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Abstract: Cytotoxic effects of cannabidiol (CBD) and tamoxifen (TAM) have been observed in
several cancer types. We have recently shown that CBD primarily targets mitochondria, inducing
a stable mitochondrial permeability transition pore (mPTP) and, consequently, the death of acute
lymphoblastic leukemia (T-ALL) cells. Mitochondria have also been documented among cellular
targets for the TAM action. In the present study we have demonstrated a synergistic cytotoxic effect
of TAM and CBD against T-ALL cells. By measuring the mitochondrial membrane potential (∆Ψm),
mitochondrial calcium ([Ca2+]m) and protein-ligand docking analysis we determined that TAM
targets cyclophilin D (CypD) to inhibit mPTP formation. This results in a sustained [Ca2+]m overload
upon the consequent CBD administration. Thus, TAM acting on CypD sensitizes T-ALL to mitocans
such as CBD by altering the mitochondrial Ca2+ homeostasis.

Keywords: acute lymphoblastic leukemia; cannabidiol; tamoxifen; mitochondria; calcium overload;
mitochondrial permeability transition pore; cyclophilin D

1. Introduction

Leukemia is the most commonly diagnosed cancer in children and adolescents. For
2021, there are more than 5690 new cases and 1600 deaths estimated for ALL in the
United States [1]. T-lineage acute lymphoblastic leukemia (T-ALL) is the less common
but highly aggressive ALL associated with unresponsiveness to chemotherapy, and poor
prognosis with the lowest survival and highest recurrence rate when compared to other
leukemic phenotypes [2,3]. In this context, multiple mechanisms of chemoresistance have
been identified by which T-ALL survives after therapy, thus contributing to the frequent
relapses and subsequent death of patients [4–7]. Despite the substantial progress made in
antileukemic treatment [3,8,9], new strategies are needed to improve the therapy. There is
accumulated evidence that a multitargeted therapy greatly improves the success rate as
compared to monotherapies.

The development of new drugs is a long-term and labor-consuming process, associated
with substantial costs. Moreover, clinical trials often fall short of expectations due to a high
toxicity and side effects of testing compounds. Therefore, drug repositioning represents an
emerging attractive strategy [10]. Such an approach implies the search for novel molecular
targets and mechanisms of already approved drugs, with the further expansion of their
clinical use, which can significantly reduce the overall time and costs, with obvious benefits
for the patients. CBD and TAM are FDA-approved drugs, already used to treat neurological
disorders and estrogen receptor-positive (ER+) breast cancer, respectively [11–13]. However,
it becomes progressively apparent that the clinical potential of these drugs can be extended.
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Recent evidence has demonstrated that CBD is a promising anticancer drug as it
exhibits pronounced cytotoxicity against several cancer types, with a preference against
T-ALL [14–17]. In addition to its anticancer properties, CBD has demonstrated broader
benefits for cancer therapy through pain relief and enhancement of the cytotoxicity of
anticancer drugs such as cisplatin, 5-fluorouracil or paclitaxel, a reduction of migration
and metastasis and a limitation of the adverse effects of chemotherapy as in the case of
doxorubicin use [18–20]. The antileukemic activity of TAM has been revealed in pre-clinical
trials, using leukemic cell lines and primary cells, derived from leukemic patients [21–25].
TAM has also improved the leukemic response to all-trans retinoic acid [24], docetaxel [21],
ceramide-centric therapies [26], romidepsin [27] and dexamethasone [25]. Leukemic cells
are estrogen receptor (ER)-negative, suggesting alternative mechanisms of the TAM action.

Unlike other cannabinoids, CBD does not act as an agonist of the cannabinoid CB1 or
CB2 receptors. Alternative targets for CBD, including intracellular ones, have been recently
identified [28]. In particular, we found that CBD modulates intracellular calcium ([Ca2+])
signaling and directly interacts with mitochondria, triggering leukemic cell death [16].
This cytotoxicity was due to the mitochondrial [Ca2+] overload, which leads to organelle
dysfunction, mitophagy and cell death.

Multiple “off targets” for TAM involve mitochondria. It stimulates the mitochondrial
nitric oxide synthase activity and decreases oxygen consumption [29]. These effects were
[Ca2+]m dependent and a TAM-mediated [Ca2+]m rise was observed in isolated mitochon-
dria and, to a lesser extent and slower, in mitochondria within intact breast cancer cells. In
addition, TAM promotes cell death by altering Ca2+ handling at different levels, including
[Ca2+]m [30,31]. Consequently, TAM is believed to alter the mitochondrial homeostasis [32].

There is accumulated evidence that mitochondria play a central role in leukemic
progression. T-ALL cells have developed several mitochondrial adaptations, which en-
hance metabolism plasticity, avoid chemotherapy efficacy, and favor intracellular sig-
naling. Therefore, drugs which target mitochondria (mitocans), are emergent tools for
antileukemic treatments [33]. In the present work we addressed the effect of combined
TAM and CBD application on the viability of T-ALL, with an emphasis on alterations in
the mitochondrial function.

2. Results
2.1. CBD and TAM Act Synergistically to Decrease T-ALL Viability

The cytotoxicity of CBD and TAM against T-ALL was reported by our group ear-
lier [16,25,34]. Here, to evaluate the possible synergism between these two drugs against
leukemic cells, the cytotoxicity of CBD and TAM was evaluated either alone or in combina-
tion, on two leukemic cell lines (Figure 1a–d). Both cell lines exhibited a dose-dependent
sensitivity to CBD and TAM. CBD cytotoxicity was more pronounced in CCFR-CEM as
compared to Jurkat cells (Figure 1a,c). In contrast, TAM cytotoxicity was higher in Jurkat
cells as compared to CCFR-CEM (Figure 1b,d). To test whether the drugs act synergistically,
we pretreated the cells over 20 min with a fixed concentration of drug A, which provoked
less than 20% of cytotoxicity and then tested the range of concentrations of drug B. When
co-administered, TAM greatly enhanced the CBD cytotoxicity (Figure 1a,c; red traces).
Likewise, CBD sensitized cells to TAM (Figure 1b,d; red traces). The effect was beyond the
additive one. This is apparent when the experimental curves, which correspond to the joint
drug applications, are compared with a prediction for a merely additive effect (Figure 1a–d,
dotted lines). Moreover, the sequence of drug application matters. A more pronounced
synergistic effect was observed, when TAM was applied first (Figure 1a,c).
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Figure 1. Synergistic cytotoxicity of CBD and TAM against T-ALL cell lines. The cytotoxic effect of CBD (0–100 μM) and 
TAM (0–20 μM) was estimated in Jurkat (a,b) and CCFR-CEM cells (c,d) at 24 h by measuring resorufin production. Data 
points are mean ± S.E of at least 3 independent experiments normalized to control group. One-way ANOVA/Dunnett’s 
multiple comparison test was used for statistical analysis for the dose response curve of single drugs compared to control 
group (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). Two-way ANOVA/Bonferroni’s multiple comparison test was 
used for comparison of the corresponding concentrations between single and co-administration (# p < 0.05; ## p < 0.01; ### 
p < 0.001; #### p < 0.0001). Dotted lines are predictions under assumption that drugs act independently and additively. (e–
g) Confocal microscopy analysis of cell death induced by CBD (5 μM), TAM (5 μM), or their combination. After treatment, 
cells were stained with annexin V conjugated to Alexa488 (A488; Ex: 488 nm, Em: 510 nm) and propidium iodide (PI; Ex: 
535 nm, Em: 617 nm). (e) Representative micrographs of Jurkat (left) or CCFR-CEM (right) cells treated for 24 h. For 
statistical analysis, the data were collected at every time point (24, 48 and 72 h) and present as viable (A488−PI−), or dead 
cells, which include apoptotic (A488+PI−), necrotic (A488−PI+) or double positive (DP, A488+PI+) cells in Jurkat. Scale bar 
represents 20 μm. (f) and CCRF-CEM (g) cell populations. Data are mean ± S.E. of at least 3 independent experiments 
(summarizing at least 180 cells analyzed for each condition). Two-way ANOVA and multiple comparison test Tukey was 
employed to determine statistical differences between groups (color coded to identify compared groups; * p < 0.05; ** p < 
0.01; *** p < 0.001; **** p < 0.0001). 

Figure 1. Synergistic cytotoxicity of CBD and TAM against T-ALL cell lines. The cytotoxic effect of CBD (0–100 µM) and
TAM (0–20 µM) was estimated in Jurkat (a,b) and CCFR-CEM cells (c,d) at 24 h by measuring resorufin production. Data
points are mean ± S.E of at least 3 independent experiments normalized to control group. One-way ANOVA/Dunnett’s
multiple comparison test was used for statistical analysis for the dose response curve of single drugs compared to control
group (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). Two-way ANOVA/Bonferroni’s multiple comparison test was
used for comparison of the corresponding concentrations between single and co-administration (# p < 0.05; ## p < 0.01;
### p < 0.001; #### p < 0.0001). Dotted lines are predictions under assumption that drugs act independently and additively.
(e–g) Confocal microscopy analysis of cell death induced by CBD (5 µM), TAM (5 µM), or their combination. After treatment,
cells were stained with annexin V conjugated to Alexa488 (A488; Ex: 488 nm, Em: 510 nm) and propidium iodide (PI;
Ex: 535 nm, Em: 617 nm). (e) Representative micrographs of Jurkat (left) or CCFR-CEM (right) cells treated for 24 h. For
statistical analysis, the data were collected at every time point (24, 48 and 72 h) and present as viable (A488−PI−), or dead
cells, which include apoptotic (A488+PI−), necrotic (A488−PI+) or double positive (DP, A488+PI+) cells in Jurkat. Scale bar
represents 20 µm. (f) and CCRF-CEM (g) cell populations. Data are mean ± S.E. of at least 3 independent experiments
(summarizing at least 180 cells analyzed for each condition). Two-way ANOVA and multiple comparison test Tukey
was employed to determine statistical differences between groups (color coded to identify compared groups; * p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001).
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2.2. CBD and TAM Induce Cell Death

The observed decrease of the metabolic activity of the T-ALL cell population (mea-
sured by resazurin reduction) can be caused by a combination of the following factors:
(1) inhibition of mitochondrial metabolism, (2) decreased proliferation rate or (3) increased
cell death. Cell death, induced by CBD, TAM or CBD and TAM coadministration, was ana-
lyzed by confocal microscopy (Figure 1e–g). In these experiments, annexin V-conjugated
with Alexa 488 (A488, green) was used as a marker of phosphatidylserine externalization
during apoptosis, whereas propidium iodide (PI, red) was used to stain the cells with
altered plasma membrane integrity. Then viable cells were double negative A488−PI−,
while dead cells included the other three populations, namely A488+PI− (early apoptotic),
A488−PI+ (necrotic), or double positive A488+PI+ (late apoptotic and necrotic). The co-
administration of CBD and TAM was more efficient in evoking cell death as compared to
individual drug administration, and the synergistic effect increased at a longer (48–72 h)
incubation. Interestingly, a combined action of CBD and TAM caused a marked increase of
apoptosis and necrosis in Jurkat and CEM cells, respectively (Supplementary Figure S1).

2.3. TAM Modifies the CBD Effect on Mitochondria

We previously reported that CBD interacts directly with mitochondria and causes
mitochondrial Ca2+, [Ca2+]m, overload, stable opening of the mitochondrial permeability
transition pore (mPTP) and consequent cell death [16,34]. TAM alters intracellular Ca2+

homoeostasis and likely interacts with mitochondria, among other targets [30–32,35]. There-
fore, it was tempting to see whether TAM interfered with CBD at the mitochondrial level.

To monitor [Ca2+]m, Jurkat cells were transfected with the mitochondria-targeted
genetically encoded Ca2+-sensitive (Kd = 11 µM) indicator CEPIA3mt [36]. Transfection
efficiency was confirmed by flow cytometry, and protein expression and localization were
monitored by confocal microscopy. In successfully transfected cells, mitochondria were
observed as multiple puncta (Figure 2a). Spectrofluorometric assay demonstrated that CBD
rapidly evoked large [Ca2+]m transients (Figure 2b, green trace). In cells, preincubated
with the mPTP inhibitor cyclosporine A [37] (CsA, 10 µM, 20 min), the response to CBD
was transformed from a transient to a sustained one (Figure 2b, purple trace). In the latter
case, based on the CEPIA3mt titration curve [36], [Ca2+]m remained at a high (µM) level,
indicating that mPTP opening was the mechanism responsible for [Ca2+]m clearance after
CBD-induced Ca2+ uptake. In contrast to CBD, TAM alone did not modify the [Ca2+]m
level (Figure 2b, red trace). However, in cells preincubated with TAM (7.5 µM, 20 min),
CBD evoked [Ca2+]m response, which was significantly higher in amplitude and stable in
time (Figure 2b, black trace) and reminiscent, but in excess of that evoked by a combination
of CBD and CsA. This result suggests that TAM prevents the mPTP formation. The same
type of [Ca2+]m response was observed when CBD and TAM were added simultaneously
(Figure 2b, blue trace), indicating an instant TAM interference with the CBD-induced
[Ca2+]m response. When cells were preincubated with CBD (30 µM, 20 min), e.g., when the
CBD-induced [Ca2+]m transient relaxed and [Ca2+]m returned to its resting level, neither
TAM nor CsA produced any significant change in [Ca2+]m (Figure 2b). Peak [Ca2+]m
value and steady state level at 500 s recorded for each condition are shown in Figure 2c.
Collectively, these data support the view that TAM prevents the mPTP formation, so that a
posterior CBD-induced Ca2+ uptake by mitochondria results in a stable enhanced [Ca2+]m.

[Ca2+]m overload is the primary mechanism, leading to mPTP formation. Once the
mPTP is formed and remains stably open, the mitochondrial membrane potential (∆Ψm)
collapses. [37,38]. To monitor ∆Ψm, Jurkat cells were stained with tetramethylrhodamine
ethyl ester, TMRE (200 nM; Ex: 488 nm; Em: 575 nm), a cationic dye, which is retained in
energized mitochondria. Simultaneous staining with MtGreen (Ex: 488 nm; Em: 510 nm)
demonstrated a co-localization of the two dyes in mitochondria (Figure 2d).
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Figure 2. Effects of TAM and CBD on [Ca2+]m and ∆Ψm in Jurkat cells. (a) Representative image of CEPIA3mt-transfected
cells, colored puncta are mitochondria. Scale bar is equivalent to 10 µm. (b) Time course of [Ca2+]m changes upon CBD or
TAM administration. (c) Quantification of the peak value and the [Ca2+]m level at 500 s obtained from transients upon drug
administration. Data from every graph represent the average of at least 4 independent experiments. Two-way ANOVA
and Sidak’s multiple comparison test were employed to determine statistical differences between groups (color coded to
identify compared groups; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). (d) Representative images of TMRE and
MtGreen co-stained Jurkat cells evaluated by confocal microscopy, scale bar represents 10 µm. (e) Monitoring of ∆Ψm upon
CBD, TAM or their combinations. Pretreatment was given 20 min before second drug administration. (f) Quantification
of the basal TMRE retention and TMRE levels upon treatments (initial and at 500 s). Data represent the average of at
least 4 independent experiments. Two-way ANOVA and Sidak’s multiple comparison test were employed to determine
statistical differences between groups (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). (g) Representative images of
Jurkat-EYFP-Cyt-c cells treated with TAM (7.5 µM), CBD (30 µM), or TAM + CBD treated cells by confocal microscopy (1 h).
Cyt-c distribution corresponds to MtRed staining as multiple discrete puncta. Scale bar corresponds to 10 µm.

CBD administration caused a rapid decrease of the TMRE fluorescence intensity,
indicating the collapse of the ∆Ψm (Figure 2e; green trace). A preincubation with CsA
(10 µM, 20 min) limited the CBD-induced ∆Ψm loss (Figure 2e, purple trace). When
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administered alone, TAM did not have any significant effect on the ∆Ψm during the 500 s
recorded (Figure 2e, red trace). However, TAM significantly reduced the ∆Ψm loss, induced
by CBD, regardless of whether it was added before or simultaneously with CBD (Figure
2e, blue and black traces). The ∆Ψm loss, induced by CBD (30 µM, 20 min), was partly
reversed by posterior application of CsA or TAM (Figure 2e; yellow and pink traces). Mean
TMRE fluorescence before and after (steady state at 500 s) application of a single or second
drug are plotted in Figure 2e,f, respectively. Thus, ∆Ψm depolarization was due to mPTP
formation and can at least partly be reversed by the mPTP inhibition by CsA, whereas
the eventually achieved steady-state of [Ca2+]m depended on the sequence of the drug
application. If the lock of the mPTP occurred after the relaxation of the CBD-induced
[Ca2+]m rise, [Ca2+]m stayed at its resting level. If the mPTP formation was prevented prior
to the CBD treatment, mitochondrial Ca2+ uptake evoked by the latter resulted in a stable
high [Ca2+]m.

2.4. TAM Limits the mPTP-Mediated Cyt-c Release

The mPTP opening induces a rapid ∆Ψm loss, uncoupling of cell metabolism, deple-
tion of ATP and mitochondrial cristae remodeling, mitochondrial swelling and permeabi-
lization, and Cyt-c translocation to the cytosol [39,40]. To explore the effects of TAM on
CBD-induced Cyt-c release, Jurkat cells were transfected with a fluorescent tagged Cyt-
c [41] and stained with MtRed to confirm the mitochondrial Cyt-c localization. Untreated
Jurkat cells were characterized by a perfect co-localization of EYFP and MtRed (Figure 2g).
CBD (30 µM, 1 h) rapidly induced the Cyt-c translocation to the cytosol, observed as a
diffuse staining within the cell. As expected, the mPTP inhibitor CsA (10 µM) limited
the CBD-induced Cyt-c release. The effect of CsA was mirrored by that of TAM (7.5 µM,
20 min), suggesting a similar mechanism of the TAM and CsA action on mPTP formation.

2.5. TAM Can Interact with CypD to Inhibit the mPTP: In Silico Evidence

The mPTP formation is driven by the recruitment of several proteins associated with
the inner and outer mitochondrial membranes. Even though the protein composition of
the mPTP remains controversial, there is a consensus that CypD is an obligatory compo-
nent [37,40,42–44]. CsA, which directly interacts with CypD, is a potent and universal
inhibitor of mPTP formation.

Different cellular cyclophilin isoforms possess the CsA-binding domain (CsABD),
which was characterized in detail by means of site-directed mutagenesis (reviewed in [43]).
Basing on this information, several nonpeptidic CypD inhibitors with a different affinity
and selectivity, targeting CsABD, were developed, ([45,46]; Figure 3b). To test whether
CsABD is a potential TAM-binding site, protein-ligand interaction analysis was performed.
For a comparison, docking within the human CypD (PDB: 2ZEW) for TAM and two TAM
metabolites, and six nonpeptidic CypD-inhibitors (Fragment 3, 4, 7, 8, 14, and 40) with
variable affinity and defined interaction sites [45] were tested in silico (Figure 3). All the
aforementioned molecules tended to interact with two particular regions, defined as S1′

and S2′ pockets, which correspond to the CypD catalytic site (Figure 3a, green areas). The
predicted coordination of nonpeptidic inhibitors by certain amino acid residues was in a
good agreement with previously published results [45,47]. The table in Figure 3b reveals
a correlation between experimentally defined binding affinity and binding energy for
these compounds. It may be presumed, then, that TAM and its metabolites, which are
characterized by an even higher binding energy, may also have a higher affinity to the
CsABD, perhaps, comparable to that of the CsA (Kd = 30 nM). A higher predicted binding
energy for TAM and its metabolites is due to the fact that these can bind not only to Gln
63 and Phe 113, conserved among all the evaluated molecules, but also to Phe 60, Ala 101,
Asn 102, Leu 122 and His 126, resulting in a larger number of interacting residues. Therefore,
the TAM-mediated mPTP inhibition may be due to the direct CypD-TAM interaction at a
specific CsA-binding site.
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Figure 3. In silico evaluation of the molecular interactions of human CypD with TAM, TAM derivatives or CypD nonpeptidic
inhibitors. (a) Structure of CypD (Left; PDB: 2Z6W), green shadowed regions represent the S1′ and S2′ pockets of human
CypD. Predicted interactions and orientation of selected ligands within CypD are drawn. (b) Summary of the obtained
interaction energy values (MolDock Score), in vitro dissociation constant values (from [45]) and CypD residues’ binding
contributions for different ligands. (+) implies that amino acid is involved in binding. Different strengths of interaction
are color coded. * determined from surface plasmon resonance (SPR) and protein-based NMR studies. # Energy from
interactions predicted by the docking analysis (Epair from MolDockScoring). Bold residues are part of the CypD active site
and S1′ pocket. Underlined residues are part of the active site of CypD and the S2′ pocket.

3. Discussion

Mitochondria are central regulators of cancer cell viability and progression. In this
study, we demonstrated by different approaches, that CBD and TAM target mitochondria
to promote cell death by convergent pathways. CBD cytotoxicity relies on its capacity to
produce mitochondrial Ca2+ overload, mPTP opening, Cyt-c release, decrease of metabolic
activity, and cell death via apoptosis and mPTP-driven necrosis (Figure 1; Figure 2 of
this study; [16]). TAM has been demonstrated to possess cytotoxic effects on several
cancer types, including T-ALL [21–23,25]. However, for T-ALL the precise mechanism
by which TAM promotes cell death is not completely understood. Traditionally, TAM
effects are attributed to the modulation of the estrogen receptors, intracellular ERs: α/β
or plasmatic membrane GPER. T-ALL cells only express GPER [25]. At the same time, a
specific GPER antagonist G-36 did not prevent TAM-cytotoxicity, which suggests additional
cellular targets. The present study on T-ALL cells demonstrates that TAM is rapidly (within
seconds) incorporated into mitochondria and prevents mPTP formation, induced by CBD
(Figure 2). Our data agree with the results by other groups, which show that TAM targets
isolated rat mitochondria and impeded mPTP formation, thus mimicking the effect of
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CsA [30]. The main target for CsA are cyclophilins. CypD, the cyclophilin isoform,
expressed in mitochondria, is an obligatory component of the mPTP. Thus, CsA binding to
CypD inhibits the mPTP [37]. The fact that CsA and TAM effects on [Ca2+]m and ∆Ψm are
fully comparable, urged us to perform a comparative docking analysis for binding of TAM
and its metabolites, CsA and several nonpeptidic CypD inhibitors. Our analysis showed
that all these compounds bind to the CypD active site and that the predicted strength of
the TAM interaction exceeds that for the nonpeptidic inhibitors and, likely, approaches
that for CsA (Figure 3). The proposed interacting amino acid residues for nonpeptidic
CypD inhibitors coincided with those pinpointed by others [45–47]. All tested compounds,
including TAM, share Gln 63 and Phe 113, but TAM can interact with additional residues,
which tends to increase its binding affinity. Therefore, like CsA, TAM can prevent the
mPTP formation by the arrest of CypD integration.

The synergistic effect of CBD and TAM surprisingly depended on the sequence of
drug application, being greater in the case of CBD after TAM (Figure 1a–d). The clues for
this difference may be found in Figure 2. When it came to ∆Ψm the result was the same, i.e.,
a steady state depolarization, intermediate between that caused by CBD and TAM alone,
independent of the sequence of their application. Contrary to this, if the mPTP opening
by TAM was impeded before or after CBD treatment, [Ca2+]m was fixed at rather high
(micromolar) or resting levels, respectively. A stable [Ca2+]m overload of this magnitude
is a poorly explored state, because normally upon such an increase the Ca2+ is rapidly
cleaned via the mPTP, here prevented by CsA or TAM. Prevention of the mPTP formation
by cytotoxic CsA concentration after long (>8 h) exposure alone causes an increase of both
cytosolic and mitochondrial Ca2+, from 0.1 to 0.5 µM and ∆Ψm collapse, which results in
the ATP depletion [48]. Similarly, TAM at long (48 h) incubation provoked a moderate
[Ca2+]m increase in intact breast cancer cells, albeit that it caused faster and greater [Ca2+]m
responses with isolated mitochondria [29]. One may expect a higher cytotoxic effect for
TAM/CBD co-administration, when even higher [Ca2+]m is reached almost instantaneously.
The sustained Ca2+ overload should inevitably affect mitochondrial metabolism and ATP
synthesis. Considering the effects of TAM on mPTP formation, one important question is
which cell death scenario is established upon CBD/TAM co-treatment. As mPTP cannot
be formed, alternative mechanisms leading to cell death can be invoked such as outer
membrane permeabilization (MOMP), mediated mainly by pro-apoptotic members of the
BCL-2 family and, to a lesser extent, the autophagy [49], to be addressed in future research.

CypD activity is not limited to mPTP formation. CypD plays important roles in
protein folding, as chaperone, regulating the OXPHOS activity, among others [50]. It is
not surprising then, to find several independent reports of CsA/TAM effects as great
autophagy inductors. Such observations include the upregulation of beclin 1, LC3 II,
and the presence of multiple autophagosomes in different cell lines [25,49,51,52]. On
the other hand, CsA affects all cellular cyclophilins, including cytosolic CypA. The well-
known immunosuppressive effect of the CsA was explained via the CypA-CsA complex,
inhibiting the calcineurin A and NFAT-regulated pathway [53,54]. Our data suggest that
the molecular targets for TAM and CsA may overlap more than has been expected. Thus, it
should be tested on human cell models whether TAM can affect the calcineurin. Of note,
the antifungal action of TAM was explained by the inhibition of the calmodulin binding
to calcineurin [55,56]. Calmodulin is Ca2+-binding protein, which carries four canonical
Ca2+-binding sites (EF-hands) and TAM was shown to interact directly with calmodulin
EF-hands [57].

The main findings of this work are summarized in Figure 4. We have demonstrated
that TAM most likely interferes with the CBD action by a prevention of mPTP formation,
similar to the CsA effect. In silico analysis shows that TAM and CsA share the same binding
site within the catalytic center of the CypD. Depending on the sequence of drugs, TAM
and CBD application, two distinct mitochondrial states are generated, with high (TAM
first) or resting (CBD first) [Ca2+]m. Both states are characterized by the same level of ∆Ψm
depolarization. In both cases, TAM and CBD displayed a synergistic action against T-ALL,
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which was higher in the case of the TAM first, CBD second application sequence, where a
high [Ca2+]m state was generated. Collectively, our results suggest that a combination of
TAM and CBD offers an attractive strategy to improve the T-ALL therapy.

Figure 4. Summary of TAM and CBD effects on T-ALL mitochondria and cell fate. (a) Normally functioning mitochondria.
A controlled Ca2+ entry stimulates the operation of tricarbonic acid cycle (TCA), hence the electron transfer by ETC,
mitochondrial energization (high ∆Ψm) and ATP synthesis by F-ATPase. Retention of pro-apoptotic factors like Cyt-c and
a balance between pro- and anti-apoptotic members of the Bcl-2 protein family in the outer membrane. (b) CBD favors
the Ca2+-highly permeable state of VDAC, promotes a transient [Ca2+]m overload via MCU, stable formation of the mPTP,
∆Ψm and energy collapse, release of Cyt-c, apoptosis and necrosis. (c) Predicted molecular interactions of TAM with CypD
(PDB: 2Z6W) indicated amino acid residues coordinate both TAM and CsA binding. (d) A pretreatment with TAM prevents
mPTP formation by arrest of the CypD integration and reduces but does not abolish the CBD-induced ∆Ψm depolarization.
It causes a sustained [Ca2+]m overload upon CBD application, thus altering mitochondrial Ca2+ homeostasis, metabolism
and ATP synthesis. A synergism between TAM and CBD favors apoptosis, which, in the absence of mPTP is likely mediated
by a permeabilization of the outer membrane (MOMP) and respective release of pro-apoptotic factors. Dark arrows are for
a direction of a transport or signaling process. When a black arrow is used instead of a grey one for the same process it
implies an up-regulation. Green arrows imply that the process is stimulated (by CBD). Red lines with a bar head imply
inhibition (by TAM or Ru360).

4. Materials and Methods
4.1. Reagents

CBD (Cayman Chemicals; Ann Arbor, MI, USA; Cat. #90081) and TAM (Sigma-
Aldrich; San Luis, MO, USA; Cat. #T5648), were employed in this study. Stock solutions
were stored at −20 ◦C before use. The used solvent, ethanol or methanol, concentrations
did not affect cell viability.

4.2. Cell Lines and Culture Conditions

Leukemic cells from T-cell acute lymphoblastic leukemia CCFR-CEM (CCL-119) and
Jurkat (Clone E61, TIB-152) were obtained from the American Type Culture Collection
(ATCC; Manassas, VA, USA). Cells were cultured in RPMI 1640 medium, supplemented
with 10% of heat-inactivated fetal bovine serum (FBS), 2 mM Glutamax, 10 mM HEPES,
100 U/mL penicillin, and 100 µg/mL streptomycin) (all from Gibco, Thermo Fisher Scien-
tific, FairPoint, NY, USA). Cell cultures were maintained in a humidified incubator (37 ◦C,
5% CO2). Culturing was restricted to the first 20 passages.
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4.3. Viability Assay

Cells were collected, centrifuged, and resuspended in fresh media to a final con-
centration of 1 × 106 cells/mL. CBD or TAM were added to cell cultures for 24 h. For
synergism experiments, the drug A at fixed concentration was added 20 min prior to
addition of variable concentrations of the drug B. After this, 180 µL of cells and 20 µL of
the Tox 8 reagent (Sigma-Aldrich) were mixed and incubated for 4 h. This assay is based
on the fact that nonfluorescent reagent (resazurin) is intracellularly reduced into a highly
fluorescent molecule (resorufin) by metabolically active cells. Resorufin fluorescence was
further estimated by a GloMax plate reader (Promega, Madison, WI, USA) by exciting each
sample at 525 nm and collecting the fluorescence at 580–640 nm. Results from independent
experiments were averaged and normalized to the control group.

4.4. Cell Death Analysis

Dead cell apoptosis kit from Thermo Fisher Scientific (V13241) was used as recom-
mended by manufacturer, with some modifications. The kit contains a marker for necrosis
(propidium iodide; PI, ex. 535 nm, em. 617 nm) which is nucleophilic and only stains
the cells with plasma membrane damage. The kit also contains a marker for apoptosis
(Annexin V-Alexa Fluorv488), which stains phosphatidylserine, a phospholipid from the
inner layer of the plasmatic membrane that is externalized upon the apoptotic induction
by deregulation of the flippases and scramblases activity. For the experiments, 1 × 106/mL
cells were treated with the determined concentrations of CBD, TAM, or their combina-
tion for 24, 48 or 72 h. After the treatment, cells were collected, drug and RPMI were
removed by centrifugation (100× g, 5 min) and cell pellet was resuspended in PBS. For
each 1 × 106 cells, 3 µL of Annexin and 1 µL of PI (working solution 200 µg /mL) were
added and incubated for 20 min dissolved in 100 µL of 1X Annexin binding buffer. Specific
fluorescence was evaluated by means of an LSM 700 confocal microscope (Carl Zeiss, Jena,
Germany). Acquired images were further analyzed in ImageJ software (NIH, download
available online) by estimating the percentage of apoptotic, necrotic, or double positive
cells for a randomly selected field. At least 50 cells per field were evaluated and the data
represent the average of 5 independent experiments for each condition.

4.5. Leukemic Cell Transfection with CEPIA3mt or EYFP-Cyt-c

CEPIA3mt/pCMV (36) or EYFP-Cyt-c (41) construct was added to competent bacteria
(DH5a; Thermo Fisher Scientific, Cat. 18258012) and were further transformed by heat
shock. Bacterial culture was incubated for 14 h at 37 ◦C in LB agar (Thermo Fisher Scientific,
Cat. 22700025) and selected by ampicillin administration (100 µg/mL; Gibco, Thermo
Fisher Scientific, FairPoint, NY, USA Cat. 11593027). Selected colonies were cultured
for 14h to promote bacterial growth. Next, the NucleoBond XtraMidi (Machery-Nagel,
Düren, Germany, Cat. 740410.10) was employed to obtain the purified plasmidic DNA.
Quantitation of the obtained DNA material was estimated by spectrophotometry (reading
the absorption at 260/280 nm). A sample of 105/mL of Jurkat cells were cultured under
reduced OptiMem medium for 12 h to promote starvation and a consequent increased
plasmid uptake (Master mix composed of Lipofectamine 3000 and 1 µg of plasmidic DNA
for CEPIA3mt and 500 ng of plasmidic DNA in the case of EYFP-Cytc-c). Cells were
centrifugated (400× g, 30 min) to promote the interaction of loaded liposomes and cells.
Then, cells were incubated overnight and 10% of FBS was added in the next day. CEPIA3mt
expression was evaluated by flow cytometry (FACS Canto II, BD Biosciences, Franklin
Lakes, NJ, USA) and confocal microscopy to determine the transfection efficiency. Near
to 98% of the collected events were positive to CEPIA3mt (ex. 488 nm, em. 510) by flow
cytometry. Selective mitochondrial localization of CEPIA3mt was confirmed by confocal
microscopy (LSM700, Carl Zeiss) using a Z-stack analysis of transfected cells to observe
the distribution and co-localization with mitochondrial dyes as TMRE and Mitotracker
Red FM. EYFP-Cyt-c expression was evaluated by flow cytometry (FACS Canto II, BD
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Biosciences) and confocal microscopy (LSM 700, Zeiss, Jena, Germany Ex. 514 nm, Em.
525 nm) to determine the transfection efficiency.

4.6. Mitochondrial Ca2+ Measurements

CEPIA3mt-transfected Jurkat cells were employed 24 h after transfection. A sample
of 1 × 106/mL of leukemic cells were collected and resuspended in Hanks’ balanced salt
solution (HBSS; NaCl 143 mM, KCl 6 mM, MgSO4 5 mM, HEPES 20 mM, BSA 0.1%, glucose
5 mM, EGTA 1 mM, pH 7.4, ≈300 mOsm) and added into a quartz cuvette. Samples were
evaluated in a HITACHI F7000 spectrofluorometer (Hitachi High Tech, Tokio, Japan) by
exciting at 488 nm and collecting CEPIA3mt fluorescence at 510 nm every 2.5 s. Traces
from independent experiments were normalized to initial CEPIA3mt fluorescence (F/F0)
and averaged.

4.7. Evaluation of the Mitochondrial Membrane Potential

Jurkat cells (1× 106 /mL) were collected, washed, resuspended in HBSS, anCEPIA3mtd
stained with the mitochondrial membrane potential indicator TMRE (Thermo Fisher Scien-
tific, Cat. T669; 200 nM, 30 min). Then, cells were washed with HBSS again to eliminate
the extracellular TMRE. Selective TMRE staining was confirmed by confocal microscopy
(LSM 700) by co-staining with the mitochondrial tracer MtGreen (Thermo Fisher Scientific,
Cat. M7514; 100 nM, ex. 490 nm, em. 518 nm). To monitor the ∆Ψm in time, stained
cells were transferred to a quartz cuvette and TMRE fluorescence was recorded every 2.5 s
before and up to 10 min after the drug application, using HITACHI F7000 spectrofluo-
rometer (Ex. 555 nm, em. 582 nm). In case of sequential drug application, the first drug
was added 20 min before the second one. Data are mean TMRE fluorescence intensity for
3 independent experiments in each condition.

4.8. In Silico Protein-Ligand Interaction

Potential TAM interaction with human CypD was analyzed in silico with the use of
Molegro Virtual Docker 6.0 software (Molexus IVS, Odder, Denmark). Original paper,
describing molecular docking algorithm, employed by MVD, can be found in: Thomsen and
Christensen, 2006. Chemical structures of CsA (2909), TAM (2733526), 4-hydrotamoxifen
(449459) and endoxifen (10090750) were obtained from PubChem Database (NIH; https://
pubchem.ncbi.nlm.nih.gov, accessed on 25 January 2021) and the structure of human CypD
(2Z6W) and its inhibitors (6R9S, 6R9U, 6RA1, 6R9X, 6R8O, 6R8W) were acquired from
the Protein Data Bank (PDB; https://www.rcsb.org/; accessed on 25 January 2021; [58]).
Molecules were loaded and independent dockings for each ligand were performed against
2Z6W. First, the cavities corresponding for S1′ and S2′ pockets were identified, and a
custom search space was defined to improve the docking accuracy. MolDock Score was
selected as a scoring function and internal electrostatic interactions (ES) and hydrogen bond
interactions (HB) were addressed. MolDock Optimizer was selected as a search algorithm
and 20 runs (number of times that the docking simulation is repeated for each ligand) were
chosen. Iteration and population size were set as recommended by the Docking wizard
tool and the best 5 poses were requested and analyzed. The docking was validated by
comparing the affinities and predicted binding sites for selected ligands with the CypD
amino acid residues from an independent study (Grädler et al., 2019). Contribution of
individual CypD residues to ligand binding were evaluated by the ligand energy inspector
(L.E. inspector/Targets). According to their binding energy, interactions can be divided into
main (<−20 units), strong (−20 to −10), intermediate (−10 to −5), and weak (−5 to 0).

4.9. Cyt-c Release Evaluation

EYP-Cyt-c transfected cells were evaluated by confocal microscopy (LSM 700; ex.
514 nm, em. 526 nm). The 105 Jurkat cells were treated for 1 h by CBD, TAM or their
combination. After this, cells were washed and resuspended in PBS, placed in a homemade
record chamber, and the images were acquired from selected fields, using a 63× oil-

https://pubchem.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov
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immersion objective. To confirm the Cyt-c localization inside or outside the mitochondria,
Mitotracker Red FM was used.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
article/10.3390/ijms22168688/s1.
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∆Ψm Mitochondrial inner membrane potential

References
1. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2021. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef] [PubMed]
2. Raetz, E.A.; Teachey, D.T. T-cell acute lymphoblastic leukemia. Hematol. Am. Soc. Hematol. Educ. Program 2016, 2016, 580–588.

[CrossRef] [PubMed]
3. Inaba, H.; Pui, C.H. Advances in the Diagnosis and Treatment of Pediatric Acute Lymphoblastic Leukemia. J. Clin. Med. 2021, 10,

1926. [CrossRef]
4. Aster, J.C.; DeAngelo, D.J. Resistance revealed in acute lymphoblastic leukemia. Nat. Med. 2013, 19, 264–265. [CrossRef] [PubMed]
5. Pillozzi, S.; Masselli, M.; De Lorenzo, E.; Accordi, B.; Cilia, E.; Crociani, O.; Amedei, A.; Veltroni, M.; D’Amico, M.; Basso, G.; et al.

Chemotherapy resistance in acute lymphoblastic leukemia requires hERG1 channels and is overcome by hERG1 blockers. Blood
2011, 117, 902–914. [CrossRef] [PubMed]

6. Follini, E.; Marchesini, M.; Roti, G. Strategies to overcome resistance mechanisms in T-cell acute lymphoblastic leukemia. Int. J.
Mol. Sci. 2019, 20, 3021. [CrossRef] [PubMed]

7. Olivas-Aguirre, M.; Torres-López, L.; Pottosin, I.; Dobrovinskaya, O. Overcoming glucocorticoid resistance in acute lymphoblastic
leukemia: Repurposed drugs can improve the protocol. Front. Oncol. 2021, 11, 647. [CrossRef] [PubMed]

8. Lato, M.W.; Przysucha, A.; Grosman, S.; Zawitkowska, J.; Lejman, M. The new therapeutic strategies in pediatric T-cell acute
lymphoblastic leukemia. Int. J. Mol. Sci. 2021, 22, 4502. [CrossRef]

9. Lee, J.B.; Vasic, D.; Kang, H.; Fang, K.K.; Zhang, L. State-of-art of cellular therapy for acute leukemia. Int. J. Mol. Sci. 2021, 22,
4590. [CrossRef]

10. Pushpakom, S.; Iorio, F.; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.; McNamee, C.; et al.
Drug repurposing: Progress, challenges, and recommendations. Nat. Rev. Drug Discov. 2019, 18, 41–58. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms22168688/s1
https://www.mdpi.com/article/10.3390/ijms22168688/s1
http://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
http://doi.org/10.1182/asheducation-2016.1.580
http://www.ncbi.nlm.nih.gov/pubmed/27913532
http://doi.org/10.3390/jcm10091926
http://doi.org/10.1038/nm.3119
http://www.ncbi.nlm.nih.gov/pubmed/23467232
http://doi.org/10.1182/blood-2010-01-262691
http://www.ncbi.nlm.nih.gov/pubmed/21048156
http://doi.org/10.3390/ijms20123021
http://www.ncbi.nlm.nih.gov/pubmed/31226848
http://doi.org/10.3389/fonc.2021.617937
http://www.ncbi.nlm.nih.gov/pubmed/33777761
http://doi.org/10.3390/ijms22094502
http://doi.org/10.3390/ijms22094590
http://doi.org/10.1038/nrd.2018.168
http://www.ncbi.nlm.nih.gov/pubmed/30310233


Int. J. Mol. Sci. 2021, 22, 8688 13 of 14

11. Jordan, V.C. Tamoxifen: A most unlikely pioneering medicine. Nat. Rev. Drug Discov. 2003, 2, 205–213. [CrossRef] [PubMed]
12. Szaflarski, J.P.; Bebin, E.M.; Comi, A.M.; Patel, A.D.; Joshi, C.; Checketts, D.; Beal, J.C.; Laux, L.C.; De Boer, L.M.; Wong, M.H.;

et al. Long-term safety and treatment effects of cannabidiol in children and adults with treatment-resistant epilepsies: Expanded
access program results. Epilepsia 2018, 59, 1540–1548. [CrossRef] [PubMed]

13. Yang, Y.T.; Szaflarski, J.P. The US food and drug administration’s authorization of the first cannabis-derived pharmaceutical: Are
we out of the haze? JAMA Neurol. 2019, 76, 135–136. [CrossRef]

14. McKallip, R.J.; Jia, W.; Schlomer, J.; Warren, J.W.; Nagarkatti, P.S.; Nagarkatti, M. Cannabidiol-induced apoptosis in human
leukemia cells: A novel role of cannabidiol in the regulation of p22phox and Nox4 expression. Mol. Pharmacol. 2006, 70, 897–908.
[CrossRef] [PubMed]

15. Kalenderoglou, N.; Macpherson, T.; Wright, K.L. Cannabidiol reduces leukemic cell size–but is it important? Front. Pharmacol.
2017, 8, 144. [CrossRef] [PubMed]

16. Olivas-Aguirre, M.; Torres-López, L.; Valle-Reyes, J.S.; Hernández-Cruz, A.; Pottosin, I.; Dobrovinskaya, O. Cannabidiol directly
targets mitochondria and disturbs calcium homeostasis in acute lymphoblastic leukemia. Cell Death Dis. 2019, 10, 779. [CrossRef]

17. Seltzer, E.S.; Watters, A.K.; MacKenzie, D.; Granat, L.M.; Zhang, D. Cannabidiol (CBD) as a promising anti-cancer drug. Cancers
2020, 12, 3203. [CrossRef]

18. Massi, P.; Solinas, M.; Cinquina, V.; Parolaro, D. Cannabidiol as potential anticancer drug. Br. J. Clin. Pharmacol. 2013, 75, 303–312.
[CrossRef] [PubMed]

19. Hao, E.; Mukhopadhyay, P.; Cao, Z.; Erdélyi, K.; Holovac, E.; Liaudet, L.; Lee, W.S.; Haskó, G.; Mechoulam, R.; Pacher, P.
Cannabidiol protects against doxorubicin-induced cardiomyopathy by modulating mitochondrial function and biogenesis. Mol.
Med. 2015, 21, 38–45. [CrossRef] [PubMed]

20. Go, Y.Y.; Kim, S.R.; Kim, D.Y.; Chae, S.W.; Song, J.J. Cannabidiol enhances cytotoxicity of anti-cancer drugs in human head and
neck squamous cell carcinoma. Sci. Rep. 2020, 10, 1–11. [CrossRef]

21. Ferlini, C.; Scambia, G.; Distefano, M.; Filippini, P.; Isola, G.; Riva, A.; Bombardelli, E.; Fattorossi, A.; Benedetti Panici, P.;
Mancuso, S. Synergistic antiproliferative activity of tamoxifen and docetaxel on three oestrogen receptor-negative cancer cell
lines is mediated by the induction of apoptosis. Br. J. Cancer 1997, 75, 884–891. [CrossRef]

22. Hayon, T.; Atlas, L.; Levy, E.; Dvilansky, A.; Shpilberg, O.; Nathan, I. Multifactorial activities of nonsteroidal antiestrogens against
leukemia. Cancer Detect. Prev. 2003, 27, 389–396. [CrossRef]

23. Nagahara, Y.; Shiina, I.; Nakata, K.; Sasaki, A.; Miyamoto, T.; Ikekita, M. Induction of mitochondria-involved apoptosis in
estrogen receptor-negative cells by a novel tamoxifen derivative, ridaifen-B. Cancer Sci. 2008, 99, 608–614. [CrossRef]

24. Adachi, K.; Honma, Y.; Miyake, T.; Kawakami, K.; Takahashi, T.; Suzumiya, J. Tamoxifen enhances the differentiation-inducing
and growth-inhibitory effects of all-trans retinoic acid in acute promyelocytic leukemia cells. Int. J. Oncol. 2016, 48, 1095–1102.
[CrossRef] [PubMed]

25. Torres-López, L.; Maycotte, P.; Liñán-Rico, A.; Liñán-Rico, L.; Donis-Maturano, L.; Delgado-Enciso, I.; Meza-Robles, C.;
Vásquez-Jiménez, C.; Hernández-Cruz, A.; Dobrovinskaya, O. Tamoxifen induces toxicity, causes autophagy, and partially
reverses dexamethasone resistance in Jurkat T cells. J. Leukoc. Biol. 2019, 105, 983–998. [CrossRef] [PubMed]

26. Morad, S.A.; Tan, S.F.; Feith, D.J.; Kester, M.; Claxton, D.F.; Loughran, T.P., Jr.; Barth, B.M.; Fox, T.E.; Cabot, M.C. Modification of
sphingolipid metabolism by tamoxifen and N-desmethyltamoxifen in acute myelogenous leukemia–Impact on enzyme activity
and response to cytotoxics. Biochim. Biophys. Acta 2015, 1851, 919–928. [CrossRef]

27. Wanitpongpun, C.; Honma, Y.; Okada, T.; Suzuki, R.; Takeshi, U.; Suzumiya, J. Tamoxifen enhances romidepsin-induced apoptosis
in T-cell malignant cells via activation of FOXO1 signaling pathway. Leuk. Lymphoma 2021, 28, 1–15. [CrossRef]

28. de Almeida, D.L.; Devi, L.A. Diversity of molecular targets and signaling pathways for CBD. Pharmacol. Res. Perspect. 2020, 8,
e00682. [CrossRef]

29. Nazarewicz, R.R.; Zenebe, W.J.; Parihar, A.; Larson, S.K.; Alidema, E.; Choi, J.; Ghafourifar, P. Tamoxifen induces oxidative
stress and mitochondrial apoptosis via stimulating mitochondrial nitric oxide synthase. Cancer Res. 2007, 67, 1282–1290.
[CrossRef] [PubMed]

30. Custodio, J.B.; Moreno, A.J.; Wallace, K.B. Tamoxifen inhibits induction of the mitochondrial permeability transition by Ca2+ and
inorganic phosphate. Toxicol. Appl. Pharmacol. 1998, 152, 10–17. [CrossRef] [PubMed]

31. Zhang, W.; Couldwell, W.T.; Song, H.; Takano, T.; Lin, J.H.; Nedergaard, M. Tamoxifen-induced enhancement of calcium signaling
in glioma and MCF-7 breast cancer cells. Cancer Res. 2000, 60, 5395–5400. [PubMed]

32. Ribeiro, M.P.; Santos, A.E.; Custódio, J.B. Mitochondria: The gateway for tamoxifen-induced liver injury. Toxicology 2014, 323,
10–18. [CrossRef] [PubMed]

33. Olivas-Aguirre, M.; Pottosin, I.; Dobrovinskaya, O. Mitochondria as emerging targets for therapies against T cell acute lym-
phoblastic leukemia. J. Leukoc. Biol. 2019, 105, 935–946. [CrossRef] [PubMed]

34. Olivas-Aguirre, M.; Torres-López, L.; Pottosin, I.; Dobrovinskaya, O. Phenolic compounds cannabidiol, curcumin and
quercetin cause mitochondrial dysfunction and suppress acute lymphoblastic leukemia cells. Int. J. Mol. Sci. 2020, 22, 204.
[CrossRef] [PubMed]

35. Varghese, E.; Samuel, S.M.; Sadiq, Z.; Kubatka, P.; Liskova, A.; Benacka, J.; Pazinka, P.; Kruzliak, P.; Büsselberg, D. Anti-cancer
agents in proliferation and cell death: The calcium connection. Int. J. Mol. Sci. 2019, 20, 3017. [CrossRef]

http://doi.org/10.1038/nrd1031
http://www.ncbi.nlm.nih.gov/pubmed/12612646
http://doi.org/10.1111/epi.14477
http://www.ncbi.nlm.nih.gov/pubmed/29998598
http://doi.org/10.1001/jamaneurol.2018.3550
http://doi.org/10.1124/mol.106.023937
http://www.ncbi.nlm.nih.gov/pubmed/16754784
http://doi.org/10.3389/fphar.2017.00144
http://www.ncbi.nlm.nih.gov/pubmed/28392768
http://doi.org/10.1038/s41419-019-2024-0
http://doi.org/10.3390/cancers12113203
http://doi.org/10.1111/j.1365-2125.2012.04298.x
http://www.ncbi.nlm.nih.gov/pubmed/22506672
http://doi.org/10.2119/molmed.2014.00261
http://www.ncbi.nlm.nih.gov/pubmed/25569804
http://doi.org/10.1038/s41598-020-77674-y
http://doi.org/10.1038/bjc.1997.156
http://doi.org/10.1016/S0361-090X(03)00102-8
http://doi.org/10.1111/j.1349-7006.2007.00709.x
http://doi.org/10.3892/ijo.2016.3348
http://www.ncbi.nlm.nih.gov/pubmed/26797574
http://doi.org/10.1002/JLB.2VMA0818-328R
http://www.ncbi.nlm.nih.gov/pubmed/30645008
http://doi.org/10.1016/j.bbalip.2015.03.001
http://doi.org/10.1080/10428194.2021.1876857
http://doi.org/10.1002/prp2.682
http://doi.org/10.1158/0008-5472.CAN-06-3099
http://www.ncbi.nlm.nih.gov/pubmed/17283165
http://doi.org/10.1006/taap.1998.8510
http://www.ncbi.nlm.nih.gov/pubmed/9772195
http://www.ncbi.nlm.nih.gov/pubmed/11034078
http://doi.org/10.1016/j.tox.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/24881593
http://doi.org/10.1002/JLB.5VMR0818-330RR
http://www.ncbi.nlm.nih.gov/pubmed/30698851
http://doi.org/10.3390/ijms22010204
http://www.ncbi.nlm.nih.gov/pubmed/33379175
http://doi.org/10.3390/ijms20123017


Int. J. Mol. Sci. 2021, 22, 8688 14 of 14

36. Suzuki, J.; Kanemaru, K.; Ishii, K.; Ohkura, M.; Okubo, Y.; Iino, M. Imaging intraorganellar Ca2+ at subcellular resolution using
CEPIA. Nat. Commun. 2014, 5, 4153. [CrossRef]

37. Hurst, S.; Hoek, J.; Sheu, S.S. Mitochondrial Ca2+ and regulation of the permeability transition pore. J. Bioenerg. Biomembr. 2017,
49, 27–47. [CrossRef]

38. Kwong, J.Q.; Molkentin, J.D. Physiological and pathological roles of the mitochondrial permeability transition pore in the heart.
Cell Metab. 2015, 21, 206–214. [CrossRef]

39. Garrido, C.; Galluzzi, L.; Brunet, M.; Puig, P.E.; Didelot, C.; Kroemer, G. Mechanisms of cytochrome c release from mitochondria.
Cell Death Differ. 2006, 13, 1423–1433. [CrossRef]

40. Halestrap, A.P. What is the mitochondrial permeability transition pore? J. Mol. Cell. Cardiol. 2009, 46, 821–831. [CrossRef]
41. Boehning, D.; Patterson, R.L.; Sedaghat, L.; Glebova, N.O.; Kurosaki, T.; Snyder, S.H. Cytochrome c binds to inositol (1, 4, 5)

trisphosphate receptors, amplifying calcium-dependent apoptosis. Nat. Cell Biol. 2003, 5, 1051–1061. [CrossRef]
42. Javadov, S.; Kuznetsov, A. Mitochondrial permeability transition and cell death: The role of cyclophilin D. Front. Physiol. 2013, 4,

76. [CrossRef]
43. Gutiérrez-Aguilar, M.; Baines, C.P. Structural mechanisms of cyclophilin D-dependent control of the mitochondrial permeability

transition pore. Biochim. Biophys. Acta 2015, 1850, 2041–2047. [CrossRef]
44. Morciano, G.; Giorgi, C.; Bonora, M.; Punzetti, S.; Pavasini, R.; Wieckowski, M.R.; Campo, G.; Pinton, P. Molecular identity of the

mitochondrial permeability transition pore and its role in ischemia-reperfusion injury. J. Mol. Cell. Cardiol. 2015, 78, 142–153. [CrossRef]
45. Grädler, U.; Schwarz, D.; Blaesse, M.; Leuthner, B.; Johnson, T.L.; Bernard, F.; Jiang, X.; Marx, A.; Gilardone, M.; Lemoine, H.; et al.

Discovery of novel Cyclophilin D inhibitors starting from three dimensional fragments with millimolar potencies. Bioorg. Med.
Chem. Lett. 2019, 29, 126717. [CrossRef] [PubMed]

46. Park, I.; Londhe, A.M.; Lim, J.W.; Park, B.G.; Jung, S.Y.; Lee, J.Y.; Lim, S.M.; No, K.T.; Lee, J.; Pae, A.N. Discovery of non-peptidic
small molecule inhibitors of cyclophilin D as neuroprotective agents in Aβ-induced mitochondrial dysfunction. J. Comput. Aided
Mol. Des. 2017, 31, 929–941. [CrossRef] [PubMed]

47. Waldmeier, P.C.; Zimmermann, K.; Qian, T.; Tintelnot-Blomley, M.; Lemasters, J.J. Cyclophilin D as a drug target. Curr. Med.
Chem. 2003, 10, 1485–1506. [CrossRef] [PubMed]

48. Jiang, T.; Acosta, D., Jr. Mitochondrial Ca2+ overload in primary cultures of rat renal cortical epithelial cells by cytotoxic
concentrations of cyclosporine: A digitized fluorescence imaging study. Toxicology 1995, 95, 155–166. [CrossRef]

49. Kim, H.S.; Choi, S.I.; Jeung, E.B.; Yoo, Y.M. Cyclosporine A induces apoptotic and autophagic cell death in rat pituitary GH3 cells.
PLoS ONE 2014, 9, e108981. [CrossRef]

50. Porter, G.A., Jr.; Beutner, G. Cyclophilin D, Somehow a Master Regulator of Mitochondrial Function. Biomolecules 2018, 8, 176. [CrossRef]
51. Chi, J.; Wang, L.; Zhang, X.; Fu, Y.; Liu, Y.; Chen, W.; Liu, W.; Shi, Z.; Yin, X. Cyclosporin A induces autophagy in cardiac

fibroblasts through the NRP-2/WDFY-1 axis. Biochimie 2018, 148, 55–62. [CrossRef]
52. Ciechomska, I.A.; Gabrusiewicz, K.; Szczepankiewicz, A.A.; Kaminska, B. Endoplasmic reticulum stress triggers autophagy in

malignant glioma cells undergoing cyclosporine a-induced cell death. Oncogene 2013, 32, 1518–1529. [CrossRef]
53. O’Keefe, S.J.; Tamura, J.; Kincaid, R.L.; Tocci, M.J.; O’Neill, E.A. FK-506- and CsA-sensitive activation of the interleukin-2 promoter

by calcineurin. Nature 1992, 357, 692–694. [CrossRef] [PubMed]
54. Matsuda, S.; Koyasu, S. Mechanisms of action of cyclosporine. Immunopharmacology 2000, 47, 119–125. [CrossRef]
55. Zhang, X.; Fang, Y.; Jaiseng, W.; Hu, L.; Lu, Y.; Ma, Y.; Furuyashiki, T. Characterization of tamoxifen as an antifungal agent using

the yeast Schizosaccharomyces pombe model organism. Kobe J. Med. Sci. 2015, 61, E54–E63. [PubMed]
56. Al-Janabi, A.; Al-Mosawe, H.; AI-Moswai, K. Tamoxifen: From Anti-cancer to Antifungal Drug. Int. J. Med. Rev. 2019, 6, 88–91. [CrossRef]
57. Butts, A.; Koselny, K.; Chabrier-Roselló, Y.; Semighini, C.P.; Brown, J.C.; Wang, X.; Annadurai, S.; Di Done, L.; Tabroff, J.;

Childers, W.E., Jr.; et al. Estrogen receptor antagonists are anti-cryptococcal agents that directly bind EF hand proteins and
synergize with fluconazole in vivo. mBio 2014, 5, e00765-13. [CrossRef] [PubMed]

58. Berman, H.M.; Battistuz, T.; Bhat, T.N.; Bluhm, W.F.; Bourne, P.E.; Burkhardt, K.; Feng, Z.; Gilliland, G.L.; Iipe, L.; Jain, S.; et al.
The Protein Data Bank. Nucleic Acids Res. 2000, 28, 235–242. [CrossRef] [PubMed]

http://doi.org/10.1038/ncomms5153
http://doi.org/10.1007/s10863-016-9672-x
http://doi.org/10.1016/j.cmet.2014.12.001
http://doi.org/10.1038/sj.cdd.4401950
http://doi.org/10.1016/j.yjmcc.2009.02.021
http://doi.org/10.1038/ncb1063
http://doi.org/10.3389/fphys.2013.00076
http://doi.org/10.1016/j.bbagen.2014.11.009
http://doi.org/10.1016/j.yjmcc.2014.08.015
http://doi.org/10.1016/j.bmcl.2019.126717
http://www.ncbi.nlm.nih.gov/pubmed/31635932
http://doi.org/10.1007/s10822-017-0067-9
http://www.ncbi.nlm.nih.gov/pubmed/28913661
http://doi.org/10.2174/0929867033457160
http://www.ncbi.nlm.nih.gov/pubmed/12871122
http://doi.org/10.1016/0300-483X(94)02901-6
http://doi.org/10.1371/journal.pone.0108981
http://doi.org/10.3390/biom8040176
http://doi.org/10.1016/j.biochi.2018.02.017
http://doi.org/10.1038/onc.2012.174
http://doi.org/10.1038/357692a0
http://www.ncbi.nlm.nih.gov/pubmed/1377361
http://doi.org/10.1016/S0162-3109(00)00192-2
http://www.ncbi.nlm.nih.gov/pubmed/26628015
http://doi.org/10.29252/IJMR-060304
http://doi.org/10.1128/mBio.00765-13
http://www.ncbi.nlm.nih.gov/pubmed/24520056
http://doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235

	Introduction 
	Results 
	CBD and TAM Act Synergistically to Decrease T-ALL Viability 
	CBD and TAM Induce Cell Death 
	TAM Modifies the CBD Effect on Mitochondria 
	TAM Limits the mPTP-Mediated Cyt-c Release 
	TAM Can Interact with CypD to Inhibit the mPTP: In Silico Evidence 

	Discussion 
	Materials and Methods 
	Reagents 
	Cell Lines and Culture Conditions 
	Viability Assay 
	Cell Death Analysis 
	Leukemic Cell Transfection with CEPIA3mt or EYFP-Cyt-c 
	Mitochondrial Ca2+ Measurements 
	Evaluation of the Mitochondrial Membrane Potential 
	In Silico Protein-Ligand Interaction 
	Cyt-c Release Evaluation 

	References

