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Abstract: Previously, our group showed that mianserin, an atypical antidepressant, exerts stronger cytotoxicity 
against liver cancer cells than normal hepatocytes, supporting its potential application as a therapeutic agent for 
liver cancer. However, the anti-tumor effects of mianserin in vivo and its mechanisms are yet to be established. In 
this study, we explored the inhibitory effects and mechanisms of mianserin and evaluated its efficacy in combination 
with sorafenib against liver cancer cells. Effects on cell viability were assessed via MTT and flow cytometry assays 
and antitumor activity evaluated using a xenograft model. Changes in the expression and distribution of specific 
proteins within cells were examined via immunoblot assay. Our results indicate that mianserin exerts cytotoxic ef-
fects by inhibiting cell viability through suppression of proliferation and induction of apoptosis. Therapeutic effects 
of mianserin were validated via intratumoral injection in the xenograft model. Mechanistically, our data indicate that 
mianserin-induced cytosolic HSP60 translocates to cell surface and participates in the downregulation of CCR9, 
leading to inactivation of the AKT-(β-catenin/NFκB) signaling pathway. Combination treatment with mianserin and 
sorafenib induced significant synergistic effects on cell viability, apoptosis, and in vivo tumor growth in both parental 
and sorafenib-resistant liver cancer cells. This study is the first to demonstrated that mianserin effectively limits the 
growth of liver cancer by downregulating CCR9, in turn, inactivating the AKT-(β-catenin/NFκB) pathway. Both in vitro 
and in vivo experiments highlight mianserin’s potential as an adjuvant therapy to sorafenib, offering a promising 
strategy to overcome current challenges in liver cancer treatment.
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Introduction

Hepatocellular carcinoma (HCC) is the fifth 
most common cancer type in men and seventh 
in women worldwide [1]. Despite several avail-
able treatment options [2], the disease re- 
mains the fourth leading cause of cancer-relat-
ed mortality due to phenotypic diversity and 
high recurrence rates, highlighting the urgent 
ongoing need to develop novel and innovative 
therapeutic strategies and drugs in this 
context.

Antidepressants are primarily used for the 
treatment of mental disorders. With the excep-
tion of some atypical antidepressants, these 
compounds are generally classified as selec- 
tive serotonin reuptake inhibitors (SSRI), sero-
tonin and norepinephrine reuptake inhibitors 
(SNRI), tricyclic antidepressants (TCA), and 
monoamine oxidase inhibitors (MAOI), based on 
the mechanism of action. Accumulating studi- 
es have demonstrated that specific antidepres-
sants can exert anti-tumor effects against dif-
ferent types of cancers including HCC. For 
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example, desipramine (TCA) and fluoxetine 
(SSRI) exert anti-proliferative effects by induc-
ing apoptosis in Hep3B cells [3, 4], while ami-
triptyline (TCA) induces mitochondrial dysfunc-
tion in HepG2 cells [5]. In keeping with the 
results obtained from cell studies, an Asian 
population-based study in 2017 revealed that 
TCAs and SSRIs are associated with lower risk 
of HCC [6]. In 2018, another population-based 
case-control study similarly reported associa-
tion of SSRIs (including fluoxetine, sertraline, 
paroxetine, citalopram, escitalopram and flu-
voxamine) with lower HCC risk [7].

In addition to TCA- and SSRI-mediated inhibi-
tion of liver cancer cell proliferation, we previ-
ously observed that mianserin, an atypical anti-
depressant, exerts more pronounced cytotoxic 
effects on liver cancer cells than normal human 
hepatocytes, indicating a novel capacity to 
inhibit growth of liver cancer [8]. However, the 
inhibitory effects of mianserin in vivo and its 
underlying mechanisms of action are yet to be 
fully elucidated. The main objective of the  
present study was to establish the inhibitory 
impact of mianserin on liver cancer cell viability 
and associated mechanisms, both in vitro and 
in vivo. In addition, the effects of combined 
treatment with mianserin and sorafenib on  
the viability of parental and sorafenib-resistant 
liver cancer cells were assessed.

Materials and methods

Cell culture, antibodies, and reagents

HepG2 and J7 cells were obtained from The 
Bioresource Collection and Research Center 
(BCRC) of the Food Industry Research and 
Development Institute, Hsinchu, Taiwan, and 
Dr. C. S Yang, National Taiwan University, 
Taiwan, respectively [9]. The authenticity of  
the cell line was confirmed through a short tan-
dem repeat-based assay utilizing the Promega 
StemElite ID System. HepG2 and J7 cells were 
cultured in Dulbecco’s modified Eagle’s medi-
um (DMEM) supplemented with 10% fetal 
bovine serum (FBS) within a humidified in- 
cubator maintained at 37°C and 5% CO2. 
Antibodies against cyclin D1, AKT, and p-AKT 
(Ser473) were obtained from Cell Signaling 
(Danvers, MA, US), CDK4 and β-catenin were 
sourced from Abcam (Cambridge, UK), HSP60 
from Proteintech Group (Taipei, Taiwan), and 

NFκB from Millipore Corp (Burlington, MA, US). 
Mianserin and sorafenib were procured from 
MedChemExpress (Monmouth Junction, NJ, 
US) and CCL25 from PeroTechTM (Waltham, MA, 
US). For in vitro experiments, mianserin (20 
mg/mL) and sorafenib (10 mM) were dissolved 
in dimethyl sulfoxide (DMSO) to prepare stock 
solutions. Concentrations approximating the 
IC50 values of mianserin [8] and sorafenib 
(Figure S1) were used in the subsequent cell 
model experiments. A solution of mianserin dis-
solved in PBS at a concentration of 0.05 mg/
mL was utilized for animal experiments.

MTT assay

Cells were plated in 48-well culture plates and 
incubated overnight. At specific time-points fol-
lowing treatment with mianserin (10 μg/ml) 
and/or sorafenib (5 μM for HepG2 cells and 6 
μM for J7 cells), thiazolyl blue tetrazolium bro-
mide (MTT; Sigma-Aldrich, St. Louis, MO, US) 
was added to the culture plates. After 4 h,  
solubilization solution (10% SDS in 0.01 M HCl) 
was introduced for cell lysis, and the reaction 
allowed to proceed overnight. The cell proli- 
feration index was determined by quantifying 
the optical density at 570 nm against a refer-
ence wavelength of 650 nm using a microplate 
reader.

Immunoblot assay

Cells were plated and incubated overnight. At 
specific time points following treatment with 
mianserin (10-40 μg/ml for 24-72 h) and/or 
sorafenib (5 μM for 24-48 h), cells were sub-
jected to protein extraction. Concentrations of 
protein extracts were quantified by using the 
Bradford assay. Based on the abundance of 
each target, adequate amount of proteins  
were separated on a 10% SDS-polyacrylamide 
gel and subsequently transferred to PVDF 
membranes, followed by incubation with pri- 
mary antibodies for 1 h. After removal of the 
primary antibodies, membranes were incubat-
ed with horseradish peroxidase-conjugated 
secondary antibodies for subsequent ECL sig-
nal detection (Immobilon Western Chemilu- 
minescent HRP Substrate, Millipore). Protein 
signals were detected using X-ray film and 
quantified with Image Gauge 3.46 software 
(FUJIFILM, Tokyo, Japan). The quantification 
results were supplemented in Table S1. 
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Apoptosis assay

HepG2 and J7 cells were cultured in the 
absence or presence of mianserin (20 μg/mL) 
and/or sorafenib (8 μM) for 48 h. Cells were 
stained with fluorescein isothiocyanate (FITC)- 
conjugated annexin V and PI for 30 min at  
room temperature using an Annexin V:FITC 
Apoptosis Detection Kit (BD Pharmingen, San 
Diego, CA, US) prior to flow cytometry analysis. 
Signals were detected using a FACSCalibur  
flow cytometer (Becton Dickinson, Franklin 
Lakes, NJ, US) and data analysis conducted 
using the Modfit LT program (Verity Software 
House, Brunswick, ME, US).

Subcutaneous xenograft animal model

Five-week-old male nude mice (BALB/c) were 
inoculated with parental (J7) or sorafenib- 
resistance (J7-SR) cells (1×106/100 μL PBS) via 
subcutaneous injection on the flank. Once 
tumors reached a size of 250 mm3, mice were 
randomly assigned to control or treatment 
groups. The mouse model used a range of  
1-60 mg/kg of mianserin for intraperitoneal 
injection [10, 11]. Considering the regional 
effect and low systemic effects of intratumor- 
al administration, we started mianserin treat-
ment at 2-3 mg/60 μl/mouse (approximately 
100-150 mg/kg) in the animal model. Mice  
in the mianserin treatment group received 
intratumoral injections of mianserin five days  
a week. The experiment was concluded on day 
7 or 14, and the animals were terminated by 
CO2 asphyxiation according to the guideline 
published by American Veterinary Medical 
Association. Mice in the sorafenib treatment 
group received sorafenib orally three times a 
week (30 mg/kg body weight). The experiment 
was concluded on day 7. Tumor volume (mm3) 
was calculated using the formula: W × L × T  
(W, smallest diameter; L, longest diameter; T, 
thickness). All animal experiments were con-
ducted in accordance with the standards 
approved by the Institutional Animal Care and 
Use Committee of Chang Gung University 
(CGU110-096, CGU111-153). This institution 
holds a valid AAALAC accreditation.

Subcellular fractionation and immunoprecipi-
tation assay

Cells were plated and incubated overnight. At 
specific time points following treatment with 
mianserin (10-20 μg/ml for 16-72 h), cells were 

subjected to subcellular fractionation and/or 
immunoprecipitation assay. The Mitochondria 
Isolation Kit (Thermo Scientific, Waltham, MA, 
US) was used for isolation of cytosol and mito-
chondria and the Mem-PER Plus Membrane 
Protein Extraction Kit (Thermo Scientific) for 
the extraction of plasma membrane proteins. 
All extraction procedures were performed in 
keeping with the manufacturers’ instructions. 
Isolated plasma membrane proteins obtain- 
ed were incubated overnight at 4°C with the 
anti-HSP60 antibody. Pre-reacted Protein A/G-
agarose beads (Santa Cruz Biotechnology, 
Dallas, TX, US) with anti-mouse IgG antibodi- 
es were added for 30 min at 4°C before intro-
ducing the immune complex. Immunocomplex- 
es were incubated with Protein A/G-agarose 
beads for 1 h at 4°C and proteins ultimately 
eluted from the beads using 2× SDS sample 
buffer for immunoblot analysis.

Establishment of sorafenib-resistant cells

The half-maximal inhibitory concentration 
(IC50) of sorafenib for liver cancer cells was 6 
μM [12]. The initial concentration of sorafenib 
used for treatment of HepG2 and J7 cells was  
5 μM, which was gradually increased by 0.25 
μM per week up to a dose of 6 μM (over a peri-
od of 5 weeks). The sorafenib-resistant cell 
lines generated, designated HepG2-SR and 
J7-SR, were maintained in DMEM containing 
10% FBS and 6 μM sorafenib.

Statistical analysis

Data are expressed as mean ± standard devia-
tion (SD) of a minimum of three independent 
experiments. Statistical analysis was conduct-
ed using Student’s t-test or one-way ANOVA, 
with p-value < 0.05 considered statistically 
significant.

Results

Mianserin inhibits proliferation and induces 
apoptosis of liver cancer cells

To confirm the anti-growth effects of mian- 
serin, we assessed the proliferation properties 
of HepG2 and J7 cells treated with 10 μg/mL 
mianserin for 1, 2, 3, and 4 days using the  
MTT assay. As depicted in Figure 1A, mianserin 
inhibited cell proliferation in a time-dependent 
manner. Additionally, expression of the cell 
cycle regulators, cyclin D1 and CDK4, was 
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decreased in the two liver cancer cell lines fol-
lowing mianserin treatment (Figure 1B). To 
determine whether mianserin specifically ex- 
erts effects on apoptosis in liver cancer cells, 
flow cytometry-based detection with annexin 
V-FITC/PI staining was conducted. As shown  
in Figure 1C, treatment with 20 μg/mL mianse-
rin for 48 h induced both early and late  
apoptosis in HepG2 and J7 cells. The percent-
age of apoptotic cells (early- and late-stage) 
increased from 7.13 ± 0.45% to 47.60 ± 2.87% 
in HepG2 cells and 8.37 ± 1.3% to 56.50 ± 
6.12% in J7 cells following exposure to mianse-
rin (Figure 1C, lower panel).

Mianserin inhibits tumor growth in the J7 sub-
cutaneous xenograft animal model

Subsequently, the growth inhibitory effects of 
mianserin on liver cancer in vivo were investi-
gated. Based on our previous experience, J7 
cells demonstrated superior tumor growth  
efficiency in xenograft models compared to 
HepG2 cells. For this reason, J7 cells were cho-
sen for the subcutaneous xenograft experi-
ments. The protocol for the animal experiment 
is outlined in Figure 2A. When J7 xenograft 
tumors reached a size of 250 mm3, mianserin 
was administered via intratumoral injection five 

Figure 1. Mianserin inhibits cell growth and induces apoptosis in liver cancer cells. A. Assessment of cell prolifera-
tion using the MTT assay. HepG2 and J7 cells were treated with mianserin (10 μg/mL) for 1, 2, 3, and 4 days. B. 
Immunoblot assay of expression of cyclin D1 and CDK4 in HepG2 and J7 cells following mianserin (mian) treatment. 
Quantifications of the bands from the representative images are shown. C. Flow cytometry analysis of cell apoptosis. 
HepG2 and J7 cells were treated with mianserin (20 μg/mL) for 48 h. Representative scatter plots displaying PI 
(Y-axis) vs. Annexin V (X-axis) are shown. The histogram below the scatter plot illustrates the percentages of viable, 
early apoptotic, late apoptotic, and necrotic cells. Data are presented as mean ± SD from three independent experi-
ments. ***P < 0.001 represents statistical significance compared to the control (Ctrl).
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days a week for a total period of 14 days. 
Notably, mice receiving mianserin treatment 
exhibited smaller tumor sizes and slower tu- 
mor growth curves compared to the control 
group (Figure 2B, 2C). Furthermore, tumor 
weights in the mianserin group were significant-
ly lower than those in the control group (Figure 
2D).

Mianserin induced the translocation of HSP60 
to cell surface and downregulated the expres-
sion of CCR9

As depicted in Figure 1, mianserin inhibits 
growth of liver cancer cells by suppressing  

cell proliferation and inducing apoptosis. In 
view of the finding that heat shock protein 60 
(HSP60) plays a pro-apoptotic role following 
release from mitochondria into the cytosol  
[13, 14], we further examined expression of 
HSP60 in both mitochondria and cytosol of 
liver cancer cells subjected to mianserin treat-
ment. Unexpectedly, a slight increase in mito-
chondrial HSP60 (mHSP60) expression was 
observed concomitant with decreased ex- 
pression of cytosolic HSP60 (cHSP60) in mian-
serin-treated HepG2 and J7 cells (Figure 3A). 
Based on the previous finding that HSP60 
translocates to the cell surface during apopto-
sis [15], we hypothesized that decreased 

Figure 2. Intratumoral injection of mianserin suppresses tumor growth in the J7 xenograft model. (A) Mianserin 
treatment via intratumoral injection (IT) in a J7 xenograft mouse model. (B) Final xenograft tumors of control (Ctrl) 
and mianserin treatment (mian) groups. (C, D) Comparison of tumor growth rates (C) and tumor weights (D) between 
control and mianserin groups. *P < 0.05; **P < 0.01; ***P < 0.001.
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expression of cHSP60 is potentially attributed 
to its migration to the cell surface. To validate 
this theory, plasma membrane proteins were 
isolated from liver cancer cells treated with 
mianserin for immunoblot analysis. As shown  
in Figure 3B, HSP60 was upregulated in the 
plasma membrane of mianserin-treated cells. 
Given that mianserin inhibits cell growth, in- 
duces apoptosis, and upregulates cell surface 
HSP60 (sHSP60) in liver cancer cells, we fur-
ther postulated that sHSP60 may be associat-
ed with cell surface receptors involved in the 
regulation of proliferation or apoptosis. G pro-
tein-coupled receptors (GPCR), constituting  
the largest superfamily of cell surface recep-
tors, have been identified as potential thera-
peutic targets for HCC [16]. Here, we focused 
on C-C chemokine receptor type 9 (CCR9) for 

ble HSP60 knockdown were generated (Figure 
4A) and treated with mianserin before plasma 
membrane extraction. As shown in Figure 4B, 
mianserin treatment induced sHSP60 levels 
and decreased CCR9 expression (lanes 1 and 
2). However, the mianserin-induced reduction 
of CCR9 was partially reversed upon HSP60 
knockdown (lane 4 compared to lane 3). The 
collective findings support a role of sHSP60 in 
mianserin-induced downregulation of CCR9 in 
liver cancer cells.

Mianserin inhibits CCR9-mediated activation 
of AKT, β-catenin, and NFκB in liver cancer 
cells

Chemokine ligand 25 (CCL25) serves as a 
ligand for CCR9. Interactions between these 

Figure 3. Effects of mianserin on distribution of HSP60 in liver cancer cells. 
(A, B) Immunoblot assay of HSP60 expression in cytosolic (cy) and mitochon-
drial (mi) fractions of HepG2 and J7 cells with (+) or without (-) mianserin 
(10 μg/mL) treatment for 72 h (A). Plasma membrane proteins (PM) were 
extracted from HepG2 and J7 cells with or without mianserin (20 μg/mL) 
treatment for 16 h for analysis of sHSP60 and CCR9 expression (B). GAPDH 
served as the loading control and VDAC as a mitochondrial marker. Quantifi-
cations of the bands from the representative images are shown. (C) Plasma 
membrane proteins (PM) were extracted from HepG2 and J7 cells with or 
without mianserin (10 μg/mL) treatment for 16 h. PMs were subjected to 
immunoprecipitation using an anti-HSP60 antibody, followed by immunoblot 
with anti-HSP60 and anti-CCR9 antibodies (upper panel). The corresponding 
input control is shown in the lower panel.

further analysis, based on its 
overexpression in HCC tis-
sues, negative correlation wi- 
th overall survival, and docu-
mented role in promoting  
cell proliferation as well as 
tumorigenicity [17]. Notably, 
expression of CCR9 was de- 
creased in liver cancer cells 
treated with mianserin (Figure 
3B). To investigate the po- 
tential interactions between 
sHSP60 and CCR9, we con-
ducted an immunoprecipita-
tion (IP) assay using plasma 
membrane proteins isolated 
from liver cancer cells with or 
without mianserin (10 μg/mL) 
treatment. Following IP with 
an anti-HSP60 antibody, we 
observed an increase in the 
CCR9 signal in both HepG2 
and J7 cells treated with  
mianserin, as confirmed with 
immunoblot analysis (Figure 
3C). Our findings suggest that 
mianserin promotes interac-
tions between sHSP60 and 
CCR9.

sHSP60 participates in mian-
serin-induced downregulation 
of CCR9

To determine whether sHSP- 
60 contributes to the mianser-
in-induced reduction of CCR9, 
HepG2 and J7 cells with sta-
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proteins may play a role in cancer progression 
through activation of various signaling path-
ways [18]. For example, CCL25/CCR9 interac-
tions are reported to induce chemoresistance 
through the PI3K-AKT-(β-catenin/NFκB) path-
way [18] and trigger anti-apoptotic mechanis- 
ms through activation of the PI3K-AKT pathway 
in tumor cells [18, 19, 20]. Accordingly, we 
focused on the effects of mianserin on the  
AKT pathway in liver cancer cells. Exposure of 
tumor cells to 40 μg/mL mianserin for 24 h led 
to a decrease in levels of AKT, phospho-AKT 
(p-AKT), β-catenin, and NFκB (p65) compared 
to the untreated control group (Figure 5A). To 
further establish the relevance of these  
changes in molecular expression in relation to 
CCR9, liver cancer cells with or without CCL25 
were treated with mianserin or left untreated. 
As shown in Figure 5B, diminished expression 
of p-AKT, β-catenin, and NFκB induced by  
mianserin was partially rescued in cells treat- 
ed with CCL25 (lane 3 vs. lane 4). Based on 
these results, we propose that mianserin inac-
tivates p-AKT, β-catenin, and NFκB, potentially 
through inhibition of CCR9 expression.

Synergistic effects of mianserin and sorafenib 
on viability and apoptosis of liver cancer cells

Sorafenib, a multi-kinase inhibitor, serves as  
a frontline treatment for advanced HCC. 
Previous research has demonstrated that 
sorafenib promotes activation of the AKT  
pathway in both parental and sorafenib-resis-
tant (SR) liver cancer cells [21, 22]. Given that 
mianserin inactivates the AKT pathway, we 

gray bars), respectively, compared to untreated 
(Ctrl) cells. Notably, combined treatment with 
mianserin and sorafenib (mian + sora) led to  
a further reduction in cell viability to 35.5% 
(Figure 6A, left panel, black bars). As expect- 
ed, HepG2-SR cells displayed a limited res- 
ponse to sorafenib in terms of inhibition of via-
bility relative to HepG2 cells (49.8% forHepG2 
vs. 93.5% for HepG2-SR; Figure 6A, left panel, 
gray bars). Mianserin exerted a greater inhibi-
tory effect on the viability of HepG2-SR cells 
than sorafenib (62.5% (mianserin) vs. 93.5% 
(sorafenib); Figure 6A, left panel, slash bar vs. 
gray bar), but a comparable inhibitory effect  
on HepG2 cells (62.0% (HepG2) vs. 62.5% 
(HepG2-SR); Figure 6A, left panel, slash bars). 
Combined treatment with mianserin and 
sorafenib still exerted a synergistic inhibitory 
effect on viability of HepG2-SR cells (50.1%; 
Figure 6A, left panel, black bar). Similarly, the 
viability of J7 cells co-treated with mianserin 
(10 μg/mL) and sorafenib (6 μM) was reduced 
to a more significant extent (to 16.3%) com-
pared to that of counterpart cells treated with 
mianserin (34.6%) or sorafenib (57.3%) alone 
(Figure 6A, right panel). As expected, sora- 
fenib exerted limited effect on J7-SR cells in 
terms of inhibition of viability (72.3%) relative to 
J7 cells (57.3%; Figure 6A, right panel, gray 
bars). Notably, mianserin (34.6% and 50.3%) 
exerted a greater inhibitory effect on viability  
of J7 and J7-SR cells than sorafenib (57.3%  
and 72.3%; Figure 6A, right panel). A synergis-
tic inhibitory effect of mianserin and sorafenib 
on viability (18.2%) was consistently observed 
in J7-SR cells (Figure 6A, right panel, black bar 

Figure 4. sHSP60 is involved in mianserin-induced downregulation of CCR9 
in liver cancer cells. A. Expression of HSP60 in HepG2 and J7 cells with or 
without HSP60 knockdown. B. PMs were extracted from HCC (HepG2 and 
J7) cells with or without HSP60 knockdown after treatment with or without 
mianserin for 16 h. Expression patterns of HSP60 (sHSP60) and CCR9 were 
examined via immunoblot analysis. Quantifications of the bands from the 
representative images are shown.

investigated the effects of 
combining mianserin with 
sorafenib on the viability of 
parental and SR (HepG2-SR 
and J7-SR) liver cancer cells 
with the aid of the MTT as- 
say. Doses approximating the 
IC50 values of mianserin [8] 
and sorafenib (Figure S1)  
were applied in the experi-
ments. As shown in Figure  
6A, treatment of HepG2 cells 
with 10 μg/mL mianserin or  
5 μM sorafenib alone for 3 
days resulted in a decrease in 
cell viability to 62.0% (Figure 
6A, left panel, slash bars) and 
49.8% (Figure 6A, left panel, 
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vs. slash bar and gray bar). Subsequently,  
apoptosis in J7 and J7-SR cells treated with 
mianserin (20 μg/mL) or sorafenib (8 μM), 
either alone or in combination, for 48 h was 
analyzed via flow cytometry. Both sorafenib 
(81.46% (J7) and 37.13 (J7SR)) and mianserin 
(35.48% (J7) and 18.40% (J7-SR)) induced 
apoptosis in comparison to the corresponding 
untreated cell groups (8.48% (J7) and 8.12% 
(J7-SR); Figure 6B). Due to the acquisition of 
resistance by J7-SR cells, the proportion of 
sorafenib-induced apoptosis was significantly 
lower compared to J7 cells (37.13% (J7-SR)  
vs. 81.46% (J7); Figure 6B). Interestingly, even 
with compromised efficacy of sorafenib, a sig-
nificant synergistic effect was observed upon 
combination with mianserin in J7-SR cells 
(93.19% (S + M) vs. 37.13% (S) or 18.4% (M); 
Figure 6B). 

Effects of mianserin and sorafenib, alone or in 
combination, on tumor growth in J7-SR subcu-
taneous xenograft animal model

According to the results obtained with the  
cell line model system (Figure 6A and 6B), 
mianserin induced apoptosis, compromising 
the viability of J7 and J7-SR cells. Furthermore, 
mianserin and sorafenib exerted synergistic 
effects on cell viability and apoptosis, even in 

J7-SR cells. A J7-SR subcutaneous xenograft 
model was subsequently employed to deter-
mine the efficacy of sorafenib and mianserin, 
both alone and in combination (Figure 6C and 
6D). Tumor growth rates, expressed as per- 
centage tumor volume in relation to the day of 
treatment initiation (D0), tumor volume (D7) 
and images of tumors excised from the flank  
of the mice on the day of sacrifice (D7) are 
shown. Sorafenib and mianserin, both alone 
and in combination, induced significant inhibi-
tion of tumor growth (Figure 6C and 6D) com-
paring to untreated group. Mianserin exerted 
greater tumor inhibitory effects than sorafenib 
(Figure 6C and 6D). However, only slightly syn-
ergistic effects of mianserin in combination 
with sorafenib were observed in this treatment 
course.

Discussion

While certain antidepressants, such as fluox-
etine and citalopram, have been shown to ex- 
ert anti-liver cancer effects through different 
pathways [23], the concept of mianserin as an 
anti-liver cancer agent had never been pro-
posed until our recent publication in 2023 [8]. 
In the current study, we conducted additional 
experiments to validate this theory and to  
clarify the underlying mechanisms. Our results 

Figure 5. Mianserin inactivates the AKT pathway in liver cancer cells. A. Total proteins were extracted from HepG2 
and J7 cells after treatment with mianserin (40 μg /mL) for 24 h and expression of AKT, p-AKT, β-catenin, and NFκB 
assessed via immunoblot assay. B. Flowing treatment of HepG2 and J7 cells with CCL25 (150 ng/mL for HepG2, 
100 ng/mL for J7) or mianserin (15 μg/mL), either alone or in combination, total proteins were extracted for immu-
noblot evaluation of p-AKT, β-catenin, and NFκB expression. Quantifications of the bands from the representative 
images are shown.



Mianserin and sorafenib synergistically target CCR9-AKT in liver cancer

2898 Am J Cancer Res 2025;15(6):2890-2904



Mianserin and sorafenib synergistically target CCR9-AKT in liver cancer

2899 Am J Cancer Res 2025;15(6):2890-2904

showed that mianserin inhibits the viability  
of liver cancer cells by suppressing cell prolif-
eration and promoting apoptosis. Additionally, 
this drug alters the distribution of HSP60,  
leading to its migration from the cytoplasm to 
the cell surface and consequent suppression  
of CCR9 expression in liver cancer cells. Im- 
munoprecipitation experiments further con-
firmed enhanced interactions between sHSP- 
60 and CCR9 induced by mianserin, and  
HSP60 silencing experiments provided evi-
dence of the involvement of HSP60 in the 
decreased expression of CCR9. In view of a  
previous report that silencing of CCR9 can  
suppress liver cancer cell growth and tumorige-
nicity [17], we suggest that mianserin poten-
tially inhibits the viability of tumor cells, by 
downregulating CCR9.

The mechanisms by which sHSP60-CCR9 in- 
teractions induce downregulation of CCR9 
remain to be established. Essentially, protein 
turnover in cells is regulated by the ubiquitin-
proteasome system, which involves a multi-
step process of ubiquitin attachment to the 
targeted protein for degradation [24]. Accord- 
ingly, we speculated that sHSP60-CCR9 inter-
actions activate this system, resulting in the 
ubiquitination and subsequent degradation of 
CCR9, which requires further investigation. 

Cell cycle dysregulation is a fundamental hall-
mark of liver cancer development. Cyclin D1 
[25] and CDK4 [26], key regulators of the G1/ 
S-phase transition, have been shown to signifi-
cantly contribute to liver cancer progression. In 
addition to their role in cell cycle control, modu-
lation of Cyclin D1 and CDK4 expression has 
been associated with apoptotic regulation [27]. 
Several anticancer agents, including sora- 
fenib [28], have been demonstrated to induce 
G1/S-phase arrest and promote apoptosis, 
underscoring the therapeutic relevance of tar-

geting this checkpoint. Accordingly, we selected 
Cyclin D1 and CDK4 as representative mole-
cules to evaluate the antiproliferative effects  
of mianserin. Our study further demonstrated 
that the PI3K-AKT-(β-catenin/NFκB) signaling 
axis is a major downstream pathway modulat- 
ed by CCR9 inhibition following mianserin  
treatment. Given that AKT signaling regulates 
Cyclin D1 and CDK4 via transcriptional activa-
tion, translational control, and/or protein sta- 
bility [29, 30], our findings suggest that mian- 
serin may exert its anti-liver cancer effects 
through modulation of these pathways. 
Additionally, due to the central role of AKT in 
cell cycle regulation [30], we acknowledge that 
other cell cycle regulators may also contribute 
to the observed anti-proliferative effects of 
mianserin. 

Other than a recent study published in 2022, 
which reported that mianserin inhibits tumor 
growth of SW480, a colon adenocarcinoma  
cell line, by reducing glutamine concentrations 
[31], no anticancer effects of this compound 
have been documented. In this study, we con-
firmed the anti-liver cancer effects of mian- 
serin administered via intratumoral injection 
into subcutaneous xenograft tumors. Although 
mianserin has been linked to hepatic injury, 
liver function returned to normal after the dose 
was reduced or discontinued [32]. It is impor-
tant to note that the risk of liver injury from 
mianserin may be associated with its oral 
administration route. Interestingly, we tested 
the cytotoxic effects of low (20 μg/mL, dosage 
close to IC50) and high (80 μg/mL) doses of 
mianserin on cancer cells and human hepato-
cytes in our previous publication [8]. The re- 
sults revealed that a high dose of mianserin 
produced significant cytotoxic effect on both 
cancer cells and human hepatocytes. However, 
a low dose of mianserin inhibited cancer cell 
viability (76-90%) more significantly than it 

Figure 6. Effects of mianserin combined with sorafenib in parental and sorafenib-resistant liver cancer cells. (A) Syn-
ergistic effect of mianserin and sorafenib on viability of parental (HepG2 and J7) and sorafenib-resistant (HepG2-SR 
and J7-SR) liver cancer cells determined using the MTT assay. Data are represented as mean ± SD from three inde-
pendent experiments and evaluated using one-way ANOVA with Dunnett’s T3 (post hoc) analysis. **P < 0.01; ***P 
< 0.001. (B) J7 and J7-SR cells were treated with sorafenib (8 μM) and mianserin (20 μg/mL), alone or in combina-
tion, for 48 h and apoptosis was analyzed using flow cytometry. Quantification results are shown in the left panel, 
and representative dot plots are shown in the right panel. (C, D) The effects of sorafenib and mianserin on tumor 
growth were evaluated in a xenograft mouse model. Tumor growth rates are presented as percentage of tumor vol-
ume in relation to the treatment -initiation day (D0; C). Tumor volume and images on D7 are shown (D). Bars labeled 
with different letters (a, b, and c) denote statistical significance (One-way ANOVA with Dunnett’s T3 post hoc analy-
sis). Ctrl, vehicle control; S, sorafenib; M, mianserin; S + M, combination treatment with sorafenib and mianserin.
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affected human hepatocytes (27.1%). A numb- 
er of preclinical studies have demonstrated 
lower systemic toxicity and improved treatment 
outcomes using the intratumoral administra-
tion route [33, 34]. Currently, several clinical  
trials are underway to investigate the safety 
and efficacy of intratumoral injection in cancer 
patients [8]. We consistently observed fewer 
drug-related side-effects, such as drowsiness, 
tremors, and weakness, in response to intratu-
moral injections. Our preclinical findings pro-
vide a valuable reference for future clinical 
research. 

While sorafenib has been shown to extend the 
lives of patients with HCC, the efficacy of the 
drug is limited by numerous severe side-eff- 
ects. Additionally, patients commonly develop 
drug resistance within six months [22]. 
Therefore, cancer patients would benefit great-
ly from therapeutic drugs that, when combined 
with sorafenib, do not cause serious adverse 
reactions and even allow reduction of the 
required dose of sorafenib while achieving the 
same or better therapeutic effects. Previous 
studies have demonstrated that sorafenib  
activates the AKT pathway in both parental and 
SR HCC cells [21, 22, 35, 36]. This phenome-
non was also evident in our studies, based on 
the increased expression of p-AKT in HepG2, 
HepG2-SR, and J7-SR cells in the presence of 
sorafenib (Figure S2). Numerous compounds 
targeting the AKT pathway have been devel-
oped and validated as potential cancer thera-
pies in in vitro and in vivo. For example, the  
allosteric AKT inhibitor MK-2206 was used to 
treat sorafenib-resistant liver cancer cells 
(HepG2-SR and Huh7-SR), which acquire ac- 
tivation of AKT and exhibit epithelial-mesen- 
chymal transition (EMT) [21]. Additionally, the 
potential of Ipatasertib (GDC0068, an ATP-
competitive AKT inhibitor) to reverse sorafenib 
resistance was studied in liver cancer cells 
[37]. Ipatasertib synergized with sorafenib in 
inhibiting tumor growth in the Huh7-SR-inject- 
ed subcutaneous mouse model. In the current 
study, similar in vitro and in vivo results were 
observed when HepG2-SR and J7-SR cells  
were treated with sorafenib or mianserin alone 
or in combination (Figure 6). Although several 
AKT inhibitors have successfully entered clini-
cal evaluation, trials for various cancer types 
have shown that many AKT inhibitors have  
limited efficacy as monotherapy [38, 39]. 

Therefore, exploring the potential of other  
drugs in combination treatments presents a 
feasible therapeutic option [40]. Several com-
pounds targeting the AKT pathway have been 
explored for the management of liver cancer 
[41]. Among these, MK2206 entered a phase  
II clinical trial for advanced liver cancer cases 
that had not responded to prior therapy 
(NCT01239355). Unfortunately, the study was 
terminated early due to discouraging results, 
highlighting the urgent need for innovative ther-
apies targeting the AKT pathway. This study 
demonstrates that mianserin exhibits liver  
cancer inhibitory effects in both in vitro and in 
vivo experiments and has a synergistic effect 
with sorafenib, similar to MK-2206 and Ipa- 
tasertib. Clinical trials of AKT inhibitors often 
show limited efficacy and notable side effects 
[40]. In contrast, mianserin is frequently pre-
scribed to treat depression in cancer patients 
[42], indicating a favorable safety profile for 
potential use in clinical trials. However, while 
mianserin is traditionally administered orally, 
this study utilized intratumoral injection. 
Therefore, future research must evaluate the 
appropriate dosage and administration route  
to ensure safe and effective cancer treatment. 
Moreover, this study primarily focuses on the 
CCR9-AKT pathway. Nevertheless, prior in- 
vestigations have revealed mianserin’s impact 
on additional signaling pathways, including  
the G protein coupled receptors pathway [43] 
and the Wnt pathway [44], which are pivotal in 
tumor biology. Thus, unlike AKT-specific inhibi-
tors, mianserin might exert tumor control via its 
multifaceted effects on various pathways, pre-
senting a distinct advantage. Another innova-
tive aspect of this study lies in the drug repur-
posing strategy involving mianserin, an existing 
antidepressant with a well-established safety 
profile. Repurposing offers distinct advantag- 
es in terms of time and cost efficiency com-
pared to de novo drug development. Given its 
clinical history, mianserin-if administered in its 
conventional oral form-could more readily prog-
ress to clinical trials, bypassing many of the 
safety hurdles typically encountered in early-
phase drug development. Furthermore, formu-
lation modifications may be pursued to opti-
mize its pharmacokinetic and pharmacody-
namic properties for oncologic applications, 
potentially accelerating its clinical translation. 
Our findings provide novel insights into the  
anticancer potential of mianserin, particularly 
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in liver cancer, and underscore the importance 
of further mechanistic studies to delineate its 
full therapeutic scope. Exploring mianserin’s 
anticancer mechanisms remains a critical ave-
nue for future investigation. 

While intratumoral drug administration is a 
promising strategy for enhancing local efficacy 
and minimizing systemic toxicity, our study 
highlights the practical benefits of oral mianse-
rin administration, which has already under-
gone extensive clinical evaluation for psychiat-
ric use. This route may represent the most  
feasible approach for rapid clinical implemen-
tation. However, this study’s lack of direct 
assessment of oral mianserin constitutes a 
notable limitation. Despite this, our data 
strongly support the feasibility of clinical trials 
investigating oral mianserin as an adjuvant 
therapy to sorafenib, particularly for prevent- 
ing or overcoming sorafenib resistance in liver 
cancer patients. Future directions should 
include (1) Evaluating the efficacy of oral mian-
serin in preclinical models of liver cancer; (2) 
Investigating liver-specific targeting strategies 
or alternative delivery routes such as intratu-
moral injection; (3) Conducting mechanistic 
studies further to elucidate mianserin’s molec-
ular targets and signaling pathways; (4) 
Initiating clinical trials to assess mianserin’s 
therapeutic potential in combination with  
existing liver cancer therapies. These efforts 
will be essential for validating mianserin as a 
viable and innovative therapeutic strategy in 
liver cancer treatment.

Mianserin inhibits the viability of liver cancer 
cells, which may be attributed to downregula-
tion of CCR9, leading to inactivation of the  
AKT-(β-catenin/NFκB) pathway. Our results 
suggest that the regulation mechanism of 
mianserin still functions on most AKT-related 
molecules and CCR9 in SR liver cancer cells 
compared to their untreated counterparts 
(Figure S2). Notably, co-treatment of both 
parental and SR liver cancer cells with mianse-
rin and sorafenib induced greater inhibition of 
CCR9 and most AKT-related molecules rela- 
tive to sorafenib treatment alone (Figure S2). 
Consistently, data from the MTT assay showed 
that combination treatment with mianserin  
and sorafenib exerted more pronounced inhibi-
tory effect on the viability of parental and SR 
liver cancer cells than the individual drug. This 

synergistic effect on cell apoptosis was addi-
tionally observed in J7-SR (Figure 6B) but not  
J7 cells, which could be attributed to the supe-
rior effect of sorafenib in J7 cells, thus lessen-
ing the difference between treatments. The 
effects of mianserin and sorafenib on tumor 
growth were further evaluated in a xenograft 
animal model. Mianserin displayed significant 
efficacy, even in sorafenib-resistant J7-SR  
bearing mice. Combination treatment with 
mianserin and sorafenib induced a trend of 
slight increase in inhibition of tumor growth. A 
well-designed animal study may be important 
to further to determine the method, dosage, 
and course of treatment with mianserin as an 
adjuvant for sorafenib. Overall, evidence of the 
synergistic inhibitory effects of mianserin and 
sorafenib obtained from our preliminary in  
vitro and in vivo studies provide valuable 
insights for future clinical applications. 

In conclusion, this study validates mianserin’s 
anti-liver cancer potential, demonstrating its 
ability to inhibit liver cancer cell viability in both 
in vitro and in vivo models. Mechanistically, we 
identified a novel pathway whereby mianserin 
promotes the translocation of HSP60 from the 
cytosol to the cell surface, thereby increasing 
sHSP60 expression and enhancing its interac-
tion with CCR9. This interaction results in the 
downregulation of CCR9 and subsequent sup-
pression of key downstream signaling effec-
tors, including AKT, phosphorylated AKT (p- 
AKT), β-catenin, and NFκB. Importantly, our 
study is the first to demonstrate that mian- 
serin synergistically enhances the anti-tumor 
efficacy of sorafenib in both parental and 
sorafenib-resistant liver cancer cells, highlight-
ing its potential as an adjuvant therapy. Key 
breakthroughs of this study include: (1) The  
first demonstration of mianserin’s anti-liver 
cancer activity in cell culture and xenograft 
models. (2) Novel evidence supporting the  
combination of mianserin and sorafenib as a 
strategy to inhibit liver cancer progression and 
potentially overcome sorafenib resistance. (3) 
Identifying mianserin as a multi-target agent 
capable of modulating several oncogenic sig-
naling pathways offers broader therapeutic 
potential than AKT-specific inhibitors. How- 
ever, this study has certain limitations. In vivo 
validation was limited to a single-dose intratu-
moral injection strategy, selected to maximize 
local drug delivery and minimize systemic toxic-
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ity. The conventional oral administration route, 
which holds greater translational relevance due 
to mianserin’s clinical use as an antidepres-
sant, was not assessed in this study. Despite 
these limitations, our findings offer compelling 
preclinical evidence for repurposing mianserin 
as a novel therapeutic option for liver cancer. 
This work lays a robust foundation for future 
studies focused on optimizing administration 
routes, evaluating pharmacokinetics and bio-
distribution, and designing clinical trials to 
explore mianserin’s full therapeutic potential in 
liver cancer treatment.
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Figure S1. IC50 values of liver cancer cell lines. Cells were seeded and cultured overnight to allow adhesion. 
Sorafenib was applied at concentrations ranging from 0 to 40 μM, and cell survival rates were assessed after 3 
days using the MTT assay. The IC50 values were calculated based on the dose-response curve, representing the 
concentration of sorafenib required to inhibit 50% of cell viability.

Table S1. Quantification results (mean ± SD) of Western blot
Figure 1B

Target Lane 1 Lane 2 Lane 3 Lane 4

Cyclin D1 1 0.12 ± 0.12***, #1 1 0.18 ± 0.21**

CDK4 1 0.38 ± 0.26** 1 0.66 ± 0.22*

Figure 3A

Target Lane 1 Lane 2 Lane 3 Lane 4 Lane 5 Lane 6 Lane 7 Lane 8

HSP60 1 0.65 ± 0.13 1 1.24 ± 0.04* 1 0.23 ± 0.08** 1 0.85 ± 0.12

Figure 3B

Target Lane 1 Lane 2 Lane 3 Lane 4

sHSP60 1 1.26 ± 0.11*** 1 1.93 ± 0.00***

CCR9 1 0.71 ± 0.27* 1 0.54 ± 0.19*

Figure 3C

Target Lane 1 Lane 2 Lane 3 Lane 4

CCR9 1 1.48 ± 0.45 1 1.94 ± 0.51

Figure 4B

Target Lane 1 Lane 2 Lane 3 Lane 4 Lane 5 Lane 6 Lane 7 Lane 8

sHSP60 1a, #2 1.17 ± 0.08b 0.76 ± 0.03a’b’c 1.06 ± 0.07c’ 1d 1.31 ± 0.06d’e 0.72 ± 0.06d’e’ 0.85 ± 0.10e’

CCR9 1 0.56 ± 0.10 1.04 ± 0.20 1.06 ± 0.27 1 0.67 ± 0.19 1.05 ± 0.07 0.89 ± 0.23

Figure 5A

Target Lane 1 Lane 2 Lane 3 Lane 4

AKT 1 0.81 ± 0.24 1 0.81 ± 0.05*

p-AKT 1 0.37 ± 0.23** 1 0.54 ± 0.27**

β-catenin 1 0.42 ± 0.10*** 1 0.56 ± 0.29**

NFκB 1 0.54 ± 0.12*** 1 0.59 ± 0.22**

Figure 5B

Target Lane 1 Lane 2 Lane 3 Lane 4 Lane 5 Lane 6 Lane 7 Lane 8

p-AKT 1a 0.95 ± 0.02 0.47 ± 0.20a’ 0.62 ± 0.15 1b 0.85 ± 0.14c 0.38 ± 0.21b’c’ 0.49 ± 0.15b’c’

β-catenin 1a 0.75 ± 0.01b 0.40 ± 0.07a’b’ 0.51 ± 0.09a’b’ 1 0.99 ± 0.12 0.41 ± 0.18 0.55 ± 0.27

NFκB 1 0.72 ± 0.19 0.47 ± 0.15 0.62 ± 0.17 1a 0.91 ± 0.04b 0.47 ± 0.06a’b’c 0.57 ± 0.08a’b’c’
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Figure S2. Effects of mianserin and sorafenib, alone or in combination, on the CCR9-AKT pathway in parental and 
sorafenib-resistant (SR) cancer cells. HepG2 and HepG2-SR cells were treated with mianserin (20 μg/mL) and 
sorafenib (5 μM), either alone or in combination, for 24 h. J7 and J7-SR cells were treated with mianserin (15 μg/
mL) and sorafenib (5 μM), either alone or in combination, for 46 h. Total proteins were extracted for immunoblot 
analysis. Quantifications of the bands from the representative images are shown.

Figure S2

Target Lane 1 Lane 2 Lane 3 Lane 4 Lane 5 Lane 6 Lane 7 Lane 8

CCR9 1 0.67 ± 0.07 0.53 ± 0.01 0.21 ± 0.06 0.97 ± 0.41 0.84 ± 0.32 1.36 ± 0.79 0.72 ± 0.26

AKT 1a 0.95 ± 0.05 0.79 ± 0.04 0.72 ± 0.12a’ 0.80 ± 0.02 0.70 ± 0.02 0.91 ± 0.07 0.68 ± 0.08

p-AKT 1a 0.30 ± 0.02 2.11 ± 0.01a’b 0.56 ± 0.10b’ 1.79 ± 0.48c 0.36 ± 0.02c’d 2.56 ± 0.60d’e 0.20 ± 0.04c’e’

β-catenin 1 0.85 ± 0.06 0.83 ± 0.00 0.47 ± 0.05 2.07 ± 0.29 2.09 ± 0.20 2.59 ± 0.20 2.18 ± 0.27

NFκB 1a 0.78 ± 0.07b 0.57 ± 0.09a’ 0.38 ± 0.02a’b’ 0.07 ± 0.03a’ 0.10 ± 0.07 0.24 ± 0.10 0.12 ± 0.11

Target Lane 9 Lane 10 Lane 11 Lane 12 Lane 13 Lane 14 Lane 15 Lane 16

CCR9 1 1.13 ± 0.02 1.03 ± 0.42 0.33 ± 0.36 1.14 ± 0.37 0.52 ± 0.35 1.11 ± 0.03 0.25 ± 0.26

AKT 1a 0.76 ± 0.12 0.53 ± 0.13 0.16 ± 0.01a’ 0.56 ± 0.33 0.52 ± 0.10 1.23 ± 0.31 0.31 ± 0.25

p-AKT 1a 0.38 ± 0.22 0.42 ± 0.18 0.21 ± 0.17a’ 0.52 ± 0.33b 0.47 ± 0.06c 1.43 ± 0.21b’c’d 0.43 ± 0.03d’

β-catenin 1 0.81 ± 0.12 1.92 ± 1.12 0.63 ± 0.05 1.31 ± 0.20 0.37 ± 0.22 2.16 ± 1.31 0.62 ± 0.25

NFκB 1 0.45 ± 0.42 1.26 ± 0.13 0.49 ± 0.24 1.43 ± 0.16a 0.82 ± 0.37 1.14 ± 0.17 0.19 ± 0.27a’

#1, Student’s t-test was used to compare two groups, while one-way ANOVA and Tukey’s multiple comparison test were used to compare groups with more than two; *, 
P<0.05; **, P<0.01; ***, P<0.001; #2, multiple comparisons were conducted between groups with the same letter; an apostrophe indicates statistical significance.


