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Abstract
Salvigenin is a Trimethoxylated Flavone enriched in Scutellariae Barbatae Herba and 
Scutellariae Radix and is demonstrated to have anti-tumor properties in colon cancer. 
Notwithstanding, the function and mechanism of Salvigenin in hepatocellular carcinoma 
(HCC) are less well studied. Different doses of Salvigenin were taken to treat HCC cells. 
Cell viability, colony formation ability, cell migration, invasion, apoptosis, glucose uptake, 
and lactate production levels were detected. As shown by the data, Salvigenin concentra-
tion dependently dampened HCC cell proliferation, migration, and invasion, weakened 
glycolysis by abating glucose uptake and lactate generation, and suppressed the profiles 
of glycolytic enzymes. Moreover, Salvigenin strengthened HCC cells’ sensitivity to 5-fluo-
rouracil (5-FU) and attenuated HCC 5-FU-resistant cells’ resistance to 5-FU. Through net-
work pharmacological analysis, we found Salvigenin potentially regulates PI3K/AKT path-
way. As shown by the data, Salvigenin repressed the phosphorylated levels of PI3K, AKT, 
and GSK-3β. The PI3K activator 740Y-P induced PI3K/AKT/GSK-3β pathway activation 
and promotive effects in HCC cells. However, Salvigenin substantially weakened 740Y-P-
mediated effects. In-vivo assay revealed that Salvigenin hampered the growth and pro-
moted apoptosis of HCC cells in nude mice. Collectively, Salvigenin impedes the aerobic 
glycolysis and 5-FU chemoresistance of HCC cells by dampening the PI3K/AKT/GSK-3β 
pathway.
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Introduction

Hepatocellular carcinoma (HCC), a primary malignancy of hepatocytes, has high-level 
invasiveness [1]. In the early stage, HCC patients show no evident symptoms, leading to 
delayed diagnosis at the earliest time and missing the opportunity of receiving curative 
treatment (such as liver resection and liver transplantation) [2, 3]. Furthermore, subsequent 
to liver resection treatment, HCC patients have recurrence rates as high as 50% and 70% at 
3 years and 5 years [4]. For advanced HCC, doxorubicin was commonly used in the treat-
ment of HCC. Single-agent doxorubicin gained 79% objective response rates at the initial 
phase but demonstrated only limited efficacy (<20% clinical responses) without significant 
survival benefit [5]. Of note, the 5-year survival rate of HCC patients in China only attains 
12% [6]. Over the past years, traditional Chinese medicine (TCM) has been extensively 
applied to cancer patients. It has been substantiated to alleviate chemotherapy toxicity and 
ameliorate patients’ prognosis [7, 8]. Thus, a probe into the mechanism of HCC develop-
ment is critical to developing efficacious treatment strategies.

Metabolic reprogramming, particularly aerobic glycolysis (also referred to as the War-
burg effect), was first detected in HCC [9]. As HCC progresses, the energy metabolism of 
cancer cells converts to aerobic glycolysis, offering an enabling environment for cancer 
cell growth [10]. Aerobic glycolysis augments glucose uptake and lactate generation under 
normoxic circumstances, hence driving HCC cells’ proliferation, migration, invasion, angi-
ogenesis, immune escape, and chemoresistance [11]. As reported, suppressing HCC cell 
aerobic glycolysis can prompt cancer cells to be sensitive to chemotherapy drugs again 
[12].

Scutellariae Barbatae Herba (SBH), a dried whole plant of Scutellaria Barbata D. Don, 
is referred to as Ban-Zhi-Lian in traditional Chinese medicine (TCM). SBH, equipped with 
anti-cancer, anti-oxidant, and anti-angiogenic activities, enjoys a history of thousands of 
years in China [13–15]. The latest studies have denoted that SBH can be employed for 
treating primary liver cancer and lung cancer [16, 17]. Scutellariae Radix, the root of 
Scutellaria Baicalensis, boasts anti-inflammatory and anti-cancer functions [18]. Scutel-
lariae Radix exerts a remarkable anti-cancer function in liver cancer [19]. Salvigenin, a 
Trimethoxylated Flavone derived from Scutellariae Barbatae Herba and Scutellariae 
Radix, is reported to show the dual activities of reducing lipid and boosting mitochondrial 
functions [20]. Furthermore, Salvigenin also has good anti-tumor activities. For instance, 
Salvigenin can elicit cycle arrest in colon cancer cells and foster cancer cell apoptosis [21]. 
Salvigenin strengthens the anti-tumor immunity of the breast cancer mouse model and hin-
ders tumor growth [22].

Network pharmacology is an emerging field in terms of the pharmacological research of 
modern Chinese medicine. It reveals the underlying molecular mechanisms of traditional 
Chinese medicine potency via the establishment and visualization of the “drug-target-dis-
ease” interactive network [23, 24]. Here, we discussed the function and molecular mecha-
nism of Salvigenin in the context of HCC. We discovered that Salvigenin dampened HCC 
cell proliferation, migration, invasion, glycolysis, and chemoresistance. Moreover, we con-
ducted network pharmacological analysis and forecasted the targets of Salvigenin and HCC 
via databases. The common targets between Salvigenin and HCC were found by establish-
ing a network and then subjected to the Gene Ontology (GO) analysis and the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analysis. We also unveiled the major 
biological processes, molecular functions, and relevant pathways of Salvigenin fighting 
HCC. As a result, PI3K/AKT/GSK-3β might be the molecular mechanism of Salvigenin in 
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HCC. At last, we uncovered that PI3K/AKT/GSK-3β pathway activation was inextricably 
associated with the malignant development of HCC by consulting the literature [25, 26]. 
However, PI3K/AKT/GSK-3β pathway inhibition hindered the aerobic glycolysis of HCC 
cells and boosted their apoptosis [27]. Given these findings, we conjectured that Salvigenin 
might exert its cancer-suppressing function in HCC via the PI3K/AKT/GSK-3β pathway.

Materials and Methods

Network Pharmacological Analysis

We acquired the targets related to hepatocellular carcinoma (HCC) from the GeneCards 
(https://​www.​genec​ards.​org/) database and obtained Salvigenin-associated targets from 
SwissTarget (http://​www.​swiss​targe​tpred​iction.​ch/) [28]. The Isomeric SMILES of Salvi-
genin was downloaded from the PubChem database (https://​pubch​em.​ncbi.​nlm.​nih.​gov/). 
Venn’s diagram online tool (https://​bioin​fogp.​cnb.​csic.​es/​tools/​venny/​index.​html) was 
adopted to analyze the crossing targets of the disease and drug. The Cytoscape software 
(version 3.9.1) was harnessed to visualize the drug-target network diagram. We uploaded 
the common targets to the String database (https://​cn.​string-​db.​org/​cgi/​input.​pl) to produce 
the protein-protein interaction (PPI) network diagram. The DAVID database (https://​david.​
ncifc​rf.​gov/​home.​jsp) was introduced for the GO and KEGG enrichment analyses of the 
common targets.

Cell Culture

The Human HCC cell lines (HCCLM3, Huh7, MHCC97H, MHCC97L, HepG2, and 
Hep3B) were ordered from American Type Culture Collection. The cells were cultured 
with an RPMI1640 medium (12633012, ThermoFisher Scientific, China) filled with 10% 
fetal bovine serum (FBS, 10100147, ThermoFisher Scientific, China) and 1% penicillin/
streptomycin in an incubator (37 °C, 5% CO2, humid air).

Cell Viability and Toxic Detection

The CCK-8 kit (C0037, Beyotime Biotechnology, Shanghai, China) was adopted to examine cell 
viability. We inoculated HCC cells into 96-well plates (density: 1×103 cells/well) for overnight 
culture. Predicated on prior studies, we treated the cells with Salvigenin (0 μM, 25 μM, 50 μM, 
100 μM, 200 μM, 400 μM, 800 μM) or 5-FU (0 μM, 25 μM, 50 μM, 100 μM, 200 μM, 400 
μM, 800 μM) for 24 h. Next, 10 μL of CCK-8 solution was administered to each well for 2 h of 
further incubation (37 °C, 5% CO2). At the end of the culture, a microplate reader (SpectraMax 
Mini, Molecular Devices) was utilized to gauge the absorbance value at 450 nm. Santa Cruz Bio-
technology, Inc. (https://​www.​scbt.​com/​zh/p/​salvi​genin-​19103-​54-9) was the supplier of Salvi-
genin (CAS number: 19103-54-9). Cell death was assessed using the Calcein/PI Cell Viability/
Cytotoxicity Assay Kit (C2015M, Beyotime Biotechnology, Shanghai, China). Huh7 and HepG2 
cells were seeded into 96-well plates (density: 1×103 cells/well) for overnight culture. Followed 
by Salvigenin (25, 50, 100μM) treatment, Calcein AM/PI working solution was added into each 
well (100 per well), and the plates were put in a 37 °C incubator for 30 min. The Calcein AM/
PI fluorescence signals were observed and taken using a microscope (Olympus, Tokyo, Japan).

https://www.genecards.org/
http://www.swisstargetprediction.ch/
https://pubchem.ncbi.nlm.nih.gov/
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://cn.string-db.org/cgi/input.pl
https://david.ncifcrf.gov/home.jsp
https://david.ncifcrf.gov/home.jsp
https://www.scbt.com/zh/p/salvigenin-19103-54-9
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Colony Formation Assay

Huh7 and HepG2 cells were seeded onto 60-mm culture dishes with a density of 1×103 
cells/well. Salvigenin (100 μM), 740Y-P (50 μg/mL) or 5-FU (100 μM) for two days. After 
the medium was removed, the cells were cultured in a fresh culture medium without the 
above drugs. The medium was exchanged every 3 days; 10 days later, the colonies were 
fixed using 70% methanol for 30 min. Then, they were stained in 0.5% crystal violet at 
room temperature (RT) for 30 min. A light microscope (FluoView ™ FV1000, Olympus, 
Japan) was utilized for counting the number of cell colonies.

Reverse Transcription‑Polymerase Chain Reaction (RT‑PCR)

TRIzol reagent (Thermo Fisher Scientific) was taken to extract total RNA from the 
cells. Nano Drop 2000 (ThermoFisher Scientific, Inc.) was adopted to measure the 
purity and concentration of the total RNA. As per the manufacturer’s recommenda-
tions, the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Inc.) 
was exploited to reverse-transcribe 1 μg of the total RNA into cDNA, which was uti-
lized as the template to amplify the target gene and reference gene GAPDH. SYBR 
GreenPCR (MedChemExpress) was introduced for PCR. Thermal cycling was imple-
mented with these conditions: 3 min of initial degeneration at 95 °C, 10 s of denatura-
tion at 95 °C, 30 s of annealing at 60 °C, and 30 s of extension at 60 °C (40 cycles 
in total). The 2−ΔΔCT approach was employed to calculate the relative expression of 
the target gene (GAPDH as the internal parameter). The primers were designed via 
Primer3 (https://​prime​r3.​ut.​ee/). The primer sequences are exhibited in Table 1.

Western Blot

We harvested the tumor tissues from the nude mice and HCC cells treated with vary-
ing doses of Salvigenin (25–100 μM) and/or 740Y-P (50 μg/mL). RIPA lysis buffer 
(P0013C, Beyotime Biotechnology, Shanghai, China) supplemented with a mixture 
of protease and phosphatase inhibitors (P1046, Beyotime Biotechnology, Shanghai, 
China) was adopted to extract total protein from the cells and tumor tissues, respec-
tively. The Bicinchoninic Acid (BCA) protein quantification kit (P0012S, Beyotime 
Biotechnology, Shanghai, China) was harnessed for protein quantification. Then, 50 
μg of the total protein samples from each group were isolated through 10% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and moved onto 

Table 1   The primer sequences for qRT-PCR

Name Forward primers (5′-3′) Reverse primers (5′-3′)

HK2 GAC​CAA​CTT​CCG​TGT​GCT​TT TCC​ATG​AAG​TTA​GCC​AGG​CA
PFK1 TGT​GTT​CAT​CGT​GGA​GAC​CA GTC​ATG​GCA​CTT​CTC​GTT​CC
PKM2 ACT​TGG​CGG​CAA​CAG​AAT​TT TCC​AGG​AAT​GTG​TCA​GCC​AT
GAPDH CCA​AGG​AGT​AAG​ACC​CCT​GG TGG​TTG​AGC​ACA​GGG​TAC​TT

https://primer3.ut.ee/
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polyvinylidene difluoride (PVDF) membranes (FFP24, Beyotime Biotechnology, 
Shanghai, China); 5% skimmed milk was given to seal the membranes at RT for 2 h. 
Next, the membranes were incubated with primary antibodies (Anti-PI3K (ab191606, 
Abcam, 1:1000), Anti-p-PI3K (PA5-104853, Thermo Fisher,1:1000), Anti-AKT 
(ab235958, Abcam, 1:1000), Anti-p-AKT (ab38449, Abcam, 1:1000), Anti-GSK-3β 
(ab32391, Abcam, 1:1000), Anti-p-GSK-3β (ab75814, Abcam, 1:1000), Anti-HK2 
(ab2209847, Abcam, 1:1000), Anti-PFK1 (#22772, signalway antibody, 1:1000), 
Anti-PKM2 (ab150377, Abcam,1:1000), and Anti-β-actin (#5174, 1:1000, cell sig-
nal)) at 4 °C overnight. Later, the horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG secondary antibody (ab6721, Abcam, 1:5000) was added to the membranes 
for 2 h of incubation at RT. Color and image development was done with the use 
of ECL (P0018FS, Beyotime Biotechnology, Shanghai, China) in darkness. β-actin 
served as the internal parameter.

Transwell Migration and Invasion Experiments

Transwell compartments (3244; pore size: 8μm; Corning) were placed in 24-well plates; 50 
μL of diluted Matrigel (1:8; BD Biosciences) was added to the upper compartment in the 
invasion experiment instead of the migration assay. With the cells suspended in a medium 
without serum (1×105 cells/mL), 200 μL of the cell suspension was given to the upper 
chamber, whereas 600 μl of a medium with 15% FBS was administered to the lower com-
partment. A sterile, thermostatic incubator was adopted to culture the cells for 24 h at 37 
°C with 5% CO2. The compartments were taken out. The cells that failed in migration and 
invasion were wiped off using cotton swabs. Transwell membranes were immobilized in 
4% paraformaldehyde for 10 min and dyed in 0.1% crystal violet. They were observed and 
photographed employing a microscope.

Determination of Glucose Uptake and Lactate Production

The supernatant of the mediums of Huh7 and HepG2 cells was harvested. The floating 
cells and cell debris were removed through 5 min of centrifugation (1000 g, 4 °C). Then, 
the supernatant was harvested. As instructed by the manufacturer, the glucose uptake 
detection kit (ab65333, Abcam, USA) and the lactate production detection kit (ab65330, 
Abcam, USA) were taken to determine the levels of glucose uptake and lactate generation.

Animal Experiment

Male BALB/c nude mice, 6–8 weeks of age and 20 ± 2 g in weight, were ordered from 
the Animal Experimental Center of Wenzhou Medical University. They were reared 
under specific-pathogen-free (SPF) conditions (relative humidity, 60% ± 5%; tem-
perature, 22 ± 2 °C) with a 12-h light/dark cycle. They could access food and water 
at will. With the cell density adjusted to 4×106 cells/mL, Huh7 cells were suspended 
in a serum-free medium and subcutaneously transfused into the right abdomen of the 
mice (0.1 mL each). In this way, a liver cancer xenograft model was built. A vernier 
caliper was taken to gauge the length (L) and width (W) of transplanted tumors every 
three days. As the tumor volume attained around 50 mm3, the animals were randomized 
to different groups (n = 5 per group). Salvigenin (5 μg/mouse/day, 10 μg/mouse/day) 
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was intraperitoneally injected into the mice for treatment. Normal saline of the identi-
cal amount was given to the control group. The mouse tumor bodies were examined 
every week for 4 weeks running. V (mm3) = L × W2/2. When the experiment came to 
an end, the mice were sacrificed through the inhalation of excessive CO2. The tumors 
were separated and photographed. Their volume and weight were gauged. The tumors 
were harvested for the following experiments. All experiments, authorized by the Ethics 
Committee of Zhejiang Taizhou Hospital, affiliated with Wenzhou Medical University, 
were implemented in conformity with the Guidelines for the Care and Use of Labora-
tory Animals (NIH publications Nos. 80-23, revised in 1996).

Immunohistochemistry (IHC)

The mouse tumor tissues were immobilized using 4% paraformaldehyde, dehydrated 
with alcohol of gradient concentrations, made transparent with xylene, embedded in 
paraffin, and severed into slices (4-μm thick). The sections were dewaxed and hydrated; 
3% H2O2 was applied to block the activity of endogenous peroxidase. After antigen 
repair, the slices were sealed using 5% goat serum for 20 min, flushed in PBS three 
times, and then incubated along with Anti-Ki67 (ab15580, Abcam,1:200) antibody 
overnight at 4 °C. Afterward, the sections were incubated with the HRP-conjugated goat 
anti-rabbit IgG secondary antibody (ab6721, Abcam, 1:1000) for 2 h. Diaminobenzidine 
(DAB) was taken for color development. Hematoxylin was used for redyeing. The stain-
ing outcomes were observed employing a microscope (Olympus, Tokyo, Japan) after the 
slices were dehydrated, made transparently, and sealed by neutral gum.

HE Staining

The paraffin slices of tumor tissues were dehydrated using gradient alcohol, washed 
in distilled water, dyed with the hematoxylin solution for 8 min, flushed in running 
water, and turned blue with 0.6% ammonia. Subsequently, the sections were stained in 
the eosin solution for 2 min, dehydrated, and made transparent with the use of xylene. 
Finally, they were dried and sealed with neutral gum. A microscope (Olympus, Tokyo, 
Japan) was utilized for observation and photography.

Tissue Immunofluorescence

The paraffin slices were routinely dewaxed to water and subjected to antigen repair. 
After PBS washing, the sections were sealed using 5% bovine serum for 30 min. We 
added the primary antibodies Anti-PI3K (ab191606, Abcam, 1:250) and Anti-AKT 
(ab8805, Abcam, 1:200) to incubate them overnight at 4 °C. Next, the fluorescence-
labeled goat anti-rabbit IgG secondary antibody (ab6939, Abcam, 1:2000) was applied 
for 1-h incubation at RT. DAPI was utilized for redyeing. An anti-fluorescence quench-
ing agent was adopted to seal the sections. A fluorescence microscope (Olympus, 
Tokyo, Japan) was taken for observation and imaging.



5223Applied Biochemistry and Biotechnology (2023) 195:5217–5237	

1 3

TdT‑mediated DUTP Nick End Labeling (TUNEL) Staining

After the HCC cells were treated with Salvigenin (100 μM), 740Y-P (50 μg/mL), or 5-FU 
(100 μM), as mentioned before, the medium was removed. The cells were flushed in pre-
cooled PBS, fixed with 4% polyformaldehyde for 60 min, and rinsed in PBS once. Later, an 
immunostaining detergent was applied for 2 min of incubation in an ice bath. The samples 
were incubated for an hour in darkness at 37 °C with 50 μL TUNEL solution. After being 
flushed in PBS three times, the slices were sealed using an antifade mounting medium 
(P0131, Beyotime Biotechnology, Shanghai, China) and observed by a fluorescence micro-
scope (Olympus, Tokyo, Japan).

As per the instructions of the TUNEL apoptosis kit (C1090, Beyotime Biotechnology, 
Shanghai, China), the tumor slices were routinely dewaxed, hydrated, and flushed using 
PBS three times. The Protease K working solution (20 μg/mL) without any DNase (ST523, 
Beyotime Biotechnology, Shanghai, China) was added for 15 min of reaction at 37 °C. The 
slices were rinsed in PBS three times. Next, 50 μL TUNEL solution was added and evenly 
spread over the samples. After being sealed with an anti-fluorescence quenching agent, the 
slices were observed by a fluorescence microscope.

Biochemical Analysis

The mouse blood samples were harvested. The levels of alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), blood urea nitrogen (BUN), and serum creatinine (Scr) 
were through the Fuji Dri-Chem 3500i Biochemistry Analyzer (Fujifilm Ltd, Japan).

Statistical Analysis

GraphPad Prism 8.0 (GraphPad Software, Inc.) was introduced for analyzing statistics. 
Measurement statistics were exhibited as mean ± standard deviation (SD). One-way 
ANOVA was taken for comparison among multiple groups, followed by post hoc Tukey’s 
test, while a t-test was implemented to compare data differences between two groups. P < 
0.05 held statistical significance.

Results

Salvigenin Dampened HCC Cell Proliferation, Migration, and Invasion and Boosted 
Apoptosis

To investigate the pharmacological function of Salvigenin (Fig. 1A: the chemical for-
mula of Salvigenin) in the context of HCC, we examined the influence of Salvigenin (0 
μM, 25 μM, 50 μM, 100 μM, 200 μM, 400 μM, 800 μM) on six types of HCC cells. It 
transpired that Salvigenin suppressed cell viability in most HCC cells in a concentra-
tion-dependent pattern (Fig. 1B). We also adopted Salvigenin (25 μM, 50 μM, 100 μM) 
to treat Huh7 and HepG2 cells (which are most sensitive to Salvigenin) with a view to 
further studying its function in HCC. A colony formation assay was performed to meas-
ure colony-forming ability. Transwell monitored migration and invasion, while TUNEL 
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detected apoptosis. The outcomes revealed that Salvigenin concentration dependently 
impeded colony formation (Fig. 1C), migration, and invasion (Fig. 1D, E) and bolstered 
apoptosis (Fig. 1F, G). Furthermore, we tested cell death using the Calcein/PI Cell Via-
bility/Cytotoxicity Assay Kit. Our data showed that Salvigenin enhanced PI-positive 

Fig. 1.   Salvigenin dampened HCC cell proliferation, migration, and invasion and boosted apoptosis. (A) 
The structural formula of Salvigenin. Salvigenin (0 μM, 25 μM, 50 μM, 100 μM, 200 μM, 400 μM, 800 
μM) was applied to treat six types of HCC cells. (B) Salvigenin concentration dependently suppressed cell 
viability. Huh7 and HepG2 cells were the most sensitive to Salvigenin. Salvigenin (25 μM, 50 μM, 100 μM) 
was taken to treat Huh7 and HepG2 cells. (C) Colony formation assay. (D, E) Transwell monitored migra-
tion and invasion. (F, G) TUNEL examined apoptosis. (H) Cell death was determined using the Calcein/
PI Cell Viability/Cytotoxicity Assay Kit. *P < 0.05, **P < 0.01, ***P < 0.001 (vs. the con group). N = 3
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cells and reduced Calcein expression in cells (Fig. 1H). These discoveries denoted that 
Salvigenin repressed the malignant biological behaviors of HCC cells.

Salvigenin Impeded HCC Cells’ Aerobic Glycolysis

Aerobic glycolysis, a symbol of cancer metabolism, features glucose uptake and lactate 
generation. This prompted us to probe the influence of Salvigenin on the aerobic glycoly-
sis of HCC cells. Corresponding kits were taken to examine the levels of glucose uptake 
and lactate generation in Huh7 and HepG2 cells. As a result, Salvigenin vigorously attenu-
ated glucose uptake and lactate production (P < 0.05, Fig. 2A, B). RT-PCR and western 
blot verified the profiles of glycolytic rate-limiting enzymes (HK2, PFK1, PKM2). Our 
statistics reflected that Salvigenin concentration dependently restrained their expressions 
(P < 0.05, Fig. 2C). Given these discoveries, Salvigenin repressed the aerobic glycolysis of 
HCC cells.

Salvigenin Blunted HCC Drug‑resistant Cells’ Resistance to 5‑FU

Salvigenin (100 μM) and 5-FU (0 μM, 25 μM, 50 μM, 100 μM, 200 μM, 400 μM, 800 
μM) were applied to treat Huh7 and HepG2 cells for the purpose of studying the influ-
ence of Salvigenin on HCC cells’ chemoresistance. CCK-8 tested cell viability, with 

Fig. 2   Salvigenin repressed HCC cell aerobic glycolysis. Salvigenin (25 μM, 50 μM, 100 μM) was utilized 
to treat Huh7 and HepG2 cells. (A) The level of glucose uptake. (B) The level of lactate production. (C, D) 
RT-PCR measured the relative levels of glycolytic genes (HK2, PFK1, PKM2). (E, F) Western blot deter-
mined the profiles of glycolytic enzymes. *P < 0.05, **P < 0.01, ***P < 0.001 (vs. the con group). N = 3
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the IC50 value calculated. The outcomes displayed that Salvigenin dramatically forti-
fied HCC cells’ sensitivity to 5-FU (versus the con group) (P< 0 .05, Fig.  3A): the 
5-FU-resistant Huh7 (Huh7/5-FU) and HepG2 (HepG2/5-FU) cell lines. We assessed 
the impact of Salvigenin on HCC cells’ resistance to 5-FU. Statistics demonstrated that 
Salvigenin lowered the IC50 value of 5-FU in HCC drug-resistant cell lines (Fig. 3B). 
To confirm the influence of Salvigenin on HCC drug-resistant cells, we used Salvigenin 
and/or 5-FU (100 μM) to treat the drug-resistant cells and implemented colony forma-
tion assay. It turned out that as opposed to the single use of 5-FU, its combination with 
Salvigenin vigorously abated the number of cell colonies (Fig.  3D). Our observation 
established that Salvigenin elevated HCC cells’ sensitivity to chemotherapy and attenu-
ated HCC drug-resistant cells’ chemoresistance to 5-FU.

Network Pharmacological Analysis of Salvigenin Target‑hepatocellular Carcinoma 
Target Interaction

To delve into the mechanism of Salvigenin treating HCC, we conducted a network 
pharmacological analysis. The analysis process is detailed in Fig. 4A. We acquired 869 
HCC-associated targets (relevance score ≥ 10) from the GeneCards database (https://​
www.​genec​ards.​org/). The SMILES number of Salvigenin obtained from the PubChem 
database (https://​pubch​em.​ncbi.​nlm.​nih.​gov/) was inputted into the SwissTarget data-
base (http://​www.​swiss​targe​tpred​iction.​ch/). We selected Homo Sapiens and down-
loaded 100 Salvigenin-concerned targets. The targets of the disease and drug were 
uploaded to Venn’s diagram online tool (https://​bioin​fogp.​cnb.​csic.​es/​tools/​venny/​index.​
html), and we obtained 32 common targets (Fig. 4B). The 32 targets were regarded as 
the underlying targets of Salvigenin fighting HCC. The Cytoscape software (version 
3.9.1) was introduced for the construction of the Compounds-Target Network diagram 
(Fig. 4C). Next, the common targets were uploaded to the String database (https://​cn.​
string-​db.​org/​cgi/​input.​pl). We selected Homo Sapiens to generate the PPI network dia-
gram (Fig. 4D).

Salvigenin Potentially Modulated PI3K/AKT/GSK‑3β in HCC

To understand the mechanism of Salvigenin influencing the putative targets of HCC, we 
implemented the GO and KEGG enrichment analyses of the common targets with the help 
of the DAVID database (https://​david.​ncifc​rf.​gov/​home.​jsp) and visualized the top 20 sign-
aling pathways and the top 10 terms of biological process (BP), cellular component (CC), 
and molecular function (MF) (Fig. 5A, B) through the Weishengxin online drawing tool. 
Our outcomes denoted that these common targets were enriched in the PI3K/AKT path-
way. Interestingly, the GEPIA (http://​gepia.​cancer-​pku.​cn/) and The Human Protein Atlas 
(HTTPS://www.​prote​inatl​as.​org/) databases revealed that the expressions of PIK3CA, 
AKT1, and GSK3B in HCC tissues were enhanced (compared with those of normal liver 
tissues) (Supplementary Fig. 1A–G). The overall survival (OS) and disease-free survival 
(RFS) rates of patients with high PIK3CA, AKT1, and GSK3B expressions were lower 
than those of patients with low PIK3CA, AKT1, and GSK3B expressions (Supplemen-
tary Fig. 2A–C). To substantiate the mechanism of Salvigenin in HCC analyzed and pre-
dicted by network pharmacological analysis, we treated HCC cells (Huh7, HepG2) with 
Salvigenin (25 μM, 50 μM, 100 μM). Western blot ascertained the profile of PI3K/AKT/
GSK-3β. It turned out that Salvigenin concentration dependently dampened PI3K, AKT, 

https://www.genecards.org/
https://www.genecards.org/
https://pubchem.ncbi.nlm.nih.gov/
http://www.swisstargetprediction.ch/
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://cn.string-db.org/cgi/input.pl
https://cn.string-db.org/cgi/input.pl
https://david.ncifcrf.gov/home.jsp
http://gepia.cancer-pku.cn/
http://www.proteinatlas.org/
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and GSK-3β phosphorylation (Fig. 5C, D). These discoveries established that Salvigenin 
might exert an anti-cancer function in HCC primarily by suppressing the PI3K/AKT/
GSK-3β pathway.

PI3K/AKT/GSK‑3β Pathway Activation Weakened the Anti‑cancer Function 
of Salvigenin

To better understand the anti-cancer function of Salvigenin in HCC, we treated Huh7 
cells with Salvigenin and/or 740Y-P (the PI3K activator). CCK-8, colony formation 
assay, Transwell migration and invasion experiments, and TUNEL were implemented. 
Figure  6A–D exhibited that by contrast to the Salvigenin group, 740Y-P distinctly 
heightened cell viability, augmented cell colony formation, bolstered cell migration 
and invasion, and attenuated cell apoptosis. Furthermore, the impact of 740Y-P on 
glycolysis was also confirmed. Corresponding kits were utilized to examine the levels 

Fig. 4   Network pharmacological analysis of Salvigenin target-HCC target interaction. (A) The flow chart 
of network pharmacological analysis. (B) Venn’s diagram displayed 32 common targets between HCC and 
Salvigenin. (C) The common targets of HCC and Salvigenin were utilized to establish the Compounds-
Target Network diagram via the Cytoscape software (version 3.9.1). (D) The common targets of HCC and 
Salvigenin were uploaded to the String database (https://​cn.​string-​db.​org/​cgi/​input.​pl). We selected Homo 
Sapiens to generate the PPI network diagram

https://cn.string-db.org/cgi/input.pl
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of glucose uptake and lactate generation. Western blot checked the profiles of HK2, 
PFK1, and PKM2. As a result, 740Y-P notably fostered cell glycolysis (P < 0.05, 
Fig.  6E, F). At last, a western blot was carried out to determine the profile of the 
PI3K/AKT/GSK-3β pathway. It demonstrated that by contrast to the Salvigenin group, 
740Y-P enhanced the profile of PI3K/AKT/GSK-3β phosphorylation (P < 0.05, 
Fig. 6G). On the evidence of the above data, PI3K/AKT/GSK-3β pathway activation 
weakened the anti-cancer function of Salvigenin in HCC.

Salvigenin Repressed Tumor Growth in vivo

A xenograft tumor model was built in nude mice with the use of Huh7 cells, and Salvi-
genin (5 μg/mouse/day, 10 μg/mouse/day) was taken to treat the mice. In this way, 
we probed the influence of Salvigenin on HCC cell growth in vivo. Salvigenin dose-
dependently hampered tumor growth (Fig.  7A) and abated the tumor volume and 
weight (Fig. 7B, C). HE staining was adopted to monitor the histopathology of tumors 
(Fig.  7D). IHC staining measured the positive rate of Ki67, while TUNEL analyzed 
cell apoptosis. The outcomes manifested that Salvigenin lowered the positive rate of 

Fig. 5   Salvigenin potentially modulated PI3K/AKT/GSK-3β in HCC. (A, B) The common targets were sub-
jected to GO and KEGG enrichment analyses with the help of the DAVID database (https://​david.​ncifc​rf.​
gov/​home.​jsp). The Weishengxin online drawing tool was adopted to visualize the top 20 signaling path-
ways and the top 10 terms of biological process (BP), cellular component (CC), and molecular function 
(MF). (C) Western blot verified the profile of PI3K/AKT/GSK-3β. *P < 0.05, **P < 0.01, ***P < 0.001 
(vs. the con group). N = 3

https://david.ncifcrf.gov/home.jsp
https://david.ncifcrf.gov/home.jsp
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Ki67 and bolstered apoptosis (versus the con group) (Fig.  7E, F). For a probe into 
Salvigenin toxicity in tumor-bearing mice, ELISA was done to gauge the levels of 
ALT, AST, Scr, and BUN in the mouse serum subsequent to Salvigenin treatment. 
Following Salvigenin treatment, no remarkable alterations in the above indicators of 
hepatic and renal functions were detected (Supplementary Fig.  3A, B). HE staining 
reflected that Salvigenin exerted no evident pathological damage to the heart, liver, 
spleen, lung, and kidney tissues of the mice (Supplementary Fig. 3A, B). These dis-
coveries signified that Salvigenin impeded HCC cell growth in vivo and had no sub-
stantial toxicity in the organs of tumor-bearing mice.

Fig. 6   PI3K/AKT/GSK-3β pathway activation blunted the anti-cancer function of Salvigenin. Huh7 cells 
were treated using Salvigenin (100 μM) and/or 740Y-P (50 μg/mL, the PI3K agonist). (A) CCK-8 examined 
cell viability. (B) Colony formation assay measured cell colony formation. (C, D) Transwell assay moni-
tored migration and invasion. (E) TUNEL assay checked apoptosis. (F) Glucose uptake and lactate genera-
tion levels were detected. (G, H) Western blot ascertained the profiles of glycolytic enzymes and the PI3K/
AKT/GSK-3β pathway. *P < 0.05, **P < 0.01, ***P < 0.001 (vs. the con group), &P < 0.05, &&P < 
0.01, &&&P < 0.001 (vs. the 740Y-P group). N = 3
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Salvigenin Cramped Tumor Glycolysis and the PI3K/AKT/GSK‑3β Pathway In Vivo

The profiles of HK2, PFK1, PKM2, and the PI3K/AKT/GSK-3β pathway were deter-
mined by western blot. The experimental statistics unveiled that Salvigenin restrained their 
expressions (Fig. 8A, B). Tissue immunofluorescence was also implemented to check the 
profile of PI3K/AKT signaling. Its outcomes displayed that Salvigenin weakened the fluo-
rescence intensity of p-PI3K, p-AKT, and p-GSK-3β (Fig. 8C). Given these findings, Salvi-
genin suppressed tumor glycolysis and the PI3K/AKT/GSK-3β pathway in vivo.

Discussion

HCC development, a sophisticated biological process, concerns multiple molecular and cel-
lular signaling pathways [29]. Conventional treatment strategies are usually accompanied 
by high recurrence and metastasis rates. More efficacious therapies need to be developed 

Fig. 7   Salvigenin repressed tumor growth in vivo. A xenograft tumor model was built in nude mice with 
the use of Huh7 cells. Salvigenin (5 μg/mouse/day, 10 μg/mouse/day) was applied to treat the mice. (A) 
Tumors. (B) The volume of tumors. (C) The tumor weight. (D) HE staining monitored histopathological 
changes in the tumors. (E) IHC staining checked the positive rate of Ki67. (F) TUNEL assay determined 
apoptosis. *P < 0.05, **P < 0.01, ***P < 0.001 (vs. the con group). N = 5
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for improving patients’ prognoses. On the back of the complexity of natural compounds, 
traditional Chinese medicine displays extensive pharmacological activities with various 
targets [30]. Our research confirmed that Salvigenin concentration dependently suppressed 
the malignant biological behaviors of HCC cells. Network pharmacological analysis was 
adopted to forecast the pharmacological mechanism of Salvigenin in HCC, which was sub-
stantiated by in-vivo and in-vitro experiments. Salvigenin exerted its cancer-suppressing 
function in the context of HCC by hampering the PI3K/AKT/GSK-3β signaling pathway.

Network pharmacological analysis has indicated that Salvigenin may modulate cell pro-
liferation and apoptosis so as to exert its anti-tumor function in HCC, which is a crucial 
factor contributing to HCC development [31]. Some studies have denoted that the signal-
ing pathways pertaining to cell proliferation, migration, invasion, angiogenesis, and other 
processes are dysregulated in HCC development. These signaling pathways have become 
the targets for HCC treatment [32]. Here, network pharmacological analysis revealed that 
there were 32 underlying targets for Salvigenin to fight HCC. Moreover, multiple signal-
ing pathways were discovered via GO and KEGG pathway enrichment analyses, including 
the PI3K/AKT/GSK-3β signaling pathway. Predicated on prior studies, we conjectured that 
Salvigenin might exert an anti-cancer function in HCC mainly via the PI3K/AKT/GSK-3β 
signaling pathway. Such a hypothesis prompted us to perform cell and animal experi-
ments. As per the in-vitro outcomes, Salvigenin concentration dependently hampered HCC 
cell proliferation, migration, and invasion, elicited apoptosis, and weakened cell aerobic 

Fig. 8   Salvigenin impeded tumor glycolysis and the PI3K/AKT/GSK-3β pathway in vivo. (A, B) Western 
blot confirmed the profiles of glycolytic enzymes and the PI3K/AKT/GSK-3β pathway. (C) Tissue immu-
nofluorescence verified the profiles of PI3K and AKT. *P < 0.05, **P < 0.01, ***P < 0.001 (vs. the con 
group). N = 5
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glycolysis and chemoresistance. In-vivo experiments unraveled that Salvigenin repressed 
the growth of tumors (Fig. 9).

Aerobic glycolysis is known as a marker of cancer metabolism. It has been demon-
strated to be inextricably associated with HCC development [10]. Hexokinase (HK), phos-
phofructokinase (PFK), and pyruvate kinases (PKs) are three rate-limiting enzymes in the 
process of aerobic glycolysis. Alterations in their expressions influence HCC progression 
to a great extent. There are four sub-types of HK, namely HK1, HK2, HK3, and HK4. HK2 
is a pivotal enzyme for the first step of catalyzing glycolysis. As reported, HK2 is dramati-
cally up-regulated in HCC tissues, while HK2 knockdown dampens HCC cell aerobic gly-
colysis and tumor growth [33]. PFK1, a rate-limiting enzyme that partakes in the second 
step of glycolysis, catalyzes fructose 6-phosphate to generate fructose 1, 6-diphosphate. 
Metformin is reported to attenuate HCC cell glycolysis and repress cell proliferation by 
restraining PFK1 expression [34]. PK, a crucial enzyme for the last step of catalyzing gly-
colysis, produces pyruvic acid and ATP by transferring the phosphate group of phosphoe-
nolpyruvic acid to ADP [35]. There are four isomers of PK to wit PKM1, PKM2, PKL, and 
PKR. PKM2 is the major type expressed and up-regulated in cancer [36]. In terms of HCC, 
targeted inhibition of PKM2 can antagonize glycolysis and re-sensitize sorafenib-resistant 
HCC cells to sorafenib [37]. Similarly, our study revealed that Salvigenin lessened glucose 
uptake and lactate generation, lowered the levels of HK2, PFK1, and PKM2, and abated 
5-FU-resistant HCC cells’ resistance to 5-FU. These findings reflected that Salvigenin 

Fig. 9   The mechanism diagram of Salvigenin in HCC
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cramped the profiles of glycolytic rate-limiting enzymes (HK2, PFK1, and PKM2) to 
repress cell glycolysis and chemoresistance.

PI3K, an intracellular phosphatidylinositol kinase, has a critical function in cellular 
physiological processes (such as modulating cell proliferation, survival, protein synthesis, 
and glucose homeostasis) [38]. The PI3K pathway is initiated through the point mutation 
of the PIK3CA gene or the inactivation of the phosphatase and tensin homolog (PTEN) 
gene [39]. Mutations of PI3K pathway activation emerge in 30–50% of human cancers 
[40]. Activated PI3K produces PIP3 by catalyzing PIP2 phosphorylation. PIP3 is a sig-
nificant lipid second messenger. It can combine and recruit cytoplasmic proteins with the 
pleckstrin-homology (PH) homologous structure to the cytoplasmic membrane, boosting 
the proteins to be activated [41]. Among these proteins containing the PH structure, the 
serine/threonine kinase AKT has drawn extensive attention. AKT, a pivotal downstream 
target of PI3K signaling, takes part in modulating multiple cellular pathways like prolifera-
tion, invasion, apoptosis, and angiogenesis. Targeting AKT is deemed a potential method 
for treating cancer [42]. The PI3K/AKT pathway is among the most common activated 
pathways during tumor occurrence and progression. PI3K/AKT pathway inhibition can 
attenuate HepG2 cell glycolysis [43]. Our research suggested that Salvigenin vigorously 
down-regulated the levels of PI3K, AKT, and GSK-3β phosphorylation.

Glycogen synthase kinase (GSK)-3β is a classical downstream target of the AKT path-
way. Reportedly, GSK-3β has two phosphorylation sites (Ser9 and Tyr216). The phospho-
rylation of the Ser9 site can culminate in GSK-3β inactivation, whereas the phosphoryla-
tion of the Tyr216 site leads to GSK-3β activation [44]. The function of GSK-3β in tumors 
has been widely investigated, but the conclusions are still controversial. Some studies con-
sider GSK-3β as a tumor-suppressing factor. For instance, GSK-3β expression is lowered 
in breast cancer tissues, while GSK-3β overexpression strengthens the inhibitory impact 
of Erastin on tumor growth [45]. Notwithstanding, GSK-3β is believed to have pro-cancer 
functions in other literature. For instance, GSK-3β expression is elevated in HCC tissues 
and is associated with the poor prognosis of patients [46]. Moreover, GSK-3β is a crucial 
enzyme that modulates glucose metabolism. Reportedly, GSK-3β partakes in HCC glyco-
lysis. Suppressing GSK-3β activity can lower the levels of glucose uptake, lactate genera-
tion, and ATP in HCC cells and down-regulate the profiles of pivotal glycolytic enzymes 
[47]. Aligned with preceding studies, our research discovered that Salvigenin hindered the 
activity of the PI3K/AKT/GSK-3β pathway, thus impeding HCC cell aerobic glycolysis 
and chemoresistance. However, the PI3K agonist 740Y-P inverted the anti-cancer function 
of Salvigenin in HCC.

Conclusion

All in all, through network pharmacological analysis and experiments, we have probed the 
underlying mechanism of Salvigenin in HCC. As a result, Salvigenin may dampen HCC 
cell proliferation, migration, and invasion and weaken cell glycolysis and chemoresist-
ance mainly by modulating the PI3K/AKT/GSK-3β pathway. Nonetheless, our study still 
has some limitations. In more animal studies, we will confirm the function and molecular 
mechanism of Salvigenin in the context of HCC.
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org/​10.​1007/​s12010-​023-​04511-z.
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