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Abstract

Background: Hepatocellular carcinoma (HCC) is as the most frequently observed histological subtype among primary liver malignan-
cies. While quercetin (QT) shows potential antitumor activity, its preclinical anti-HCC effects and safety (especially in animals) remain
unclear. Most existing studies use single methods (e.g., individual animal or in vitro assays), which compromises the reliability of the
conclusions. This study’s novelty lies in its use of a combined approach—integrating meta-analysis to quantify efficacy and network
pharmacology to explore mechanisms, with experimental validation—to address this research gap. This work explores QT’s preclinical
anti-HCC effects and adverse effects using this integrated approach. Methods: We collected literature on the treatment of HCC with
QT from January 2000 to August 2024. Nine articles meeting the requirements were included in the current study. Subsequent to this, a
meta-analysis was conducted, with further validation via network pharmacology approaches and experimental assays. Results: A meta-
analysis found that QT significantly inhibited HCC growth (reduced tumor volume/weight) and reduced mortality in tumor-bearing mice,
with no significant effect on body weight. Network pharmacology identified protein kinase B alpha (AKT1) and the phosphoinositide
3-kinase (PI3K)/AKT pathway as potential therapeutic targets. Finally, the aforementioned conclusions were further verified through
experimental validation. Conclusion: Preclinically, QT effectively inhibited HCC growth and reduced mortality in tumor-bearing mice
without affecting body weight, likely via the PI3K/AKT pathway (targeting AKT1). Our study results furnish preliminary evidence
for QT as a promising candidate for HCC adjuvant treatment, supporting its further evaluation in clinical trials. Limitations include
reliance on preclinical data; thus, the translational value needs clinical validation, and the underlying mechanisms require more in-depth
investigation.
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1. Introduction
Globally, hepatocellular carcinoma (HCC) ranks sixth

among the most common cancers and third as a major
cause of cancer-related fatalities, accompanied by a consid-
erable number of new diagnoses and deaths each year [1–
3]. Surgery is the main therapeutic modality for HCC pa-
tients at the early clinical stage. After radical surgical resec-
tion or interventional therapy, roughly 40% of patients at-
tain 5-year survival, with 50–70% experiencing recurrence
or metastasis [4]. Due to the insidious onset, long latency,
rapid progression, and high malignancy of HCC, most pa-
tients are identified at advanced HCC, ultimately resulting
in poor prognosis [5]. Accordingly, identifying novel ther-
apeutic agents or molecular targets for HCC treatment has
become an urgent priority.

Statistics indicate that the compounds isolated from
traditional chinese medicine (TCM) can be utilized for the
treatment of liver cancer and, moreover, can help reduce cy-
totoxicity as well [6,7]. Research within the framework of
TCM has established the flavonoid quercetin (QT), which
is a kind of flavonoid that exists in fruits, vegetables, and
plants [8]. QT was chosen for three primary advantages
in HCC research over other flavonoids with antitumor po-
tential, such as rutin and apigenin. First, its superior oral
bioavailability and liver-targeting capabilities are critical
for HCC treatment, as many flavonoids are limited by low
bioavailability [9]. Second, QT has stronger inhibitory
effects on the proliferation and metastasis of HCC cells
and lower toxicity to normal hepatocytes [9]. Third, its
well-documented “multi-pathway regulation” (e.g., target-
ing oxidative stress, angiogenesis) matches HCC’s complex
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Fig. 1. Flow diagram of the identified, included, and excluded studies. QT, quercetin.

pathogenesis, an advantage that single-target flavonoids
lack [10]. QT exerts anticancer activities via a variety of
cellular pathways, such as oxidative stress and apoptosis.
Its effects also extend to regulating angiogenesis, suppress-
ing proliferation, and mediating tumor necrosis factor path-
ways to inhibit tumor growth. QT has been widely re-
searched in preclinical studies on malignant tumors, includ-
ing cancer, breast, lung, and prostate cancers [11–14].

Two critical limitations hinder QT’s translational re-
search for HCC. First, current evidence on QT’s efficacy
and safety for HCC is unreliable because there is only a
small number of preclinical studies, and the results have
been inconsistent due to different experimental models and
dosages. Second, current research primarily focuses on
single molecular targets or signaling pathways, failing to
systematically clarify QT’s inherent “multi-target, multi-
pathway” regulatory mechanism in the context of HCC
[10].

To address these gaps, meta-analysis and network
pharmacology can be combined, yet their integration re-
mains rare in research on natural compounds for HCC.
Meta-analysis synthesizes data across multiple studies to
confirm QT’s efficacy and safety, while network phar-
macology is used to analyze the underlying mechanisms.
However, each approach has limitations when used in isola-
tion: meta-analysis can verify efficacy but fails to elucidate
the underlying mechanistic pathways, whereas network
pharmacology enables mechanistic prediction but lacks ad-
equate empirical validation. To overcome these limita-
tions, we propose an integrated “validation–prediction–
validation” framework, which sequentially applies meta-

analysis to confirm efficacy, network pharmacology to
predict mechanisms, and in vivo experiments to validate
these mechanisms. This integrated design fills the existing
methodological gap in current research.

This design is specifically tailored to tackle the iden-
tified gaps: meta-analysis addresses the inconsistency of
small-sample studies to clarify efficacy/safety, while net-
work pharmacology-based strategies combined with exper-
iments overcome the insufficiency of systematic mechanis-
tic research. Therefore, a meta-analysis was first carried
out by our team regarding preclinical animal experiments
to evaluate QT’s anti-HCC efficacy and adverse effects,
providing evidence for clinical translation. Subsequently,
we used network pharmacology to screen QT’s core tar-
gets/pathways in HCC, and validated key mechanisms via
in vivo experiments. This integrated approach not only
addresses current knowledge gaps in QT-related HCC re-
search but also highlights the novelty of combining meta-
analysis and network pharmacology in this field.

2. Methods
2.1 Literature Search

We scoured articles in a number of databases, such as
PubMed (https://pubmed.ncbi.nlm.nih.gov), Scopus (https:
//www.scopus.com), Web of Science (https://www.webofs
cience.com), ScienceDirect (https://www.sciencedirect.co
m), and the Cochrane Library (https://www.cochranelibrar
y.com). The time span for the literature we were looking
for was from January 2000 to August 2024. The search
was limited to peer-reviewed articles published in English.
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Fig. 2. Risk of Bias Assessment. (A) Classification of bias risk among included articles. (B) Per-article bias characteristics. ?: Unclear
risk; +: Low risk; -: High risk.

Zotero document management software was used to screen
and remove duplicates, whichwere identified using a search
strategy (Supplementary Table 1) that combined the terms
“quercetin” and “hepatocellular carcinoma or HCC or liver
cancer”.

2.2 Inclusion Criteria

(1) Animal Selection Criteria: When selecting animals
for experimental models, the predominant choice was ro-
dents such as mice, nude mice, and rats. (2) Model Selec-
tion Criteria: to facilitate the observation of whether the
tumor model was successfully established and to make it
convenient for the measurement of subsequent relevant re-

sults, only subcutaneous models were considered, whereas
orthotopic models were excluded. (3) Intervention Mea-
sures: QT was used alone for treatment, and there was a
placebo group or blank control group. (4) Outcomes: The
impact of QT on animal models of HCC after tumor im-
plantation, including changes in tumor volume, changes in
tumor weight, mortality rate of mice during the treatment
process, and changes in the animals’ own body weight be-
fore and after QT injection.

2.3 Exclusion Criteria

(1) Research Subjects: experimental animals for
which basic information could not be extracted, or animal
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Fig. 3. Forest plots of tumor growth, body weight, and mortality in mice across different interventions. (A) Tumor volume, (B)
Tumor weight, (C) Mice own weight and (D) Mice mortality rate.

models with only orthotopic tumors; (2) Intervention Mea-
sures: Studies where QT was used in combination with
other drugs; (3) Study design: non-randomized controlled
trials (RCTs); (4) Data availability: studies with unavail-
able or missing relevant original experimental data; (5)
Literature type: literature published in the forms of let-
ters, editorials, abstracts, conference proceedings, experi-
ence summaries, or case reports; (6) Literature duplica-
tion: similar or duplicate studies; and (7) Literature timeli-
ness/credibility: outdated articles lacking significance and
credibility.

2.4 Data Extraction and Quality Assessment

Authors Zhiguo Tan (ZT) and Yu Chen (YC) designed
a data extraction form covering the first author, publica-
tion year, country, animal baseline data, detailed interven-
tion information, and required specific outcome data. ZT
and YC extracted the data independently. In case of any
discrepancies that arise during the data extraction process,
they will either resolve them through discussion or turn to a
third author, Xu Chen (XC). If the relevant basic informa-
tion and outcome indicators in an article are not clear, we
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Fig. 4. Funnel plots for assessing publication bias. (A) Tumor volume, (B) tumor weight, (C) mouse body weight, and (D) mouse
mortality rate.

will attempt to contact the first author of the article or reach
out for consultation based on the email address of the cor-
responding author. Should the outcome indicators be un-
available and presented in the form of pictures, we will uti-
lize the GetData Graph Digitizer (v2.24, GetData Pty Ltd.,
Brisbane, Queensland, Australia) software to reproduce the
relevant data. Moreover, we will use Excel spreadsheets to
independently extract the above data and materials from the
articles that are finally included. ZT and YC will evaluate
these preclinical animal studies using SYRCLE’s Risk of
Bias tool, evaluating bias risk (e.g., publication bias, selec-
tive reporting) for each study. Results were categorized as
“Yes” (low bias risk), “No” (high bias risk), or “Uncertain”
(unclear bias risk). To evaluate the influence of high-risk
(No) studies on our overall conclusions, we performed sen-
sitivity analysis using two methods. First, we re-ran the
primary analysis (low/unclear risk only) after including the
high-risk studies, and compared the new pooled effect size
to the original. Second, we systematically excluded each
high-risk study and recalculated the pooled effect size to
observe its impact. We independently evaluated the qual-
ity of each RCT, and any difference in opinion was settled
through discussion until an agreement was reached or with
the help of the third author (XC).

2.5 Statistical Analyses

We conducted a statistical analysis using the Review
Manager software (v5.4, Cochrane Collaboration, Copen-
hagen, Denmark). Standardized mean difference (SMD)
with 95% confidence interval (CI) was employed to quan-
tify effect sizes, while relative risk (RR) with 95% CI
was utilized for the dichotomous mortality variable. First,
we considered the heterogeneity of the included studies
and conducted meta-synthesis after excluding clinical and
methodological heterogeneity. The Q test and I2 test were
employed to determine the heterogeneity of the research re-
sults. In the Q test, p < 0.1 was defined as the presence
of heterogeneity among the studies. If the heterogeneity
was relatively small (p > 0.1, I2 < 50%), the fixed-effect
model was chosen. If the I2 test result was between 50%
and 75%, the random-effect model was used for data syn-
thesis. If I2 exceeded 75%, we first identified potential
sources of heterogeneity from two dimensions: clinical fac-
tors (e.g., QT intervention dose or administration route) and
methodological factors (e.g., sample size or outcome mea-
surement method). Based on these potential factors, we
conducted exploratory subgroup analyses to investigate the
impact of specific variables on heterogeneity. Statistical
analyses were performed utilizing SPSS (v20.0, IBM Cor-
poration, Armonk, NY, USA) or GraphPad Prism (v9.4.1,
GraphPad Software, LLC, San Diego, CA, USA) software.
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Fig. 5. Network pharmacology analysis. (A) Venn diagram illustrating overlapping gene targets between QT and HCC. (B) Screening
of key targets. (C–E) GO analysis of MF, CC and BP. (F) KEGG analysis. (G) Network diagram of the PI3K/AKT signaling pathway.
HCC, hepatocellular carcinoma; GO, Gene Ontology; MF, molecular function; CC, cellular composition; BP, biological process; KEGG,
Kyoto Encyclopedia of Genes and Genomes; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B.

6

https://www.imrpress.com


Fig. 6. Molecular docking and MD simulation. (A) Molecular docking of AKT1 with QT (binding energies: –9.6 kcal/mol). (B)
Molecular Docking 2D Structure. (C) RMSD curve of protein-ligand complexes. (D) RMSF curve of protein-ligand complexes. (E)
Number of hydrogen bonds formed between AKT1 and QT. MD, molecular dynamics; RMSD, root mean square deviation; RMSF, root
mean square fluctuation.

Mean ± standard deviation was used to present the data,
with all results derived from at least three independent ex-
periments.

2.6 Search for Targets of QT and HCC
The TCMSP database (https://www.tcmsp-e.com/)

was adopted to search for the PubChem Compound ID of
“quercetin”. Subsequently, search for Canonical SMILES
within the PubChem database (http://pubchem.ncbi.nlm.n
ih.gov/). Ultimately, employ the SwissTargetPrediction
database (https://www.swisstargetprediction.ch/) to gather
the targets of compounds that have a probability score
higher than zero. Genes associated with HCC were iden-
tified by searching the GeneCards (http://www.genecards.
org) and Online Mendelian Inheritance in Man (http://om
im.org) databases using the keywords “hepatocellular car-
cinoma” and “liver cancer”. We selected genes that scored
above 1 as potential targets from the GeneCards database.
Genes from the two databases were de-integrated, with the
Uniprot database (https://www.uniprot.org/) employed for
the standardization of gene names.

2.7 Protein-Protein Interaction (PPI) and the Revelant
Key Target

The potential anti-HCC targets of QT were uploaded
into the STRING 11.5 database (https://cn.string-db.org/)

for construction of the PPI. “Homo sapiens” was desig-
nated as the target protein species, and a minimum inter-
action threshold of “high confidence >0.4” was adopted.
Meanwhile, free targets were concealed, and the remaining
parameters were left at their default settings. Subsequently,
PPI data were imported into Cytoscape (v3.10.2, Cytoscape
Consortium, San Diego, CA, USA) Software and analyzed
via the “Network Analyzer” function [15].

2.8 Gene Ontology Enrichment and Kyoto Encyclopedia of
Genes and Genomes Pathway Analyses

The potential targets of QT for treating HCCwere ana-
lyzed using R. Gene Ontology (GO) functional enrichment
was analyzed using the R package org.Hs.eg.db. (3.20.0,
Bioconductor Project, Seattle, WA, USA) As for the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway en-
richment results, these were analyzed with the R Package
clusterProfiler (4.18.1,Yu Lab, Guangdong, China). Those
top-ranked results where the p-values were less than 0.05
and the false discovery rate (FDR) was less than 0.25 were
visualized and analyzed. GO enrichment and KEGG path-
way analyses were plotted via the tool available on https:
//www.bioinformatics.com.cn.
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Fig. 7. Quercetin (QT) inhibits the proliferation of MHCC-97H cells in vitro. (A) CCK-8 shows time-and dose-dependent inhibition
by QT. (B) Colony formation shows QT reduced colony numbers. (C) Flow cytometry shows QT induced G0/G1 arrest and prolonged
G2/M phase. (D) EdU shows QT decreased EdU-positive rate. CCK-8, Cell Counting Kit-8; EdU, 5-ethynyl-2′-deoxyuridine. Scale
bar: 100 µm. ***: p < 0.001.
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Fig. 8. QT inhibits HCC tumors by suppressing the PI3K/AKT signaling pathway in vivo. (A–C) Subcutaneous tumors in the QT
group were remarkably lower than those in the control group. (D) Results of H&E staining and p-AKT IHC in the control group versus
the QT group. H&E, Hematoxylin and Eosin Staining; p-AKT, Phosphorylated Protein Kinase B; IHC, Immunohistochemistry. Scale
bar: 100 µm (main figure), 20 µm (enlarged view). ***: p < 0.001.

2.9 Molecular Docking and Molecular Dynamics
Simulation

The two-dimensional structure of QT was retrieved as
a Spatial Data File from the National Center for Biotechnol-
ogy Information PubChem database. Target proteins were
obtained in Protein Data Bank (PDB) format from the PDB
[16]. Using PyMOL (v2.5.2, Schrödinger, LLC, NewYork,
NY, USA), water molecules and ligands were removed
from the crystal structure complex; then the target pro-
teins were imported into AutoDock Tools (v1.5.6, Molec-
ular Graphics Laboratory, La Jolla, CA, USA), where hy-
drogenation was performed, followed by saving in PDBQT
format. The protein’s protonation states were calculated
using the Add Gasteiger Charges module. The active site
was defined using a grid box, centered on the protein’s co-
crystallized ligand binding pocket for full coverage. Fi-
nally, AutoDock Vina [17] was used to perform molecu-
lar docking of the receptor protein with the ligand and cal-
culate its binding energy score. Binding energy less than
zero denotes spontaneous binding potential between the lig-

and and receptor. It is generally acknowledged that the
lower the binding energy between the receptor and ligand,
the more probable their binding will be [17]. Molecular
dynamics (MD) simulations were conducted using GRO-
MACS (v2018.1, GROMACS Development Team, Stock-
holm, Sweden) [18]. The protein’s topology was gener-
ated with the GROMACS 54a7 force field, whereas the
ligand’s parameters were obtained from the ATB website
(https://atb.uq.edu.au/). The system was placed in a cubic
box with simple point charge water and neutralized with
Na+/Cl– ions [19,20]. Prior to the production runs, the sys-
tem was prepared through a series of steps: first, energy
minimization was performed via 50,000 steepest descent
steps, with 100 ps NVT (constant atomic number, volume,
and temperature) and 100 ps NPT (constant atomic number,
pressure, and temperature) equilibration carried out sequen-
tially [21,22]. The production simulation was carried out
for 100 ns under equilibrated conditions (310 K, 1.0 bar)
[23]. Long-range electrostatic interactions were evaluated
using the Particle Mesh Ewald method. Trajectory analy-
ses (root mean square deviation [RMSD], root mean square
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fluctuation [RMSF], radius of gyration, solvent accessible
surface area, and hydrogen bonds [HBs]) were performed
usingGROMACSmodules, with data visualized using Xm-
grace (v5.1.25, The Grace Development Team, Göttingen,
Lower Saxony, Germany). To ensure the reliability of re-
sults, MD simulations were independently repeated three
times with different initial velocity distributions.

2.10 Cell Counting Kit-8 Assay
For the Cell Counting Kit-8 (CCK-8) assay, 1 × 103

MHCC97-H HCC cells, supplied by the Fudan Institutes of
Biomedical Sciences Cell Center (Shanghai, China), were
seeded into 96-well plates. Cells were cultured in DMEM
medium with 10% fetal bovine serum. Following cell
adhesion, cells were treated with medium containing QT
(SQ8030, Solarbio, Beijing, China) at a series of concentra-
tions (0, 5, 10, 20, 40, 80, 160 µM) for 24 and 48 h of treat-
ment, respectively. Subsequently, 10 µL CCK-8 reagent
(C0037, Beyotime, Beijing, China) was added to each well.
We measured absorbance at 450 nm via a microplate spec-
trophotometer (ELx800, Biotech Inc., Winooski, VT, USA)
after 2 h of incubation. All cell lines were validated by STR
profiling and tested negative for mycoplasma.

2.11 Colony Formation Assays
For the colony formation assay, MHCC97-H cells

were seeded into 6-well plate wells. After adherence,
mediumwas replacedwith freshmedium containingQT (40
and 80 µM) for 24 h. Then cells were cultured in standard
growth medium for 14 days, fixed in 4% paraformaldehyde
at room temperature for 10 min, and washed three times
with phosphate-buffered saline. Finally, cells were stained
with crystal violet for 15 min, rinsed, and then analyzed
directly. Colonies were quantified using ImageJ software
(v1.54, National Institutes of Health, Bethesda, MD, USA).
The software was set to automatically recognize stained
colonies based on color and size thresholds (area≥500 pix-
els), followed by manual verification to exclude debris or
overlapping colonies for accurate counting.

2.12 EdU Assay
The EdU (C0078S, Beyotime, Beijing, China) prolif-

eration test was performed according to the manufacturer’s
protocol. After incubation at 37 °C, cells were added with
50 µM EdU and incubated for 2 h. Subsequently, the corre-
sponding reagents were added sequentially in the specified
order. The images were taken using Leica Application Suite
(version 3.0.0, Leica Microsystems, Wetzlar, Germany).

2.13 Flow Cytometry
For cell cycle assessment, MHCC97-H cells treated

with QT were trypsinized and processed using a flow cy-
tometry cell cycle kit (C1052, Beyotime, Beijing, China),
with propidium iodide (PI) staining. We collected cell cy-
cle data via a CytoFLEX flow cytometer (Beckman Coul-

ter, Brea, CA, USA) and analyzed with CytoFLEX analysis
software (v2.4, Beckman Coulter Life Sciences, Brea, CA,
USA). The gating strategy began by excluding debris and
aggregates using a forward scatter-side scatter plot to se-
lect only single cells. Subsequently, G0/G1, S, and G2/M
cell cycle distribution was identified by analyzing PI fluo-
rescence. The controls included unstained cells (to set the
autofluorescence baseline) and untreated PI-stained cells
(normal cycle reference). Samples were analyzed on the
CytoFLEX cytometer, with ≥20,000 events recorded per
sample.

2.14 Animals and HCC Subcutaneous Tumor Model
All in vivo experiments used 6-week-old male

BALB/c nude mice (Slack Jingda Experimental Animal
Co., Ltd, Hunan, China). A 5 × 106 MHCC97-H cell in
suspension were injected into the right axillary fossa of
mice, and subcutaneous tumors formed after about 1 week.
We next randomly assigned the mice to two groups (n =
5/group): 50 mg/kg QT was delivered to the QT group
via daily gavage, with the control group was administered
an equivalent volume of normal saline. Tumor volume
was measured with a vernier caliper every 3 days. After
3 weeks, the mice were sacrificed by cervical dislocation.
Their body weights were measured, and subcutaneous tu-
mors were excised to record size and weight. Tumor vol-
ume (mm3) was calculated as (L×W2)/2 (L = long axis, W
= short axis). Blinding was applied during the tumor vol-
ume measurement. All experiments were approved by the
Ethics Committee of Hunan Provincial People’s Hospital
(Ethical Number: [2023]-151).

2.15 Hematoxylin and Eosin Staining and
Immunohistochemistry

The tumor tissue was fixed, embedded, sectioned,
stained, dehydrated, and sealed. Subsequently, 5% goat
serum (31872, Invitrogen, Carlsbad, CA, USA) was used to
block sections for 30 min, followed by the addition of pri-
mary antibody (p-AKT, AP0637, ABclonal, Wuhan, China,
1:400) and incubation at 4 °C for 12–16 h. On the sub-
sequent day, the secondary antibody (G1213, Servicebio,
Wuhan, China, 1:200) was incubated for 2 hours at ambi-
ent temperature. To ensure the specificity and reliability of
the immunohistochemical staining results, a negative con-
trol group was included. Staining intensity multiplied by
positive cell percentage yielded the immunoreactive score
[24]. For H&E staining, the reagent we used was the HE
staining kit (G1076, Servicebio, Wuhan, China).

3. Results
3.1 Literature Search Results

The search results yielded a total of 1079 potential arti-
cles, with 276 from the Web of Science, 152 from PubMed,
356 from Science Direct, 253 from Wiley Online Library,
and 42 from Scopus. Subsequently, after the Zotero docu-
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Table 1. Characteristics of included studies (TV, TW, BW).

Author, year, country
Species, strain,
gender, age

Model cell
line

Experiment
Control

Outcome

Dosage Frequency Administration Duration Type Mean0 Sd0 N0 Mean1 Sd1 N1 p

Yuan Zhiping
2006, China [25]

Mice, BALB/C, F,
8 w

H22 50 mg/kg Every 3 days
for 21 days

iv 3 w pbs TV 5219.55 463.42 10 2146.29 317.13 10 p < 0.05

Wang Can, 2016,
China [26]

nude mice, BALB/C,
\, 4–6 w

HepG2 40 mg/kg qiw iv 3.4 w saline
TV 951.65 61.32 8 667.72 54.43 8 p < 0.05
TV 951.65 61.32 8 493.68 34.72 8 p < 0.05

Zhou Jin, 2017,
China [32]

nude mice,
BALB/C, F, 6–8 w

HepG2 10 mg/kg qd ip 1.0 w saline TV 1421.75 91.25 10 802.12 123.08 10 p < 0.05

Zou Hai, 2018,
China [33]

nude mice BALB/C
M, 5 w

HuH-7 150 mg/kg \ gg 7 w pbs TV 4589.33 410.58 6 2759.38 324.19 6 p < 0.01

Ji Yi, 2019,
China [30]

nude mice, BALB/C,
M, 5–6 w

SMMC7721 60 mg/kg qd og 1.4 w \
TV 2081.31 198.82 10 1135.52 262.13 10 p < 0.001
TW 1.42 0.24 10 0.65 0.12 10 p < 0.01
BW 21.04 0.72 10 21.09 1.12 10 \

Wu Hongyan, 2019,
China [29]

nude mice, BALB/C,
F, 5–6 w

SMMC7721 50 mg/kg bid ip 2.5 w saline
TV 3342.71 824.14 6 1610.53 571.24 6 p < 0.05
TW 1.99 0.44 6 1.16 0.17 6 p < 0.01
BW 22.15 1.69 6 20.41 1.52 6 \

Wu Liwei, 2019,
China [31]

nude mice, \, \, \ LM3 100 mg/kg \ gg 3 w vehicle
TV 2512.17 504.16 5 1008.14 496.12 5 p < 0.05
BW 24.51 0.61 5 23.91 0.51 5 \

Wu Ruoxiao1,
2022, China [27]

Mice, BALB/C, M, 4 w H22 25 mg/kg qd gg 3 w saline
TV 1124.26 50.31 8 694.66 181.21 8 p < 0.05
TW 0.74 0.03 8 0.57 0.11 8 p < 0.05

Wu Ruoxiao2,
2022, China [27]

Mice, BALB/C, M,
4 w

H22 50 mg/kg qd gg 3 w saline TV 1124.26 50.31 8 422.83 67.14 8 p < 0.05

Huang Chunlong,
2024, China [28]

nude mice, \, M, 4 w HuH-7 50 mg/kg qd ip 3 w vehicle
TV 1634.74 375.33 5 0.41 0.12 5 p < 0.001
TW 1.78 0.17 5 632.06 123.33 5 p < 0.01

og, oral gavage; gg, gastric gavage; ip, intraperitoneal injection; Mean0, mean value in control group (mm for tumor volume, g for tumor weight and body weight); Sd0, standard difference in control group; N0, sample
size in control group; Mean1, mean in experiment (QT) group; Sd1, standard difference in QT group; N1, sample size in QT group; M, male; F, femle; \, non reported; TV, tumor volume; TW, tumor weight; BW, body
weight.
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Table 2. Characteristics of included studies (MR).
Species, strain,
gender, age

Model
cell line

Experiment
Control

Outcome

Dosage Frequency Administration Duration Type Event0 Total0 Event1 Total1

Mice,
BALB/C, F,
8 w

H22 50
mg/kg

Every 3
days for
21 days

iv 3 w pbs MR 10 10 5 10

Nude mice,
BALB/C, F,
6–8 w

HepG2 10
mg/kg

qd ip 1.0 w saline MR 10 10 6 10

Nude mice,
BALB/C,
M, 5 w

HuH-7 150
mg/kg

\ gg 7 w pbs MR 6 6 3 6

og, oral gavage; gg, gastric gavage; ip, intraperitoneal injection; Event0, number of events in control group; Total0, total control sample;
Event1, number of events in QT group; Total1, total experiment (QT) sample; M, male; F, femle; \, non reported; MR, mortality rate.

ment management software identified and removed dupli-
cate documents, leaving 752 articles whose titles and ab-
stracts were then screened. According to the research se-
lection criteria, 56 articles were filtered out. Among these,
47 articles were excluded, and ultimately, 9 articles were
included in this study [25–33] (Fig. 1).

3.2 Research Features and Quality Assessment

The basic data of the included relevant literature are
shown in Table 1 (Ref. [25–33]) and Table 2. A total of
9 papers met the final inclusion criteria. The experimental
animals used were nude mice or regular mice, and subcu-
taneous tumor models were established using liver cancer
cells (e.g., HepG2, HH-7, and H22). Compared with the
control group, QT was mainly administered in the form of
QT solution or QT nanoparticles. The dosage of QT ranged
from 10 to 150 mg/kg, and was administered intermittently
or continuously through intraperitoneal injection, gavage,
or intravenous injection. The study duration varied from
1 to 7 weeks. The study quality was assessed using the
SYRCLE animal experiment risk assessment tool (Fig. 2).
Generally, the overall quality of the included studies was
moderate.

3.3 Tumor Volume

Nine included articles reported tumor volume changes
in the experimental (QT-treated) and control groups.
Among them, Wu et al. [27] tested two QT concentrations
(25 and 50 mg/kg); their data were treated as independent
sets (Wu Ruoxiao 1, Wu Ruoxiao 2). Wang et al. [26]
used two administration forms (ordinary QT solution and
QT nanoparticles); their data were also split into indepen-
dent sets (Wang Can 2016a, Wang Can 2016b). In total,
11 datasets from the 9 articles were included. Sensitivity
analyses of these 11 sets showed no significant changes in
meta-analysis results or consistency after excluding any sin-
gle dataset. Pooled analysis of the 11 sets (Fig. 3A) yielded
the SMD and 95% CI. Due to substantial heterogeneity

(I2 = 69%), a random-effects model was used. Compared
with the control group, the QT group inhibited liver can-
cer volume growth (SMD = 4.63, 95% CI: 3.44–5.82, Z
= 7.63, I2 = 69%, p < 0.00001). The dosage cut-off for
subgroup analysis was determined based on the classifica-
tion of QT dosages into preventive and therapeutic cate-
gories. A previous study on QT for the treatment of prostate
xenografts adopted 75 mg/kg QT as the therapeutic dose
[34]. Therefore, considering the administered doses in all
of the RCTs included in this study, we finally selected 60
mg/kg (slightly lower than 75 mg/kg) as the threshold to
distinguish between preventive and therapeutic doses. We
further performed subgroup analysis to explore the hetero-
geneity sources. Based on dosage, we divided the data into
two subgroups: QT ≤60 mg/kg (preventive) and QT >60
mg/kg (therapeutic). In the >60 mg/kg (therapeutic) sub-
group, heterogeneity (I2) was reduced to 16% (SMD= 2.90,
95% CI: 1.68–4.12, Z = 4.65; p < 0.00001). However, the
≤60 mg/kg subgroup still had significant heterogeneity, in-
dicating that dosage difference was not the root cause of
heterogeneity (Table 3).

Notably, some experiments used QT nanoparticles (a
potential heterogeneity source), so we conducted subgroup
analysis by administration form. The results showed re-
duced within-group heterogeneity: the QT nanoparticle
group had I2 = 0%, whereas the common QT group still had
relatively high heterogeneity (I2 = 59%) despite a decrease.
Notably, the interaction between dosage and administration
can explain the observed results. At high doses (therapeu-
tic, >60 mg/kg), QT nanoparticles improved solubility and
targeting to overcome the absorption heterogeneity of the
standard drug form and boost efficacy. However, at low
doses (preventive, ≤60 mg/kg), this effect is masked by a
“threshold effect”, where both forms achieve effective con-
centrations. This dosage-dependent interaction could ex-
plain why the nanoparticle group showed less variability
than the standard group. Future cross-subgroup analyses
may confirm this theory. Nevertheless, QT nanoparticles

12

https://www.imrpress.com


Table 3. The results of the subgroup analysis of tumor volume.
Subgroup analysis of tumor volume

Subgroup No. of studies SMD [95% Cl] p-value
Heterogeneity test

Chi2 p I2 (%)

All studies 11 4.38 [3.26, 5.50] <0.001 32.74 0.0001 69
Dosage

≤60 mg/kg 8 4.94 [3.51, 6.36] <0.001 23.68 0.0001 70
>60 mg/kg 3 2.90 [1.68, 4.12] <0.001 2.37 0.3100 16

Administration form
QT-NPs 2 7.87 [5.71, 10.04] <0.001 0.31 0.5800 0
QT-Solution 9 3.76 [2.77, 4.74] <0.001 19.36 0.0080 59

SMD, standardized mean difference.

significantly inhibited subcutaneous tumor volume increase
(SMD = 7.87, 95% CI: 5.71–10.04, Z = 7.13; p< 0.00001).
No significant heterogeneity sources were identified in each
subgroup analysis (Table 3).

3.4 Tumor Weight
Among the 9 articles included in our study, 4 articles

[27–30], which contained five groups of data in total, re-
ported on the changes in tumor weight within both the ex-
perimental group and control group following QT interven-
tion. Subsequently, we conducted a sensitivity analysis. It
was found that after excluding any group of data from any
of these articles, the remaining literature’s meta-analysis
results remained unchanged and were thus stable. When
conducting a meta-analysis on the five groups of data from
these four articles (Fig. 3B), we opted for the fixed-effects
model for data synthesis. The combined results revealed
that the experimental group (with QT intervention) signif-
icantly suppressed liver cancer weight gain relative to the
control group (SMD = 3.00, 95% CI: 2.25–3.7, Z = 7.87, I2
= 32%, p < 0.05).

3.5 Mice Own Weight
Among the 9 articles incorporated into our study, 3

articles [29–31], which contained three groups of data in
total, described the weight variations of experimental mice
following treatment. Changes in the body weights of mice
were used to assess adverse reactions associated with QT
intervention. Subsequently, a meta-analysis was conducted
on the group data from these three articles (Fig. 3C). It was
found that no obvious effect on body weights was observed
in the QT group (SMD = 0.45, 95% CI: 0.19–1.08, I2 =
22%, Z = 1.38; p = 0.17).

3.6 Mortality Rate
Three of the nine articles included in our study pro-

vided three groups of data that described the changes in
mortality [25,32,33]. In total, 52 mice were involved in
these studies, with 26 mice in the QT group and another
26 in the control group. A meta-analysis was performed
on the above-mentioned three groups of data (Fig. 3D). No

significant heterogeneity was observed among the included
studies, as shown by the results (p = 0.90, I2 = 0%). Subse-
quently, we selected a fixed model for data synthesis. The
combined results revealed that the mortality rate of the QT
group was lower than that of the control group (RR = 0.56,
95% CI: 0.40–0.80; p = 0.001). These findings suggest that
QT is capable of reducing the mortality rate of mice with
transplanted tumors.

3.7 Publication Bias and Sensitivity Analysis
The meta-analysis results for tumor volume, tumor

weight, variations in mouse weight, and mouse mortality
showed the symmetrical distribution of studies in the up-
per region of the funnel plot (Fig. 4). Egger’s test was
used to assess publication bias for the four above-mentioned
outcome indicators (Supplementary Fig. 1). While the
results showed no significant publication bias for tumor
weight, mouse body weight, and mortality (p > 0.05), po-
tential publication bias was detected for tumor volume (p
< 0.05) (Supplementary Fig. 2). Therefore, we thus em-
ployed the trim-and-fill method for correcting publication
bias. The results revealed no “missing” studies and no sig-
nificant change in the pooled effect size, suggesting that the
results were robust and not substantially impacted by this
form of bias. Furthermore, we performed sensitivity anal-
ysis to assess the stability of our meta-analysis results for
tumor volume, tumor weight, mouse body weight changes,
and mouse mortality rate. The one-by-one exclusion ap-
proach was employed, where we removed one literature
item at a time and subsequently conducted a meta-analysis
on the remaining articles (n-1). Sensitivity was evaluated
by observing the variations in the combined results. The re-
sults demonstrated that none of the included articles signifi-
cantly influenced the overall SMD or RR value, confirming
the reliability of the pooled results.

3.8 Target Identification and PPI Network Analysis
First, 89 intersection targets of QT and HCC were ob-

tained through a Venn diagram (Fig. 5A). Subsequently, the
PPI network of these intersection targets was acquired using
the STRING database (Supplementary Fig. 3). Finally,
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using Cytoscape software, the top 10 core targets of QT’s
action on HCC were screened based on the degree values
of the targets, including AKT1, epidermal growth factor
receptor (EGFR), Proto-oncogene tyrosine-protein kinase
Src (SRC), matrix metalloproteinase 9 (MMP9), glyco-
gen synthase kinase 3 beta (GSK3B), poly (ADP-ribose)
polymerase 1 (PARP1), cyclin-dependent kinase 2 (CDK2),
MMP2, KDR (also known as vascular endothelial growth
factor receptor 2) and insulin-like growth factor 1 receptor
(IGF1R), with AKT1 being ranked first (Fig. 5B).

3.9 GO and KEGG Pathway Enrichment Analyses

To elucidate the molecular function (MF), cellular
composition (CC), and biological process (BP) of the pre-
dicted target proteins, 89 potential targets of QT for HCC
treatment were subjected to GO analysis, with the top 10
items selected by p-value for visualization (Fig. 5C–E).
At the BP level, enrichment was primarily observed in
the response to oxidative stress, positive regulation of the
mitogen-activated protein kinase (MAPK) cascade, phos-
phoinositide 3-kinase (PI3K) signaling, and the cell cycle
G2/M phase transition. At the CC level, enrichment was
mainly in the protein kinase complex, membrane raft, and
membrane microdomain. At the MF level, enrichment was
in protein serine/threonine kinase activity and kinase regu-
lator activity. KEGG enrichment analysis showed (Fig. 5F)
that the therapeutic effect of QT on HCC may be regulated
through signaling pathways such as PI3K/AKT (Fig. 5G),
MAPK, and mammalian target of rapamycin.

3.10 Molecular Docking and MD Simulation

To explore AKT1’s binding capacity to QT, we carried
out molecular docking of the two to validate their binding
(Fig. 6A,B). The findings demonstrated a binding energy
of –9.6 kcal/mol, implying that AKT1 and QT underwent
spontaneous and effective docking. The molecular docking
results of EGFR, GSK3β, MMP9, SRC, and QT are pre-
sented in Supplementary Fig. 4. The RMSD is regarded
as a criterion for measuring the stability of a system. Dur-
ing the simulation, the complex’s RMSD (represented by
the red curve) initially showed an upward trend for the first
20,000 ps before stabilizing within a range of 0.2–0.4 nm.
This stabilization of fluctuations indicated that the complex
achieved a stable conformational state (Fig. 6C), revealing
that after free AKT1 binds to the ligand, the stability of the
complex is better than that in the free state, and binding
to the small molecule ligand contributes to stabilization of
the protein structure. The overall RMSF for the protein’s
residues ranged from 0 to 0.5 nm, which is a measure of its
flexibility. Analysis of residue fluctuations revealed a high
degree of structural flexibility in specific regions, such as
residues numbers 49 and 80, reaching nearly 0.5 nm. By
contrast, the majority of residues displayed low to moder-
ate fluctuations within the range of 0–0.3 nm, indicating a
more rigid structure (Fig. 6D). HBs contribute to the sta-

ble binding of the complex. As observed in the figure, the
number of HBs was frequently maintained within a range of
1–3. The HB interactions between the complexes showed
favorable stability, evidenced by the large number of HBs
that persisted for hundreds to thousands of ps. For example,
the sustained presence of these HBs was observed over the
20,000–40,000 ps time window (Fig. 6E).

3.11 QT Inhibits HCC Tumors by Suppressing the
PI3K/AKT Signaling Pathway

To validate the meta-analysis and network pharma-
cology findings, we performed in vitro experiments. First,
the CCK-8 assays showed that QT inhibited the HCC cell
line MHCC-97H in time- and dose-dependent manners.
Treating MHCC-97H cells with 40 or 80 µM QT for 24
h resulted in ~10% and ~30% inhibition rates, respec-
tively (Fig. 7A). Thus, these two concentrations were se-
lected for subsequent experiments. Colony formation as-
says revealed that QT significantly reduced MHCC-97H
colony numbers (Fig. 7B). A flow cytometry-based cell cy-
cle analysis showed that QT induced G0/G1 phase arrest
and prolonged the G2/M phase in MHCC-97H cells, in-
dicating suppressed cell proliferation (Fig. 7C). Addition-
ally, 5-ethynyl-2′-deoxyuridine (EdU) incorporation assays
demonstrated a significant decrease in the EdU-positive
rate of QT-treatedMHCC-97H cells (Fig. 7D). Collectively,
these results confirmed that QT inhibited MHCC-97H pro-
liferation. To further validate QT’s anti-HCC effects, we
conducted in vivo experiments using tumor-bearing mice.
The results showed that both the volume and weight of sub-
cutaneous tumors in the QT group were significantly lower
than those in the control group (Fig. 8A–C). Meanwhile,
hematoxylin and eosin (H&E) staining indicated no obvious
liver tissue damage in the QT group (Fig. 8D), suggesting
that the therapeutic QT dose exerted no significant hepatic
toxicity in mice. To explore the underlying mechanism of
QT’s anti-HCC action, we performed immunohistochem-
istry. The results revealed significantly lower expression
of phosphorylated AKT in the QT group (Fig. 8D), verify-
ing the network pharmacology findings. Thus, QT likely
inhibits HCC progression by suppressing the PI3K/AKT
pathway.

4. Discussion
HCC is the most common type of primary liver can-

cer, accounting for approximately 75–85% of cases. It is
also the sixth most prevalent cancer globally and ranks third
among the most lethal cancers worldwide [35]. The com-
plex pathogenesis and molecular heterogeneity of HCC im-
pedes its early diagnosis. Most patients are already diag-
nosed with unresectable hepatocellular carcinoma (uHCC),
that is, advanced-stage HCC, by the time it is detected, thus
losing the opportunity for surgical intervention. The current
standard of care frequently involves a combination of tyro-
sine kinase inhibitors, immune checkpoint inhibitors (pro-
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grammed cell death protein 1/programmed death-ligand 1),
and interventional procedures [36–39]. However, the con-
tinuous use of targeted immunotherapies can lead to cancer
cells developing drug resistance through various pathways,
in addition to the risk of toxicity and adverse reactions
[40]. For example, the study havs shown that lenvatinib
monotherapy only achieves an objective response rate of
24.1% [41]. Thus, it is necessary to develop adjuvant or al-
ternative therapies to improve cancer treatment. Some stud-
ies have focused on exploring the antitumor effects of natu-
ral compounds onHCC. As a natural compound fromTCM,
QT has multiple anticancer properties, including cancer cell
apoptosis, inhibiting cell growth, and reversing multidrug
tumor resistance. It also enhances the effects of targeted
drugs, immune drugs, and chemotherapy [42]. Neverthe-
less, clinical evidence on the use of QT in patients with
HCC is currently lacking. We conducted a meta-analysis
to systematically investigate the anticancer effects of QT
on animal models of liver cancer, focusing on its anti-HCC
effects and potential toxicities. This is to advance the tran-
sition of QT-based anti-HCC treatment from animal exper-
iments to clinical applications and provide a reference for
finding new ideas for the treatment of liver cancer from tra-
ditional medicine.

Our meta-analysis revealed that QT demonstrated re-
markable antitumor activity in a mouse xenograft model of
liver cancer. It not only inhibited the growth of subcuta-
neous tumors in mice (tumor volume SMD: 4.63, 95% CI:
3.44–5.82, Z = 7.63, p < 0.00001; tumor weight, SMD =
3.00, 95% CI: 2.25–3.75, Z = 7.87, p < 0.00001) but also
reduced the mortality, thus proving its efficacy (RR = 0.56,
95% CI: 0.40–0.80; p = 0.001). Meanwhile, QT showed no
significant impact on the body weight of the mice, which
also indicated the safety of QT at therapeutic doses (SMD
= 0.45, 95% CI: –0.19 to 1.08, Z = 1.38; p = 0.17).

To validate the results of our meta-analysis, a subcu-
taneous HCC xenograft model was established. Compared
with the control group, mice in the QT group exhibited sig-
nificantly reduced tumor weight and volume (n = 5, p <

0.001), whereas no significant difference in mouse body
weight was observed. H&E staining revealed no obvious
pathological damage in liver tissues, confirming the reli-
ability of our meta-analysis conclusions. QT is a widely
available natural flavonoid, abundant in fruits, vegetables,
tea, and other plants. In particular, it can be found in Tradi-
tional Chinese Herbal Medicines like bupleurum chinense,
mulberry leaf, fructus sophorae, flos inulae, and hawthorn
[43]. It is well known for its reactive oxygen species-
scavenging properties [44–46]. QT has antitumor charac-
teristics such as immunomodulation, induction of apopto-
sis, inhibition of protein kinase C, regulation of the cell cy-
cle, and suppression of angiogenesis [47,48]. Moreover,
it has diverse mechanisms of action in different tumors
[49,50]. To further explore the anti-HCC mechanism of
QT, we used network pharmacology analysis and identi-

fied AKT1 as the core target of QT’s anti-HCCmechanism.
KEGG analysis suggests that QT’s effect on HCC progres-
sion is mediated through the PI3K/AKT pathway, a connec-
tion that has important implications for treating the disease
[51]. When activated, AKT promotes the cell cycle and pro-
liferation by phosphorylating a variety of downstream tar-
gets. This includes phosphorylating and inhibiting glyco-
gen synthase kinase 3 beta, resulting in the accumulation
of cyclin D, promoting G1 to S phase cell transition and ac-
celerating cell proliferation. In HCC tissues, the PI3K/AKT
pathway is abnormally activated, and the expression of cell
proliferation-related proteins increases [52–54]. The results
of our immunohistochemistry analysis verified this poten-
tial mechanism. In the QT group, the expression of phos-
phorylated AKT was inhibited (n = 5, p < 0.01).

This study is among the first to integrate meta-
analysis, network pharmacology, and in vivo experiments
to explore the safety, efficacy, and potential pharmacolog-
ical mechanisms of QT against HCC. However, this study
had some limitations. First, missing outcome data from in-
cluded studies were obtained via author contact or graphical
digitization (GetData Graph Digitizer); despite error reduc-
tion through double-checking, these methods may have still
introduced biases (e.g., author data deviations, digitization
errors) which slightly compromised the reliability of the re-
sults. Second, human clinical data are insufficient to sup-
port the in vivo findings, and the safety profile of QT in hu-
mans awaits further verification. Finally, the efficacy of QT
in combination with current first-line HCC therapies (e.g.,
atezolizumab plus bevacizumab) has not been explored.

5. Conclusion
This study preliminarily explored the effectiveness,

safety, and pharmacological mechanisms of QT in treat-
ing mouse HCC. The meta-analysis, supported by our in
vivo findings, suggests that QT has potential as a thera-
peutic agent for HCC. The compound appears to be safe,
with no significant weight loss or hepatotoxicity observed
in the study cohorts. However, these results must be con-
firmed through well-designed clinical trials. Meanwhile,
we used network pharmacology analysis to reveal themulti-
target and multi-pathway characteristics of QT. By identi-
fying key targets such as AKT1, EGFR, and MMP9, and
critical signaling pathways including PI3K/AKT, MAPK,
and hypoxia-inducible factor 1 pathways, of which the
PI3K/AKT pathway is particularly important, this research
provides a strong theoretical basis for further investigation.
Future research should focus on validating QT’s potential
for HCC treatment through basic experiments while also
improving the quality of clinical trials.
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