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Background: Multidrug resistance in various cancer types is a major obstacle in cancer treatment. The concept of a single drug
molecular target often causes treatment failure due to the complexity of the cellular processes. Therefore, combination chemotherapy,
in which two or more anticancer drugs are co-administered, can overcome this problem because it potentially have synergistic efficacy
besides reducing resistance, and drug doses. Previously, we reported that pyrazoline B had promising anticancer activity in both in
silico and in vitro studies. To increase the efficacy of this drug, co-administration with established anticancer drugs such as
doxorubicin and paclitaxel is necessary.

Materials and Methods: In this study, we used an in silico approach to predict the synergistic effect of pyrazoline B with paclitaxel
or doxorubicin using various computational frameworks and compared the results with those of an established study on the
combination of doxorubicin-cyclophosphamide and paclitaxel-ascorbic acid.

Results and Discussion: Drug interaction analysis showed the combination was safe with no contraindications or side effects.
Furthermore, molecular docking studies revealed that doxorubicin-pyrazoline B and doxorubicin-cyclophosphamide may synergisti-
cally inhibit cancer cell proliferation by inhibiting the binding of topoisomerase I to the DNA chain. Moreover, the combination of
pyrazoline B-paclitaxel may has synergistic activity to cause apoptosis by inhibiting Bcl2 binding to the Bax fragment or inhibiting
cell division by inhibiting o-f tubulin disintegration. Paclitaxel-ascorbic acid had a synergistic effect on the inhibition of o-f tubulin
disintegration.

Conclusion: The results show that this combination is promising for further in vitro and in vivo studies.
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Introduction

Chemotherapy is the standard therapeutic option for cancer treatment. Drug resistance, toxicity, and tumor heterogeneity
frequently restrict their efficacy. The emergence of multidrug-resistant cancer cells in response to various anticancer drug
regimens, such as doxorubicin and paclitaxel, has been a severe problem for a long time."* Combination chemotherapy,
in which two or more medications were administered concurrently, is a promising strategy for addressing these problems
because two single-target therapies may synergize via linked biological processes.” Drug combination therapy could
exhibit synergistic efficacy and reduce resistance.*> Combination therapy can also minimize harmful side effects by
lowering the drug doses®’ (Figure 1).
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Figure | Visualization of advantages of combination chemotherapy.

Pyrazoline derivatives are heterocyclic compounds that have been reported to have promising pharmacological
activities against cancer cells, such as cell division inhibition and apoptosis induction.®'? N-Phenyl pyrazoline deriva-
tives successfully synthesized in our laboratory showed anticancer activity against MCF-7 and T47D breast cancer cell
lines."*™'* This compound also induces poor survival, reduces tumor sphere size, inhibits cell growth, and reduces CD133
levels in HeLa cervical cancer cell lines.'*'® We successfully showed a decrease in EGFR (Epidermal Growth Factor
Receptor) levels in HeLa cells induced by an N-phenyl pyrazoline derivate.'>'®!” Therefore, the N-phenyl pyrazoline
derivative is a promising anticancer drug and potential to be combined with other anticancer drugs to increase their
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effectiveness. We previously reported that a compound belonging of N-phenyl pyrazoline derivates, Pyrazoline
B (methoxyphenyl)-1-phenyl-3-(thiophen-2-yl) —4,5-dihydro-1H-pyrazole), exerts promising anticancer activity based
on in silico'® and in vitro'® studies. This compound may potential to be combined with established anticancer drugs such
as doxorubicin or paclitaxel.

For cancer patients, selecting the proper medical combination can considerably reduce their pain and boost the
efficiency of their treatment.” However, personalized cancer therapies that use pharmacological combinations with
a synergistic impact are appealing but extremely difficult to implement.”® Drug combinations used during clinical trials
are costly, prone to errors, and may harm patients.?! Therefore, a computational framework simplifies the screening
process before conducting in vitro, in vivo, or clinical trials. In this study, we aimed to estimate the synergistic anticancer
effects of pyrazoline B with paclitaxel and doxorubicin using various web servers and software.

Materials and Methods
Drug—Drug Interaction Prediction (DDI)

Drug—drug interaction prediction was performed using the DDI-pred server (https:/www.way2drug.com/ddi/). In this

severity class, the adverse effects of the combined drug and overlapping P450 activities of each drug were estimated.*

Ligand-Protein Docking

Three-dimensional structures of the ligands were built using the MarvinSketch software, and the structures were minimized using
a Dreiding force field. The ligands used in this study are pyrazoline B, cyclophosphamide, ascorbic acid, doxorubicin, and
paclitaxel. Topoisomerase I (1A31) and topoisomerase Il (6ZY5) were used as target enzymes of doxorubicin. a-3 tubulin (6E7B)
and Bcl2 (2XA) were used as enzyme targets of paclitaxel. The protein structures were downloaded from the Protein Data Bank
(https://www.rcsb.org/).* Ligand-protein docking was performed using UCSF Chimera** and AutoDock Vina.® A blinded

docking approach was used in the present study. The topoisomerase I gridbox was set as follows: center_x = 20.00, center y =
10.00, center z = 20.00, and size_x = 70.00. size_y = 70.00, size_z = 70.00. The topoisomerase 2 grid box was set as follows:
center_x = 165.00, center_y=160.00, center z=130.00, size_x=90.00, size_y=100.00, and size_z=100.00. The a-tubulin grid
box was set as follows: center x =100.00, center y=32.00, center_z= 28.00, size_x =60.00, size_y=70.00, and size_z=90.00.
The grid box of Bcl2 was set as follows: center x = 35.00, center y =—15.00, center z=-15.00, size_x =35.00, size_y = 30.00,
and size_z = 30.00. Protein and ligand visualizations were performed using the UCSF chimera”* and ligplot plus.?® The in silico
17 on o-p tubulin and
Bcl2 was used as positive controls because the drug combination has been proven to have anticancer effects in vitro and in vivo.

synergistic effect of cyclophosphamide-doxorubicin®’ on topoisomerase I and II and ascorbic acid-paclitaxe

Protein—Protein and Protein—-DNA Docking
Macromolecular docking was performed to observe the binding interactions between the proteins using the HDOCK web server
http://hdock.phys.hust.edu.cn/.?” Using this server, the binding affinities of Topoisomerase I and I without ligand, Topoisomerase

I and II in complex with pyrazoline B, doxorubicin, pyrazoline B-doxorubicin, cyclophosphamide, and cyclophosphamide-
doxorubicin with the DNA chain were measured. Binding affinity measurements were also performed for a-tubulin without the
ligand, Bcl2 in complex with pyrazoline B, paclitaxel, pyrazoline B-paclitaxel cyclophosphamide, and cyclophosphamide-
doxorubicin with B-tubulin. Binding interactions of Bcl2 without ligand, Bel2 in complex with pyrazoline B, paclitaxel, pyrazo-
line B-paclitaxel cyclophosphamide, and cyclophosphamide-doxorubicin with the Bax fragment were also observed.

Results and Discussion

Drug—Drug Interaction Prediction
The Way2Drug web platform divides drug—drug interactions into five classes: class 1 (contraindicated), class 2 (provisionally
contraindicated), class 3 (conditional), class 4 (minimal risk), and class 5 (no interaction).”> This server defines the probability in

1.3° The combination of

two terms: the probability of being active (Pa) and inactive (Pi). The probability is in the range of 0—
doxorubicin and cyclophosphamide had a DDI severity class of class 4 (minimal risk), with a probability of 0.215. The

combination of doxorubicin and pyrazoline B had a DDI severity class of class 4 (minimal risk), with a probability of 0.482.
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Tables 1 and 2 also show that this combination is considered safe because it has a high probability of being inactive, causing
several adverse effects such as arrhythmia, bradycardia, hypertension, hypotension, qt_interval prolongation, and tachycardia.
Cytochrome P450 (CYP) is a superfamily of heme-containing oxidizing enzymes involved in the metabolism of many
drugs, xenobiotics, and endogenous substances. Most approved drugs are metabolized by five CYPs (1A2, 2C9, 2C19, 2D6,
and 3A4). CYPs mainly mediate adverse drug—drug interactions, leading to major cause of premature drug development and
medication removal from the market.>' Therefore, the overlap of CYPs activity in the drug combinations was also estimated.
As shown in Table 3, the drug combination is safe because pyrazoline B is not considered a CYPs inducer, inhibitor, or
substrate. Meanwhile, the combination of paclitaxel and ascorbic acid had a DDI severity class of class 4 (minimal risk) with
a probability of —0.119. The combination of paclitaxel and pyrazoline B has a DDI severity class of class 2 (provisionally
contraindicated) with a probability of 0.237, but this prediction is plausible because of the low probability. Moreover, this

Table | Adverse Effect of Doxorubicin +

Cyclophosphamide ~ Combination.  Probability

Range: 0-1
Activity Pa Pi
DDl arrhythmia 0.000 0.999
DDI bradycardia 0.001 0.985
DDI hypertension 0.000 0.999
DDI hypotension 0.000 0.999
DDl qt_interval_prolongation | 0.000 0.999
DDl tachycardia 0.000 0.987

Table 2 Adverse Effect of Doxorubicin +
Pyrazoline B Combination. Probability Range: 0—I

Activity Pa Pi

DDI arrhythmia 0.018 0.635
DDI bradycardia 0.039 0.504
DDI hypertension 0.002 0.821
DDI hypotension 0.004 0.803
DDI qt_interval_prolongation 0.007 0.761
DDI tachycardia 0.011 0.776

Table 3 Overlapping of P450 Activities of Doxorubicin, Cyclophosphamide, Pyrazoline B. Probability Range: 0-I

Doxorubicin Cyclophosphamide Pyrazoline B
Inducer Inhibitor Substrate Inducer Inhibitor Substrate Inducer Inhibitor Substrate
CYPIA2
CYP2CI9 0.574
CYP2C9 0.419 0916 0.679 0.55
CYP2D6 0.566
CYP3A4 0.507 0.721 0.54 0.677 0.786
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combination is also considered safe since it has high probability of being inactive, causing several adverse effects such as
arrhythmia, bradycardia, hypertension, hypotension, qt_interval prolongation, and tachycardia (Tables 4 and 5), and both
paclitaxel and pyrazoline B are not considered as CYPs inducers/inhibitors/substrates (Table 6).

Molecular Docking Study

Molecular docking was performed against the native target of each drug to determine the synergistic effects of the drug
combination. Doxorubicin exerts its molecular action by targeting DNA-associated enzymes, such as topoisomerase I and I1.*>
Doxorubicin nanoprodrug have been applied for treatment of various types of cancer, such as leukemia, lung, ovarian, breast etc.*
Therefore, in this study, molecular docking of doxorubicin and pyrazoline B was performed and compared to the synergistic effect

of cyclophosphamide-doxorubicin, which has been proven to have anticancer effects and does not induce hepatotoxicity.?” Blind

Table 4 Adverse Effect of Paclitaxel + Ascorbic Acid
Combination. Probability Range: 01

Activity Pa Pi
DDI arrhythmia 0.005 0.804
DDI bradycardia 0.007 0.836
DDI hypertension 0.001 0.881
DDI hypotension 0.002 0.920
DDI qt_interval_prolongation | 0.002 0.934
DDI tachycardia 0.012 0.768

Table 5 Adverse Effect of Paclitaxel + Pyrazoline
B Combination. Probability Range: 0—I

Activity Pa Pi

DDl arrhythmia 0.036 0.507
DDl bradycardia 0.041 0.491
DDI hypertension 0.004 0.709
DDI hypotension 0.038 0.533
DDl qt_interval_prolongation 0.005 0.787
DDl tachycardia 0.024 0.598

Table 6 Overlapping of P450 Activities of Paclitaxel, Ascorbic Acid, Pyrazoline B. Probability Range: 0|

Paclitaxel Ascorbic Acid Pyrazoline B
Inducer Inhibitor Substrate Inducer Inhibitor Substrate Inducer Inhibitor Substrate
CYPIA2 0.131 0.152
CYP2CI9 0.349
CYP2C9 0.225 0.020
CYP2D6 0.131
CYP3A4 0.793 0.309 0.292
Advances and Applications in Bioinformatics and Chemistry 2024:17 https: 37
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docking results in Figure 2A show that pyrazoline B binds to the DNA-binding site of topoisomerase I in a non-competitive
manner with doxorubicin, similar to cyclophosphamide (Figure 2B). Doxorubicin, pyrazoline B, and cyclophosphamide have
binding affinity of —8.4, —7.0, and —5.1 kcal/mol, respectively (Table 7). pyrazoline B forms one hydrogen bond with Thr501

GlyS03(A) ¥ Asnd91(A)
G

a1502(A)
Lys532(A) \

%;::(A)

g 335N,
N @', GIyS03(A)
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Figure 2 Protein-ligand docking and macromolecular docking of topoisomerase I. (A) The binding of topoisomerase | and pyrazoline B (green) or doxorubicin (red). (B) The
binding of topoisomerase | and cyclophosphamide (cyan) or doxorubicin (red). (C) Pyrazoline B-topoisomerase | interaction. (D) Cyclophosphamide-topoisomerase
| interaction. (E) Doxorubicin-topoisomerase | interaction. (F) Topoisomerase | without ligand. (G) Topoisomerase I-doxorubicin. (H) Topoisomerase |-pyrazoline B. (I)
Topoisomerase |-Doxorubicin-pyrazoline B. (J) Topoisomerase | cyclophosphamide. (K) Topoisomerase I-doxorubicin-cyclophosphamide.
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Table 7 Binding Affinity of Pyrazoline B and Doxorubicin
Against Target of Doxorubicin (Topoisomerase | and )

Binding Affinity (kcal/mol)
Topoisomerase | | Topoisomerase Il
Pyrazoline B -7.0 —7.8
Cyclophosphamide 5.1 -5.7
Doxorubicin -84 9.1

(Figure 2C), Cyclophosphamides form four hydrogen bonds involving Asn491, Thr501, Gly503, and Ser506 (Figure 2D),
whereas Doxorubicin forms seven hydrogen bonds with topoisomerase I involving Lys484, Leu485, Ala486, Arg590, and Val626
(Figure 2E). The van der Waals interaction of pyrazoline B appears to influence its affinity for the topoisomerase I receptor, where
ten contact residues are involved (Figure 2C), compared to cyclophosphamide, which only interacts with seven contact residues
(Figure 2D). This result indicated that pyrazoline B-doxorubicin and cyclophosphamide-doxorubicin might synergistically inhibit
topoisomerase 1.

To prove this hypothesis further, a docking simulation between topoisomerase I and the DNA chain was performed in the
absence and presence of ligand(s) (Table 8 and Figure 1F—K). In the absence of the ligand, topoisomerase I had a docking score of
—509.60 with a DNA chain and Figure 2F show the native binding mode between topoisomerase I and DNA chain. In the presence
of doxorubicin, the binding affinity of topoisomerase I to the DNA chain was reduced, with a docking score of —499.54
(Figure 2G). Interestingly, although pyrazoline B had a lower affinity than doxorubicin for topoisomerase I, this compound
exhibited more significant binding inhibition, with a docking score of —299.96 (Figure 2H). This analysis showed a synergistic
effect of the pyrazoline B-doxorubicin combination, as this combination showed higher inhibition than single docking with
doxorubicin, with a docking score of —301.81 (Figure 2I). This result showed that the drug combination produced better
topoisomerase I binding inhibition to the DNA chain. Topoisomerase I inhibitors have molecular action in inhibiting cancer
cell proliferation by inhibiting DNA replication, inducing DNA damage, and stimulating cell-cycle arrest.>* Comparison with
cyclophosphamide also showed that the binding of cyclophosphamide or cyclophosphamide-doxorubicin reduced the binding
affinity of topoisomerase I to the DNA chain (docking scores —382.41 and —385.16, respectively) (Figure 2J and K).

Figure 3A shows that pyrazoline B binds to topoisomerase II noncompetitively with doxorubicin similar with cyclopho-
sphamide (Figure 3B). However, these two compounds did not bind to the topoisomerase II DNA-binding site. Doxorubicin,
Cyclophosphamide and pyrazoline B have binding affinity of 9.1, —5.7 and —7.8 kcal/mol, respectively (Table 7). The binding of
pyrazoline B involved only van der Waals interactions (Figure 3C). Cyclophosphamide only formed van der Waals interactions
(Figure 3D). Meanwhile, Doxorubicin formed 12 hydrogen bonds involving Thr620, Ser621, Lys622, Asn774, Asn782, Gly788,
GIn789, and Asn894 (Figure 3E). The macromolecular docking between topoisomerase II and the DNA chain is in line with
previous results showing that Topoisomerase II-doxorubicin, Topoisomerase II-pyrazoline B, Topoisomerase II-doxorubicin-
pyrazoline B, Topoisomerase II-cyclophosphamide, and Topoisomerase II-doxorubicin-cyclophosphamide did not reduce the

Table 8 Results of Topoisomerase I-DNA Chain Docking

No Macromolecular Docking Docking Score Ligand rmsd (A)
| Topoisomerase I-DNA chain -509.60 0.48
2 Topoisomerase | doxorubicin-DNA chain —499.54 0.34
3 Topoisomerase | pyrazoline B-DNA chain —299.96 1.79
4 Topoisomerase | doxorubicin-pyrazoline B-DNA chain -301.81 1.87
5 Topoisomerase | cyclophosphamide-DNA chain -382.41 0.57
6 Topoisomerase | doxorubicin-cyclophosphamide-DNA chain -385.16 0.68
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Figure 3 Docking of topoisomerase Il and ligands. (A) The binding of topoisomerase Il and pyrazoline B (green) or doxorubicin (red). (B) The binding of topoisomerase Il
and cyclophosphamide (cyan) or doxorubicin (red). (C) Pyrazoline-topoisomerase Il interaction. (D) Cyclophosphamide-topoisomerase Il interaction. (E) Doxorubicin-

topoisomerase |l interaction.

binding affinity toward the DNA chain, indicating that pyrazoline B, doxorubicin, and cyclophosphamide do not bind to the DNA
binding site of topoisomerase II (Table 9). These results align with another report that higher doses of doxorubicin-

cyclophosphamide benefit patients with HER-2-amplified tumors, and do not correlate with topoisomerase I1.>°

Table 9 Results of Topoisomerase II-DNA Chain Docking

No Macromolecular Docking Docking Score Ligand rmsd (A)
| Topoisomerase II-DNA chain -936.49 0.70
2 Topoisomerase Il doxorubicin-DNA chain -937.39 0.72
3 Topoisomerase Il pyrazoline B-DNA chain —936.43 0.76
4 Topoisomerase Il doxorubicin-pyrazoline B-DNA chain -936.73 0.70
5 Topoisomerase Il cyclophosphamide-DNA chain -937.70 0.72
6 Topoisomerase Il doxorubicin-cyclophosphamide-DNA chain -937.72 0.70

Table 10 Binding Affinity of Pyrazoline B and
Paclitaxel Against Target of Paclitaxel (a-f

Tubulin and Bcl2)

Binding Affinity (kcal/mol)
o-p Tubulin Bcl2
Pyrazoline B —6.9 -74
Ascorbic acid —6.7 4.9
Paclitaxel -8.1 74
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Figure 4 Protein-ligand docking and macromolecular docking of a tubulin. (A) Pyrazoline B (green) and Paclitaxel (Orange) binding to a-f tubulin. (B) Ascorbic acid (blue)
and Paclitaxel (Orange) binding to a-f tubulin. (C) a-f tubulin-pyrazoline B. (D) a-p tubulin-ascorbic acid. (E) a- B tubulin-paclitaxel. (F) a-tubulin without ligand. (G) o
tubulin-Paclitaxel. (H) o tubulin-pyrazoline B. (I) a tubulin-Paclitaxel-pyrazoline B. (J) a tubulin-ascorbic acid. (K) o tubulin-Paclitaxel-ascorbic acid.
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We investigated the binding of pyrazoline B-paclitaxel, to a-tubulin. Paclitaxel exerts its molecular action by
stabilizing bundles and preventing microtubule disintegration during cell division. As a result, cell growth is reduced
by stopping the cell cycle at the metaphase/anaphase border and forming an incomplete metaphase plate of chromo-
somes, which is triggered by microtubule dynamics stabilization.*® Therefore, in this study, molecular docking of
pyrazoline B and paclitaxel was performed and compared to the synergistic effect of ascorbic acid-paclitaxel, which
has been proven to alleviate the anticancer effect of paclitaxel.® Binding affinity of paclitaxel, pyrazoline B and ascorbic
acid were —8.1, —6.9 and —6.7 kcal/mol, respectively (Table 10). Figure 4A reveals that pyrazoline B and Paclitaxel
competitively bind to the binding site between a-tubulin and -tubulin similar with ascorbic acid (Figure 4B). pyrazoline
B possesses only van der Waals interaction (Figure 4C). Ascorbic acid forms six hydrogen bonds involving Glu71,
Ala99, Alal00, Thr145, Glyl146, and Lys252 (Figure 4D). Paclitaxel forms three hydrogen bonds with a-f tubulin,
involving Thr225 and Arg320 (Figure 4E).

To determine whether the compound would increase or decrease the binding between a-tubulin and B-tubulin,
macromolecular docking was performed. The results showed that the binding of paclitaxel, pyrazoline B,
paclitaxel-pyrazoline B, ascorbic acid, and paclitaxel-ascorbic acid to a tubulin increased the binding affinity
between o and § tubulin compared to a-B-tubulin without ligand (Table 11). The binding of a-Btubulin in the
absence of ligand were 503.57 (Figure 4F). The binding of a-Btubulin in the presence of paclitaxel or pyrazoline
B alone (docking score —600.39 and —572.05, respectively) (Figure 4G and H) was lower than in the presence of
paclitaxel-pyrazoline B (docking score —619.53) (Figure 41). The binding of a-B-tubulin in the presence in the
presence of ascorbic acid only (docking score, —564.25) (Figure 4J) was lower than that of paclitaxel-ascorbic
acid (docking score, —612.83) (Figure 4K). This phenomenon supports the hypothesis that paclitaxel, pyrazoline
B, and ascorbic acid may have molecular mechanisms that increase the binding of a and B tubulin in cancer
cells. Therefore, prevention of cell division occurs through the prevention of a-B-tubulin disintegration.

Tubulin poisoning action of paclitaxel also killed cancer cells expressing Bcl2 at high concentrations; the
drug inhibited the anti-apoptotic activity of Bcl2.>” PTX targets the loop domain of Bcl2, leading to apoptosis
initiation. Molecular modeling showed a similarity between B-tubulin and Bcl2 binding sites.*®*° Molecular
docking analysis revealed that the affinity energies of paclitaxel and pyrazoline B for Bcl2 were similar (—7.4
kcal/mol) (Table 11), with close binding sites (Figure 5A), whereas binding site of ascorbic acid was far from
paclitaxel (Figure 5B) with affinity —4.9 kcal/mol. Pyrazoline B only possesses van der Waals interactions
(Figure 5C). Ascorbic acid formed four hydrogen bonds involving Argl27, Glul79, Argl83, and His184
(Figure 5D). Paclitaxel forms three hydrogen bonds with Bcl2, involving Tyrl108 and GInl18 (Figure 5E). The
van der Waals interactions of pyrazoline B appear to have a greater influence on its affinity for the Bcl2 receptor,
where ten contact residues are involved (Figure 5C), compared to ascorbic acid, which interacts with only five
contact residues (Figure 5D). In addition, the binding site of ascorbic acid is far from that of paclitaxel on Bcl2
(Figure 5B).

Table 11 Macromolecules Docking of o and § Tubulin

No Macromolecular Docking Docking Score Ligand rmsd (A)
| a-p tubulin -503.57 0.44
2 a tubulin-paclitaxel-p tubulin —600.39 0.35
3 a tubulin-pyrazoline B-B tubulin -572.05 0.38
4 a tubulin-paclitaxel-pyrazoline B-f tubulin —619.53 0.41
5 a tubulin-ascorbic acid-B tubulin -564.25 0.38
6 a tubulin-paclitaxel-ascorbic acid —f3 tubulin —612.83 0.45
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Figure 5 Protein-ligand docking and macromolecular docking of Bcl2. (A) Pyrazoline B (green) and Paclitaxel (Orange) binding to Bcl2. (B) Ascorbic acid (blue) and
Paclitaxel (Orange) binding to Bcl2. (C) Pyrazoline B interaction with residues on Bcl2. (D) Ascorbic acid interaction with residues on Bcl2. (E) Paclitaxel interaction with
residues on Bcl2. (F) Bcl2 without ligand. (G) Bcl2-Paclitaxel. (H) Bcl2-pyrazoline B. () Bcl2-Paclitaxel-pyrazoline B. (J) Bcl2-ascorbic acid. (K) Bcl2-Paclitaxel-ascorbic acid.
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Table 12 Macromolecules Docking of Bcl2 and Bax

No Macromolecular Docking Docking Score Ligand rmsd (A)
| Bcl2-Bax -510.10 0.30

2 Bcl2-paclitaxel-Bax -216.61 1391

3 Bcl2-pyrazoline B-Bax —203.93 12.66

4 Bcl2-paclitaxel-pyrazoline B-Bax —204.17 10.93

5 Bcl2-ascorbic acid-Bax —454.09 0.41

6 Bcl2-paclitaxel-ascorbic acid-Bax -216.72 13.81

Simulation of protein—protein docking revealed that pyrazoline B seems to show a synergistic effect with
paclitaxel in inhibiting the binding of Bcl2 (anti-apoptotic protein) to Bax (proapoptotic protein) (Table 12).
Without a ligand, Bcl2 has a binding score of —510.10 against the Bax fragment (Figure 5F). In the presence of
paclitaxel, the binding score was reduced by more than 50% (-216.61) (Figure 5G), indicating that, in line with
previous findings, paclitaxel has an additional molecular action by targeting Bcl2 to prevent this anti-apoptotic
protein from binding with Bax. In the presence of pyrazoline B, the binding score was reduced by more than
50% (-203.93) (Figure 5H). Interestingly, the combination of paclitaxel and pyrazoline B resulted in a lower
binding score (-204.17) (Figure 5I). Bcl2 acts as an anti-apoptotic protein by binding to the Bax monomer and
preventing oligomerization of Bax; therefore, pore formation in the mitochondria does not occur, leading to
inhibition of the intrinsic apoptosis pathway.*® The synergistic binding of paclitaxel and Pyrazoline B to Bcl2
seem to prevents the binding of Bcl2 to Bax. This may lead to oligomerization of Bax, which causes
permeabilization of the mitochondrial outer membrane and promotes cell death by releasing effector apoptosis
molecules such as cytochrome c, apoptosis inducing factor (AIF), or SMAC/Diablo.**** A comparison with
ascorbic acid-paclitaxel showed that ascorbic acid itself slightly reduced the binding between Bcl2-Bax (—454.09)
because the binding site of ascorbic acid is not located in the binding site of Bax. However, binding of the Bcl2-
ascorbic acid complex to Bax was similar to binding of Bcl2-ascorbic acid-paclitaxel complex to Bax (—216.61
and —216.72, respectively) (Figure 5J and K). This shows that the main molecular mechanism of ascorbic acid in
cancer cells might not induce apoptosis by preventing the Bcl2-Bax complex but by inhibiting cell division
through stabilization of the a-B-tubulin complex.

Conclusion

Preliminary analysis using the Way2Drug web platform revealed that the combination of doxorubicin-cyclophosphamide,
doxorubicin-pyrazoline B, paclitaxel-ascorbic acid, and paclitaxel-pyrazoline B was safe because it was estimated to
have no contraindications or side-effects. Ligand-protein docking demonstrated that doxorubicin-pyrazoline B and
doxorubicin-cyclophosphamide exhibited high affinity for the DNA-binding site of topoisomerase I in a non-
competitive manner. Paclitaxel-pyrazoline B also exhibited high affinity for the Bax fragment binding site of Bcl2 in
a non-competitive manner. Paclitaxel-pyrazoline B also showed high affinity for the binding site between a- and B-
tubulin. Furthermore, simulation of macromolecular docking revealed that doxorubicin-pyrazoline B and doxorubicin-
cyclophosphamide synergistically inhibited topoisomerase I to bind with the DNA chain, that will leading to the
inhibition of cancer cell proliferation by inhibiting DNA replication, inducing DNA damage, and stimulating cell
cycle arrest. Pyrazoline B-paclitaxel has synergistic activity, causing apoptosis by inhibiting Bcl2 binding to the Bax
fragment or inhibiting cell division by inhibiting o-B-tubulin disintegration. Paclitaxel-ascorbic acid had a synergistic
effect in inhibiting a-p-tubulin disintegration. All molecular simulation data indicated that the combination could be
applied for further in vitro or in vivo research to observe the inhibition of cell proliferation or apoptosis in cancer cells or
animal model.
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