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Abstract: Background: To investigate the therapeutic potential of cirsiliol in hepatocellular carcinoma (HCC), focus-
ing on its impact on glutamine metabolism. Methods: HCC cell lines HCCLM3 and Huh7 were treated with cirsiliol, 
and cell viability and proliferation were assessed using CCK-8 assay. Intracellular concentrations of glutamine, 
α-ketoglutaric acid (α-KG), and adenosine triphosphate (ATP) were measured to evaluate glutamine metabolism. A 
xenograft tumor model was employed to examine the in vivo effects of cirsiliol. Additionally, network pharmacologi-
cal analysis was used to identify potential targets of cirsiliol in HCC. Western blotting was conducted to analyze the 
modulation of the PI3K/AKT signaling pathway by cirsiliol. Results: Cirsiliol significantly inhibited HCC cell growth 
both in vitro and in vivo while reducing levels of glutamine, α-KG, and ATP, indicating suppression of glutamine me-
tabolism. Activation of the PI3K signaling pathway reversed the inhibitory effects of cirsiliol on HCC cell growth and 
metabolism. Conclusion: Cirsiliol suppresses glutamine metabolism and inhibits the growth of HCC cells by modulat-
ing the PI3K/AKT signaling pathway.
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Introduction 

Cancer cells undergo metabolic reprogram-
ming to adapt their metabolic processes, en- 
suring sufficient energy supply, building blocks 
for biosynthesis, redox balance, and rapid cell 
division [1, 2]. A hallmark of this reprogram-
ming is dysregulated glucose metabolism, com-
monly observed in many cancers. Cancer cells 
exhibit increased glucose uptake compared to 
normal cells, with the majority of glucose con-
verted into lactate and secreted, bypassing the 
tricarboxylic acid (TCA) cycle, a phenomenon 
known as the Warburg effect [3]. Consequently, 
in rapidly proliferating cancer cells, this altered 
glucose metabolism often fails to produce ade-
quate ATP or intermediates for anabolic pro-
cesses [4].

Glutamine, the most abundant amino acid in 
mammals, serves as an alternative energy 
source. Cancer cells exhibit an increased de- 
pendency on glutamine, enhancing its turnover 

to meet bioenergetic and biosynthetic demands 
for sustained growth [5]. This reliance on gluta-
mine metabolism is a strategic adaptation to 
support rapid proliferation. Glutamine is trans-
ported into cells via the alanine-serine-cysteine 
transporter 2 (ASCT2) and catabolized to gluta-
mate in the mitochondria by glutaminase (GLS) 
[6]. Glutamate is then converted into α-KG, pri-
marily by glutamate dehydrogenase 1 (GLUD1), 
a critical step for fueling the TCA cycle and ATP 
production [7]. Furthermore, glutamine serves 
as a nitrogen donor for nucleotide and amino 
acid synthesis, essential for DNA replication 
and protein production. Additionally, it contrib-
utes to the synthesis of glutathione, a tripeptide 
vital for protecting cells against oxidative stress 
and maintaining redox balance [8, 9].

Cirsiliol, a natural flavonoid extracted from 
plants, is recognized for its diverse biological 
activities, particularly its anti-tumor effects, 
which have attracted significant research at- 
tention [10-12]. For example, cirsiliol inhibits 
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the proliferation of methotrexate-resistant os- 
teosarcoma cells and induces apoptosis by tar-
geting the AKT pathway. This action reduces 
AKT phosphorylation, thereby enhancing the 
transcriptional activity of the forkhead box O 
transcription factor 1 (FOXO1) [13]. Additionally, 
cirsiliol inhibits TYK2 kinase activity, leading to 
decreased phosphorylation of the substrate 
protein STAT3. This reduction diminishes STAT3 
nuclear translocation and the transcription of 
downstream oncoproteins [14]. These findings 
highlight cirsiliol’s potential as an anti-tumor 
agent. However, its role in hepatocellular carci-
noma (HCC) remains unclear, and its involve-
ment in aberrant glutamine metabolism in can-
cer has not been elucidated. This study aimed 
to investigate the effects of cirsiliol on HCC 
growth and glutamine metabolism.

Materials and methods

Cell culture 

The HCC cell lines HCCLM3 and Huh7 were 
obtained from the Cell Bank of the Committee 
on Type Culture Collection, Chinese Academy of 
Sciences. Cells were cultured in high-glucose 
Dulbecco’s Modified Eagle Medium (DMEM; 
Gibco), supplemented with 10% fetal bovine 
serum (FBS), at 37°C in a humidified incubator 
with 5% CO2. For in vitro experiments, cirsiliol 
(HY-110399, MCE, USA) and the PI3K activator 
740Y-P (HY-P0175, MCE, USA) were adminis-
tered at concentrations of 20 µM and 15 µM, 
respectively, in the culture medium for the indi-
cated durations or 24 hours.

Cell viability 

Cell viability and proliferation were evaluated 
using the Cell Counting Kit-8 (CCK-8; Solarbio, 
China) and the Cell-Light EdU Apollo567 In Vitro 
Kit (RiboBio, China), following the manufactur-
ers’ instructions. For the CCK-8 assay, 10,000 
cells per well were seeded in 96-well plates and 
cultured in high-glucose DMEM with 10% FBS 
for the specified time. Afterward, 10 μL of 
CCK-8 reagent was added to each well, and the 
plates were incubated for 2 hours. Optical den-
sity (OD) at 450 nm was measured using a 
microplate reader (Model 680, Bio-Rad). For 
the EdU (5-ethynyl-2’-deoxyuridine) assay, cells 
were seeded into 96-well plates, fixed, and 
incubated with EdU reagent for 30 minutes. 
The cells were then permeabilized and stained 

with Apollo567 dye. Fluorescence images were 
captured using a fluorescence microscope 
(Leica, Germany).

Animal experiments

Animal studies were approved by the Animal 
Care and Use Committee of The First Affiliated 
Hospital of Ningbo University. Male BALB/c nu/
nu mice, six weeks old and weighing approxi-
mately 18 g, were randomly assigned to groups 
before inoculation. The mice were housed in  
a standard laboratory environment with free 
access to food and water, under a 12-hour 
light/dark cycle. All procedures were conducted 
under sterile conditions.

To establish subcutaneous tumor models, 5 × 
106 HCCLM3 cells suspended in 100 μL of 
phosphate-buffered saline (PBS) were injected 
subcutaneously into the flanks of the mice. 
Tumor size was measured using a digital cali-
per, and volume was calculated as: tumor vol-
ume = (length × width2)/2. When tumor vol-
umes reached approximately 100 mm3 (about 
7 days after inoculation), mice were random-
ized into experimental groups (n=5 per group) 
and received oral administration of cirsiliol (20 
mg/kg body weight) or PBS (control group) 
every three days for 18 days. At the end of the 
experiment, mice were euthanized by cervical 
dislocation, and tumor tissues were collected 
for imaging and further analysis.

Glutamine metabolism

The glutamine metabolism was assessed by 
measuring intracellular levels of glutamine, 
ATP, and α-ketoglutaric acid (α-KG). Glutamine 
uptake, consumption rates, and glutamate pro-
duction were quantified using the Glutamine 
Assay Kit (Abnova, Catalog No. KA1627) and 
Glutamate Assay Kit (Sigma, Catalog No. 
MAK004-1KT), following the manufacturers’ 
protocols.

For ATP measurement, cells grown in 24-well 
plates were washed with 500 μL of PBS and 
lysed using 250 μL of lysis reagent designed  
for luciferase assays (Promega, USA). Lysates 
were centrifuged at 13,000 g for 1 minute to 
separate cellular components. ATP content was 
quantified by mixing 50 μL of supernatant with 
50 μL of CellTiter-Glo reagent, followed by 10 
minutes of incubation in the dark. Luminescen- 
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ce was measured using a TECAN plate reader 
(China). For α-KG detection, the BC5425 α-KG 
Assay Kit (Sosarbio) was used according to the 
manufacturer’s protocol.

RNA extraction and quantitative real time PCR 
(qRT-PCR) assay

Total RNA was extracted using TRIzol reagent 
(Life Technologies, USA) following the manu- 
facturer’s instructions. RNA concentration was 
measured at 260 nm using the ND-100 
Nanodrop analyzer (Nanodrop Technologies, 
USA). Complementary DNA (cDNA) was synthe-
sized from 1 μg of RNA using SuperScript II 
reverse transcriptase and an Oligo (dT) primer 
(Invitrogen, USA). A total of 25 ng of cDNA in a 
10 μL reaction volume was subjected to qRT-
PCR using SYBR Green qPCR Master Mix 
(Applied Biosystems). Reactions were perform- 
ed in triplicate on the ABI 7500 Fast Real-Time 
PCR System. Gene expression levels were cal-
culated using the ΔΔCT method, with β-actin 
serving as the internal control.

Western blot assay

Cells were lysed in SDS-containing buffer with 
protease inhibitors (Roche, USA) for 30 min-
utes, followed by heating at 100°C for 10 min-
utes to denature proteins. Protein concentra-
tions were determined using the Bicinchoninic 
Acid (BCA) Assay Kit (Pierce, USA). For electro-
phoresis, 50 μg of protein per sample was 
resolved via SDS-PAGE and transferred onto 
PVDF membranes. Membranes were incuba- 
ted overnight at 4°C with primary antibodies 
against PI3K (1:2000, PA5-99518, Thermo, 
USA) and p-PI3K (1:2000, PA5-17387, Ther- 
mo, USA). Secondary antibodies, anti-rabbit 
(1:5000, ab6721, Abcam, USA) or anti-mouse 
(1:5000, ab6728, Abcam, USA), were applied 
the next day. Immunoreactive bands were  
visualized using an ECL detection system (GE 
Healthcare Bioscience, USA) as per the manu-
facturer’s guidelines.

Network pharmacological analysis

Effective drug components were retrieved from 
the TCMSP database using criteria of OB ≥ 30% 
(oral bioavailability) and DL ≥ 0.18 (drug-like-
ness). Targets were standardized and dedupli-
cated using the UniProt database, and gene 
name abbreviations were obtained. Disease-

associated targets were sourced from Gene- 
Cards, TTD, and OMIM databases, with dupli-
cate entries removed. Venn diagrams iden- 
tified intersecting targets between traditional 
Chinese medicine and disease-associated tar-
gets. Protein-protein interaction networks were 
constructed using the STRING database (spe-
cies: Homo sapiens, default parameters) and 
visualized in Cytoscape. Key targets were iden-
tified using degree centrality. GO (BP, CC, MF), 
KEGG, HALLMARK, and REACTOME enrichment 
analyses were conducted using the R package 
clusterProfiler, with a q-value <0.05 indicating 
significance. The top pathways were visualiz- 
ed, and protein-protein interaction networks 
were further analyzed using the R package 
STRINGdb.

Statistical analysis 

All statistical analyses were performed using 
GraphPad Prism 8.0 and SPSS 19.0. Differ- 
ences between the two groups were analyzed 
using the Student’s t-test, while one-way or  
two-way ANOVA was applied for comparisons 
among multiple groups. A p-value <0.05 was 
considered statistically significant.

Results 

Cirsiliol represses HCC growth and glutamine 
metabolism in vitro

HCCLM3 and Huh7 cells were treated with cirsi-
liol at a concentration of 20 µM for 24 hours, 
followed by assessments of cell viability and 
glutamine metabolism. As shown in Figure 1A 
and 1B, cirsiliol significantly inhibited cell pro- 
liferation and reduced the proportion of EdU-
positive cells. Cirsiliol treatment also elevated 
intracellular glutamine levels (Figure 1C) while 
reducing levels of glutamic acid (Figure 1D), 
α-KG (Figure 1E), and ATP (Figure 1F). 

Cirsiliol inhibits hcc growth in vivo

The effects of cirsiliol were further investigated 
using a xenograft tumor model. Administra- 
tion of cirsiliol significantly suppressed tumor 
growth and reduced tumor size (Figure 2A-C). 
Consistent with the in vitro results, cirsiliol 
treatment increased glutamine levels in tumor 
tissues (Figure 2D) and decreased glutamic 
acid (Figure 2E) and α-KG levels (Figure 2F).
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Network pharmacology analysis of cirsiliol’s 
target pathways in HCC

The TCMSP database identified 10 target genes 
for cirsiliol, including NOS2, SCN5A, PTGS2, F7, 
DPP4, PYGM, HSP90AB1, PRSS1, NCOA2, and 
CALM1 (Figure 3A). Searches in the Genecard, 
TTD, and OMIM databases identified 3,559, 
65, and 74 disease-associated targets, respec-
tively (Figure 3B). Intersection analysis revealed 
10 overlapping genes (Figure 3C). Enrichment 
analysis of these genes showed that cirsiliol 
targets cellular processes and signaling path-

ways associated with metabolism and oxygen 
response (Figure 3D, 3E). Protein-protein inter-
action (PPI) network analysis (Figure 3F) and 
subsequent GO and KEGG enrichment analysis 
highlighted terms such as regulation of cell 
death, apoptotic processes, phosphorylation, 
and MAPK signaling (Figure 3G, 3H).

Cirsiliol regulates glutamine metabolism in 
HCC through the PI3K signaling pathway

To explore how cirsiliol modulates glutamine 
metabolism in HCC cells, we investigated the 

Figure 1. Cirsiliol suppresses the in vitro growth and glutamine metabolism of hepatocellular carcinoma. A: Cell vi-
ability was measured by CCK-8 assay. B: Cell proliferation was determined by EdU assay. Scale bar: 20 µm. C-F: The 
intracellular levels of glutamine, glutamic acid, α-ketoglutaric acid, and adenosine triphosphate. **P<0.05.
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PI3K/AKT signaling pathway. HCC cells were 
exposed to a PI3K activator (740Y-P, 15 µM) 
and cirsiliol (20 µM) for 24 hours. The PI3K  
activator enhanced PI3K phosphorylation, an 
effect reversed by cirsiliol (Figures 4A and S1). 
Furthermore, the PI3K activator increased lev-
els of glutamic acid (Figure 4B), α-KG (Figure 
4C), and ATP (Figure 4D), suggesting a regula-
tory link between the PI3K/AKT pathway and 
cirsiliol-induced metabolic changes.

Cirsiliol represses proliferation of HCC through 
the PI3K signaling pathway

The CCK-8 assay demonstrated that the PI3K 
activator promoted the proliferation of endo-
thelial cells after 24 hours of treatment, an 
effect counteracted by cirsiliol (Figure 5A, 5B). 
Additionally, colony formation assays revealed 
that an ERK activator increased colony num-
bers, which were significantly reduced by sub-
sequent cirsiliol treatment (Figure 5C).

Discussion 

HCC represents the sixth most common cancer 
and the third leading cause of cancer-related 
mortality worldwide. It remains a significant 
public health challenge, with a shifting epide-
miological landscape. Non-viral causes of liver 

disease have emerged as key risk factors for 
HCC, emphasizing the need for updated pre-
vention and treatment strategies. In this study, 
we demonstrated that cirsiliol is a promising 
therapeutic agent for HCC. Cirsiliol treatment 
significantly suppressed HCC cell proliferation 
while inhibiting glutamine metabolism and 
reducing the production of glutamic acid and 
ATP.

Cancer is characterized by extensive metabolic 
reprogramming, with tumor cells often redirect-
ing tricarboxylic acid (TCA) cycle precursors to 
synthesize nucleic acids, lipids, and proteins. 
This metabolic shift depletes TCA cycle inter-
mediates and impairs mitochondrial function. 
To compensate, tumor cells adopt alternative 
strategies, including the enhanced utilization of 
glutamine [15, 16]. Glutamine is a pivotal 
metabolite that replenishes the TCA cycle 
through its conversion to α-ketoglutarate, pro-
viding energy and essential substrates for the 
synthesis of purines, pyrimidines, and the hex-
osamine pathway. Tumor cells’ reliance on glu-
tamine is critical for maintaining TCA cycle func-
tion, energy production, biomolecule synthesis, 
and redox homeostasis. For example, gluta-
mine metabolism is essential for the viability of 
endometrial cancer cells [17]. Once transport-
ed into cells, glutamine is converted by gluta-

Figure 2. Cirsiliol inhibits the in vivo growth of hepatocellular carcinoma cells. An Ishikawa cell xenograft tumor 
model was established. A-C: Tumor growth curve and tumor size are presented. D-F: The levels of glutamine, glu-
tamic acid, and α-ketoglutaric acid, in tumor tissues are shown. **P<0.05.
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Figure 3. Network pharmacology analysis of potential signaling pathways targeted by cirsiliol in hepatocellular carcinoma. (A) The target genes of cirsiliol were 
screened using the TCMSP database. (B) Venn diagrams were constructed to map the target genes of HCC from Genecard, TTD and OMIM databases. (C) Venn dia-
grams were drawn to illustrate the intersection of standardized disease-associated targets with traditional Chinese medicine targets. (D) DO and (E) KEGG analysis 
of the 10 intersected genes. (F) PPI network of the 10 genes. (G) GO and (H) KEGG analysis of PPI network. 
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minase (GLS) into glutamate and ammonia. 
Glutamate is subsequently transformed into 
α-ketoglutarate by glutamate dehydrogenase 
(GDH), fueling the TCA cycle [18].

In this study, we observed that cirsiliol treat-
ment downregulated the phosphorylation of 
PI3K. Network pharmacological analysis also 
highlighted the role of metabolic pathways in 
cirsiliol-treated HCC cells. Previous research 
has shown that cirsiliol inhibits proliferation 
and induces apoptosis in various cancers [11-
14], but its impact on cancer cell metabolism 
remains poorly understood. Our findings reveal, 
for the first time, that cirsiliol alters glutamine 
metabolism in HCC cells. Furthermore, we in- 
vestigated the molecular mechanisms underly-
ing this effect.

The PI3K signaling pathway is a key regulator of 
cancer cell metabolic reprogramming, particu-
larly glutamine metabolism [19]. When activat-

ed, this pathway promotes glutamine uptake 
and utilization, which are critical for cancer cell 
proliferation and survival [20, 21]. The PI3K/
Akt axis enhances the expression of glutamine 
transporters and glutaminase activity, driving 
glutamate production to fuel the TCA cycle and 
support the biosynthesis of nucleotides, lipids, 
and proteins [22]. Additionally, the PI3K path-
way contributes to redox balance by regulating 
glutathione production, a vital antioxidant in 
cancer cells [23, 24]. Therefore, targeting the 
PI3K pathway could disrupt cancer-specific glu-
tamine metabolism and serve as a therapeutic 
strategy. Previous studies have shown that cir-
siliol modulates various signaling pathways, 
including PI3K/Akt, STAT3, and NF-κB, to inhibit 
cancer cell proliferation and metastasis [10, 
12, 13]. 

In conclusion, our research demonstrates that 
cirsiliol effectively inhibits both the growth and 
glutamine metabolism of HCC cells. Further- 

Figure 4. Cirsiliol modulates glutamine metabolism in hepatocellular carcinoma via the PI3K signaling pathway. A: 
Protein levels of total and phosphorylated PI3K were detected. B-D: The levels of glutamic acid, α-KG, and ATP in 
endothelial cells were measured. **P<0.05 vs cont, ^^P<0.05 vs 740Y-P. 
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more, we identified the PI3K signaling pathway 
as a critical mediator of these effects. These 
findings provide new insights into the potential 
use of cirsiliol as a therapeutic agent for cancer 
treatment.
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Figure S1. Quantification of phosphorylated PI3K level in HCCLM3 and Huh7 cells.


