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transition process and multi-pathway cell death induction for
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Mitochondrial permeability transition (mPT)-mediated mitochondrial dysfunction plays a pivotal role in various human diseases.
However, the intricate details of its mechanisms and the sequence of events remain elusive, primarily due to the interference
caused by Bax/Bak-induced mitochondrial outer membrane permeabilization (MOMP). To address these, we have developed a
methodology that utilizes nano-flow cytometry (nFCM) to quantitatively analyze the opening of mitochondrial permeability
transition pore (mPTP), dissipation of mitochondrial membrane potential (A¥,,), release of cytochrome c (Cyt c), and other
molecular alternations of isolated mitochondria in response to mPT induction at the single-mitochondrion level. It was identified
that betulinic acid (BetA) and antimycin A can directly induce mitochondrial dysfunction through mPT-mediated mechanisms,
while cisplatin and staurosporine cannot. In addition, the nFCM analysis also revealed that BetA primarily induces mPTP opening
through a reduction in Bcl-2 and Bcl-xL protein levels, along with an elevation in ROS content. Employing dose and time-dependent
strategies of BetA, for the first time, we experimentally verified the sequential occurrence of mPTP opening and AW, depolarization
prior to the release of Cyt c during mPT-mediated mitochondrial dysfunction. Notably, our study uncovers a simultaneous release of
cell-death-associated factors, including Cyt ¢, AIF, PNPT1, and mtDNA during mPT, implying the initiation of multiple cell death
pathways. Intriguingly, BetA induces caspase-independent cell death, even in the absence of Bax/Bak, thereby overcoming drug
resistance. The presented findings offer new insights into mPT-mediated mitochondrial dysfunction using nFCM, emphasizing the
potential for targeting such dysfunction in innovative cancer therapies and interventions.
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INTRODUCTION

Mitochondrial permeability transition (mPT)-mediated mitochon-
drial dysfunction plays a critical role in the pathophysiology of
various human diseases, including neurodegenerative disorders,
ischemia-reperfusion injury, and cardiovascular diseases [1]. mPT
involves a rapid increase in permeability of the inner mitochon-
drial membrane (IMM) through the opening of the mitochondrial
permeability transition pore (mPTP) [2]. Overloading of Ca",
excessive reactive oxygen species (ROS), and various endogenous
regulators trigger the opening of mPTP [3]. This allows solutes
below 1.5kDa to enter the mitochondrial matrix, resulting in
mitochondrial swelling, dissipation of the mitochondrial mem-
brane potential (AW,,), disruption of the outer mitochondrial
membrane (OMM), and the release of intermembrane space (IMS)
proteins, ultimately leading to cell death [4, 5]. While the
occurrence and consequences of mPT are well-recognized, Bax/
Bak-induced mitochondrial outer membrane permeabilization
(MOMP) can yield similar outcomes [3, 6, 7]. In addition, the
physical interaction of Bax/Bak with the mPTP constituents on the
OMM can trigger mPT [8, 9]. Due to a limited understanding of
mPTP structural and its intricate interplay, the molecular

complexities of mPT, including the sequence of events related
to A¥,, decline and the release of Cyt ¢, as well as the factors
contributing to cell death released during this process, remain
elusive [10-19]. Therefore, mPT-mediated mitochondrial dysfunc-
tion and cell death have significant implications in cancer
treatment beyond pathological diseases, necessitating further
investigation [4, 20].

Isolated mitochondria experiments offer a direct means of
evaluating the effect of external stimuli while circumventing the
interference of intrinsic mPTP modulators such as ADP, Mg”, HT,
and cytoplasmic Bax [3, 21]. Monitoring mPTP opening typically
involves the use of the swelling technique through 540 nm
absorption measurement and the Ca*-retention capacity method
employing a Ca®'-sensitive fluorescence probe [22, 23]. Never-
theless, these ensemble-averaged methods are unable to unveil
mitochondrial heterogeneity or sub-populations with different
mPT tendencies [24, 25]. While electrophysiology measures
channel current in individual mitoplasts (mitochondria with
partially removed OMM), it only provides information on the
status of mPTP opening [26]. In order to gain a comprehensive
understanding of the complete process of mPT-mediated
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mitochondrial dysfunction, it is imperative to utilize multipara-
meter measurements for precise assessment of mPTP opening
and the related molecular changes. While flow cytometry is well-
suited for single-cell analysis, its application to individual
mitochondria is constrained by its limited sensitivity [27].
Consequently, advanced technologies are required to measure
various parameters and molecular events associated with mPT-
mediated mitochondrial dysfunction, including cell death factors
and mPTP modulators.

By integrating light scattering with strategies for single-
molecule fluorescence detection in a sheathed flow, our
laboratory has pioneered the development of nano-flow cytome-
try (nFCM), alternatively known as a high-sensitivity flow
cytometer (HSFCM). This innovation facilitates the detection of
nanoscale biological particles and organelles [28-31]. Expanding
on nFCM, we have developed sensitive approaches for measuring
AY,,, Bcl-2, and Bax copy numbers, and mitochondrial fusion
efficiency at the single-mitochondrion level [28, 32-34]. In this
study, we applied nFCM to establish a quantitative method for
detecting mPTP opening, AW, loss, Cyt c release, and porin
reduction in single mitochondria upon mPT induction. We
identified compounds that directly induce mPTP opening and
employed dose and time-dependent strategies to reveal the
sequence of events involving A¥,, loss and Cyt c release. Our
study unveiled simultaneous release of cell death factors,
including Cyt ¢, AIF, PNPT1, and mtDNA during mPT, implying
the initiation of multiple cell death pathways. Significantly, BetA
induces caspase-independent cell death even in the absence of
Bax/Bak, thus overcoming drug resistance. These findings high-
light mPTP as a promising approach in cancer therapy and shed
light on its regulatory mechanisms, offering new prospects for
therapeutic interventions.

RESULTS

Development of the nFCM-based approach for determining
mPT and associated changes in individual mitochondria
Mitochondria were isolated from Hela cells, and elevated levels of
Ca®" were used as a model system to induce mPT [35]. Seahorse
Analyzer measurements of basal and ADP-stimulated oxygen
consumption rates revealed the preserved functionality of
oxidative phosphorylation (OXPHOS) in isolated mitochondria
from Hela cell. The introduction of 4mM ADP resulted in a
substantial enhancement of the oxygen consumption rate
(Supplementary Fig. S1). To validate mPT, we employed various
methods before developing the nFCM-based approach for
measurements at the individual-mitochondrion level. These
methods included electron microscopy for assessing mitochon-
drial morphology, spectrophotometry to monitor Ca®>"-induced
mitochondrial swelling, western blotting to detect Cyt c release
and porin loss upon OMM rupture, and the inhibition of mPTP
opening using cyclosporin (CsA) (Fig. 1A-C). It is worth noting that
drug molecules within the cytosol of cells undergo concentration
several hundred times higher than the extracellular concentration,
spanning from nanomolar to micromolar levels. Isolated mito-
chondria exhibit enhanced tolerance to CsA concentrations, such
as 10 uM, surpassing cellular levels (Supplementary Fig. S1)
[14-18, 34]. Subsequently, mPT and related changes were
monitored at the single-mitochondrion level using nFCM (Fig.
1D). lIsolated mitochondria were stained with membrane-
permeable dye calcein-AM and CoCl,, 3,3 dihexyloxacarbocyanine
iodide (DiOC¢(3)), and antibodies against Cyt c or porin to assess
mPTP status, AW, changes, and OMM integrity based on Cyt c and
porin content, respectively.

When the mPTP is closed, calcein-AM is cleaved by esterase
after crossing the mitochondrial membrane, leading to the
formation of membrane-impermeable fluorescent calcein trapped
within the mitochondrial matrix (Fig. 1E (i)). The opening of mPTP
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induced by Ca®" results in Co?" entry and a reduction in calcein
fluorescence (Fig. 1E (ii)). Representative side scatter (SSC) and
fluorescence (FL) burst traces obtained for the 5 uM calcein-AM
stained mitochondria without and with Ca®" treatment are
displayed in Fig. 1F. The bivariate dot-plot of calcein fluorescence
versus SSC displays strong green fluorescence for isolated
mitochondria incubated with calcein-AM and CoCl, (control
sample, Fig. 1G (i)). After 2 h of treatment with 400 uM Ca*" at
37 °C, a 90% decrease in calcein fluorescence was observed due to
Co*" entry (Fig. 1G (ii)). In contrast, mitochondria pre-treated with
10uM CsA for 30min at 37°C exhibited nearly unchanged
fluorescence after Ca®* treatment (Fig. 1G (iii)). A clear trend is
evident in the calcein fluorescence distribution histograms (Fig. 1G
(iv)), and the normalized median fluorescence bar graph
demonstrates a significant quenching of calcein fluorescence by
Co** upon Ca®"-induced mPT, which is mitigated by CsA (Fig. 1G
(v)).

Under normal conditions, AW, ranges from 120 to 180 mV, with
the inner mitochondrial side being electronegative [36]. Histo-
grams of DiOCg(3) fluorescence (Fig. 1H (i), along with the
normalized median fluorescence bar graphs (Fig. 1H (ii)),
demonstrate a decrease in AY,, due to Ca’"-induced mPT, which
was effectively preserved by CsA inhibition. To assess Cyt c
content in the IMS using immunofluorescence staining, we
conducted mitochondria fixation and permeabilization. Mitochon-
dria were incubated with anti-Cyt ¢ monoclonal antibody (mAb) at
a concentration of 20 ug/mL, followed by labeling with CoralLite
488-Conjugated AffiniPure IgG. Histograms of Cyt c fluorescence
were generated for the control, Ca>" induction, and CsA inhibition
(Fig. 11 (i)). The accompanying normalized median fluorescence
bar graphs reveal that Ca®"-induced mPT resulted in approxi-
mately 60% release of Cyt c from IMS upon OMM rupture, a
process effectively prevented by CsA (Fig. 11 (ii)). Similarly, a
substantial reduction in OMM protein porin was observed in
mitochondria following Ca®-induced mPT, with CsA confirming
its ability to prevent mPTP opening (Fig. 1J).

Clearly, nFCM offers sensitive detection of mPT, AY¥,,, depolar-
ization, Cyt c release, and porin reduction following Ca*"
treatment, along with the effective inhibition of mPTP opening
by CsA at the single-mitochondrion level. Importantly, in
comparison to conventional spectrophotometric methods, the
nFCM assay requires approximately 20-fold less sample quantity,
which is particularly advantageous when assessing rare mitochon-
drial samples from patients with mitochondrial diseases.

Identification of anticancer compounds that directly induce
mitochondrial dysfunction through mPT

Different classes of anticancer compounds activate distinct
signaling pathways to induce cell death. We employed the
newly-developed approach for monitoring mPT and related
mitochondrial changes to investigate whether anticancer com-
pounds can directly trigger mPT-mediated mitochondrial dysfunc-
tion. Anticancer compounds, including betulinic acid (BetA),
cisplatin (CDDP), antimycin A (AA), and staurosporine (STS), were
incubated with mitochondria isolated from Hela cells for 2 h at
37 °C. To validate mPTP opening, CsA inhibition experiments were
conducted. Bivariate dot-plots of green fluorescence versus SSC
provided a comprehensive examination of mPTP status, AW,
levels, Cyt c release, and porin content in individual mitochondria
(Supplementary Fig. S2). As shown in the normalized median
fluorescence bar graphs, treatment with 100 uM and 200 uM BetA
significantly induced mPTP opening, decreased AY,, released
Cyt ¢, and reduced porin levels (Fig. 2A). Pre-incubation with
10 uM CsA effectively prevented mPTP induced by 100 uM BetA
(Fig. 2A). However, 200 uM CDDP did not lead to significant
changes. Similar results were observed in mitochondria isolated
from the MDA-MB-231 cell line (Supplementary Fig. S3). We also
investigated the effects of AA and STS on Hela cells mitochondria
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Fig. 1 Development of the nFCM-based approach for assessing mPTP opening and related changes of individual mitochondria.
A Representative transmission electron microscopic images of mitochondria isolated from Hela cells: (i) Control mitochondria without
treatment. (i) Mitochondria treated with 400 uM CaCl, for 2 h. (iii) Mitochondria pre-incubated with 10 uM CsA for 30 min before CaCl,
treatment (Scale bars, 200 nm). CsA, an mPTP inhibitor, binds to mitochondrial matrix cyclophilin D, preventing pore opening. B Mitochondrial
swelling measured by absorbance at 540 nm upon treatment with 400 pM CaCls. Isolated mitochondria from Hela cells were resuspended in
swelling buffer at a concentration of 1 mg/mL for 30 min. C Western blot analysis of mitochondrial proteins (Cyt ¢, VDAC, and HSP 60) in both
the mitochondria and supernatant fractions under different treatment conditions. D Schematic representation illustrating the use of nFCM to
monitor mPTP opening and changes in A¥., Cyt c in the mitochondrial intermembrane space, and porin in the mitochondrial outer
membrane at the single-mitochondrion level. E Schematic design for the analysis of mPTP opening by nFCM. (i) Mitochondria are initially
loaded with the acetoxymethyl ester of calcein dye, calcein AM, which passively diffuses into bilayer membrane and accumulates in
mitochondrial matrix. Esterases cleave the acetoxymethyl esters, releasmg the highly polar fluorescent dye calceln Calcein, unable to
penetrate mitochondrial membranes, emits a green fluorescence. (i) Upon Ca®*-induced opening of the mPTP, Co®™, initially impermeable to
the IMM, flows into the matrix and quenches the fluorescence of calcein. F Representative side scatter (SSC) and green fluorescence (FL) burst
traces obtained from 60 s of data acquisition for calcein-AM stained mitochondria (i), and mitochondria treated with 400 uM CaCl, for 2 h and
then stained with calcein-AM (i), both finally supplemented with CoCl,. G Bivariate dot-plots of mPTP fluorescence versus the side scatter of
isolated mitochondria without treatment (i), treated with 400 uM CaCl, for 2 h (ii), and pre-incubated with 10 uM CsA for 30 min before CaCl,
treatment (iii). Alongside histograms depicting the mPTP fluorescence distribution (iv) and the normalized median fluorescence intensity (v)
for isolated mitochondria with different treatments. H-J Distribution histograms (i) and the normalized median fluorescence intensity (ii) of
AY,, (H), Cyt c (I), and porin (J) for isolated mitochondria with different treatments. Error bars represent the mean + standard error from three
independent experiments, with statistical significance determined by paired t-test analysis. ****p < 0.0001 and n. s., non-significant.

(Fig. 2B and Supplementary Fig. S4). BetA and AA showed a dose- abundance anti-apoptotic Bcl-2 and Bcl-xL proteins in individual
dependent decrease in mPTP opening, A¥,, Cyt ¢, and porin mitochondria (Supplementary Fig. S5). Treatment with BetA for 2 h
fluorescence, whereas CDDP and STS did not directly induce mPT resulted in a concentration-dependent decrease in Bcl-2 and Bcl-
and mitochondrial dysfunction. xL levels in mitochondria, with a more significant reduction

The regulation of mPT-mediated mitochondrial dysfunction observed for Bcl-xL, while CDDP had no apparent effect (Fig. 2C
involves the Bcl-2 family proteins and ROS [1, 3]. These features (i and ii)). The findings suggest that BetA may directly induce
were also measured during BetA-induced mPTP opening. nFCM structural alterations or cleavage of the Bcl-2 and Bcl-xL protein on
provided the necessary sensitivity to quantitatively measure low- the OMM, even at a low concentration of 2 uM [37]. Mitochondrial
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Fig. 2

o Uncoupled respiratory chain

[LTE

Identification of direct induction of mPT-mediated dysfunction in isolated mitochondria from HelLa cells by anticancer drugs

using nFCM. A Normalized median fluorescence intensity for mPTP (i), A¥,, (ii), Cyt c (iii), and porin (iv) in isolated mitochondria obtained
through nFCM. Isolated mitochondria from HelLa cells were treated with 0.5% DMSO (control), 100 uM BetA, 200 pM BetA, 100 uM BetA after
pre-incubation with 10 uM CsA for 30 min, and 200 pM CDDP for 2 h. B Normalized median fluorescence of mPTP (i), A¥,, (ii), Cyt c (iii), and
porin (iv) in isolated mitochondria stimulated with different concentrations of antimycin A (AA) for 2 h. C Levels of anti-apoptotic proteins Bcl-
2 (i) and Bcl-xL (i) in individual mitochondria following 2 h of treatment with 0, 2, 10, 50, or 100 pM BetA, and the content of ROS (iii) in
individual mitochondria after being treated with 0, 2, 10, or 50 pM BetA. D Schematic diagram describing the mechanism of BetA-induced
mPTP opening. BetA reduces the abundance of anti-apoptotic proteins Bcl-xL and Bcl-2 on the OMM and disrupts the mitochondrial
respiratory chain by generating excessive ROS, ultimately leading to mPTP opening. Error bars represent the mean + standard error from three
independent experiments, and statistical significance was determined using paired t-test analysis. ****P < 0.0001, ***P < 0.001, **P < 0.01,

*P < 0.05, and n. s., non-significant.

ROS production was assessed using MitoSOX Red [38], as shown in
Fig. 2C (iii) and Supplementary Fig. S6, demonstrating a
concentration-dependent increase in ROS production with 2 h of
BetA treatment, but almost no enhancement with CDDP. Further
investigation revealed that BetA enhanced ROS production in
mitochondria within 5 min, with a dose-dependent effect (Sup-
plementary Fig. S7A, B). The Seahorse Analyzer revealed that BetA
at concentrations of 10 uM and 50 uM effectively diminish both
basal and ADP-stimulated oxygen consumption rates, as illu-
strated in Supplementary Fig. S8. This observation implies that the
generation of ROS is a consequence of respiratory chain
disruption. The concurrent reduction in Bcl-2 and Bcl-xL levels
further contributes to the initiation of mitochondrial permeability
transition pore (mPTP) opening, as depicted in Fig. 2D.

Investigating the detailed process of mPT-mediated
mitochondrial dysfunction for mechanistic study

To comprehensively understand the mechanisms of mPT-
mediated mitochondrial dysfunction, we conducted an in-depth
analysis to investigate the dose and time dependencies of the
mitochondrial response to BetA. Figure 3A shows the normalized
fluorescence levels of mPTP, AW, Cyt ¢, and porin for isolated
mitochondria following 2 h of treatment with varying concentra-
tions of BetA. Even at 2puM BetA, approximately 20% mPTP
opening and AW, dissipation were observed, which increased to
nearly 60% at 50 pM BetA, accompanied by Cyt c release and
porin reduction. Higher BetA concentrations (100 uM and 200 pM)

SPRINGER NATURE

intensified these effects. Although all factors exhibited a dose-
dependent response, Cyt ¢ and porin displayed delayed changes
concerning BetA concentration. Subsequently, we exposed the
mitochondrial suspension to 20 uM BetA for varying durations.
Figure 3B shows that mPTP opening and AY,, dissipation occurred
as early as 10 min, while Cyt c release and porin reduction were
observed between 60 to 80 min. Notably, mPTP opening slightly
exceeded AY,, dissipation (more than 50% versus less than 50% at
120 min). Comparing the time-dependent trends of mPTP, AY,,,
Cyt ¢, and porin fluorescence, we conclude that a more substantial
mPTP opening and AWY,, reduction are required to trigger OMM
rupture, Cyt c release, and porin reduction. Leveraging the rapid
and highly sensitive nFCM analysis, for the first time, we
experimentally demonstrated that mPTP opening and AW,
depolarization precede Cyt c release and porin reduction in
mPT-mediated mitochondrial dysfunction at the single-
mitochondrion level.

Previous reports have suggested that in Hela cells without
mPTP opening, Cyt c release precedes AY,, loss [6, 12, 39].
However, our data indicate that BetA-induced mPTP opening
results in an earlier loss of AY,, than Cyt c release (Fig. 3A, B). To
address this discrepancy, we conducted BetA and CDDP
treatments at both mitochondrial and cellular levels. In Fig. 2,
CDDP did not induce mPT-mediated mitochondrial dysfunction,
and mitochondrial treatment with varying CDDP concentrations
for 2 h showed no notable changes in AY¥,, or Cyt c levels (Fig. 3C).
In contrast, isolated mitochondria from Hela cells treated with

Cell Death Discovery (2024)10:176
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Investigating the detailed process of mPT-mediated mitochondrial dysfunction using nFCM. A Isolated mitochondria were exposed

to varying concentrations of BetA—O, 2, 10, 50, 100, or 200 uM BetA for 2 h. Subsequently, the fluorescence signals of mPTP, A¥,,,, Cyt ¢, and
porin in single mitochondria were detected using nFCM. B Isolated mitochondria were treated with 20 pM BetA for different durations—o0, 10,
20, 40, 60, 80, 100, or 120 min. Following treatment, the fluorescence of mPTP, A¥,,,, Cyt ¢, and porin in single mitochondria were assessed by
nFCM. C Isolated mitochondria were exposed to various concentrations of CDDP for 2 h, and the levels of A¥,, and Cyt c were analyzed at the
single-mitochondrion level using nFCM. D, E Hela cells were treated with different concentrations of CDDP (B) or BetA (C) for 24 h.
Mitochondria were then isolated, and the levels of A¥,, and Cyt ¢ were analyzed at the single-mitochondrion level using nFCM. F Bax/Bak
double-knockdown Hela cells were exposed to varying concentrations of BetA for 24 h. Subsequently, mitochondria were isolated, and the

levels of AY,, and Cyt c were analyzed using nFCM.

different CDDP concentrations for 24h exhibited a dose-
dependent response in A¥,, and Cyt c levels. While the extent
of Cyt c release increased with the concentration of CDDP and
could be observed at concentrations as low as 5 uM CDDP, AY,,
initially increased with the CDDP concentration and decreased at
around 15 uM (Fig. 3D, Supplementary Fig. S9A, B). These data
suggest that AW, dissipation lags behind the release of Cyt c
during cell death induced by CDDP. A similar phenomenon was
observed for STS, which did not induce mPT-mediated mitochon-
drial dysfunction at the mitochondrial level (Supplementary Fig.
S4), and Cyt c release preceded AW, decrease during cellular
treatment (Supplementary Fig. S10).

In an effort to understand the differences in AW, dissipation
and Cyt c release observed when CDDP and STS were used to
stimulate either at the mitochondrial or cellular level, we
conducted cellular treatment with BetA before isolating the
mitochondria for comparison. A clear and dose-dependent
decrease in both AW, and Cyt c fluorescence was observed in
individual mitochondria when Hela cells were exposed to varying
concentrations of BetA for 24 h (Fig. 3E and Supplementary Fig.
S11). Interestingly, the steeper decrease in Cyt c levels compared
to AW, contradicted the mitochondrial-level observation that
BetA induced A¥,, depolarization before Cyt c release (Fig. 3A, B).
The release of Cyt c into the cytoplasm occurs following mPTP
initiation or Bax/Bak oligomerization at the cellular level [6]. To
minimize Bax and Bak interference, HelLa cells were genetically
modified through stable transfection of short hairpin RNAs
(shRNAs) specifically targeting Bax and/or Bak, generating three
clones (Bax shRNA, Bak shRNA, and Bax/Bak shRNA). Immunoblot-
ting analysis confirmed the negligible expression of Bax and Bak in
the transfected Hela cells (Supplementary Fig. S12). Then, the loss
of AW\, and release of Cyt c were examined in HelLa cells with Bax/
Bak double-knockdown using varying concentrations of BetA for
24 h (Fig. 3F and Supplementary Fig. S13). At low BetA doses, rapid
AV, dissipation was observed, while significant Cyt c release was
detected only at around 25 uM BetA. These findings indicate that
even in Hela cells with Bax/Bak double-knockdown, Cyt c release
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can occur in response to BetA treatment, and the kinetics closely
resemble those observed in isolated mitochondria treated with
BetA (Fig. 3A). Specifically, AY,, dissipation precedes the release
of Cyt c.

mPT-mediated mitochondrial dysfunction leads to cell death
through multiple pathways
Mitochondria serve as the executioners of cell demise, housing
factors linked to cell death, such as AIF, PNPT1, and mtDNA, which
are released into the cytoplasm during cell death [7, 40]. Using
nFCM to detect changes in AIF, PNPT1, and mtDNA content in
individual mitochondria allows for the investigation of their
release in mPT-mediated mitochondrial dysfunction. To assess
nFCM sensitivity in detecting AIF and PNPT1 in individual
mitochondria, mitochondria isolated from Hela cells were
incubated with anti-PNPT1 polyclonal antibody or anti-AIF mAb
at a concentration of 20 ug/mL, followed by labeling with CoralLite
488-Conjugated  AffiniPure IgG. Meanwhile, a membrane-
permeable nucleic acid dye, SYTO 62, was used to label mtDNA
[28, 32]. Representative side scatter and green fluorescence burst
traces, bivariate dot-plots of green fluorescence against SSC, and
fluorescence distribution histograms of AIF and PNPT1 confirmed
the ample sensitivity of nFCM (Supplementary Fig. S14A, B).
Subsequently, isolated mitochondria were treated with 0.5%
DMSO, 100 uM BetA, 200 uM BetA, or 200 uM CDDP for 2h.
Following immunofluorescent staining or mtDNA labeling, mito-
chondrial samples were analyzed by nFCM. The fluorescence
distribution histograms of AIF, PNPT1, and mtDNA displayed a
leftward shift following BetA treatment compared to 0.5% DMSO,
with a more pronounced shift at 200 uM BetA, while CDDP
treatment had no discernable effect (Fig. 4A (i-iii)). The normalized
median fluorescence bar graph clearly illustrated that 100 uM and
200 uM BetA, instead of 200 uM CDDP, significantly reduced AlIF,
PNPT1, and mtDNA levels within mitochondria, indicating their
release (Fig. 4B (i-iii)). These findings were validated using
immunoblotting and nucleic acids quantification using a quick
drop spectrophotometer (Fig. 4C (i-iii)). In conclusion, BetA-
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non-significant.

induced mPTP opening leads to the comprehensive release of
various cell-death-associated factors, initiating cascades that
facilitate cell death induction, highlighting its potential as an
effective anticancer therapy strategy.

Promising chemotherapeutic potential of BetA for cancer
treatment

Subsequently, an investigation into BetA’s potential for inducing
cell death and cancer treatment was conducted. Hela cells were
exposed to 100 uM BetA, with or without the pan-caspase
inhibitor Z-VAD(OMe)-FMK, for 24 h. Cell death was assessed
through Annexin V/PI staining, revealing that even in the presence
of caspase inhibitors, BetA-induced cell death persisted, albeit at a
reduced rate (60% vs. 90%) (Fig. 5A and Supplementary Fig. S15).
This suggests that BetA can trigger both caspase-dependent and
caspase-independent cell death pathways.

Tumors often exhibit defects in Bax and Bak genes, potentially
leading to drug resistance against therapies relying on these
factors for cell death [41, 42]. Therefore, strategies that can
overcome the deficiency of Bax and Bak hold promise in cancer

SPRINGER NATURE

treatment. To investigate their role in cell death at the cellular
level, HelLa cell clones (Bax shRNA, Bak shRNA, and Bax/Bak
shRNA) were exposed to 100 uM CDDP, 500 nM STS, 100 uM BetA,
and 100 uM AA for 24 h. Cell death rates were measured, with the
control cell line set at 100%, against which the knockdown cell
lines were compared. Results revealed distinctions, with CDDP and
STS showing significantly lower cell death rates in the knockdown
cell lines, particularly the Bax/Bak double-knockdown cells with an
approximately 60% reduction (Fig. 5B and Supplementary Fig.
S16A, B). However, BetA and AA had a smaller impact on Bax and
Bak silencing compared to CDDP and STS, resulting in a mere 20%
difference in cell death between the Hela control cell line and
Bax/Bak shRNA cells (Fig. 5B and Supplementary
Fig. S17A, B). These findings suggest that Bax/Bak-modified Hela
cells are resistant to STS and CDDP-induced cell death but remain
susceptible to BetA and AA-induced cell death due to their ability
to activate cell death pathways independent of Bax and Bak.
Drug resistance in breast cancer patients, particularly to
medications like doxorubicin (DOX), is a significant challenge
linked to drug efflux pumps expelling chemotherapy agents using
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§ i dkkk — i
< 120 1 *kkk | |
b | —— |
P
S !
8 80
s I
S
S 40+
c
@
o
)
“ % =2 r ;
A
co““°\ geth \F * Be
S ' ns.
5 Fkkk f 1
S 80-
: I
g I
kS
S 40
]
c
@
<
s I
o L] T 1 L] 0*
A N\CF' 2 \8]
MCF Be“A x Be\A x N\c

L. Su et al.

B

150 Control Bax shRNA

T Bak shRNA Bax/Bak shRNA
—_ *kkk ek p— == 5
° T T n.s. —*__
= = oy n.s. ns.
g _ —_
8 1004 ] | I
5 il B
- I I I
£ Ik
< I
E 509 I
£ I I
©
o

0

CDDP STS BetA AA

Classical pathway Alternative pathway

Cisplatin (CDDP)
Staurosporine (STS)

Betulinic acid (BetA)
Antimycin A (AA)

0 (1} I3,

0o o
o

®e
(%]
°

. Bax/Bak O Cytc J

Opened mPTP

Fig. 5 Powerful chemotherapeutic potential of BetA for cancer cell treatment. A Hela cells were pre-treated with 100 pM Z-VAD(OMe)-FMK
(ZVF) for 12 h before the addition of BetA. After 24 h of treatment with 100 uM of BetA, cell death was quantified using Annexin V/PI staining,
followed by analysis on a BD FACSAria flow cytometer. B HelLa cells infected with lentivirus carrying a scrambled shRNA (control) or shRNAs
targeting Bak (Bak shRNA), Bax (Bax shRNA), or both (Bax/Bak shRNA) were exposed to 100 uM CDDP, 500 nM STS, 100 pM BetA, or 100 pM AA
for 24 h. Cell death was assessed using Annexin V/PI staining, followed by analysis on a BD FACSAria flow cytometer. C Cell death in MCF-7 and
MCF-7 DOX cells was measured by flow cytometric analysis after treatment with 100 uM BetA for 24 h, using Annexin V/PI staining.
D Schematic diagram illustrating cell death induction by BetA and AA, involving a Bax/Bak-independent and mPT-mediated mitochondrial
dysfunction. Conversely, cell death triggered by CDDP and STS is reliant on Bax/Bak oligomerization. Error bars represent the mean + standard
error of three independent experiments, and statistical significance was determined using paired t-test analysis. ****P < 0.0001, ***P < 0.001,

**P <0.01, *P < 0.05, and n. s., non-significant.

ATP from mitochondria [43]. Overcoming drug resistance is an
imminent concern that demands attention [44]. In this study, both
MCF-7 and MCF-7/DOX cells were exposed to 100 uM BetA for
24 h, and cell death was evaluated using flow cytometry. The
outcomes indicate no notable discrepancy in cell death between
the two cell lines (Fig. 5C and Supplementary Fig. S18). This may
be attributed to BetA’'s ability to disrupt the mitochondrial
respiratory chain, hindering ATP production, and deactivating
the drug efflux pump, potentially overcoming chemotherapy
resistance [45]. These findings suggest that Bax/Bak-mediated cell
death and mPT-mediate cell death occur as distinct processes, as
depicted schematically in Fig. 5D. BetA and AA directly induce
mitochondrial dysfunction, thereby overcoming the resistance
acquired upstream of the mitochondria. In contrast, the pathway
performed inconspicuously in CDDP and STS-induced cell death.

DISCUSSION

The mPTP is a pivotal regulator of mitochondria, and its prolonged
opening can result in cell death [2, 14]. Simultaneously, MOMP,
initiated by the cytoplasmic protein Bax translocating to the OMM
and forming oligomers, either with itself or with Bak, contributes
to the mitochondrial-mediated death pathway [46]. Given the
similarities in the mitochondrial dysfunction caused by these two
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scenarios, understanding the mechanisms of mPT-mediated cell
death, particularly the sequence of events and the release of cell-
death-associated factors during this process, remains challenging
[3, 6, 7, 12]. To address this challenge, using isolated mitochondria
to exclude cytoplasmic proteins and prevent interference from
Bax/Bak-induced MOMP, while eliminating endogenous regulatory
factors, has proven effective for investigating mPT-mediated
mitochondrial dysfunction [21]. In this report, we have developed
a high-throughput method utilizing nFCM technology to quanti-
tatively measure mPT-mediated mitochondrial dysfunction para-
meters at the individual mitochondrial level, including mPTP
opening, AY,, depolarization, Cyt c release, and porin protein
reduction.

Previous studies have shown that compounds such as BetA, AA,
STS, and CDDP induce mPT-mediated mitochondrial dysfunction
at the cellular level [47-50]. However, our nFCM analysis with
isolated mitochondria has revealed that BetA and AA directly
induce mitochondrial dysfunction through mPT, while STS and
CDDP do not have the same effect, likely due to the involvement
of Bax and Bak at the cellular level. Furthermore, our nFCM
analysis revealed that BetA primarily induces mPTP opening by
reducing Bcl-2 and Bcl-xL protein levels and increasing ROS
content (Fig. 2C). Consequently, our method holds promise for
screening anticancer drugs or modulators that directly induce
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mPT-mediated mitochondrial dysfunction. When combined with
genetic manipulation techniques such as protein knockout, this
approach can aid in unraveling the composition and constituents
of the mPTP.

Theoretically, mPTP opening leads to a rapid decrease in AY,,,
occurring prior to the release of Cyt c [6, 39, 51]. Through
systematic stimulation of isolated mitochondria and nFCM
analysis, we have provided the first experimental evidence
confirming that AW, depolarization precedes Cyt c release during
BetA-induced mPT-mediated mitochondrial dysfunction (Fig.
3A, B). This result has been validated by experiments involving
the reduction of Bax and Bak protein expression in cells (Fig. 3F).
Hence, quantitative nFCM analysis provides valuable insights into
the fundamental mechanisms underlying mPTP opening and its
subsequent outcomes, clarifying the chronological relationship
between AW, decrease and Cyt c release during cell death
induced by different drugs. The choice between mPTP opening
and Bax/Bak oligomerization hinges on the specific drug used to
activate the mitochondrial pathway.

Our study has, for the first time, observed the simultaneous
release of Cyt ¢, AIF, PNPT1, and mtDNA in the context of mPT-
induced mitochondrial dysfunction (Figs. 2A (iii), 2B (iii) and 4).
These factors initiate multiple pathways that promote cell death
[7, 52-55], highlighting the potential of mPT-mediated mitochon-
drial dysfunction for eliminating cancer cells (Fig. 6). Moreover,
defects in the cell death pathways upstream of mitochondria, such
as reduced expression of pro-apoptotic Bcl-2 proteins (Bax and
Bak) and caspases, as well as drug efflux pump expelling
chemotherapy agents, contribute to the development of drug
resistance in cells [56]. Our observations reveal that BetA, a drug
that directly induces mPT-mediated mitochondrial dysfunction,
possesses a remarkable ability to trigger caspase-independent cell
death at the cellular level. It is also effective in killing cancer cells,
even in the absence of Bax and Bak, thereby overcoming drug
resistance in doxorubicin (DOX)-tolerant cell lines (Fig. 5C). In
summary, by leveraging the advantages of nFCM to quantify
mPTP opening and its subsequent consequences in individual
mitochondria, we have unveiled the intricate mechanisms under-
lying mPT-mediated initiation of cell death. This understanding
offers significant potential for innovative mitochondria-targeted
anticancer strategies and overcoming cancer resistance.
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MATERIALS AND METHODS
Details of experimental protocols can be found in SI Appendix.

Mitochondrial swelling assays

The investigation of mitochondrial swelling induced by high levels of Ca*"
was conducted using the method previously described by Schinzel et al.
[57]. Isolated mitochondria (0.5 mg proteins) from all experimental groups
were diluted into 200 pL of swelling buffer at 25 °C. Prior to exposure to
CaCl,, the mitochondrial suspension in the treatment groups was
supplemented with CsA (10 uM) and allowed to incubate for 30 min. The
induction of swelling was achieved by the addition of 400 uM CaCl,, and
the changes in light scattering at 540 nm were recorded using a microplate
reader (SpectraMax iD5, Molecular Devices, San Jose, CA, USA) to monitor
the decrease in light scattering at 540 nm for a duration of 30 min.
Statistical analysis was performed using the variance in optical density
(OD540) between the highest reading immediately subsequent to CaCl,
addition and the lowest reading obtained 30 min post addition.

Nano-flow cytometry analysis

A laboratory-built nano-flow cytometer (nFCM) with a 488-nm laser
excitation laser (10 mW) and three detection channels was used for the
analysis of individual mitochondria [28]. The FL-1 channel (520/35nm
band-pass filter) and FL-2 channel (700/40 nm band-pass filter) were used
to detect the green fluorescence (DiOCg, Calcein, and CoralLite 488) and red
fluorescence (SYTO 62 and MitoSOX Red), respectively. Photon bursts were
concurrently detected in the side scatter, green fluorescence (FL-1), and
red fluorescence (FL-2) channels. The process of data acquisition and
analysis remained consistent with those previously delineated. For each
mitochondrial sample, a 60s of data acquisition period was used.
Additional information regarding the nFCM, including its parameter
settings and data processing, can be gleaned from the elucidations put
forth by Zhang et al. [28].
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