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ARTICLE INFO ABSTRACT

Keywords: Hepatocellular carcinoma (HCC) is a common malignant tumor of the digestive system with a low
Hepamcjﬂ?‘ﬂar carcinoma early diagnosis rate. Owing to the side effects, tolerance, and patient contraindications of existing
Connectivity map therapies, effective drug treatments for HCC remain a major clinical challenge. However, using
Fluphenazine . I s . . ..

Autophagy approved or investigational drugs not initially intended for cancer therapy is a promising strategy

for resolving this problem because their safety have been tested in clinic. Therefore, this study
evaluated differentially expressed genes between liver cancer and normal tissues in a cohort of
patients with HCC from The Cancer Genome Atlas and applied them to query a connectivity map
to identify candidate anti-HCC drugs. As a result, fluphenazine was identified as a candidate for
anti-HCC therapy in vitro and in vivo. Fluphenazine suppressed HCC cell proliferation and
migration and induced cell cycle arrest and apoptosis, possibly owing to disrupted lysosomal
function, blocking autophagy flux. Additionally, in vivo studies demonstrated that fluphenazine
suppresses HCC subcutaneous xenografts growth without causing severe side effects. Strikingly,
fluphenazine could be used as an analgesic to alleviate oxaliplatin-induced pain as well as pain
related anxiety-like behavior. Therefore, fluphenazine could be a novel liver cancer treatment
candidate.

Drug repurposing
Chronic pain

1. Introduction

Hepatocellular carcinoma (HCC) is a major malignant tumor of the digestive system, ranking third in cancer-related mortality and
sixth in the incidence of new cases (905,677 new cases in 2020) worldwide, according to the World Health Organization’s 2020 report
[1]. However, the 5-year survival rate of patients with HCC could increase to more than 70 % if the disease is diagnosed and surgically
treated in the early stage [2]. Unfortunately, most HCC patients, who are diagnosed as fast progression as in the advanced stage, are not
suitable for surgery when diagnosed; therefore, they require drug treatments. Systemic therapies, such as tyrosine kinase inhibitors
(TKIs) and immune checkpoint inhibitors (ICIs), have been approved for locally unresectable HCC, and their curative effects have
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improved compared to traditional treatment methods [3-5]. However, drug treatments for patients with HCC remain a major clinical
problem owing to adverse reactions, poor tolerance, and contraindications to these therapies. Therefore, identifying new drugs for
HCC treatment is a critical and urgent requirement.

Over the last decade, more than 100 anti-tumor drugs have been approved for clinical research in China [6], and the enthusiasm of
researchers in this area has never been higher. However, few drugs have been approved for clinical use for many reasons, such as
safety, efficacy, the research and development cycle, and cost. Therefore, researchers have begun to shift focus, investigating the
anti-tumor activities of approved drugs since their safety has been verified over many years of clinical use [7,8]. There are already
several examples of this, such as metformin (initially for type 2 diabetes) and disulfiram (initially for alcohol abuse), which have since
been demonstrated to have anti-tumor activity [9,10].

In recent years, an increasing number of differentially expressed genes (DEGs) have been identified between tumor and normal
tissues, and these gene expression profiles have been employed to identify potential anti-tumor drugs. Connectivity Map (CMap) is a
resource that uses gene expression differences in human cells treated with different perturbagens (including small-molecule com-
pounds, gene knockdown, and overexpression reagents) to establish a biological application database of the correlations between
perturbagens, gene expression profiles, and diseases [11]. This method can identify new therapeutic indications for approved or
investigational drugs outside the original scope. For example, using CMap, parbendazole was identified as a stimulator of bone dif-
ferentiation through the induction of cytoskeletal changes and increased the expression and activity of bone morphogenetic protein 2
(i.e., BMP-2), indicating its suitability as a bone anabolic treatment [12]. Chen et al. also found that hyperforin promotes energy
consumption and exerts anti-obesity effects by querying CMap using cold-induced gene expression data [13].

Therefore, this study investigated DEGs between liver cancer and normal tissues in a cohort of patients with HCC from The Cancer
Genome Atlas (TCGA) and CMap to identify candidate anti-HCC drugs. This analysis identified fluphenazine, a commonly prescribed
antipsychotic drug, as a candidate and assessed its anti-HCC activity in vitro and in vivo. We found that fluphenazine could inhibit liver
cancer cell proliferation and migration. It also induced cell cycle arrest and apoptosis of HCC cells. In addition, we observed that
fluphenazine could act as an autophagy modulator through affecting lysosome function. In vivo studies showed that fluphenazine
obviously suppressed the growth of HCC subcutaneous xenografts and did not cause serious side effects. Importantly, we found that
fluphenazine could effectively relieve oxaliplatin-induced chronic pain and pain-related anxiety-like behavior. Taken together, our
findings support that fluphenazine might be a new candidate for treating liver cancer.

2. Materials and methods
2.1. Reagents

Fluphenazine dihydrochloride, SKF-86002, BH3Z1, CP55667, pilaralisib, penfluridol, suloctidil, isopropylphthalimide, flunisolide,
NSC3852, bemegride, selamectin, 3-methyladenine (3-MA), chloroquine (CQ) and Oxaliplatin were purchased from Topscience
(Shanghai, China). Cell cycle and apoptosis analysis kit and Annexin V-FITC apoptosis detection kit were purchased from Beyotime
(Shanghai, China). Alanine aminotransferase assay kit (ALT) and aspartate aminotransferase assay kit (AST) were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

2.2. Cell culture

The human liver cancer cell lines HepG-2 and Huh-7 were obtained from Procell Life Science&Technology Co., Ltd. (Wuhan,
China). The human HCC cell lines MHCC97-H and HCCLM-3 were obtained from Zhong Qiao Xin Zhou Biotechnology Co., Ltd.
(Shanghai, China). The human normal liver cell line HL-7702 (L02) were obtained from Guan&Dao Biological Engineering Co., Ltd.
(Shanghai, China). HepG-2 cell line was cultured in a specialized culture medium obtained from Procell Life Science&Technology Co.,
Ltd. (Cat. CM-0103; MEM (containing NEAA) + 10 % FBS + 1 % penicillin and streptomycin). Huh-7, MHCC97-H and HCCLM-3 cells
were cultured in DMEM (Cytiva, Utah, USA) with 10 % FBS (Gibco, NY, USA) plus 1 % penicillin and streptomycin (Sangon, Shanghai,
China). LO2 cell line was cultured in RIPA 1640 medium (Cytiva, Utah, USA) with 10 % FBS plus 1 % penicillin and streptomycin. All of
the cells were cultured under humidified condition with 5 % CO4 at 37 °C. The authentication of these cell lines was performed via
comparisons with the STR database.

2.3. Data Collection and DEGs analysis

RNA-sequencing expression (level 3) profiles and corresponding clinical information for HCC were obtained from the TCGA dataset
(https://portal.gdc.com). Differentially expressed genes (DEGs) were analyzed for patients of TCGA-HCC cohort using the limma
package in the R software (p value < 0.05, |logFc|> 1). The R software was employed to draw volcano plot (ggplot2 package) and
clustering heatmap (pheatmap package, v1.0.12).

2.4. CMap query
To find compounds that possess potential anti-HCC activity, we generated gene signatures of the 150 top upregulated and

downregulated DEGs in HCC patients and then entered into the “DOWN-regulated genes” and “UP-regulated genes” module of CMap.
We identified multiple compounds and ranked according to the enrichment scores.


https://portal.gdc.com
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2.5. Cell viability assay and clonogenic assay

Cell viability assay was performed with a Cell Counting Kit-8 (EnoGene, Nanjing, China) according to the manufacturer’s in-
structions. Briefly, cells were plated into 96-well plate at a concentration of 5 x 10° cells per well. After incubation for indicating time
periods with different treatment, each well was added in 10 pl CCK-8 and 90 pl DMEM. The absorbance was measured at 450 nm after
incubation for 40 min at 37 °C.

In clonogenic assay, HepG-2 cells were seeded into 6-well plates at a concentration of 700 cells per well and incubated overnight.
After incubation with fluphenazine for 14 days, the cells were imaged using live cell imaging system (BIOTEK Cytation 1) to observe
the size of clonies. Then, the cells were visualized by crystal violet (Beyotime, Shanghai, China) staining and clone numbers in each
group were counted.

2.6. Migration assay

Transwell assay was conducted as previous described [14]. Briefly, 1 x 10° of MHCC97-H or HCCLMS-3 cells in FBS-free medium
were seeded in the upper transwell chamber (Corning, New York, USA) with indicated concentration of fluphenazine, and 600 pL
DMEM with 20 % FBS containing equal concentration of fluphenazine was added in the lower chamber. After incubation for 24 h at
37 °C, cells on the bottom surface of the chamber were fixed using 4 % paraformaldehyde (Biosharp, Beijing, China) for 15 min and
stained with 0.1 % crystal violet for 20 min, while the top surface of the chamber was wiped by a cotton swab to remove cells. The
number of migrated cells were imaged and counted.

Wound-healing scratch assay was conducted as described previously [15]. Briefly, MHCC97-H cells were seeded in 6-well plates
and incubated to 80 % confluency, then the cells were scratched by a 10 pL pipette followed with treatment of 5 pM or 10 uM
fluphenazine in DMEM with 1 % FBS. The scratch wound was photographed at 0 h, 12 h, 24 h and 36 h after treatment and the
migration distance was measured.

2.7. Cell cycle and apoptosis analysis

After treatment with fluphenazine for 48 h, the cells were fixed with 1 mL ice cold 70 % ethanol for 24 h and washed with ice cold
PBS once. Then the cells were stained with 500 pL PI working buffer (500 pL staining buffer, 25 pL PI, 10 pL RNase A) for 30 min and
cell cycle distribution was analyzed by FCM with NovoCyte (ACEA Biosciences Inc., San Diego, USA).

As for apoptosis analysis, the cells were harvested after treatment with fluphenazine for 48 h and suspended in 195 pL binding
buffer followed by staining with 5 pL. Annexin-V-FITC and 10 pL PIL The apoptotic cell rates were measured by FCM with NovoCyte.

2.8. Immunofluorescence

Cells were plated on round coverslip (Biosharp, Hefei, China) and fixed with 4 % paraformaldehyde for 30 min after treatment with
fluphenazine for 48 h. The cells were cultured with enhanced immunostaining permeabilization solution (Beyotime, Shanghai, China)
followed by blocking with 3 % goat serum for 1 h at room temperature. Then the cells were incubated with LC3B antibody (Novus,
NBP2-46892, 1:100) overnight at 4 °C, and washed with PBS for 5 min three times. Finally, the cells were cultured with FITC-
conjugated goat anti-rabbit IgG (Zhuangzhi bio, Xi’an, China) at room temperature for 1 h followed by staining with DAPI and
imaged using a Nikon C2 plus confocal microscope.

2.9. LysoTracker staining

The cells were cultured with DMEM containing 100 nM LysoTracker Red DND-99 (MedChemExpress, USA) for 30 min at 37 °C after
treatment with fluphenazine for 48 h. Then, the cells were fixed with 4 % paraformaldehyde for 30 min and stained with Hoechst
33342 solution (Solarbio, Beijing, China) for 20 min followed by imaging using a live cell imaging system (BIOTEK Cytation 1).

2.10. Western blotting analysis

Western blotting analysis was conducted as described previously [15]. Briefly, the cells were lysed in RIPA lysis buffer (Beyotime,
Shanghai, China) with phosphatase inhibitor (Sangon Biotech, Shanghai, China) and proteinase inhibitor (Sangon Biotech, Shanghai,
China). Proteins were separated using 10 % SDS-PAGE and transferred to PVDF membrane. After blocked with 5 % non-fat milk in
TBST for 1 h at room temperature, membranes were incubated with primary antibody against cyclin D1 (rabbit; 55506s, Cell Signaling
Technology, USA; 1:1000), cyclin E1 (rabbit; 20808s, Cell Signaling Technology, USA; 1:1000), p21 Waf2/Cip1 (rabbit; 2947s, Cell
Signaling Technology, USA; 1:1000), p27 Kipl (mouse; 3698s, Cell Signaling Technology, USA; 1:1000), CDK 2 (rabbit; 2546s, Cell
Signaling Technology, USA; 1:1000), CDK 4 (rabbit; 12790s, Cell Signaling Technology, USA; 1:1000), Phospho-Akt (Ser473, rabbit;
4060s, Cell Signaling Technology, USA; 1:2000), Akt (pan, mouse; 2920s, Cell Signaling Technology, USA; 1:1000), Bcl-2 (rabbit;
3498s, Cell Signaling Technology, USA; 1:1000), Bax (rabbit; 14796s, Cell Signaling Technology, USA; 1:1000), Caspase-3 (rabbit;
14220s, Cell Signaling Technology, USA; 1:1000), Cleaved Caspase-3 (rabbit; 9664s, Cell Signaling Technology, USA; 1:1000), y-H2AX
(rabbit; ab81299, Abcam, UK; 1:5000), LC3B (rabbit; NBP2-46892, Novus, USA; 1:500), Beclin-1 (rabbit; ab207612, Abcam, UK;
1:2000), SQSTM1/p62 (rabbit; ab109012, Abcam, UK; 1:10000), p-actin (mouse; A5316, Sigma, USA; 1:5000) and GAPDH (mouse;
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MBO001, Bioworld Technology, USA; 1:5000) at 4 °C overnight. After washed with TBST for three times, membranes were incubated
with secondary antibody (Goat Anti-Rabbit IgG or Goat Anti-Mouse IgG, HRP Conjugated; Zhuangzhi bio, Xi’an, China; 1:5000) for 1 h.
Signals were detected using ChemiSignal® Plus Analysis Kit (CLINX, Shanghai, China) with ChemiScope Capture system (CLINX,
Shanghai, China).

2.11. Subcutaneous xenograft models

All animal experiments in this study were approved and performed in strict accordance with the regulations of the Animal Care and
Use Committee of the Fourth Military Medical University (ethical approval code for BALB/c nude mice: 20220449; ethical approval
code for C57BL/6 mice: 20230669). Female BALB/c nude mice (5-6 week old, 18-22 g; The Fourth Military Medical University, Xi’an,
China) were housed in a specific pathogen free environment under a 12 h light/12 h dark cycle. Subcutaneous xenograft models were
performed as described previously [15]. Briefly, 5 x 10 MHCC97-H cells were injected into left-flanks of BALB/c nude mice. After
injection with cells for 7 days, the mice were grouped (n = 6) based on the tumor volume as measured according to the following
equation: volume = length (mm) x width (mm)?/2 and administrated with fluphenazine (4 mg/kg or 8 mg/kg) or vehicle (sterile
water for injections) once every 2 days via intraperitoneal injection (i.p.). Tumor volumes and body weights of the mice were measured
every 4 days.

2.12. Immunohistological analysis

On the other day of the last administration, tumor tissues of mice from different groups were collected and fixed with 4 % para-
formaldehyde followed by embedding in paraffin. The expression of Ki-67 (rabbit; 34330s, Cell Signaling Technology, USA; 1:200) was
detected using IHC analysis and imaged using Slideview VS200 (Olympus).

2.13. Toxicity evaluation

On the other day of the fifth administration, we tested the effect of fluphenazine treatment on motor ability of mice using rotating
rod method as previously described [16]. The mice were trained on the rotarod twice 2 days before the test and the time to fall was
recorded. After 17 days of administration, the serum was harvested to analyze AST and ALT levels. Then, the mice were sacrificed and
the heart, liver, spleen, lung, kidney and brain were collected followed by fixing in 4 % paraformaldehyde for H&E staining.

2.14. Oxaliplatin-induced chronic pain model and fluphenazine administration

Female C57BL/6 mice (5-6 week old, 20-25 g; The Fourth Military Medical University, Xi’an, China) were housed in a
temperature-controlled environment under a 12 h light/dark cycle. Mice were randomly allocated to control or different experimental
groups (n = 5). We established an oxaliplatin-induced chronic pain model as described previously [17]. Briefly, oxaliplatin or vehicle
(0.5 % DMSO and sterile water for injections) was injected (i.p.) at 5.6 mg/kg once per day for five consecutive days. From the second
day of modeling, fluphenazine or vehicle (sterile water for injections) was injected (i.p.) at 4 mg/kg once every 2 days for four times.

2.15. Paw withdrawal mechanical threshold test and thermal latency test

Mechanical hypersensitivity was evaluated by paw withdrawal threshold testing using a set of von Frey monofilaments (SA502,
Jiangsu Cylon Biotechnology Co., LTD) as described previously [18,19]. Briefly, mice were placed on an elevated mesh-bottomed
platform, allowing them to acclimate to it at least 1 h before the test. The threshold is considered to be the minimum force (0.008,
0.02, 0.04, 0.07, 0.16, 0.4, 0.6, 1.0, 1.4 and 2.0 g) to induce a rapid withdrawal response to five of the repeated stimuli for 10
consecutive times.

Thermal hypersensitivity was quantified by claw withdrawal testing using a device (KW-LB, Nanjing Calvin Biotechnology Co.,
LTD) as described previously [20]. Briefly, the mice were placed on a temperature-controlled board kept to 30 °C and the lateral
plantar surface of hindpaw was stimulated with a radiant heat source at 55 °C. The time elapsed from initiation of the stimulus until
paw withdrawal was defined as paw withdrawal thermal latency. The test was conducted three times to obtain the averaged with-
drawal latency.

2.16. Open field (OF) test and elevated plus-maze (EPM) test

All tests were performed during the dark phase, and the light intensity was controlled under the same conditions. The mice were
acclimated to the experimental instrument for 3h before each test, and the experimental environment was kept quiet. Before the next
mouse was tested, the instrument was wiped clean with 70 % ethanol to avoid the influence of smell on the mice.

OF test was conducted as described previously [21]. Briefly, the mice were placed in the center of the experimental instrument (40
x 40 x 40 cm®; VanBi-OF, Shanghai FanBI Intelligent Technology Co., LTD) and allowed to freely explore for 15 min. The exploratory
behaviors of the mice were recorded using a camera fixed above the chamber. The distance and time traveled of mice in the center area
and the total distance moved were recorded and analyzed using a video-tracking system (VanBi Tracking Master V3.0, Shanghai FanBI
Intelligent Technology Co., LTD).
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Fig. 1. Fluphenazine inhibits the growth and colony formation of HCC cells. (A) Chemical structure of fluphenazine. (B) ICs values of fluphenazine
against four HCC cell lines after 48 h of treatment (uM). (C) HepG-2 cells were treated with different concentrations of fluphenazine for 48 h, and the
cell viabilities were measured using a cell count kit-8 (CCK-8) assay. (D) MHCC97-H cells were treated with different concentrations of fluphenazine
for 48 h, and the cell viabilities were measured using an CCK-8 assay. (E, F) Inhibitory effects of fluphenazine on HepG-2 cells colony formation after
14 days of treatment. Images shown are representatives from three independent experiments. (G) The effects of different doses of fluphenazine
treatment on the cell proliferation in normal liver cell line L02 and three HCC cell lines were conducted using CCK-8 assay. Data represent mean +
§D from at least three independent experiments (**P < 0.01).

EPM test was conducted as described previously [21] using an instrument (VanBi-OF, Shanghai FanBI Intelligent Technology Co.,
LTD) which consisted of two open arms (25 x 8 x 0.5 cm®) and two closed arms (25 x 8 x 12 cm®) that extended from a central
platform (8 x 8 cm?). For each test, each mouse was placed in the central area facing the open arm and subsequently allowed to explore
freely for 5 min while being filmed with a camera fixed above the maze. The time spent in and the number of entries into the open and
closed arms were recorded and analyzed with a video-tracking system (VanBi Tracking Master V3.0, Shanghai FanBI Intelligent
Technology Co., LTD).

2.17. Statistical analysis

Data were represented as the mean =+ standard deviation (SD) and processed using the GraphPad Prism 9. Two-tailed Student’s t-
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Fig. 2. Fluphenazine suppresses the migration of HCC cells. (A) Fluphenazine inhibited MHCC97-H and HCCLM-3 cells migration in transwell
migration assay. Quantified values are shown on the right. (B) Fluphenazine inhibited MHCC97-H cells migration in wound-healing assay.
Quantified values were shown on the right. Data represent mean + SD from at least three independent experiments (MHCC97-H: vs vehicle * P <
0.05, **P < 0.01; HCCLM-3: vs vehicle *#P < 0.01).
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Fig. 3. Fluphenazine induced cell cycle GO/G1 phase arrest in HCC cells. (A) The cell cycle phase distributions of HepG-2 cells were analyzed using
flux cytometry (FCM) after treatment with different concentrations of fluphenazine for 48 h. (B) Quantification of the percentage of cell cycle phase
distributions after treatment with different concentrations of fluphenazine for 48 h in HepG-2 cells. (C) The cell cycle phase distributions of
MHCC97-H cells were analyzed using FCM after treatment with different concentrations of fluphenazine for 48 h. (D) Quantification of the per-
centage of cell cycle phase distributions after treatment with different concentrations of fluphenazine for 48 h in MHCC97-H cells. (E) The
expression of proteins involved in GO/G1 phase regulation was evaluated using Western blotting analysis in HepG-2 and MHCC97-H cells after
treatment of fluphenazine for 48 h. Quantified values were shown on the right. Data represent mean + SD from at least three independent ex-
periments (*P < 0.05, **P < 0.01).
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Fig. 4. Fluphenazine caused apoptosis in HCC cells. (A) The apoptosis analysis of HepG-2 cells was performed using FCM after treatment with
different concentrations of fluphenazine for 48 h. (B) Quantification of the percentage of apoptotic cells after treatment with different concen-
trations of fluphenazine for 48 h in HepG-2 cells. (C) The apoptosis analysis of MHCC97-H cells was performed using FCM after treatment with
different concentrations of fluphenazine for 48 h. (D) Quantification of the percentage of apoptotic cells after treatment with different concen-
trations of fluphenazine for 48 h in MHCC97-H cells. (E) The expression of apoptosis related proteins was evaluated using Western blotting analysis
in HepG-2 and MHCC97-H cells after treatment of fluphenazine for 48 h. Quantified values were shown on the right. Data represent mean =+ SD from
at least three independent experiments (*P < 0.05, **P < 0.01).
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test and One-way analysis of variance (ANOVA) were used to analyze the data. A P-value < 0.05 was considered statistically significant.
3. Results
3.1. Fluphenazine inhibited liver cancer cells growth and migration in vitro

To generate an HCC-specific RNA expression profile, we screened DEGs between tumor and normal tissues from patients with HCC
from TCGA, obtaining 2395 upregulated (oncogenes) and 463 downregulated (tumor suppressor genes) genes (Supplementary Figs. 1A
and B, Supplementary Table 1). The top 150 upregulated and downregulated DEGs (Supplementary Table 2) were entered into the
“DOWN-regulated genes” and “UP-regulated genes” CMap modules, respectively. Consequently, we identified several compounds as
potential anti-HCC drugs; Supplementary Fig. 1C presents the 25 top-ranking compounds based on their enrichment scores.

Next, we selected 12 commercially available compounds to evaluate their anti-HCC activity in two liver cancer cell lines, HepG-2
and MHCC97-H (Supplementary Figs. 1D and E). Of these, we found that fluphenazine, a classic antipsychotic drug, inhibited HCC cell
viability; thus, it was selected for further investigation (Fig. 1A). The effects of fluphenazine on HCC cell growth were analyzed using
four liver cancer cell lines; fluphenazine inhibited HCC cell survival (half maximal inhibitory values within 12 pM; Fig. 1B) and
suppressed cell viability in a concentration-dependent manner (Fig. 1C and D; Supplementary Figs. 2A and B). Fluphenazine also
remarkably reduced the number and size of HepG-2 cells in the micromolar range, as reflected by the colony formation assay (Fig. 1E
and F). Additional cell proliferation analyses in a normal liver cell line (L02) and HCC cell lines were conducted to assess the toxicity of
fluphenazine in vitro. Compared to the HCC cell lines, LO2 cell proliferation was unaffected until 72 h after 5 pM or 10 pM fluphenazine
treatment (Fig. 1G).

Supplementary Figure 1. Fluphenazine is identified as potential anti-HCC drugs using Connectivity Map (CMap) query. (A) The
volcano plot of differentially expressed genes (DEGs) between tumor and normal tissues from HCC patients in The Cancer Genome
Atlas (TCGA) cohort. Red dots indicate upregulated genes; blue dots indicate downregulated genes; grey dots indicate not significant.
P < 0.05, |logFc|> 1. (B) The heatmap of the most significantly DEGs. (C) The 25 top-ranking compounds based on the enrichment
scores of CMap query. (D) Inhibitory effects of 12 compounds on the viabilities of HepG-2 cells after 24 h or 48 h treatment (10 pM). (E)
Inhibitory effects of 12 compounds on the viabilities of MHCC97-H cells after 24 h or 48 h treatment (10 pM). Data represent mean =+
standard deviation (SD) from at least three independent experiments (*P < 0.05, **P < 0.01).

Supplementary Figure 2. Fluphenazine inhibits the growth of HCC cells. (A) Huh-7 cells were treated with different concentrations
of fluphenazine for 48 h, and the cell viabilities were measured using an CCK-8 assay. (B) HCCLM-3 cells were treated with different
concentrations of fluphenazine for 48 h, and the cell viabilities were measured using an CCK-8 assay. Data represent mean + SD from
at least three independent experiments.

We further examined the effect of fluphenazine on the migratory ability of HCC cells. Fluphenazine significantly inhibited the
migration of two highly metastatic liver cancer cell lines (MHCC97-H and HCCLM-3) through the Transwell barrier (Fig. 2A); the
wound-healing assay produced similar results (Fig. 2B).

Taken together, these results indicated that fluphenazine remarkably inhibited the growth and migration of liver cancer cells in
vitro.

3.2. Fluphenazine caused GO/G1 arrest in HCC cells

A previous study demonstrated that fluphenazine induces GO/G1 arrest in breast cancer cells [22]. Therefore, we explored the
effects of fluphenazine on the cell cycle of HCC cells, finding dose-dependent GO/G1 arrest after a 48-h treatment. In HepG-2 cells, the
proportion of GO/G1 phase cells was 40.94 % in the vehicle group and 47.39 % and 64.10 % after 5 pM and 10 pM fluphenazine
treatment, respectively (Fig. 3A and B). Similar results were observed in MHCC97-H cells (Fig. 3C and D). The expression levels of
critical proteins involved in G1/S phase regulation were also examined; fluphenazine dose-dependently inhibited cyclin D1, cyclin E1,
cyclin-dependent kinase (CDK) 2, and CDK4 expression after 48 h of treatment (Fig. 3E). In addition, fluphenazine upregulated P21
and P27 expression, two pivotal G1/S cell cycle transition inhibitors. Thus, this data implies that GO/G1 phase arrest contributes to the
anticancer effects of fluphenazine.

3.3. Fluphenazine induced apoptosis in HCC cells

Apoptosis may also inhibit HCC cell proliferation after fluphenazine treatment. Therefore, we examined whether fluphenazine
treatment caused HCC cell apoptosis. The ratio of apoptotic HepG-2 cells was remarkably higher after fluphenazine treatment (vehicle:
18.25 %, 10 pM fluphenazine: 61.10 %; 20 uM fluphenazine: 95.48 %; flow cytometry [FCM] analysis; Fig. 4A and B). Similar results
were observed in MHCC97-H cells (Fig. 4C and D).

Next, we evaluated the expression of apoptosis-related proteins in fluphenazine-treated HCC cells. Fluphenazine concentration-
dependently decreased B-cell lymphoma 2 (Bcl-2; anti-apoptotic) and increased Bax (pro-apoptotic) protein, cleaved-Capase-3, and
y-H2AX (an apoptosis indicator) expression in HCC cells (Fig. 4E).

The PI3K-Akt pathway is also involved in cell apoptosis [23], and studies indicated that fluphenazine inhibits breast cancer cell
growth and migration by regulating the PI3K-Akt pathway [22]. Therefore, we examined the effect of fluphenazine on phosphorylated
Akt expression, finding that it significantly decreased the expression of phosphorylated Akt (Fig. 4E). Thus, fluphenazine induces
apoptosis in HCC cells.
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Fig. 5. Fluphenazine blocked autophagy flux of HCC cells. (A) The expression of autophagy related proteins was evaluated using Western blotting
analysis in HepG-2 and MHCC97-H cells after treatment of fluphenazine for 48 h. Quantified values were shown on the right. (B) Confocal images of
LC3B expression in HepG-2 and MHCC97-H cells treated with fluphenazine for 48 h. Nuclei were stained with DAPI. (C) Fluorescence images of
LysoTracker Red in HepG-2 and MHCC97-H cells treated with fluphenazine for 48 h. Nuclei were stained with DAPI. (D) The cell viabilities of HepG-
2 cells treated with 5 pM fluphenazine in the presence or absence of 1 mM 3-MA or 5 pM CQ for 48 h. (E) The cell viabilities of MHCC97-H cells
treated with 10 pM fluphenazine in the presence or absence of 1 mM 3-MA or 5 pM CQ for 48 h. Data represent mean + SD from at least three
iAndependent experiments (*P < 0.05, **P < 0.01).

3.4. Fluphenazine blocked autophagy flux in HCC cells by inhibiting lysosomal acidification

Next, we investigated the mechanism by which fluphenazine inhibits HCC cell growth. Autophagy changes often accompany cell
proliferation inhibition and apoptosis, and previous studies have implicated fluphenazine as a potential autophagy modulator in
cancer cells [24,25]. Therefore, we investigated the role of fluphenazine in autophagy regulation in HCC cells based on its effect on
LC3B-II expression (an autophagy marker) in HCC cells. Type II LC3 protein expression was significantly higher in
fluphenazine-treated HepG-2 and MHCC97-H cells than in the control group (Fig. 5A). This result was confirmed by immunofluo-
rescence staining, which showed significantly increased LC3 expression and aggregation in fluphenazine-treated cells (Fig. 5B).
However, fluphenazine did not affect Beclin-1 expression, a pivotal autophagosome formation protein, in HepG-2 and MHCC97-H
cells, suggesting increased LC3 accumulation in HCC cells after fluphenazine treatment may be due to blocked autophagic flux
rather than autophagy activation. Therefore, we measured p62/SQSTM1 expression, an autophagy substrate with a key role in
autophagy, finding that p62/SQSTM1 protein expression increased in HepG-2 and MHCC97-H cells after fluphenazine treatment
(Fig. 5A), confirming our hypothesis. We also used LysoTracker Red dye to stain HCC cells, observing that fluphenazine markedly
reduced the intensity of red fluorescence in the cells, indicating that the acidification function of lysosomes might be inhibited
(Fig. 5C).

We also treated the cells with 3-methyladenine (3-MA) and chloroquine (CQ), which are early- and late-stage autophagy inhibitors,
respectively, to determine the effect of fluphenazine on autophagy in HCC cells. The results showed that 3-MA, which inhibited
autophagosome formation, significantly reversed the inhibitory effect of fluphenazine on the viability of HepG-2 cells (Fig. 5D).
Similar results were observed in MHCC97-H cells (Fig. 5E). In contrast, after CQ treatment (a lysosomal alkaline agent), the growth
inhibition of HCC cells by fluphenazine was further enhanced (Fig. 5D and E). These results suggest that fluphenazine might inhibit the
proliferation of HCC cells by impairing their lysosomal acidification function, resulting in autophagosome accumulation and blocked
autophagy flux.

3.5. Target Predicition of Flupehnazine based on SuperPred3

Next, we attempted to preliminarily identify potential targets for fluphenazine in anti-HCC. Using SuperPred3 online tool [26], we
found some known strong binders of fluphenazine, including histamine H1 receptor, serotonin 6 receptor and some dopamine receptor
(Table 1). Apart from this, we also collected additionally predicted targets of fluphenazine and indications of these targets based on
machine learning models (Table 2, Table 3, Supplementary Table 3 and Supplementary Table 4). As can be seen, the probability of
fluphenazine binding to some of the targets (such as HERG, Histone deacetylase 8 and DNA-(apurinic or apyrimidinic site) lyase),
which are closely related to cancer, is relatively high. These results provide a theoretical basis for discovering the targets for
fluphenazine in anti-HCC.

3.6. Fluphenazine suppressed HCC growth in nude mice in vivo

Next, we evaluated the anti-HCC activity of fluphenazine in vivo using a subcutaneous xenograft model of MHCC97-H cells in nude
mice. On the seventh day after tumor-bearing, we grouped the mice based on tumor volume and intraperitoneally injected fluphen-
azine once every 2 days (4 or 8 mg/kg; Fig. 6A). The tumor volume growth rate was significantly slower in the fluphenazine treatment
groups than in the vehicle group in a dose-dependent manner (Fig. 6B). Consistently, the tumor weights in the 4 and 8 mg/kg
fluphenazine-treated groups were 0.85 + 0.41 g and 0.23 + 0.09 g, respectively, significantly lower than that of the vehicle group
(1.31 £ 0.21 g) (Fig. 6C). In addition, immunohistochemistry (IHC) staining of the tumor tissues showed that fluphenazine signifi-
cantly inhibited HCC cell proliferation in vivo, as reflected by decreased Ki-67 expression levels in the tumor tissues (Fig. 6D and E).

Table 1

Known strong binders of fluphenazine.
Target Name UniProt ID Min Activity Assay type
Dopamine D2 receptor P14416 1.44 nm Ki
Dopamine D3 receptor P35462 3.21 nm Ki
Dopamine D5 receptor P21918 21 nm Ki
Histamine H1 receptor P35367 40 nm Ki
Serotonin 6 (5-HT6) receptor P50406 50 nm Ki
Dopamine D1 receptor P21728 179 nm Ki
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Table 2

Top 10 predicted targets of fluphenazine.
Target Name UniProt ID Probability Model accuracy
HERG Q12809 99.19 % 89.76 %
Nuclear factor NF-kappa-B p105 subunit P19838 97.99 % 96.09 %
Serotonin 2¢ (5-HT2c) receptor P28335 95.71 % 89.62 %
Cathepsin D P07339 94.96 % 98.95 %
G-protein coupled bile acid receptor 1 Q8TDU6 93.98 % 93.65 %
Endoplasmic reticulum-associated amyloid beta-peptide-binding protein Q99714 93.05 % 70.16 %
Histone deacetylase 8 Q9BY41 92.87 % 93.99 %
Serotonin transporter P31645 92.49 % 95.51 %
Tyrosine-protein kinase YES P07947 92.03 % 83.14 %
Kruppel-like factor 5 Q13887 91.9 % 86.33 %

Table 3

Indications of some predicted targets.
Target Name Indication Probability Model accuracy
HERG Ovarian cancer 99.19 % 89.76 %
Histone deacetylase 8 Solid tumour/cancer 92.87 % 93.99 %
DNA-(apurinic or apyrimidinic site) lyase Ocular cancer 87.44 % 91.11 %
DNA-(apurinic or apyrimidinic site) lyase Solid tumour/cancer 87.44 % 91.11 %
Serotonin 2a (5-HT2a) receptor Pancreatic cancer 87.38 % 91.43 %
Muscarinic acetylcholine receptor M5 Solid tumour/cancer 85.76 % 94.62 %
Platelet-derived growth factor receptor alpha Breast cancer 80.93 % 91.07 %
Platelet-derived growth factor receptor alpha Colon cancer 80.93 % 91.07 %
Platelet-derived growth factor receptor alpha Colorectal cancer 80.93 % 91.07 %
Platelet-derived growth factor receptor alpha Gastrointestinal cancer 80.93 % 91.07 %

In addition, we evaluated the safety of fluphenazine in vivo. None of the tumor-bearing mice died during the study. The weights of
the fluphenazine-treated mice decreased at the beginning of the treatment but recovered to normal (Fig. 7A). On the day after the fifth
administration, we tested the motor ability of the mice using the rotating rod method, finding that fluphenazine did not cause motor
function loss (Fig. 7B). After 17 days of administration, the liver function indices were tested, and fluphenazine treatment did not affect
serum aspartate aminotransferase (AST) or alanine transaminase (ALT) levels (Fig. 7C). Hematoxylin and eosin (H&E) staining also
showed that fluphenazine treatment did not damage the important organs (Fig. 7D). Therefore, fluphenazine possesses anti-HCC
activity and is safe in vivo.

3.7. Fluphenagzine alleviated oxaliplatin-induced chronic pain in mice

As anervous system drug, it is reported that fluphenazine has antiallodynic properties in multiple neuropathic pain [27]. Therefore,
we studied the analgesic effect of fluphenazine on the chemotherapeutics-induced chronic pain. We established oxaliplatin-induced
chronic pain model in mice and administrated with fluphenazine to observe the pain threshold and behavioral changes (Fig. 8A).
At one day after modeling, the data showed that oxaliplatin significantly induced mechanical and thermal allodynia in the ipsilateral
hind paws of mice lasting at least 8 days or longer, indicating the accomplishment of modeling (Fig. 8B and C). Administration of
fluphenazine significantly alleviated the mechanical and thermal allodynia induced by oxaliplatin reflected as the increased me-
chanical threshold and thermal latency (Fig. 8B and C).

OF test and EPM test are generally used to evaluate anxiety-like behavior induced by chronic pain in mice. In the OF test, oxaliplatin
significantly decreased both time and percentage of moving distance in the central area of mice as compared to control group (Fig. 8D).
Consistently, the results showed that oxaliplatin-treated mice obviously traveled shorter time and less entries in the open arm
compared with mice in control group as reflected by EPM test (Fig. 8E). However, administration of fluphenazine to oxaliplatin-treated
mice reversed these behavioral paradigms, implying fluphenazine not only exert a positive regulation of pain, but also pain-related
anxiety-like behavior.

4. Discussion

In recent years, the growth rate of patients with HCC has slowed worldwide. However, owing to the poor prognosis for these
patients (the 5-year survival rate is only 18 %), HCC remains the third leading cause of cancer-related deaths worldwide [1]. The rapid
development of systemic therapies has prolonged the survival time of patients with HCC to a certain extent, especially the success of
TKIs and ICIs. However, not all patients benefit from these systemic therapies. For example, approximately 20 % of patients had to stop
taking sorafenib due to intolerable side effects [28], and most patients developed drug resistance within six months [29], considerably
limiting the clinical application of sorafenib. Similar phenomena have been observed with ICIs; most patients receiving ICI treatment
develop drug resistance, and some are not sensitive to the drugs during the initial treatment (due to primary drug resistance) [30].
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Fig. 6. Fluphenazine inhibited the growth of HCC in mice in the subcutaneous models. (A) The schedule of subcutaneous xenograft model
establishment in nude mice. 5 x 10 MHCC97-H cells were injected into left-flanks of 5-6 week old BALB/c nude mice. After injection with cells for
7 days, the mice were grouped based on the tumor volume and administrated with fluphenazine (4 mg/kg or 8 mg/kg) or vehicle once every 2 days
i.p. On the other day of the fifth administration, the effect of fluphenazine treatment on motor ability of mice was evaluated using rotating rod
method. After 17 days of administration, the mice were sacrificed and the serum, tumor, heart, liver, spleen, lung, kidney and brain were collected.
Tumor volumes and body weights of the mice were measured every 4 days. (B) Tumor volume changes in mice during fluphenazine treatment. (C)
Tumor size and weight were evaluated after fluphenazine treatment. (D) Quantitative results of the immunohistochemistry (IHC) analysis of Ki-67
expression. (E) The expression of Ki-67 in the tumor tissues was evaluated using IHC analysis. n = 6 mice/group. Data are expressed as mean + SD
(*P < 0.05, **P < 0.01).

Therefore, novel anti-HCC drug discovery and development are crucial. In this study, we identified fluphenazine as a candidate for
HCC based on CMap database. In vitro studies showed that fluphenazine suppressed the growth and migration of HCC cells and induced
cell cycle arrest and apoptosis. These may be related to its impact on autophagy of HCC cells. Importantly, fluphenazine obviously
inhibited the growth of HCC subcutaneous xenografts and did not cause serious side effects in vivo. These findings imply that
fluphenazine could serve as a new candidate for treating liver cancer.

The therapeutic value of anticancer drugs is based on the magnitude of the clinical benefits. However, only 36.1 % of the drugs
approved for the treatment of solid tumors have clinically significant benefits compared to their respective control groups. Further-
more, clinical research for many drugs must be terminated owing to serious side effects [6]. Encouragingly, approved non-oncological
drugs have been repurposed for cancer therapy [8]. Almost all drugs have multiple targets; therefore, if these on-the-market drugs
possess the same targets as anti-tumor therapies, they will likely have therapeutic effects in patients with cancer. This concept provides
excellent opportunities for drug reuse. Establishing TCGA was historic for oncology research as it has provided researchers with many
high-throughput genome sequencing results for tumor samples, propelling oncology research and anti-tumor drug development. CMap
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Fig. 7. The safety profiles of fluphenazine in mice with subcutaneous tumor. (A) Body weight changes in mice during fluphenazine treatment.
(B) On the other day of the fifth administration, the effect of fluphenazine treatment on motor ability of mice was evaluated using rotating rod
method. (C) After 17 days of administration, the mice were sacrificed and the aspartate aminotransferase and alanine transaminase levels in the
blood serum were tested. (D) Hematoxylin and eosin stained heart, liver, spleen, lung, kidney and brain of mice after treatment with fluphenazine. n
= 6 mice/group. Data are expressed as mean + SD (ns P > 0.05).

is an expression profile database based on the expression of intervention genes developed by the Broad Research Institute [11],
providing gene expression profiles of human cell lines before and after drug treatment [12,13]. Therefore, we used TCGA and CMap
database data to identify new therapeutic indications for approved or investigational drugs outside their original scope. Briefly, we
compared DEGs between tumor and normal tissues obtained from TCGA with the CMap database, obtaining correlation scores from
—100 to 100 based on the degree of enrichment; positive scores indicated similarities between the DEGs and genes in the CMap
database, whereas negative scores were the opposite. Then, we identified drugs with potential anti-tumor effects by comparing these
expression differences.

This study aimed to identify existing drugs with anti-HCC activity that were not originally intended for cancer therapy. By
comparing DEGs and using the CMap database, fluphenazine was selected for further investigation after excluding non-approved and
HCC-related drugs. Fluphenazine is a classic and widely-used antipsychotic drug. Importantly, recent studies have described
fluphenazine as a potential candidate for multiple cancer therapies, such as lung and breast cancer [22,31,32]. However, only a few
studies have investigated the anti-HCC activity of fluphenazine. Using high-throughput screening, Hamid et al. found that fluphen-
azine inhibited HCC cell viability in vitro [33], but in-depth investigations have not been conducted, and the underlying mechanisms
remain ambiguous. Consistent with the results of Hamid et al., our results showed that fluphenazine significantly inhibited growth in
the micromolar range and induced GO/G1 phase arrest in HCC cells. An abnormal cell cycle and uncontrolled cell proliferation during
mitosis are typical characteristics of cancer [34], and the G1/S cell cycle checkpoint is crucial for determining whether cells enter the S
phase of DNA synthesis through the G1 phase [35]. Two cell cycle kinase complexes, CDK4/6-cyclin D and CDK2-cyclin E, work
together to inhibit the dynamic transcription complex containing retinoblastoma (Rb) protein and E2F [36]. In the G1 phase of un-
committed cells, low-phosphorylated Rb binds to the E2F-DP1 transcription factor and forms an inhibitory complex with histone
deacetylases, inhibiting key downstream transcriptional activity. Entering the S phase is achieved by the continuous phosphorylation
of Rb in cyclin D-CDK4/6 and cyclin E-CDK2 [35]. Notably, the cyclin D1/CKD4/6 complex has been studied as a therapeutic target for
cancer, and its checkpoint is always unrestricted in human tumors [37]. In the current study, fluphenazine significantly downregulated
cyclin D1, cyclin E1, CDK2, and CDK4 expression in HepG-2 and MHCC97-H cells. Additionally, fluphenazine causes P21 and P27
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Fig. 8. Fluphenazine ameliorated hypersensitivity of chronic pain and anxiety-like behaviors induced by oxaliplatin in mice. (A) The
schedule of experiments. Male C57BL/6 mice were randomly allocated to control or different experimental groups (n = 5). Oxaliplatin or vehicle
was injected (i.p.) at 5.6 mg/kg once per day for five consecutive days. From the second day of modeling, fluphenazine or vehicle was injected (i.p.)
at 4 mg/kg once every 2 days for four times. PWMT and PWTL were carried out to evaluate hypersensitivity of chronic pain. OF test and EPM test
were used to determined anxiety-like behaviors. (B) Mechanical pain thresholds of the ipsilateral hind paws following in each group. (C) Thermal
pain thresholds of the ipsilateral hind paws following oxaliplatin or fluphenazine treatment in each group. (D) Schematic traces of the OF test. The
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time spent in the central area and percentage of distance moved in the central area (% of total distance traveled) in each group of mice in the OF test.
(E) Schematic traces of the EPM test. The number of entries into the open arm and the time spent in the open arm in each group of mice in the EPM
test. Data are expressed as mean =+ SD (vs control group *P < 0.05, **P < 0.01; vs oxaliplatin group *P < 0.05, **P < 0.01). PWMT, paw withdrawal
r‘nechanical threshold; PWTL, paw withdrawal thermal latency; OF test, open field test; EPM test, elevated plus-maze test.

accumulation, two critical inhibitory proteins involved in the G1/S cell cycle transition.

Increased apoptosis is another reason for cell growth inhibition. Cell proliferation requires the suppression of apoptosis by
inhibiting the expression of pro-apoptotic factors and inducing the expression of anti-apoptotic factors [38]. In this study, fluphenazine
significantly downregulated Bcl-2 and upregulated Bax expression, which have anti- and pro-apoptotic roles, respectively. Further-
more, the downstream effector, caspase-3, was cleaved, which induces apoptosis. We also observed upregulated H2AX phosphory-
lation (i.e., y-H2AX), an important DNA damage marker commonly used to evaluate apoptosis. The PI3K pathway also plays an
essential role in cell survival by activating Akt. Activated Akt inhibits the activity of pro-apoptotic Bcl-2 family members, such as Bad,
Bax, caspase-9, glycogen synthase kinase-3 (i.e., GSK-3), and forkhead box O1 (i.e., FoxO1) [39]. Therefore, fluphenazine’s effects on
phosphorylated Akt expression were evaluated, showing that fluphenazine significantly decreased the Akt phosphorylation in HCC
cells.

Autophagy is a double-edged sword for the occurrence and development of tumors. Under normal conditions, autophagy is thought
to prevent cancer. In contrast, once cancer develops, tumor cells provide energy to promote proliferation and inhibit apoptosis by
activating autophagy [40]. However, excessive autophagy or blocked autophagy flux can also induce apoptosis [41]. Recent studies
have indicated that fluphenazine is a potential autophagy modulator in several cancer cell types [24,25]. Therefore, we speculated that
fluphenazine induces apoptosis by regulating autophagy in HCC cells. To test this hypothesis, we detected the expression levels of the
autophagic marker, LC3B, finding that it increased after fluphenazine treatment, suggesting that autophagy was activated. However,
autophagy is a dynamic process, and the activation and patency of autophagic fluxes are crucial. Changes in the LC3-II levels alone are
insufficient to reflect the state of autophagic flux; thus, determining the P62 expression level is also necessary. When autophagic flux is
activated, P62 cooperates with the degradation of the product (e.g., [tau]) [42]. In contrast, P62 accumulation leads to upregulation of
the product. Our results showed that fluphenazine significantly increased P62 expression, indicating that autophagic flux in HCC cells
was blocked. This result was confirmed by the Beclin-1 level, a critical protein for autophagosome formation, which did not change
after fluphenazine treatment, suggesting that increased accumulation of LC3 in HCC cells after fluphenazine treatment may be due to
blocked autophagy flux rather than autophagy activation. Moreover, using the lysosomal acidity-sensitive dye LysoTracker Red, we
found that fluphenazine remarkably reduced the intensity of red fluorescence in cells, indicating that the acidification function of
lysosomes may be inhibited. To verify this hypothesis, we administered 3-MA and CQ, which are early and late autophagy inhibitors,
respectively. 3-MA and CQ respectively reduced and enhanced the inhibitory effect of fluphenazine on HCC cell proliferation, sug-
gesting that fluphenazine may inhibit cell proliferation by disrupting the lysosomal acidification function of HCC cells, resulting in the
autophagosome accumulation and blocked autophagic flux. We also predicted some targets that maybe participate in the anti-HCC
effect of fluphenazine using machine learning models, however, the exact anti-HCC target of fluphenazine still needs further study.

In vivo anti-tumor activity is a key indicator when evaluating anti-tumor drugs. Therefore, we also evaluated the anti-HCC activity
of fluphenazine in vivo using a subcutaneous xenograft model of MHCC97-H cells in nude mice. Due to the significant differences in
drug metabolism, absorption, distribution, and excretion processes between actual biological systems in vivo and cell models in vitro,
further drug metabolism and toxicology studies are needed to determine the optimal dosage and regimen before conducting animal
experiments in vivo. It is generally accepted that the dosage should be one tenth of LDs, and the LDsg value of fluphenazine in mice is
89 mg/kg. Combining with previous reports [43], we selected 4 mg/kg or 8 mg/kg (once every two days, i.p.) as dosage regiments.
Intraperitoneal fluphenazine injections significantly inhibited tumor growth in nude mice. Furthermore, the safety profile of
fluphenazine, an approved drug in clinical use for a long time, was clear; our results confirmed that fluphenazine did not affect motor
function, liver function (aminopherase), or other organs after administering 4 mg/kg or 8 mg/kg once every other day. These findings
indicate that fluphenazine has good anti-HCC activity and is safe in nude mice.

As is known, some chemotherapeutic drugs (oxaliplatin, paclitaxel et al.) often lead to chronic pain called chemotherapy-induced
peripheral neuropathy (CIPNP) [44]. CIPNP occurs acutely during chemotherapy and is frequently accompanied with psychiatric
disorders (anxiety and depression et al.). If the patient’s symptoms are severe, it may be necessary to reduce the dose of chemotherapy
drugs, or even terminate the chemotherapy regimen in advance, which seriously affects the quality of life and survival of tumor
patients [45]. Therefore, it would be gratifying to find a drug that not only inhibits tumor growth combination with chemotherapy
drugs, but also alleviates the adverse reactions caused by chemotherapy agents. Recent research found that fluphenazine had anti-
allodynic properties in multiple neuropathic pain due to the blockage of voltage-gated sodium channels [27]. Therefore, after verifying
the anti-HCC activity of fluphenazine, we wonder whether it may exert analgesic effect on chronic pain induced by chemotherapy
drugs. We established chronic pain model in mice induced by oxaliplatin, a commonly used chemotherapy agent for advanced HCC
patients. Our behavioral analyses revealed that fluphenazine could significantly alleviate oxaliplatin-induced chronic pain and
reversed anxiety-like behavioral paradigms in mice, which are findings indicative of its desirable anxiolytic effect in the CNPIP state.

This study had some limitations. For example, the direct anti-HCC target of fluphenazine and the mechanism of fluphenazine in
HCC have not been defined, and the anti-HCC effects of fluphenazine in animals with normal immune function require further
evaluation.

In conclusion, fluphenazine inhibited HCC cell growth by inducing GO/G1 cell cycle arrest and apoptosis, and its mechanism may
be related to the disruption of lysosomal function, leading to the blockage of autophagic flux. Importantly, the most striking finding of

16



C. Su et al. Heliyon 9 (2023) e22605

this study was the identification of fluphenazine not only as an anti-HCC drug, but also as an analgesic of chronic pain induced by
chemotherapy. Collectively, our findings suggest that fluphenazine is a novel candidate for treating liver cancer.
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