Pre prints.org

Article Not peer-reviewed version

The Combined Effects of Doxorubicin
and a Novel Sulfonamide Derivative on

Inducing Apoptosis in a Breast Cancer
Cell Line (MCF-7)

Shabnam Pedarpour, Sevda Zarei, Zeinab Mahmoodi , Hossein Ghafouri :
Posted Date: 21 February 2024
doi: 10.20944/preprints202402.1233.v1

Keywords: Apoptosis; Breast cancer; Drug synergism; Doxorubicin; Sulfonamide

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 February 2024 d0i:10.20944/preprints202402.1233.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
The Combined Effects of Doxorubicin and a Novel

Sulfonamide Derivative on Inducing Apoptosis in a
Breast Cancer Cell Line (MCF-7)

Shabnam Pedarpour !, Sevda Zarei !, Zeinab Mahmoodi * and Hossein Ghafouri >*

1 Department of Biology, Faculty of Science, University of Guilan, Rasht, Iran
2 Department of Marine Sciences, the Caspian Sea Basin Research Center, University of Guilan, Rasht, Iran
* Correspondence: H.ghafoori@guilan.ac.ir; Tel.: +981333333647

Abstract: Chemical combinations are believed to reduce drug toxicity, delay cancer cell growth, and
achieve enhanced efficacy compared with single active drugs. This research investigated the
synergistic effect of DOX and Zm-093, a new sulfonamide derivative, on improving the potential
for inducing apoptosis in breast cancer (BC) cell lines. First, the Zm-093 compound was synthesized
and its structure was confirmed by FT-IR and NMR. Then, the ICso values for DOX and Zm-093 were
calculated to be 1.21 and 51.24 uM, respectively. To investigate the synergistic effect, Compusyn
software was utilized to calculate the combination index (Cl). Different methods, including western
blotting, flow cytometry, and TUNEL, were used to evaluate the potential synergistic effects of these
compounds on inducing apoptosis in MCF-7 cells. Combining the indexes obtained at all
concentrations revealed synergistic results. The proapoptotic proteins Bax, tBid, and caspase-3,
however, increased 2.4, 3.3, and 5.7 times more than those in the control group. Flow cytometry
analysis and the TUNEL method in cells treated with DOX and Zm-093 showed that apoptosis was
significantly higher than in other groups. The results confirmed the synergistic effect of DOX and
ZM-093 on apoptotic factors expression in MCF-7 cells.
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1. Introduction

BC is the most prevalent cancer among women, with approximately 2.2 million cases diagnosed
in 2020. Currently, BC is the leading cause of tumor-related mortality worldwide [1,2]. BC is
diagnosed using pathological examinations and hormonal and molecular analyses of tissue samples
[2]. BC management is multifaceted. Various therapeutic approaches are employed in treating BC,
considering factors such as the specific cancer type, stage of disease progression, and overall health
status of the patient. Therapeutic modalities encompassing surgery, radiotherapy, hormone therapy,
chemotherapy, molecular therapies, and photodynamic therapy have been identified as notable
interventions in the field [3]. Combination therapy in cancer treatment holds potential benefits for
patients, as it can enhance response rates and mitigate adverse effects associated with cancer
therapies [4].

A promising aim for cancer treatment is the induction of apoptosis [5-7], a natural mechanism
for death in cells. Apoptosis is an active process that regulates and maintains individual cells and
tissues [8,9]. There are at least two general signaling pathways that activate apoptosis: the intrinsic
(mitochondrial) and extrinsic (death receptor) pathways [10]. Research shows that apoptosis is
actuated by intracellular and extracellular signals. Intracellular signals include DNA damage,
deprivation of growth factors, and deprivation of cytokines. Extracellular signals include death-
inducing signals released from cytotoxic cells of the immune system due to damaged or infected cells.
The executioner caspases converge the pathways. In cancerous cells, apoptosis pathways are
generally inhibited through mechanisms involving the decreased expression of proapoptotic proteins
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(for example, Bax and tBid) and the overexpression of antiapoptotic proteins (for example, Bcl-2)
[11,12].

Cancer therapy relies heavily on anticancer compounds, which have been deemed vital to the
fight against cancer. Currently, the U.S. Food and Drug Administration (FDA) has granted approval
for more than one hundred medications specifically designed for this purpose [13]. Nevertheless,
drug resistance and adverse off-target outcomes influence the efficacy of cancer therapy [14].
Medicinal chemists are tasked with designing novel anticancer drugs that exhibit elevated specificity
and potency while effectively mitigating off-target effects and drug resistance [15].

Compounds containing a sulfonamide moiety are typically synthesized by reacting R-sulfonyl
chloride with primary or secondary amines in a basic environment [16]. Recently, research has
focused on molecules that incorporate sulfonamide fragments. This heightened interest can be
attributed to the several possible uses of these compounds in various fields, such as coordination
chemistry [17], medicinal chemistry, and analytical chemistry [18]. In contrast, sulfonamide
compounds are recognized for their intrinsic pharmacological characteristics, including antibacterial
[18,19], anti-inflammatory, antiviral, antiproliferative, and angiogenic properties [20].

Doxorubicin (DOX) is a chemotherapeutic agent used to treat several malignancies. The
mechanism of action involves DNA interactions, namely, intercalation and inhibition of
macromolecular formation, ultimately resulting in cellular death. However, the therapeutic efficacy
of DOX is impeded by notable adverse reactions and drug resistance development [21]. In addition
to alopecia, myelosuppression, emesis, dermatitis, and other minor adverse effects, DOX has the
potential to cause severe hypersensitivity reactions, cardiotoxicity, radiation recall, therapy-related
leukemia, and palmar-plantar erythrodysesthesia [22]. Multiple studies have demonstrated that
chemical coadministration of different pharmacological agents may successfully reduce the adverse
effects of DOX while concurrently augmenting its pharmacological responsiveness [23].

DOX exerts its effect mainly through changes in and interference with DNA, and according to
previous studies, a new sulfonamide derivative (Zm-093) causes cell death by changing the
expression of factors in the internal pathway of apoptosis [24]. In this study, we investigated the
anticancer and antigrowth effects of DOX and Zm-093, as well as the potential synergistic effects of
these compounds on inducing apoptosis via different methods, including western blotting, flow
cytometry, and TUNEL staining, on MCF-7 cells (a human BC cell line).

2. Results

2.1. Antiproliferative activity against the MCF-7 cell line

MCE-7 cells were treated for 24 hours with DOX and the synthetic compound Zm-093 to
determine their cytotoxic effects (Figure 1). The survival rate of cancer cells was significantly lower
in the DOX and Zm-093 treatment groups than in the control group. Cancer cell proliferation was
inhibited by these compounds in a dose-dependent manner (P < 0.0001). The ICs values for DOX and
Zm-093 were calculated to be 1.21 and 51.24 uM, respectively (Figure 1a and 1b).
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Figure 1. Determination of DOX and Zm-093 ICso in MCEF-7 cells (mean * SD). a) The ICso of DOX
was 1.21 uM. The growth inhibition rate increased with increasing dose. b) The ICs0 of Zm-093 was
51.24 uM. A dose-dependent increase in growth inhibition was observed. The process for each
treatment group was repeated three times. The letters within each column indicate significantly
different groups based on a one-sample t test (P < 0.0001).

2.2. The synergistic effects of DOX and Zm-093 on MCCF-7 cell viability

To investigate the synergistic effect of DOX and the Zm-093 compound on the viability of MCEF-
7 cells, the cells were treated with different concentrations of DOX and Zm-093 alone and in
combination with each other at a constant concentration of 0.36 uM (this concentration is
approximately 30% of the ICso that was studied) for DOX and 40 uM for Zm-093 for 24 h (Figure 2
and Figure 3). The survival rate decreased significantly with increasing dose in both combinations (P
< 0.0001). In addition, DOX and Zm-093 had synergistic effects at fixed concentrations, and in the
combined treatment, cell viability was significantly reduced (P < 0.0001; Figure 2a and Figure 3a).

The optical density (OD) was subsequently read by an Eliza reader spectrophotometer for DOX
and the Zm-093 compound alone and in combination (Table 1 and Table 2). Next, to probe the
synergistic effect, the combined index or CI of these compounds at various concentrations were
evaluated via CompuSyn software (Figure 2b and Figure 3b). According to the results obtained with
this software, all the combination Fa (fraction affected) values were less than 1, confirming the
synergistic effect between DOX and Zm-093.
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Figure 2. Survival and combination indexes (CI) at variable and constant concentrations of DOX
and Zm-093 (mean * SD). a) Viability (%), b) CI plot. A constant concentration of 40 uM was used for
Zm-093, and 0, 0.367, 0.643, 0.919, and 1.28 uM were utilized for DOX. Growth inhibition increased in
a dose-dependent manner. The value of CI<1 was. There were three replicates for each treatment
group. Within each column, different letters indicate significantly different groups according to

Duncan's test (a, b, ¢, and...; P < 0.0001).
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Figure 3. Survival and combination indexes (CI) at variable and constant concentrations of Zm-093
and DOX (mean * SD). a) Viability (%), b) CI plot. A constant concentration of 0.36 uM was used for
DOX, and 0, 10, 20, 30, and 40 pM were utilized for Zm-093. There was a dose-dependent increase in
growth inhibition. The value of CI<1 was. For each group, the treatment was repeated three times.

Within each column, different letters indicate significantly different groups according to Duncan's
test (a, b, ¢, and...; P <0.0001).
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Table 1. OD values for MCE-7 cells treated with different concentrations of DOX and Zm-093 alone

for 24 h.
Zm-093 DOX Fraction affected Combination index
Groups
(uM) (uM) (Fa) (CI)
1 40 0 0.69 0
2 40 0.367 0.47 0.14051
3 40 0.643 0.36 0.12282
4 40 0.919 0.24 0.07672
5 40 1.28 0.18 0.06369

Table 2. The OD values for MCF-7 cells treated with different concentrations of Zm-093 and DOX
alone after 24 h.

Groups DOX Zm-093 Fraction affected Combination index
(uM) (uM) (Fa) (CI)
1 0.36 0 0.66 0
2 0.36 10 0.5 0.23781
3 0.36 20 0.4 0.14568
4 0.36 30 0.29 0.07974
5 0.36 40 0.13 0.02215

2.3. Measurement of apoptotic and antiapoptotic protein expression by western blotting

The apoptotic effects of DOX (0.36 pM) and Zm-093 (14.5 uM) alone or in combination (0.36 uM
DOX + Zm-093 at 14.5 uM) on MCF-7 cells were examined. In total, the study included four groups:
a control group (no treatment), a DOX group, a Zm-093 group, and a DOX+Zm-093 group. The levels
of proapoptotic (tBid, Bax, and caspase-3) and antiapoptotic (Bcl-2) proteins were analyzed via
western blotting (Figure 4). Original photos of the western blot gel are available in Supplementary
Figure 3.

2.3.1. tBid

The DOX (2.56-fold) and Zm-093 (2.43-fold) groups exhibited similar changes in protein tBid
relative expression, but there was a significant increase compared to the control group (P < 0.0001).
Moreover, DOX+Zm-093 (3.39-fold) showed the highest level of tBid protein expression (P < 0.0001;
Figure 4a and 4b).

2.3.2. Bax

There was a considerable increase in Bax protein expression compared to that in the control
group, similar to the changes in the protein tBid in the DOX (2.16-fold) and Zm-093 (2.25-fold) groups.
DOX+Zm-093 also increased Bax protein expression (2.53-fold, P < 0.0001; Figure 4c and 4d).

2.3.3. Caspase-3

When MCEF-7 cells were treated with DOX or Zm-093, caspase-3 was in a procaspase-3 or cleaved
caspase-3 state, respectively. Compared to those in the control group, all the treatment groups had
lower pro-caspase-3 levels. Compared to those in the control group, the changes in expression
increased after caspase-3 was cleaved. Therefore, we observed the highest expression of caspase-3 in
the DOX+Zm-093 group (5.73-fold, P < 0.0001; Figure 4e and 4f).

2.3.4. Bcl-2

There was a difference in the Bcl-2 protein levels in the treated MCF-7 cells in the presence of
the test compounds. In the Zm-093 group (1.03-fold), the changes in the Bcl-2 protein were similar to
those in the control group. Compared to those in the control group, the DOX group produced less
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Bcl-2 protein (0.741-fold). The lowest level of Bcl-2 expression was also found in the DOX+Zm-093
group (0.562-fold, P < 0.0001; Figure 4g and 4h).
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Figure 4. The relative expression of proapoptotic and antiapoptotic proteins was determined via
western blotting. a) and b) tBid, c) and d) Bax, e) and f) caspase-3, g) and h) Bcl-2. The cells were
divided into 4 groups: 1. control cells without treatment and 2. DOX (0.36 pM), 3. Zm-093 (14.5 uM),
and 4. DOX+Zm-093 (0.36+14.5 uM). The protein levels are shown as the fold change relative to the
control values (mean + SD), and each parameter was measured three times. Within each column,
different letters indicate significantly different groups according to a one-sample t test (P < 0.0001).

2.4. Apoptotic/necrotic ratios in MCF-7 cells

As shown in Figure 5, there were three groups according to flow cytometry: a control group (no
treatment), a DOX group (0.36 uM), and a DOX+Zm-093 group (0.36 + 22 uM). The incidence of early
apoptosis differed among the three treatment groups. Compared with control cells (4.28%) or DOX-
treated cells (5.21%), cells treated with DOX+Zm-093 (13.2%) exhibited increased primary apoptosis.
In addition, the DOX and DOX+Zm-093 groups exhibited greater rates of late apoptosis (4.90% and
3.96%, respectively) than did the control group (1.88%). In contrast, there was no significant
difference in necrosis between the treated and control groups.
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Figure 5. Analysis of apoptosis by flow cytometry with Annexin V/PI staining in MCF-7 cells. Flow
cytometry was performed on three groups: a control group (no treatment), a DOX group (0.36 uM),
and a DOX+Zm-093 group (0.36 + 22 uM). The incidence of early apoptosis differed among the three
treatment groups.

2.5. TUNEL assay of treated MCF-7 cells

Apoptotic cells exhibit typical nuclear condensation as a morphological sign. As DNA strands
are cleaved or nicked by nucleases, many 3'-hydroxyl ends are exposed. TUNEL assays were
performed to detect cells that exhibited massive DNA fragmentation, a sign of late apoptosis (Figure
6). The study included four groups: a control group (no treatment), a DOX group (0.36 uM), a Zm-
093 group (14.5 uM), and a DOX + Zm-093 group (0.36 + 14.5 uM). The amount of fragmented DNA
in MCF-7 cells treated with the simultaneous combination of two compounds (DOX + Zm-093)
increased compared to that in the control group and cells treated with each compound alone (DOX
or Zm-093), indicating that the combination of the two compounds induces more apoptosis (P <
0.0001).
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Figure 6. Assessment of the apoptosis rate in MCF-7 cells using the TUNEL test at 400x
magnification. a) 4 groups were considered: 1. control cells without treatment, 2. DOX (0.36 uM), 3.
Zm-093 (14.5 pM), and 4. DOX+Zm-093 (0.36 + 14.5 uM). Combining two compounds (DOX + Zm-
093) increased fragmented DNA levels in MCEF-7 cells. b) A quantitative analysis of apoptotic nuclei
was performed (mean + SD). The letters within each column indicate significantly different groups
based on a one-sample t test (P < 0.0001).
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3. Discussion

The goal of clinical treatment is to suppress and eliminate tumors, and chemotherapy is crucial
for achieving this goal. The inherent limitations of single chemotherapy treatments lead to the use of
combinational medications in clinical settings [33]. Combining the right medicines is essential. DOX
induces cellular apoptosis by inhibiting DNA replication and suppressing protein synthesis, making
it an effective treatment option for a wide range of malignant malignancies. In general, tumors
respond to DOX when it is administered alone or in combination with other anticancer medicines.
However, the use of this substance is limited by the occurrence of dose-limiting toxicities and
increased drug resistance [34,35]. Consequently, new combinations of drugs that can enhance or
sustain effectiveness while mitigating toxicity and retarding the emergence of drug resistance must
be explored [36]. In addition to their anticancer properties, sulfonamide-derived compounds exhibit
a variety of biological actions. These compounds are heterocycles that can form hydrogen bonds. As
a result, these peptides are more soluble and more likely to interact with biomolecular targets due to
this property. The potential of sulfonamide derivatives as cancer medicines has been extensively
studied [37,38].

The purpose of this study was to determine whether DOX and a new sulfonamide derivative
(Zm-093) can interact synergistically to induce apoptosis in MCF-7 cells. The ICso values for DOX and
Zm-093 were calculated to be 1.21 and 51.24 uM, respectively. According to the obtained ICso values,
first, DOX was used at a constant concentration of 0.36 uM, and Zm-093 was used at concentrations
of 0, 10, 20, 30, and 40 uM; second, a constant concentration of 40 uM was used for Zm-093, and at
concentrations of 0, 0.367, 0.643, 0.919, and 1.28 uM, was used for DOX. The Chou-Talalay approach
was employed in this investigation to quantify the synergistic effects of DOX and Zm-093 utilizing
the Compusyn program. The CI was plotted on the y-axis as a function of the effect level (Fa) on the
x-axis to assess the potential synergistic effect between DOX and Zm-093 on MCEF-7 cells. According
to the Chou-Talalay technique, the CI determines the synergistic effect of two substances. A CI value
less than 1 signifies a synergistic effect, a CI value equal to 1 indicates an additive effect, and a CI
value greater than 1 suggests a possibly antagonistic impact [39]. When DOX and Zm-093 were
combined, cell survival decreased, and cell death increased in MCF-7 cells at all concentrations. A
synergistic effect was observed when Zm-093 was combined with DOX at concentrations ranging
from 10 to 20 pM, while the fixed DOX concentration was maintained at 0.36 uM. The same effect
was observed at fixed Zm-093 (40 uM) concentrations and variable DOX concentrations. A calculated
CI value of less than 1 demonstrated this. According to previous studies, the combination of the
ruthenium(ll) complex and DOX has significant synergistic effects on inhibiting MCF-7 cell
proliferation [40]. Synergism and antagonism are quantitatively defined by the CI theorem and the
median-effect equation (MEE) in the mass-action law. These approaches provide straightforward,
efficient, and cost-effective means of assessing the combined effects of medications, allowing them to
be widely used worldwide [41].

The combined effects of several factors, including Bcl-2, Bax, tBid, and caspase-3, on the
expression of proteins involved in the intrinsic apoptosis pathway were evaluated by Western
blotting. Both the intrinsic and extrinsic pathways can trigger apoptosis. Proapoptotic Bcl-2 family
members, such as Bax and Bak, initiate this pathway. As these entities oligomerize and integrate
within the mitochondrial outer membrane, they form holes and initiate mitochondrial outer
membrane permeabilization (MOMP). Therefore, cytochrome C is discharged from the mitochondria
and translocated from the intermembrane gap to the cytosol. The presence of cytochrome C in the
cytosol triggers the oligomerization of peptidase-activating factor 1 (Apac-1). As a result of this event,
caspase-9 is recruited to and activated within an apoptotic complex. Apoptosis or programmed cell
death is caused by caspase-9, an initiator caspase. In response to caspase-9 activation, the
downstream effectors caspase-3 and caspase-7 are cleaved and triggered. The cleavage of essential
regulatory and structural proteins causes cell death [41,42]. By administering DOX and Zm-093
simultaneously, Bcl-2 expression was reduced compared to that in the DOX and Zm-093 alone group
or the control group. Afterward, we focused on the proapoptotic property of Bax, which was isolated
from cells treated with DOX and Zm-093. The combination of these two drugs significantly enhanced
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the expression of this protein compared to that in the control group. In addition, since the Bax/Bcl-2
relationship regulates cytochrome C release and because its impact on cell death acceleration is
crucial, we examined the Bax/Bcl-2 ratio in our study. Similarly, compared with those of the control,
the Bax/Bcl-2 ratio increased 2.91-fold in response to treatment with DOX alone, 2.18-fold in response
to treatment with Zm-093 alone, and 4.5-fold in response to the simultaneous combination of these
two medications. The modulation of the Bax/Bcl-2 ratio was demonstrated by concurrently
combining the two compounds. The combination of two chemicals also had synergistic effects on
tBid expression more strongly than the individual chemical treatments did, suggesting that caspase
8 was activated more strongly due to external apoptosis [7]. The DOX, Zm-093, and combined
treatment groups (DOX+Zm-093) had higher caspase-3 levels than did the control group (5.08-fold,
2.06-fold, and 5.73-fold, respectively). In addition, 2.78-fold more MCF-7 cells treated with DOX and
Zm-093 coexpressed active caspase-3 than cells treated with Zm-093 alone. In contrast, the expression
of the partial caspase-3 protein was increased in the DOX-treated group compared to the DOX alone
group.

In a study conducted by Shi et al. investigating the synergistic impact of DOX and glycyrrhetinic
acid on MCF-7 cells, it was observed that the concurrent administration of these two compounds
resulted in a significantly enhanced and more productive upregulation of the Bax/Bcl-2 ratio, as well
as the active caspase-3/inactive caspase-3 ratio, in comparison to individual treatments [44]. In the
next study, researchers examined the potential synergistic impact of combining DOX with a
mushroom extract (Hericium) on hepatic cells. The study results indicate that combined treatments
elicit a more pronounced effect on upregulating Bax and caspase-3 while concurrently
downregulating Bcl-2 expression than individual treatments alone [45]. Moreover, TUNEL staining
revealed that the combined administration of phenethyl isothiocyanate and paclitaxel resulted in a
significant increase in apoptosis in MCF-7 cells in comparison to the individual treatments of these
agents. Specifically, the combination treatment led to a 3.4-fold increase in apoptosis compared to
phenethyl isothiocyanate alone and a 2.8-fold increase compared to paclitaxel only. These findings
provide evidence for the enhanced apoptotic effect of the drug combination on MCF-7 cells [46]. In
line with the findings of previous studies, the flow cytometry results demonstrated that the
coadministration of DOX and Zm-093 had a more significant apoptotic impact on MCF-7 cells,
characterized by increased levels of primary and late apoptosis, than the individual administration
of both anticancer drugs. TUNEL staining further demonstrated that the apoptosis rates of cells
treated with DOX and Zm-093 alone and in combination were increased by 3.8, 3.4, and 6.3 times,
respectively. Additionally, the percentage of apoptotic cells was 1.6 and 1.8 fold greater in the group
receiving the combined treatment of DOX and Zm-093 than in the groups receiving monotherapy
with DOX and Zm-093, respectively. These findings indicated a significant increase in the number of
cells undergoing apoptosis, highlighting the remarkable apoptotic effect observed in cancer cells
treated with the combination of these treatments.

4. Materials and methods

4.1. Synthesis of azo compounds based on 2-amino-5-mercapto-1,3,4-thiadiazole (Zm-093)

Zm-093 (an azo dye based on sulfamethoxazole) was prepared through common diazotization-
coupling reactions in high yield. The diazonium salt was prepared from an equal mixture of
sulfonamide derivative (2 mmol of sulfamethoxazole, 4 mL of acetonitrile, and a few drops of acetic
acid), and HNO: (NaNO: and HCl) was prepared. Then, 3-naphthol was used to ensure the synthesis
of the diazonium salt. The diazonium salt from the previous step was added dropwise to the mixture
containing the pair reagent (N-phenyl-2,2-iminodiethanol in ethanol). The resulting solution was
stirred vigorously for 2 h at 0-4°C. After that, the pH of the solution was maintained within the
physiological pH range by the addition of NaOH. Thin-layer chromatography (TLC) was used to
evaluate the progress of the reaction. The crude product was filtered and washed with water three
times. Zm-093 was isolated by recrystallization. NMR and FT-IR (Supplementary Figure 1 and 2)
spectroscopy confirmed the structure of the obtained azo dye [25].
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4.2. Cell culture

The MCF-7 cell line, derived from human BC, was purchased from the Pasteur Institute of Iran.
All cell culture materials were obtained from Bioidea in Iran. The cells were cultivated in culture
medium supplemented with L-glutamine, 90% RPMI 1640, 10% fetal bovine serum (FBS), and 100
U/mL streptomycin/penicillin (1%) in T-25 cm? flasks at 37°C, 5% CO2, and 95% humidity. After
approximately 24 h, the culture medium inside the flask was replaced with fresh medium.
Microscopic examination of the cells was conducted daily to check for contamination and growth.
After 3-5 days, the cells reached 80-90% confluence. The cells were then treated with trypsin-EDTA
(0.25%). To do this, the culture medium was removed from the flask, and the cells adhering to the
bottom of the flask were washed twice with phosphate-buffered saline (PBS). Trypsin-EDTA was
added to the cells, which were dispersed throughout the flask. After 3 min, the cells were centrifuged
at 3000 rpm for 5 min. The supernatant was discarded, and the cell pellet was transferred to a flask
for further treatment [12,26].

4.3. Calculation of the ICso values for DOX and Zm-093

MCEF?7 cells (5 x 105 cells/mL) were counted and transferred to 96-well plates. The cells were then
incubated at 37°C, 5% CO», and 95% humidity and cultured in medium supplemented with 90%
RPMI 1640, 10% FBS, and 100 U/mL streptomycin/penicillin (1%). After 24 h, the medium was
replaced with RPMI 1640 containing 1% FBS. The cells were then treated with different concentrations
of DOX (prepared from the Faculty of Pharmacy at the University of Tehran) at 0, 0.091, 0.183, 0.367,
0.735, 1.47, and 2.94 uM and with Zm-093 at 0, 3.46, 6.92, 13.85, 27.71, 55.43, and 110.87 uM for 24 h.
The untreated group was considered the control group. Afterward, the viability of the cells was
assessed via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. All
procedures were performed under aseptic conditions. We repeated each concentration three times in
each well, and the final volume was 200 pL.

Note: Initially, a wide range of ranges was selected; subsequently, in repeated trials, the optimal
range was determined. The concentrations that caused the least toxicity to the cells were then chosen
after the appropriate range was selected. The DOX and Zm-093 compounds were dissolved in 1% of
the final volume in DMSO and ethanol, respectively. Next, culture medium was added to the mixture.
The control was applied to the solvent. Previous studies revealed that 1% DMSO and ethanol have
no toxic effects on cells.

MTT assays were used to measure metabolic activity in cells to evaluate viability, proliferation,
and cytotoxicity [27]. To determine the ICs of DOX and Zm-093 and determine their optimal doses,
we conducted an MTT experiment. As a result of enzymatically reducing the tetrazolium salt, the
formazan form, which has a purple-blue color, can be quantified through spectrophotometry [12,26].
To perform the test, at the end of the treatment period, all the wells were emptied. Fresh medium
without FBS (which constituted 90% of the final volume of the wells) was mixed with a solution of
MTT (5 mg/mL; Sigma-Aldrich) in a volume of 10 uL (which constituted 10% of the final volume of
the wells). The plates were then incubated for 3-4 h at 37°C, 5% CO, and 95% humidity. The final
volume of each well was 100 pL, and the supernatant was removed. The formazan crystals that
formed were solubilized in 100 pL of dimethyl sulfoxide (DMSO; Sigma-Aldrich) for 30 min. The
absorbance at 570 nm was subsequently measured using a microplate reader (Bio-Rad Laboratories,
CA, USA). The percentage of inhibitory effects was calculated using the following formula:

OD (treatment)

Y oD (control)

Percentage of inhibitory = [ 1 )] X 100%

4.4. Synergistic effects of DOX and Zm-093

As described in section 2.3, the same number of cells were cultured under the abovementioned
conditions. The synergistic effects of the DOX drug and the Zm-093 synthetic compound on MCF-7
cells were investigated. As a next step, the cells were treated with DOX (0, 0.367, 0.643, 0.919, and 1.28
puM) and Zm-093 (0, 10, 20, 30, and 40 uM) alone or in combination with constant concentrations of

d0i:10.20944/preprints202402.1233.v1
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0.36 and 40 pM for DOX and Zm-093, respectively (these concentrations were approximately 30% of
the ICs0 determined in section 2.3). After 24 h, the MTT test was performed under the same conditions
as in section 2.3, and cell viability was calculated according to the following formula [26].

OD (treatment)

OD (control)

Combination indexes (CI) are quantitative measures used to assess the nature of
pharmacological interactions, specifically synergistic, additive, or antagonistic interactions. Based on
the equation below, CompuSyn software (version 1.0; Ting Chao Chou and Nick Martin, Paramus,
NJ) was used to calculate the CI [28,29].

(D)1 (D)2 (D)1 x (D)2

— (Dx)1 + (Dx)?2 + (Dx)1 x (Dx)2

In the CI formula, (Dx)1 and (Dx)2 represent the doses of DOX and Zm-093 in combination that
were needed to achieve the same efficacy as that of DOX (D)1 and Zm-093 (D)2 when used alone.

A CI>1 indicated an antagonistic interaction, and a CI <1 indicated a synergistic interaction; a
CI between 0.2 and 0.4 indicated a strong synergistic interaction, and a CI equal to 1 indicated an
additive interaction.

Cell viability = [

1 x 100%

CI

4.5. Western blot analysis

Briefly, 5 x 10° MCF-7 cells/mL were seeded in 6-well plates and exposed to DOX (0.36 uM) and
Zm-093 (14.5 uM) alone and in combination with each other (DOX + Zm-093: 0.36 + 14.5 uM) for 24
hours. Subsequently, the cells were subjected to lysis utilizing a lysis solution supplemented with 1%
proteinase inhibitors, namely, phenylmethylsulfonyl fluoride (PMSF), to ensure proteolytic
inhibition. Following lysis, the total protein content was extracted. The concentrations were
determined using a Thermo Scientific (United States)-manufactured BCA protein kit. By using
Western blotting, Hua et al. [30] analyzed tBid, Bax, Bcl-2, and caspase-3 expression patterns. Briefly,
equal amounts of protein (25 pg) from each sample were loaded into gels and separated by SDS-
PAGE (12% w/v polyacrylamide gel with a 5% w/v stacking gel). The gels were then electroblotted
onto a polyvinylidene fluoride transfer membrane (Millipore, Bedford, Massachusetts). Immunoblots
were probed with primary antibodies against Bax, Bcl-2, caspase-3, and tBid (sc-7480, sc-492, and sc-
7272 from SANTA CRUZ BIOTECHNOLOGY, INC; ab10640 from Abcam; United States), and §3-
actin, a housekeeping protein, was used as a control and detected with monoclonal anti-f8-actin (sc-
47778 from SANTA CRUZ BIOTECHNOLOGY) and anti-mouse IgG-peroxidase conjugate (A2304,
Sigma—-Aldrich) as primary and secondary antibodies, respectively. 3,3'-diaminobenzidine (DAB;
Sigma-Aldrich, D-7304) and H20: were used as substrates. The resulting images were captured using
a ChemiDoc XRS imaging system (Bio-Rad, USA) in the presence of an enhanced chemiluminescence
(ECL) solution.

4.6. Apoptosis assay via flow cytometry

For this experiment, 2 x 10° cells/mL MCF-7 cells were evenly distributed into individual wells
of 6-well plates. The cells were then treated with 30% of the ICso concentrations of DOX (0.36 uM),
Zm-093 (22 uM), and a combination of both compounds (DOX + Zm-093: 0.36 + 22 uM) for 24 hours.
A fluorescein isothiocyanate (FITC) Annexin V Apoptosis Detection Kit (Elabscience, USA) was used
to analyze cell death [31]. In the subsequent procedure, the cells were collected and subjected to two
rounds of washing with PBS. After 3 uL of FITC Annexin V and 3 pL of propidium iodide (PL; 1
mg/mL) were added to the suspensions, the mixtures were thoroughly combined and subjected to a
20 min incubation period at room temperature under light-restricted conditions. A Becton-Dickinson
FACSCalibur™ flow cytometer was used to assess apoptosis, and FlowJo software version 7.6.1 was
used to process the data (Flow]Jo LLC, Ashland, OR).
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4.7. TUNEL Assay

Cell apoptosis rates were measured in various treatment groups using the TUNEL test. The cells
were inoculated into 6-well plates at a concentration of 2 x 105 cells/mL and incubated overnight [32].
The cells were incubated at concentrations of 0.36 uM and 14.5 uM for 24 h for DOX alone or in
combination with Zm-093, respectively. A TUNEL Assay Kit (Enhanced FITC, Elabscience: E-CK-
A334) was used to determine the proportion of apoptotic cells. This procedure was performed
following the manufacturer's guidelines. To summarize, the slides were subjected to two rounds of
xylene administration, each lasting 5 min, followed by immersion in 100% and 95% ethanol for 3 min.
The slides were subjected to two rounds of washing, each lasting 2 min, utilizing a solution composed
of Tween 20-PBS. To inhibit peroxidase activity, the slides were incubated for 10 min in a PBS solution
containing 3% hydrogen peroxide (H20:). Subsequently, the slides were washed three times with a
Tween 20-PBS solution for 2 min per wash. Next, the slides were incubated for 40 min in Buffer
Reaction Terminal Deoxynucleotidyl Transferase (TdT), followed by a 1 h incubation in Mixture
Reaction TdT at 37°C. Subsequently, the slides were washed with buffer wash stop for 4 min and
then subjected to three washes with Tween 20-PBS, each lasting 2 min. The slides were incubated
with HRP-streptavidin for 20 min at ambient temperature, followed by three washes with Tween 20-
PBS for 2 min each. Subsequently, the slides were subjected to a 1 min incubation period with DAB,
after which the slides were further washed with water. The slides were immersed in a hematoxylin
solution for 30 seconds. Following this step, the slides were rinsed with water and dehydrated in 95%
and 100% ethanol for 3 min. After they were double immersed in xylene for 5 min each, the cells were
mounted. Fluorescence microscopy (Olympus BX50; Japan) was used to obtain the images.

4.8. Statistical analysis

The data for these experiments were analyzed via SPSS software (version 23.0) and GraphPad
Prism (version 8.0). All the numerical data are presented as the means + standard deviations (SD),
and all the experiments were repeated three times. Significant differences between groups were
analyzed by one-way analysis of variance (ANOVA) and post hoc Duncan's test for multiple
comparisons. Additionally, the one-sample t test was used to assess the significance of the observed
differences between various groups. The significance level was set at P < 0.00001.

5. Conclusions

The current investigation showed that all CI acquired were less than one, suggesting a
synergistic correlation between DOX and Zm-093 in terms of their anticancer efficacy against MCE-7
cells. The results of the Western blot analysis demonstrated the synergistic effect of DOX and Zm-093
on the protein expression levels of Bcl-2, tBid, and caspase-3, as well as the Bax/Bcl-2 ratio.
Furthermore, the concurrent administration of these two compounds resulted in the initiation of
programmed cell death (apoptosis) in MCF-7 cells via the intrinsic mechanism of apoptosis. These
findings were subsequently validated through flow cytometry and TUNEL staining. The
administration of substantial doses of DOX and Zm-093 individually is also limited by cytotoxicity
and solubility issues. By administering DOX and Zm-093 together, these undesirable effects could be
minimized, and drug resistance could be mitigated.
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