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 26 

Isoguanosine (ISO) is a naturally occurring bioactive compound with multiple pharmacological 27 

properties. In this study, the inhibitory effects of ISO on hepatocellular carcinoma (HCC) cells and 28 

its underlying molecular mechanisms were investigated. The cell viability after ISO treatment was 29 

assessed using the CCK-8 assay, trypan blue staining, and Hoechst 33342/PI double staining. The 30 

relevant targets of ISO and their regulatory mechanisms were predicted using network 31 

pharmacology and molecular docking technology. The induction of apoptosis by ISO on Huh-7 32 

cells was detected by Annexin V-FITC/PI double staining combined with flow cytometry and 33 

western blotting. The cell cycle arrest effect of ISO on Huh-7 cells was detected by Ki-67 staining, 34 

flow cytometry, and western blotting. The migration- inhibition effect of ISO on Huh-7 cells was 35 

detected by the wound healing, Transwell, and western blotting. In addition, the effects of reactive 36 

oxygen species (ROS) and protein kinase B (AKT) on Huh-7 cells were investigated by using 37 

N-acetyl cysteine (NAC) and AKT inhibitor HY10249, respectively. Cell viability assays 38 

demonstrated that ISO exerts a significant cytotoxic effect on HCC cell lines. Network 39 

pharmacology analysis revealed that the core targets of ISO are associated with ROS, AKT, and 40 

mitogen-activated protein kinase (MAPK) signaling pathways. Molecular docking results indicate 41 

that ISO has a strong binding affinity for AKT1, CASP3, and GSK3B. Apoptosis assays indicated 42 

that ISO induces apoptosis in Huh-7 cells via the mitochondria-dependent pathway. Furthermore, 43 

ISO modulates apoptosis through the MAPK and signal transducer and activator of transcription 3 44 

(STAT3) signaling pathways. Cell cycle assays showed that ISO induces G2/M phase arrest by 45 
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elevating intracellular ROS levels. Migration assays demonstrated that ISO inhibits cell migration 46 

by regulating the AKT signaling pathway. In addition, pretreatment with NAC reversed 47 

ISO-induced apoptosis, cell cycle arrest, and inhibition of migration. ISO promotes apoptosis, 48 

induces cell cycle arrest, and inhibits Huh-7 cell migration. These findings provide a theoretical 49 

basis for further pharmacological research and support the potential development and application of 50 

ISO as an anticancer agent. 51 

 52 
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 55 

Hepatocellular carcinoma (HCC) is a malignant tumor originating from hepatocytes cells [1], and it 56 

is typically diagnosed at an intermediate or advanced stage [2]. In recent years, the global incidence 57 

and mortality rates of HCC has continued to rise annually [3], posing a serious threat to public 58 

health and human life [4, 5]. Depending on individual clinical circumstances, patients with liver 59 

cancer are commonly treated with surgery, chemotherapy, or radiotherapy [1]. Chemotherapy is a 60 

well-established modality in oncology [6, 7]. However, its efficacy is significantly compromised 61 

due to frequent adverse effects and the growing problem of resistance to chemotherapeutic agents  [8, 62 

9]. Therefore, the development of novel and safe antitumor agents for the treatment of HCC is 63 

urgently needed. 64 

Naturally derived compounds extracted from traditional Chinese herbal medicines have 65 

demonstrated multi-target and multi-pathway therapeutic effects against various cancers [10-12]. In 66 

recent years, the anti- inflammatory, antibacterial, and antitumor properties of isoguanosine (ISO) 67 

have garnered significant research interest both domestically and internationally [13-15]. However, 68 

studies investigating its efficacy against liver cancer and its precise antitumor mechanisms remain 69 

limited. Thus, this study aimed to elucidate whether ISO exerts inhibitory effects on the growth of 70 

Huh-7 cells and to explore its associated molecular mechanisms. 71 

Numerous studies have demonstrated that natural or synthetic compounds can induce diverse forms 72 

of regulated cell death, including cell apoptosis necroptosis, ferroptosis, pyroptosis, and autophagic 73 

cell death, contributing to their anticancer activity [16-18]. A comprehensive understanding of these 74 

pathways is essential for exploring the full anticancer mechanisms of bioactive compounds. In this 75 

study, we focused on elucidating the apoptotic pathway induced by ISO in Huh‑ 7 cells. Inducing 76 

apoptosis in cancer cells is one of the effective and widely used strategies in cancer treatment 77 

[19-21]. Apoptosis can be initiated through mitochondrial pathways or via activation of death 78 
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receptors [22, 23]. Reactive oxygen species (ROS), the principal by products of oxidative stress, are 79 

known to contribute to tumor initiation and progression [24, 25]. When excessively accumulated, 80 

ROS can modulate several signaling pathways, most notably the protein kinase B (AKT) and 81 

mitogen-activated protein kinase (MAPK) pathways [26]. These pathways play essential roles in 82 

various biological processes, including cell adhesion, survival, and migration [27, 28]. ROS are also 83 

involved in regulating the activation of signaling pathways such as AKT and the signal transduction 84 

and activator of transcription 3 (STAT3), and may cooperate with the MAPK pathway to promote 85 

apoptosis [29, 30]. 86 

This study aimed to achieve the following research objectives with corresponding expected 87 

outcomes: The main research objective is to predict the ISO-related targets and the regulatory 88 

effects of ISO on HCC using network pharmacology methods. To achieve this, we first screened 89 

multiple HCC cell lines via the CCK-8 assay and selected Huh-7 cells as the in vitro model for 90 

subsequent experiments. We verified the binding affinity of ISO to its predicted target proteins and 91 

elucidated its anticancer effects (pro-apoptosis, cell cycle regulation, anti-migration) and underlying 92 

molecular mechanisms in Huh-7 cells. Thereby providing a systematic in vitro validation 93 

experimental basis for ISO as a potential new anti-HCC candidate drug. The expected result is to 94 

identify ROS accumulation as the upstream initiating factor for ISO’s anti-HCC effect, and ISO 95 

exerts a pro-apoptotic effect by activating the ROS-mediated MAPK/STAT3 signaling pathway to 96 

regulate downstream apoptotic proteins. By inhibiting the AKT signaling pathway, cell cycle arrest 97 

is induced, and the migration of liver cancer cells is inhibited through the GSK-3β/β-catenin 98 

signaling pathway. Ultimately, we obtained systematic experimental data on the multi-pathway 99 

regulatory mechanism of ISO on HCC cells, which will lay a solid theoretical and experimental 100 

foundation for further pharmacological research on ISO as an anti-cancer drug and its potential 101 

clinical development and application. 102 

 103 

Materials and methods 104 

Cell lines and cell culture. HCC cell lines Huh-7, HepG2, and Hep3B, along with the human 105 

normal lung cell line IMR-90, were obtained from the American Type Culture Collection (ATCC, 106 

Manassas, VA, USA). The human normal stomach cell line GES-1, normal liver cell line THLE-2, 107 

and normal renal cell line 293T were obtained from Sage Biotechnology Co., Ltd. (Shanghai, 108 
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China). All cell lines were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Gibco, 109 

Waltham, MA, USA), supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U/ml 110 

penicillin, and 100 μg/ml streptomycin (P/S; Gibco). Cells were incubated at 37 °C in a humidified 111 

atmosphere containing 5% CO2 in a sterile cell incubator (SanYo, Osaka, Japan). The core 112 

experimental model in this study is a hepatocellular carcinoma cell line. The inclusion of normal 113 

cell lines was done for the purpose of conducting specific cytotoxicity comparison assessments. All 114 

cell lines were obtained from ATCC and tested negative for mycoplasma contamination. 115 

Cell viability analysis. Cell viability was assessed using the Cell Counting Kit-8 (CCK-8; Solarbio, 116 

Beijing, China), 0.4% Trypan Blue Stain Solution (Coolaber, Beijing, China), and Hoechst 117 

33342/PI Double Staining Kit (Solarbio). To minimize well- to-well variation and edge effects, cells 118 

were seeded in equal numbers under consistent experimental conditions. For the CCK-8 assay, cells 119 

were seeded into 96-well plates at a density of 1 × 104 cells/well and treated with various 120 

concentrations (20, 40, 60, 80, and 100 μM) of ISO (HerbPurify Co., Chengdu, China) or 5-FU 121 

(MedChem Express, Princeton, USA) for different durations (6, 12, 18, 24, and 30 hours (h)). After 122 

treatment, 10 μl of CCK-8 solution was added to each well, followed by incubation for an 123 

additional 3 h. Absorbance was measured at 490 nm using a microplate reader (Tecan, Shanghai, 124 

China) to evaluate cell viability in both carcinoma and normal cell lines. 125 

For the Trypan Blue exclusion assay, Huh-7 cells (1 × 105 cells/well) were seeded in 6 cm dishes 126 

and treated with 43 μM 5-FU or 27 μM ISO (IC50 value) for various time intervals (3, 6, 12, and 24 127 

h). Cells were stained with 0.4% Trypan Blue for 3 minutes (min), and morphological changes were 128 

observed under a fluorescence microscope (MSHOT, Guangzhou, China). 129 

For the Hoechst 33342/PI double staining assay, cells were cultured and treated identically to the 130 

Trypan Blue assay. Cells were then stained with Hoechst 33342 and propidium iodide (PI) for 20 131 

min according to the manufacturer’s instructions, and fluorescence intensity was measured. 132 

Network pharmacology analysis and molecular docking analysis. Network pharmacology is a 133 

bioinformatics-based approach that integrates multiple omics data to predict drug-target interactions 134 

and elucidate underlying mechanisms. In this study, we performed an integrated network 135 

pharmacology analysis combined with molecular docking validation to systematically investigate 136 

the antitumor mechanism of ISO in HCC. The overall workflow is illustrated in Supplementary 137 

Figure S1. 138 
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Liver cancer-associated target genes were collected via the GeneCards database 139 

(https://www.genecards.org/, accessed on 20 July 2024) using the keyword “hepatocellular 140 

carcinoma” and filtering for genes with a relevance score above the median value. The standard 141 

linear chemical structure of ISO was obtained from the PubChem database 142 

(https://pubchem.ncbi.nlm.nih.gov/, accessed on 20 July 2024), and its 2D and 3D structures were 143 

downloaded. Potential ISO-related targets were predicted using the Swiss Target Prediction 144 

database (http://www.swisstargetprediction.ch/, accessed on 20 July 2024) with a probability score 145 

cutoff > 0.7 and supplemented by literature review. Only human entries were retained, and 146 

redundant records were merged. 147 

The Venny 2.1.0 tool (https://bioinfogp.cnb.csic.es/tools/venny/, accessed on 20 July 2024) was 148 

used to identify overlapping targets between ISO and HCC. The PPI network was constructed with 149 

the following parameters: organism “Homo sapiens,” a minimum required interaction score of 0.4, 150 

and hiding disconnected nodes in the network. Overlapping genes were submitted to the STRING 151 

database (Version 11.0; http://www.string-db.org/, accessed on 20 July 2024), and network 152 

visualization and refinement were performed using Cytoscape software (version 3.7.2; 153 

https://cytoscape.org/, accessed on 20 July 2024). GO enrichment analysis was carried out using the 154 

DAVID platform (https://davidbioinformatics.nih.gov/, accessed on 20 July 2024), along with 155 

KEGG pathway enrichment analysis. GO and KEGG enrichment analysis were considered 156 

significantly enriched at p < 0.05. These analyses revealed key signaling pathways potentially 157 

involved in the antitumor effects of ISO. 158 

To validate the binding feasibility between ISO and the key targets predicted by the network 159 

pharmacology analysis, molecular docking was performed. The core compound ISO was used as 160 

the small-molecule ligand, and the core targets from the PPI network were selected as docking 161 

receptors. The two-dimensional SDF structure of ISO was downloaded from the PubChem database, 162 

and the PDB-format structures of key target proteins were obtained from the RCSB Protein Data 163 

Bank (https://www.rcsb.org/, accessed on 20 July 2024). In PyMOL software, water molecules were 164 

removed from the target proteins, and ligand preparation was conducted. Using AutoDockTools 165 

1.5.7, the target proteins were hydrogenated, charges were assigned, and atomic rigid structures 166 

were determined. Docking grids were generated to define active binding pockets, and molecular 167 

docking was performed using the built- in docking tool. Binding affinities were estimated as free 168 
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energy of binding (kcal/mol); lower values indicate stronger interactions. The molecular docking 169 

results were visualized using PyMOL software. 170 

Cell apoptosis analysis. Apoptosis was analyzed using an Annexin V-FITC/PI apoptosis detection 171 

kit (4A Biotech, Beijing, China). The cell culture and treatment conditions were consistent with 172 

those used in the Hoechst/PI double staining assay. Briefly, 200 µl of 1× binding buffer and 4 µl of 173 

Annexin V-FITC were added to each sample. The cells were incubated in the dark at room 174 

temperature for 5 min. Following this, 3 µl of PI was added, and the samples were incubated at 4 °C 175 

for 20 min. Apoptotic morphological changes and staining were observed by fluorescence 176 

microscopy. In addition, the percentage of apoptotic cells was quantified using flow cytometry 177 

(Sysmex Co., Kobe, Japan). 178 

Mitochondrial membrane potential analysis. MMP was assessed using the JC-1 MMP assay kit 179 

(Solarbio). Huh-7 cells (1 × 105 cells/well) were seeded in 6 cm culture dishes and treated with 43 180 

μM 5-FU or 27 μM ISO at various time points (3, 6, 12, and 24 h). After treatment, 1 ml of 1× JC-1 181 

staining solution was added to each well, followed by a 30 min incubation. Cells were then 182 

centrifuged for 3 min, washed twice with 1× washing buffer, and subjected to flow cytometry for 183 

MMP analysis. The effect of ISO on MMP in Huh-7 cells was recorded. 184 

Western blotting analysis. Western blotting was conducted to assess protein expression associated 185 

with apoptosis and related pathways. Huh-7 cells (1 × 105 cells/well) were cultured in 6 cm dishes 186 

and treated with 27 μM ISO for 3, 6, 12, or 24 h. A total of 2 ml of lysis buffer was added to each 187 

sample based on cell density. Distilled deionized water (DDW) and 5× sample buffer was added 188 

according to optical density (OD) values. Equal amounts of protein (20 μg/sample) were loaded 189 

onto SDS–PAGE gels. After electrophoresis and transfer, membranes were incubated with specific 190 

antibodies against phosphorylated ERK (p-ERK, #sc-7383), ERK (#sc-154), phosphorylated JNK 191 

(p-JNK, #sc-6254), JNK (#sc-7345), phosphorylated p38 (p-p38, #sc-7973), p38 (#sc-7149), 192 

phosphorylated AKT (p-AKT, #sc-7985-R), AKT (#sc-8312), phosphorylated STAT3 (p-STAT3, 193 

#sc-8059), STAT3 (#sc-8019), Bad (#sc-8044), Bcl-2 (#sc-7382), cytochrome c (cyto-c, #sc-13156), 194 

cleaved-caspase-3 (cle-casp-3, #sc-271028), cleaved-PARP (cle-PARP, #sc-8007), Cyclin B1 195 

(#sc-245), CDK1/2 (#sc-53219), p21 (#sc-397), p27 (#sc-528), phosphorylated GSK-3β (p-GSK-3β, 196 

#sc-16740-R), GSK-3β (#sc-7291), β-catenin (#sc-7963), E-cadherin (#sc-8426), and N-cadherin 197 

(#sc-59987) and α-tubulin (#sc-69971). All aforementioned antibodies were purchased from Santa 198 
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Cruz Biotechnology (Dallas, TX, USA). Secondary antibodies, including horseradish peroxidase 199 

(HRP)-conjugated goat anti-rabbit IgG and goat anti-mouse IgG, were obtained from ZSGB-Bio 200 

(Beijing, China). 201 

Cell ROS analysis. ROS levels were analyzed using an ROS detection kit (Solarbio). Huh-7 cells 202 

(1 × 105 cells/well) were cultured in 6 cm dishes and treated with 43 μM 5-FU or 27 μM ISO at 203 

multiple time points (3, 6, 12, and 24 h). Cells were incubated with 2′,7′-dichlorodihydrofluorescein 204 

diacetate (DCFH-DA) in the dark for 30 min. ROS accumulation was subsequently measured by 205 

flow cytometry and fluorescence microscopy. For further validation, Huh-7 cells were pretreated 206 

with N-acetyl cysteine (NAC) for 30 min prior to ISO treatment, and ROS levels were re-evaluated. 207 

Cell cycle analysis. Cell cycle analysis was conducted using the Ki67 Cell Proliferation Assay Kit 208 

(Beyotime, Shanghai, China) and the DNA Content Quantitative Assay Kit (Solarbio, Beijing, 209 

China). Huh-7 cells (1 × 105 cells/well) were seeded onto 6 cm culture plates. Subsequently, these 210 

cells were treated with 43 μM 5-FU and 27 μM ISO at multiple predetermined time intervals (3, 6, 211 

12, and 24 h). Cells in each well were fixed with 1 ml of fixative for 5 min, followed by the addition 212 

of 1 ml of immunostaining blocking solution. After 10 min, 1 ml of Ki67 rabbit monoclonal 213 

antibody was added and the samples were incubated overnight at 4 °C. Following three washes with 214 

washing solution, 1 ml of anti-rabbit 488 secondary antibody was added and incubated at room 215 

temperature for 1 h. Next, 1 ml of nuclear staining solution (DAPI) was added to each well for 5 216 

min. After an additional three washes, the effects of 5-FU and ISO on cell cycle arrest in Huh-7 217 

cells were visualized using fluorescence microscopy. 218 

The cell culture and treatment procedures for DNA content analysis were consistent with the 219 

Ki67/PI double staining method. Cells were subsequently fixed in 70% ethanol and stored at 4 °C 220 

overnight. The next day, cells were incubated with 100 µL of RNase A at 37 °C for 30 min. 221 

Following this, 400 µl of PI was added, and the samples were incubated in the dark at 4 °C for 222 

another 30 min. Flow cytometry was then used to evaluate the effects of 5-FU and ISO on cell cycle 223 

arrest in Huh-7 cells. Data were subsequently analyzed using Flow Jo 10.8 software. Prior to ISO 224 

treatment, Huh-7 cells were pretreated for 30 min with NAC and the AKT inhibitor HY10249, then 225 

reanalyzed. 226 

Cell migration analysis. Cell migration was assessed using the wound healing assay. Huh-7 cells 227 

(1 × 105 cells/well) were seeded onto 6 cm culture plates and treated with 43 μM 5-FU and 27 μM 228 
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ISO at multiple predetermined time intervals (3, 6, 12, and 24 h). For the Transwell assay, Huh-7 229 

cells at a density of 1 × 105/ml were seeded into the upper chamber of a Transwell insert. The lower 230 

chamber was filled with medium containing 20% FBS and incubated for 24 h. The cells were then 231 

treated with 43 μM 5-FU and 27 μM ISO at various time points (3, 6, 12, and 24 h). After 232 

incubation, cells were stained using 0.1% crystal violet. Migrated cells were quantified using the 233 

Transwell assay and visualized by fluorescence microscopy. 234 

In additional experiments, Huh-7 cells were pretreated with 10 mM NAC for 30 min, or with both 235 

10 mM NAC and the AKT inhibitor HY10249 for 30 min prior to ISO treatment, and migration was 236 

reassessed. 237 

Statistical analysis. All experiments were conducted in triplicate, and the results were expressed as 238 

mean±standard deviation (SD). IC50 values were calculated using GraphPad Prism 10.0. One-way 239 

analysis of variance (ANOVA) was performed using SPSS 21.0, and statistical significance was 240 

determined using T-tests. Significance thresholds were set as follows: *p < 0.05, **p < 0.01, and 241 

***p < 0.001. 242 

 243 

Results 244 

Cytotoxic effects of ISO. ISO exhibited a potent cytotoxic effect on three HCC cell lines: Huh-7, 245 

HepG2, and Hep3B. The cytotoxicity of ISO displayed both concentration and time-dependent 246 

effects on liver cancer cell viability (Figures 1A, 1B). In contrast, the toxicity of ISO toward four 247 

normal human cell lines-THLE-2, IMR-90, 293T, and GES-1 was significantly lower than that 248 

observed for 5-fluorouracil (5-FU) (Figures 1C, 1D). The half-maximal inhibitory concentration 249 

(IC50) values for Huh-7, HepG2, and Hep3B cells treated with ISO were 27 μM, 80 μM, and 62 μM, 250 

respectively. Compared with 5-FU, an increase in the duration of ISO treatment led to a progressive 251 

increase in the number of Trypan blue-stained cells (Figure 1E). Additionally, the proportion of 252 

Huh-7 cells with both bright Hoechst 33342 and PI fluorescence was increased  with prolonged ISO 253 

treatment. (Figure 1F). These findings suggest that ISO exerts superior cytotoxicity against Huh-7 254 

cells compared to 5-FU. Consequently, Huh-7 cells were selected as the target model for subsequent 255 

experiments. 256 

ISO and HCC network pharmacology. To prepare for the subsequent target prediction, we 257 

visualized the chemical structure of ISO (Figure 2A). Using SwissTargetPrediction (probability > 258 
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0.7, human), we identified 157 potential targets of ISO. From GeneCards (keyword: “hepatocellular 259 

carcinoma”), 2349 HCC-related targets were retrieved based on relevance score ≥ median. Venny 260 

analysis revealed 110 overlapping targets (Figure 2B). Protein-protein interaction (PPI) networks 261 

were constructed using the STRING database and analyzed using Cytoscape software (Figures 2C, 262 

2D). Gene Ontology (GO) analysis indicated that these overlapping targets were mainly associated 263 

with the regulation of apoptosis, cell migration, and protein phosphorylation. Kyoto Encyclopedia 264 

of Genes and Genomes (KEGG) pathway analysis showed significant enrichment in cancer-related 265 

pathways, particularly those involving AKT, MAPK, and ROS signaling (Figures 2E-2G). 266 

ISO and HCC molecular docking analysis. To predict the binding sites through which ISO 267 

interacts with liver cancer targets, a molecular docking analysis was performed. A comprehensive 268 

binding site map of ISO was generated using AutoDock Tools 1.5.7. AKT1, CASP3, and GSK3B 269 

were selected as the core protein receptors for docking simulations. The active docking pocket was 270 

set, and ISO formed hydrogen bonds with AKT1, CASP3, and GSK3B, indicating favorable 271 

docking conformations. Molecular docking models of ISO bound to AKT1, CASP3, and GSK3B 272 

were obtained from the PDB database (Figure 2H). The binding interfaces between ISO and AKT1 273 

or GSK3B included residues such as LEU, which may influence phosphorylation activity. These 274 

results suggest that ISO exhibits strong binding affinity toward AKT1, CASP3, and GSK3B. 275 

ISO induces mitochondria-mediated apoptosis in Huh-7 cells. With prolonged ISO treatment, 276 

Huh-7 cells exhibited gradual shrinkage and nuclear fragmentation, and the proportion of apoptotic 277 

cells was increased. These morphological changes were more significant than those in the 278 

5-FU-treated group. (Figure 3A). Flow cytometry analysis revealed that ISO increased the 279 

proportion of apoptotic cells from 0.02% to 21.55%, while simultaneously reducing mitochondrial 280 

membrane potential (MMP) from 99.48% to 77.8% (Figures 3B, 3C). Western blotting results 281 

demonstrated that with prolonged ISO treatment, the expression levels of pro-apoptotic proteins 282 

including Bad, cytochrome c (cyto-c), cleaved caspase-3 (cle-casp-3), and cleaved PARP (cle-PARP) 283 

progressively increased. In contrast, the anti-apoptotic protein Bcl-2 exhibited reduced expression 284 

(Figure 3D). These findings indicate that ISO induces mitochondria-dependent apoptosis in Huh-7 285 

cells. 286 

ISO regulates MAPK/STAT3 signaling pathways in Huh-7 cells. With increasing ISO treatment 287 

time, the expression levels of phosphorylated JNK (p-JNK) and phosphorylated p38 (p-p38) 288 
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increased, while the levels of phosphorylated ERK (p-ERK) and phosphorylated STAT3 (p-STAT3) 289 

decreased (Figure 3E). To investigate the interaction between MAPK and STAT3 signaling 290 

pathways, MAPK inhibitors were applied to Huh-7 cells. ERK inhibition led to decreased p-STAT3 291 

expression, whereas JNK and p38 inhibitors altered these effects (Figures 3F-3H). These results 292 

suggest that the MAPK pathway promotes apoptosis in Huh-7 cells through modulation of the 293 

STAT3 signaling pathway. 294 

ISO upregulates ROS levels via MAPK/STAT3 signaling pathways in Huh-7 cells. ISO 295 

treatment led to a progressive increase in ROS accumulation within Huh-7 cells. Compared with 296 

5-FU, ISO induced a greater increase in ROS fluorescence intensity over time (Figures 4A-4C). In 297 

the ISO+NAC group, fluorescence intensity was considerably reduced relative to ISO treatment 298 

alone, indicating effective ROS scavenging by NAC. Pretreatment with NAC for 30 min 299 

significantly reduced the number of apoptotic Huh-7 cells (Figure 4D). Furthermore, the expression 300 

levels of p-ERK, p-JNK, p-p38, p-STAT3, cle-casp-3, and cle-PARP were inhibited in the 301 

ISO+NAC group compared with ISO treatment alone (Figure 4E). These results collectively 302 

demonstrate that ISO elevates intracellular ROS levels, which in turn mediate apoptosis through the 303 

MAPK signaling pathway in Huh-7 cells. 304 

ISO Triggers G2/M cell cycle arrest in Huh-7 cells. As ISO treatment duration increased, the 305 

fluorescence intensity of Huh-7 cells stained with Ki67 decreased, indicating suppressed 306 

proliferation. The effect was comparable to that of 5-FU (Figure 5A). Flow cytometry results 307 

showed that ISO treatment significantly elevated the proportion of Huh-7 cells in the G2/M phase 308 

from 11.7% to 34.9%, while the percentage of cells in the G0/G1 phase progressively declined 309 

(Figure 5B). When comparing the ISO+NAC group with ISO treatment alone, the ISO-induced 310 

G2/M phase arrest increased from 16.8% to 27.3% (Figure 5C). Western blotting analysis revealed 311 

that ISO significantly downregulated the expression of p-AKT, CDK1/2, and Cyclin B, while 312 

upregulating p21 and p27 levels in Huh-7 cells. Following pretreatment with NAC or the AKT 313 

inhibitor HY10249, marked changes in cell cycle-related protein expression were also observed 314 

relative to the inhibitor-only groups (Figures 5C, 5D). These findings demonstrate that ISO can 315 

induce G2/M phase cell cycle arrest in Huh-7 cells. 316 

ISO prevents Huh-7 cell migration via the AKT/GSK-3β/β-catenin signaling pathways. 317 

Inverted fluorescence microscopy revealed that ISO significantly inhibited Huh-7 cell migration 318 
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compared with 5-FU, with a time-dependent effect (Figures 6A-6D). Western blotting demonstrated 319 

increased expression of E-cadherin and reduced expression of p-AKT, p-GSK-3β, N-cadherin, and 320 

β-catenin following ISO treatment. The addition of NAC or the AKT inhibitor HY10249 suppressed 321 

these protein expression changes (Figures 6E-6G). Collectively, these findings indicate that ISO 322 

impairs Huh-7 cell migration by regulating the AKT/GSK-3β/β-catenin signaling pathways. 323 

 324 

  325 
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Discussion 326 

In recent years, the use of Chinese herbal medicine in tumor therapy has gained increasing attention 327 

due to its potential to inhibit tumor growth and induce apoptosis in cancer cells [31-34]. Croton, a 328 

traditional Chinese herb, has demonstrated therapeutic properties including antibacterial, 329 

anti- inflammatory, and antiproliferative effects, particularly in MDA-MB-231 breast cancer cells 330 

[35]. ISO, the focus of this study, is an important alkaloid component derived from croton [36]. 331 

However, the precise molecular mechanisms underlying ISO’s anticancer activity have not yet been 332 

fully elucidated. 5-FU is a widely used chemotherapeutic agent known to induce apoptosis in 333 

various cancer types [37]. Our results demonstrated that ISO significantly inhibited Huh-7 cell 334 

proliferation while exerting lower cytotoxicity on normal cells compared with 5-FU, suggesting that 335 

ISO may represent a more promising candidate for anticancer drug development. Notably, ISO was 336 

shown to induce G2/M cell cycle arrest, apoptosis, and inhibition of migration, primarily through 337 

the upregulation of intracellular ROS. 338 

Apoptosis is a tightly regulated process triggered in response to external environmental stressors 339 

and involves complex molecular pathways [38, 39]. Members of the Bcl-2 protein family play a 340 

pivotal role in modulating mitochondrial membrane permeability [40, 41]. A decrease in MMP 341 

facilitates cyto-c release, activates caspase-3, and ultimately leads to programmed cell death [42-44]. 342 

Previous studies on croton extracts have shown that they can activate caspase cascades and 343 

modulate pro- and anti-apoptotic gene expression to induce mitochondrial-mediated apoptosis [35]. 344 

Consistent with these findings, our study demonstrated that ISO increased the expression of the 345 

pro-apoptotic protein Bad, decreased Bcl-2 expression, reduced MMP, and triggered apoptosis in 346 

Huh-7 cells. 347 

To further elucidate the mechanisms underlying ISO-induced apoptosis, we employed network 348 

pharmacology. The analysis revealed enhanced protein phosphorylation activity, with protein kinase 349 

and serine/threonine/tyrosine kinase functions playing central roles in the biological processes. 350 

MAPK, a serine/threonine kinase, is critically involved in cancer cell apoptosis initiated by natural 351 

compounds [45, 46]. In our study, ISO significantly downregulated the expression levels of p-ERK 352 

and p-STAT3, further implicating these pathways in its pro-apoptotic effects. 353 

ROS are key regulators of tumor biology, influencing tumor progression, signaling, and cell death 354 

[47]. Croton-derived compounds have previously been shown to elevate ROS levels in breast cancer 355 
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cells [35]. Consistent with this, our findings demonstrated that ISO induced a sustained increase in 356 

ROS levels in Huh-7 cells. To assess the role of ROS in ISO-induced apoptosis, NAC (a ROS 357 

scavenger) was used for pretreatment. NAC significantly reduced the proportion of apoptotic cells 358 

and altered the expression of key proteins in the AKT, MAPK, and STAT3 pathways. These 359 

observations suggest that ROS serve as upstream signals in ISO-induced activation of these 360 

pathways, promoting apoptosis through enhanced mitochondrial ROS production. Collectively, 361 

these findings indicate that ISO is a promising candidate for development as a novel antitumor 362 

agent. 363 

Cell cycle regulation plays a fundamental role in controlling cell proliferation and apoptosis, and is 364 

critically involved in tumor initiation and progression [48]. Due to significant variability across cell 365 

cycle phases, precise control of cell cycle dynamics remains challenging [49]. Recent studies have 366 

shown that various anticancer agents can induce cell cycle arrest and stabilize cell cycle checkpoints 367 

[50, 51]. The natural product B10G5 derived from Croton tiglium has been reported to induce 368 

G2/M phase arrest and initiate apoptosis in lung cancer cells [52]. In our study, ISO was found to 369 

induce G2/M phase arrest in Huh-7 cells by downregulating AKT expression, leading to decreased 370 

levels of p-AKT, CDK1/2, and Cyclin B1, and increased levels of p27 and p21. These changes 371 

effectively contributed to the suppression of tumorigenic potential. 372 

Cell migration is essential for maintaining tissue organization [53]. β-catenin is a well-known 373 

substrate of GSK-3β, and its phosphorylation is modulated by GSK-3β activity [54]. 374 

Overexpression or activation of GSK-3β can promote AKT phosphorylation, which is implicated in 375 

tumor progression and cell motility [55]. Our results showed that ISO decreased the expression of 376 

N-cadherin, increased E-cadherin levels, and inhibited Huh-7 cell migration. Moreover, NAC 377 

pretreatment abrogated these effects by suppressing ROS accumulation and its downstream 378 

influence on migration-associated proteins. These findings suggest that ISO impairs Huh-7 cell 379 

migration through ROS-induced modulation of the AKT/GSK-3β/β-catenin signaling pathway. 380 

The strength of this study lies in the integration of network pharmacology, molecular docking, and 381 

experimental validation to systematically elucidate the antitumor mechanism of ISO in HCC. This 382 

multidisciplinary approach not only identified key signaling pathways (e.g., AKT, MAPK, STAT3) 383 

but also linked them to functional phenotypes such as apoptosis, cell cycle arrest, and migration 384 

inhibition, providing a comprehensive mechanistic framework. The convergence of computational 385 
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prediction and in vitro validation enhances the reliability and translational potential of the findings. 386 

However, this study has certain limitations that should be acknowledged. The absence of in vivo 387 

animal model data limits the translation of our cellular findings to a whole-organism context. Future 388 

studies employing orthotopic or xenograft mouse models are essential to confirm the antitumor 389 

efficacy and safety profile of ISO in vivo. Beyond conventional cytotoxicity, exploring ISO within 390 

the context of drug repurposing and sustainable therapeutic strategies could be highly valuable. 391 

Specifically, repurposing drugs as GLP-1-based therapies or targeting 20S proteasomes as a 392 

prophylactic strategy with immunomodulatory effects has shown positive impacts on cancer 393 

management [56, 57]. Future work could investigate whether ISO or its derivatives share 394 

mechanistic similarities with these approaches, potentially positioning it within a broader 395 

framework for cancer prevention or combination therapy. We believe that addressing these 396 

limitations in future research will help fully exploit the potential of ISO as a novel therapeutic agent 397 

for HCC. 398 

In summary, ISO induces apoptosis in Huh-7 cells through ROS accumulation, which activates the 399 

MAPK/STAT3 signaling pathways and modulates downstream apoptotic proteins. Simultaneously, 400 

ISO inhibits the AKT signaling pathway to induce G2/M phase cell cycle arrest and suppresses cell 401 

migration via ROS-mediated regulation of the GSK-3β/β-catenin axis. These findings (Figure 7) 402 

provide a theoretical basis for further pharmacological research and support the potential 403 

development and application of ISO as an anticancer agent. 404 
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Figure Legends 586 

 587 

Figure 1. Cytotoxic effects of isoguanosine (ISO) in hepatocellular carcinoma (HCC) cells. Cell 588 
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viability was assessed using the CCK-8 assay. A) Huh-7, HepG2, and Hep3B cells were treated with 589 

various concentrations (0, 20, 40, 60, 80, and 100 µM) of ISO and 5-FU for 24 h. B) Cells were 590 

treated with 27 μM ISO or 5-FU for 6, 12, 18, 24, and 30 h. C) Normal cell lines (THLE-2, IMR-90, 591 

293T, and GES-1) were treated with ISO or 5-FU at concentrations of 20-100 μM for 24 h. D) The 592 

same cell lines were treated with 27 μM ISO or 5-FU over a time course (6, 12, 18, 24, and 30 h). 593 

(*p < 0.05, **p < 0.01, ***p < 0.001 vs. 5-FU) E) Huh-7 cells were stained with Trypan blue and 594 

visualized using fluorescence microscopy (scale bar=50 µm). F) Huh-7 cells were stained with 595 

Hoechst 33342 and observed by fluorescence microscopy (scale bar=50 µm). 596 

 597 

Figure 2. Network pharmacology analysis and Molecular Docking analysis of ISO against HCC. A) 598 

Chemical structure of ISO. B) Venn diagram of overlapping targets between ISO and HCC. C) PPI 599 

network constructed using the MCODE plugin. Nodes with a higher number of connections 600 

represent core components. D) KEGG pathway enrichment analysis. E-G) GO enrichment analyses 601 

showing biological processes (BP), molecular functions (MF), and cellular components (CC). H) 602 

Results of ISO with AKT1, CASP3, and GSK3B. 603 

 604 

Figure 3. Apoptotic effects of ISO in Huh-7 cells were treated with 27 μM ISO for 0, 3, 6, 12, and 605 

24 h. A) Apoptosis in Huh-7 cells was visualized using Annexin V-FITC/PI staining and 606 

fluorescence microscopy (scale bar=50 µm). B) Apoptotic cell percentage was measured via flow 607 

cytometry. C) Changes in mitochondrial membrane potential (MMP) were assessed by flow 608 

cytometry. D) Apoptotic protein expression levels were analyzed using western blotting. E) 609 

Expression of p-ERK, p-JNK, p-p38, and p-STAT3 was evaluated by western blotting. F-H) Huh-7 610 

cells treated with 27 μM ISO and 10 µM MAPK signaling pathway inhibitors for 24 h. Quantitative 611 

analysis of Western blotting in F-H results is shown in Supplementary Figure S2. α-tubulin was 612 

used as a loading control. 613 

 614 

Figure 4. Effects of ISO on reactive oxygen species (ROS) accumulation in Huh-7 cells. A) ROS 615 

levels were detected by fluorescence microscopy. B) ROS levels in Huh-7 cells treated with 27 µM 616 

ISO and/or 10 mM N-acetyl cysteine (NAC) for 24 h. C) Flow cytometry analysis of intracellular 617 

ROS levels. D) Apoptosis levels in Huh-7 cells treated with ISO and/or NAC for 24 h, measured by 618 
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flow cytometry. E) Western blotting analysis of p-ERK, p-JNK, p-p38, p-STAT3, cle-casp-3, and 619 

cle-PARP expression. α-tubulin was used as the internal reference protein. 620 

 621 

Figure 5. Effects of ISO on cell cycle in Huh-7 cells were treated with 27 μM ISO for 0, 3, 6, 12, 622 

and 24 h. A) Fluorescence microscopy analysis of Ki67-stained Huh-7 cells. B) Cell cycle 623 

distribution was analyzed via flow cytometry. C) Flow cytometry assessment of cell cycle 624 

progression in cells treated with ISO and/or NAC. D) Western blot analysis of G2/M-related 625 

proteins. E) ISO and/or NAC treatment for 24 h. F) ISO and/or AKT inhibitor (HY10249) treatment 626 

for 24 h. α-tubulin was used as a loading control. 627 

 628 

Figure 6. Effects of ISO on cell migration in Huh-7 cells were treated with 27 μM ISO for 0, 3, 6, 629 

12, and 24 h. A) Transwell assay for migratory ability (scale bar=100 µm). B) Transwell assay 630 

following treatment with ISO and/or NAC for 24 h. (C) Cell migration assay assessing motility 631 

(scale bar=100 µm). D) Migration assay after ISO and/or NAC treatment for 24 h. E) Western 632 

blotting of migration-associated proteins. F) ISO and/or NAC treatment for 24 h. G) ISO and/or 633 

HY10249 treatment for 24 h. α-tubulin served as the internal reference. 634 

 635 

Figure 7. Schematic diagram of the anticancer mechanisms of ISO in Huh‑ 7 cells. ISO triggers the 636 

accumulation of ROS, which mediates the regulation of multiple signaling pathways. 1. Apoptosis 637 

induction: ROS activates MAPK signaling (ERK, JNK, p38), leading to the inhibition of STAT3, 638 

downregulation of Bcl‑ 2, upregulation of Bad, and subsequent activation of the caspase‑ 3/PARP 639 

apoptotic cascade. 2. Cell cycle arrest: ROS suppresses the AKT pathway, resulting in the 640 

upregulation of p21 and p27, and the downregulation of CDK1/2 and Cyclin B, thereby arresting 641 

the cell cycle. 3. Migration inhibition: ROS inhibits AKT, which inactivates GSK-3β, leading to the 642 

downregulation of β-catenin, upregulation of E‑ cadherin, and downregulation of N‑ cadherin, 643 

ultimately inhibiting cell migration. These effects collectively contribute to the anti‑ cancer activity 644 

of ISO in HCC cells. 645 
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