafenib mono-
therapy. Moreover, we administered intraperitoneal injections of the four
different treatments to an HCC xenograft mouse model. After a two-week
treatment period, the mice were euthanized, and their tumor volumes were
measured. The results corroborated the in vitro findings and showed that
bothmonotherapy and combination therapy curtailed tumor growth in the

mice, but sorafenib outperforming HY-N0022. Crucially, the combination
therapy of HY-N0022 and sorafenib markedly enhanced the therapeutic
effect compared to sorafenib alone (Fig. 6E, F).

Finally, we evaluated the drug toxicity of HY-N0022 in animalmodels.
The results showed thatHY-N0022had no significant effect on bodyweight
changes inmice at the recommendeddosage, andnoobvious toxic reactions
were observed, as important organs such as the liver and kidneys showed no
morphological abnormalities (Supplementary Fig. 5A–C). Additionally,
blood biochemical tests indicated thatHY-N0022 treatment did not disrupt
electrolyte balance, nor did it affect glucose and lipid metabolism (Supple-
mentary Fig. 5D–F). This suggests that HY-N0022 treatment has good
safety and does not lead to hypokalemia, hyponatremia, or hyperuricemia
commonly associated with traditional diuretics. It also does not impair
normal kidney function or physiological processes related to glucose and
lipid metabolism.

In summary, our studydemonstrates that thePDHB-targeted inhibitor
HY-N0022, when used in combination with sorafenib, can significantly
enhance the therapeutic effect on HCC. Furthermore, HY-N0022 exhibits
good safety in animal models, providing new insights and potential treat-
ment options for the clinicalmanagement ofHCC. These outcomes suggest
that combining HY-N0022 with sorafenib can significantly boost the
therapeutic efficacy in HCC treatment.

Discussion
HCC is one of the malignant tumors with a high mortality rate
worldwide26,27. The optimization of treatment strategies and the discovery of
new targets have always been hot topics in research. Sorafenib, as the first-
line treatment drug for HCC at present, can significantly prolong the sur-
vival of patients28. However, the emergence of drug resistance severely
affects the treatment effect, leading to an increased risk of recurrence and
death for patients29. Therefore, exploring the molecular mechanisms of
HCCresistance and seeking new therapeutic targets are of great significance
for improving the prognosis of HCC patients.

This study first reveals that PDHB, an important component of the
pyruvate dehydrogenase complex, is significantly upregulated in HCC, and
its high expression is closely related to tumor staging, grading, and patient
prognosis. This finding suggests that PDHB may play an important role in
promoting the occurrence and development of HCC. Further in vitro and
in vivo experiments confirm that PDHB promotes tumor growth and
metastasis, indicating that PDHB is a potential oncogene. This suggests that
PDHB is not only a biomarker for HCC progression but also a potential
therapeutic target. Although few studies have pointed out that high
expression of PDHB can inhibit the growth of tumor cells, such as Wang
et al. finding that MEG3 can induce ER stress by upregulating PDHB,
thereby inhibiting the proliferation and invasion of colorectal cancer cells30.
Regardless, these studies indicate that PDHBmay be a potential biomarker
for pan-cancer prognosis, with different transcriptional and protein
expression profiles,mechanisms, and functions in different types of tumors.

Mechanistically, our researchhas revealed a strong correlationbetween
high expression of PDHB and the resistance of HCC to sorafenib. Specifi-
cally, overexpression of PDHBdecreases the sensitivity ofHCC to sorafenib
and increases drug resistance. PDHB promotes the transcription of
glycolysis-related genes SLC2A1, GPI, and PKM2 by binding to their pro-
moters, leading to metabolic reprogramming in HCC. However, we also
observed that sorafenib appears to inhibit the expression of PDHB and
glycolysis-related genes to some extent, and the impact of PDHB over-
expressiononglucosemetabolism is suppressedduring sorafenib treatment,
while the effect of PDHB knockdown on metabolism is more pronounced
during sorafenib treatment. We guess that these different biological effects
may be due to varying time points and drug dosages. At the initial stage of
treatment, a certain duration and dose of sorafenib might inhibit the
expression of oncogenes (such as PDHB) by regulating other regulatory
factors or signaling pathways, altering the metabolism of tumor cells. With
the accumulationof dosage and the extensionof time, a subset of cancer cells
may enter a “persistent state” under drug pressure. This process not only
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affects the energy metabolism of tumor cells but may also change the
intracellular environment, affecting drug metabolism and mechanisms of
action, further exacerbating the development of drug resistance. Alter-
natively, there may be compensatory mechanisms present in HCC, where
the inhibitory effect of sorafenib on PDHB and glycolysis-related gene
expression represents a complex feedback regulation mechanism aimed at

suppressing the formation of resistance. Knockdown of PDHBmay disrupt
the metabolic balance within the cells, increasing their sensitivity to sor-
afenib and making the changes in glucose metabolism more pronounced.
Additionally, the cellular environment andheterogeneitymay also influence
the experimental results. The HCC sorafenib-resistant cell lines and the
non-induced HCC cells used in this study, as different cellular

Fig. 5 | HY-N0022 inhibits HCC sorafenib resistance and tumor progression by
targeting PDHB. A Computer Virtual Docking Combination of Isoacteoside and
PDHB.B Binding site of Isoacteoside to PDHB.CWBwere used to detect the effects
of Isoacteoside on PDHB expression in HCC cells.D,HCytotoxicity assay was used
to detect the IC50 of HepG2 and SMMC7721 after HY-N0022 treatment. E, I The
effect of HY-N0022 on sorafenib resistance of HCCwas detected. F, JCCK8 analysis
was used to detect the effect of HY-N0022 onHCC cell proliferation.G,KTranswell

assay was used to detect the effect of HY-N0022 on the invasion ability of HCC
cells. Scale bar = 200 μm. L, O RT-PCR to detect the effect of HY-N0022 on the
EMT ability of HCC cells. M, N, P, Q The effects of HY-N0022 on tumor growth
was evaluated in vivo. R, S RT-PCR was used to detect the effects of HY-N0022
treatment on PDHB and glycolysis-related genes. Data are presented as means ±
standard deviation from three independent experiments; *P < 0.05,
**P < 0.01, ***P < 0.001.
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subpopulations, may exhibit varying responses to PDHB expression and
sorafenib treatment. In summary, these seemingly conflicting experimental
results may not be theoretically contradictory but rather reveal a more
complex molecular regulatory network and drug action mechanisms that
warrant further investigation.

Notably, our study also found that PDHB is widely localized in the
cytoplasm and translocates to the nucleus upon sorafenib stimulation. This
phenomenon suggests that PDHB may play an important role in tran-
scriptional regulation. Through CHIP experiments, we further confirmed
that PDHB binds to the promoters of glycolytic genes SLC2A1, GPI, and
PKM, promoting their transcription, which provides strong support for the
role of PDHB as a transcription factor.

Moreover, studies have shown that the E1α subunit encoded by the
PDHB gene is the active center of pyruvate dehydrogenase complex
(PDHc), responsible for catalyzing the oxidative decarboxylation of
pyruvate. The expression level and function of PDHB directly affect the
overall catalytic activity of the PDH complex. The absence or dysfunction
of PDHB can lead to reduced PDH activity, thereby affecting energy
metabolism31. However, there is still controversy about the relationship
between PDH activity and sugar metabolism and tumor progression.
Some studies believe that PDH is a key enzyme in the glycolysis pathway,
responsible for converting pyruvate into acetyl-CoA, which then enters
the tricarboxylic acid (TCA) cycle. A decrease in PDH activity may
promote glycolysis, providing energy and biosynthetic precursors for
tumor cells. And reduced PDH activity may be related to tumor inva-
siveness, metastasis, and drug resistance32,33. Conversely, other studies
indicate that PDH activity is higher in tumor cells, and PDH inhibitors
could serve as new therapeutic targets for cancer treatment34. However,
we are more interested in the new mechanism of PDHB, which acts as a

transcription factor independently of PDH enzyme activity, affecting the
transcription and expression of downstream genes. Overall, this dis-
covery challenges the traditional understanding of PDHB function,
suggesting its potential role in the regulation of tumor metabolism and
the development of drug resistance. Of course, the broader functions and
mechanisms of PDHB still need further exploration. Future research can
focus on the role of PDHB in different types of cancer, its interaction with
other metabolic pathways, and its regulatory mechanisms in the tumor
microenvironment. This will help to deepen the understanding of the
multiple roles of PDHB in cancer biology and provide a theoretical basis
for the development of new treatment strategies.

Finally, we found that Isoacteoside can target and inhibit the
expression of PDHB. Isoacteoside, a dihydroxyphenylethyl glycoside, is
a major bioactive component found in plants such as Forsythia sus-
pensa, Cistanche deserticola, and Plantago asiatica. Its primary phar-
macological effects include enhancing physical strength, combating
fatigue, immune regulation, antioxidant activity, antibacterial proper-
ties, and protective effects on the nervous and cardiovascular systems.
Its functions involve a variety of complex mechanisms such as free
radical scavenging, modulation of inflammatory pathways, regulation
of energy sensing pathways, and cell cycle control22,23,35. In recent years,
studies have found that isoacteoside has the ability to inhibit the
proliferation of tumor cells, such as ovarian cancer24. However, the
efficacy and mechanism of Isoacteoside in the treatment of HCC are
rarely explored. Here, we propose the antitumor activity of Isoacteoside
in HCC and preliminarily explore its therapeutic effects when used in
combination with sorafenib. We found that HY-N0022 can target
PDHB to inhibit sorafenib resistance and tumor progression in HCC.
Moreover, the combination of HY-N0022 with sorafenib significantly

Fig. 6 | The combination of isoacteoside and sorafenib significantly increased the
therapeutic efficacy of HCC. A, C CCK8 analysis was used to detect the effects of
HY-N0022, sorafenib monotherapy and combination treatment on HCC cell pro-
liferation.B,D Flow cytometrywas used to detect the effects ofHY-N0022, sorafenib

monotherapy and combination treatment on apoptosis ofHCC cells.E,FThe effects
ofHY-N0022, sorafenibmonotherapy and combination treatment on tumor growth
in vivo. Data are presented as means ± standard deviation from three independent
experiments; *P < 0.05, **P < 0.01, ***P < 0.001.
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enhances the therapeutic effect of sorafenib monotherapy. Addition-
ally, HY-N0022 demonstrates good biological safety. These findings
suggest that Isoacteoside holds great potential in the treatment of HCC,
both as a standalone therapy and in combination with other treat-
ments, warranting further investigation. Therefore, future research
should delve into the biological activity of Isoacteoside in targeting
PDHB and its antitumor activity in tumor treatment, including HCC,
providing new insights for the development of targeted and combi-
nation therapies for HCC. This research may also lay the groundwork
for clinical trials and the promotion of Isoacteoside.

In summary, tumor drug resistance is currently one of the most
important and challenging issues in cancer treatment. Understanding the
mechanisms of tumor drug resistance is crucial for overcoming drug
resistance and exploring new treatment strategies. This study reveals the
important role of PDHB in sorafenib resistance and tumor progression in
HCC, and proposes PDHB-based targeted therapy and combination
antagonism strategies. These findings not only provide new molecular
targets andbiomarkers for the treatment ofHCC, but alsoprovide new ideas
and pathways for clinical diagnosis and treatment.

Methods
Clinical tissue specimens
HCC cancer tissues and adjacent tissues from 30 HCC patients (from
August 2020 to August 2022) who underwent surgical resection at the First
Affiliated Hospital of XinxiangMedical College were collected. None of the
patients received chemotherapy or radiotherapy before surgery, and the
excised tumor tissues were confirmed by at least two pathologists. Informed
consent was obtained from each patient, and the study protocol was
approved by the Ethics Committee of Xinxiang Medical University
(Number:XYLL-2020653,Date: 2020.08.01).All ethical regulations relevant
to human research participants were followed.

Cell lines
The human hepatocellular carcinoma cell lines HepG2 (#CBP60199,
COBIOER) and SMMC-7721 (#CBP60210, COBIOER) and the mouse
hepatomacell lineHepA1-6 (#CBP60574,COBIOER)werepurchased from
Nanjing Cobioer Biosciences Co., Ltd. Cells were authenticated by STR
profiling and tested for mycoplasma contamination. The HCC cell lines
were cultured in Dulbecco’s Modified Eagle Medium (DMEM, #12100,
Solarbio) supplemented with 10% fetal bovine serum (FBS, #P08X20,
Kamplai) and 100U/ml of penicillin/streptomycin (#C100C5, New Saemai
BiotechnologyCo., Ltd.). The cells weremaintained at 37 °C in a humidified
atmosphere containing 5% CO2.

RNA extraction and real-time quantitative PCR (qRT-PCR)
Total RNA was extracted using TRIzol reagent (# R401-01, Vazyme), and
the reverse transcription reaction was performed with HiSCRIPTR II Q RT
SuperMix (#R223-01, Vazyme). qRT-PCR analysis was performed using
HiSCRIPTR Universal SYBR qPCRMaster Mix (#Q511-02, Vazyme) on a
Pikorea196 Real-Time PCR machine (Thermo). Gene expression levels
were normalized to β-actin, and the 2−ΔΔCt method was employed for cal-
culating fold changes. Each experiment was independently replicated three
times independently. The sequences of primers used are listed in Supple-
mentary Information Table 1A.

Western blot (WB)
Total protein extraction was performed using RIPA buffer (#R0020,
Solarbio). The lysates were then mixed with 5x protein loading buffer
(#WB2001, New Saimet Biotech LTD.) and denatured at 95 °C for 10min.
Proteins were separated on an 8% to 12% sodium dodecyl sulfate (SDS)-
polyacrylamide gel and subsequently transferred onto a PVDF membrane
(#IPVH00010, Millipore). The membrane was blocked with blocking
solution (#P0252, Beyotime) for 2 h at room temperature. Primary anti-
bodies were applied and incubated overnight at 4 °C according to the pro-
vided instructions. Following this, the membrane was treated with an

appropriate HRP-conjugated secondary antibody and developed using an
enhanced chemiluminescence kit (#KE0101, Kemix). ECL signals were
detected with a GE Amersham Imager 680. Antibodies used included anti-
β-actin (AB0035, 1:1000, Abways), anti-PDHB (#14744-1-AP, 1:1000,
Proteintech), anti-PCK1(CY8626, 1:1000, Abways), anti-SLC2A1(CY8069,
1:1000, Abways), anti-GPI (CY8078, 1:1000, Abways), anti-PFKL (CY8047,
1:1000, Abways), anti-ALDOA (CY7206, 1:1000, Abways), anti-GAPDH
(AB0037, 1:1000, Abways), anti-PGK1(CY5536, 1:1000, Abways), anti-
ENO1(CY5106, 1:1000, Abways), anti-HK2 (HA500186-50, 1:1000, Hua-
Bio), anti-PKM2 (CY5764, 1:1000, Abways), anti-LDHA(3582S, 1:2000,
Cell Signaling Technology), and anti-rabbit IgG (#P03802M, 1:5000,
Kimplai).

Plasmid construction and cell transfection
ThePDHBcoding sequencewas cloned into the pHBLVvector to construct
the PDHB overexpression plasmid (pHBLV-PDHB) (Supplementary
Information Table 1B). The mouse PDHB overexpression plasmid (M-
pCDH-PDHB) and the human PDHB overexpression plasmid with a GFP
tag (H-pCDH-EGFP-PDHB) were purchased from YiXueSheng Bios-
ciences Inc (Shanghai, China). Using OligoEngine software, we designed
three shRNAs targeting PDHB for both human andmouse (Supplementary
Information Table 1C) and cloned into the pLKO.1 vector to create the
PDHB knockdown plasmids (pLKO.1-sh-PDHB) for human and mouse.
All plasmid sequences were confirmed by DNA sequencing. Plasmids were
transfected into cells using PEI Transfection Reagent (#23966-1, Poly-
sciences) according to the manufacturer’s protocol. Subsequently, trans-
duced cells were treated with 2 μg/ml puromycin (#ST551, Beyotime) to
generate stable PDHB knockout cell lines. At 48 h post-transfection, gene
overexpression or silencing effects were assessed at both the mRNA and
protein levels.

Cell proliferation and colony formation assays
Cell proliferation was assessed using the CCK-8 colorimetric assay
(#B34304, Bimake). Cells were seeded at 1 × 103 cells/well in 96-well plates
and incubated at 37 °C with 5% CO2 for 24, 48, 72, or 96 h. At specific time
points, 10 μL of CCK-8 solution was added to each well and further incu-
bated for 2 h. Absorbance wasmeasured at 450 nm using aMultiskanMK3
microplate reader (Thermo).

For the colony formation assay, cells fromvarious groupswere counted
and seeded at 500 cells per well in 6-well plates with complete medium
containing 10% FBS. After 14 days of culture, the cells were fixed with 4%
paraformaldehyde (#SLI830, Coolaber) and stained with 0.1% crystal violet
(#G1062, Solarbio). Images were captured using a Leica DMI8 light
microscope, and colonies in 5 randomly selected fields were counted for
quantification.

Immunofluorescence (IF)
After a 48-hour treatment with sorafenib, the round coverslip was per-
formed. The following day, the culture medium was discarded, and the
cells were washed three times with PBS. They were then fixed with 4%
paraformaldehyde for 20min. After removing the fixation solution, the
cells were washed three times and permeabilized with 0.3% Triton X-100
for 2 min, followed by another wash. The cells were then blocked with 3%
BSA at room temperature for 1 h before being incubated overnight at
4 °C with anti-PDHB antibody (#14744-1-AP, Proteintech, 1:300). After
the incubation, the cells were washed with PBST and incubated with a
Cy3 conjugated Donkey Anti-Rabbit IgG (#GB21403, Servicebio, 1:800)
at room temperature for 1 h. Following another wash, the cells were
stained with DAPI and images were taken using a Leica DMI8 fluores-
cence microscope. Finally, the images were merged using ImageJ
software.

Transwell assay
Transwell assay was used to detect the invasion of HCC cells according to
the manufacturer’s instructions. In brief, 1 × 105 cells were suspended in
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serum-free medium and placed into the upper compartment of the
Transwell chamber (#3422, Costar). The lower chamber was filled with
culture medium containing 20% FBS to serve as a chemoattractant. Fol-
lowing a 28-h incubation at 37 °C, non-invading cells were removed from
the upper surface of the membrane using a cotton swab. Cells that had
migrated to the lower surface were fixed with 4% paraformaldehyde and
stained with 0.1% crystal violet. Images were captured with a Leica DMI8
light microscope, and invaded cells were counted in five randomly selected
fields for quantification.

RNA sequencing
HepG2 Sorafenib-resistant strain (HepG2-R) were transiently transfected
with the sh-PDHB plasmid. 48 h post-transfection, the cells were harvested,
and total RNA was extracted using Trizol reagent (Invitrogen, MA, USA),
followed by quantification with a NanoDrop (Thermo Fisher Scientific,
USA). Then, the RNA samples were sent toOEBiotech Co., Ltd. (Shanghai,
China) for library construction and sequencing, followed by bioinformatics
analysis on the Illumina HiSeq X Ten platform. Raw data in fastq format
were processed using Trimmomatic to remove low-quality reads and gen-
erate clean reads, which were then mapped to the human genome
(GRCh38) using HISAT2. FPKM for each gene was calculated using cuf-
flinks, and gene read counts were obtained through HTSeq-count. Differ-
ential expression analysis was performedusing theDESeqR package,with a
significance threshold of P < 0.05 and a fold change cutoff of ≥2 or ≤0.5.
Hierarchical clustering analysis revealed expressionpatterns of differentially
expressed genes (DEGs) across the samples. GO term and KEGG pathway
enrichment analysis for DEGs was conducted using R, based on a hyper-
geometric distribution.

Chromatin immunoprecipitation (ChIP)
ChIP assays were carried out using the Hyperactive pG-MNase CUTan-
dRUN Assay Kit for PCR/qPCR (#HD101-01, Vazyme). Cell chromatin
complexeswere collected as per themanufacturer’s guidelines and analyzed
by qRT-PCR. The primer sequences are provided in Supplementary
Information Table 1D.

Virtual screening of small molecule drugs targeting PDHB
Virtual screening was performed using Schrödinger Maestro software
(version 11.4) to identify potential small molecule inhibitors targeting the
active sites of PDH β subunits. The PDH crystal structure (PDB ID:
3EXE) was obtained from the RCSB Protein Data Bank (http://www.rcsb.
org/). The PDHB protein structure was optimized using the Protein
Preparation Wizard module. Subsequently, Discovery Diversity Set 50
(DDS-50, comprising 50.2 K compounds) and MCE Bioactive Com-
pound Library Plus (12.2 K compounds) were screened against PDHB
using the Virtual Screening Workflow module in High-Throughput
Virtual Screening (HTVS) mode. Compounds demonstrating the highest
binding affinity to the PDHB active site were shortlisted as candidate
inhibitors.

Drug, cytotoxicity, and sorafenib resistance testing
Isoacteoside (#HY-N0022, MCE), Sorafenib (#HY-10201, MCE), and 2-
deoxy-D-glucose (2-DG, #HY-13966, MCE) were purchased from MCE
and dissolved in dimethylsulfoxide (DMSO, #D8371, Solarbio). These were
then further diluted to various concentrations in the medium. Cells, num-
bering ≥5 × 104, were seeded into each well of a 96-well plate with
approximately 100 μl of cell suspension. Replicates of 4–6were prepared for
each sample. To perform the cytotoxicity analysis, after cell attachment,
varying concentrations of drugs were administered. For detecting sorafenib
resistance, upon cell attachment, the medium was substituted with one
containing different concentrations of sorafenib. The cells were then incu-
bated at 37 °C. Post-treatment for the specified duration, 10 μL of CCK-8
solution was added to each well, and the plates were incubated at 37 °C for
2 h. Absorbance was measured at 450 nm using a Multiskan MK3 micro-
plate reader (Thermo).

Apoptosis analysis
An apoptosis assay kit (#E-CK-A211, Elabscience) was utilized for apoptosis
detection. Cells, prepared as single-cell suspensions, underwent FITC/PI
double staining for 15min at room temperature (25 °C). Analysis was
conducted using a BD FACS Calibur™ Flow Cytometer (#342975, BD
Biosciences), with FlowJo software (Tree Star, Ashland, OR) for data analysis.

Animal experiments
BALB/c nude male mice and C57BL/6 black male mice, both 5 weeks old,
were sourced from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. and housed under specific pathogen-free (SPF) conditions. All animal
experimental protocols were reviewed and approved by the Animal Care and
Use Committee of Xinxiang Medical University (approval number: XYLL-
2020653, date: 2020-08-01), and we have complied with all relevant ethical
regulations for animal use. In animal experiments, the tumor was excised
before reaching a maximum volume of 2000mm³. We ensured that the
maximum allowed tumor volume was not exceeded during the experiment.

In subcutaneous tumorigenesis experiments, 5 × 106 SMMC7721 cells
with either control vectors (pHBLV or pLKO.1) or modified for PDHB
overexpression (PDHB) or knockdown (sh-PDHB) were subcutaneously
injected into BALB/c nude mice (n = 6). After 4–6 weeks, the mice were
euthanized under deep anesthesia, and the tumor were excised, weighed,
measured, and photographed.

For the in vivo metastasis experiment, 2.0 × 105 HepA1-6-luciferase
cells with stable overexpression of PDHB (PDHB) or knockdown (sh-
PDHB), or control groups (pCDH or pLKO.1) were injected into mice via
the tail vein. After injecting the substrate (D-arginine) and anesthetizing
with isoflurane, thefluorescence detection ofmice bearingHepA1-6 tumors
was monitored using an in vivo imaging system. Data were analyzed using
LivingImage software. Finally, the tumor metastatic tissues were fixed with
10% neutral formalin or stored at −80 °C for subsequent analysis.

For HY-N0022 drug toxicity assessment experiment, C57BL/6 mice
were divided into 2 groups (n = 4) to evaluate the toxic side effects of the
small molecule drug. One group received saline solution, while the other
group received HY-N0022 at a dose of 30mg/kg via intraperitoneal injec-
tion for two weeks, with the initial dose being doubled. Body weight was
recorded every two days, and the overall condition of the mice (including
food intake, water consumption, and activity level) was monitored daily.
After 2 weeks, the mice were euthanized under deep anesthesia, and liver
and kidney tissues were fixed in 4% paraformaldehyde, while plasma
samples were quickly frozen at−80 °C for subsequent biochemical analysis.

For the antitumor activity evaluation of smallmolecule drugs, 1.2 × 106

HepA1-6 cells were injected subcutaneously into C57BL/6 mice (n = 6).
Upon reaching a tumor volume of ~50 mm3, mice were allocated into four
groups for a 2-week treatment with either normal saline, HY-N0022
(30mg/kg), sorafenib (30mg/kg), or a combination of both drugs, all
administered via intraperitoneal injection. Tumor volume and body weight
were recorded every 2 days. After 2 weeks, the mice were euthanized under
deep anesthesia, and the tumors were processed as described above. Tumor
volume (V) was calculated using the formula: V = (Length ×Width2) × 0.5.
Tumor tissues were either fixed with 4% paraformaldehyde or snap-frozen
at −80 °C for further analysis.

Hematoxylin and Eosin staining (HE) and
immunohistochemistry (IHC)
The procedure was performed as previously described36. Briefly, tissues
obtained from animal experiments (lung tissues with tumor metastasis and
liver and kidney tissues from drug treatment) were fixed in formalin, pro-
cessed through a graded series of ethanol and xylene, and then paraffin-
embedded. Finally, sections (3 μm) were cut and mounted on slides. The
sections were dewaxed, rehydrated, and treated with 3% H2O2.

For HE staining, the sections were stained with hematoxylin (Servi-
cebio, G1076) for 5–10min, rinsed, and quickly differentiated in acidic
alcohol. Theywere then stainedwith eosin for 2–5min, dehydrated through
a series of ethanol washes, and treated with xylene.
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For IHC staining, the sections were incubated with 5% bovine serum
albumin (BSA) blocking solution at room temperature for 30min. Then, a
diluted primary antibody was added and incubated overnight at 4 °C. After
washing the sections three timeswith PBS, a secondary antibody was added
and incubated at room temperature for 1 h. The sections were washed three
times with PBS again. After adding the chromogenic substrate, a mounting
medium was applied, and coverslips were placed on top, allowing them to
dry. Finally, a neutralmountingmediumwas applied, and the sections were
visualized, and images were captured using an Olympus microscope.

Biochemical tests
Blood specimens were collected using heparin anticoagulant tubes and
centrifuged at 3000 rpm for 15minwithin 30minof collection,maintaining
a temperature of 2–8 °C.The supernatantwas thenpromptly analyzedusing
the Chemray 800.

Bioinformatics analysis
The analysis of PDHB expression between normal tissues and tumor tissues
was completed by tumor immune estimation resource, version 2
(TIMER2.0, http://timer.cistrome.org/)37. We also integrated the normal
samples from GTEx with tumor sample from TCGA38 to confirm PDHB
expression in several tumors. The gene expression profile and correlation
analysis of PDHB, and their correlationwithprognosis inHCCpatientswas
predicted with the help of the GEPIA database (http://www.gepia.cancer-
pku.cn/)39 and UALCAN40 database. The Protein-protein interaction net-
work (PPI) is constructed using STRING41.

Statistics and reproducibility
All statistical analyseswere performedusing Prism9.0 (GraphPad Software,
La Jolla, CA, USA) software. The two-tailed students t-test was used for
comparison between the two groups. Kaplan–Meier analysis was used for
survival analysis. Spearman rank correlation analysis was used for correla-
tion between genes. All experiments were repeated 3 times, and the data
were expressed asmean ± standard deviation (SD), P < 0.05 was considered
statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001. All data were
collected from at least three independent experiments.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The RNA-seq data of the sorafenib-resistant cells are available at NCBI,
Biological Project Entry number (PRJNA1202723). The raw data for all the
figures in the manuscript can be found as Supplementary Data 1.
Uncropped Western blot images are available in the Supplementary
Information.Thedatasets used and/or analyzedduring the current study are
available from the corresponding author upon reasonable request. A report
summary of the study is also provided as a supplementary file.
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