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Abstract: Mitochondria have pivotal roles in cellular physiology including energy metabolism, reac-
tive oxygen species production, Ca2+ homeostasis, and apoptosis. Altered mitochondrial morphology
and function is a common feature of cancer cells and the regulation of mitochondrial homeostasis
has been identified as a key to the response to chemotherapeutic agents in human leukemias. Here,
we explore the mechanistic aspects of cytotoxicity produced by thioridazine (TR), an antipsychotic
drug that has been investigated for its anticancer potential in human leukemia cellular models. TR
exerts selective cytotoxicity against human leukemia cells in vitro. A PCR array provided a general
view of the expression of genes involved in cell death pathways. TR immediately produced a pulse
of cytosolic Ca2+, followed by mitochondrial uptake, resulting in mitochondrial permeabilization,
caspase 9/3 activation, endoplasmic reticulum stress, and apoptosis. Ca2+ chelators, thiol reducer
dithiothreitol, or CHOP knockdown prevented TR-induced cell death. TR also exhibited potent
cytotoxicity against BCL-2/BCL-xL-overexpressing leukemia cells. Additionally, previous studies
have shown that TR exhibits potent antitumor activity in vivo in different solid tumor models. These
findings show that TR induces a Ca2+-mediated apoptosis with involvement of mitochondrial perme-
abilization and ER stress in leukemia and it emphasizes the pharmacological potential of TR as an
adjuvant in antitumor chemotherapy.

Keywords: apoptosis; calcium; endoplasmic reticulum stress; leukemia; mitochondria; phenothiazine

1. Introduction

Hematological neoplasms comprise a heterogeneous group of cancers that results
from genetic abnormalities in the hematopoietic stem/progenitor compartment, including
myeloproliferative neoplasms (MPN) and acute myeloid leukemia (AML) [1]. MPN may
be stratified into Ph-positive or Ph-negative according to the presence of the BCR::ABL1
fusion gene, which is successfully targeted by tyrosine kinase inhibitors [2]. There is a trend
of progression from MPN to AML, a situation that reflects a poor prognosis and a limitation
of therapeutic options [3,4]. Evidence is accumulating that mitochondrial homeostasis
plays a key role in the therapeutic response of these neoplasms [5,6]. In fact, mitochondria
have been widely investigated as a target for the development/discovery of antitumor
drugs, since they are intricately involved in energy metabolism, Ca2+ homeostasis, reactive
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oxygen species (ROS) production, and cell death [7–9]. In leukemia cells, the treatment
with venetoclax (BCL2 inhibitor) impacts the tricarboxylic acid by inhibiting amino acid
metabolism and contributing to the selective elimination of this cell population [10–12].

Phenothiazines (PTZs) are antipsychotic drugs used to treat schizophrenia [13]. Re-
cently, an epidemiology-based retrospective study revealed that cancer incidence decreased
in schizophrenia patients who had used PTZs, compared to other antipsychotic drugs [14].
In vitro studies showed that PTZs have antiproliferative effects in tumor cells [15], even in
multidrug-resistant models [16]. Among PTZ derivatives, thioridazine (TR) ranks among
the most cytotoxic, and the potency to induce cancer cell death correlates with the dissi-
pation of mitochondrial membrane potential in hepatocarcinoma cells [17]. Additionally,
TR sensitized glioma, renal, and breast cancer cells to apoptosis [18], and also targeted
cancer stem cells by inhibiting dopamine receptors [19]. Another study screened a large
chemical library of drugs approved by the FDA and PTZ featured among the most promis-
ing antitumor candidates by inducing apoptosis mediated by protein phosphatase 2A, but
independent of their action on dopamine receptors [20]. Despite PTZ have been reported to
induce apoptosis and exert a significant antitumor effect in different cancer models through
several proposed pathways, the underlying molecular mechanisms involving calcium and
mitochondrial alterations in that process remain not completely elucidated.

Here, we investigated the mechanisms of TR’s potent cytotoxicity, which was selective
for tumor cells. The modulatory effect of TR on the expression of genes related to cell death
pathways was screened by PCR arrays. We showed that TR-induced apoptosis in leukemia
cells is mediated by Ca2+ and mitochondrial permeabilization, and it is accompanied by
endoplasmic reticulum (ER) stress. TR exerted cytotoxicity even in leukemia cells overex-
pressing BCL2/BCL-xL antiapoptotic proteins. Furthermore, we observed a substantial
antitumor effect of TR in vivo. Our findings thus highlight the pharmacological potential
of PTZs in antitumor chemotherapy and help to clarify molecular mechanisms underlying
their antitumor action.

2. Materials and Methods
2.1. Cell Culture

K562, K562 (shCHOP), HL60, HL60/BCL-2, HL60/BCL-xL, peripheral blood mononu-
clear cells (PBMCs), and mouse embryonic fibroblasts (MEFs) DKO (Bax−/−/Bak−/−) cells
were grown in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA), pH 7.2, supple-
mented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA),
100 U/mL penicillin, and 100 µg/mL streptomycin (Thermo Fisher Scientific). K562 cells
were acquired from Rio de Janeiro Cell Bank (BCRJ, Rio de Janeiro, Brazil), HL60 cell lines
were donated by Prof. Gustavo Amarante-Mendes (Instituto de Ciências Biomédicas, Uni-
versidade de São Paulo), and MEFs came from La Jolla Institute of Allergy and Immunology
(LIAI, San Diego, CA, USA). Cells were tested mycoplasma-free by indirect staining with
Hoechst 33,258 (Thermo Fisher Scientific) and they were used during 4–8 passages after
thawing the frozen stock. Cells were maintained at 37 ◦C in an atmosphere of 5% CO2
(Panasonic MCO-19AIC, Tokyo, Japan). PBMCs were isolated by centrifugation in the
Ficoll-Paque gradient (GE Healthcare, Chicago, IL, USA) and stimulated with 5.0 mg/mL
phytohemagglutinin for the assay. All procedures were performed in the dark to exclude
the well-characterized photochemical effects of PTZs [21].

2.2. Cell Death Pathway Finder RT2 Profiler PCR Array

K562 cells (1 × 105 cells/mL) were treated with 15 µM TR for 6 h and centrifuged
at 160× g for 10 min. Total RNA was extracted from the cell pellet using the RNeasy
Mini Kit (Qiagen, Hilden, Germany), and the cDNA was obtained using the RT2 Easy
First Strand Kit (Qiagen), following the manufacturer’s instructions for both kits. The
expression of cell death-related genes after treatment with TR was performed using the
RT2 Profiler PCR Array-Human Cell Death Pathway (Qiagen). The complete list of genes
analyzed in this kit is presented in Table S1. cDNA samples were mixed with RT2 SYBR
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Green ROX qPCR Mastermix (Qiagen) and aliquoted to the wells of array plates. The
real-time cycling program was performed in a Stratagene Mx3005P real-time PCR system
(Santa Clara, CA, USA), with thermocycler parameters of 95 ◦C for 10 min, followed by
40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. Expression profiles were obtained from
three independent experiments. The threshold cycle (Ct) of each gene was determined and
subsequently analyzed by RT2 Profiler PCR Array data analysis software (Qiagen). Target
gene expression was normalized based on the expression of five housekeeping genes (ACTB,
B2M, GAPDH, HPRT1, and RPLP0). Total cellular RNA was isolated using TRIzol reagent
(Invitrogen, Thermo Fisher Scientific) according to the manufacturer’s instructions. Total
RNA was subsequently treated with DNase I (Qiagen) and further purified using RNeasy
Mini Kit (Qiagen). Next, 1.0 mg of high-quality total RNA (RNA integrity number = 0.7)
was reverse-transcribed using the First Strand Synthesis Kit (Qiagen) and subsequently
loaded onto the RT2 profiler array according to the manufacturer’s instructions. Qiagen’s
online analysis tool was used to produce comparative heat maps, and fold change was
calculated by determining the ratio of mRNA levels in TR-treated cells in relation to control
values (untreated K562 cells) using the D threshold cycle (Ct) method (∆∆Ct). All data were
normalized to an average of five housekeeping genes: GUSB, HPRT, HSP90AB1, GAPDH,
and ACTB. PCR conditions involved holding for 10 min at 95 ◦C, followed by 45 cycles
of 15 s at 95 ◦C and 60 s at 60 ◦C. The heatmap was prepared using multiple experiment
viewer (MeV) 4.9.0 software. Networks for modulated genes were constructed using the
GeneMANIA database (https://genemania.org/, accessed on 29 June 2022) and the main
biological interactions and processes were indicated.

2.3. Cell Viability

Cells (1.0 × 105 cells/mL) were plated into 96-well microplates in the presence of TR
(Sigma-Aldrich) at different conditions and ultimately diluted to 0.2 mL of complete RPMI
medium. Cytotoxicity was estimated by MTT (Sigma-Aldrich) reduction and trypan blue
(Thermo Fisher Scientific) exclusion assays. The percentage of viable cells was calculated to
control cells. The half maximal effective concentration (EC50) was calculated as described
elsewhere [17].

2.4. Annexin V-FITC/PI

After incubation, cells were centrifuged and the pellet was suspended in binding
buffer (140 mM NaCl, 2.5 mM CaCl2, 10 mM HEPES, pH 7.4). After adding 3.0 µL Annexin
V-FITC (BD Biosciences, San Jose, CA, USA) plus 5.0 µg/mL PI (BD Biosciences), samples
were analyzed in a FACSCanto II cytometer (BD Biosciences) using FlowJo software (FlowJo,
Ashland, OR, USA).

2.5. Caspase-9

Caspase-9 activity was measured using a spectrophotometric protease assay kit ac-
cording to the manufacturer’s instructions (Thermo Fisher Scientific). Briefly, cell lysates
were diluted with cell lysis buffer (2 mg/mL) and incubated with the reaction buffer and
the caspase-9 substrate LEHD-pNA in a 96-well plate at 37 ◦C for 2 h in the dark. Afterward,
the absorbance of each sample was measured at 405 nm by spectrophotometry.

2.6. Immunodetection of Active Caspase-3

K562 cells (1 × 105 cells/mL) were incubated with 15 µM TR for 24 h, followed by
fixation with 2% paraformaldehyde for 30 min and permeabilization with 0.01% saponin
for 15 min at room temperature. Cells were collected and incubated with anti-active
caspase-3 monoclonal antibody conjugated with FITC (BD Biosciences) for 40 min at 37 ◦C.
Afterward, the cells were washed, and the fluorescence of 10,000 events were collected per
sample in a FACS Canto II flow cytometer (BD Biosciences) and analyzed using FlowJo
software (FlowJo).

https://genemania.org/
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2.7. Mitochondrial Membrane Potential

Mitochondrial transmembrane potential (∆Ψ) was kinetically monitored using 1.0 µM
rhodamine 123 (Sigma-Aldrich) by fluorescent spectrophotometry, and 2.0 µM JC-1 or
5.0 nM TMRE (Thermo Fisher Scientific) by flow cytometry. For TMRE assay in MEF and
HL60 cells, the fluorescence emission was monitored by flow cytometry using the PE-
channel (488/575 nm, excitation/emission, respectively) in a FACS Canto II flow cytometer
(BD Biosciences). For rhodamine 123 assay, ∆Ψ was monitored at λex/λem505/535 nm using
a spectrofluorometer (F-2500, Hitachi, Tokyo, Japan). Potassium succinate (5.0 mM) was
used as a substrate for the respiratory chain in the presence of 2.5 µM rotenone to inhibit
complex I. The plasma membrane was permeabilized with 0.004% digitonin. The uncoupler
CCCP was used as a control to obtain total ∆Ψ dissipation. For the JC-1 assay, after 20 min
of incubation with the dye, cells were washed twice with PBS, and the fluorescence emission
was acquired at FITC and PE channels (FACS Canto II flow cytometer), with 50 µM CCCP
used as a positive control. Data analysis was performed with FlowJo software (FlowJo).

2.8. Cytosolic and Mitochondrial Ca2+ Levels

For simultaneous imaging of mitochondrial and cytosolic Ca2+ signals, K562 cells
(1 × 105 cells/mL) incubated with 15 µM TR were loaded with 4.0 µM rhod-2/AM at 37 ◦C
for 40 min, followed by incubation with 4.0 µM fluo-3/AM at 37 ◦C for another 40 min. Cells
were loaded also with 5.0 nM TMRE (Thermo Fisher Scientific) to monitor ∆Ψ concomitant
to calcium levels. After being washed, double-loaded cells were simultaneously excited at
488 and 543 nm, and the fluorescence emission was monitored in live cells with a confocal
laser scanning microscope (LSM-780 NLO, Carl Zeiss, Oberkochen, Germany), using a
600-nm long bandpass emission filter for rhod-2 and 500–550 nm for fluo-3. Images were
processed using LSM 780 software (Carl Zeiss) and Image J (NIH, Bethesda, MD, USA).

2.9. Reactive Oxygen Species (ROS)

Intracellular ROS production was monitored using the cell-permeable chloromethyl
derivative of 2′,7′-dichlorodihydrofluorescein (CM-H2DCFDA; Thermo Fisher Scientific).
K562 cells (1.0 × 105/mL) were loaded with 5.0 µM CM-H2DCFDA for 20 min in a 96-well
plate. After washing with PBS, DCF fluorescence was analyzed for 120 min at λex/λem
485/530 nm after 15 µM TR was added or with 2.5 mM EGTA plus TR in a multi-well
fluorescent microplate reader (Applied Biosystems, Bedford, MA, USA). As a positive
control, 2.0 mM t-BOOH was used.

2.10. Glutathione and Reduced Protein Thiol Groups

Protein thiol groups (–SH) were quantified using 5,5′-dithiobis(2-nitrobenzoic) acid
(DTNB, Ellman’s reagent). After 1.0 × 105/mL K562 cells were incubated with 15 µM TR
or 2.0 mM t-BOOH for 24 h and centrifuged for 10 min at 700× g, the cell pellet was treated
with 0.2 mL of 6% trichloroacetic acid for protein precipitation, and centrifuged at 6000× g
for 15 min. The resultant pellet was suspended with 1.0 mL 0.5 M PBS (pH 7.6) and after
the addition of 0.1 mM DTNB, absorbance was acquired at 412 nm, and the amount of
thiol groups in the control (i.e., without TR, considered to be 100%) was calculated from
ε = 13,600 M−1.cm−1. The same procedure was applied to quantify reduced thiol groups of
mitochondrial proteins isolated from those cells, with mitochondrial isolation performed
as previously described [22]. Reduced glutathione (GSH) levels were fluorometrically
estimated using o-phthalaldehyde [23]. An aliquot (0.1 mL) of the supernatant obtained
after acid precipitation was added to 1.9 mL of a buffer containing 0.1 mg/mL NaH2PO4
and 5.0 mM EGTA pH 8.0, followed by the addition of 0.05 mg/mL o-phthalaldehyde.
Fluorescence was analyzed at λex/λem350/420 nm using a multi-well fluorescent microplate
reader (Applied Biosystems).
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2.11. MOMP Assay

The translocation of BAX to mitochondria and the release of Omi indicating the
occurrence of MOMP were analyzed simultaneously by flow cytometry in HeLa cells
transfected with BAX-Venus and Omi-mCherry, as described by Llambi et al. [24]. Cells
with high fluorescence were selected by sorting, plated (1.0 × 105/well), and treated
with different concentrations of TR for another 24 h. Afterward, trypsin-treated cells
were collected by centrifugation and washed with PBS. The cells were incubated with
0.02% digitonin for 10 min in an ice bath, washed twice with PBS, and analyzed in a BD
LSRII flow cytometer (BD Biosciences) using the yellow laser and a 620/10-nm filter for
mCherry, and the blue laser and a 525/50-nm filter for Venus. FlowJo software was used to
analyze the results. The number of events analyzed per sample was 10,000.

2.12. Detection of Intracellular Phosphorylated Proteins

The phosphorylation of JNK, ERK1/2, and p38 was detected by flow cytometry using
monoclonal antibodies against the phosphorylated form of each protein. K562 cells were
incubated with 10 or 15 µM TR for 24 h and fixed with 2% paraformaldehyde for 10 min
at 37 ◦C. Afterward, cells remained on the ice for 1 min and were permeabilized with
90% methanol on ice for 30 min, followed by washing with PBS containing 0.5% BSA. After
blockading with PBS–BSA solution for 10 min at room temperature, cells were incubated
with the specific antibody for the phosphorylated forms of JNK, ERK1/2, and p38−Alexa
Fluor 488 anti-ERK1/2 pT202/pY204, Alexa Fluor 647 anti-JNK pT183/pY185, and Alexa
Fluor 488 anti-p38 MAPK pT180/pY182, respectively (BD Biosciences), for 45 min in the
dark at room temperature. After being washed, samples were centrifuged and suspended
in PBS, 10,000 events were counted, and fluorescence was detected with a FACS Canto II
flow cytometer (BD Biosciences). Analyses were performed using FlowJo software (FlowJo).
As positive controls for protein activation, cells were exposed to 50 nM phorbol 12-myristate
13-acetate or 10 µg/mL anisomycin for 10 min.

2.13. Western Blotting

K562 or K562 shCHOP cells (1.0 × 105 cells/mL) were plated in RPMI-1640 medium
with FBS 10% in the presence or absence of 15 µM TR for 24 h. Samples for Western
blot were prepared as previously described [25]. After protein transfer (Trans-Blot Turbo
Transfer System, Bio-Rad Laboratories, Hercules, CA, USA), membranes were blocked
using 2.5% BSA in Tris-buffered saline (TBS) for 1 h and incubated overnight at 4 ◦C
with the following primary antibodies at 1:1000 dilution. Antibodies acquired from Cell
Signaling Technology (Danvers, MA, USA) were anti-β-actin (#3700), anti-BIM (#2933),
anti-BCL2 (#15071), anti-BCL-XL (#2764), ant-BAX (#5023), anti-CHOP (#2895), anti-IRE1α
(#3294), anti-PERK (#5683), anti-CHOP (#2895), and IRE1α (#3294). Antibody anti-MCL1
(#559027) and anti-BAX (#556467) came from BD Biosciences (San Jose, CA, USA), and
anti-phospho-PERK Thr 981 (#32577) from Santa Cruz Biotechnology (Dallas, TX, USA).
After washing, membranes were incubated with anti-rabbit or anti-mouse HRP-conjugated
secondary antibodies (Cell Signaling Technology) at 1:10,000 in blocking buffer for 1 h
and washed 3 times with TBST buffer. After Western blot revelation with enhanced
chemiluminescence SuperSignal™ West Femto (Thermo Fisher Scientific), images were
obtained with ChemiDoc™ MP Imaging System (Bio-Rad), and the band densitometry was
done using Scion Image Software version 4.03 (Scion Corporation, Frederick, MD, USA),
considering three independent experiments.

2.14. shRNA-Mediated Knockdown of CHOP Gene

CHOP gene silencing was performed with three lentiviral vectors (i.e., TRCN0000007263,
TRCN0000364328, and TRCN0000364393) containing the shRNA CHOP sequences (Table S2)
for human genes (Gene ID: 1649) cloned into plasmid pLKO.1 acquired from library shRNA
MISSION® TRC-Hs 1.0/2.0 (Sigma-Aldrich). All plasmids contained bacterial (ampicillin)
and human (puromycin) antibiotic resistance genes.
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2.15. Statistical Analyses

Quantitative data are presented here as the mean ± SD of at least three independent
experiments, performed in triplicate. The distribution of each dataset was defined as
parametric or nonparametric by the Kolmogorov–Smirnov test, and for the comparison
of two groups, the Mann–Whitney or t test was used for nonparametric and parametric
variables, respectively. For the comparison of more than two groups, one-way ANOVA
followed by Tukey’s post hoc test was used. Prism 6.0 software (GraphPad Software Inc.,
San Diego, CA, USA) was used to perform data analysis. Statistical significance was defined
at p < 0.05.

3. Results
3.1. Thioridazine Modulates the Expression of Apoptosis-Related Genes and Induces Apoptotic Cell
Death in Human Leukemia K562 Cells

We first measured the effects of TR (Figure 1A) on the viability of human leukemia
cells using the MTT reduction test, which was confirmed by trypan blue exclusion assay
(Figure 1B). TR produced a loss of viability of K562 cells in a concentration-dependent
manner, with EC50 ~15 µM after 24 h of incubation (Figure 1B). As expected, the cytotoxic
effect of TR depended upon the incubation time (Figure 1C), and it was selective for
K562 cells compared with normal peripheral blood mononuclear cells (PBMC; Figure 1D).
In the annexin V-FITC/propidium iodide (PI) (An/PI) assay, TR-treated cells displayed
61% An+/PI− and 22% An+/PI+ staining, showing that TR-induced cell death occurred
through apoptosis (Figure 1E,F). Consistent with apoptotic cell death, TR induced the
activation of caspase-9 (Figure 1G) and caspase-3 (Figure 1H). Using a PCR array for cell
death-related genes as an exploratory tool, a total of 35 of the 84 genes investigated were
modulated after 6-h treatment by TR in K562 cells, including apoptosis- (APAF-1, BCL2A1,
BCL2L11, CASP3, CASP6, CASP9, CFLAR, DFFA, FAS, IGF1R, MCL1, NOL3, TNFRSF1A,
and XIAP), autophagy- (ATG7, CTSB, CTSS, IGF1, MAP1LC3A, MAPK8, PIK3C3, RPS6KB1,
SNCA, SQSTM1, TNF, and ULK1), and necrosis-related genes (TXNL4B, CYLD, DENND4A,
CCDC103, EIF5B, GALNT5, PARP1, SYCP2, and TMEM57) (all p < 0.05). Network analysis
using the GeneMANIA tool and the genes modulated in TR treatment revealed involvement
of the processes related to the extrinsic apoptotic signaling pathway, regulation of cysteine-
type endopeptidase activity, signal transduction in absence of ligand, necroptotic process,
and outer membrane (all FDR q value < 0.05) (Figure 1I). TR increased the expression of
proapoptotic genes, including peptidase-activating factor 1 (APAF-1), as well as caspase-3
(CASP3) and caspase-9 (CASP9). Those data, associated with increase in caspase-3 and -9
activities in the presence of TR (Figure 1G,H), show that triggering the intrinsic apoptotic
pathway is an important mechanism for TR to induce cell death. We also observed the
upregulation of the TNF, TNF receptor member 1 (TNF-R1), and TNF-R member 6 (FAS)
genes, and enhanced expression of BAX, an important effector of the extrinsic apoptotic
pathway in leukemia cells [26].

Because the results from PCR arrays showed that TR can alter the gene expression
of Bcl-2 family members, we also investigated the protein expression of selected genes by
Western blot (Figure 1I). After 6 h of incubation, TR induced an increase of the expression
of antiapoptotic proteins BCL-2 and MCL-1, probably as a protective response against
chemical injury. However, after 24 h of incubation, TR not only increased the protein
levels of proapoptotic members BIM and BAX, but also decreased the level of antiapoptotic
protein BCL-2.
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treated with 15 µM TR for 24 h, assayed by MTT. In (A–C), data are expressed as percentages of 

viable cells (mean ± SD) calculated about control (i.e., without TR), considered to be 100%. (E) Rep-

resentative flow cytometry dot plot of annexin V-FITC/PI doubled-stained in K562 cells incubated 

for 24 h with 15 µM TR. The number in each quadrant is the percentage of events. (F) Quantification 
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are indicated by circles without crosshatches. The main interactions between genes are indicated by 
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Figure 1. TR Induces Cell Death Selectively in Leukemia Cells. (A) Chemical structure of thioridazine
(TR). (B) Viability of K562 cells in the presence of 0–60 µM TR incubated for 24 h using MTT reduction
(empty circles) and trypan blue exclusion assays (full circles). (C) Viability of K562 cells in the presence
of 0–20 µM TR incubated for 2 h (black bars), 6 h (white bars), and 12 h (grey bars) evaluated by MTT
reduction assay. (D) Viability of K562 cells (grey bars) and PBMCs (white bars) treated with 15 µM TR for
24 h, assayed by MTT. In (A–C), data are expressed as percentages of viable cells (mean± SD) calculated
about control (i.e., without TR), considered to be 100%. (E) Representative flow cytometry dot plot of
annexin V-FITC/PI doubled-stained in K562 cells incubated for 24 h with 15 µM TR. The number in
each quadrant is the percentage of events. (F) Quantification of apoptotic annexin-V-positive cells (lower
and upper right quadrants); data are expressed as percentages of apoptotic cells (mean± SD). (G) The
activity of caspase-9 in K562 cells incubated with 15 µM TR for 24 h determined spectrophotometrically.
(H) Active caspase-3 in K562 cells upon incubation with 15 µM TR for 24 h by flow cytometry using
a monoclonal antibody. Caspase-9 and -3 are expressed as fold changes (mean ± SD) about control.
(I) Gene expression heatmap from qPCR array analysis of K562 treated with vehicle or 15 µM TR for 6 h.
The mRNA levels were normalized to those of vehicle-treated K562 cells and calculated as fold changes
in expression; genes with their expression significantly modulated in either direction are included in
the heatmap. Network analysis for genes modulated by TR was constructed using the GeneMANIA
database (https://genemania.org/, accessed on 29 June 2022). The upregulated and downregulated
genes in the PCR array are illustrated as crosshatched circles, and the interacting genes included by
the software modeling are indicated by circles without crosshatches. The main interactions between
genes are indicated by colored lines and the five main cellular processes are described in the Figure.
The p and FDR q values are indicated. (J) Modulation of the expression of Bcl-2 family proteins by TR
(10 and 15 µM) incubated for 6, 12, and 24 h with K562 cells. Cells cultivated for 24 h in the absence
of TR were used as control, and no significant differences were observed compared to 6 and 12 h (not
shown). (K) Densitometry bands were quantified and normalized by their respective β-actin bands.
Values are expressed as means ± SD. * Statistically different (p < 0.05).

https://genemania.org/
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3.2. TR Disrupts Cellular Ca2+ Homeostasis in K562 Cells, Leading to Apoptosis

Previous studies showed that PTZ derivatives triggered Ca2+ influx in Saccharomyces
cerevisiae [27] and promoted Ca2+-dependent mitochondrial permeabilization associated
with the release of cytochrome c in isolated rat liver mitochondria [28]. Mitochondrial
depolarization can often be a diagnostic sign of mitochondrial-dependent cell death, which
involves a loss of the barrier function of the mitochondrial outer membrane (MOM) and
the release of proapoptotic proteins to the cytosol, triggering apoptosis [29]. To assess the
involvement of mitochondria in the TR-induced killing of K562 cells, we measured mito-
chondrial depolarization using the cell-permeant JC-1 dye. As illustrated in Figure 2A and
the respective quantification (Figure 2B), after 24 h incubation, TR induced a concentration-
dependent dissipation of ∆Ψ, with the maximal effect obtained at 15 µM.

Next, to monitor the effect of TR on cellular Ca2+ homeostasis in real time, cells
were loaded simultaneously with fluo-3/AM and rhod-2/AM, respectively, to monitor
cytosolic and mitochondrial Ca2+ levels by confocal laser scanning microscopy. As depicted
in Figure 2C, TR promoted a biphasic kinetic response: first, an increase in cytosolic
Ca2+([Ca2+]c), followed by a decrease 20 min later due to the loss of plasma membrane
integrity induced by TR, as observed in the DIC images. Simultaneously, a progressive
increase in the mitochondrial calcium levels ([Ca2+]m) was observed, which suggests
mitochondrial uptake of the cytosolic Ca2+. To test whether this TR-induced disruption
of Ca2+ homeostasis was required for cell death, we preincubated K562 cells with EGTA
or BAPTA-AM to chelate extracellular and intracellular Ca2+, respectively, and following
TR addition, measured cell viability with the MTT assay. Both chelators prevented cell
death (Figure 2E). We conclude that a disturbance of Ca2+ is essential for TR-induced
cell death. Preincubating K562 cells with EGTA inhibited the TR-induced dissipation
of ∆Ψ in digitonin-permeabilized cells (Figure 2E), corroborating our hypothesis that the
disruption of Ca2+ homeostasis leads to mitochondrial permeabilization and it was required
for TR-induced cell death.

3.3. Increased Ca2+ Levels Resulted in ROS Production and Thiol Oxidation in TR-Treated
K562 Cells

Ca2+ can stimulate the generation of ROS via its mitochondria-mediated effects [30].
To investigate whether that occurs in TR-treated cells, we loaded the fluorescent ROS
indicator CM-H2DCFDA into cells and then measured the kinetics of dichlorofluorescein
(DCF) fluorescence emission. TR promoted a sustained increase in the production of
ROS (Figure 2F) and the preincubation with EGTA abolished this increase, showing that
Ca2+ was required for TR-induced ROS production. Since drug-induced thiol oxidation
of mitochondrial proteins have been related to mitochondrial permeabilization and cell
death [28,31,32], the effects of TR on the redox state of thiol groups was investigated. In
whole cells, TR elicited glutathione (GSH) and protein thiol oxidation (Figure 2G) and
1,4-dithiothreitol (DTT) presented a partial protective effect on cellular viability (Figure 2H).
Additionally, the oxidation of mitochondrial thiol groups by TR was observed (Figure 2I),
which was partially inhibited by EGTA when the oxidation was promoted by TR, but not
by t-BOOH, suggesting that TR did not directly oxidize those groups and, instead, likely
increased cytosolic Ca2+, which, in turn, augmented ROS that oxidized thiols. Also, TR
was pre-incubated with K562 cells and the formation of ∆Ψ was triggered by the selective
permeabilization of plasma membrane with digitonin (0.001%) in the presence of 5 mM
potassium succinate as respiratory substrate and the ∆Ψ was kinetically recorded. TR
abrogated ∆Ψ formation and this effect was prevented by the Ca2+ chelating activity of
EGTA, showing the role of Ca2+ in TR-induced mitochondrial permeabilization in K562
leukemia cells (Figure 2J).
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incubated with TR (7.5, 10, and 15 µM) for 24 h was evaluated by flow cytometry using the JC-1 dye.
Uncoupler CCCP was used as a positive control. (B) Quantification of the percentage of the dissipation
of ∆Ψ considering all replicates. Data are expressed as percentages of dissipation (mean ± SD).
* Statistically different from the control (p < 0.05). (C) Representative images of the temporal evaluation
of effects of 15 µM TR on ∆Ψ and both cytosolic and mitochondrial Ca2+ levels. K562 cells were
loaded with rhod-2/AM (red) and fluo-3/AM (green) for simultaneous Ca2+ measurement by
confocal microscopy. (D) Effect of 2.5 mM EGTA or 10 µM BAPTA-AM on the cytotoxicity of 15 µM
TR incubated for 24 h with K562 cells. Data are expressed as percentages of control, considered to be
100% (mean ± SD). * Statistically different from TR (p < 0.05). (E) Representative traces of the effect
of 2.5 mM EGTA on the TR-induced ∆Ψ dissipation in digitonin-permeabilized K562 cells loaded
with rhodamine 123. (F) Control (open circles), 15 µM TR (filled circles), 2.5 mM EGTA plus 15 µM
TR (filled squares), and 2.0 mM t-BOOH (filled squares) were added to K562 cell suspension, and
changes in the DCF fluorescence were recorded in real time. (G) Oxidation of reduced thiol groups of
proteins (gray bars) and glutathione (white bars) by 15 µM TR in K562 cells after 24 h of incubation.
t-BOOH was used as a positive control. * Statistically different from the control (p < 0.05). (H) Effect of
1.0 mM DTT on the cytotoxicity of 15 µM TR in K562 cells after 24 h of incubation. (I) Effect of 2.5 mM
EGTA on the oxidation of reduced thiol groups of mitochondrial proteins induced by 15 µM TR or
2.0 mM t-BOOH after 24 h of incubation. (J) Impairment of the establishment of ∆Ψ by 15 µM TR in
succinate-energized digitonin-permeabilized K562 cells and the protective effect of 2.5 mM EGTA.

3.4. Assessment of the Role of Mitochondrial Permeabilization via Bcl-2 Proteins in TR-Induced
Cell Death

It was reasonable then to hypothesize that Ca2+ release triggered ROS production
and mitochondrial permeabilization. To test this, we used HeLa cells stably expressing
Omi-mCherry and BAX-Venus [24]. When these cells are permeabilized using digitonin,
Omi-mCherry and BAX-Venus molecules that had been present in the cytoplasm become
released into the surrounding medium, while molecules located within mitochondria
remain associated with cells. Therefore, flow cytometric measurement of mCherry-Omi
and BAX-Venus fluorescence in these permeabilized cells allowed us to measure the extent
of mitochondrial permeabilization in single cells, corresponding to a loss of mCherry-
Omi fluorescence and an increase in BAX-Venus fluorescence. Figure 3A shows that TR
induced a decrease in Omi-mCherry and an increase in BAX-Venus fluorescence. This
result implies that BAX was translocated from the cytosol to the mitochondria, causing
mitochondrial outer membrane permeabilization (MOMP), which resulted in the release
of Omi/HtrA2 from the mitochondria to the cytosol, which in turn triggers apoptosis
(Figure 3B). We conclude that TR induces MOMP, which then likely triggers caspase
activation and apoptosis.

In apoptosis driven by the classical “intrinsic” pathway, MOMP depends on the
proapoptotic effectors, BAX and BAK. To investigate whether this pathway is required for
cell death caused by TR, we incubated wild-type (WT) and BAX/BAK double-knockout
(Bax−/−Bak−/− DKO) mouse embryonic fibroblasts (MEF) with TR and then measured
both cell viability and changes in ∆Ψ. The absence of BAX/BAK expression completely
abolished the TR-induced dissipation of ∆Ψ (Figure 3C). However, BAX/BAK deficiency
had only a small effect at low TR concentration (15 µM) and a somewhat greater effect at a
higher TR concentration (i.e., 30 µM, Figure 3D) in MEFs. This suggests that TR-induced cell
death was mostly not mediated by the typical intrinsic mitochondrial pathway involving
BAX and BAK, especially at low TR concentrations; at higher TR concentrations, intrinsic
apoptosis may be activated to some extent. Because of our observation that TR induces a
rapid cytoplasmic Ca2+ pulse and a sustained uptake of Ca2+ by mitochondria, and because
Ca2+ chelators eliminated TR-induced cell death, it is reasonable to hypothesize that cell
death is mostly caused by the Ca2+-induced mitochondrial permeability transition. Further
investigation will be required to test this possibility.
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Figure 3. Mitochondrial Permeabilization in TR-Induced Cell Death and the Role of Bcl-2 Pro-
teins. (A) Representative flow cytometry fluorescence dot plot of HeLa cells stably expressing
Omi-mCherry and BAX-Venus incubated with 15 or 30 µM TR for 24 h. (B) Quantification of
the decrease of Omi-mCherry and increase of BAX-Venus fluorescence indicating BAX translo-
cation from the cytosol to the mitochondria resulting in MOMP, concomitant to the release of
Omi/HtrA2 from the mitochondria to the cytosol during the apoptotic process. Effects of TR
on ∆Ψ (C) and cell viability (D) of WT and Bax−/−Bak−/− DKO MEFs after 24 h of incuba-
tion evaluated with TMRM and MTT, respectively. CCCP was used as a positive control. Data
are expressed as percentages of viable cells (mean ± SD) calculated considering the control (i.e.,
without TR) as 100%. * Statistically different from WT cells (p < 0.05) (E) Effect of TR on the
viability of HL60 human leukemia cells overexpressing BCL-2 or BCL-xL compared with WT
HL60 after 24 h of incubation by MTT assay. Data are expressed as percentages of viable cells
(mean ± SD) calculated considering the control as 100%. * Statistically different from WT cells
(p < 0.05). (F) Quantification of annexin V-FITC-positive HL60 cells after 24 h of incubation with
TR. Data are expressed as percentages of apoptotic cells (mean ± SD). * Statistically different from
the control (p < 0.05). (G) Effects of TR on ∆Ψ of HL60 cells incubated with TR evaluated by flow
cytometry with TMRM. CCCP was used as a positive control. * Statistically different from the control
(p < 0.05).
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Next, we tested the effects of antiapoptotic Bcl-2 family proteins BCL-2 and BCL-xL
on TR-induced cell death, using human acute myeloid leukemia HL60 cells ectopically
expressing BCL-2 or BCL-xL [33,34]. The overexpression of BCL-2 or BCL-xL somewhat de-
creased the cytotoxicity of TR (Figure 3E), as manifested in increased EC50 values (Table 1),
as well as decreased percentages of apoptotic cells at 10 µM, but not 15 µM TR (Figure 3F).
Additionally, the overexpression of BCL-2 or BCL-xL inhibited the dissipation of ∆Ψ at
low (10 µM) but not higher (15 µM) concentrations of TR (Figure 3G). Given the lack of
protection afforded by BAX/BAK double knockout, we can speculate that the mild effects
here of BCL-xL and especially BCL-2 could be to reduce Ca2+ release from the endoplasmic
reticulum, rather than inhibit intrinsic apoptosis. In any case, it is important to note about
the potential therapeutic uses of TR that moderate concentrations of TR were cytotoxic to
tumor cells, despite the overexpression of these antiapoptotic BCL-2 family proteins.

Table 1. Half maximal effective concentration (EC50) values for the cytotoxicity of thioridazine in
leukemia HL60 cell lines.

Cell Line EC50 (µM)

HL60 7.50 ± 0.02
HL60/BCL-2 13.40 ± 0.02

HL60/BCL-xL 11.60 ± 0.01

3.5. ER Stress Is Involved in TR-Induced Cell Death

The transient Ca2+ disturbance we observe following TR treatment could reflect Ca2+

release from the ER. Possibly, this results from ER stress. Various cytotoxic stimuli, includ-
ing drugs, can prompt the accumulation of unfolded proteins in the ER, thereby resulting
in ER stress, which triggers an apoptotic cascade to eliminate the damaged cells [35,36]. We
examined the involvement of ER stress in TR-induced cell death. As shown in Figure 4A,
a major ER stress sensor protein, PERK, and its phosphorylated/active form, p-PERK,
increased after treatment with TR during briefer incubations (i.e., 6 h and 12 h). One
downstream target of PERK, namely, the transcriptional factor CHOP, the chief media-
tor of ER stress-induced cell death, was elevated after 24 h of incubation with TR. To
test the requirement for this protein, we knocked down CHOP expression in K562 cells
(Figure 4B) and then measured the effect of TR on cell viability (Figure 4C). As observed in
Figure 4B, the expression of CHOP was undetectable in K562 cells (scramble). However,
in the presence of the ER stressor tunicamycin (Tm), CHOP expression was significantly
increased (left lane), which was then successfully knocked down in the shCHOP sample in
the presence of Tm. Although CHOP knockdown (black bars) decreased the cytotoxicity
of TR relative to the control (white bars), the effect was partial, suggesting that ER stress
contributes to TR’s cytotoxicity only to a limited extent. Since the JNK signaling pathway
is a downstream target of IRE1 and CHOP [37], we showed that TR promoted the phospho-
rylation of JNK and other stress-related signaling molecules (ERK1/2 and p38) (Figure 4D).
Further research is required to evaluate the possibility that TR engages other mechanisms
of ER stress that lead to Ca2+ release and cell death.
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* Statistically different from the control (p < 0.05). (B) CHOP knockdown in K562 cells. CHOP expres-
sion was stimulated by 1.0 µg/mL tunicamycin (Tm) in the scramble and shCHOP cells. (C) Effects
of increasing TR concentrations on shCHOPK562 cells after 24 h of incubation by MTT. Data are
expressed as percentages of viable cells (mean ± SD) calculated considering the control (i.e., without
TR) as 100%. * Statistically different from shScramble K562 cells (p < 0.05). (D) Expression levels of
phosphorylated JNK and other stress-related signaling molecules ERK1/2 and p38 analysis by flow
cytometry in K562 cells incubated with TR for 24 h. * Statistically different from the control (p < 0.05).

4. Discussion

Despite recent advances in the treatment of leukemia, drug resistance remains the
major challenge to be overcome, which drives the constant search for new therapeutic
options. Previous studies have shown that PTZs used in clinical practice presented anti-
tumor activity in vitro against a variety of cancer cell lines, including neuroblastoma and
glioma [38,39], lymphoma [40], leukemia [41], and prostate cancer cells [42]. In cancer
stem cells, it was shown that TR antagonized dopaminergic D2 receptors [19], while in a
study employing zebrafish as a model to screen drugs, Gutierrez et al. [20] proposed that
perphenazine targets protein phosphatase 2A. Furthermore, a nanostructure-based system
containing chlorpromazine also exerted cytotoxicity against a vincristine-resistant CML
model [16], and a phase 1 clinical trial evaluated the combination of TR and cytarabine
and revealed a reduction in blast levels [43]. Promethazine, a phenothiazine derivative
with anti-histamine activity, also presented cytotoxicity in K562 cells [44]. Most published
studies on cytotoxicity of phenothiazines in cancer models in vitro have reported the ability
of these drugs to inhibit cell proliferation, migration, and invasiveness, to interfere with cell
cycle, and to induce apoptosis in a variety of tumor cells [45]. It is clear that the cytotoxicity
of TR obtained for tumor cells in vitro cannot be directly transposed to patients. In this
regard, the EC50 calculated for TR in K562 cells is relatively higher than the maximal plasma
concentration, according to the pharmacokinetic studies. Despite of this, the antitumor
activity of TR has been shown in some in vivo models for solid tumors [46–49]. The admin-
istration of a drug for an animal or individual implicates in pharmacokinetic variables that
impact the pharmacodynamics, and consequently the observed pharmacological effects.
The maximal plasma concentration is only one of the parameters. In this regard, a recent
clinical trial using thioridazine showed that the maximal plasma concentration in a cohort
reached approximately 4.5 µM. However, at the 50 mg TR dose, the sum of circulating
TR and its two active metabolites (2-sulfoxide and 2-sulfone) levels reached a 10 µM con-
centration, which is close to that observed in in vitro studies using leukemia cells [48].
Nevertheless, specific data about intracellular concentrations of TR in leukocytes are not
found in the literature. A similar discussion has been observed about the cytotoxicity
of phenothiazines against Mycobacterium tuberculosis. It was proposed that, despite the
maximal plasma concentration reached by the phenothiazine intake being lower than that
necessary to kill M. tuberculosis in vitro, drug bioaccumulation was showed in macrophages
eliminating this infection in vivo [50,51]. Despite this, the molecular mechanisms underly-
ing the cytotoxicity of clinically used PTZ derivatives in tumor cells remain to be clarified.
The analysis of relevant literature has revealed that phenothiazines possess a multiplicity
of targets, modulating several signaling pathways and cellular processes, although their
effects on Ca2+ and mitochondrial homeostasis are not completely understood. Then, we
examined the cytotoxicity of TR in vitro in a leukemia model, as well as the molecular
pathways involved in TR-induced cell death.

We showed that TR produces an immediate increase of cytosolic Ca2+ levels, with
a subsequent uptake by mitochondria, concomitant with ∆Ψ dissipation. Together with
the inhibitory effects of Ca2+ chelators (BAPTA-AM/EGTA) on TR-induced cell death, the
results suggest that Ca2+ increase is an upstream event in TR-induced cell death that can
trigger the downstream effects. A high-throughput drug screening identified TR as a highly
selective drug for the MLL-AF6 rearrangement in AML, which is associated with a very
poor prognosis. It was found that TR promoted the remodeling of the cytoskeleton in blasts,
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resulting in apoptosis-related Ca2+ influx [52]. Nevertheless, lingering questions include
where and how TR mobilizes Ca2+ to the cytosol.

Aside from the involvement of mitochondria in TR-induced cell death, addition-
ally, we showed that TR increased the expression levels of the primary ER stress sensors,
PERK and IRE1α, and CHOP, the downstream target of PERK. CHOP induces the ex-
pression of GADD34 and increases levels of ERO1α, which results in the production of
cytotoxic ROS [53]. As downstream signaling, the phosphorylation of JNK and other
stress-related signaling molecules (ERK1/2 and p38) is in accordance with observed results
from fluphenazine in MCF-7 breast cancer cells [54,55]. The knockdown of CHOP in K562
cells resulted in an attenuation of TR-promoted cytotoxicity, thereby demonstrating that ER
stress contributes to TR-induced cell death. An activity-based protein profiling study also
pointed to the contribution of ER stress and UPR for the cytotoxicity of chlorpromazine in
glioblastoma cells [56].

As an intricate network, CHOP can modulate Bcl-2 proteins [57], inhibiting the tran-
scription of the BCL2 gene [58], and enhancing BIM expression [59]. Additionally, Bcl-2
proteins located in the ER regulate Ca2+ concentrations [60] and can regulate IRE1α [61].
Although BAX induced MOMP in TR-induced apoptosis, TR was able to induce death
in Bax−/−Bak−/− DKO cells, thereby indicating that other cellular processes/pathways
contribute to cell death. The expression of Bcl-2 antiapoptotic proteins is upregulated in
hematological malignancies, including leukemia [62], and several studies have been con-
ducted to exploit those proteins as possible targets for drug development [63], with some
inhibitors of the Bcl-2 family already being approved for leukemia treatment [64,65]. In that
regard, TR was able to promote cell death even in myeloid leukemia cells overexpressing
BCL-2 and BCL-xL, which is interesting considering that overexpression of antiapoptotic
proteins is a resistance mechanism in leukemia treatment [66–68].

Taken together, our data demonstrate that TR induces complex, Ca2+-mediated cellular
responses that result in mitochondrial permeabilization, ER stress, and apoptosis in K562
cells (Figure 5). Among other major results, TR presented selective efficacy against leukemia
cells compared with peripheral blood mononuclear cells (PBMCs), and its cytotoxicity was
observed even against leukemia model cells overexpressing antiapoptotic BCL-2/BCL-xL
proteins. Beyond that, potent antitumor activity of TR has been shown in solid tumor mod-
els in vivo, such as melanoma [46,47] and glioblastoma [48,49]. Those results underscore
that TR triggers a plethora of cellular effects involving different pathways and organelles
that account for its cytotoxicity against tumor cells, pointing to TR as a promising candidate
with pharmacological potential for antitumor chemotherapy.
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