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ABSTRACT: Here, we demonstrate an interesting strategy of modulating
mitochondrial reactive oxygen species (ROS) using the organic electron acceptor
molecule carbonyl-bridged bithiazole attached with bis-trifluoroacetophenone
(BBT). This molecule was found to affect complex I activity. It has the propensity
to bind close to the flavin mononucleotide site of complex I of mitochondria where it
traps electron released from nicotinamide adenine dinucleotide (NADH) and
elevates intracellular ROS, which suggests that the bridged carbonyl in BBT plays a

crucial role in the acceptance of electron from NADH. We understand that the 4 . \M ol cme,,
potential of the NADH/NAD+ redox couple and low-lying LUMO energy level of -
BBT are compatible with each other, thus favoring its entrapment of released _- -

electrons in complex I. This effect of BBT in ROS generation activates JNK and p38 > g -

stress-dependent pathways and resulted in mitochondrial-dependent apoptotic cell ' =

death with the reduction in expression of several important cyto-protecting factors

(Hsp27 and NFkB), indicating its potential in inhibition of cancer cell relapse.

Intriguingly, we found that BBT is not a P-glycoprotein substrate, which further reveals its excellent anticancer potential. This study
enlightens us on how the power of electron acceptor ability became an emerging strategy for modulation of intracellular function.

B INTRODUCTION reduce ‘O,~ to form H,0,. Both ‘O, and H,0, pass through
the membrane into the cytoplasm via a VDAC (voltage-
dependent anion channel) and aquaporin.* Then, cellular ROS
can damage cellular proteins, lipids, and DNA and results in

Reactive oxygen species (ROS) plays a pivotal role in cancer
genesis and progression. Mitochondria are the key metabol-
ically active cellular organelles for the production of intra-

cellular ROS in most mammalian cells." In general, complexes mutagenesis.” ROS regulates the cellular redox signaling’
I, II, 111, and ubisemiquinone of the electron transport chain where excessive ROS induces apoptotic cell death following
(ETC) are involved in the production of superoxide (‘O,”). the JNK/p38 pathway or autophagic pathway.” Dysregulation
NADH is the most important electron donor in eukaryotic of mitochondrial ROS generation in cancer plays important
cells, and the associated electron transport chain is as follows: role in tumor growth and malignancy.® A certain level of ROS
NADH — complex I - Q — complex III — cytochrome ¢ — is pro-tumorigenic in cancer cells and documented in cancer
complex IV — O,, where complexes I, III, and IV are proton progression. For instance, mitochondrial ROS promotes
pumps, while Q and cytochrome c are mobile electron carriers, mutagenesis of both mitochondrial and nuclear DNA that
and the electron acceptor is molecular oxygen. Inhibition of induces the progression of cancer.” This ROS-dependent
electron transport or inhibition of complex I? results in the tumorigenesis results in a higher concentration (near to the
decrease in adenosine triphosphate (ATP) production due to threshold value) of cancer cells than normal cells. Thus, many

prevention of the conversion of NADH into usable energy
such as ATP, which causes the enhancement of ROS
generation (free radicals). Other electron carriers such as
glutathione (GSH) and CoQH2 (reduced coenzyme Q) carry _
out regulation of ‘O,” in the cell. The extent of ‘O, production Received:  January 18, 2021
solely depends upon NADH/NAD+ and CoQH2/CoQ ratios ACCQP ted:  February 4, 2021
and the local O, concentration. For instance, higher Published: March 10, 2021
production of 'O, results to higher matrix NADH/NAD+

and reduced FMN (flavin mononucleotide) site in complex I.*

Then, mitochondrial superoxide dismutase (SOD2) can

chemotherapeutic agents could be used to induce cancer-
specific ROS generation leading to cell death.'’

© 2021 The Authors. Published b
American Chemical Societ; https://dx.doi.org/10.1021/acsomega.1c00308
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Figure 1. BBT induces mitochondrial ROS production. Structure of CS, FAP, BBT (ROS-producing structure is denoted as a box), and LBT. (A)
Microscopic images represent MitoSOX assay in MCF7 cells after treatment with only 12.5 4M BBT or 12.5 uM BBT along with MitoTempo (10
uM). Scale bars correspond to 20 ym, and the magnification is 40X. (B) Microscopic images represent MitoSOX assay in HeLa cells. Cells were
incubated in the absence (control) or presence of only 12.5 M BBT. Then, cells were subjected to the MitoSOX reagent and visualized under a
microscope. Scale bars correspond to 20 ym. (C) Quantification of mitochondrial ROS using MitoSOX in MCF7 and HeLa cells treated with BBT.
(D) Data are shown as means + SD and have been analyzed using unpaired T test. ROS: reactive oxygen species, BBT: carbonyl-bridged bithiazole
attached with bis-trifluoroacetophenone, LBT: linear bithiazole, CS: central scaffold, and FAP: trifluoroacetophenone.

The cancer cell death process is highly regulated by different trations by its ATP-dependent efflux pump. Due to its broad

factors."' Various cytotoxic drugs are involved in inducing substrate affinity property, it can pump out various anticancer
necrotic, apoptotic, and autophagic types of cell death molecules and is thus considered as an important factor for
processes.' Cell death through apoptosis can be caspase cancer drug resistance and poor prognosis.” Further, cancer
dependent or independent based on the availability of the cells show a higher accumulation of genomic mutations to
required factors.'”” ROS inducers show either apoptosis or modulate different internal factors to make the cells survive at
autophagy or necrosis based on different cell death signaling extreme conditions like stress (increased oxidative stress) and
pathways. Briefly, outer membrane localization of phosphati- chemo- or radiation therapy. There are several factors involved
dylserine, depolarization, or loss of mitochondrial membrane in promoting cancer cell resistance, whereas activation of
potential symbolizes early events in apoptotic-like cell death. HSP27'® and NF«B'® have an indispensable role in the
Cleavage-dependent activation of caspases 9 and 3, inactivation cytoprotective effect conferring cancer cell resistance to death
of poly(ADP-ribose) polymerase (PARP), and induction of stimuli. Thus, analysis of the effect of the resistant and
DNA fragmentation are late apoptotic events."? Autophagy can cytoprotective factors on the activity of anticancer molecules is
be related to the localization of LC3 in autophagy bodies."* essential.

Increasing trends in drug resistance to aggressive cancers is Our molecule BBT contains a carbonyl-bridged bithiazole
the main cause of poor clinical success.">'® These resistant module for ROS generation (Figure 1A).”° This hybrid
cancer cells display disease recurrence and malignancy, which molecule is a strong electron acceptor in nature due to the
ultimately leads to poor prognosis after treatment. Cancer cells presence of a carbonyl-bridged bithiazole moiety, which
render a resistant property by over-expressing multidrug initially accepts electrons and then distributes them to two
resistant 1 protein (MDR1) also named P-glycoprotein (P- trifluoroacetophenone terminals (Figure 1A).”' We have
gp), which can modulate many intracellular drug concen- shown how this organic electron acceptor elicits ROS
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production both in the mitochondria and cytoplasm of the
cancer cells. Herein, we proposed both experimentally and
computationally that our molecule inhibits mitochondrial
complex I by inhibition of electron transport from NADH,
which enhances the ROS. Further, its affinity with P-gp and its
role in the regulation of important disease resistance genes
have also been investigated. Finally, the tumor inhibitory effect
has been analyzed in the more aggressive 3D model of cancer
cells, HeLa.

B RESULTS

BBT as an Electron Acceptor Can Confer ROS
Production. To verify the hypothesis of BBT as a ROS
inducer, the cellular redox state has been analyzed using
various techniques. Again, it is well known that mitochondria
serve as an important source of ROS in cells and most
importantly in cancer cells.”” It is interesting to note that BBT
can form intermediates in the presence of NADH and O,
which can trigger ROS production. Thus, mitochondrial ROS
production was initially analyzed after treatment with BBT in
both MCF7 and HeLa cancer cells using microscopy and flow
cytometric analyses. At first, we examined the change in the
mitochondrial redox potential of MCF7 cancer cells by
evaluating the changes in the flavoprotein fluorescence
(autofluorescence, green) in cells. Interestingly, we observed
a good increment in the green fluorescence in 12 h BBT-
treated MCF?7 cells, which represents the shift of mitochondria
toward the more oxidative state (Figure S1). Further,
mitochondrial oxidative stress has been analyzed using a
MitoSOX/mitochondrial ROS detection probe in both MCF7
and HeLa cancer cells. In each experiment, cells were treated
with BBT for 12 h and incubated with the MitoSOX to
determine the presence of the superoxide inside the cell. Here,
microscopic images show significant intense red fluorescence
in MCF7 and HeLa cells treated with BBT than that in
untreated controls (Figure 1B—D). This increase in red
fluorescence represents the higher production of mitochondrial
superoxide due to BBT. Furthermore, inhibition of the
mitochondrial ROS generation in MitoTempo treatment
along with BBT resulted in a significant decrease in red
fluorescence in MCF7 cells (Figure 1B). This is due to the
antioxidant property of MitoTempo, which can specifically
minimize the ROS production in mitochondria. Therefore,
BBT has been found to have a potential role in the
enhancement of mitochondrial superoxide generation. Follow-
ing the microscopic experiment, flow cytometric evaluation of
MitoSOX experiments in MCF7 and HeLa cells reveals
significantly higher mean red fluorescence intensity in the
case of an increasing concentration of BBT compared to that
of the control (Figure 1D and Figures S2 and 3). In MCF7
cells, there is a ~2-fold increase in fluorescence intensity with
the increase in concentration of BBT from 6.25 to 12.5 yM.
Further, mitochondrial ROS production efficiency of BBT is
compared with CS. Here, no significant increment in the
fluorescence intensity of cells treated with CS has been
observed in comparison with the control. This result indicates
that the presence of the trifluoroacetophenone moiety plays a
major role in the modification of the superoxide status in
cancer cells. Similarly, BBT shows the efficient mitochondrial
superoxide formation in HeLa cells (Figure 1C and Figure S3).
This can be assumed because of the ~3-fold increments of red
fluorescence in cells treated with BBT than in untreated
control cells. Again, the mitochondrial ROS production was
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found to enhance with the increasing concentration of BBT in
HeLa. This is quite predictable from the result showing a
maximum ~25-fold increase in red fluorescence after treatment
with 25 yM BBT than the control. Again, to validate the
importance of structural moieties of BBT, the effect of LBT on
mitochondrial ROS generation was assayed. Here, the flow
cytometric result confirms that ROS generation upon treat-
ment with various concentrations of LBT was quite less. This
could also be discussed with our previous observation
regarding the cyclic voltammetry assay revealing the high
electron accepting nature of BBT compared to the LBT.”'
These results indicate that the mitochondrial ROS generation
requires the availability of both bridged carbonyl and
trifluoroacetophenone, which can synergize the ROS produc-
tion, and thus BBT can enhance the generation of
mitochondrial superoxide.

Next, microscopic images of DCFDA analysis after treat-
ment of MCF7 cells with 12.5 yuM BBT show intense green
fluorescence than control cells (Figure S4A). Similarly, flow
cytometric analysis reveals a ~34-fold increase in fluorescence
compared to control cells (Figures S4B and SS). These results
denote an accumulation of the higher amount of cytoplasmic
ROS in the case of BBT-treated cells. In reduced form, DHE
shows blue fluorescence and localizes at the cytosol of the
cell.”® Upon oxidation, DHE is converted to 2-hydroxyethi-
dium by cellular superoxide, emits red fluorescence, and gets
intercalated into the DNA, which can be visualized using the
microscope and quantified by FACS. Microscopic images show
significant blue fluorescence in the case of the control,
representing a reduced form of DHE and a lower level of
ROS species. However, BBT (6.25 uM)-treated MCF7 cells
show an accumulation of red fluorescence of DHE,
representing higher cellular oxidative stress (Figure S4C).
The flow-cytometric analysis represents a dose-dependent
increase in fluorescence intensity in BBT-treated MCF7 cells.
Even the red fluorescence intensity observed in a lower
concentration (3.125 M) of BBT-treated cells is significantly
higher by ~1.8-fold in comparison to the control cells (Figures
S4D and S6). Hence, BBT in contrary to CS and LBT is found
to induce mitochondrial ROS, which eventually gets
accumulated in the cytoplasm.

Mechanistic Understanding of Mitochondrial ROS
Generation by BBT. We know that NADH, being a key
molecule, plays a vital role in the redox process in
mitochondria and can donate electrons. From this information,
we speculated fundamentally that if NADH donates electrons
to BBT, then there must be a redox potential compatibility
among NADH, BBT, and O,. In this instance the oxidation
potential of NADH should be energetically close to the
reduction potential of BBT in mitochondria. To find out
whether NADH can transfer electrons to BBT, LBT, CS, and
FAP, we have compared the electrochemical redox potentials.
According to the previous reports, the formal potential (E,’) of
the NADH/NAD" redox couple is —0.560 V vs SCE (pH 7.0
at 25 °C),”* which is highly dependent on pH and

temperature,” whereas E,' of the 0,/0,~ redox couple is
—0.73 to —0.82 V vs SCE in aprotic media.”® Previously, we
reported”’ that the electrochemical reduction potential of BBT
in fluorobenzene is —1.16 V vs ferrocene/ferrocenium ion
couple, corresponding to a redox potential of —0.74 V vs SCE
and the lowest unoccupied molecular orbital (LUMO) energy
level of —3.6 eV. These redox potentials are very close, and

https://dx.doi.org/10.1021/acsomega.1c00308
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Figure 2. Electron accepting power of BBT modulates the mitochondrial complex I function. (A) Diagrammatic representation of the molecular
structure and HOMO/LUMO energy levels of CS, FAP, and BBT. Molecular docking image of FMN (red) in complex I (blue). (B) Diagrammatic
illustration of the molecule having 1,4-dihydropyridine-3-carboxamide that can transfer the electron to the BBT to form its intermediate, which
reversely transfers the electron to oxygen to form reactive oxygen species. (C) Complex I activity analysis in the presence of rotenone (Rot; 12.5
uM) and BBT (6.25, 12.5, and 25 uM). Data are shown as means = SD and have been analyzed using one-way ANOVA (***p < 0.0001). (D)
Molecular docking of BBT (green) with mitochondrial complex I (blue), where the FMN is represented as red spheres. (E) Molecular interaction
of BBT with different amino acids of complex I, which is near to the FMN site. FMN: flavin mononucleotide, HOMO: highest occupied molecular

orbital, and LUMO: lowest unoccupied molecular orbital.

thus it is considered that NADH reduces BBT in aqueous

solution, which can mediate the reduction of O, to O, ™. Then,
the LUMO energy states for BBT, LBT, CS, and FAP have
been evaluated using density functional theory (DFT)
calculations (Figure 2A). The LUMO energy level of BBT
was calculated to be —3.57 eV, which is well consistent with
the experimental value (—3.6 eV). In contrary to BBT, CS and
FAP molecules have higher LUMO energy (more negative
redox potential), thus their reduction by NADH and the
mediation of O, reduction are quite difficult. Hence, NADH
can easily reduce BBT, which eventually resulted in BBT
radical anion formation. Next, the BBT radical anion caused
the formation of superoxide ion, which elevates oxidative stress
(Figure 2B). As both NADH and O, have quite high
concentrations in the mitochondria, we assume that the
molecules are entering the mitochondria and carried out the
change in the redox process of the ETC that generates a large
amount of ROS in the cell. Moreover, we assume that BBT
binds at complex I in the mitochondrial respiratory chain as we
postulate that BBT traps the electron releases from NADH.
Thus, we have analyzed the effect of the BBT on complex I
activity. Thus, we have checked the activity of complex I in the
presence of BBT (Figure 2C). We have used rotenone, a
known complex I inhibitor, as a control. Here, we observed
significant dose-dependent inhibition of the complex I activity
in the presence of BBT. This represents that BBT goes inside
the mitochondria and interacts with complex I and inhibits its
activity. Like rotenone, BBT affects complex I activity and
might be generating ubisemiquinone. This ubisemiquinone
consequently donates electrons for the generation of
mitochondrial superoxides. To further understand the
mechanism of BBT in ROS generation, we have tried to
understand the effect of mitochondrial ROS in the presence of
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a complex I inhibitor, such as rotenone and BBT. This has
been conducted using MitoSOX by flow cytometry as
discussed above.

Here, HeLa cells were treated with either 40 yM rotenone
or 12.5 yuM BBT or their combination for 4 h. In flow
cytometric analysis, we observed that the use of rotenone
increased the mitochondrial ROS, and an increase in
mitochondrial ROS was observed when rotenone was applied
along with BBT in comparison with the treatment of only BBT
(Figure S7). This represents an increase in mitochondrial ROS
generation even after a short time of incubation with BBT.
Still, a very negligible change in ROS has been noticed
between BBT and BBT with rotenone-treated cells. This might
be because electrons from NADH get transferred to BBT but
not to FMN, which participates in ROS generation (Figure
3A,B). Next, it is worth to understand the binding location of
BBT in complex I For this purpose, we performed blind
docking of BBT in complex I (Figure 2D). Interestingly, we
found that BBT binds very close to the FMN site of complex I
through H bonding of the carbonyl group of one of the
trifluoroacetophenone moieties and bridged carbonyl group
with ARG-86 and GLY-350 of complex I, respectively, and
—N= of the central moiety of BBT with LEU-349 of complex
I with an affinity of —9.5 kcal/mol (Figure 2E).

BBT Induces Cell Death Predominantly by Apoptosis.
Cancer cells display higher accumulation of oxidative stress.
Therefore, a small increase in oxidative stress can make the
cells vulnerable. As BBT is found to induce oxidative stress, we
were interested in verifying its cytotoxic effect as well. Initially,
we have checked the cell viability using various cancer cells like
cervical cancer (HeLa and SiHa), breast cancer (MCF7), lung
adenocarcinoma (AS49), and glioblastoma (U87MG) (Figure
S8) after treatment with BBT, and the ICs, values for the cells

https://dx.doi.org/10.1021/acsomega.1c00308
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Figure 3. (A) Schematic illustration of mitochondrial active ETC
complexes. NADH as a source of electron to start the electron transfer
through various complexes to produce ATP in the absence of BBT.
(B) Whereas in the presence of BBT (green spheres) that binds close
to the FMN site (red spheres), it shows electron acceptance from
NADH, thus hindering the overall pathway of electron transfer and
ATP generation, resulting to an increase in ROS production. NADH:
nicotinamide adenine dinucleotide hydrogen, and ATP: adenosine
triphosphate.

are HeLa = 5.12 uM, AS49 = 8.88 uM, US87MG = 4.75 uM,
MCF7 = 3.7 uM, and SiHa = 6.6 M. Here, we have observed
significant cytotoxicity of BBT against various types of cancer.
However, BBT did not show cytotoxicity in normal lung
fibroblast WI-38 cells, proving that it is not cyto-toxic in
normal cells. (Figure S9). From this effect of BBT, we moved
to understand the effect of BBT on cancer cell cycle
progression, and we have performed flow cytometric analysis.
Results show a gradual increase in cell population in the sub
GO phase in a dose-dependent manner up to 25 uM
concentrations of BBT (Figure 4A and Figure S10). This
represents that there is no significant cell cycle arrest at any
checkpoint but rather an increased fragmentation of DNA after
treatment. To demonstrate the cytotoxic effect of BBT as the
type of cell death, we have adopted annexin-PI assay. Here, in
HelLa cells, early (71.8%) and late (21.0%) apoptotic cells have
been found after BBT treatment, while in the control
(untreated cells), only 4.9% cells were found in early apoptosis
and 10.7% cells in late apoptosis. (Figure 4B). Next, we studied
autopha%y, which can be detected by understanding the LC3
status.””** Hence, we have used the flow-cytometric method to
quantify the autophagic cancer population based on LC3
localization. Histogram representation depicts less increase in
LC3 detection in 12.5 uM-treated cells than control cells
(Figure S11). This denotes that a small population of cells
undergoes autophagic cell death. Overall, the cell death
analysis denotes apoptosis as the predominant pathway than
autophagy in BBT-treated cancer cells.

BBT Induces Loss of Mitochondrial Membrane
Potential. Now, we have analyzed the pathway of cell
death. ROS generation can modulate the mitochondrial mode
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apoptosis.”” Thus, to analyze these events, we initially analyzed
the loss of mitochondrial potential using a cell-permeable JC1
molecule. Thus, observation of fluorescence in cells before and
after treatment of BBT has been conducted using a flow
cytometer. Here, most of the untreated cells depict a lower
green/red fluorescence ratio representing intact membrane
potential. On the other hand, cells treated with 12.5 yM BBT
resulted in the population having an increased green/red
fluorescence ratio and emitting mostly at the green
fluorescence channel (Figure 4C and Figure S12). This change
in the red/green fluorescence ratio from control cells after
treatment represents increase in mitochondrial outer mem-
brane permeabilization (MOMP) potential, which affects the
JC1 aggregation at mitochondria.

BBT Induces Cyt C Release from Mitochondria.
Microscopic images show co-localization of green cyt C with
red mitochondria in control cells. This represents occupancy of
cyt C at its usual location, i.e., mitochondria. In the case of
BBT treated cells, dispersion of the green signal around the
cytoplasm has been observed as well as the limited co-
localization of the green signal with red mitochondria (Figure
S13). This indicates release of cyt C from the mitochondria of
HeLa cells after treatment of BBT.

BBT Activates Stress-Related JNK/c-Jun and p38
Pathways. Stress such as oxidative damages activates JNK
and p38 signaling pathways.’® Thus, we have analyzed the
activation of JNK or stress-activated protein kinases expression
after treatment of BBT. Here, we have quantified phosphory-
lated JNK at Thr183 and Tyrl82 in HeLa cells, which
indicates the active form of the protein. To further validate the
activation of JNK, activation of c-jun, which is its most
important downstream protein, has been analyzed. Figure 4D
represents that, in contrast to untreated cells, significantly
phosphorylated c-jun has been found in BBT-treated cells. Like
JNK, we also observed p38 activation as the striking increased
in the presence of phospho-p38 protein in BBT-treated HeLa
cells than in untreated cells (Figure 4D). Further increasing
pieces of evidence show that JNK/c-jun activation can regulate
mitochondria-dependent cellular apoptosis. Briefly, JNK
activation can trigger the cytoplasmic release of cyt C*' and
result in the mitochondrial pathway of apoptosis.

BBT Triggers the Mitochondria-Dependent Apop-
totic Pathway. As BBT induces apoptosis, we initially
checked the activation of caspase 9 using immunoblot
experiments. The result indicates an intense band of the
cleaved form of caspase 9 for cells treated with the compound
compared to untreated (control) cells (Figure 4D), indicating
the activation of caspase 9 by BBT.

Next, we investigated the activation of caspase 3 as
downstream of activation of caspase 9. Thus, we initially
performed an analysis of its activity based on the colorimetric
analysis. In principle, PARP, which is an important substrate of
active caspase 3, has a conserved cleaving sequence (DEVD).*
Here, only BBT-treated cells shows an ~4-fold increase in free
pNA absorbance at a 40S nm wavelength compared to control.
Additionally, 2 M doxorubicin (DOX) has been used for the
positive control of the experiment and that shows only ~2-fold
increase in comparison to control cells (Figure S14). This
indicates the activation of caspase 3 due to BBT treatment,
which is higher than the conventional anticancer drugs. Also,
caspase 3 activity has been analyzed using the flow cytometer.

https://dx.doi.org/10.1021/acsomega.1c00308
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Figure 4. BBT activates JNK-, p38-, and caspase-dependent apoptosis. (A) Cell cycle histograms of Hela cells after treatment with various
concentrations of BBT. Analysis of apoptosis using the annexin V and PI method. (B) HeLa cells were incubated in the absence (control) or
presence of BBT (12.5 yuM). Then, cell death was analyzed using annexin V and PI through flow cytometry. (C) Flow-cytometric analysis of
mitochondrial membrane potential (A%¥m) with the help of JC-1 staining in treated and untreated samples.(D) Immunoblotting analysis of cell
lysates collected from HeLa cells after treatment of 12.5 uM BBT. Stress response pathway (p-JNK1/2, p-c-jun, and p-p38) and apoptotic factors
(cleaved caspase 9 and 3 and PARP) were seen to be upregulated on treatment with BBT. a-Tubulin was used as a loading control. All experiments
have been performed thrice (n = 3). PL: propidium iodide, PARP: poly(ADP-ribose) polymerase, and JNK: Janus kinase.

Here, a significant number of cells with cleaved caspase 3 have
been observed against the control, which represents activation
of caspase 3 after treatment (Figure S15). Further, the activity
of caspase 3 in detecting its cleaved form before and after
treatment of BBT has been conducted using immunoblotting

experiments (Figure 4D). The result shows activation of
caspase 3 after treatment of BBT. Similarly, time-dependent
analysis of active caspase 3 has been evaluated after treatment
with BBT for different time intervals (0, 4, 6, and 12 h). Here,
we have observed time-dependent higher occurrence of the
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and NFkB: nuclear factor kappa B.

active or cleaved form of caspase 3 (Figure SD). The above
result indicates that BBT activates caspase 3. Here, we tried to
understand whether ROS is produced after induction of
apoptosis or ROS takes part in the activation of apoptosis. To
understand this, caspase 3 activity has been analyzed in BBT-
treated cells co-incubated with an ROS inhibitor, N-
acetylcysteine (NAC). Here, we observed a negligible change
in absorbance in comparison with control cells (Figure S14).
This indicates that caspase 3 activation required BBT-induced
ROS generation inside the HeLa cells. Again, activation of the
caspase-dependent pathway has been verified as PARP
cleavage. Thus, we have performed immunoblotting experi-
ments of HeLa cells after treatment with BBT for 12 h. In
comparison to the control cells, BBT-treated cells showed an
intense band of cleaved PARP that indicates their inactivation
(Figure 4D). Hence, BBT induces activation of the JNK/SPAK
pathway, mitochondrial permeability transition, the release of
cyt C, activation of caspase 9 and 3, and cleavage of PARP.
Cancer Drug Resistance and Disease Relapse. Many
potent anticancer molecules are inefficient against the more
aggressive form of cancer.”” The cancer cell shows resistance to
various blockbuster anticancer drugs due to higher accumu-

7821

lation of resistance-related factors, which causes poor prognosis
and eventually cell death. This is the reason we need to analyze
the effect of the molecule on various disease resistant factors,
namely, P-gp receptor, Hsp27, and NF«B.

The inevitable role of the P-gp receptor in multidrug
resistance (MDR) in cancer cells can be denoted as the first
line of the defense system of cancer cells against a various
range of anticancer drugs, most importantly doxorubicin,
paclitaxel, etoposide, colchicine, vinblastine, and so on."> With
this remarkable feature of interaction with structurally
divergent molecules, P-gp plays a pivotal role in chemo-
resistance. Most of the cancer cells at the early to the late stage
of cancer accumulate P-gp transporter to efflux the drugs out of
the cells and eventually reduce their cellular concentration.
Further use of P-gp inhibitors in combination with anticancer
drugs can lead to toxicity especially to the brain where P-gp is
observed to be an important regulator of the blood—brain
barrier (BBB). Thus, we have analyzed the P-gp receptor
binding efficacy of BBT. This has been performed using two
bio-informatic tools. At first, we have analyzed P-gp binding
using SwissADME (link: http://www.swissadme.ch/).** Here,
we observed that the molecule is not a P-gp substrate and also

https://dx.doi.org/10.1021/acsomega.1c00308
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Figure 6. BBT inhibits both migration and growth of tumor spheroid. (A) Microscopic image analysis of cell migration from the HeLa cell spheroid
after treatment with 0, 6.25, and 12.5 uM concentrations of BBT. Dead cells were stained with PI. Scale bars correspond to 100 ym. (B) DIC
images represent the growth of 3D spheroid HeLa cells incubated with 12.5 yuM BBT up to a period of 8 days. Scale bars correspond to 100 ym.
(C) Growth kinetics curve of the HeLa spheroid after treatment with 0 (blue) and 12.5 uM (red) BBT for 8 days. Data are shown as means + SD.

All experiments have been performed thrice (n = 3).

could not pass through the BBB. Thus, we next examined
different BBT analogues using the same tool to understand the
importance of the different moieties (Figure S16). Here, we
observed that both CS and FAP do not show P-gp substrate
activity. However, LBT is found to be a P-gp substrate.
Further, we observed that the replacement of nitrogen from
BBT and CS results in a P-gp interaction. However, the
presence of nitrogen in BBT renders no P-gp binding. To
confirm the results, we have performed docking with the P-gp
substrate. Ferreira et al. described the possible binding sites of
the molecules in P-gp that are designated as R, M, and H
sites.” To understand the binding of BBT and LBT with P-gp,
we performed molecular docking. According to this, we
observed no such interaction between BBT and P-gp (Figure
5A,B). However, we observed the location of LBT at the R site
of the P-gp (Figure SA,C). This represents that the presence of
the central carboxyl group not only plays an important role in
ROS generation but also helps the molecule to be rescued
from P-gp-dependent exocytosis. Thus, both the analyses
confirm that BBT is not a P-gp substrate and its intracellular
transport cannot be affected because of the higher expression
of P-gp on cancer cells.

Again, another factor like Hsp27 is the small heat shock
protein cytoprotective chaperone that plays a pivotal role in
the rescue of the cells from cell death by modulating ROS/
glutathlone levels’® in the cytochrome C/apoptosome
complex’’ and activating NF«kB that consequently triggers
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cell survival pathways. Again, various cancer cells display
overexpression of Hsp27 than the normal or non-transformed
cells. Further, confluent cells of the solid tumor results in
maximum activation of Hsp27 than proliferative 2D cells.*®
Hsp27 confers to the high resistance of tumor toward various
anticancer drugs like dexamethasone, paclitaxel, doxorubicin,
gemcitabine, and so on.”” The effect of the BBT on p-Hsp27
(ser82) has been evaluated using immunoblotting assay over
different times of treatments (0, 4, 6, 12 h) with 12.5 uM BBT
in HeLa cells. Here, we observed a decrease in p-Hsp27
protein after 12 h of treatment (Figure SD). This result
indicates that Hsp27 might have been rendered inactive after
time-dependent incubation with BBT. Similarly, NF«B is an
important transcription factor having an indispensable role in
oncogenesis, cancer progression, and chemo-resistance. Pre-
vious reports documented the role of NFxB-dependent
suppression of JNK signaling."’ Here, expression of NFxB
(p6S) has been verified after different time intervals (0, 4, 6,
and 12 h) of treatment of BBT in HeLa cells. The
immunoblotting experiment demonstrates diminished expres-
sion of NF«B after 4 h of expression, which is found in the
other two time intervals (6 and 12 h) (Figure SD).

Relapse or recurrence of tumors after chemotherapy results
in a poor prognosis and compromises the effectiveness of the
chemotherapeutic agents. This is due to the increment of the
drug-resistant cancer cell population. Thus, we have evaluated
the effect of BBT on more aggressive cervical cancer (SiHa)

https://dx.doi.org/10.1021/acsomega.1c00308
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cell relapse. Briefly, SiHa cells were divided in two groups. In
the first group, cells were treated with BBT at different lower
concentrations and incubated up to 48 h. In the next group,
having BBT treatment of similar concentrations was removed
after 12 h, and cells were incubated with complete media. A
less significant change has been observed in cell death in both
the groups (Figure SE). This result indicates that even at lower
concentrations, BBT may possess the property to prevent the
re-appearance of cancer-initiating cell populations, thereby
preventing the phenomenon of cancer recurrence.

BBT Affects Migration and Growth of Tumor-
Mimicking Cancer Cell Spheroids. A tumor in vitro
spheroid model is closer to in vivo tumor models in both
phenotypical and genotypical manners.”' Previously, we have
reported various biochemical and drug distribution properties
between the tumor spheroid and monolayer culture system."*
This is mostly due to the activation of various resistant
proteins in the spheroid culture. Further, the spheroid culture
contains cells that can regenerate the complete tumor even
after chemotherapy and can result in a high chemo-resistant
and malignant tumor.”’ Conversely, BBT was found to be
highly active against monolayer cancer cells and was not
affected by the resistance protein P-gp and various
cytoprotective factors of cancer cells. Thus, the understanding
of BBT properties against a more complex cancer system like
the tumor spheroid model is quite necessary. Initially, we have
analyzed the effect of BBT on cancer cell migration from the
tumor spheroid because migration of cancer cells in the late
phase in cancer leads to poor prognosis and is extremely lethal.
Many promising anticancer molecules were unable to affect
these heterogeneous cancer populations. Thus, we have
verified the effect of BBT on the migratory property of cells
using the tumor spheroid. This is because the full-grown
spheroid shows the availability of heterogeneous cells than
monolayer cells.** Also, the population of cancer stem cells
(CSCs), which drives the migratory signal, is rich in the
anchorage-independent culture.”® In brief, full-grown tumor
spheroids were transferred to the tissue culture-treated cover
glass and incubated for 12 h in serum containing DMEM.
Migratory cells can be detected as surface-attached monolayer
cells around the spheroid. PI has been used to detect dead
cells. To analyze the effect of BBT, spheroids were treated with
6.25 and 12.5 uM BBT for 8 h. There is a significant migratory
cell that was observed around the untreated spheroid
(control), whereas relatively less migratory population were
observed in 6.25 and 12.5 M BBT-treated spheroids (Figure
6A). Also, PI staining represents an increased in cell death in
spheroids with an increasing concentration of BBT. From the
above results, it can be concluded that dual target-based
activity of BBT can not only trigger monolayer cancer cell
death more aggressively but also affect the growth and
migration of tumor-mimicking CSC-rich spheroid cells. This
can be due to the ROS stress-induced pathways of regulation
of migration inhibition and cancer cell death.**~*

Finally, these results motivated us to verify the effect of the
molecule on tumor spheroid growth. From the microscopic
image and growth kinetic plot of HeLa spheroids, we observed
significant inhibition in spheroid growth due to BBT treatment
(Figure 6B,C). These results imply the substantial in vitro
tumor growth inhibitory role of BBT.
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B DISCUSSION

In this study, we showed an organic molecular electron trap,
which contains structural modules important for the elevation
of mitochondrial and cellular ROS. We understood in detail
the importance of the BBT molecular structure as its core
scaffold (CS) and trifluoroacetophenone molecules are not
self-sufficient to generate mitochondrial ROS, indicating the
importance of multi-structural modality. So, according to our
previous report,”" BBT is a highly electron-accepting organic
molecule, where the central core mainly takes part in electron
acceptance, and then the two terminal trifluoroacetophenone
moieties also act as additional electron acceptor units. In the
presence of strong electron donors, BBT can form a radical
anion. Then, it can transfer an electron to O,, which results in
'0O,~ formation and thus can increase the oxidative stress. In
cells, the 1,4-dihydropyridine-3-carboxamide moiety in the
NADH molecule can transfer electrons or hydride ion to the
complex of the ETC in the presence of NADH dehydrogenase.
Thus, we postulate that BBT can be reduced in the presence of
NADH and can form various free radicals in the presence of
O,, which will eventually increase the ROS of the cells. Next,
we tried to understand how BBT generates mitochondrial ROS
inside the cell’”' Because of the high electron accepting
nature of BBT, we presumed its various ROS generating
intermediates inside the cells where NAD(p)H/NAD" is
higher. To understand in detail how BBT generates ROS in
mitochondria, we investigated the redox potentials of both
BBT and NADH since NADH is present in high amounts in
mitochondria. To our surprise, we found that the potential of
the NADH/NAD+ redox couple is close to the reduction
potential of BBT,””> which basically makes the situation
amicable for donating an electron from NADH to BBT.
Molecular docking of BBT with complex I reveals that BBT
binds close to the FMN site. We envision that this binding
property of BBT inhibits the transfer of electrons into the
FMN, which resulted in the inhibition of the electron transport
chain of complex I to complex IV. We envision that this is the
reason BBT efficiently triggered the ROS generation in
mitochondria, subsequently triggering ROS generation in the
cytoplasm. Interestingly, from complex I activity assay, we have
observed that BBT affects complex I activity. This result
indicates the interaction of BBT with complex I of the ETC.
Further inhibition of complex I can generate superoxide in
mitochondria, where ubisemiquinone plays an important role
in donating electrons. However, electron donation from other
mitochondrial and cytoplasmic components to BBT is highly
possible due to the complex mitochondrial and cytoplasmic
environment. Next, we tried to understand the cellular fate due
to the high amount of ROS generation by BBT. As cancer cells
are already overloaded with these ROS molecules, thus, an
increase in the ROS generation can induce stress-dependent
cell death pathways. So, we have analyzed the status of ROS in
the cytoplasm. This is because mitochondrial ROS can be
transferred into the cytoplasm and thus can trigger redox
signaling or oxidative stress-dependent cell death. For that
purpose, DCFDA and DHE probes have been used to both
detect and quantify ROS in the cytoplasm. DCFDA is a cell-
permeable probe and cleaved by non-specific cellular esterase
after entering into the cell, which now makes a non-permeable
byproduct that, when interacting with H,0, and other
peroxides, gets converted to a green fluorescence-releasing
molecule, which can be visualized in a fluorescence microscope
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and quantified using flow cytometry. We observed that BBT
gets converted into different ROS producing molecules, which
can eventually affect cell survival. Here, we found that BBT is a
potent anticancer molecule against various cancer cells.
Intriguingly, BBT shows an electron accepting property and
induction of ROS-producing intermediates. It is evident as to
how the small molecule can affect cancer cell environment, but
the role of a highly electron accepting molecule in cancer cell
fate determination is not well revealed before. For the first
time, we observed that the electron acceptor BBT can
modulate oxidative stress and survival of the cancer cell
Further, we were interested to find out the effect of this
molecule on various types of cancer cells. This implies that the
cytotoxicity of BBT is not much specific toward the type of
cancer cell that has been tested. As we observed the potent
cytotoxic effect of BBT against various cancer cells, we are now
interested to understand the type of cell death triggered with
this molecule. As the cell cycle and cell death are an integral
part of each other, we first evaluated any change in the cell
cycle after treatment. Further, dysregulation of the cancer cell
cycle is the most important event in cancer progression, which
leads to a poor prognosis. So, we tried to understand the effect
of BBT on cell fate. First, cell cycle assay reveals the absence of
any cell cycle arrest due to BBT but with an increase in the cell
population at sub GO that represents the fragmentation of
DNA or apoptosis. This indicates that it is a cytotoxic molecule
rather than cytostatic, thus having a chance to develop
resistance to cancer is reasonably difficult. Moreover, the
increase in annexin V and PI positive cell population after
treatment with BBT in HeLa and AS549 cells notifies apoptotic
cell death. The report also shows that ROS generation induces
apoptotic and/or autophagy cell deaths.'* Thus, we looked on
whether BBT caused autophagic death in cancer cells or not.
Autophagy, like apoptosis in the presence of oxidative stress or
stimuli, triggers cell death. It starts with the formation of an
autophagosome, translocation of LC3 protein, fusion of the
lysosome, and finally degradation. Basically, LC3-I resides in
the cytoplasm, and LC3-II sequesters at the membrane of the
autophagosome. However, flow cytometric analysis of LC3
after treatment represents a minute increase in LC3-IL. This
indicates that BBT predominates apoptotic death rather than
autophagy in cancer cells. Next, we tried to understand the
mechanistic pathway governing apoptosis; we examined the
role of mitochondria as an ROS-dependent cell death pathway.
In the intrinsic pathway of apoptosis, the change in
mitochondrial membrane potential results in increased
membrane permeabilization and release of cytochrome C
(cyt C), which takes part with different cellular factors in the
activation of caspase 3. Change in MOMP was studied using
the JC1 dye, which is a cationic dye that accumulates in
healthy mitochondria with a characteristic emission at red
wavelengths (~590 nm). Loss of mitochondrial membrane
potential is the outcome of JC1 release into the cytoplasm with
characteristic emission of green fluorescence (~525 nm).
Here, BBT displays a potent inducer of MOMP, which
regulates the activation of several apoptosis regulators.
Consequently, we have observed the release of cyt C in cancer
cells. Further, we observed that stress due to ROS causes
activation of JNK1/2 that consequently activates c-jun both in
HeLa cells. We found an activation of another stress-related
protein, p38, in HeLa cells upon treatment with BBT. We have
observed how BBT affects mitochondria to elicit the apoptotic
pathway due to different stress-induced factors. So, we were
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interested to analyze the role of downstream factors for
apoptosis due to treatment of BBT. Again, apoptosis can follow
two important pathways, such as a caspase-dependent or
-independent pathway. In the caspase-dependent pathway,
apoptosome complex formation after the release of cyt C from
mitochondria due to MOMP is obvious, following the
activation of caspase 9 and caspase 3, where the former one
is an initiator caspase found to be activated during the JNK/
p38 pathway and leads to activation of the latter one, which is
an executioner caspase. We observed the activation of caspase
9 and consequently caspase 3 and cleavage of PARP protein,
confirming caspase-dependent apoptosis.

Chemo-resistance is the challenging part of anticancer drug
discovery. In this direction, we looked at the potential of BBT
and its analogues as the P-gp substrate using the SwissADME
method. We found that BBT is not a P-gp substrate. BBT and
its different moieties display no binding affinity to any of the
important binding sites of the P-gp complex. In contrast, LBT
appears to be a good P-gp substrate with strong binding with
the R site of P-gp. This shows that the presence of a central
carbonyl moiety in BBT affects P-gp binding and helps to be
rescued from disease resistance through P-gp-dependent efflux
of the molecule. Next, we tried to understand whether BBT
can modulate the cytoprotective factors in the cancer cells or
not. We observed stable caspase 3 activation upon time-
dependent treatment of BBT, indicating a less cytoprotective
effect. Thus, the functions of Hsp27 as an inhibitor of caspase
activation and NF«B as a JNK inhibitor were examined. Time-
dependent degradation of Hsp27 and NFkB in BBT-treated
HeLa cells indicates a lesser chance of cellular escape from
apoptosis. This can be well documented from the relapse
experiment showing that even after the withdrawal of the BBT,
the cellular survival rate is minimized, and an insignificant
difference was observed in the continuous treatment of BBT.
These results indicate that the BBT molecule induces
apoptotic cell death while restraining cell escape. Finally, we
observed that BBT also displays potent inhibition of spheroid
growth and metastatic cancer migration.

B CONCLUSIONS

Altogether, we demonstrated a new concept of using an
organic electron acceptor, BBT, to modulate the mitochondrial
respiratory chain by inhibiting the activity of complex I. This
BBT participates in the reversible electron transfer that exerts
the generation of a high amount of mitochondrial and
intracellular ROS. Subsequently, mitochondrial outer mem-
brane permeabilization has been increased with an increase in
cytoplasmic delocalization of cyt C. Furthermore, treatment of
BBT resulted in stress-dependent JNK/p38 and caspase-
dependent apoptosis in cancer cells. Conversely, BBT reduces
the expression of important cytoprotective or drug resistance
factors (Hsp27 and NF«B), indicating its potential inhibition
of cancer cell resistance and relapse. Interestingly, we found
that BBT is not a P-gp substrate, which reveals its excellent
anticancer potential. These properties empower BBT to inhibit
the migration and growth of more resistant and complex in
vitro tumor spheroids.

B MATERIALS AND METHODS

Materials. The cell lines MCF7 and Hela have been
obtained from NCCS, Pune. Dimethylsulfoxide (DMSO) and
methanol (MeOH) were purchased from Spectrochem,
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Mumbai. TritonX-100 was purchased from SRL, Mumbai. 2-
[4-(2-Hydroxyethyl) piperazin-1-yl]ethanesulfonic acid
(HEPES) was purchased from Himedia. Ethylenebis-
(oxyethylenenitrilo)tetraacetic acid (EGTA), 4-piperazinedie-
thanesulfonic acid (PIPES), 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC), bovine serum albumin (BSA), 5(6)-carboxy
fluorescence, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), Dulbecco’s modified Eagle’s medium
(DMEM), 4’,6-diamidino-2-phenylindole dihydrochloride
(DAPI), trypsin—EDTA solution, dimethylsulfoxide for cell
culture, formaldehyde solution for molecular biology, propi-
dium iodide (PI), 2,7’-dichlorofluorescin diacetate (DCFDA)
(Sigma D6665), dihydroethidium (DHE) (Sigma D7008), and
4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL)
were purchased from Sigma Aldrich, Missouri, United States.
Fetal bovine serum (FBS) was purchased from Invitrogen,
California, United States. Goat polyclonal anti-rabbit IgG H&L
(Cy3.5) (ab6941) was purchased from Abcam, Cambridge,
United Kingdom. Mouse monoclonal anti-alpha tubulin
antibody (T9026) , anti-cyt C primary antibody (05—479),
goat anti-mouse IgG-cy3 conjugated secondary antibody
(AP124C), anti-mouse IgG (H&L) HRP conjugated (12-
509), anti-rabbit IgG (H/L) HRP conjugated antibody
(AP187P), RNase A, and FlowCellect Autophagy LC3
antibody-based autophagy detection kit (FCCH100171)
were purchased from Millipore, Massachusetts, United States.
The annexin V/PI apoptosis detection kit (cat. # $56547),
cleaved caspase analysis kit (cat. 559341), and BD MitoScreen
(cat. 551302) were purchased from BD New Jersey, United
States. Bisbenzimide H 33258 (Hoechst) was purchased from
Calbiochem, San Diego, United States.

Cell Culture. MCF7, HeLa, AS549, U87MG, WI-38, and
SiHa cell lines were brought from National Centre for Cell
Science (NCCS), Pune, India. Cells were cultured and
maintained under a 5% CO, humidified incubator atmosphere
at 37 °C using Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum, penicillin (50 units/mL),
streptomycin (50 pg/mL), and kanamycin sulfate (110 mg/L).
Trypsin—EDTA solution was used to digest the monolayer cell
culture.

Evaluation of ROS Generation. Flow Cytometric
Analysis. The ROS studies have been performed following
our previously described study.”® Briefly, quantification of
fluorescence of MitoSOX was carried out using FACS. Briefly,
MCF7 cells (1 X 10° cells/mL) were seeded overnight in six-
well plates (5% CO, and 37 °C). Then, cells were treated with
12.5 and 6.25 uM BBT and central scaffold (CS) for 12 hin a
medium with 1% serum. Then, the cells were collected in
suspension and incubated with a 5 gM MitoSOX working
solution for 10 min. After that, cells were washed with PBS and
examined using FACS. Similarly, HeLa cells were treated with
an increasing concentration (0, 6.25, 12.5, and 25 uM) of BBT
or LBT (bithiazole attached with bis-trifluoroacetophenone)
and were examined for mitochondrial ROS generation using S
UM MitoSOX by a flow cytometer. Further, HeLa cells were
treated with 12.5 and 25 uM LBT for 12 h in a medium with
1% serum and examined for fluorescence intensity using FACS.
Again, for the rotenone experiment, HeLa cells were treated
either with 12.5 uM BBT or 40 M rotenone or both for 4 h in
a medium with 1% serum followed by incubation with a 5 uM
MitoSOX working solution for 10 min. Then, cells were
washed and analyzed using FACS.
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Flow cytometric evaluation of DCFDA was carried out using
the abovementioned method. Similarly, flow cytometric
analysis was conducted after treatment of MCF7 cells with
various concentrations of BBT (0, 3.125, 6.25, 12.5, and 25
uUM). After treatment, cells were given a wash with PBS and
incubated with DHE as mentioned above. Then again, a wash
was given, and fluorescence quantification was conducted using
FACS.

Microscopic Evaluation. To determine the mitochondrial
ROS, cells (MCF7 and HeLa) were treated with 12.5 uM BBT
for 12 h followed by a PBS wash and further incubated with a 5
UM MitoSOX solution for 10 min at 37 °C. To inhibit the
mitochondrial ROS generation, cells were co-administrated
with 10 uM MitoTEMPO with 12.5 uM BBT. Then, cells were
washed with PBS, and images were captured using an Olympus
microscope in bright field and 561 nm wavelength filters using
a 40X objective, and lamp intensity was 5.40. Cytoplasmic
ROS has been determined using DCFDA and DHE staining.
Briefly, MCF?7 cells were seeded in a cover glass bottom dish.
Then, the cells were given a PBS wash and then incubated with
12.5 uM BBT for 12 h. After that, cells were washed and
incubated with 20 uM DCFDA for 30 min. Again, a PBS wash
was given to remove residual DCFDA followed by observation
under the microscope. Here, cells were treated with 25 yM
BBT. Similarly, MCF7 cells were examined for DHE
fluorescence after treatment with 12.5 uM BBT using a
microscope. Here, cells were given a PBS wash and
supplemented with 5 yM DHE in serum-free colorless
DMEM and incubated for 30 min at 37 °C. Then, cells were
again given a wash and fresh DMEM was added. The ROS
generation was examined by change in fluorescence of DHE
from blue to red fluorescence.

Cell Viability Analysis. Cell viability was performed using
MTT assay according to a previous report.”*

Molecular Docking Analysis. Molecular docking has
been conducted using the previously described technique.”*
However, here, we have used ETC complex I [PDB SXTD] to
find the interaction of BBT using a 96 X 114 X 102 afhinity grid
box. Similarly, the P-gp receptor [PDB 3GSU] has been used
to find the binding of BBT and its various analogues. Here, the
66 X 70 X 74 affinity grid box was centered on the substrate
binding sites that mostly include R, M, and H sites of P-gp.

Cell Cycle. For asynchronous cell cycle analysis,”* HeLa
and MCF7 cells (5—6 X 10° cells/mL) were cultured in a six-
well tissue culture dish overnight before treatment with BBT
(1.56, 3.125, and 6.25 uM) for 12 h. Then, cells were fixed
overnight with 70% ethanol at —20 °C. To perform staining of
cellular DNA, cells were incubated with 100 yg/mL PI and 10
ug/mL RNase for 45 min at room temperature. Then, the cell
cycle was analyzed using PI channels of a BD LSRFORTESA
flow cytometer using emission filters at 610 nm.

Cell Death Analysis. Cell death has been analyzed using
annexin V and propidium iodide (BD Biosciences)-based flow-
cytometric studies.”® Further, autophagy was analyzed by a
FlowCellect Autophagy LC3 antibody-based assay kit (Merck
Millipore) using the manufacturer’s protocol. Briefly, cells (5—
6 X 10° cells/mL) were harvested overnight in six-well plates
followed by treatment with BBT for 12 h. Then, cells were
selectively permeabilized to remove cytoplasmic LC3 but
maintaining autophagosome-sequestered LC3 protected.
Then, LC3 was detected using an anti-LC3 (FITC) antibody
by a flow cytometer.
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Mitochondrial Membrane Potential. Mitochondrial
membrane potential was analyzed using the JC1 kit (BD
MitoScreen, BD Biosciences) following the manufacturer’s
protocol.

Caspase Activity Assay. Caspase activity was analyzed
using Ac-DEVD-pNA that was performed according to a
previously described method.” Flow cytometric analysis of
cleaved caspase 3 was conducted using a PE-rabbit anti-cleaved
caspase 3 assay kit (BD Biosciences).

Spheroid Culture and Migration Assay. A Hela cell in
vitro tumor spheroid was prepared using an anchorage
independent culture method as described previously.”® As
spheroids reached a diameter of >100 ym, they were grouped
as treated and untreated. At day 1, spheroids were treated with
6.25 and 12.5 uM BBT, then the growth of the spheroid was
evaluated up to 8 days using bright field under an inverted
microscope. Then, the change in the spheroid size is calculated
in each day to have a growth kinetic plot. Migration assay was
conducted using the fully grown HeLa spheroid.** Briefly, the
non-adherent culture of HeLa cell spheroids was performed as
discussed above. Spheroids were transferred to a covered glass
dish for attachment. After 5—6 days of spheroid growth,
spheroids were collected intact and centrifuged at 200 X g for 3
min. Then, re-suspended spheroids were now transferred to
adherent-type cover glasses. PI staining was performed to
discriminate between live and dead migratory cells. The radius
of the spheroid and migratory cells was defined as r and R,
respectively.

DFT. All calculations were conducted using the Gaussian 09
program. The geometry was optimized with the restricted
Becke Hybrid (B3LYP) at the 6-31G (d, p) level.

Statistical Analysis. All statistical calculations were done
using GraphPad Prism 5.0 by performing one-way and two-
way ANOVA. Statistical values of *p < 0.005and ***p <
0.0001 were allocated for different experiments accordingly.

B ASSOCIATED CONTENT
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Microscopic images show the oxidative state of
flavoprotein in green fluorescence, and mitochondria
have been stained with MTRC (MitoTracker Red
CMXRos) showing red fluorescence; histograms and
graph represent MitoSOX assay in MCF7 cells;
histograms and graph represent mitochondrial ROS in
HeLa cells using MitoSOX; microscopic images of
DCFDA assay in MCF7 cells, flow-cytometric quantifi-
cation of DCFDA assay in cells after treatment of 25 uM
BBT, microscopic images representing DHE assay in
MCF7, and DHE assay based flow-cytometric quantifi-
cation of ROS generation in MCF?7 after treatment with
an increasing concentration of BBT; histogram repre-
sents quantification of cytoplasmic ROS using DCFDA
in MCF?7 cells; histogram represents quantification of
cytoplasmic ROS using DHE in MCEF7 cells and bar
diagram representation of quantification of ROS using
DHE in MCF7; analysis of mitochondrial ROS using
MitoSOX dye in HeLa cells after treatment of 40 uM
Rot (rotenone), 12.5 uM BBT, and Rot with BBT using
FACS; cell viability curve of various cancer cells after
treatment of various concentrations of BBT; cell viability

curve of BBT-treated WI-38 cells; bar diagram
represents the proportion of MCF7 cells in each phase
on treatment with varying doses of BBT; histogram
represents autophagic cell population using anti-LC3
(FITC) antibody by FACS in the absence (control;
green histogram) and presence of 12.5 yM BBT; bar
diagram representation of the JC-1 assay measured
through the green/red ratio of the JC-1 dye; microscopic
images show immunolocalization of cytochrome C (cyt
C) in HeLa cells; activation of caspase 3 by using
DEVD-pNA using a spectrophotometer; cleaved caspase
3 analysis in HeLa cells before (control) and after (12.5
uM BBT) treatment by flow cytometry; and classi-
fication of BBT and its analogues as the P-gp substrate
or non-P-gp substrate (PDF)
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B ABBREVIATIONS

ROS, reactive oxygen species; BBT, carbonyl-bridged
bithiazole derivative; LBT, linear bithiazole derivative;
HOMO, highest occupied molecular orbital; LUMO, lowest
unoccupied molecular; Hsp27, heat shock protein 27; NFxB,
nuclear factor kappa-light-chain-enhancer of activated B cells;
LC3, microtubule-associated protein 1A/1B-light chain 3;
pNA, p-nitroaniline; NADH, nicotinamide adenine dinucleo-
tide; ETC, electron transport chain; P-gp, P-glycoprotein;
GSH, glutathione; FMN, flavin mononucleotide; VDAC,
voltage-dependent anion channel; SOD2, superoxide dismu-
tase; ATP, adenosine triphosphate; PARP, poly(ADP-ribose)
polymerase; MDRI, multidrug resistant 1 protein
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