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Background: HA14-1 is a small-molecule, stable B-cell lymphoma 2 (Bcl-2) antagonist that promotes apoptosis in malignant 
cells through an incompletely-defined mechanism of action. Bcl-2 and related anti-apoptotic proteins, such as B-cell 
lymphoma-extra-large [Bcl-XL]), are predominantly localized to the outer mitochondrial membrane, where they regulate 
cell death pathways. However, the notably short half-life of HA14-1 in vitro limits its potential therapeutic application. To 
address this limitation, a more stable analog, ethyl-2-amino-6-phenyl-4-(2-ethoxy-2-oxoethyl)-4H-chromene-3-carboxylate 
(sHA14-1), was developed. Objective: This study investigated the relationship between sHA14-1 and Bcl-2/Bcl-XL. The 
sHA14-1 molecule acts as a hormetic substance. Therefore, it is crucial to determine whether the hormetic zone corresponds to 
a putative therapeutic window, that is, the optimal concentration at which sHA14-1 selectively kills cancer cells overexpressing 
Bcl-2 or Bcl-XL while causing minimal damage to normal cells. Methods: Using classical cell biology and flow cytometry, 
we examined the main signaling pathways involving Bcl-2 or Bcl-XL, and their modification in the presence of sHA14-1. 
Results: We showed that sHA14-1 exerted a dual effect on mitochondria: (i) it sensitized cells to increased permeability, and 
(ii) it inhibited adenosine diphosphate-stimulated respiration and uncoupled respiration. At relatively low concentrations, 
sHA14-1 induced mitochondrial swelling, reminiscent of “pore opening” but with distinct characteristics. Over 30 µM, 
sHA14-1 caused mitochondrial transition depolarization independent of permeability transition and cell death that resembled 
secondary necrosis (i.e., occurring after maximal mitochondrial permeability) rather than apoptosis. The balance between 
apoptotic and necrotic cell death induced by sHA14-1 was also evaluated. Conclusion: Our results suggested that sHA14-1 
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plays a multifunctional role, involving both mitochondria 
and the endoplasmic reticulum. Its actions are more complex 
than its originally intended role in targeting anti-apoptotic 
Bcl-2 family members, which may complicate its potential 
application as an anticancer therapy.

Keywords: Apoptosis, Bcl-2/Bcl-XL ligand, Bioenergetic, 
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1. INTRODUCTION

Apoptosis, or programmed cell death, is a highly 
conserved and essential process for development and 
homeostasis in higher organisms. Defects in the physiological 
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pathways of apoptosis play a role in a variety of diseases for 
which effective therapies or preventative measures are not 
available. For example, insufficient cell death contributes to 
carcinogenesis, neurodegenerative disorders, and autoimmune 
diseases. Consequently, a significant interest has arisen in 
developing therapeutic strategies to modulate key molecules 
involved in life-or-death decisions in cells [1].

Members of the evolutionarily conserved B-cell lymphoma 
2 (Bcl-2) family are important regulators of apoptosis [2-4]. 
The prototypic members of this family were originally 
identified at the chromosomal breakpoint of t(14;18)-bearing 
B-cell lymphomas [5]. Bcl-2-related proteins share at least 
one of four homologous regions known as Bcl-2 homology 
(BH) domains (BH1 to BH4). This family includes death 
antagonists, such as Bcl-2 and B-cell lymphoma-extra-large 
(Bcl-XL), as well as death agonists, such as Bcl-2 antagonist 
X (Bax), Bcl-2 homologous antagonist/killer (Bak), and 
the “BH3-only” subfamily. Bcl-2 family proteins localize 
to various intracellular organelle membranes, including the 
mitochondrial outer membrane, the endoplasmic reticulum 
(ER), and the nuclear membrane [6, 7]. Mitochondrial Bcl-
2 and Bcl-XL antagonize the apoptotic signal [4], prevent 
mitochondrial depolarization, and inhibit the release of 
apoptosis-inducing factors (e.g., calcium [Ca2+], cytochrome 
c, and second mitochondria-derived activator of caspase/direct 
inhibitor of apoptosis-binding protein with low pI). In the ER, 
Bcl-2 proteins regulate Ca2+ homeostasis and prevent cytosolic 
Ca2+ increase through a mechanism that remains poorly 
understood [8-10]. This mechanism may involve the inositol 
trisphosphate receptor (IP3R) [10-15], the sarcoendoplasmic 
reticulum Ca2+-ATPase (SERCA) [8, 16-20], and/or reactive 
oxygen species (ROS) [19]. Mitochondrial Ca2+ uptake, 
mediated by the IP3R-driven Ca2+ release, is locally facilitated 
by high cytoplasmic Ca2+ microdomains near focal contact 
areas between ER and mitochondria [21], particularly at the 
level of mitochondria-associated membranes (MAMs) [22]. 
Ca2+ plays a crucial role in linking ER and mitochondrial 
functions in apoptosis [23]. Both Ca2+-ATPase and SERCA 
have been implicated in the drug resistance observed in certain 
cancer therapies [24-28].

High levels of Bcl-2 gene expression are found in various 
human cancers [29], including lymphomas and certain solid 
tumors, such as those in the prostate, breast, lung, and colon. 
Bcl-2 contributes to neoplastic cell expansion by preventing 
the normal turnover of cells through physiological apoptosis 
mechanisms. In addition, Bcl-2 inhibits the cytotoxic effect 
of many commonly-used anticancer drugs and is implicated 
in cancer chemoresistance. Indeed, Bcl-2 expression levels 
in different cancers correlate with resistance to a broad 
range of chemotherapeutic agents and γ-radiation. Therefore, 
functional blockade or downregulation of Bcl-2 could restore 

apoptosis in tumor cells and sensitize them to chemotherapy 
and radiotherapy. Several approaches have been taken to 
overcome Bcl-2-mediated chemoresistance, including the 
use of antisense oligonucleotide injections to reduce Bcl-2 
expression [30] and the development of small molecules to 
inhibit Bcl-2 activity [31,32].

Despite its critical role in apoptosis, the mechanisms 
governing Bcl-2 regulation are not fully understood. It is 
known that Bcl-2 family members form hetero- or homotypic 
dimers, and these protein-protein interactions are essential for 
their biological functions. The three-dimensional structures of 
Bcl-XL (which is highly homologous to Bcl-2) [33] and the 
Bcl-XL/Bak complex [34], resolved by X-ray crystallography 
and nuclear magnetic resonance, revealed an elongated 
hydrophobic cleft formed by the BH1, BH2, and BH3 
domains. Mutational analyses have shown that this cleft 
constitutes the binding site for other Bcl-2 family members 
and is required for the anti-apoptotic function of Bcl-2. Thus, 
blocking this binding pocket could prevent Bcl-2 dimerization, 
thereby inhibiting its anti-apoptotic action and releasing Bax/
Bak, which subsequently execute the cell death program. 
Various strategies have been employed to create inhibitors 
targeting this pocket, including synthetic peptides [35,36], 
organic molecules [36-38], and physiological compounds 
such as antimycin A [39] and tetrocarcin A [40,41]. In recent 
years, small-molecule Bcl-2 antagonists have been developed, 
some of which have been tested in clinical trials for treating 
hematopoietic malignancies and solid tumors [42-45].

The first BH3 mimetic designed was HA14-1 [36,46], 
although it suffered from poor specificity and ROS-
associated toxicity. HA14-1 was discovered through 
computer screening as a ligand for the hydrophobic pocket 
of Bcl-2 and was the first molecule shown [36,46] to exhibit 
“selective cytotoxicity” against drug-resistant cancer cells 
that overexpress anti-apoptotic Bcl-2 family members. 
Subsequently, a more stable and ROS-free Bcl-2 antagonist, 
ethyl-2-amino-6-phenyl-4-(2-ethoxy-2-oxoethyl)-4H-
chromene-3-carboxylate (sHA14-1), was developed. This 
compound bypasses drug resistance mechanisms and has 
shown synergy with cancer therapies in human leukemic 
cells [44]. Moreover, sHA14-1 has been reported to enhance 
the efficacy of other cancer therapies [47,48]. Given that many 
therapeutic molecules exhibit hormetic properties, it is critical 
to precisely determine the dose that optimizes therapeutic 
efficacy. More recently, other BH3 mimetics, such as ABT-
737, ABT-263, and ABT199, have been developed with 
greater specificity for Bcl-2 and/or Bcl-XL (and sometimes 
myeloid cell leukemia-1 [Mcl-1]). The canonical action of 
Bcl-2 family proteins involves binding the hydrophobic 
pocket of anti-apoptotic proteins (Bcl-2, Mcl-1, Bcl-XL, 
A1 [also known as Bfl-1 in humans], and Bcl-w) through 
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their BH3 domain. This interaction induces the release and, 
consequently, the activation of the pro-apoptotic proteins 
Bax and Bak, which oligomerize to disrupt the mitochondrial 
outer membrane [5-11]. The release of cytochrome c and other 
apoptogenic factors into the cytoplasm promotes apoptosome 
formation, involving the association of its two primary 
components, that is, cytochrome c and the cytosolic apoptotic 
protease activating factor-1, along with deoxyadenosine 
triphosphate. This event, in turn, activates caspase 9/3, 
initiating a cascade of effector caspases that cleave hundreds 
of proteins, thereby dismantling the cell in an orderly manner.

However, it remains unclear whether the toxicity exhibited 
by sHA14-1 in cells with low expression of Bcl-2 and Bcl-
XL is sufficiently low to allow for its use in cancer therapy. 
sHA14-1 is cell-permeable and has been proposed to induce 
cell death by inhibiting Bcl-2. Thus, it represents a promising 
candidate for the development of a new chemotherapeutic 
agent. Nevertheless, its exact mechanism of action in the 
cell death pathway is not yet fully understood. In this study, 
we used sHA14-1, which has been demonstrated to be more 
stable than HA14-1 and ROS-free. It has been shown that 
sHA14-1 can bind to all three BH domains (BH1, BH2, and 
BH3) of Bcl-2, while interacting with only the BH1 and BH3 
domains of Bcl-XL to inhibit its functionality by binding to 
critical amino acids of the protein [48].

To be an effective cancer treatment, sHA14-1 must 
specifically target tumor cells, meaning its activity should be 
limited to inhibiting Bcl-2 (and/or Bcl-XL) and should induce 
cell death exclusively through apoptosis. Due to its enhanced 
stability, we used sHA14-1 as an analog. In this study, we 
found that this small molecule targets both the mitochondria 
and the ER in cells expressing Bcl-2  and/or Bcl-XL. The 
objective of the present study was to identify and describe the 
molecular mechanisms underlying apoptosis induction and the 
occurrence of secondary-necrosis (cell death following strong 
apoptotic induction) caused by sHA14-1. We also aimed to 
determine whether there are any differences between Bcl-2 
and Bcl-XL in cells treated with sHA14-1.

2. MATERIALS AND METHODS

2.1. Animals

Three types of mice were used in this study: control mice 
(C57/Bl6) and age- and sex-matched congenic mice expressing 
either a Bcl-2 transgene [49] or a Bcl-XL transgene [21,51], 
both controlled by the L-type pyruvate kinase gene promoter.

2.2. Cells and compounds

In this study, we used sHA14-1 [44], the synthesis of 
which was recently described [47] and which is more stable 
than HA14-1 [49] (kindly provided by Dr. C. Xing, University 

of Minnesota, Minneapolis). Due to its poor solubility in 
PBS, sHA14-1 was first dissolved in pure dimethyl sulfoxide 
(DMSO) and then diluted with ultrapure water to the desired 
concentrations, ensuring that the final DMSO concentration 
was less than 0.5%. Freshly prepared solutions of sHA14-1 
were used for all experiments.

Wild-type human Henrietta Lacks (HeLa) cells were 
obtained from the American Type  Culture Collection 
(ATCC, United States) and cultured in RPMI-1640 with 
GlutaMax-1, 10% heat-inactivated fetal calf serum, and 
100 U/mL penicillin/streptomycin at 37°C under 5% CO2. 
HeLa cells transfected with the human BCL-2 gene (HeLa-
BCL-2/HBcl-2, kindly provided by Dr.  N. Israel, Pasteur 
Institute, France) [51] or with the human BCL-XL gene 
(HeLa-BCL-XL/H-Bcl-XL, kindly provided by Dr.  K. 
Schulze-Osthoff [52], University of Muenster, Germany), as 
well as control cells transfected with the pcDNA3.1 vector 
containing the neomycin-resistance gene (HeLa-Neo/HNeo), 
were cultured under the same conditions and, when necessary, 
selected in the same medium containing 500 mg/mL G-418.

2.3. Cytofluorimetric determination of apoptosis-
associated alterations

Flow cytometrical analysis was performed on a 
FACSCalibur flow cytometer (Becton Dickinson, United 
States) using the CellQuest software for acquisition and 
analysis. The light-scatter and forward-scatter channels 
were set to linear gains, while the fluorescence channels 
were set to a logarithmic scale. A total of 10,000 cells were 
analyzed for each condition. Cell size and density were 
assessed using forward and side-angle scatters to exclude 
debris and aggregates. To determine changes in mitochondrial 
membrane potential (ΔΨm), 1 × 106 cells were incubated with 
3,3’-dihexyloxacarbocyanineiodide [DiOC6(3), 40 nM] at 
room temperature (RT) for 15 minutes, and gated for parametric 
histograms on FL1. Chloromethyl X-rosamine (CMXRos, 
100 nM) was also used for mitochondrial ΔΨm measurement 
(FACSCalibur FL2 channel). Exposed phosphatidylserines on 
the outer plasma membrane were measured by staining cells 
with 1 mg/mL annexin V-fluorescein isothiocyanate (FITC) 
(Beckman Coulter Immunotech, France) for 10  minutes 
at 4ºC, followed by the addition of propidium iodide 
(PI, 1 mg/mL). To distinguish necrosis from apoptosis, cell 
viability was determined by staining with PI (1 mg/mL) and 
gating the cells to obtain biparametric histograms (FL1 [BP 
525 ± 20 nm] versus FL3 [LP 630 nm]). A second assessment 
of apoptotic and necrotic cells was performed by employing 
the Membrane Permeability/Dead Cell Apoptosis Kit with 
YO-PRO®-1 and PI for Flow Cytometry (Molecular Probes, 
n° V13243, Thermo Fisher Scientific, USA). YO-PRO-1 
dye and PI solutions (1 mg/mL) were added (2.0 μL each) 
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to 1.0 mL aliquots of suspended cells, which were incubated 
for at least 20 minutes at RT. The samples were then flow 
cytometrically analyzed and gated to obtain biparametric 
histograms (FL1 [BP 525 ± 20 nm] versus FL3 [LP 630 nm]). 
The three populations were analyzed as follows: normal cells 
(YOPRO-1-/PI-), apoptotic cells (YOPRO-1+/PI- or slightly 
PI-positive), and necrotic-like cells (YOPRO-1+/PI+), the latter 
representing cells undergoing secondary necrosis to apoptosis, 
as per Thermo Fisher instructions.

Caspase-3 activity was monitored using a detection kit 
(Phiphilux, G1D2  -  090109, Calbiochem, OncoImmunin’s 
Reagents, USA) according to the manufacturer’s instructions. 
Briefly, cells were harvested and incubated for 30 minutes 
at 37°C in the presence of a cell-permeant substrate, Red-
DEVD-fmk. Cells were washed twice and analyzed by flow 
cytometry. Bok-Asp(Ome)-FMK (Bok-D 500 nM, Abcam 
ab142036) was used as a pan-caspase inhibitor (more 
efficient and less susceptible to toxic side effects than the 
caspase inhibitor Z-VAD-fmk). Cells were also selected 
based on viability, as assessed by double staining with TO-
PRO-3 (2 mg/mL). Calcium green (stock solution at 1 mM, 
used at 2 μM) and dichlorofluorescein diacetate (DCFH-DA, 
stock solution at 1 mM, used at 2 μM) were used for Ca2+ 
flux and ROS measurements, respectively. Ethylene glycol-
bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) 
was added to cell cultures at 1 mM. Mitochondria-targeted 
antioxidant Mito-Q10 (500 nM), a coenzyme Q analog attached 
to a triphenylphosphonium cation to direct the antioxidant to 
the mitochondrial matrix, was used. In addition, 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox, 1 μM), 
a soluble, membrane-permeable antioxidant, and manganese 
(III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP, 
5 μM), an MnSOD mimetic, were used as antioxidants.

2.4. Scanning electron microscopy

Cell suspensions were fixed for at least 4 hours in 
a 1.25% (volume/volume) glutaraldehyde solution in 
0.1 M sodium cacodylate buffer (pH 7). Aliquots containing 
approximately 1×106 cells, or fewer cell aggregates, were 
filtered through a 25 nm diameter, 0.2 nm porosity Anodisc 
(Whatman, 1001325, United Kingdom). The filters were 
then rinsed five times in sodium cacodylate buffer, and 
subsequently rinsed five times in ultrapure water. The 
samples were dehydrated in a graded ethanol series (50%, 
70%, 95%, and twice in 100%). After dehydration, the filters 
were soaked in isopentyl acetate before being subjected to 
critical point drying in CO2 using an EMSDCOPE CPD 
750 apparatus (Elexience, France). The filters were then 
attached to large scanning electron microscopy stubs using 
double-sided tape and coated with gold-palladium by 
cathodic spreading in a Polaron E 5100 coater (JEOL Ltd, 

Japan). A JEOL JSM35CF (JEOL Ltd, Japan) or an S-3000 
Hitachi scanning electron microscope (Hitachi Ltd, Japan), 
operating at 15 kV voltage, was used to observe the samples 
and capture photomicrographs.

2.5. Purification of mouse liver mitochondria, and 
measurement of respiratory activity, and membrane 
potential

Three- to six-week-old C57/Bl6 mice were euthanized by 
cervical dislocation. Mitochondria were isolated from liver 
tissue in medium H (pH 7.2), which contained 0.3 M sucrose, 
5 mM N-tris[Hydroxymethyl]-methyl-2-aminoethanesulfonic 
acid (TES), 0.2 mM EGTA, and 0.1% bovine serum albumin 
(BSA; weight/volume; pH 7.2 [53] To separate intact 
mitochondria from broken ones, the organelles were layered 
on a Percoll gradient (10 minutes at 8500 × g), consisting of 
three layers: 18%, 30%, and 70% (weight/volume) Percoll in 
medium H. Mitochondria were collected from the 30%/70% 
interface and washed with medium H. The same procedure 
was used to prepare mitochondria from Bcl-2 [49] and Bcl-
XL [50] transgenic mice.

Percoll-purified mitochondria were resuspended in 
a respiratory medium (R), which consisted of 40 mM 
sucrose, 100 mM potassium chloride, 5 mM magnesium 
chloride, 10 mM TES, 10 mM monopotassium phosphate 
(pH 7.2), 1 mM ethylene glycol diacetate, and 0.1% BSA. 
For respiratory measurements, the mitochondrial protein 
concentration was adjusted to 0.33 mg/mL in a final volume 
of 1.5 mL of medium R maintained at 25ºC. Oxygen uptake 
and ΔΨm were simultaneously monitored in an oxygen-
electrode chamber (Oxygraph, Hansatech Instruments Ltd., 
United Kingdom), using a Clark-type electrode to measure 
oxygen uptake and a tetraphenylphosphonium cation 
(TPP+)-sensitive electrode to determine ΔΨm. Mitochondrial 
ΔΨm was calculated according to Kamo et al. [54], with 
TPP+ binding corrected based on the method described by 
Rottenberg [55].

2.6. Mitochondrial swelling

Mitochondrial swelling was estimated by the decrease in 
absorbance at 520 nm on a Uvikon 930 spectrophotometer 
(Kontron Instruments, France). The medium contained 
250 mM sucrose, 20 mM Tris-3-(N-morpholino)
propanesulfonic acid (pH  7.2), 2 μM rotenone, 10 μM 
EGTA, and 300 μM inorganic phosphate (Pi)  -Tris. The 
addition of Pi ensured optimal succinate transport activity and 
subsequent succinate dehydrogenase activity. The presence of 
EGTA at low concentration (10 μM) improved experimental 
reproducibility. Cyclosporin A (CsA) was used at 2 μM, and 
Ca2+ was added at 25 mM.

4� Journal of Biological Methods  | Volume 11 | Issue 4 |



Moustapha, et al.� sHA14-1 and cancer therapy

2.7. Statistical analysis

Statistical analyses were carried out using the Kruskal–
Wallis test (*p<0.05; **p<0.01; and ***p<0.001). Data are 
expressed as mean± standard deviation (SD), with the number 
of experiments cited as n.

3. RESULTS

3.1. sHA14-1 induces apoptosis and/or necrosis in 
Henrietta Lacks cells

sHA14-1 was designed to occupy the surface pocket of 
Bcl-2 or Bcl-XL, which is critical for their anti-apoptotic 
functions [49]. This raises the possibility that sHA14-1 may 
antagonize Bcl-2 and Bcl-XL function, triggering apoptosis 
through the release of pro-apoptotic molecules such as Bax 
or Bak. However, in a previous study [49], none of the 
experiments were designed to evaluate the effect of HA14-1 on 
wild-type cells that have little or no Bcl-2 protein, which could 
help determine if the drugs interact with the mitochondrial 
outer membrane. Given that the original HA14-1 molecule has 
a short half-life in vivo, we used the more stable compound, 
sHA14-1, in our experiments on cell death [44]. HNeo cells 
(empty vector), HBcl-2, and HBcl-XL (Figure 1) were treated 
for 4 h with increasing concentrations of sHA14-1 (from 0 to 
100 μM). Surprisingly, sHA14-1 induced death in all three 
cell types in a concentration-dependent manner (Figure 1D-F). 
At low concentrations of sHA14-1 (≤50 μM, with an IC50 
value of 42 μM), Bcl-2 appeared to exert its anti-apoptotic 
effect (Figure 1E). Similarly, the protective effect of Bcl-XL 
was evident at lower sHA14-1 concentrations (IC50=42 μM) 
(Figure  1F). We also observed that the death mechanisms 
involved in the control HNeo cells were primarily apoptotic 
at low concentrations of sHA14-1 (with a low IC50 value of 
18 μM), followed by late-stage necrosis. In contrast, in HBcl-2 
and HBcl-XL cells, cell death was initiated at much higher 
concentrations (42 μM for HBcl-2 and 38 μM for HBcl-XL). 
These deaths seemed to be primarily necrotic, or possibly the 
result of a very rapid apoptotic process involving “unspecific 
permeabilization” of the outer membrane, which prevented the 
apoptotic phases from being fully detected (Figure 1E and F).

Apoptosis can be differentiated from secondary necrosis 
using a double-staining technique that takes advantage of the 
differential penetration of two fluorescent probes: YO-PRO-1 
and PI. This technique allowed us to determine the ratio 
of apoptotic cells (YO-PRO-1+PI-) to necrotic cells (YO-
PRO-1+PI+) for all treatments. HNeo cells underwent typical 
apoptosis at low sHA14-1 concentrations (0−40 μM), while 
they became necrotic at higher concentrations (Figure 1D). In 
contrast, HBcl-2 cells were protected by Bcl-2 at low sHA14-1 
concentrations (up to 40 μM) (Figure 1E), whereas protection 
against death by Bcl-XL in HBcl-XL cells was effective only 

at sHA14-1 concentrations up to 30 μM (Figure 1F). Notably, 
HBcl-2 and HBcl-XL cells were more likely to undergo 
secondary necrosis at higher concentrations of sHA14-1 than 
HNeo cells (Figure 1F).

3.2. sHA14-1 induces apoptosis and/or necrosis through 
the mitochondrial pathway and caspase activation

To examine the mechanisms of cell death induced 
by sHA14-1, we investigated whether a sHA14-1 treatment 
was accompanied by changes in ΔΨm and caspase-3 
activation in the three cell types (Figure 2). We observed a 
clear correlation between caspase-3 activation and a decrease 
in ΔΨm for all three cell types. As previously noted with late 
markers of apoptosis (annexin V-FITC/propidium iodide 
[PI] staining or YO-PRO-1/PI double staining), HBcl-2 and 
HBCL-XL cells were protected against early apoptotic events 
(i.e., mitochondrial changes and caspase-3 activation were 
low) at low sHA14-1 concentrations (<20 μM). However, both 
cell types displayed a marked acceleration of both events at 
higher concentrations. Caspase activation, but not the drop in 
ΔΨm, was sensitive to the caspase inhibitor Bok-D (Figure 2).

3.3. Cyclosporin A partially inhibits sHA14-1-induced 
cell death

The externalization of phosphatidylserine residues on the 
outer surface of cells is a hallmark of apoptosis. Treatment 
with CsA, a permeability transition pore (PTP) inhibitor, 
reduced annexin-V staining of phosphatidylserine residues 
on the plasma membrane of HNeo cells exposed to 30 μM 
sHA14-1, indicating that CsA may reduce apoptosis in 
these cells (Figure 3A). We then examined the effect of CsA 
on the generation of apoptotic (Figure  3B) or secondary 
necrotic (Figure 3C) HNeo cells in the presence of sHA14-1. 
This analysis confirmed a partial, concentration-dependent 
protective effect of CsA. Another PTP inhibitor, bongkrekic 
acid, also protected cells from sHA14-1-induced cell death 
(data not shown). CsA treatment inhibited apoptosis by 
approximately 50% (Figure 3B), whereas necrosis was less 
affected (Figure  3C). Nevertheless, these results suggest 
that sHA14-1 may increase PTP-mediated mitochondrial 
permeability, and that this effect could partially contribute to 
its mechanism of inducing cell death. The remaining 50% of 
cell death may result from the interaction of sHA14-1 with 
the ER (where Bcl-2 and Bcl-XL may be present) and/or from 
direct interaction with other organelle membranes.

3.4. Scanning electron microscopy

All HeLa cells exhibited a round morphology, with 
HBcl-XL cells being slightly larger than the HNeo or the 
HBcl-2 cells (Figure 4). HNeo cells treated with sHA14-1 
at 30 μM showed typical apoptotic bodies (Ap), along with 
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Figure 1. Cell death induction by sHA14-1. (A and B) Flow cytometric analysis and Western blotting of Bcl-2 (molecular weight [MW] 25 kDa) and Bcl-XL 
(MW 30 kDa) expression in HeLa cells. The percentage of Bcl-2- and Bcl-XL-positive cells is shown relative to the control Neo cells. (C) Histogram showing the 
presence of Bcl-2 and Bcl-XL in HeLa cells. Flow cytometrical data are based on six independent experiments, expressed as mean ± SD. Statistical significance 
was assessed using one-way ANOVA with the least significant difference post hoc multiple (*p<0.05, **p<0.01, and ***p<0.001). (D-F) Determination of 
the IC50 for sHA14-1, total cell death induced by various concentrations of sHA14-1 (black triangles), along with the proportions of apoptotic (black circles) 
and necrotic (hollow circles) cells for HNeo (D), HBcl-2 (E), and HBcl-XL (F). Apoptotic and necrotic cells were identified by YO-PRO-1/PI staining, based 
on differences in plasma membrane permeability. Apoptotic cells (black circles) are YOPRO-1+/PI-, while necrotic cells (hollow circles) are YOPRO-1+/PI+. 
The black triangle curve represents the sum of apoptotic and necrotic cells, indicating total cell death, excluding debris and aggregated cells.
Abbreviations: Bcl-XL: B-cell lymphoma-extra-large; Bcl-2: B-cell lymphoma 2; CMV: Cytomegalovirus; FITC: Fluorescein isothiocyanate;  
IgG: Immunoglobulin G; pSFFV: Posterior short-segment fixation including the fractured vertebra.
Notes: HNeo represents control Henrietta Lacks (HeLa) cells transfected with the pcDNA3.1 vector containing the neomycin-resistance gene. HBcl-2 
refers to HeLa cells transfected with the human BCL-2 gene. HBcl-XL are cells transfected with the human BCL-XL gene.
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a few cells that remained unchanged in size but were quite 
rugose, presumably due to the presence of numerous holes in 
their plasma membrane (Ap+, secondary necrosis, Sn). The 
HBcl-2 and HBcl-XL cell preparations exhibited a greater 
number of cells with this irregular morphology, indicating a 
higher proportion of necrotic-like cells (i.e., cells undergoing 
necrosis shortly after the apoptotic process).

3.5. sHA14-1 disrupts mitochondrial bioenergetics

Given that CsA influenced sHA14-1-mediated cell death 
(Figure  3), we next investigated whether sHA14-1 affects 
mitochondrial respiration and ΔΨm in isolated mitochondria 
from wild-type mice and mice overexpressing Bcl-2 or Bcl-
XL (Figure 5).

For this purpose, we used mitochondria purified from the 
livers of wild-type mice and Bcl-2-overexpressing mice. We 
found that sHA14-1 significantly affected both mitochondrial 
respiration and ΔΨm in Bcl-2-overexpressing mitochondria 
(Figure 5A-C). The Percoll-purified mitochondria from Bcl-
2-overexpressing mice were well-coupled, with a respiratory 
control ratio greater than 5.16 (Figure 5A-C and Table 1). 
On the first adenosine diphosphate (ADP)/adenosine 
triphosphate transition, which allowed for the controlled 
transition between the phosphorylated state (state 3) and 
non-phosphorylated (state 4) states, sHA14-1 was added, 
resulting in an immediate inhibition of state 3 respiration 
and ΔΨm, while state 4 respiration increased. Specifically, 
respiration decreased from 5.16 to 3.9, and ΔΨm slightly 
decreased from 182 to 161 mV (Figure  5B and Table  1). 
A higher sHA14-1 concentration (50 nM) yielded similar 
results, whereas a 100 nM concentration caused a substantial 
drop in ΔΨm (to 116 mV, near the resting potential). Both 
state 3 (ADP-stimulated phosphorylation) and state 4 (non-
phosphorylation) oxidation rates followed the same pattern, 
with a decrease in state 3 respiration and an increase in 
state 4 respiration, indicative of mitochondrial uncoupling 
(Figure 5C and Table 1). Thus, sHA14-1 induces a typical 
uncoupling effect on mitochondrial respiration (Figure 5D). 
Our results also suggest that Bcl-2 and Bcl-XL effectively 
mitigate the effects of sHA14-1 at low concentrations 
(25 nM), probably due to the interaction of sHA14-1 with 
their surface pockets. At higher concentrations (up to 
100 nM), these pockets may become saturated, allowing 
sHA14-1 to exert its toxic side effects directly on the 
mitochondrial membranes (Figure 5C and Table 1).

Regarding the bioenergetic consequences of the sHA14-1 
treatment at a low dose (25 nM), mitochondria from Bcl-2 
and Bcl-XL-overexpressing cells exhibited resistance to 
uncoupling and significant decrease in ΔΨm, compared to 
HNeo mitochondria, which were sensitive due to the lack 
of anti-apoptotic proteins that could sequester some of the 
sHA14-1 molecules (Table 1). At concentrations above 25 nM, 
all mitochondrial types became highly sensitive to sHA14-1, 
showing a marked decrease in ΔΨm drop and uncoupling. 
State 3 respiration (ADP-stimulated) was inhibited, while 
state 4 respiration increased, indicating uncoupling from ADP-
stimulated respiration and a marked decrease in respiratory 
control (Table 1).
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Figure 2. Cell death signal transduction induced by various concentrations 
of sHA14-1. Membrane potential (ΔΨm) and caspase-3 activity were 
measured using 3,3’-dihexyloxacarbocyanineiodide (DiOC6(3)) staining ° 
and DEVD cleavage activity (Phiphilux), respectively. Bok-D-OMe-FMK 
(Bok-D was used at 100 nM as pan-caspase inhibitor, Abcam ad 142036). 
The effect of Bok-D is denoted by • for the higher sHA14-1 concentration, 
since Bok-D has no effect on mitochondrial ΔΨm. The curve for DiOC6(3) 
staining in the presence of Bok-D is not shown, as its inclusion would make 
the figure too cluttered and difficult to read.
Abbreviations: Bcl-XL: B-cell lymphoma-extra-large; Bcl-2: B-cell 
lymphoma 2.
Notes: HNeo represents control Henrietta Lacks (HeLa) cells transfected 
with the pcDNA3.1 vector containing the neomycin-resistance gene. HBcl-2 
refers to HeLa cells transfected with the human BCL-2 gene. HBcl-XL are 
cells transfected with the human BCL-XL gene.
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3.6. sHA14-1 induces an unusual swelling of isolated 
mitochondria

In the presence of PTP openers, such as tert-butyl 
hydroperoxide (tBHP), curcumin, and Ca2+, we observed 
that isolated mitochondria swelled to an unusually large 
size, consistent with PTP opening (Figure 6). In the case of 

Ca2+, a typical three-phase process was observed. Initially, 
Ca2+ entered the mitochondria, causing slight mitochondrial 
shrinkage (condensation) with an increase in absorbance. 
This event was followed by a full PTP opening, leading to a 
decrease in absorbance in a characteristic “S” curve, reaching 
a maximum when the PTP was widely open (Figure 6A). For 
both curcumin (20 mM) and tBHP (5 mM), the condensation 
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Figure 3. sHA14-1 induction of apoptosis and mitochondrial membrane permeability transition. (A) Apoptosis and necrosis in response to sHA14-1 
treatment were assessed using annexin-V-fluorescein isothiocyanate (FITC) staining. Cyclosporin A (CsA; 1 mM) was used as an inhibitor of the 
PTP pore opening in each Henrietta Lacks (HeLa) cell line. (B and C) Responses to sHA14-1 obtained as a function of its concentration, and in the 
presence of the permeability transition pore inhibitor, CsA (1 mM). In (b), cells that are annexin V-FITC-positive and propidium iodide (PI))-negative 
are considered characteristic apoptotic cells. In (c), cells that are annexin V-FITC-positive and PI-positive are classified as necrotic (or necrotic-like 
cells following apoptosis).
Abbreviations: Bcl-XL: B-cell lymphoma-extra-large; Bcl-2: B-cell lymphoma 2.
Notes: HNeo represents control HeLa cells transfected with the pcDNA3.1 vector containing the neomycin-resistance gene. HBcl-2 refers to HeLa cells 
transfected with the human BCL-2 gene. HBcl-XL are cells transfected with the human BCL-XL gene.
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Figure 4. Scanning electron microscopy of Henrietta Lacks cells. The three Henrietta Lacks (HeLa) cell lines (HNeo, HBcl-2, and HBCL-XL) were 
exposed to 30 μM sHA14-1 and visualized using scanning electron microscopy. The scale is 20 μm for the left and central images and 10 μm (×2) for 
the enhanced images. Secondary necrosis is characterized by cells of normal size that exhibit a high degree of rugosity, due to the presence of small 
holes in their plasma membrane. Necrotic cells were highly permeable to propidium iodide (PI), as analyzed by flow cytometry, and showed a higher 
degree of side scatter than apoptotic cells.
Abbreviations: Ap: Apoptotic bodies; Sn: Secondary necrosis; Bcl-XL: B-cell lymphoma-extra-large; Bcl-2: B-cell lymphoma 2.
Notes: HNeo represents control HeLa cells transfected with the pcDNA3.1 vector containing the neomycin-resistance gene. HBcl-2 refers to HeLa cells 
transfected with the human BCL-2 gene. HBcl-XL are cells transfected with the human BCL-XL gene.

Table 1. Titration of the effects of sHA14-1 on mitochondrial membrane potential and respiratory rates during state 3 or state 4 respiration in 
mitochondria isolated from HNeo, HBcl-2, and HBcl-XL cells treated with 25 or 50 nM sHA14-1. The respiratory control are given
Type of cell and concentration 
of sHA14-1

ΔΨm loss Uncoupling Inhibition Decrease

ΔΨm4 ΔΨm3 Vox4 Vox3 RC

Neo cell mitochondria 178±5 128±7 42±4 215±11 5.11
sHA14-1
25 nM

157±5 108±5 66±5 193±10 2.92

Bcl-2 cell mitochondria 182±11 139±6 43±4 222±10 5.16
sHA14-1
25 nM

161±5 129±4 53±5 180±8 3.39

sHA14-1
50 nM

146±4 128±5 66±7 154±7 2.33

Bcl-XL cell mitochondria 179±12 135±7 39±4 212±10 5.43
sHA14-1
25 nM

159±5 127±4 54±5 176±8 3.25

sHA14-1
50 nM

145±8 123±9 59±9 124±8 2.10

Notes: ΔΨm indicates mitochondrial membrane potential, expressed in millivolts (mV), while Vox represents respiratory rate, presented as nmol O2/min/mg protein. RC 
refers to the respiratory control ratio. HNeo represents control Henrietta Lacks (HeLa) cells transfected with the pcDNA3.1 vector containing the neomycin-resistance 
gene. HBcl-2 refers to HeLa cells transfected with the human BCL-2 gene. HBcl-XL are cells transfected with the human BCL-XL gene.
Abbreviations: Bcl-2: B-cell lymphoma 2; Bcl-XL: B cell lymphoma-extra-large.
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phase was absent, and the PTP opening also followed an “S” 
curve (Figure  6A). Similarly, sHA14-1 treatment did not 
induce an “S” curve, and the swelling observed was moderate, 
even at 50 nM (red curve in Figure 6A).

In Bcl-2-overexpressing mitochondria, the swelling 
was barely evident, only occurring at 100 nM sHA14-1 
(Figure  6B), and in all cases, CsA inhibited the residual 
swelling. In the classic Ca2+-inducible PTP opening 
mechanism, mitochondria first condense as Ca2+ enters the 
matrix, followed by swelling as the PTPs open (Figure 6A). 
Incubation with CsA maintained the mitochondria in a 
condensed form. However, this pattern was not observed 
with sHA14-1 treatment. Interestingly, the swelling in these 
mitochondria appeared to be associated with PTP opening 
(Figure 6A-C), as if sHA14-1 molecules structurally affected 
the pore itself. This could reflect a non-specific interaction 
of sHA14-1 with mitochondrial membranes, potentially 
indicating a toxic-like effect. The histogram in Figure  6C 
summarizes the data, showing that sHA14-1 might have a 
pore-like effect on mitochondria, which is modulated by the 
presence of Bcl-2 or Bcl-XL at the mitochondrial membrane 
surface.

3.7. sHA14-1 induces endoplasmic reticulum calcium 
release and mitochondrial reactive oxygen species 
production

Mitochondria are key physiological targets and platforms 
for intracellular Ca2+ signaling, particularly in the context 
of apoptotic cell death [23,51]. Mitochondrial Ca2+ uptake 
is locally facilitated by high cytoplasmic calcium Ca2+ 
microdomains, which arise from IP3R-mediated Ca2+ release 
at focal contact areas between the ER and mitochondria, 
known as MAMs [21]. Mitochondria are structurally and 
functionally diverse, and certain subsets are capable of 
interacting with other organelles [53,54]. The localized 
Ca2+ concentration that regulates the interaction between 
IP3Rs and mitochondria is particularly important at stable 
contact sites between the ER and mitochondria [53-57]. 
These connections are required to propagate the ER signals 
to mitochondria. Tightened connections, whether synthetic 
or naturally occurring during apoptosis, make mitochondria 
more susceptible to Ca2+ overload and subsequent PTP 
opening. To understand whether Ca2+ is directly involved in 
the action of sHA14-1, we used CG and flow cytometry to 
monitor intracellular Ca2+ levels in a time-dependent manner. 
The addition of low concentrations of sHA14-1  (5 μM) 
to HNeo cells resulted in an immediate increase in Ca2+ 
(Figure 7A and D), which was more pronounced at higher 
concentrations of sHA14-1. Although the Ca2+ increase was 
transient, the levels remained marginally higher in sHA14-
1-treated cells compared to control cells. Most of this Ca2+ 
increase could be reduced by the addition of EGTA, a 
Ca2+-specific chelator. In addition, classical antioxidants, 
such as MnTBAP, Trolox, and the mitochondrially-
targeted compound MitoQ10, also attenuated the Ca2+ 
increase. Low concentrations of sHA14-1 also induced 
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Figure  5. Bioenergetics of purified isolated mitochondria incubated 
with sHA14-1. (A and B) Recordings of membrane potential (ΔΨm, 
measured by tetraphenylphosphonium cation [TPP+] electrode) and 
oxygen consumption (measured by Clark electrode) of Percoll-purified 
mitochondria. The data shown were obtained for Bcl-2 expressing 
mitochondria. The numbers in red along the trace represent respiratory rate 
(Vox) in nmol O2/mg protein/min, whereas the numbers in blue indicate the 
ΔΨm in mV. Black arrows indicate the points at which TPP+ was used to 
calibrate the electrode. Measurements were performed in the presence of 
succinate (1 mM) and rotenone (1 μM).
Abbreviations: ADP: Adenosine diphosphate; Bcl-2: B-cell lymphoma 2; 
Mito: Mitochondria; Rot: Rotenone.
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the hydrogen peroxide production (Figure 7B), which was 
almost completely abolished by MitoQ10. Using CMXRos, 
we detected a transient mitochondrial hyperpolarization, 
likely linked to Ca2+ entry into the mitochondrial matrix 
(Figure  7C). The increases in Ca2+ and ROS production 
followed similar patterns and paralleled the increase in 
mitochondrial ΔΨm (Figure 7D), with MitoQ10 effectively 
abolishing the transient elevation in ΔΨm (Figure 7D).

The effects of sHA14-1 on Ca2+ availability and on ROS 
production in the presence and absence of EGTA in Hneo, 
HBcl-2, and HBCL-XL cells are shown in Figure 7E and F. 
The Ca2+ and ROS increases in response to sHA14-1 treatment 
were lower in HBcl-2 and HBcl-XL cells compared to HNeo 
cells, and the addition of EGTA reduced the Ca2+ increases in 
both Bcl-overexpressing cell lines (Figure 7E). We also tested 
the effects of several antioxidants and EGTA on the sHA14-1-
induced Ca2+ increase in HNeo cells (Figure 7F), while EGTA 
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Figure 6. Permeability transition pore opening induced by sHA14-1 in isolated and purified mitochondria from Hela cells. (A) Control mitochondria 
from HNeo cells undergo prototypical permeability transition pore (PTP) opening in response to calcium, curcumin, or tert-butyl hydroperoxide (tBHP). 
HA14-1 was added at 50 nM. (B) Mitochondria from HBcl-2 cells treated with 10 and 100 nM sHA14-1. (C) Histograms of mitochondria from the 
three cell types (HNeo, HBcl-2, and HBcl-XL) treated with SHA14-1 at different concentrations. The prototypical opening of PTPs by calcium (1 mM) 
is presented for comparison.
Abbreviations: Abs: Absorbance; Bcl-XL: B-cell lymphoma-extra-large; Bcl-2: B-cell lymphoma 2; Ca2+: Calcium. Notes: CsA refers to cyclosporine 
A at a concentration of 2 mM. HNeo represents control HeLa cells transfected with the pcDNA3.1 vector containing the neomycin-resistance gene. 
HBcl-2 refers to HeLa cells transfected with the human BCL-2 gene. HBcl-XL are cells transfected with the human BCL-XL gene.
Note: *p<0.05, **p<0.01, ***p<0.001.
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Figure 7. Flow cytometrical analysis of intracellular calcium release and reactive oxygen species production induced by sHA14-1. (A) Calcium green 
fluorescence was used to detect the time-dependent elevation of intracellular calcium in HNeo cells in response to sHA14-1 alone and in the presence 
of ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA; a calcium chelator) and the reactive oxygen species (ROS) inhibitors 
manganese (III) tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP), Trolox, and mitochondrially-targeted compound (MitoQ10). (B) ROS production 
was measured by detecting hydrogen peroxide using dichlorofluorescein diacetate (DCFH-DA) in the presence or absence of MitoQ10. (C) Membrane 
potential (ΔΨm) was determined using chloromethyl-X-Rosamine (CMXRos). (D) A summarized view of the data from panels (A), (B), and (C), shown 
on a 35-min time scale with modulation by MitoQ10. These measurements include mitochondrial ΔΨm, measured with CMXRos, with red circles • 
representing ΔΨm and hollow red circle ° indicating ΔΨm in the presence of MitoQ10. (E) Calcium release in HNeo, HBcl-2, and HBcl-XL cells in the 
presence or absence of EGTA. (F) Summary of the effect of 10 μM sHA14-1 on calcium release in HNeo cells.
Abbreviations: Bcl-XL: B-cell lymphoma-extra-large; Bcl-2: B-cell lymphoma 2; Ctrl: Control; HA10: sHA14-1 at 10 μM; HA20: sHA14-1 at 20 μM; 
Q10: Mitochondrially-targeted compound.
Notes: HNeo represents control HeLa cells transfected with the pcDNA3.1 vector containing the neomycin-resistance gene. HBcl-2 refers to HeLa cells 
transfected with the human BCL-2 gene. HBcl-XL are cells transfected with the human BCL-XL gene.
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reduced the rise in Ca2+ caused by sHA14-1 as expected, 
antioxidants, such as Trolox and MnBTAP, also partially 
lowered the Ca2+ level. Moreover, the mitochondrially 
targeted antioxidant MitoQ10 almost completely abolished 
this sHA14-1-induced Ca2+ release (Figure 7F).

4. DISCUSSION

We presented an exhaustive study of the effects of sHA14-
1 on three HeLa cell lines: two that overexpressed either Bcl-2 
or Bcl-XL, and a control cell line with the Neo vector.

sHA14-1 is a more stable analog of HA14-1, designed 
to bind a functional pocket on the surface of Bcl-2 proteins, 
thereby blocking their activity and inducing apoptosis in 
cancer cells [49]. sHA14-1 has been shown to bind to all 
three BH1, BH2, and BH3 pockets on the Bcl-2 molecule. 
In contrast, sHA14-1 interacts with Bcl-XL differently, 
partially occupying only the BH1 and BH3 domains of its 
hydrophobic pocket, and potentially interacting with other 
vital amino acids [48]. Importantly, sHA14-1 does not bind 
or form complexes with Bax and/or Bak [48].

sHA14-1 reportedly has a reduced tendency to generate 
ROS [44] compared to HA14-1, a property that allows for more 
specific attribution of ROS production to mitochondria. We 
investigated the in vitro activity of sHA14-1 in inducing cell 
death in these HeLa cell lines, as overexpression of the Bcl-2 
and Bcl-XL proteins is known to block apoptosis induced by 
various drugs or apoptotic inducers [56]. Our results showed 
that sHA14-1 effectively induced cell death in all three cell 
lines (HNeo, HBcl-2, and HBcl-XL) (Figure 1A and B). It is 
worth noting that the levels of Bcl-2 and Bcl-XL were very 
low in HNeo cells (Figure  1G). The ratio of apoptotic to 
necrotic cells varied, depending on the presence or absence 
of Bcl-2 or Bcl-XL. In the Bcl-2 and Bcl-XL overexpressing 
cells (HBcl-2 or HBcl-XL), we detected a dose-dependent 
induction of cell death that mimicked secondary necrosis, 
that is, necrosis following an apoptotic process, rather than 
classical apoptosis (Figure 1E and F). This tendency is often 
related to the kinetics of apoptosis induction, as the short 
duration of signal transduction pathways may prevent the 
full development of typical apoptotic characteristics [58]. In 
contrast, in HNeo cells, sHA14-1 initially induced apoptosis, 
which was later replaced by necrosis (Figure 1D).

Nevertheless, the cell death signal transduction we 
observed involved a reduction in ΔΨm, caspase-3 activation, 
and exposure of phosphatidylserine residues on the outer 
surface of the plasma membrane (Figure  2). The addition 
of permeability transition blockers, such as CsA and BA, 
partially reduced cell death. Caspase-3 activation and 
inhibition experiments showed that the Bok-D inhibitor 
failed to fully block caspase-3 activity (Figure  3). These 

results sharply contrast with previous findings suggesting 
weak caspase activation by sHA14-1 [46], and they are 
inconsistent with a caspase-independent mechanism of cell 
death [59]. Thus, the mode of action of sHA14-1 appears to 
involve a mitochondrial catastrophe, coupled with classical 
apoptosis driven by caspase activation. However, we propose 
that the apoptotic phase may be brief, rapidly transitioning to 
a secondary necrosis-like phenotype.

In our experiments, the cellular rugosity observed in 
sHA14-1-treated cells, which is associated with plasma 
membrane permeabilization, likely reflects a rapid induction 
of cell death in which normal apoptotic processes cannot 
take place, leading to secondary necrosis (Figure  4). The 
altered light-scattering properties of sHA14-1-treated cells, 
as observed in another study [46], can be attributed to this 
phenomenon, in addition to the classical changes in light 
scattering induced by Ca2+ release into the cytoplasm.

Similar activities of sHA14-1 were demonstrated in 
isolated mitochondria. Immediately after the addition of 
sHA14-1, mitochondrial respiration became uncoupled, and 
mitochondrial ΔΨm dropped (Figure 4). This effect on ΔΨm 
was concentration-dependent, with the highest dose (100 μM) 
reducing ΔΨm to the level of a resting potential. This may be 
explained by the toxic effects of sHA14-1 on mitochondria, 
which require an intact ER to fully manifest. In the purified 
mitochondrial preparations in these experiments, only traces 
of ER membranes were present.

sHA14-1 also exhibited PTP-opening capabilities, though 
these appeared to be non-canonical. At higher concentrations, 
the PTPs opened only slightly, and this response differed from 
the typical PTP opening induced by Ca2+ alone. This may 
explain why CsA only partially rescued cells from sHA14-
1-induced cell death (Figure 3).

The anti-apoptotic functions of Bcl-2 are thought to arise 
from its location in the mitochondrial membrane [60-62], 
where it regulates pro-apoptotic members of the Bcl-2 protein 
family [4]. Recent evidence suggested a companion role for 
ER-derived Bcl-2 proteins. Moreover, cross-talk between 
organelles, particularly between ER and mitochondria, may 
be more extensive than previously appreciated, especially 
during the induction of many apoptotic pathways [50]. For 
example, a recombinant form of Bcl-2, Bcl-2/cb5, which 
resides exclusively in the ER, has been shown to prevent 
apoptosis in many cell types [63,64]. However, those 
mediators, beyond Ca2+ and oxidants, that connect the ER 
to mitochondria remain unidentified. Clearly, intracellular 
Ca2+ signaling plays a crucial role in this process. Bcl-2 
overexpression has been shown to block both Ca2+ entry into 
the ER and its release from the ER in response to apoptotic 
stimuli. Specifically, Bcl-2 overexpression reduces ER Ca2+ 
load [10,13,18] prevents or delays ER Ca2+ depletion [18] after 
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cells are treated with thapsigargin [65,66] and/or prevents 
apoptosis induced by cyclopiazonic acid, ceramide, and other 
apoptotic inducers [9].

Transient increases in cytosolic Ca2+ activate numerous 
cytosolic enzymes, such as phospholipases, proteases, and 

endonucleases. However, unregulated or prolonged increases 
in cytosolic Ca2+ [67] above a certain threshold can lead 
to apoptosis or cell death [8,67-69]. Several mechanisms 
contribute to the induction of cell death through elevated 
or transient Ca2+ spikes. These include the direct effects of 
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Figure 8. Schematic interpretation of sHA14-1’s interactions with the endoplasmic reticulum and mitochondria. The capacity of the small molecule 
sHA14-1 to target multiple subcellular compartments is described. (A) A three-dimensional (3D) representation of a cluster of 14 mitochondria (mito, 
yellow) in the vicinity of a multilayered endoplasmic reticulum (ER, blue-green) stack. The image depicts the ER in close proximity to mitochondria, 
demonstrating how the ER and mitochondria may be tethered together. The close proximity of the mitochondrial and ER membranes is important for 
regulating cellular calcium (Ca2+) levels. (B) A 3D reconstruction of a mitochondrion [82] [source: http://www.wadsworth.org], showing the mechanical 
effects of sHA14-1 on mitochondria. sHA14-1 targets anti-apoptotic Bcl-2 family members in both the ER and mitochondria, but it also exerts direct 
effects on both the ER and mitochondrial outer membranes. sHA14-1 induces Ca2+ release from the ER (which can be blocked by ethylene glycol-bis(β-
aminoethyl ether)-N,N,N’,N’-tetraacetic acid [EGTA]). It destabilizes mitochondrial bioenergetics through interactions with pro-apoptotic Bcl-2 family 
members, facilitating truncate Bid (tBid) action and Bcl-2 antagonist X (Bax) oligomerization, which results in permeability transition pore (PTP) opening 
and cytochrome c release. These events can be inhibited by PTP inhibitors such as cyclosporine A (CsA, 2 μM) and bongkrekic acid (BA, 100 nM). In 
addition, sHA14-1 interacts with and destabilizes the mitochondrial membrane, inducing ROS production, which can be inhibited by antioxidants such 
as Trolox, manganese (III) tetrakis (4-benzoic acid) porphyrin chloride (MnBTAP), and mitochondrially-targeted compound (MitoQ10). This creates 
a vicious cycle, enhancing mitochondrial damage and further ER Ca2+ release. The question mark (?) indicates a possible direct interaction between 
sHA14-1 and caspase-8, which remains unproven.
Abbreviations: Bcl-XL: B-cell lymphoma-extra-large; Bcl-2: B-cell lymphoma 2; Bid F1: Bid, a pro-apoptotic member of the Bcl-2 family full length); 
Boc-D: Caspase-3 inhibitor; O2: Oxygen.
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Ca2+ accumulation within mitochondria, which can trigger 
PTP opening, as well as the activation of caspase-12 and/
or other intracellular Ca2+-sensitive enzymes [70]. The ER 
and mitochondria are physiologically interconnected and 
crucial for the regulation of intracellular Ca2+ homeostasis. 
Under certain conditions, rapid Ca2+ accumulation and Ca2+-
mediated signaling between mitochondria occur following an 
initial release of Ca2+ from the ER [71,72]. This rapid rise in 
Ca2+ near the mitochondria may initiate a cascade of events, 
including a rapid influx of Ca2+ into the mitochondria, PTP 
opening, increased mitochondrial membrane permeability, 
mitochondrial alteration, ROS production, and, ultimately, 
cytochrome c release. ROS are potent inducers of cytochrome 
c release because they accentuate mitochondrial membrane 
permeability and induce phospholipid peroxidation, rendering 
cytochrome c more readily available for release. With regard 
to the mode of action of sHA14-1, it appears to affect ER-
mediated Ca2+ release, which can be blocked by the Ca2+ 
chelator EGTA and the mitochondrially targeted antioxidant 
MitoQ10. These results validated earlier observations of 
Hermanson et al. [46], who implicated the ER in sHA14-1 
actions. Taken together, these data suggest that a complex 
mechanism involving both mitochondria and ER is at work 
during sHA14-1 treatments.

Thus, sHA14-1, an antagonist of anti-apoptotic Bcl-2 
proteins (Bcl-2/Bcl-XL), exhibits multiple additional effects 
(Figure  8). While sHA14-1 primarily targets Bcl-2 and 
Bcl-XL, it also substantially affects mitochondrial and ER 
membranes. As previously described, some of its effects 
may be mediated by a reduction in the activity of SERCAs 
in the ER [46]. At the ER-mitochondria junctions (MAMs), 
Ca2+ uptake occurs locally through SERCAs, which normally 
attenuates the mitochondrial response to continuous Ca2+ 
release through IP3R activity or during gradual Ca2+ influx 
near MAMs [71]. In addition, a direct effect on mitochondria, 
though, affecting mitochondrial membrane structures, 
bioenergetics, and PTP opening, is conspicuous. Although 
a direct interaction between sHA14-1 and mitochondrial 
cardiolipin has not been described, it remains a plausible 
hypothesis, particularly given that the PTP is affected.

It remains unclear whether sHA14-1 and similar small 
molecules can be considered viable cancer therapies, given 
that their lack of target specificity may lead to undesirable 
side effects. However, recent advances in the field have 
focused on more specific and less toxic compounds [73,74] 
that target proteins with greater precision, such as Venetoclax 
for Bcl-2 [75-77] and Navitoclax for Bcl-XL and Bcl-2 [78]. 
These newer molecules appear to be effective in the nm range 
without the toxic side effects, likely due to their specific 
targeting of mitochondrial/ER contact sites.

5. CONCLUSION

It remains to be determined whether sHA14-1 and similar 
small molecules can be considered as viable cancer therapies 
if their lack of target specificity contributes to undesirable 
effects. It seems that the progress in this field has been 
made with more specific and less toxic compounds [73,74] 
that are more specifically targeted, such as Venetoclax for 
Bcl-2 [73-75] and Navitoclax for Bcl-XL and Bcl-2 [76]. 
Apparently, these recent molecules are efficient in the nm 
range without toxic side effects due to their specific targeting 
to mitochondrial/ER contact sites.
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