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Hepatocellular carcinoma (HCC) is a prevalent type of tumor. Given the controversy surrounding 
atorvastatin and HCC, we conducted this study to determine whether atorvastatin has anticancer 
activity against HCC. The impact of varying concentrations of atorvastatin (ATO) on the biological 
function of HCC cells was studied in vitro, high-throughput mRNA assays on cells and tumor tissue. 
Finally, an examination was conducted to assess the correlation between the ATO and the prognosis 
of HCC. ATO significantly inhibited the proliferation, migration, and invasiveness of HCC cells. 
Furthermore, in vivo, animal experiments showed that a high-fat diet facilitated the progression of 
HCC and that ATO did not effectively counteract these detrimental consequences. Tumor sequencing of 
cells and normal diet mice revealed the disparities were primarily concentrated in the MAPK signaling 
pathway. Western blot demonstrated ATO reduced the expression of levels of p-MEK, p-RAF1, p-P38, 
p-ERK, and p-JNK proteins in HCC cells compared to controls. Clinical data showed that HCC patients 
with ATO exhibited improved recurrence-free survival (RFS) and overall survival (OS). Following the 
utilization of propensity score, HCC patients with ATO were found to have better OS, whereas there 
was no substantial difference in RFS. Atorvastatin effectively inhibits the proliferation, invasion, and 
migration of HCC cells in vitro through the MAPK pathway. Additionally, ATO may help improve the 
prognosis of some individuals with HCC.
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The World Health Organization estimates that 830,000 people will die from hepatocellular carcinoma by 2020, 
making it the third highest cause of morality associated tumors. HCC and cholangiocarcinoma are the main 
subtypes of primary liver cancer, and HCC accounts for more than 80% of them1. By 2020, one million new 
cases of HCC will be diagnosed2. China is experiencing an increase in the incidence of HCC, mainly due to a 
growing aging population, viral hepatitis, and changing dietary habits. The high incidence and mortality rate 
of HCC have caused significant health problems for our people and a significant economic burden. HCC is 
closely associated with altered lipid intake, intestinal flora disorders, viral hepatitis, and genetic changes3–6. 
Depending on the tumor’s stage, HCC treated methods including surgical resection, radiofrequency ablation, 
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chemotherapy, liver transplantation, targeted therapy, immunotherapy7–9. However, no curative treatment has 
been achieved for advanced HCC, and overall survival remains unsatisfactory. Hence, it is of imperative to 
conduct additional investigation into the developmental mechanism of HCC and explore the clinical use of 
complementary therapies. A study of tumor nutrients revealed that lipid metabolism acts as a critical regulator 
in the tumors developing, along with sugar and amino acids10. The body contains a variety of lipids, including 
triglycerides, cholesterol, and lipids. It has been demonstrated that Lipoproteins are crucial for the development 
of several cancers, including pancreatic, breast, prostate, and others11–13. Studies on lipids have concentrated on 
triglycerides and cholesterol in different cancers, and their roles in different cancers differ significantly. The liver 
synthesizes and metabolizes most of the body’s lipids, since it is the body’s largest metabolic and material synthesis 
organ. There is evidence that disorders of cholesterol metabolism contribute to liver cancer development14–16. In 
contrast, the molecular mechanisms of cholesterol’s effect on HCC have not been fully explored.

Statins are the most prescribed cholesterol-lowering drugs. Several previous studies have revealed that statins 
reduce cancer-related deaths and hepatocarcinogenesis17–19. Few studies have examined the molecular signaling 
pathways associated with statins. The inhibitory effect of atorvastatin on HCC cell proliferation has been shown 
to be mediated through the IL-6/STAT3 signaling pathway20. A recent study revealed that a high-cholesterol 
diet leading to the fatty liver-related HCC developing. Under the influence of a high-fat diet, ATO inhibited 
cholesterol synthesis, which reversed the proliferation of HCC cells15. Despite this, the study by Zhang X et al. 
has not yet addressed the molecular pathways that promote HCC development and inhibit it by atorvastatin 
under high-fat conditions15. While the role of statins and lipid metabolism in HCC has been explored, the 
specific interaction between atorvastatin, dietary lipids, and the MAPK pathway in modulating HCC progression 
remains less defined. This study aims to integrate in vitro, in vivo, and clinical retrospective analyses to investigate 
this interplay, providing a more comprehensive understanding of atorvastatin’s potential effects in the context 
of different metabolic environments. Through in vivo/ex vivo experiments, this paper explores the effects of 
atorvastatin and a high-fat diet on molecular signaling pathways in hepatocellular carcinoma, which might lead 
to improvements in quality of life and an extended lifespan of hepatocellular carcinoma patients.

Materials and methods
Materials
The MHCC-97H (item No. :iCell-h143) cell line was purchased from Cybikang, and the Huh7 (item No.: CL-
0120) cell line was purchased from PriCells Life Science and Technology Co., Ltd. in Wuhan. Cells were cultured 
in DMEM medium with 10% fetal bovine serum (GIBCO, New York, NY, USA), 100 units/mL penicillin G, and 
100 μg/mL streptomycin (Solarbio, Beijing, China) added. The cells were then incubated at 37 °C in an incubator 
with 5% CO2.

Cell proliferation analysis
The cellular proliferation ability was assessed using the CCK8 test. 100 μL of medium containing 5 × 103 cells 
were placed into each well of a 96-well plate overnight. Subsequently, different concentrations of ATO were 
added. Following incubation period of 24 h and 48 h, CCK8 (Biosharp, China) was introduced and subsequently 
cultured in the incubator for 2 h. The absorbance values at 450 nm were measured using an enzyme marker 
(Thermo, UK), and the cell inhibition rate and the half inhibition concentration (IC50) were calculated. Then 
they were categorized into our groups based on their IC50: a low (L), a medium (M) and a high (H) concentration 
groups and a blank control group (CK).

Cell cycle assay
To digest Huh7 and MHCC97-H cells, 1 mL of medium containing 3.5 × 105 cells was introduced to each well of a 
6-well plate. The plate was then incubated in an incubator at 37 ℃ and 5% CO2 for 24 h. The cells were incubated 
for 24 h by adding the corresponding concentration of sub-Ato according to the above grouping. Subsequently, 
they were collected and fixed with 70% ethanol at 4 °C for 24 h. The cells were rinsed with phosphate buffered 
saline (PBS) to remove ethanol stained in accordance with the cell cycle assay kit (Beyotime, China). The cell 
cycle distribution was used to detect by flow cytometry for 30 min at 25℃ and keep in dark place.

Migration and invasion analysis
Matrigel (285  µg/mL, Corning) diluted in serum-free medium (SFM) was introduced to chamber (8  µm 
pore size, BD) and were incubated for 120 min at 37 °C to gelate. For migration experiments, pretreatment of 
Transwell chambers is not required. The cells were subjected to ATO for 1 day are then collected and counted 
by resuspension in SFM. And we added 300 µL SFM consists of 1.0 × 105 cells to the upper chamber. Meanwhile, 
700 µL medium containing 10% FBS was supplemented to the 24-well plate in which the transwell chambers 
were placed. After 48 h of incubation, we removed the cells in upper by PBS, fixed by paraformaldehyde, and 
stain with crystal violet after fixing. Five fields of view were randomly selected under an inverted microscope 
(× 200) to calculate the cell volume.

Animal model establishment and management
A total of Twenty male BALB/C nude (BALB/c-nu/nu) mice, aged 4 weeks, with an average weight of 20 ± 2 g, 
and free of specific pathogens (SPF) were acquired from the Medical Animal Experiment Center of Guangxi 
Medical University. The mice were categorized into four groups: A, B, C, and D by random number method. 
After one week of feeding on a normal diet (protein, carbohydrate and fat, nutrient function ratios of 23.07%, 
65.08% and 11.85%, respectively;  1010088, Cooperative biology), the feces of each group were collected. 
Subsequently, the diet of mice in groups C and D was adjusted to special high-fat diet (protein, carbohydrate and 
fat, nutrient function ratios of 20%, 20%, and 60%, respectively; D12492, BIOFIVEN). After continued feeding 
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for one week, 1.0 × 106 MHCC97-H cells were injected subcutaneously into the mice Tumor growth was then 
evaluated every other day, and drug intervention was started once the average tumor volume reached roughly 
100 mm3. Mice in groups B and D were injected intraperitoneally according to 40 µg/g body weight, and drug 
treatment was administered every other day five consecutive times. Tumor volume was measured every other 
day. Under deep anesthesia induced by an intraperitoneal injection of pentobarbital sodium (100 mg/kg), the 
mice were euthanized via cervical dislocation. This procedure was carried out 14 days after the cessation of drug 
treatment. Subsequently, blood samples were collected from the mice for biochemical index testing. Some of the 
tumor tissues underwent high-throughput sequencing of their mRNA, while the remaining tumor tissues were 
embedded in paraffin.

Detection of cytokines in serum
The levels of cytokines (IL-10, IL-22, and IL-23) was performed via ELISA kits with serum samples.

RNA sequencing
MHCC97-H cells were digested while adjusting to a cell density of (3 × 105)/mL and subsequently inoculated 
in 6-well plates containing 2 mL of cell suspension each well. The cells were incubated in a DMEM medium for 
24 h. Blank control and test groups (40 μM/L) were established with three replicates of each sample, and cells 
were collected after 24 h. The Trizol technique was used to extract RNA from the interfering cells and tumor 
tissue, and the concentration and purity were assessed. Transcriptome sequencing was performed by Sangon 
Biotech (Shanghai) using the Illumina platform.

Western-blot analysis
MHCC97-H and Huh7 cells were grouped and treated for 48 h. Lysis buffer, PSMF, and protein phosphatase 
inhibitor (100:1:1) were added to extract protein. The protein concentration was assessed using the BCA kit, 
followed by the addition of protein loading buffer, and the protein was boiled at 100℃ for 10 min. We isolated 
the proteins using 12% SDS-PAGE. Proteins were subsequently electrophoresed in the gel. The proteins were 
transferred from the gel to a PVDF membrane upon completion of electrophoresis. The membranes were then 
incubated in primary (4 °C, 8 h) and secondary antibodies (room temperature, 1 h), respectively. The bands’ 
images were scan with chemiluminescence system (Bio-rad ChemiDoc MP).

Bioinformatics analysis for MAPK signaling pathway in HCC
To validate the MAPK related genes expression and their roles in HCC, we utilized the Cancer Genome Atlas 
(TCGA) database for analysis. The predictive impact of differentially expressed genes was evaluated using 
Kaplan–Meier analysis conducted in R language with the “survival” package. And P < 0.05 was considered 
significant.

Enrolled patients
To explore the potential relationship between ATO and the prognosis of HCC patients. The data of patients who 
underwent surgical resection for HCC at our institution between 2012 and 2018 was retrospectively evaluated. 
The identification of primary HCC was established using the Chinese Guidelines for the Management of 
Primary Liver Cancer21. Patient inclusion criteria were as follows: (I) patients of all genders, aged 18 to 75 years; 
(II) postoperative pathologically confirmed HCC; and (III) preoperative evaluation to confirm the feasibility 
of resection of HCC. Exclusion criteria included (I) secondary HCC, (II) early HCC intervention, such as 
transcatheter arterial embolization, radiofrequency ablation, or portal vein embolization, (III) HCC rupture 
and hemorrhage, (IV) loss following surgery to follow-up, (V) nonradical resection, and (VI) follow-up of less 
than 6 months.This retrospective chart review study involving human participants was in accordance with the 
ethical standards of the institutional and national research committee and with the 1964 Helsinki Declaration 
and its later amendments or comparable ethical standards. This study was approved by the Ethics Committee 
of the First Affiliated Hospital of Guangxi Medical University (No. 2022-KY-E-030). Individual consent for this 
retrospective analysis was waived.

Ethical approval
This study was approved by the Ethics Committee of the First Affiliated Hospital of Guangxi Medical University 
(Approval No. 2022-KY-E-030). We hereby confirm that: All experimental protocols were approved by the 
named institutional committee, namely the Ethics Committee of the First Affiliated Hospital of Guangxi Medical 
University. All methods were carried out in strict accordance with relevant guidelines and regulations governing 
experiments on live vertebrates. All methods reported in this manuscript adhere to the ARRIVE guidelines, 
ensuring comprehensive and transparent reporting of animal research.

Statistical analysis
The data analysis was conducted using the R software and Graph Pad Prism 8.  Data are presented as 
mean ± standard deviation (SD). The data were subjected to statistical analysis using Student’s t-test, one-way or 
two-way ANOVA as appropriate, followed by post-hoc tests for multiple comparisons. With a significance level 
set at P < 0.05.

Results
In vitro experiments
We firstly used HCC cell lines MHCC97-H and Huh7 as the subjects and selected different concentrations of 
ATO for the intervention. The results inhibitory effect of ATO increasing while increasing ATO concentrations, 
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and the proliferation capacity of ATO-intervened HCC cells was significantly reduced compared to normal 
growing cells at different time points, showing concentration and time dependence (Fig. 1A, B). We set up blank 
control (CK), low concentration (10 μmol/L, L), medium concentration (20 μmol/L, M) and high concentration 
(40 μmol/L, H) groups for subsequent experiments based on the inhibitory effect of ATO on HCC cells. Next, 
we investigated the impact of ATO on the functionality of HCC cells. The HCC migration and invasion ability 
were found to be greatly decreased with increasing ATO concentration, as demonstrated by the Transwell Assay 
(Fig.  1C–G). Cell cycle assays demonstrated a substantial augmentation in the G1 phase accompanied by a 
significant shortening of (S + G2) in cells treated with all concentrations of ATO compared to normal growth 
HCC cells, consistent in MHCC97-H and Huh7 cell lines. These results revealed that ATO can induced G1 phase 
arrest (Fig. 1H–J).

Fig. 1.  Effect of ATO on proliferation, migration, invasion and cycle of hepatocellular carcinoma cell lines. (A, 
B) Effect of different concentrations of ATO on proliferation of hepatocellular carcinoma cell line MHCC97-H, 
Huh7; (C–E) Effect of different concentrations of ATO on migration of hepatocellular carcinoma cell line 
MHCC97-H (D), Huh7 (E); (C, F, G) Effect of different concentrations of ATO on invasion of hepatocellular 
carcinoma cell line MHCC97-H (F), Huh7 (G); (H–J) Effect of different concentrations of ATO on cell cycle of 
hepatocellular carcinoma cell line MHCC97-H (I), Huh7 (J). CK, Blank control group. Compared with control 
group*P < 0.05,**P < 0.01,***P < 0.001.
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Effect of ATO on MAPK signaling pathway in HCC cells
To investigate the mechanism underlying the effect of ATO on HCC cells, we collected normal control and 
high concentration intervention HCC cells for RNA sequencing. Our screening identified 2264 differentially 
expressed genes, of which 832 genes were significantly up-regulated and 1432 significantly down-regulated, 
indicating that ATO significantly impacted the transcriptome expression of HCC cells (Fig. 2A). GO analysis 
showed that differentially were mainly associated with lipid metabolism, regulation of signaling, blood vessel 
development and morphogenesis, cell proliferation, and cardiovascular system. The results of KEGG analysis 
indicated the functions of the differentially expressed genes are enrich in regulation of lipolysis in adipocyte, 
MAPK signaling, PI3K-AKT signaling, P53 signaling, and VEGF signaling pathways. We found that KOG 
(euKaryotic Ortholog Groups) analysis was enriched in functional clusters of lipid metabolism and cell cycle, 
such as lipid transport and metabolism, secondary metabolites biosynthesis and cell cycle control (Fig. 2B–D). 
Western blot analysis showed ATO decreased the expression of p-RAF1, p-MEK, p-ERK, p-P38, and p-JNK 
in vitro compared to controls, confirming ATO may mediate HCC cell function through the MAPK signaling 
pathway (Fig. 2E–F).

Effect of ATO on tumor growth in an animal model of HCC xenografts
To investigate the impact of ATO on tumors in vivo, we created a MHCC97-H HCC animal model and added a 
high-fat diet group to it. The success rate of mouse liver cancer xenograft model was 100% in immunodeficient 
BALB/c-nu/nu mice. In contrast to the control group, ATO-treated group did not exhibit a significantly decrease 
but rather increased in the tumor size; in terms of body weight, ATO treatment resulted in a reduction in the 
body weight of the mice (Fig. 3A–C). High-throughput sequencing of tumor tissues enriched the MAPK pathway 
in the normal diet group compared to cellular sequencing, which was consistent with the cellular results, while 
the pathway was not enriched in the high-fat diet group (Fig. 3D–K).Based on these data, lower doses of ATO 
were neither found to inhibit tumor growth in vivo nor were they beneficial to those who ate high-fat diets. 
Nevertheless, a high-fat diet increased the risk of developing hepatocellular carcinoma.

Effect of ATO on lipid metabolism indexes
The development of hepatocellular carcinogenesis is frequently accompanied by chronic inflammation. We also 
analyzed metabolic phenotypes associated with ATO intervention and different diet serum from mice to reveal 
metabolic phenotypes. Serum assays indicated that ATO treatment and a high-fat diet could reduce serum IL-
10 levels and promote the release of IL-22. Using ATO alone or in conjunction with a high-fat diet reduced 
IL-23 release in the normal diet group, while using ATO increased IL-23 serum levels in high-fat diet group. 
In addition, the measurement of lipid-related indicators TC, TG, HDL-C, and LDL-C laterally confirmed the 
validity of our model (Fig. 4).

Expression levels of key genes in MAPK signaling pathway and their prognostic role in HCC
Comparing with healthy individuals most of the MAPK signaling pathway key genes were significantly 
overexpressed in HCC (Fig. 5), which results predicted that this high activation state of MAPK in HCC promotes 
the development of HCC. Overexpression of BRAF, DAB2, HRAS, MAP2K2, MAP3K4, MAPK3, MAPK7, 
MAPK13 and RAFFS1ould lead to poor prognosis of HCC (Fig. 6).

Association between ATO use and HCC prognosis
A total of 19 patients were retrieved who were regularly taking ATO preoperatively (Tables 1 and 2), and survival 
analysis showed that patients taking atorvastatin had better RFS (P = 0.037) and marginal better OS (P = 0.062) 
(Fig. 7A–B). We further used propensity score matching to eliminate the effect of the inclusion variable, and 
HCC patients who taking atorvastatin were matched 1:3 with those not taking ATO having better OS (P = 0.03) 
after matching, while RFS (P = 0.11) was inconsistent with OS(Fig.  7C–D).  Given the small sample size and 
retrospective nature, these data suggest a potential benefit of ATO for HCC patients, which requires validation 
in larger, prospective studies.

Discussion
The primary approach for patients with early-stage HCC and those with a sufficient hepatic reserve is to undergo 
surgical resection. Despite this, postoperative recurrence remains one of the greatest challenges today. Five years 
after surgery, the cumulative recurrence rate has been greater than 50%. In addition to its antitumor properties, 
atorvastatin administration can elevate the risk of HCC. This study contradicts a study showing statins reduce 
tumorigenesis and improve prognosis among cancer patients. After in vivo/vitro experiments, this study 
confirms whether ATO is an antitumor agent or whether it promotes the development of HCC.We found that 
ATO may inhibit the occurrence and progression of liver cancer through the MAPK pathway(Fig. 8).

The results of in vitro experiments demonstrated that atorvastatin effectively suppressed the proliferation, 
migration, and invasion of HCC cells and also exerting regulatory effects on the cell cycle. Functional enrichment 
of mRNA sequencing showed that atorvastatin could act on MAPK signaling pathway in the experimental group. 
WB validation results showed a reduction in the levels of p-MEK, p-RAF1, p-P38, p-ERK, and p-JNK proteins. 
The MAPK signaling pathway was first identified as an oncogene in the 1970s and 1980s by sarcoma viruses22. 
The successive discovered of key molecules in the MAPK signaling pathways, including RAF, ERK, and MEK, 
has been facilitated by extensive research on viral oncogenes23–28.

Further studies on the major molecules of MAPK pathway resulted in the identification of RAF as the 
upstream kinase of MEK and the initial direct effector of Ras in 1992 and 1993, respectively29,30. Subsequent 
studies found high MAPK activity in more than 85% of tumors, according to the MAPK pathway crucial 
regulatory role in cell regulation. Its activity was regulated mainly directly through upstream genes and signaling 
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Fig. 2.  Effect of ATO on MAPK signaling pathway in HCC cells. (A) Volcano map of differentially expressed 
genes. (B–D) GO (B), KEGG (C), KGO (D) enrichment analysis of differentially expressed genes. (E, F) 
Expression of key MAPK proteins in hepatoma cell line MHCC97-H and Huh7 with different concentrations 
of ATO intervention.GO, Gene Ontology. KEGG, Kyoto Encyclopedia of Genes and Genomes. KGO, 
euKaryotic Ortholog Groups.
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Fig. 4.  Metabolic analysis of ATO treated mice. (A) HDL-C. (B) IL-10. (C) IL-22. (D) IL-23. (E) LDL-
C.F,TC.G,TG.*P < 0.05,**P < 0.01,***P < 0.001.

 

Fig. 3.  Effect of ATO on tumor growth in hepatocellular carcinoma xenograft animal model. (A), Tumor 
tissues of mice in different concentrations of ATO treatment groups. (B) Tumor volume change curves. (C) 
Body weight curves of mice. groups A and B are normal diet, groups C and D are high-fat diet, and groups 
B and D are ATO-treated groups. (D–G) Tumor GO, KEGG and KGO analysis of ATO-treated mice in the 
normal diet group. (H–K) Tumor GO, KEGG and KGO analysis of ATO-treated mice in the high-fat diet 
group.groups a and b were normal diet, groups c and d were high-fat diet, and b and d were ATO-treated 
groups.*P < 0.05,**P < 0.01,***P < 0.001.
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Fig. 6.  Prognostic analysis of key genes in MAPK signaling pathway.(A)BRAF. (B)DAB2. (C)HRAS. (D) 
MAP2K2. (E) MAP3K4. (F)MAPK3. (G)MAPK7. (H) MAPK13. (I)RAFFS1.

 

Fig. 5.  Expression levels of key genes in MAPK signaling pathway.
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pathway components like RTKs, Ras, and BRAF activity or indirectly through non-Ras- or RAF-dependent 
activation pathways31–33. Consequently, we speculate that a highly active MAPK pathway can promote cancer 
development. Abnormal mutations of crucial elements in the MAPK pathway, including Ras, RAF, MEK, and 
ERK can affect the development of hepatocellular carcinoma34–37. High activity of the above key components is 
generally used as cancer-promoting factors in HCC. Even so, factors that cause MAPK to become highly active 

OS RFS

Variables Value N Events HR(95%CI) P N Events HR (95%CI) P

ATO
No 1451 328 1 1451 452 1

Yes 19 1 0.19(0.03, 1.34) 0.062 19 2 0.26(0.06, 1.02) 0.037

Age
 < 60 1219 279 1 1219 387 1

 ≥ 60 251 50 0.81(0.6, 1.1) 0.174 251 67 0.8(0.62, 1.04) 0.098

Gender
Male 232 41 1 232 51 1

Female 1238 288 1.32(0.95, 1.84) 0.092 1238 403 1.53(1.14, 2.05) 0.004

BMI
 < 24 989 223 1 989 305 1

 ≥ 24 481 106 0.94(0.75, 1.19) 0.629 481 149 0.97(0.8, 1.18) 0.744

Smoking
No 950 216 1 950 284 1

Yes 520 113 0.99(0.79, 1.24) 0.918 520 170 1.14(0.94, 1.38) 0.182

Alcohol
No 1000 241 1 1000 317 1

Yes 470 88 0.8(0.63, 1.03) 0.08 470 137 0.94(0.77, 1.14) 0.515

Diabetes
No 1362 299 1 1362 420 1

Yes 108 30 1.29(0.89, 1.88) 0.176 108 34 1.04(0.73, 1.48) 0.815

Hypertension
No 1327 307 1 1327 425 1

Yes 143 22 0.64(0.41, 0.98) 0.039 143 29 0.59(0.4, 0.86) 0.005

AFP
 < 400 930 187 1 930 278 1

 ≥ 400 540 142 1.53(1.23, 1.9)  < 0.001 540 176 1.28(1.06, 1.55) 0.01

BCLC stage
0 or A 1161 227 1 1161 341 1

B or C 309 102 2.71(2.14, 3.43)  < 0.001 309 113 1.98(1.6, 2.46)  < 0.001

Child pugh
A 1412 304 1 1412 432 1

B 58 25 2.57(1.71, 3.86)  < 0.001 58 22 1.74(1.14, 2.68) 0.01

Cirrhosis
No 775 153 1 775 235 1

Yes 695 176 1.28(1.03, 1.59) 0.023 695 219 1.05(0.88, 1.27) 0.578

Clonorchissinensis
No 1313 296 1 1313 399 1

Yes 157 33 0.85(0.59, 1.21) 0.362 157 55 1.1(0.83, 1.46) 0.506

Venous tumor thrombus
No 1285 265 1 1285 399 1

Yes 185 64 3.31(2.51, 4.38)  < 0.001 185 55 1.77(1.33, 2.36)  < 0.001

Tumor number
1 1275 269 1 1275 367 1

 ≥ 1 195 60 1.74(1.31, 2.3)  < 0.001 195 87 2(1.58, 2.53)  < 0.001

Tumor size max
 < 5 cm 766 124 1 766 217 1

 ≥ 5 cm 704 205 2.29(1.83, 2.86)  < 0.001 704 237 1.53(1.27, 1.84)  < 0.001

Hepatitis

No 232 47 1 232 59 1

HBV 1220 279 1.14(0.84, 1.56) 0.395 1220 388 1.29(0.98, 1.7) 0.068

HCV 18 3 0.66(0.21, 2.13) 0.487 18 7 1.42(0.65, 3.12) 0.377

MVI
No 967 169 1 967 270 1

Yes 503 160 2.35(1.89, 2.92)  < 0.001 503 184 1.72(1.43, 2.08)  < 0.001

Duration of operation
 < 240 814 175 1 814 224 1

 ≥ 240 656 154 1.13(0.91, 1.4) 0.274 656 230 1.35(1.12, 1.62) 0.001

Bleeding
 < 400 829 140 1 829 231 1

 ≥ 400 641 189 1.93(1.55, 2.4)  < 0.001 641 223 1.41(1.17, 1.69)  < 0.001

Surgical approach
Open surgery 1186 289 1 1186 392 1

Laparoscope 284 40 0.61(0.44, 0.85) 0.003 284 62 0.65(0.5, 0.85) 0.002

Radical resection
Yes 905 161 1 905 251 1

No 565 168 2.02(1.63, 2.51)  < 0.001 565 203 1.6(1.33, 1.93)  < 0.001

Table 1.  Single factor analysis before matching analysis. ATO, Atorvastatin. BMI, Body mass index. AFP,  
alpha-fetoprotein. BCLC, Barcelona clinic liver cancer stage. MVI, Microvascular Invasion. HBV, Hepatitis B 
Virus. HCV, Hepatitis C Virus. HR, calaulated by Cox proportional hazards regression model. P, calaulated by 
log-rank test.
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are crucial to the development of HCC and the known cytokines. MAPK pathway activity should be studied in 
depth in relation to various factors, including energy substance metabolism and intestinal flora composition. 
Alterations in MAPK pathway genes can lead to abnormal MAPK signaling pathway conduction. Different 
mutations in MAPK pathway genes may result in very different outcomes. This study suggested ATO may play a 
role in the regulation of HCC via affecting the MAPK signaling pathway at the cellular level, which was verified 
in animals with altered dietary factors, and finally further confirmed in combination with clinical patient data.

OS RFS

Variables Value N Events HR(95%CI) P N Events HR(95%CI) P

ATO
No 57 15 1 57 14 1

Yes 19 1 0.15(0.02, 1.1) 0.03 19 2 0.32(0.07, 1.41) 0.112

Age
 < 60 47 10 1 47 11 1

 ≥ 60 29 6 0.81(0.29, 2.23) 0.682 29 5 0.62(0.22, 1.8) 0.38

Gender
Male 14 1 1 14 2 1

Female 62 15 3.21(0.42, 24.32) 0.233 62 14 1.47(0.33, 6.49) 0.607

BMI
 < 24 40 9 1 40 8 1

 ≥ 24 36 7 0.81(0.3, 2.18) 0.68 36 8 1.05(0.39, 2.79) 0.929

Smoking
No 56 14 1 56 11 1

Yes 20 2 0.4(0.09, 1.76) 0.209 20 5 1.29(0.45, 3.72) 0.638

Alcohol
No 56 15 1 56 12 1

Yes 20 1 0.17(0.02, 1.26) 0.048 20 4 0.83(0.27, 2.58) 0.745

Diabetes
No 42 10 1 42 8 1

Yes 34 6 0.76(0.28, 2.09) 0.594 34 8 1.26(0.47, 3.37) 0.639

Hypertension
No 39 13 1 39 11 1

Yes 37 3 0.2(0.06, 0.69) 0.005 37 5 0.39(0.14, 1.13) 0.073

AFP
 < 400 52 12 1 52 9 1

 ≥ 400 24 4 0.67(0.21, 2.08) 0.482 24 7 1.71(0.63, 4.63) 0.286

BCLC stage
0 or A 62 10 1 62 12 1

B or C 14 6 4.27(1.46, 12.5) 0.004 14 4 2.38(0.73, 7.71) 0.136

Child pugh
A 71 13 1 71 15 1

B 5 3 7.48(2.04, 27.48)  < 0.001 5 1 1.78(0.23, 13.75) 0.576

Cirrhosis
No 58 9 1 58 13 1

Yes 18 7 3.18(1.18, 8.58) 0.016 18 3 0.9(0.26, 3.19) 0.876

Clonorchissinensis
No 66 15 1 66 14 1

Yes 10 1 0.51(0.07, 3.9) 0.513 10 2 1.04(0.24, 4.58) 0.961

Venous tumor thrombus
No 66 12 1 66 13 1

Yes 10 4 3.73(1.14, 12.2) 0.019 10 3 2.72(0.74, 10.02) 0.118

Tumor number
1 70 13 1 70 15 1

 ≥ 1 6 3 3.66(1.01, 13.21) 0.034 6 1 0.98(0.13, 7.54) 0.987

Tumor size max
 < 5 cm 35 7 1 35 3 1

 ≥ 5 cm 41 9 1.42(0.52, 3.86) 0.489 41 13 4.84(1.37, 17.19) 0.007

Hepatitis
No 22 4 1 22 6 1

HBV 54 12 1.35(0.44, 4.19) 0.601 54 10 0.7(0.25, 1.92) 0.481

MVI
No 50 11 1 50 8 1

Yes 26 5 1.11(0.38, 3.2) 0.852 26 8 2.4(0.9, 6.44) 0.073

Duration of operation
 < 240 37 6 1 37 6 1

 ≥ 240 39 10 1.78(0.65, 4.92) 0.257 39 10 1.74(0.63, 4.79) 0.282

Bleeding
 < 400 43 6 1 43 9 1

 ≥ 400 33 10 2.31(0.84, 6.37) 0.095 33 7 1.05(0.39, 2.83) 0.917

Surgical approach
Open surgery 59 12 1 59 14 1

Laparoscope 17 4 1.13(0.37, 3.52) 0.828 17 2 0.5(0.11, 2.18) 0.343

Radical resection
Yes 51 9 1 51 7 1

No 25 7 1.52(0.56, 4.09) 0.407 25 9 2.62(0.98, 7.06) 0.047

Table 2.  Single factor analysis after matching analysis. ATO, Atorvastatin. BMI, Body mass index. AFP, alpha-
fetoprotein. BCLC, Barcelona clinic liver cancer stage. MVI, Microvascular Invasion. HBV, Hepatitis B Virus. 
HR, calaulated by Cox proportional hazards regression model. P, calaulated by log-rank test.
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Aberrant MAPK pathway transduction not only has a significant impact on HCC development, but it 
may also lead to poor drug efficacy in the treatment of HCC, as inhibition of its activity can increase drug 
sensitivity to HCC38,39.  Due to the vital role of MAPK pathway in cancer development, many studies have 
been conducted to design targeted drugs for key factors of MAPK pathway40–42. In mammals, MAPK regulates 
cell biological behaviors through extracellular signaling MAPK pathways. In addition to classical MAPK/
MEK pathway activation pathway also includes signaling pathways such as C-Jun and P38. Therefore, MAPK 
pathway significantly impacts occurrence, development, treatment responsiveness, and prognosis of HCC. The 
mechanism leading to high activity in HCC remains incompletely understood. The study of in-vitro experiments 
demonstrated that ATO inhibited the expression of p-RAF1, p-MEK, p-ERK, p-P38, and p-JNK proteins in 
HCC cells and in vitro cells confirmed that ATO may inhibit HCC development through MAPK signaling 
pathway. We consider that it is related to the patient’s long-term use of ATO, which may reduce the inflammatory 
response of the liver and bile in addition to lowering blood lipids, but whether it can prevent HCC recurrence 
and metastasis remains to be investigated.

A statin is an inhibitor of HMG-CoA reductase used to treat dyslipidemia and prevent cardiovascular events. 
Research has demonstrated lipids have a crucial regulatory function in the development of cancers, including 
pancreatic, breast, and prostate cancers11–13.Henceforth, we speculate that atorvastatin may regulate lipid 
metabolism and affect the development of HCC. Hence, we compared the progression of HCC in an animal 

Fig. 7.  Prognostic analysis of HCC patients taking ATO. (A–B) Pre-match RFS and OS analysis. (C–D) Post-
matching RFS and OS analysis. group = 0, HCC patients not taking ATO. group = 1, HCC patients taking ATO.
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model subjected to a high-fat diet and a normal diet, respectively, and intervened with ATO. In vitro showed that 
a high-fat diet promoted the development of HCC, while ATO had no antitumor activity in vivo. We consider 
that it is related to the dose of drug administered and the mode of tumorigenesis. The subcutaneous xenograft 
model in immunodeficient mice, while useful for initial tumor growth studies, does not fully recapitulate the 
complex tumor microenvironment (TME), including immune cell interactions and the specific liver TME shaped 
by chronic liver disease, steatosis, or fibrosis. The high-fat diet-induced metabolic changes in this model may not 
be sufficient to override the strong oncogenic drive of the subcutaneously implanted human cancer cells or to 
render them sensitive to the antiproliferative effects of ATO at the dose used. Future studies should consider using 
immunocompetent, genetically engineered, or carcinogen-induced models that better mimic the pathogenesis 
of steatohepatitis-associated HCC. At the same time, ATO, as a lipid-lowering drug, may be stimulated by a 
high-fat diet. The observed cytokine changes are intriguing. IL-22 can have dual roles in cancer, often associated 
with tissue repair but also potentially promoting proliferation in established tumors. The significant increase 
in IL-23 in the HFD + ATO group (Group D) compared to HFD alone (Group C) is notable, as IL-23 is a key 
inflammatory cytokine implicated in tumorigenesis and immune suppression. The interplay between ATO, 
diet, and the immune response within the TME is complex and warrants further investigation, including direct 
measurement of intratumoral lipid metabolites and immune cell infiltration. Through retrospective analysis of 
clinical cases, we found that atorvastatin showed a positive effect on the prognosis of HCC patients. However, 
it is important to note that although atorvastatin showed potential benefits, our study may have limitations in 
the length of the intervention, which may have resulted in significant efficacy gains not yet observed. Therefore, 
future studies may require longer follow-up and more refined intervention strategies to more fully assess the 
potential of atorvastatin to improve outcomes in HCC patients. Furthermore, the retrospective clinical analysis, 
though suggestive of a benefit, is limited by the small sample size (n = 19 ATO users) and lack of detailed data 
on ATO dosage, duration, and patient adherence. As the vast majority of patients in this retrospective clinical 
database did not have their preoperative lipid indicators systematically tested, effective correction analysis could 
not be conducted. The observed survival advantage could potentially be influenced by baseline lipid profiles 
or other confounding factors not fully accounted for by propensity score matching. Larger-scale, prospective 
studies with detailed drug exposure and metabolic data are needed to confirm these preliminary findings and 
establish causality.

Fig. 8.  ATO acts through MAPK pathway with in vivo and in vitro mechanism.
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Conclusion
ATO has significant anti-hepatocarcinogenic activity in vitro by inhibiting the MAPK pathway. Our study found 
that high-fat diets could promote HCC development in animal models. However, in our subcutaneous xenograft 
model,  animal models showed no antitumor activity for ATO, highlighting the context-dependent nature of 
its effects and the limitations of the model used. Thus, further research is required to investigate the effects of 
gut microbiota and metabolites on HCC development under a high-lipid diet and ATO treatment conditions. 
Interestingly, retrospective clinical data suggest ATO has the potential to enhance the prognosis of HCC patients, 
although this requires validation in larger prospective cohorts.
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