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A B S T R A C T   

Cancer stem cells (CSCs) in triple-negative breast cancer (TNBC) are closely related to tumorigenesis and 
metastasis. Thioridazine (THZ) is a usual phenothiazine antipsychotic drug that can destroy CSCs. We aimed to 
explore whether THZ could sensitize metastatic TNBC cells, especially the CSCs, to carboplatin (CBP) treatment. 
Metastatic TNBC cells, 4T1 cells, and tumor-bearing mice were treated with THZ and CBP as monotherapy or 
combination therapy. MTT, flow cytometry, electron microscopy, immunohistochemistry and western blotting 
were applied to assess the cell viability, apoptosis, mitochondrial morphology and the relevant protein levels, 
respectively. Tumor size and lung metastasis under different treatments as well as tumorigenesis of residual 
tumor cells from each group were monitored. THZ combined with CBP inhibited 4T1 tumor cell proliferation and 
induced apoptosis by inhibiting the PI3K-AKT-mTOR pathway and activating estrogen receptor stress. THZ also 
showed strong activity against breast CSCs, THZ combined with CBP significantly destroyed cancer cells, 
inhibited lung metastasis and relieved the tumor burden; Our data demonstrated that THZ can sensitize TNBC 
cells to CBP treatment and this combination therapy may provide a bright strategy for TNBC treatment by 
targeting both cancer cells and CSCs.   

Introduction 

Triple-negative breast cancer (TNBC) is an most aggressive type of 
breast cancer (BC) characterized by the absence of estrogen receptor 
(ER), progesterone receptor, and human epidermal growth factor re-
ceptor 2 (HER-2) [1,2]. TNBC is the most fatal subtype of BC with high 
heterogeneity, aggressive progression, and poor response to current 
therapy modalities. The high recurrence and frequent metastasis asso-
ciated with TNBC often result in poor overall survival outcomes [3]. 
Thus, the exploration of more effective and less toxic approaches is ur-
gently needed for the treatment of TNBC. Cancer stem cells (CSCs) are 
responsible for initiation, disease progression, tumor recurrence, and 
metastasis [4]. Our previous studies demonstrated that CSC-targeted 
therapies could dramatically improve the inhibition of both primary 
tumors and metastasis [5]. However, few CSC-targeted strategies are 
currently available for clinical use. 

Thioridazine (THZ) is a commonly used antipsychotic drug with 
acceptable side effects. Moreover, recent work has shown that THZ has 
an inherent and potent anti-tumor effect via P-glycoprotein reduction 
[6] and DNA damage [7]. More surprisingly, THZ was recently reported 
to specifically target breast CSCs (BCSCs), Lang et al. described that 
although THZ exhibited no effect on MCF-7 cells, it could distinctly 
destroy MCF-7 CSCs by antagonizing the highly expressed dopamine 
receptors on MCF-7 CSCs [8, 9]. Nonetheless, whether THZ targets CSCs 
in TNBC is still not fully understood. 

Platinum-based chemotherapies have achieved a high pathological 
complete remission rate in patients with TNBC [10]. Data from a phase 
III trial demonstrated that carboplatin (CBP) exerted similar effective-
ness and less toxicity than docetaxel in 376 metastatic TNBC patients 
[11]. Clinical trials have reported that platinum-based therapy could 
induce a significant response in TNBC patients. For example, a CBP plus 
taxane chemotherapy regimen showed a high pathological complete 
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response (PCR) in TNBC patients [12]. Moreover, a multivariate analysis 
indicated that CBP administration resulted in a remarkable improve-
ment in PCR [12–14]. Combination therapy is a mainstay of cancer 
treatment, and optimal combinations can produce synergistic antitumor 
responses. Common metastatic animal models for stage IV human TNBC 
are often constructed with 4T1 cells due to their high tumorigenicity and 
invasion. 

In this study, we investigated the efficacy and mechanism of THZ in 
combination with carboplatin (CBP) in the suppression of 4T1 cells in 
vitro and in vivo. We also examined the potential effects of this regimen 
on ALDHhigh (aldehyde dehydrogenase) 4T1 CSCs. The phosphorylation 
levels of components involved in the PI3K/mTOR pathway and the 
expression of ER stress-related proteins displayed moderate changes 
under this combination. Our data revealed that THZ produces thera-
peutic synergism with CBP in TNBC cells by targeting CSCs via PI3K/ 
mTOR and ER stress-mediated apoptosis. These findings suggest that 
THZ is an efficient drug for TNBC therapy by targeting BCSCs. 

Materials and methods 

Reagents and antibodies 

THZ and CBP were purchased from Sigma-Aldrich (St. Louis, USA). 
RPMI 1640 medium, fetal bovine serum (FBS), trypsin, streptomycin/ 
penicillin and MTT were obtained from Gibco (Grand Island, USA). 
Antibodies against β-actin (1:2000), cleaved caspase-3 (1:1000)/ 
caspase-3(1:2000), cleaved caspase-9 (1:1000)/ caspase-9 (1:1000), pro 
caspase3 (1:1000), pro caspase12 (1:500), BAX (1:2000), Bcl-2 
(1:2000), Bcl-xL (1:1000), PTEN (1:1000), PI3K (1:2000)/ phosphory-
lated (p-)PI3K (1:1000), AKT (1:2000)/ p-AKT (1:1000), mTOR 
(1:1000)/ p-mTOR (1:500), GRP78 (1:1000), and CHOP (1:1000) were 
bought from Cell Signaling Technology (Danvers, USA). Antibodies 
against EGFR (1:500), VEGF (1:200), MMP-2 (1:200) and MMP-9 
(1:200) were came from abcam Co. (Cambridge, USA). Horseradish 
peroxidase enzyme (HRP)-labeled monoclonal antibody was bought 
from Santa Cruz (Santa Cruz, USA). 

Cell culture 

The 4T1 cells was obtained from the Cell Bank of the Shanghai In-
stitutes for Biological Sciences (Shanghai, China) and was cultured in 
the 1640 medium supplemented with 10% FBS, penicillin (100 U/mL), 
streptomycin (100 µg/mL) at 37◦C, 5% CO2. 

Cell viability assay 

Cells were seeded in 96-well plates at 2 × 103 cells/well for 24h, and 
then treated them with THZ, with or without CBP. Cell proliferation was 
monitored using MTT assay. The absorbance was measured using a 
microplate reader (Thermo Fisher Scientific, USA) at dual wavelengths 
of 490 and 630 nm. The mean value of triplicate experiments for each 
dose was used to represent the cell viability and combination index (CI). 

CI calculation 

CompuSyn software version 1.0 (ComboSyn Inc., USA) was used to 
calculate the CIs, which were adopted to evaluate the synergy of both 
drugs in killing tumor cells. The CIs were interpreted as follows: CI<1: 
synergism; CI=1: additivity; and CI>1: antagonism. 

Mitochondrial damage monitor 

Pre-treated 4T1 cells were collected and fixed with 2.5% glutaral-
dehyde at 4◦C for 4 h. Washed three times and then fixed with 1% OsO4 
solution (Alfa, 012103) for 1 h, followed by three more washes. The cells 
were sequentially dehydrated using an ethanol gradient (HUSHI, 

10009218) of 30%, 50%, 70%, 80%, 90%, 95%, and 100% for 15 min, 
and then in acetone (Sigma-Aldrich, 179124) for 20 min. Then cultured 
in a mixture (Equal volume of acetone and Spurr resin) for 1 h at room 
temperature. The treated cells were placed in capsules and heated for 9 h 
at 70◦C . The specimens were dyeing with alkaline lead citrate and 
uranyl acetate for 15 min. Mitochondrial damage was observed using a 
transmission electron microscope (Model H-7650, Hitachi, Japan). 

Cell apoptosis 

Apoptotic cells were determined by an Annexin V/PI double staining 
apoptosis kit (BD, USA). The 4T1 cells were treated with THZ and/or 
CBP for 4 h, then digested and collected for the following staining. PBS 
was used to wash and resuspend the pellets to obtain a single-cell sus-
pension. Then, Annexin-V and PI were added and incubated for 15 min. 
The apoptotic cells were acquisition using a FACScan flow cytometer 
(BD FACSCalibur, USA). Data was analyzed using FlowJo Software 
version VX (Tree Star, Inc., USA). 

Western blot 

The protein was extracted using RIPA lysis buffer (Cat. No.: HY- 
K1001; MedChemExpress). Proteins were collected, subjected to SDS- 
polyacrylamide gel electrophoresis and transfer to PVDF membrane. 
Bovine serum albumin was used for membrane blocking. Membranes 
were then incubated with primary antibodies (caspase-3, -9, Bcl-2, Bcl- 
xL, BAX, PI3K, Akt, and mTOR) overnight at 4◦C on a shaker, followed 
by treated with horseradish peroxidase-conjugated anti-rabbit second-
ary antibodies (Santa Cruz Biotechnology) for an hour at room tem-
perature with gentle shaking. Protein band signals were detected by ECL 
reagents (Pierce Biotechnology, USA) and imaged with a ChemiDoc MP 
system (Bio-Rad Laboratories, Inc.). The band gray intensities were 
quantified using ImageJ software. 

Hematoxylin and eosin (H&E) and immunohistochemistry(IHC) staining 

The lungs and tumors were removed and perfused with buffered 
formalin. The section thickness used for H&E staining is 4μm. For IHC 
examination, mammary tumors and lung tissues were collected, fixed, 
embedded, and examined the indicated proteins. Briefly, paraffin- 
embedded tumor sections were hydrated using graded alcohol and 
xylene. Quench endogenous peroxidase by treating with 0.3% hydrogen 
peroxide for 5 min. EGFR, VEGF, MMP-2, and MMP-9 signals were 
detected. Apoptosis was examined by one step TUNEL apoptosis assay 
kit (Beyotime Biotechnology, China) according to the manufacturer’s 
protocol. Brown, TUNEL-positive cells were defined as apoptotic cells. 

Isolation of ALDHhigh and ALDHlow 4T1 cells 

The ALDEFLUOR Kit (Stem Cell Technologies, Canada) was used to 
isolate the CSCs from the 4T1 cells by ALDH1 staining [5, 15]. In brief, 
cultured 4T1 cells (1 × 106 cells/mL) from control and treated groups 
were resuspended and incubated in aldefluor buffer at 37◦C. Then cells 
were washed in aldefluor buffer and maintained at 4◦C. The Cell Sorting 
System and FACSDiva software (version 6.1.2, Dickinson and Company, 
USA) were used to assess ALDH activity. Fluorescent-activated cell 
sorting was used to collect cells based on their fluorescence intensity, 
which corresponds to the level of ALDH activity of the cells. Isolation 
and culture of cells with ALDHhigh and ALDHlow levels for further study. 

Tumorigenicity of ALDHlow and ALDHhigh 4T1 cells 

Equal numbers of ALDHlow and ALDHhigh 4T1 cells at three different 
doses were subcutaneously inoculated into the left and right flanks of 6- 
8 weeks old BALB/c mice, respectively. Tumor size was measured every 
three days. 
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Animal model 

All animal experiments were approved by the Animal Welfare 
Agency of the third Affiliated Hospital of Anhui Medical University 
(2018-017-01). The mice were obtained from Anhui Medical University 
and breeding under specific pathogen-free conditions. To evaluate the 
anti-tumor efficacy of THZ, CBP, and their combination, 1 × 106 4T1 
cells were injected into the fat pad of the mice. On day 7, when tumor 
mass was established, randomly assigned of the mice to different 
treatment groups. Group I: Control (PBS); Group II: 20 mg/kg THZ 
through intragastric administration; Group III: 100 mg/kg CBP through 
intraperitoneal administration; and Group IV: 20 mg/kg intragastric 
THZ + 100 mg/kg intraperitoneal CBP. The length and width of the 
tumors were measured two or three times per week. The tumor volumes 
were calculated by the following formula: volume = ½ × L(length) ×
W2(width). Survival was monitored, and survival curves were analyzed 
using Kaplan-Meier plots. Mice were euthanized with pentobarbital 
sodium (50 mg/kg, intraperitoneal injection), and the lungs were har-
vested for enumeration of spontaneous pulmonary metastasis. 

To further test the tumor initiation capacity of drug-treated residual 
tumor cells, we digested tumor tissues harvested from Groups III and IV 
into single cell suspensions. Then, 0.5 × 106 cells were transplanted into 
the opposite fat pad of the same mouse. Each group had five replicates. 
The tumor size and volume were measured. 

Statistical analysis 

GraphPad Prism 8 (GraphPad Software, USA) was use to analyze all 
data. Analyze methods such as t-test, one-way ANOVA (followed by 
Tukey’s test), and survival analysis were used and variables are pre-
sented as mean ± SD in the figures. P value less than 0.05 indicates 
statistical significance. 

Results 

THZ, CBP monotherapy and combination treatment inhibit proliferation of 
4T1 cells 

To examine whether THZ could enhance the anti-tumor activity of 
CBP, we tested the proliferation of 4T1 cells subjected to THZ and/or 
CBP treatment. After incubation for 24 h, the proliferation of 4T1 cells 
was obviously inhibited by THZ and CBP in a dose-dependent manner, 
with starting inhibitory concentrations of 20 μM and 0.2 mM, respec-
tively (Fig. 1(a) and (b)). Importantly, we found that the CI of THZ 
combined with CBP ≤ 1 when THZ was used at the concentrations of 10 
μM or 20 μM in combination with 0.8 mM of CBP, indicating the sig-
nificant synergistic inhibitory effects of the combination of THZ and CBP 
on 4T1 cells (Fig. 1(c)). Microscope observation of 4T1 cell morphology 
further confirmed the synergistic inhibitory effects of the combination of 

Fig. 1. THZ or CBP monotherapy and combination therapy inhibit proliferation of 4T1 cells. Effect of THZ (a) and CBP (b) on viability of 4T1 cells after 24 hours. (c) 
The synergistic inhibitory effects of combination therapy on 4T1 cells was observed as CI calculations. (d) Analysis of 4T1 cell density and morphology following 
exposure to THZ, CBP, or combination therapy for 24 hours. Magnification: 40 x. 
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20 μM THZ and 0.8 mM CBP (Fig. 1(d)). Therefore, these two dosages 
were selected for the subsequent studies. 

THZ and CBP combination therapy induces apoptosis of 4T1 cells 

To further examine the effects of THZ and CBP on 4T1 cells, we 
examined whether they could affect apoptosis. As shown in Fig. 2(a), 
impaired mitochondria, such as mitochondrial matrix cavitation and 
reduction of mitochondrial cristae, were observed in 4T1 cells treated 
with CBP alone. However, THZ alone did not induce significant mito-
chondrial damage. In the combination therapy group, cell ultrastructure 
exhibited typical apoptotic changes, including chromatin condensation 
and vacuolization, loss of mitochondrial cristae, and high electron-dense 
matrices. 

Subsequently, we evaluated early and late apoptosis in 4T1 cells 
induced by THZ and CBP monotherapy or combination therapy using 
Annexin V/PI staining. As shown in Fig. 2(b), monotherapy and com-
bination therapy induced significant apoptosis in the 4T1 cells, and the 
percentage of apoptotic cells in the THZ only, CBP only, and combina-
tion groups were 6.08%, 21.69%, and 60.06%, respectively. Therefore, 
the combination of THZ and CBP resulted in a more significant increase 
in apoptosis than THZ or CBP alone (Fig. 2(c)). 

To further confirm THZ-induced apoptosis, we first detected the 
expression of proteins related to the mitochondria-mediated apoptotic 
pathway, such as cleaved caspase-3/9, Bax, Bcl-xL, and Bcl-2, in THZ- 
and/or CBP-treated 4T1 cells. THZ and CBP combination therapy 
significantly upregulation the expression of cleaved caspase-3/9 
compared with treated with THZ or CBP alone. In addition, Bax, a 

pro-apoptotic protein, was upregulated in all groups, especially in the 
combination group. Furthermore, combination therapy significantly 
reduced the expression levels of Bcl-xl and Bcl-2, two anti-apoptotic 
proteins, when compared with THZ or CBP monotherapy (Fig. 2(d) 
and (e)). Our findings indicated that THZ in combination with CBP could 
induce apoptosis of 4T1 cells by promoting a caspase-mediated 
apoptotic pathways. 

Apoptosis induced by THZ and/or CBP is regulated by ER stress and the 
PI3K/AKT/mTOR signaling pathway 

To further expound the molecular mechanisms of apoptosis induced 
by THZ and/or CBP, the expression of endoplasmic reticulum (ER) 
stress-related proteins were analyzed, including PI3K, PTEN, AKT, and 
mTOR. As shown below, the expression of p-PI3K, p-AKT, and p-mTOR 
was decreased in all treatment groups, and the most significant inhibi-
tion was observed in the combination therapy group. In contrast, PTEN 
expression was upregulated (Fig. 3(a) and (b)). In addition, we deter-
mined levels of ER stress activation-related proteins, such as GRP78 and 
CHOP. Both GRP78 and CHOP were upregulated after monotherapy 
and, especially combination therapy. Furthermore, the levels of cleaved 
caspase-3 and caspase-12 were also increased in all treatment groups 
(Fig. 3(c) and (d)). These data indicate that ER stress may be involved in 
the development of THZ-induced apoptosis via the upregulation of 
GRP78 and CHOP. 

Fig. 2. THZ and CBP combination therapy induced apoptosis of 4T1 cells. (a) Transmission electron microscopy (TEM) was performed to examine THZ + CBP 
induced apoptosis with obvious swollen mitochondrion (M) and condensed chromatin. Scale bar, 1 μm. (b) Annexin-V and PI staining to show the apoptotic and 
necrotic cells treated with THZ and CBP for 4 h. (c) Statistical diagram of apoptosis (n = 3). (d) Western blot analysis for apoptosis-related protein in 4T1 cells treated 
with THZ and/or CBP. (e) Quantification of individual protein bands by normalization to β-actin (n = 3). 
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Combined THZ and CBP treatment inhibits tumor growth and prolongs 
animal survival in 4T1 model 

To determine the anti-tumor effect of THZ and CBP in vivo, we 
established BC model in BALB/c mice using 4T1 cells, and divided them 
into four groups (control, THZ, CBP, and combination). As shown below, 
CBP alone was effective compared with the control in the 4T1 BALB/c 
mice. Moreover, combination therapy induced a dramatic reduction in 
tumor growth, as indicated by tumor weight and volume (Fig. 4(a)-(c)). 
In addition, H&E staining showed that THZ+CBP-treated tumors con-
tained a large pool of necrotic cells when compared with the mono-
therapy groups (Fig. 4(d)). Although THZ monotherapy had only a mild 
effect on tumor apoptosis in the BALB/c mice, we observed that CBP 
monotherapy or in combination with THZ could induce significant 
tumor cell apoptosis in 4T1 BALB/c mice, as indicated by increased 
TUNEL-positive staining in tumor tissues (31±5% and 61±4%, respec-
tively, Fig. 4(e) and (f)). Furthermore, CBP+THZ combination therapy 
markedly improved the survival of tumor-bearing mice (Fig. 4(g)). 
Together, these results suggest that combination therapy with THZ and 
CBP was significantly more effective than monotherapy in the murine 
breast carcinoma 4T1 BALB/c mice model and could inhibit tumor 
growth and prolong survival. 

THZ enhances CBP suppression on the 4T1 tumor lung metastasis 

To explore the potential roles of THZ in enhancing the anti-tumor 
efficacy of CBP in the 4T1 mouse model, we assessed the lung metas-
tasis ability in each treatment group. Macroscopic observation of lungs 
harvested from mice treated with the control, THZ, CBP, and THZ+CBP 
revealed that the total number of tumor nodes was lower in all treatment 
groups, especially the combination treatment group, than the control 
(Fig. 5(a)). Furthermore, the average number of harvested tumor nod-
ules was also decreased in the therapy groups, especially the combina-
tion treatment group (Fig. 5(b)). Moreover, H&E staining of lung tissues 
indicated that fewer tumor nodules were found in the combination 
therapy group than in the monotherapy group (Fig. 5(c)). TUNEL 
staining results showed that monotherapy with THZ or CBP elicited 
moderate tumor cell apoptosis in 4T1 BALB/c mice; However, combi-
nation therapy with THZ and CBP significantly promoted tumor cell 
apoptosis in lung tissues (Fig. 5(d)). 

Activated vascularization remodeling is important for the establish-
ment of tumor metastasis. Therefore, we investigated the expression of 
angiogenesis-related proteins, EGFR, VEGF, MMP2, and MMP9, in 
metastatic lung nodules. IHC staining demonstrated a decreased level of 
EGFR, VEGF, and MMP2 expression in the treated groups, with a more 

Fig. 3. Inhibition of the PI3K/AKT/mTOR pathway and activation of estrogen receptor (ER) stress are involved in CBP combined with THZ-induced apoptosis. (a, c) 
Effects of THZ and/or CBP treatment in 4T1 cells on the expression of major components of the PI3K/AKT/mTOR signaling pathway and ER stress-related proteins. 
(b, d) Quantitative analysis of western blotting (n = 3). 
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significant decrease in the combination therapy group (Fig. 5(e)-(g)). 
However, MMP9 expression was not affected by THZ monotherapy or 
combination therapy (Fig. 5(h)). Taken together, our results suggest that 
THZ could synergistically enhance the anti-tumor efficacy of CBP by 
suppressing tumor vascularization, and therefore, inhibiting lung 
metastasis. 

THZ and CBP decreases phosphorylation in the PI3K/mTOR pathway and 
induces ER stress in vivo 

To further validate the mechanisms of THZ and CBP observed in 4T1 
cells in vitro, we analyzed the PI3K/mTOR pathway and the ER stress- 
related proteins in the 4T1 mouse model. The expression of phosphor-
ylated molecules in this signaling pathway was significantly reduced 

after THZ or CBP monotherapy and combination therapy (Fig. 6(a) and 
(b)). Specifically, combination therapy reduced the phosphorylation of 
these proteins significantly more than either monotherapy. Further-
more, the upregulated expression of ER stress-related markers indicated 
that the anti-cancer effect of CBP was notably enhanced by THZ, which 
was consistent with the in vitro findings. Both GRP78 and CHOP, were 
upregulated in the THZ or CBP treatment groups, and the combination 
therapy group demonstrated significantly higher levels of these proteins 
than THZ or CBP alone (Fig. 6(a) and (b)). In addition, cleaved caspase-3 
was found in the CBP alone and THZ +CBP groups (Fig. 6(a) and (b)). In 
summary, we suggest that inhibition of the PI3K/mTOR pathway and ER 
stress production enables the mechanism by which THZ promotes the 
anti-tumor effect of CBP in 4T1 BC. 

Fig. 4. Systemic administration of CBP and THZ in combination significantly inhibited tumor growth and prolonged survival in the 4T1 mice model. (a) Repre-
sentative image of tumors from tumor-bearing mice. (b) The average tumor weight (n = 5). (c) Statistical analyses of tumor growth after treatment (n = 5). (d) Images 
of H&E staining. (e) Images of TUNEL staining. (f) Percentage of apoptotic cells in different tumor tissues as quantified from TUNEL staining (n = 3). (g) Survival 
analysis of tumor-bearing mice (n = 5). Magnification: 400 × . * P < 0.05, ** P < 0.01, *** P < 0.001. ## P < 0.01. * represents comparison with the control group, # 

represents comparison with the CBP group. 
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Tumorigenicity of ALDH1high 4T1 cells 

ALDH1 (aldehyde dehydrogenase) activity has been widely used as a 
marker to identify CSCs in various cancers [16–19]. The tumorigenicity 
of ALDHhigh and ALDHlow 4T1 cells was evaluated by a ALDEFLUOR Kit. 
The rates of ALDHhigh and ALDHlow cells were 13.6% and 11.6%, 
respectively (Fig. 7(a)). Equal amounts of ALDHhigh and ALDHlow 4T1 
cells were injected into the opposite sides of the same mouse. Tumor 
development is shown in Fig. 7(b). Mice injected with 50,000 ALDHhigh 

and ALDHlow cells developed tumors, and the ALDHhigh cells formed 
significantly larger tumors than the ALDHlow cells. In mice injected only 

5,000 or 500 ALDHhigh and ALDHlow cells, only ALDHhigh cells could 
form large tumors. Our findings indicate that ALDHhigh CSCs play a 
significant role in tumorigenesis. 

THZ and CBP mono- and combination therapy target 4T1 CSCs in vivo 

To confirm the anti-CSC function of THZ in vivo, either alone or with 
CBP, we investigated the residual 4T1 ALDHhigh cells in 4T1 tumor tis-
sues harvested from the last treatment. As shown in Fig. 8, 6.2% (6.93 ±
1.19%) of residual ALDHhigh CSCs were observed in THZ-treated tumors, 
and in control group is 14.5% (13.77 ± 0.74%). However, CBP 

Fig. 5. Combination therapy with THZ and CBP significantly inhibited metastasis in the mouse model of 4T1 pulmonary metastatic tumor. (a) Macroscopic 
observation of lungs harvested from mice subjected to different treatments as indicated. (b) The number of metastatic nodes. (c, d) H&E and TUNEL staining of lung 
tissues. (e-h) Immunohistochemistry staining of EGFR, VEGF, MMP2, MMP9 in lung tissues. Magnification: 400 × . 
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monotherapy revealed a higher level of residual ALDHhigh CSCs at 9.2% 
(8.83 ± 0.95%) in tumor tissues. Finally, in the THZ +CBP group, the 
percentage of ALDHhigh cells decreased to 5.6% (4.83 ± 0.97%) in 4T1 
tumor tissues (Fig. 8(a) and (b)). Taken together, these results demon-
strate that THZ could specifically kill CSCs and further enhance the 
ability of CBP to kill CSCs in mouse 4T1 BC. 

To test the stemness of the residual tumor cells, we transplanted 0.5 
million cells isolated from mice treated with CBP alone or in combina-
tion with THZ into opposite fat pads of the same mouse. Macroscopic 
observation of the transplanted mice and the average tumor volume 
showed smaller tumor formation of residual tumor cells in the THZ 
+CBP group than in the CBP alone group (Fig. 9(a) and (b)), suggesting 
that the tumorigenicity of residual tumor cells was inhibited more by 
combination therapy than by CBP treatment. In conclusion, our results 
suggest that THZ and CBP combination therapy can not only reduce the 
number of ALDHhigh 4T1 CSCs, but also halt their tumorigenicity. 

Discussion 

TNBC is a extremely aggressive subtype of BC known for its high drug 
resistance, poor prognosis, lack of clear and effective therapeutic targets 
[20]. Therefore, combination therapy is preferred to increase clinical 
therapeutic efficiency. In our study, we explored the effect of the com-
bination of THZ and CBP on the proliferation and apoptosis of metastatic 

4T1 cells, and clarified the underlying mechanism. We reported that the 
combination of THZ and CBP could synergistically inhibit 4T1 cell 
proliferation and trigger mitochondrial-mediated apoptosis via ER stress 
and the PI3K/AKT pathway. The PI3K/AKT signaling pathway plays an 
vital role in regulating the biological behavior of tumor malignancies 
[21]. Our data suggest that the combination of THZ and CBP suppresses 
the metastasis of 4T1 BALB/c mice tumors in vivo. Moreover, we 
showed that THZ could sensitize 4T1 CSCs to CBP treatment both in vivo 
and in vitro, thereby highlighting its potential role in clinical TNBC 
treatment. 

Platinum-based drugs, including cisplatin, carboplatin, and oxali-
platin are diffusely used for the chemotherapy of various cancers [22, 
23]. Treatment with a combination of paclitaxel and carboplatin is the 
current first-line therapy for advanced TNBC; However, after an initial 
PCR, the majority of patients with TNBC relapse and develop drug 
resistance, requiring the urgent development of novel therapeutics. 

Thioridazine was discovered as a widely used antipsychotic agent 
many years ago. As research has progressed, THZ has shown antitumor 
properties, but it also has some side effects, for example, Aslostovar and 
colleagues studied 13 patients aged 55 years and older with relapsed or 
refractory acute myeloid leukemia. Oral THZ was administered at 3 dose 
levels: 25 mg (n = 6), 50 mg (n = 4), or 100 mg (n = 3) every 6 hours for 
21 days, and found that dose-limiting toxicities included grade 3 QTc 
interval prolongation in 1 patient at 25 mg TDZ and neurological events 

Fig. 6. Combination therapy with THZ and CBP decreased the phosphorylation of major components of the PI3K/mTOR pathway and induced ER stress in vivo. (a) 
The expression of PI3K/mTOR signaling proteins and ER stress-related proteins in tissues derived from BALB/c mice tumors were determined. (b) Quantitative 
analysis of (a) (n = 3). 

Fig. 7. Testing the tumorigenicity of ALDHhigh 4T1 cells vs. ALDHlow 4T1 cells in Balb/c mice. (a) Representative flow cytometry plot showing the sorting of 
ALDHhigh and ALDHlow 4T1 cells. (b) Equal numbers of ALDHhigh and ALDHlow 4T1 cells were injected into the opposite side of the same mouse. The growth of tumor 
cells was then observed. 
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Fig. 8. THZ monotherapy and combination therapy reduced the number of ALDHhigh 4T1 cancer stem cells. (a) The percentage of ALDHhigh cells was decreased after 
treatment with THZ, while the percentage was increased by the administration of CBP. Combination therapy of THZ and CBP significantly reduced the percentage of 
ALDHhigh cells in 4T1 tumor issues. (b) The quantitative percentage of ALDHhigh cells (n = 5). 

Fig. 9. Tumorigenesis of residual 4T1 cells treated with combination therapy was significantly more reduced than that if cells treated with CBP alone. We trans-
planted 0.5 million residual 4T1 cells isolated from indicated tumors into opposite fat pads of the same mouse. (a) Macroscopic observation of the tumor size derived 
from residual cancer stem cells after treatment. (b) The tumor growth after inoculation was measured (n = 5). 
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in 2 patients at 100 mg TDZ (gait disturbance, depressed consciousness, 
and dizziness) [24]. Another study reported similar results, which found 
that under proper cardiac evaluation procedures, the use of THZ is safe 
and does not produce known cardiopathy such as prolongation of QT 
interval [25]. These preliminary results suggest that THZ represents a 
potential therapeutic candidates for cancer treatment with acceptable 
side effects. In a drug screen to identify efficient drugs for targeting 
CSCs, THZ was first reported to possess strong anti-cancer stem cell 
properties [9]. Since then, many studies have been devoted to revealing 
the role of THZ for many cancers, including lung cancer [26,27], colo-
rectal cancer [28,29], gastric cancer [30,31], cervical cancer [32], and 
BC [33]. 

The anticancer effect of THZ is mainly through inhibiting cell pro-
liferation, suppressing metastasis, and inducing apoptosis and auto-
phagy, therefore, reversing multidrug resistance. Johannessen et al. 
reported that THZ induces autophagy and sensitizes glioblastoma cells 
to temozolomide [34]. In lung and ovarian cancers, THZ showed cyto-
toxic effects and increased sensitivity to cisplatin in cancer cells [26]. In 
addition, THZ was shown to suppress the growth of GBM cells and 
induce cell cycle arrest at G1 phase and cell apoptosis [35]. Consistent 
with these studies, our results demonstrated that THZ inhibited 4T1 cell 
proliferation and induced apoptosis. We observed that the expression 
levels of GRP78 and CHOP was increased in THZ-treated 4T1 cells, 
suggesting that the occurrence of ER stress was often concomitant with 
THZ-induced apoptosis. Moreover, the intensity of ER stress was 
amplified in the combination therapy group, implying that apoptosis 
might be derived from ER stress. Furthermore, we found that the 
phenotype observed in THZ-treated cells was characterized by the in-
hibition of PI3K/AKT/mTOR signaling. Thus, our results indicated that 
THZ could induce apoptosis of cancer cells, especially stem cells, with 
accumulated ER stress and inhibition of PI3K/AKT/mTOR signaling. 
Additionally, recent studies have confirmed that THZ can promote the 
differentiation of tumor stem cells and deactivate them without affecting 
normal cells, further indicating that THZ may act as a potent anticancer 
drug [9,27,36,37]. 

Tumorigenic CSCs are a critical subpopulation of cells intrinsically 
resistant to conventional chemotherapy and that have enhanced self- 
renewal and differentiation potential [38,39]. CSCs are known to 
contribute to drug resistance and tumor metastasis in de novo tumors or 
in tissues remaining from chemotherapy [40–44], and cancer relapse 
after treatment, especially in TNBC, in which CSCs play a vital role in 
recurrence. Therefore, eliminating CSCs is critical for most cancer 
therapies. To do so, research has focused on combining conventional 
therapy with CSC-targeting therapies for the treatment of drug-resistant 
and metastatic cancers. For example, EGFR-targeted therapy with 
cetuximab has been found to effectively reduce the number of CSCs in 
TNBC tumors, and ixabepilone produced therapeutic synergism with 
cetuximab in basal-like cancers [45]. In osteosarcoma CSCs, autophagy 
is enhanced; however, this process can be targeted by THZ resulting in 
CSC death. However, whether THZ could target BC stem cells was 
largely unknown. Thus, in our study, we proved that THZ could target 
breast CSCs. The ALDHhigh CSC population was decreased both in vitro 
and in vivo after THZ monotherapy, and this effect was even more 
profound when THZ was combined with CBP, which ultimately 
contributed to suppressed tumorigenicity. These findings indicate that 
THZ could be acted as an anti-CSC agent in combination therapy for 
drug-resistant BC cells. 

Currently, we have not conduct clinical trials about THZ. As we 
known, thioridazine (THZ) is a commonly used antipsychotic drug with 
acceptable side effects; Chang et.al selected 1,631 psychiatric patients 
ever receiving THZ for more than 30 days within 6 months and paired 
with 6,256 randomly selected non-THZ controls, and found that the 
incidence of hyperlipidemia, coronary artery disease and chronic pul-
monary disease did not differ between the two groups [46]. However, 
clinical application of THZ in the treatment of solid tumors is rarely 
reported. Based on the results of previous cell lines and animal studies, 

as well as the potential biosafety of THZ in vivo, which suggest THZ is a 
promising candidate for the treatment of human tumors. Although we 
have identified the critical synergistic effect of THZ when combined 
with CBP in 4T1 cells, whether this combination is also effective for 
other subtypes of BC and cancers warrants additional detailed studies. 

Conclusions 

In our study, THZ showed a great effect against both BC cells and 
CSCs in vivo and in vitro via regulation of ER stress and the PI3K/AKT 
pathway, when combined with CBP therapy. Our study suggests that 
THZ could act as an efficient drug for targeting and eliminating BC stem 
cells. These findings provide a framework for subsequent clinical studies 
aimed at developing methods to suppress tumor metastasis and reduce 
tumor recurrence. Moreover, THZ has already been approved by the 
FDA, facilitating its use in cancer therapy. This original combination 
therapy may be beneficial for the clinical treatment of drug-resistant and 
metastatic TNBC with high efficacy and low cost. 
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