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Abstract

Cyclophilin A (CypA) has been identified as a key regulator of apoptosis and contributes to chemotherapy resistance
in breast cancer cells. One indicator of apoptosis imbalance is the BAX/BCL-2 ratio, where a low ratio is associated with
tumor progression and reduced treatment efficacy. Overcoming this resistance remains a challenge, particularly through
combination therapies. Spatholobus littoralis, a flavonoid-rich medicinal plant, has shown potential as an anticancer
agent, but its effectiveness as an adjuvant to doxorubicin is not fully established. This study aims to evaluate the effects
of S. littoralis extract combined with doxorubicin on apoptosis regulation, particularly the BAX/BCL-2 expression ratio,
in a DMBA-induced breast cancer rat model, and to investigate the interaction of its major compound with Cyclophilin
A through molecular docking analysis. Female Sprague Dawley rats were induced with DMBA to develop breast tumors
and subsequently treated with S. littoralis extract, doxorubicin, or their combination. Gene expression levels of BAX and
BCL-2 were quantified using real-time PCR, and tumor volume and BW were monitored weekly. Data were analyzed
using one-way ANOVA with post hoc tests (p < 0.05). Molecular docking evaluated the interaction between N-2-[4-(3,3-
dimethylallyloxy)phenyl]ethylcinnamide, the plant’s main compound, and CypA (PDB ID: 3RDD), while SwissADME
assessed drug-likeness and pharmacokinetics. Results showed that DMBA increased BCL-2 and decreased BAX,
indicating apoptosis resistance. Treatment with S. littoralis extract combine with doxorubicin individually significantly
improved the BAX/BCL-2 ratio, reduced tumor volume, and increased %TGI, with the combination therapy producing
the most pronounced pro-apoptotic effect (»p < 0.05) and maintaining BW. Molecular docking revealed strong binding
affinity of the compound to CypA, and in silico analysis suggested favorable drug-like properties. In conclusion, the
combination of S. litforalis extract with doxorubicin enhances breast cancer treatment efficacy by modulating apoptosis
markers, reducing tumor growth, and targeting Cyclophilin A, while maintaining body weight.

Keywords: BAX/BCL-2 expression ratio, Cyclophilin A, DMBA-induced breast cancer, Doxorubicin, Molecular
docking, Spatholobus littoralis


https://orcid.org/0000-0002-2123-6448

Trends Sci. 2026; 23(11): 13669

20f19

Introduction

One of the most common cancers and leading
cause of death for woman is breast cancer [1]. Despite
advances in therapeutic strategies, the effectiveness of
chemotherapy remains limited due to drug resistance
and systemic toxicity [2]. Doxorubicin, a widely used
chemotherapeutic agent, remains primary agent of
breast cancer treatment; however, its clinical
effectiveness is often hindered by chemoresistance and
dose limiting side effects [3]. Therefore, the
development of effective adjuvant strategies to enhance
chemosensitivity and improve therapeutic outcomes is
urgently needed [4]. Apoptosis plays a critical role in
maintaining cellular homeostasis and represents a key
target in cancer therapy. Dysregulation of apoptosis is
one of the major mechanisms underlying therapeutic
resistance [5]. Under normal conditions, apoptosis
regulates cell proliferation, whereas its disruption is a
hallmark of malignancy, including breast cancer [6,7].
The apoptosis process is primarily regulated by the
balance between pro-apoptosis and anti-apoptosis
proteins, particularly BAX and BCL-2 [8,9]. Decreased
expression of BAX and increased expression of BCL-2
have been associated with chemoresistance and poor
prognosis [10]. Therefore, modulation of the
BAX/BCL-2 expression ratio represents a promising
therapeutic strategy to enhance apoptosis response in
cancer treatment. In addition to BAX/BCL-2 ratio,
upstream regulators of apoptosis signaling have gained
increasing attention, such as Cyclophilin A (CypA) [11].

CypA is a member of the immunophilin family
with peptidyl-prolyl cis-trans isomerase (PPlase)
activity and is ubiquitously expressed in various cell
types [12,13]. This protein meditates a wide range of
biological functions, including signal transduction, gene
expression, mitochondrial function, and cellular
protection against oxidative stress [14,15]. One of its
key mechanisms involves interaction with apoptosis
signal-regulating kinase 1 (ASK1), which can activate
the JNK and p38MAPK pathways under stress
conditions [16-18]. Studies suggest that CypA may
inhibit ASKI1 activation, thereby suppressing
downstream apoptosis signaling and promoting cell
survival. Activation of ASK1 leads to phosphorylation
of JNK and p38, subsequently inducing caspase-3
activation and apoptosis [19]. Studies have
demonstrated that CypA can inhibit the phosphorylation

of ASK1 at Ser966, thereby suppressing the activation
of the INK and p38 pathways. This physical interaction
between CypA and ASK1 acts as a negative regulatory
mechanism of apoptosis signaling, rendering CypA a
cytoprotective factor in various pathological conditions,
including cancer and degenerative diseases [20]. In this
context, evaluating the binding affinity of S. litforalis
compounds toward Cyclophilin A may help to elucidate
their potential mechanism in regulating apoptosis
related pathways. Therefore, targeting Cyclophilin A
through in silico analysis represents a relevant approach
to complement in vivo findings on apoptosis regulation.

Combination therapy involving chemotherapeutic
agents and natural bioactive compounds has gained
increasing attention due to its potential to overcome
drug resistance and minimize toxicity. The ethanolic
extract of Spatholobus littoralis (S. littoralis) has been
reported to contain flavonoids and polyphenols with
cytotoxic, antioxidant, and pro-apoptosis activities
[21,22]. Previous studies have highlighted the potential
of bioactive compounds from this plant to interact with
apoptosis-regulating proteins [23]. S. littoralis is a plant
originating from Kalimantan, the roots of this plant are
used as a cancer medicine and anti-inflammatory by the
local people. Liquid chromatography-mass
spectrometry/mass spectrometry (LC-MS/MS) based
profiling enables comprehensive identification of
bioactive compounds in plant extracts, allowing
prediction of their biological activity against specific
molecular targets [24]. Evaluation of BAX and BCL-2
gene expression using qRT-PCR in tumor tissues
provides direct insight into the effect of the combination
of S. littoralis extract and doxorubicin on apoptosis
regulation. The DMBA (7,12-dimethylbenz[a]anthrac
ene)-induced rat model serves as an established
experimental model for studying breast carcinogenesis,
as it closely mimics the histopathological characteristics
of human breast cancer [25].

Previous studies have primarily focused on either
upstream or downstream components of apoptosis
signaling in isolation, and have largely evaluated natural
compounds as single agents rather than in combination
with established chemotherapeutic drugs [26-28].
However, doxorubicin remains a standard and widely
used agent in breast cancer therapy, and its efficacy is
often limited by chemoresistance [29]. To date, no study
has comprehensively integrated upstream molecular
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targeting and downstream apoptosis gene regulation to
evaluate the mechanistic basis of combination therapy
involving S. littoralis extract and doxorubicin. This is
the first to investigate the combined effects of S.
littoralis extract and doxorubicin on apoptosis
regulation thru an integrated approach involving the
upstream molecular targeting of Cyclophilin A in silico
study and the downstream expression analysis of
BAX/BCL-2 genes in a DMBA-induced breast cancer
in rats model. This integrated approach thru in silico and
in vivo studies supports the potential development of
adjuvant therapy that can overcome chemoresistance
thru a combination-based natural compound approach.
We hypothesize that the combination of S. littoralis
extract and doxorubicin enhances chemotherapy
sensitivity by inhibiting survival signals mediated by
Cyclophilin A in silico study, thereby increasing the
BAX/BCL-2 ratio, and ultimately promoting apoptosis
in DMBA-induced breast cancer in rats model.

This study aims to evaluate the effects of S.
littoralis extract combined with doxorubicin on
apoptosis regulation, particularly the BAX/BCL-2
expression ratio, in a DMBA-induced breast cancer rat
model, and to investigate the interaction of its major
compound with Cyclophilin A through molecular
docking analysis. It is hypothesized that the
combination treatment enhances apoptosis activity by
modulating the BAX/BCL-2 expression ratio and that its
bioactive compound exhibits a favorable interaction
with Cyclophilin A.

Materials and methods

Extraction and characterization of S. littoralis

A total of 7 kg of Spatholobus littoralis roots were
collected as raw material. After drying and grinding into
a fine powder, the weight was reduced to 4.13 kg. The
powder material was maceration using ethanol as the
solvent, resulting in a final yield of 1.39 kg of S.
littoralis ethanolic extract. Extraction was performed by
maceration with 96% ethanol for 3x24 h with occasional
stirring. The obtained filtrate was filtered and then
evaporated using a rotary evaporator at < 50 °C to yield
a concentrated extract. The extract was stored at 4 °C in
a dark container until use. The extract was characterized
using LC-MS/MS analysis. The analysis was performed
on an Ultra-Performance Liquid Chromatography
(UPLC) unit coupled with a Xevo G2-S QTof mass

spectrometer (ACQUITY UPLC® H-Class System,
Waters, USA). Separation was carried out using a C18
column (1.8 pum particle size; 2.1 x 100 mm, ACQUITY
UPLC® HSS, Waters, USA) at a column temperature of
50 °C and room temperature of 25 °C. The mobile
phases consisted of Phase A: water + 5 mM ammonium
formate, and Phase B: acetonitrile + 0.05% formic acid,
with a flow rate of 0.2 mL/min using a stepwise gradient
over 23 min. The sample injection volume was 5 puL, and
samples were filtered through a 0.2 um syringe filter

prior to analysis [30].

In silico analysis

Compounds identified from the S. littoralis extract
using LC-MS/MS analysis were subjected to in silico
molecular docking to evaluate their binding affinity
toward Cyclophilin A (CypA). Docking simulations
were performed using Molegro Virtual Docker (MVD
v7.0.0). The 3-dimensional crystal structure of
Cyclophilin A (PDB ID: 3RDD) was retrieved from the
RCSB Protein Data Bank (RCSB PDB). Water
molecules (HOH) were removed from the protein
structure prior to molecular docking using MVD. Polar
hydrogen atoms were added, and the protein structure
was energy-minimized to prepare it for docking
analysis. Ligand structures were optimized by energy
minimization using the “Ligand Energy Inspector”
feature in MVD to ensure the most stable
conformations. The docking protocol was validated by
redocking the native ligand, and the simulation was
considered valid when the RMSD value was less than 2
A. Each docking run was replicated 20 times to confirm
the reproducibility of binding poses. The resulting
ligand-protein interactions were analyzed based on
energy parameters, including the MolDock Score,
Hydrogen Bond (H-bond) energy, and Rerank Score,
with the Rerank Score used as the primary criterion for
ranking binding affinity. Compounds exhibiting the
lowest Rerank Scores were selected for further
pharmacokinetic and drug-likeness evaluation. The
pharmacokinetic properties were predicted according to
Lipinski’s Rule of Five, while ADME/T (absorption,
distribution, metabolism, excretion, and toxicity)
profiles were estimated using the SwissADME
(http://www.swissadme.ch/index.php) and pkCSM
(https://biosig.lab.ug.edu.au/) web  servers. The
predicted parameters were compared with the reference
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drug Doxorubicin to assess the therapeutic potential of
S. littoralis-derived compounds as combination therapy
candidates targeting Cyclophilin A.

In vivo study

This research protocol has been approved by the
Ethics Committee of the Faculty of Medicine,
University of Indonesia, and received a certificate of
passing ethical review on January 19, 2024 with No.
KET- 105 /UN2.F1/ETIK / PPM.00.02 /2024. Female
Sprague-Dawley rats (6 - 8 weeks old, £ 200 g) were
obtained from BPOM. Breast cancer was induced orally
using 7,12-dimethylbenz(a)anthracene (DMBA) at 20
mg/kg body weight twice weekly for 11 doses until
tumor nodules with volumes > 3 - 5 cm® formed. The
initial nodules are first palpable and can be measured in
the week 4 following the final DMBA induction. Tumor
growth reached a volume of approximately 3 - 5 cm?
within 2 - 3 weeks after the initial nodule detection.
These findings indicate variability in tumor onset and
progression among individual animals. This observation
is the same as from previous reports, which showed
tumor nodule appearance at week 4 and week 6 [31,32].
However, such variability is commonly reported in
DMBA-induced breast cancer models, depending on
factors such as dosage, frequency of administration, and
individual biological responses. Animals were
randomly divided into 7 treatment groups: (1) normal
(2) cancer control (DMBA without therapy), (3)
doxorubicin 5 mg/kg body weight once weekly i.p., (4 -
6) combination of doxorubicin with extract at doses of
100, 200, and 400 mg/kg body weight, respectively, and
(7) extract alone at 400 mg/kg body weight. Doses were
determined based on a preliminary acute toxicity study
(limit test, OECD 425) conducted in Sprague Dawley
rats, in which the LDso of S.littoralis extract was
estimated to be > 5,000 mg/kg body weight, with no
mortality, minimal clinical signs, and no significant
abnormalities observed during necropsy [33].
Accordingly, the extract was classified as non-toxic
based on the Indonesian National Agency of Drug and
Food Control (BPOM) Regulation No. 7/2014 [34].
Based on these findings, the experimental doses were
selected using fractionated levels of the maximum safe
dose (1/50, 1/25 and 1/12.5), resulting in doses of 100,
200, and 400 mg/kg body weight, respectively. These
doses fall within a safe sub-chronic range and were

considered appropriate to ensure safety while
maintaining potential therapeutic efficacy. The sample
size per group was determined according to Federer’s
formula for experimental design, which requires a
minimum of 4 animals per group (n = 4) to ensure
adequate  statistical power. Treatments were
administered for four weeks. At the end of the treatment,
animals were euthanized, and tumor tissues were
collected and stored at —80 °C for molecular analysis.
Tumor volume was calculated using the following
formula: V = 0.5 X L X W?, where V represents tumor
volume, L is tumor length, and W is tumor width [35].
Tumor growth inhibition (TGI) was determined based
on changes in tumor volume between the treatment
groups and the control group during the treatment
period. After obtaining the initial and final tumor
volume data, the TGI value was calculated using the

following formula [36]:

%TGI = [1—M] x 100%

AV ontrol

where AV treatment represents the change in tumor
volume in the treatment group, and AV control
represents the change in tumor volume in the DMBA

control group [37].

qRT-PCR analysis

Total RNA was extracted from tumor tissues using
RNA Extraction Reagent (Vazyme, China) according to
the manufacturer’s instructions. RNA concentration and
purity were measured using a NanoDrop 2000C UV-
VIS spectrophotometer (Thermo Fisher Scientific,
USA). RNA quality was evaluated based on an
A260/280 ratio of 1.8 - 2.0, an A260/230 ratio > 1.8, and
an 18S/28S rRNA ratio of 1.8 - 2.1 as criteria for gPCR
suitability. ¢cDNA synthesis was performed using
HiScript II Q RT SuperMix for qPCR (+gDNA wiper,
Vazyme, China) according to the manufacturer’s
protocol, including genomic DNA removal and reverse
transcription in a single reaction tube. Gene expression
analysis was conducted using ChamQ SYBR qPCR
Master Mix (Vazyme, China) on a Real-Time
Quantitative Thermal Cycler (Vazyme, Model FMR3).
The instrument software was used to program PCR
cycles, monitor amplification curves, and calculate

relative gene expression using the AACt method.
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Primers used were: BAX: forward 5-GTCTCAG
GCGAATTGGCGAT-3"; reverse 5-TAGGAAAGG
AGGCCATCCCAG-3". BCL-2: forward 5'-TGTGGAT
GACTGACTACCTGAACC-3"; reverse 5'-CAGCCAG
GAGAAATCAAA CAGAGG-3'. B-actin: forward 5'-
GTCTCAGGCGAATTGGCGAT-3"; reverse 5'-TAGG
AAAG GAGGCCATCCCAG-3'. the qRT-PCR thermal
cycling condition for all reactions was 95 °C for 30 min,
followed by 40 cycles of 94 °C for 30 s, and 60 °C for
30 s. Each experimental group included n = 4 biological
replicates, and each biological sample was measured in
technical duplicate. Gene expression levels of BAX and
BCL-2 were normalized to the housekeeping gene
B-actin using the AACt method, with the mean Ct value
of the technical duplicates used for analysis [38].

Statistical analysis

Gene expression analysed using GraphPad Prism
10.6.1 Software (GraphPad Software Inc., La Jolla, CA,
USA) and presented as the means + SD (n = 4).

Difference between samples were performed using
ANOVA with probability values of significant
differences, where normal control is compared with
DMBA group and #p < 0.05 is considered significant.
the tested group is compared with DMBA Control and

*p < 0.05 was significant.

Results and discussion

Extraction and characterization Spatholobus
littoralis

Maceration with ethanol 96% yielded 1.394 kg of
a thick, dark brown extract with a strong characteristic
aroma. The extraction produced a 24% yield, calculated
from the ratio of the ethanol extract to the powdered
simplicia. The LC-MS/MS results in Table 1 identified
23 secondary metabolite compounds found in the
ethanol extract of S. littoralis. The most frequently
identified secondary metabolites were phenolic and
flavonoid groups.

Table 1 Docking results of compounds identified from LC-MS/MS analysis against cyclophilin A compared with the

native ligand EA4 _166.

Molecular MolDock Rerank
R Molecular Ligand pose HBond
No Compound weight Score Score
Formula and (CID) (kJ/mol)
(g/mol ) (kd/mol)  (kJ/mol)
00 Native Ligand [00]JEA4 166[A] -104.219 -91.340 —4.711
00 Doxorubicin 543.52 C27H2oNOm [03]31703 -74.234 -70.795 -7.918
N-2-[4-(3,3 11061
1 Dimethylallyloxy)phenyl]e 3354 C22HasNO; [00]131750978  —134.932 8. —1.526
thylcinnamide
. —108.22
2 Glycyroside 562.5 C27H30013 [01]101939210  —127.271 5 —11.968
. —104.00
3 Paprazine 283.32 Ci17H17NO; [00]5372945 —125.109 0 —6.007
Benzamide, 4-methyl-N-
4 i 254.28 Ci5H14aN>02 [01]280343 -111.997 —99.155  -7.793
[(phenylamino)carbonyl]
5 N-Formylanonaine 293.3 CisHisNOs [00]158516 -111.342  —89.111  —2.224
6 Trihydroxychalcone 256.25 CisH1204 [05]1638278 -103.654 —88.959  —6.698
7 Syringaresinol 4184 CH2603 [00]100067 -114.316 —88.677  —5.669
8 Lupinalbin A 284.22 C15HsOg [00]5324349 -103.101 —86.117  —2.992
9 Butin 272.25 Ci5sH1205 [02]92775 —-94.590 —83.345  -3.043
10 Thiosildenafil 490.6 CH30NgO3S,  [00]10228242  —121.173 —81.565  —4.440
11 Uridine 244.2 CoH12N20¢ [00]6029 —-97.397 —81.289 —12.348
12 Maackiain 284.26 Ci6H1205 [00]91510 —-98.970  —78.567  —4.321
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Molecular MolDock Rerank
. Molecular Ligand pose HBond
No Compound weight Score Score
Formula and (CID) (kdJ/mol)
(g/mol ) (kd/mol)  (kJ/mol)
13 8-O-methylretusin 298.29 C17H1405 [00]15319771 —-86.400 —76.731 —1.228
14 Columbamine 338.4 C20H20NO4 [02]72310 —88.240 -76.437  —3.497
N-Butylbenzenesul
15 ) 2133 CioH1sNO2S [00]119241 —87.739  -75.622  —5.321
fonamide
16 Berberine 336.4 C20H1sNO4 [02]2353 —99.429  -75.179  —4.147
17 Daidzein 254.24 C15H1004 [00]5281708 —-84.778  —74.794  —2.500
18 Visnadine 388.4 C21H2407 [00]442151 —100.503 —72.353  —4.845
19 Genistein 268.26 CisH1204 [02]5280378 —80.183  —-71.845 —1.085
20 Cycloeucalenol 426.7 C30Hs00 [03]1101690 -92.193  —-60.560 0.000
21 Isoquinoline 129.16 CoH/N [01]8405 —66.413  —58.733  —4.443
22 Procyanidin 594.5 C30H26013 [00]107876 —96.507 —-3.296  —10.827
23 Dihydrocucurbitacin 520.7 C30H4s07 [03]11504572 —43.121 102.888 0.611873

The LC-MS/MS characterization reveals a distinct
dominance of phenolic derived metabolites in S.
littoralis, particularly flavonoids, isoflavones, and
polyphenols. This characteristic profile highlights the
biochemical uniqueness of Fabaceae plants in producing
a wide range of phenolic compounds through the
phenylpropanoid pathway [39]. We found that among
the 23 identified compounds, the phenolic derivatives
included trihydroxychalcone, butin, procyanidin,
lupinalbin A, maackiain, 8-O-methylretusin, daidzein,
N-2-[4-(3,3-dimethylallyloxy)phenyl]ethylcinnamide,
visnadine, and formono-netin. We also found several
alkaloids such as paprazine, columbamine, glycyroside,
and berberine. The phenylpropanoid pathway produces
the precursor p-coumaroyl-CoA which is then processed
through the action of the enzymes CHS, CHI, and IFS

into various flavonoids and isoflavonoids [40,41]. These
compounds function as defense metabolites
(phytoalexins), so they are biologically abundant. The
activity of oxygenase, methyltransferase, and
glycosyltransferase enzymes further enriches the variety
of phenolic structures, making this group the dominant

component in the extract [42].

Molecular docking analysis of Cyclophilin A
inhibition by Spatholobus littoralis phytochemicals

Docking validation was performed using the re-
docking method with the native ligand EA4 166 against
the target protein Cyclophilin A (PDB ID: 3RDD). As
shown in Table 1, the two best docking poses obtained
showed RMSD values around 1.463 A, which is below
the validation threshold (< 2 A).

Table 2 Validation results of native ligand EA4 166 docking against Cyclophilin A.

. MolDock Score Rerank
Pose Ligand Name RMSD (A) HBond (kJ/mol)
(kJ/mol) Score (kJ/mol)
[03]EA4 166 [A] EA4 166 [A —100.885 —87.170 1.463 5.929
[00]EA4 166 [A] EA4 166 [A —111.598 —84.882 1.464 -12.329

The molecular docking results show in Table 1
show that several compounds exhibit higher binding
affinity toward Cyclophilin A compared to the native
ligand EA4 166 [A] (MolDock Score —104.219; Rerank
Score —91.340). The ligand 131750978 showed the best
binding pose with a MolDock Score of —134.932 and

Rerank Score of —110.618, followed by 101939210
(MolDock Score —127.121; Rerank Score —108.225).
Other compounds, such as 5372945 and 280343, also
demonstrated competitive docking scores, indicating
lower binding energies than the control ligand. Some
compounds displayed relatively weak interactions, such
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as ligand 11504572, which had a MolDock Score of —
43.121 and a positive Rerank Score of 102.888.
Particularly ligands with the lowest energy scores, such
as 131750978 and 101939210.

Figure 1 Illustrates the ligand-binding location
within the active pocket of Cyclophilin A (highlighted
in green), along with the interacting amino acid residues.
Panel (a) shows the native ligand EA4 166 [A], which
interacts with key residues of Cyclophilin A, including
AlalOl, Asnl02, Gly72, GIn63, Arg55, and Thr107.
This interaction pattern produced a Rerank Score of —
91.340 kJ/mol, serving as a reference for docking

method validation. In contrast, Panel (b) shows the test
compound (CID 131750978), which forms interactions
with critical residues such as Asnl102, Gly72, Gly74,
Ser110, GInl11, Thr107, and GIn63. The more diverse
hydrogen-bonding network observed in the test
compound contributes to a lower Rerank Score (—
110.618 kJ/mol) compared to the native ligand,
indicating stronger binding affinity and greater complex
stability. With its improved binding energy and specific

interactions at the active-site residues, the test ligand
(CID 131750978) demonstrates strong potential as a
Cyclophilin A inhibitor.

Figure 1 Interaction of the native ligand and test compound (CID 131750978) with the binding pocket of Cyclophilin A

(CypA) based on molecular docking analysis. three-dimensional visualization of ligand binding within the CypA active

site (green sphere), along with 2-dimensional interaction diagrams showing key amino acid residues: (a) native ligand

and (b) test compound.
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Figure 2 Bioavailability score prediction and drug likeliness properties of (A) N-2-[4-(3,3 Dimethylallyloxy)

phenyl]ethylcinnamide and (B) Doxorubicin using SwissADME. The chemical structures, bioavailability radar plots,

and key physicochemical parameters including molecular weight, lipophilicity (LogP), hydrogen bond donors and

acceptors, rotatable bonds, and topological polar surface area are presented.

The physicochemical analysis (Figure 2) showed
that the compound N-2-[4-(3,3-dimethylallyloxy)
phenyl]ethylcinnamide had a molecular weight of
335.45 g/mol, LogP value of 4.40, 8 rotatable bonds, 2
hydrogen bond acceptors, 1 hydrogen bond donor, and
a polar surface area (PSA) of 149.58 A2, According to
these parameters, the compound satisfies all criteria of
Lipinski’s Rule of Five, although its polar surface area
slightly exceeds the optimal threshold (< 140 A2).In
contrast, doxorubicin possesses a molecular weight of
543.52 g/mol, LogP of 0.0013, five rotatable bonds,
twelve hydrogen bond acceptors, six hydrogen bond
donors, and a polar surface area of 222.08 A2 These
parameters indicate that doxorubicin violates three key
criteria of Lipinski’s Rule of Five and displays high
polarity, which may contribute to its poor oral
bioavailability.

Cyclophilin A (CypA) is known not only as a
cyclosporin-binding protein but also as a key mediator

in regulating oxidative stress and inflammatory
signaling. The activation of CypA triggers downstream
signaling pathways involving stress-activated protein
kinases (SAPKSs), particularly JNK (c-Jun N-terminal
kinase) and p38 MAPK. These pathways are regulated
by apoptosis signal-regulating kinase 1 (ASK1), an
upstream kinase responsible for responding to oxidative
stress and proinflammatory cytokines [43]. Under
cellular stress conditions, the interaction of CypA with
ASK1 activates JNK and p38 MAPK, thereby
stimulating the expression of pro-apoptosis genes.
Activation of INK/p38 enhances the expression of BAX
(pro-apoptosis) while suppressing BCL-2 (anti-
apoptosis) expression. The alteration of the BAX/BCL-
2 ratio increases mitochondrial membrane permeability,
promotes cytochrome c release, and activates caspase
cascades, ultimately leading to apoptosis [44]. Thus,
modulation of CypA such as through specific inhibitors
may disrupt ASK1-JNK/p38 activation and rebalance
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BAX and BCL-2 expression. This mechanism
highlights the potential of CypA inhibition as a
therapeutic strategy to regulate excessive apoptosis in
degenerative or chronic inflammatory diseases [45].
The main novelty of this study lies in the simultaneous
evaluation of in vivo biological effects and in silico
analysis of the active compounds of S. /ittoralis. This
reseach reports demonstrating that the combination of S.
littoralis extract and doxorubicin not only induces
downregulation of the anti-apoptosis gene BCL-2 and
upregulation of the pro-apoptosis gene BAX, but also
modulates the expression of Cyclophilin A, a key
mediator of oxidative stress involved in the activation of
the ASK1-JNK/p38 MAPK pathway.

In silico analysis of bioavailability and drug-
likeness parameters using SwissADME (Figure 2)
showed a marked difference between N-2-[4-(3,3-
dimethylallyloxy)phenyl] ethylcinnamide and
doxorubicin in terms of pharmacokinetic potential and
biological permeability. The compound N-2-[4-(3,3-
dimethylallyloxy)phenyl]ethylcinnamide has a
molecular weight of 335.45 g/mol, LogP of 4.40, 2
hydrogen bond acceptors, 1 donor, 8 rotatable bonds,
and a topological polar surface area (TPSA) of 149.58
A2 According to Lipinski’s Rule of Five, the compound
satisfies all major parameters of drug-likeness
molecular weight < 500, LogP < 5, and hydrogen bond
donors/acceptors < 5/10 [46]. The relatively high LogP
value indicates good lipophilicity, suggesting optimal
cell membrane permeability. A TPSA <150 A2 also
implies high oral absorption and good membrane
penetration potential [47]. Conversely, doxorubicin has
a molecular weight of 543.52 g/mol, LogP 0f 0.0013, 12
acceptors, 6 donors, and TPSA of 222.08 A2, These
parameters indicate that doxorubicin does not fully
comply with Lipinski’s criteria, mainly due to its large
molecular weight and high polarity. This explains its
low oral bioavailability and dependence on intravenous
administration in clinical use [48]. A LogP near zero
reflects amphiphilic properties, enabling interaction

with both hydrophilic and lipophilic components of the
cell membrane, but with limited tissue distribution due
to strong plasma protein binding and low permeability
[49]. Based on the bioavailability radar plot, N-2-[4-
(3,3-dimethylallyloxy)phenyl]ethylcinnamide showed a
more balanced profile in lipophilicity, molecular size,
flexibility, and polarity, indicating a superior
pharmacokinetic profile compared to doxorubicin.
Doxorubicin exhibited a wider radar area in polarity and
insolubility, reflecting limited oral absorption and
membrane diffusion [50]. These findings suggest that
N-2-[4-(3,3-dimethylallyloxy)phenyl]ethylcinnamide

has potential as an adjuvant compound to enhance the
therapeutic efficacy of doxorubicin, with favorable

drug-likeness and bioavailability profiles.

Antitumor effects on DMBA-induced breast
cancer rat model

Rat body weight profiles

Changes in body weight during the experimental
period are shown in Figure 3. Overall, the healthy group
exhibited a steady increase in body weight from week 0
to week 4. In contrast, the DMBA-induced group
showed a tendency toward reduced or stagnant body
weight over time, indicating metabolic disturbances
associated with tumor progression. The group treated
with doxorubicin (DOX) demonstrated a more
pronounced decrease in body weight compared to the
DMBA group, particularly from week 2 to week 4, with
statistically significant differences (p < 0.05). This
finding suggests the presence of systemic toxicity
induced by chemotherapy. In contrast, the combination
treatment groups (Adjl, Adj2, and Adj3) showed
relatively more stable body weight profiles compared to
the DOX group. Notably, the Adj3 group maintained
body weight close to baseline levels throughout the
experimental period without significant decline. The
group treated with S. littoralis extract also exhibited a
stable body weight profile comparable to the healthy

group.
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Figure 3 Body weight profile and mean body weight comparison in each treatment group per week.
(A) Body weight profile of all experimental groups, (B) Body weight of normal group, (C) Body weight of DMBA group,
(D) Body weight of DOX group, (E) Body weight of Adjl group, (F) Body weight of Adj 2 group, G: Body weight of
Adj 3 group, H: Body weight of S.L group. Data are presented as mean + SEM and analyzed using a mixed-effects model
(REML) with repeated measures, followed by multiple comparisons test. Significant differences are indicated as * (p <
0.05), ** (p <0.01), *** (p <0.001).
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Figure 4 Mammary carcinoma nodules that occurred in DMBA -induced rats and mammary carcinoma volume in each

group after necropsy. (A) Sprague Dawley rats showing several mammary tumor nodules after DMBA induction (arrows

indicate tumor locations). (B) Comparison of mammary tumor volume in various treatment groups after necropsy.

DMBA control group displayed the largest
nodules, while Adj3 combination treatment showed the
smallest tumor size. Statistical analysis was performed
using 1-way ANOVA followed by Tukey’s post hoc test
(p < 0.05). Quantitative volume measurements before
and after Growth

treatment, along with Tumor

Inhibition (%TGI) percentages, are presented in Table
3. DMBA control exhibited tumor volume progression
from 4.17 to 7.34 cm® (%TGI = 0%), whereas DOX,
Adjl, Adj2, Adj3,
demonstrated volume reduction, with Adj3 achieving
the highest inhibition at 98.14% TGI.

and SL treatment groups

Table 3 Nodule volume and percentage of tumor growth inhibition in each group during the 4-week treatment.

Group Pre-Treatment Volume (V1) Post- treatment Volume (V2) RTV %TGI
(cm?) (cm?) (V2/V1)

DMBA 4.17 7.34 1.760 0.00
DOX 6.1 1.9 0.311 90.17
Adj 1 52 0.7 0.135 95.75
Adj 2 5.1 0.4 0.078 97.53
Adj 3 5.1 0.3 0.059 98.14

S.L 5.2 34 0.654 79.37

Gen expression analysis of BCL-2 and BAX by
quantitative real-time PCR

Gene expression analysis of BCL-2 and BAX
that
upregulated

demonstrated DMBA-induced carcinogenesis
BCL-2

expression compared to normal control (1.31 - 1.53 vs

significantly anti-apoptosis
1.00; p < 0.05). Conversely, pro-apoptosis BAX
expression in the DMBA group was significantly
downregulated (0.428 - 0.540; p < 0.05), indicating a

molecular shift toward anti-apoptosis dominance that

promotes  tumor cell  survival.  Doxorubicin
monotherapy induced substantial BCL-2 suppression
(0.11 - 0.18;p < 0.05 vs DMBA) accompanied by
significant BAX upregulation (1.39 - 1.55; p < 0.05 vs
DMBA),

activation via DNA damage. Combination therapy

signifying intrinsic apoptosis pathway

groups (ADJ) exhibited dose-dependent responses, with
ADJ 3 producing the most potent effect through
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maximal BCL-2 inhibition (0.03 - 0.09; p < 0.05 vs approximated normal control levels (0.92 - 1.02). The
DMBA) and highest BAX elevation (2.01 - 2.36;p < relative expression of BCL-2 and BAX genes, as well as
0.05 vs  DMBA). Spatholobus littoralis (S.L.) the BCL-2/BAX ratio and tumor nodule volume, are
monotherapy effectively suppressed BCL-2 (0.01 - presented in Figure 5.

0.05; p < 0.05 vs DMBA), although BAX upregulation
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Figure 5 Relative expression of BCL-2 genes, BAX genes, BCL-2/BAX ratio, and tumor nodule volume in DMBA-
Induced Breast Cancer Rats Under Different Treatments. (A) BCL-2 gene expression; (B) BAX gene expression; (C)
BCL-2/BAX ratio; and (D) tumor nodule volume. NOR represents the normal control; DMBA serves as the negative
control (20 mg/kg body weight, dissolved in corn oil, administered 11 times); DOX represents the positive control
(doxorubicin, 5 mg/kg body weight). Adjl, Adj2, and Adj3 groups were treated with a combination of Spatholobus
littoralis extract and doxorubicin at doses of 100, 200, and 400 mg/kg body weight, respectively; S.L group received S.
littoralis extract alone at 400 mg/kg body weight. Data are presented as mean + SEM; n = 4, Statistical analysis was
performed using one-way analysis of variance (ANOVA), followed by a post hoc test. Statistical significance was defined

as #p < 0.05 versus the normal control and *p < 0.05 versus the DMBA group.

The increased BCL-2/BAX ratio observed in the by the integration of in vivo and in silico data. Overall,
DMBA group indicates a dominant anti-apoptosis effect the combination group, particularly Adj3, demonstrated
due to DMBA-induced carcinogenesis. DMBA higher antitumor efficacy and a better safety profile
activation in the liver thru CYP1Al and CYPIBI compared to monotherapy. This is evidenced by a more
produces reactive epoxide intermediates that form DNA significant reduction in tumor volume and a higher
adducts and trigger oncogenic mutations [51]. The percentage of tumor growth inhibition (%TGI)
research results indicate that the therapy administered compared to the doxorubicin group, which effective in
significantly suppresses tumor growth and is believed to suppressing the tumor, still shows limitations in terms

work thru specific molecular mechanisms, as evidenced of systemic toxicity. Doxorubicin effectively suppresses
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tumor growth by intercalating DNA and inhibiting
topoisomerase 11, but its systemic toxicity often leads to
significant weight loss (BW) thru cachexia and reduced
food intake. This weight loss, observed as a 13% loss in
a rat model over 15 days, correlates with sarcopenia
(10% - 20% muscle mass reduction) and can disrupt the
overall treatment efficacy even tho the tumor is inhibited
[52,53].

While doxorubicin reduces tumor volume, for
example, in the DIO breast cancer xenograft, weight loss
due to multi-organ toxicity limits the cumulative dose of
doxorubicin [54]. This weight loss is generally
associated with chemotherapy side effects, such as
gastrointestinal disturbances, decreased appetite, and
increased oxidative stress that can trigger cachexia [55].
On the other hand, the combination group showed a
more significant reduction in tumor volume and a higher
increase in %TGI, while being able to maintain a
relatively stable body weight. This indicates that
combination therapy is not only more effective but also
more physiologically safe because it does not cause
metabolic disturbances [56,57]. When combined with
the DNA-damaging effects of doxorubicin, this dual
inhibition = amplifies = mitochondrial =~ membrane
destabilization and caspase activation across multiple
tumor [58]. Treatment with S. littoralis alone also
resulted in a decreased BCL-2/BAX ratio and moderate
tumor growth inhibition (%TGI 79.37%). Although the
effect was less pronounced than that observed in the
combination group, the data indicate intrinsic pro-
apoptotic activity. Phytochemical constituents are
known to modulate mitochondrial apoptosis by
suppressing anti-apoptotic proteins and enhancing pro-
apoptotic signaling, suggesting that S. litforalis may
function as a potential chemosensitizing agent when
used adjunctively [59]. Importantly, correlation analysis
revealed a strong inverse association between %TGI and
the BCL-2/BAX indicating that tumor regression was
tightly linked to modulation of mitochondrial apoptotic
balance. This finding reinforces the concept that the
BCL-2/BAX axis represents a critical mechanistic
determinant of therapeutic response in DMBA-induced
multifocal mammary tumors [60].

The intrinsic apoptosis pathway is regulated by the
balance between pro-apoptotic proteins BAX and
anti-apoptotic ~ proteins BCL-2. An increased
BAX/BCL-2 ratio induces mitochondrial outer

membrane permeabilization, resulting in cytochrome c
release and caspase activation, culminating in
programmed cell death. This mechanistic framework
explains the observed tumor volume reduction, as
apoptosis is selectively induced in tumor cells [61]. The
strong binding affinity of active compounds to CypA in
your in-silico results supports the hypothesis that
modulation of CypA function can influence downstream
apoptotic pathways. This suggests a mechanistic link
between compound binding and the activation of
pro-apoptotic signaling in vivo [62].

The strong interaction between the extract
compounds and CypA is suspected to trigger the
activation of the downstream CypA-ASKI1-JNKI1
pathway, which ultimately enhances pro-apoptotic
signaling thru increased BAX expression and decreased
BCL-2. The activation of this pathway provides a
mechanistic basis for the observed increase in the
BAX/BCL-2 ratio in the combination group. Thus, the
antitumor effects observed in macroscopic parameters
are likely mediated by targeted apoptosis activation thru
these molecular pathways [63]. The increased efficacy
observed with the 400 mg/kg combination dose is due to
a higher concentration of active compounds in the tumor
tissue, allowing for more optimal modulation of the
BCL-2 family proteins. This higher dose enhances BAX
expression and  reduces BCL-2, triggering
mitochondrial membrane permeabilization, cytochrome
c release, and more complete activation of the apoptosis
cascade compared to lower doses. As a result, the
BAX/BCL-2 ratio is higher, tumor volume is reduced
more  significantly, and %TGI is increased.
Dysregulation of BCL-2 family proteins, particularly
the overexpression of anti-apoptotic members such as
BCL-2, confers a survival advantage to cancer cells and
serves as a mechanism of therapeutic resistance.
Therefore, higher doses of pro-apoptotic agents or
combination therapies that inhibit BCL-2 can enhance
BAX/BAK activation and effectively induce apoptosis
[64,65].

Therefore, the proposed molecular pathway
illustrating the effects of the extract combination with
doxorubicin is presented in Figure 6. It shows how the
interaction of active compounds with Cyclophilin A
(CypA) activates the ASK1-JNK1 pathway, modulates
the BAX/BCL-2 ratio, and ultimately induces selective
apoptosis in tumor cells.
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Figure 6 Proposed molecular pathway of anticancer activity in DMBA-induced breast cancer in female sprague-dawley

rats. (A) Carcinogenic pathway of 7,12-dimethylbenz[a]anthracene (DMBA). Metabolic activation by cytochrome P450
enzymes (CYP1A1 and CYP1B1) produces DMBA-diol epoxide (DMBA-DE), leading to DNA damage, oxidative stress,
dysregulation of apoptosis, and tumor development. (B) Proposed therapeutic pathway of Spatholobus littoralis extract

in combination with doxorubicin. Bioactive compounds are predicted to target Cyclophilin A (CypA) and activate the

ASKI-JNKI signaling pathway, resulting in BAX upregulation, BCL-2 downregulation, apoptosis induction, and

suppression of tumor growth.

DMBA-induced carcinogenesis is initiated
through metabolic activation by cytochrome P450
enzymes (CYP1A1/CYPI1BI), generating the reactive
metabolite DMBA-diol epoxide (DMBA-DE), which
forms DNA adducts and triggers oxidative stress. This
condition leads to dysregulation of apoptosis,
characterized by increased BCL-2 and decreased BAX
expression, resulting in a reduced BCL-2/BAX ratio that
supports tumor cell survival. Treatment with the S.
littoralis extract combination with doxorubicin shows
potential to counteract these effects. /n silico analysis
demonstrates that active compounds exhibit strong
binding affinity toward Cyclophilin A (CypA), with
better predicted bioavailability compared to
doxorubicin. This interaction is proposed to activate the

CypA-ASKI1-JNK1 signaling pathway, leading to
upregulation of BAX and downregulation of BCL-2,
thereby increasing the BCL-2/BAX ratio and promoting
apoptosis. These molecular effects are consistent with in
vivo findings, including reduced tumor volume,
increased tumor growth inhibition (%TGI), and stable
body weight, indicating effective tumor suppression
with low systemic toxicity.

Conclusions

The in silico analysis demonstrated that active
compound N-2-[4-(3,3-dimethylallyloxy)phenyl]ethy-
licnnamide derived from S. littoralis exhibit strong
binding affinity toward Cyclophilin A (CypA), with
better predicted bioavailability = compared to
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doxorubicin. This suggests that these compounds may
effectively interact with upstream molecular targets
involved in apoptotic regulation. The downstream
effects of this interaction were supported by in vivo
findings. Treatment resulted in increased expression of
the pro-apoptotic marker BAX and decreased
expression of the anti-apoptotic marker BCL-2, leading
to an elevated BCL-2/BAX ratio. These molecular
changes were consistent with the observed reduction in
tumor volume and increased tumor growth inhibition
(%TGI) in the treatment groups, particularly in the ADJ
3 group. Therefore, this study indicates that the
therapeutic effect of the combination of doxorubicin and
S. littoralis extract is likely mediated through the
regulation of apoptotic signaling, resulting in effective
tumor suppression while minimizing toxicity.
Nevertheless, the study is limited by its reliance on
preclinical models and in silico analyses. Additional
validation at the protein level, as well as translational
studies in more clinically relevant models, are required
to strengthen and confirm these findings. Future
research may focus on experimental verification of the
molecular mechanisms and evaluation of the clinical

potential of these compounds.
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