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ABSTRACT

Objective(s): To investigate rotundic acid (RA), a triterpenoid, for its protective role against the
cyclophosphamide (CP) induced cardiotoxicity in Swiss albino mice, as CP, although a potent
anticancer drug, induces severe cardiotoxicity as a side effect in cancer patients. Thus, this study was
a step towards developing an adjuvant that can reduce the toxicity of CP during cancer treatment.
Materials and Methods: Animals were randomly assigned to 7 groups. Control; CP 200; RA 10 + CP
200; RA 20 + CP 200; RA 40 + CP 200; NER 400 + CP 200 and RA 40 persé. RA was given orally for
14 days, and CP 200 mg/kg, IP, once on the 7% day. On the 15th day, animals were sacrificed, and
blood and heart samples were collected for investigations.

Results: CP 200 mg/kg, IP, enhanced the level of cardiac troponin T, CK-MB, LDH, NF-kB, TLR4,
TNF-a, IL-6, IL-IB, cleaved caspase-3, TBARS, nitrite, and reduced the level of CAT, GSH, and SOD,
resulting in cardiac injury, nitrative stress, oxidative stress, inflammation, and fibrosis. Administration
of RA and nerolidol substantially reversed these pathological modifications to normal. Molecular
docking study showed that RA strongly binds to the pocket domains of TLR-4 and cleaves caspase-3.
Conclusion: The findings suggest that RA has the potential to reduce the toxicity of CP in the heart
and can be utilized as an additional treatment for cancer therapy, along with CP. However, further
research using animal models for cancer is required to confirm this.
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Introduction

Cyclophosphamide (CP), an alkylating agent, is widely
used as an anticancer and immunosuppressive drug (1).
Despite its potent anti-cancer effects, high dose of CP
is not used for the treatment of cancer due to its various
side effects, such as cardiotoxicity, which are caused
mainly by oxidative stress (2). CP is rapidly metabolized
in the liver by cytochrome P450 enzyme and converted
into phosphoramide mustard (PM), aldophosphamide,
4-hydro-cyclophosphamide, and acrolein (3). PM is an
anticancer moiety that disrupts the N-7 guanine residues
of DNA to kill cancerous cells, and acrolein is responsible
for cardiotoxicity by disrupting the anti-oxidant system
through the generation of superoxide radicals and hydrogen
peroxide (4). The Reactive Oxygen Species (ROS) so
generated damage the inner mitochondrial membrane of
the heart and reduce its activity and overall function (5).
Cardiotoxicity is driven by persistent overproduction of
reactive oxygen and nitrogen species (ROS and RNS),
depletion of endogenous anti-oxidant enzymes, enhanced
lipid peroxidation (TBARS), and elevation of cardiac injury
biomarkers (CK-MB, cTnT, LDH). Apoptotic cell death is

further evidenced by increased cytochrome c release and
up-regulated cleaved caspase-3 expression. Additionally,
CP triggers inflammatory and fibrotic responses through
modulation of Nrf2, NLRP3 inflammasome, TGF-p1, NF-
kB, and p38 MAPK pathways activation (6).

At present, there is no established therapeutic
strategy to counteract CP-induced cardiotoxicity. The
co-administration of agents capable of attenuating CP-
mediated toxicity represents a potential approach for cardio
protection. Natural bioactive compounds are increasingly
investigated for their pharmacological efficacy as they are
safe, efficient, and economical (7). We selected rotundic acid
(RA) to investigate its cardioprotective potential against CP-
induced cardiotoxicitybecauseitisapentacyclictriterpenoid,
a bioactive compound found in the plant “Jiubiying” (8),
and has several pharmacological properties, including anti-
oxidant, anti-inflammatory, anti-cancer, antidiabetic, and
antibacterial (9). It shows anti-inflammatory activity by
inhibiting various markers such as IL-6, TNF-a, COX-2, and
iNOS (10) RA down-regulate various pathways like PI3K,
MAPK, and NF-«B, and up-regulate Nrf2 signaling pathway
(11). A study also showed that RA alleviates inflammation
and adipogenesis in nonalcoholic steatohepatitis (NASH)
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by suppressing glycolysis and lactate production, besides
attenuating inflammation through modulation of the TLR4/
AP1 signaling pathway (12). However, there is no single
study available that shows RA protects against CP-induced
cardiotoxicity. Therefore, we decided to evaluate the
protective effect of RA against CP-induced cardiotoxicity in
Swiss albino mice.

Nerolidol (NER), an acyclic sesquiterpene, is widely used
infood, cosmetics, and non-cosmetic industries (13). Itisused
as a fragrance agent in shampoo and detergents, and improves
skin penetration. It has been reported to cause cytoprotective
effects by activating anti-oxidant signaling pathways and
decreasing inflammatory and apoptotic signaling pathways
(14). Currently, it has been reported that nerolidol reduces
oxidative stress, inflammation, fibrosis, and apoptosis against
CP-induced cardiotoxicity in a mouse model (15).

Materials and Methods
Experimental animals

Swiss albino mice (25-35 g) were acquired from the
Central Animal House Facility (Jamia Hamdard, New
Delhi) after ethical approval from the Institutional Animal
Ethics Committee (IAEC) with Proposal No. 2084. Animals
were kept in standard conditions (12 hr light and dark cycle,
temperature (23 + 2 °C), humidity (60% + 5%)) and were
fed a pellet diet and water ad libitum.

Chemicals

Cyclophosphamide, Rotundic acid, ELISA Kkits
(interleukins, ¢TnT), antibodies for TLR4, NF-kB, and
Caspase-3 were procured from Sigma-Aldrich, ELK
Biotechnology USA, and Krishgen Biosystems, Worli,
Mumbeai, India. The remaining chemicals and reagents used
were of analytical grade.

Treatment regimen

Albino mice (42) were separated into seven groups
(n=6). Group I- Control; treated with normal saline. Group
II-Toxic; treated with CP 200 mg/kg, IP (16); Group III,
IV & V; treated with rotundic acid 10, 20, and 40 mg/kg/
oral, respectively (17, 18). Group VI- Perse; treated with
rotundic acid 40 mg/kg /oral. Group VII- Standard; treated
with NER 400 mg/kg/oral (3). Animals were treated with
CP once on the 7""day and RA and NER for 14 days. On the
15" day, mice were euthanized by using CO, inhalation,
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Figure 1. Design of the experimental procedure of the study
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sacrificed, and blood and heart samples were collected. The
heart was stored in a 10% formalin solution for performing
biochemical, histopathological, and immunohistochemical
analysis. The entire treatment plan is shown in Figure 1.

Molecular docking
Preparation of ligands and proteins

The most dependable Protein Data Bank (Rutgers
University, USA) hosted by the RCSB was used to download
Toll-like receptor 4 (TLR4, PDB ID-2764), a protein of Mus
musculus. The PyMol (19) Program was used to analyze
protein structures retrieved from the PDB. The AlphaFold
service was used for proteins whose crystallographic or
NMR structures were not available in RCSB-PDB or other
publicly accessible structural databases. The AlphaFold
server was used to model protein caspase-3, which was 277
amino acidslong. In the Swiss-Pdb viewer (version 4.1.0), the
bonded atoms, dihedral angles, and torsions of the protein
backbone, as well as the side chains, were further tuned
for the protein structures (20). The triterpenoid ligand,
Rotundic Acid (PubChem ID- 12315075), was retrieved in
2D (SDF) format from PubChem (https://pubchem.ncbi.
nlm.nih.gov/) (Figure 2). Subsequently, the downloaded
SDF file of the ligand was converted to 3D formats (.mol2
and .pdb) using ChemOffice 2016. Rotundic acid is a
naturally occurring compound found in Ilex chinensis, Ilex
excelsa, and various other organisms.

Molecular docking procedure

The process of molecular docking was executed
utilizing the Auto Dock Vina tool (21). At first, the protein
structures obtained from the RCSB-PDB were prepared
by removing heteroatoms, previously docked ligands, and
H,0 molecules. Following this step, polar hydrogen (H,)
atoms were introduced to the protein structures, which
were either modeled by AlphaFold or sourced from PDB.
Integration of Kollman charges (partial) was performed,
ensuring that any charge deficit was evenly spread among
all atoms in the protein residues. Subsequently, the charged
and hydrogenated (polar only) protein structures in pdb
files were converted into the pdbqt format with the aid of
AutoDock Tool (version 1.5.7) (22). Grid boxes of various
dimensions in X-, Y-, and Z- axes were established for
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Figure 2. (A) A Discovery Studio diagram of rotundic acid (RA) docked with caspase-3. (B) RA binds within a cavity of caspase-3 that contains both
hydrophilic and hydrophobic amino acids. (C) A magnified view of the caspase-3 binding cavity, showing the hydrophobic, charged, polar, glycine, and
solvent-exposed amino acids. (D) A 2D graph showing the interactions between RA and the caspase-3 binding cavity at the molecular level. (E) A 3D PyMol
image showing the interactions (yellow broken lines) of RA (green sticks) with the binding residues of caspase-3 (cyan and rainbow colors). (F) A LigPlot+
image showing the atomic-level hydrogen and van der Waals interactions between RA and the binding cavity residues.

different PDB proteins using ADT version 1.5.7 (Table 1).
A grid box with dimensions of X=102, Y=74, and Z=72
was generated for TLR4 and X =88, Y =58, and Z=80 was
drawn for cleaved caspase-3 to define the area for small-
molecule docking (23-25). Moreover, the ligand molecule,
rotundic Acid (Pub Chem ID-12315075), in pdb format,
underwent Gasteiger-Marsili partial charging before
being transformed into pdbqt format. The assessment
of free energy (AG) involved analyzing intra-molecular
hydrogen bonds, hydrophobic, ionic, and Van der Waals
(vdW) interactions within the protein-ligand complexes to
determine the binding affinity.

Evaluation of oxidative stress markers
Assessment of superoxide dismutase (SOD) activity

SOD activity was evaluated by using the method of
Marklund (1974). This method relies on the ability of the
SOD enzyme to inhibit pyrogallol (autoxidation). 10 ul
of supernatant with Tris-HCI buffer was mixed, and the
volume was increased to 3 ml by adding more Tris-HCL
Next, 25 pl pyrogallol was added to the mixture, and a
spectrophotometer was used to examine the change in
absorbance at 420 nm. Based on this method, one unit of
SOD is defined as the quantity of SOD enzyme that inhibits
50 % of pyrogallol autoxidation per minute (26).

Assessment of catalase activity (CAT)
The procedure (Claiborne, 1985) of mixing 10 ul of
cytosolic supernatant with phosphate buffer solution

and hydrogen peroxide (H,0,) was used to analyze this.
The rate of H,O, disappearance was determined using a
spectrophotometer at 240 nm. The disappearance rate was
measured in nano moles of H O,/ min/mg protein (27).

Assessment of reduced glutathione (GSH) activity

GSH was determined using the method of Sedlak and
Lindsay (1968). To prepare the cytosolic supernatant, 10 pl
was added to the EDTA and TCA mixture. The mixture was
again mixed with Tris buffer and 5,5-dithiobisnitrobenzoic
acid (DTNB), then, within 5 min, the absorbance was
measured at 412 nm (28).

Assessment of lipid peroxidation

This test was performed using the technique described
by Ohkawa et al. in 1979. The technique was utilized
to quantify malondialdehyde (MDA). The tissue was
homogenized, mixed with both thiobarbituric acid (TBA)
and trichloroacetic acid (TCA). The solution was heated
to 80 °C in a water bath, then cooled. Absorbance was
measured at 540 nm (29).

Inflammatory and cardiac markers

LDH and CK-MB markers were estimated in serum
by using commercially available kits following the
manufacturer’s instructions. They were purchased from
Arkray Healthcare (Mumbai) and Reckon Diagnostics,
India. cT-nT was bought from Krishgen Biosystems (India),
and inflammatory parameters (IL-6, IL-1p, TNF-a) were

Table 1. Binding energies of rotundic acid and the standard drug nerolidol (Pub Chem-ID- 5284507) to TLR4 and caspase-3 proteins, as determined by auto Dock vina

S.No Protein name (RCBS-PDBID  Name of  Grid pointsinX, Y,

Binding energy (AG)

Binding energy (AG) No. of hydrogen Hydrogen bond

or alpha fold) chains & Z dimensions (kcal/mol) of rotundic (kcal/mol) of standard bonds forming residues
nerolidol
1. TLR4 (2Z64) AC 102,74,72 -5.9 2 ARG?°, GLU*2
2. Cleaved caspase-3 (Alpha A 88, 58,80 -5.4 2 SER!105, CYS163

fold)

ARG: arginine; GLU: glutamine; SER: serine; CYS: cysteine
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purchased from ELK Biotechnology, USA.

Estimation of nitric oxide (NO)

Accumulation of nitrite concentration in cardiac
tissue indicates the generation of nitric oxide (NO). NO
was quantified using the Griess reagent, which consists
of naphthyl ethylenediamine di-hydrochloride (0.1%),
phosphoric acid (5%), and sulfanilamide (1%). Equal
volumes of Griess reagent and supernatant were mixed and
heated at room temperature for 10 min. The absorbance was
taken at 520 nm (30).

Estimation of gravimetric parameters

The mice were weighed twenty-four hours after the final
dosage. The animals were killed, their hearts were extracted,
and thoroughly cleansed using a 0.9% solution of normal
saline. Then the hearts were dehydrated with the help of
filter paper and weighed to assess the ratio of heart weight
(HW) to body weight (BW) (31).

Estimation of histopathology and immunohistochemistry
(IHC)

After removal, the tissue was preserved in 10%
formalin, cut, and embedded in parafin wax for
immunohistochemical (IHC) and histopathological
analysis (H&E and MT). Transverse slices measuring five
um were applied for histopathology and IHC evaluation
(32). The application of (H&E) dye was used to stain and
analyze pathological alterations. The approach of reciprocal
intensity analysis using Fiji (Image]) software was used
to analyze semi-quantitative protein expression. For
immunohistochemistry, heart tissue slices were treated with
xylene to remove paraffin. Subsequently, a series of ethanol
solutions of increasing concentration was used to dehydrate
the tissue. Purified water obtained by a process of double
distillation was used for the purpose of washing, and further
steps were carried out accordingly (32). The computerized
motic microscope, was used to capture the pictures.

Statistical analysis and data representation

The data are displayed as the mean + SEM for each set
of six mice. An analysis by ANOVA (one-way) with Tukey’s
test was employed to ascertain the significance between
various groups. GraphPad Prism (version 5.01) was used,
and P<0.05 was considered significant. “Effect sizes” with
95% confidence intervals (CI) were provided to ensure
clarity and reliability of the findings.

Results
Molecular Docking of TLR4 and caspase-3

In our molecular docking analysis, we observed the
interactions between RA and various proteins, shedding
light on the extent of their binding affinities. The binding
energies of RA and the standard drug NER with TLR4 and
caspase-3 were determined using the Auto Dock Vina tool.
Table 1 shows the protein name, its PDB ID or AlphaFold
designation, the names of the chains involved, the binding
Energy (AG) in kcal/mol for both RA and NER, the number
of hydrogen bonds, and the residues involved in hydrogen
bond formation. TLR4 with chains C showed binding
energies of -7.8 kcal/mol for RA and -5.9 kcal/mol for
NER, where the TLR4 binding cavity forms two hydrogen
bonds through ARG® and GLU* residues. Alpha Fold
modeled caspase-3 having single chain A displayed binding

404

Cardioprotective role of rotundic acid in Swiss mice

energies of -8.0 kcal/mol for RA and -5.4 kcal/mol for NER.
Caspase-3 binding residues- SER** and CYS'®*- also form
2 hydrogen bonds with our drugs. When docking RA with
caspase-3, as depicted in the Discovery Studio diagram
(Figure 2), RA effectively bound within a distinct cavity of
caspase-3, rich in both hydrophilic and hydrophobic amino
acids (Figure 2A, 2B). A closer examination of this binding
site (Figure 2C) revealed the presence of hydrophobic,
charged, polar, glycine, and solvent-exposed amino acids.
The 2D interaction graph (Figure 2D) delves into the
molecular-level interactions, where hydrogen bonds with
SER* and CYS'®, along with several interactions with
amino acids like SER®?, THR!%, ARG*”, MET®, and GLY'%,
were identified. Additionally, Alkyl and Pi-Alkyl bonds were
observed between RA and THR!%, HIS'?!, THR?>*, TRP?%,
and PHE*®. The 3D visualization using PyMol (Figure 2E)
showcases these interactions, highlighting the intricate
bonding patterns (yellow broken lines) between RA (green
sticks) and caspase-3 binding residues (cyan and rainbow
colors). The LigPlot+ image (Figure 2F) portrays further
details of atomic-level interactions, displaying hydrogen
bonds with SER** and numerous hydrophobic interactions
with amino acids like SER®?, THR!?8, HIS'?!, THR?*, TRP?*,
PHE>¢, THR', ARG*’, MET*®, and GLY'* These findings
offer crucial insights into how RA interacts with the binding
cavity of caspase-3, providing valuable information for
potential therapeutic applications.

For further insight, the molecular docking of RA with the
Alpha Folded TLR4 binding sites was performed (Figure 3).
Within this context, RA was found in a cavity composed of
amino acid residues of C-chain serving as H-bond donors
(pink) and acceptors (green) (Figure 3B). A detailed view
of the TLR4 binding cavity highlights the characteristics
of the exposed amino acids, encompassing hydrophobic,
charged, and polar properties (Figure 3C). The molecular
interactions between RA and the TLR4 binding cavities are
comprehensively presented through a 2D graph generated
using Discovery Studio software (Figure 3D). In this analysis,
several amino acids, including PHE”, LEU”, LEU**, PHE'",
and GLU'*, engaged in Van der Waals (VDW) interactions.
Notably, two hydrogen bond-forming residues, ARG* and
GLU*%, have been identified. Additionally, RA forms alkyl
and pi-sigma bonds with specific residues. For a three-
dimensional perspective on the interactions between RA and
TLR4-binding residues, a PyMol surface image is featured
(Figure 3E). Furthermore, a LigPlot+ image (Figure 9F)
provides a detailed representation of hydrophobic contacts
(ILE*, VAL®!, PHE”, LEU”, GLU**, LEU**, PHE'*, ILE'",
and PHE') and the atomic-level formation of hydrogen
bonds (ARG®) between RA and the binding cavity residues.

Assessment of RA via gravimetric parameter

Table 2 shows the weights of the heart (HW) and body
(BW), as well as the HW/BW ratios for various groups.
After CP 200 administration, heart weight of the CP
200-treated group significantly increased as compared to
the control group (P<0.001). In contrast, all treated groups
(RA 10, 20, 40, and NER 400) exhibited a non-significant
increase compared to the CP 200 toxic group (P>0.05). The
measurement of BW showed a pattern similar to that of
heart weight. The ratio of HW/BW enhanced significantly
in the CP 200 group, compared to the control group
(P<0.001). RA 20, 40, and NER 400 significantly reduced
the HW/BW ratio compared with the CP 200 toxic group
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(A) Rotundic acid (RA) docked with the Alpha Folded TLR4 binding site's C-chain. (B) A cavity containing the amino acid residues of the H-bond donor (pink) and acceptor
(green) is where RA is docked. (C) A close-up of the TLR4 binding cavity that emphasizes the amino acids that are exposed to solvent, hydrophobic, charged, and polar. (D) The
molecular interactions between RA and the TLR4 binding cavity are shown in a Discovery Studio 2D graph. Amino acids such as PHE76, LEU78, LEU94, PHE119, and GLU122
generate VDW interactions, and two hydrogen bond-forming residues, ARG90 and GLU92, have been identified. Remarkably, RA and residues can also form alkyl and pi-sigma
bonds. (E) A three-dimensional PyMol surface image showing interactions between RA and TLR4 binding residues. (F) A LigPlot+ image renders the hydrophobic contacts
(ILE46, VAL61, PHE76, LEU78, GLU92, LEU94, PHE104, ILE117, and PHE121) and atomic-level hydrogen bond formation (ARG90) between RA and the binding cavity residues

more clearly.

Table 2. The effect of rotundic acid (RA) on gravimetric parameters in
Swiss albino mice

Groups Body weight Heart weight Heart and body weight ratio
(8 (mg) (mg/g)

Normal control 31.5+0.364 188 + 1.60 6+0.09

CP 200 28.0 + 0.587% 196 + 1.08%* 7 + 027

RA10 + CP 200 28.0 £ 0.635™ 194 +£0.953™ 7+0.1™

RA 20 + CP 200 29.3 +£0.358™ 191 £ 1.17™ 7 +£0.08

RA 40 + CP 200 30.2 +0.465 189 +1.36" 6+0.09"

NER 400 + CP 200 30.5+0.377" 189 +0.785" 6+0.08"

RA Perse 31.3+0.287 189 +0.385 6+ 0.06

Data are shown in table as mean + SEM (n=6), data significance were assessed through
ANOVA (one-way) with Tukey’s test and ### P<0.001 data shown significant changes
versus control, ns P>0.05 showed non-significant changes vs CP 200, * P<0.05,**
P<0.01, and *** P<0.001 displayed significant changes vs CP 200.

(P<0.01, P<0.001). However, RA 10 showed no significant
differences from the CP 200 group (P>0.05).

Assessment of RA via nitrative (NO) and oxidative stress
markers

In cardiac tissue, CP 200 significantly lowered anti-
oxidant markers (SOD, CAT, and GSH) and increased
TBARS and nitrite levels as contrasted to normal control
(P<0.001). The RA10 showed a non-significant effect on
CAT, SOD, GSH, TBARS, or nitrite (P>0.05). RA 20, 40,
and NER 400 considerably increased CAT, SOD, GSH and
reduced TBARS, and nitrite levels in cardiac tissues (P<0.05,
P<0.01, P<0.001) contrasted to the CP 200 group. There
were no significant changes found in the RA Perse group as
compared to the normal control (Figure 4).

Iran J Basic Med Sci, 2026, Vol. 29, No. 3

Assessment of RA via cardiac damage markers

CP 200 showed significantly increased LDH, CK-MB,
and c¢Tn-T levels when compared with the normal control
(P<0.001). The RA 10 administered group showed no
significant decrease in these parameters. However, RA 20, 40,
and NER 400 significantly reduced the levels of CK-MB, LDH,
and cTn-T when compared with CP 200 (P<0.05, P<0.01, and
P<0.001, respectively). RA perse did not show any alteration
when compared with the normal control (Figure 5).

Assessment of RA via inflammatory markers

The CP 200 group showed significantly higher levels of
inflammatory markers (interleukin-1p, IL-6, and TNF-a)
than the normal control (P<0.001). RA 20, RA 40, and
NER 400 significantly reduced these inflammatory markers
in heart tissues as compared to CP 200 (P<0.01, P<0.001,
and P<0.001, respectively). However, RA10 did not show
any considerable changes (P>0.05). The study found that
RA perse alone had no impact on these markers when
contrasted to normal control (Figure 6).

Assessment of RA through immunohistochemistry (IHC) of
NF-%B, TLR4, and cleaved caspase-3

CP 200 significantly elevated cleaved caspase-3, TLR4,
and NF-kB expression in heart tissues (P<0.001). RA10
had no significant effect on these expressions (P>0.05).
However, RA 20, 40, and NER 400 significantly decreased
the expression of cleaved caspase-3, NF-kB, and TLR4
(P<0.001). RA perse has shown no significant changes as
compared to the control (Figures 7, 8, 9, and 12).
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Figure 4. Effect of CP, RA (10, 20, 40 mg/kg), and NER (400 mg/kg) on oxidative stress markers in cardiac tissue of Swiss albino mice

CP 200 administration caused a significant reduction in (CAT, SOD, GSH), along with an elevation in nitrite and MDA levels in cardiac tissue. Treatment with RA (20 and 40 mg/
kg) along with NER (400 mg/kg) significantly restored antioxidant enzyme activities and normalized nitrite and MDA levels. The perse group showed no significant differences.
Results are expressed as mean + SEM (n = 6). Statistical analysis was performed using one-way ANOVA followed by Tukey’s test, where ###P<0.001 significant vs control; *P<0.05,
**P<0.01, ***P<0.001 significant vs CP 200; and ns (P>0.05) indicated non-significant changes vs CP 200. CP: cyclophosphamide; RA: rotundic acid; NER: nerolidol; SOD:
superoxide dismutase; CAT: Catalase; GSH: glutathione; MDA: malondialdehyde; TBARS: thio barbituric acid reactive substances
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Figure 5. Effect of CP 200, RA (10, 20, 40 mg/kg), and NER (400 mg/kg) on cardiac injury markers (¢cTnT, CK-MB, and LDH) in Swiss albino mice

CP 200 administration significantly increased cardiac tissues' cTnT, CK-MB, and LDH levels. Treatment with RA (20 and 40 mg/kg) along with NER (400 mg/kg) significantly
normalized ¢TnT, CK-MB, and LDH. The perse group showed no significant differences. Results are expressed as mean + SEM (n = 6). Statistical analysis was performed using
one-way ANOVA followed by Tukey’s test, where ###P<0.001 significant vs control; *P<0.05, **P<0.01, ***P<0.001 significant vs CP 200; and ns (P>0.05) indicated non-significant
changes vs CP 200. CP: cyclophosphamide; RA: rotundic acid; NER: nerolidol; ¢TnT: cardiac troponin T; CK-MB: Creatinine kinase myocardial band; LDH: lactate dehydrogenase
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Figure 6. Effect of CP 200, RA (10, 20, 40 mg/kg), and NER (400 mg/kg) on inflammatory markers (TNF-a, IL-6 &, IL-1p) of cardiac tissue in Swiss albino mice
Mice intoxicated with CP 200 displayed marked increase in IL-6, IL-1B, and TNF-a levels in cardiac tissue. Treatment with RA 20, RA 40, and NER 400 significantly reversed
them towards normal. The perse group did not show any significant changes. The outcomes are expressed as mean + SEM (n = 6). Statistical analysis was performed using one-way
ANOVA followed by Tukey’s test, where ###P<0.001 significant vs control; **P<0.01, ***P<0.001 significant vs CP 200; and ns (P>0.05) showed non-significant changes vs CP 200.
CP: cyclophosphamide; RA: rotundic acid; NER: nerolidol; cTnT, TNF-a: Tumor necrosis factor alpha; IL-6: Interleukin 6; IL-1f: Interleukin 1 beta
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Figure 7. Showing the effects of RA, NER, and CP 200 on immunohistochemical evaluation of NF-kB expression (Scale bar 50 pm) in cardiac tissue of Swiss albino mice
The control group showed minimal expression in NF-kB level (Green arrow), and CP 200 (Toxic group) showed a significant increase in NF-kB expression (red arrow), when
compared to the control group. The RA per se group showed similar NF-kB expression as that of the control (Green arrow). The RA10 group showed a non-significant reduction
of NF-kB expression compared to the toxic group. The RA 20 group showed moderate reduction of NF-kB expression as compared to the toxic group. The RA 40 and NER 400
groups showed significant reduction of NF-kB expression compared to the toxic group. CP: cyclophosphamide; RA: rotundic acid; NER: nerolidol; THC: immunohistochemistry;
NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells
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Figure 8. Representative IHC images showing CP200-mediated elevation of cleaved caspase-3 expression in cardiac tissue of Swiss albino mice (scale bar: 50 pm)
The control group showed minimal expression of cleaved caspase-3 level (Green arrow), CP 200 (Toxic group) showed significant increase in cleaved caspase-3 expression (red
arrow) when compared with the control group. RA perse group showed similar cleaved caspase-3 expression as that of the control (Green arrow). The RA10 group exhibited a non-
significant reduction of cleaved caspase-3 expression as compared to the toxic group. The RA 20 group showed moderate reduction of cleaved caspase-3 expression as compared
to the toxic group. The RA 40 and NER 400 groups showed significant reduction of cleaved caspase-3 expression as compared to the toxic group. CP: cyclophosphamide; RA
rotundic acid; NER: nerolidol; IHC: immunohistochemistry
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Figure 9. Illustrative THC images showing CP 200-mediated elevation of TLR-4 expression in cardiac tissue of Swiss albino mice (scale bar: 50 um)

The Control group exhibited minimal expression in TLR-4 level (Green arrow), and CP 200 (Toxic group) showed a significant increase in TLR-4 expression (red arrow) when
compared with the control group. The RA perse group showed similar TLR-4 expressions as that of the control (Green arrow). The RA10 group demonstrated a non-significant
reduction in TLR-4 expression as compared to the toxic group. The RA 20 group displayed moderate reduction of TLR-4 expression as compared to the toxic group. The RA 40 and
NER 400 groups showed significant reduction of TLR-4 expression as compared to the toxic group. CP: cyclophosphamide; RA: rotundic acid; NER: nerolidol; IHC:
immunohistochemistry; TLR4: Toll like receptor 4

Estimation of cardiac fibrosis by Masson’s trichrome (MT) reversal of fibrosis. Perse group showed no fibrosis (Figures
staining 10 and 11).

MT staining showed no fibrosis in the control. CP 200
caused fibrosis in the cardiac tissue, as shown in Figure 10 ~ Histopathology (H & E staining)
by red arrows. Treatment with RA 20, 40, and NER 400 The CP 200 group has shown cellular disintegration,
significantly prevented fibrosis, whereas RA 10 showed less ~ vacuolation, ~pyknosis, and fibrotic ~changes in
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Figure 10. Showing the effects of RA, NER, and CP 200 on the estimation of Masson’s Trichrome staining (Scale bar 50 um) in cardiac tissue of Swiss albino mice
Green arrows represent restored cardiac tissue, and red arrows represent MT staining. The CP 200 group showed cardiac fibrosis as indicated by the (blue colored area). Treatment
with RA 20, 40, and NER 400 reversed these fibrotic changes. CP: cyclophosphamide; RA: rotundic acid; NER: nerolidol; MT: Masson’s trichrome staining
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Figure 11. Semi-quantitative examination of MT-stained sections

The data were assessed using one-way (ANOVA) with Tukey's Test. Here, ### (P<0.001)
denotes significance versus normal control, ** P<0.01, *** P<0.001 denotes significance
v/s CP 200; and ns denotes non-significant v/s CP 200. CP: cyclophosphamide; RA:
rotundic acid; NER: nerolidol; MT: Masson’s trichrome staining

histopathological visualization. The RA10 group showed
a similar pattern of toxicity as compared to the CP group.
The RA 20 group showed mild cardiac damage as compared
to the CP 200 group. RA 40 and NER 400 groups reversed
these damages to normal. RA perse has shown normal
arrangement of cardiac tissue as that of control group
(Figure 13).

Discussion

Cyclophosphamide (CP) is a widely used drug for cancer,
autoimmune illness, and bone marrow transplantation
(33). The eflicacy of CP in preventing tumor development
is dependent on its dosage. Higher CP dose may cause
significant heart damage (33). Cardiotoxicity due to CP
has been described as a problem in several clinical and
experimental investigations. The current study aimed to
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Figurel2. Semi-quantitative examination of various markers [A] NF-«B, [B] TLR-4, and [C]

Cleaved caspase-3, in cardiac tissue of Swiss albino mice by using Immunohistochemistry. Data was evaluated by using one-way (ANOVA) with Tukey's method, and the results
are shown as mean + SEM. ###(P<0.001) reveals significance versus control; **P<0.01,***P<0.001 indicate significance v/s CP; and ns indicates non-significant against CP 200. CP:
cyclophosphamide; RA: rotundic acid; NER: nerolidol; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells; TLR4: Toll like receptor 4
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Figure 13. Histopathological assessment of cardiac tissue by H&E staining in Swiss albino mice experimental groups (scale bar: 50 um)
CP 200 mice showed cardiac histological changes characterized by cellular disintegration (black arrow), pyknotic nuclei (yellow arrow), vacuolization (red arrow), and fibrosis (blue arrow).
Treatment with RA 20, 40, and NER 400 reversed these changes, whereas RA 10 was found ineffective. CP: cyclophosphamide; RA: rotundic acid; nerolidol, H&E: Hematoxylin & Eosin

408

Iran J Basic Med Sci, 2026, Vol. 29, No. 3



Cardioprotective role of rotundic acid in Swiss mice IJ

induce cardiotoxicity using CP at 200 mg/kg and to assess
the potential effect of RA at different dosages.

Cardiotoxicity is characterized by increased oxidative
stress, excessive calcium buildup, reactive nitrogen species,
and oxygen species (34). SOD, GSH, and CAT, which
regulate superoxide and peroxide ions, protect healthy
cardiomyocytes from oxidative stress. If decreased, then it
becomes the most important element in the development
of cardiovascular diseases (35). Lipid peroxidation products
that cause structural and functional heart damage include
MDA (36, 37). The primary indicators used to evaluate
oxidative stress are GSH SOD, CAT, and TBARS. GSH,
SOD, and CAT levels fall under stress conditions, whereas
TBARS increase during lipid peroxidation. We found that
CP 200 increased lipid peroxidation and decreased GSH,
CAT, and SOD levels, suggesting the onset of oxidative
stress that led to cardiotoxicity. Treatment with RA 20, 40,
and NER 400 mg/kg reversed and restored these parameters
to normal, demonstrating cardio-protection. However,
treatment with RA 10 mg/kg showed no significant effects
on these markers (Figure 4 A-D). The present findings are
consistent with the earlier report (16). NO and superoxide
radicals produce peroxynitrite, which hinders a range of
mitochondrial enzymes that subsequently result in nitrative
stress, which further causes heart failure, hypertension, and
angina pectoris. It also promotes apoptosis and myocardial
inflammation (38-40). Cardiac dysfunction was also
evident in increased inflammatory responses, driven by
TNF-a and NO production, which were stimulated by
NF-«B activation (41). Our findings demonstrated that CP
200 mg/kg markedly increased the nitrite levels, leading to
enhanced nitrative stress, whereas RA 20, 40 mg/kg and
NER 400 mg/kg treatment significantly reduced this level
(Figure 4E), which is consistent with the previous report
(42). RA 10 mg/kg, however, showed no significant changes
in these parameters.

Cardiac troponin T (cTnT), CK-MB, and LDH are
released because of myocardial membrane damage caused
by oxidative stress. Thus, any medication that decreases the
concentration of these indicators towards normal manifests
a cardio-protective effect (43). In our study, rotundic acid
exhibited cardioprotection, as evidenced by significant
reductions in ¢TnT, CK-MB, and LDH levels, which were
markedly elevated by CP (200 mg/kg) administration.
Treatment with RA (20, 40 mg/kg) and NER (400 mg/kg)
restored these markers to near normal levels; however, RA
(10 mg/kg) was found ineffective in reversing these changes
(Figure 5 A-C). These findings therefore suggest improved
membrane integrity and cardioprotection, aligning well
with previously reported results (44).

NF-«B is considered a prominent beneficial target for
cardiotoxic effects due to its pivotal involvement in heart
dysfunction by causing a rise in the levels of cytokines,
namely IL-1f, TNF-a, and IL-6. Cardiac hypertrophy and
fibrosis in animals exhibit increased oxidative damage and
inflammation due to elevated NF-kB (45). Previous research
suggested that CP-induced cardiac damage is associated
with cytokine production, which is controlled by NF-kB
(46). During exposure to cardio-toxic medications such as
doxorubicin, CP, and isoproterenol, there was a considerable
increase in IL1P, TNF-a, and IL-6. These cytokines trigger
multiple inflammatory processes, leading to heart cell death
(47). Our studies also showed that treatment with CP 200
mg/kg significantly elevated cytokine levels, including
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IL-6, TNF-a, and IL-1p, suggesting inflammation in the
heart muscles, and treatment with RA at doses of 20, 40
mg/kg, and NER at 400 mg/kg significantly lowered these
inflammatory cytokines towards normal and demonstrated
cardioprotection (Figure 6). The present findings are
consistent with the earlier reports (3).

Another manifestation of cardiotoxicity is apoptosis, and
one key indicator of apoptosis is elevated cleaved caspase 3.
Cleaved caspase-3, an executioner caspase, is an important
mediator of apoptosis in mammalian cells, leading to
DNA fragmentation, protein degradation, and chromatin
condensation (48). Our investigation showed that CP 200
treatment increased cleaved caspase-3 expression. When
we treated animals with RA 20, 40, and NER 400 mg/kg,
we found a considerable reduction in caspase 3, confirming
anti-apoptotic action, which is consistent with the previous
report (49).

Toll-like receptor 4 (TLR4), a crucial receptor of the
innate immune system, detects both endogenous and
exogenous stimuli and triggers inflammatory responses in
various organs, including the heart. Upon ligand binding,
TLR4 forms a complex with Myeloid differentiation protein
2 (MD2) and activates the myeloid differentiation primary
response 88 (MyD88)-dependent signaling pathways,
which promote NF-kB phosphorylation and enhance
the expression of pro-inflammatory cytokines, thereby
contributing to cardiac inflammation (50). Activation of
TLR-4 promotes the stimulation of NF-kB and mitogen-
activated protein kinases (MAPK) signaling pathways.
(51). Our investigation also revealed that CP at 200 mg/
kg, IP resulted in an increased expression of TLR4 and NF-
kB. RA 20, 40, and NER 400 decreased their expression
to normal. Therefore, this result is similar to the previous
studies that showed the essential role of TLR4 in the
progression of CP-induced cardiotoxicity (16).

Gravimetric parameters such as HW (heart weight) and
BW (body weight) are affected by CP 200 mg/kg, resulting
in an increase in HW and a decrease in BW for all animals.
This indicates that when mice were exposed to toxicity by
CP treatment, there was necrosis in the cardiac tissue and
infiltration of inflammatory cells in the injured region of the
heart, leading to an enlarged heart or tissue edema (52). The
HW/BW ratio is also an excellent gravimetric parameter for
detecting edema and congestion after myocardial infarction.
The increased ratio indicates elevated cardiac hypertrophy,
a response aimed at maintaining adequate heart output. In
addition, it may be caused by increased protein content,
cellular infiltration, and water accumulation in edematous
intramuscular regions. Our investigation revealed that
the HW/BW ratio was elevated in CP 200 toxicity, which
was reduced by the administration of RA 20, 40 mg/kg,
and NER 400 mg/kg (Table 2). Our result is consistent with
the previous findings (53).

The MT-staining technique is applied to assess fibrosis
in cardiac tissue, specifically identifying collagen-rich
sections that are non-perivascular or perivascular. In these
fibrotic areas, the staining results in a blue coloration for
the collagen, a pink and red coloration for the cytoplasm,
and a deep-brown and black coloration for the nucleus
(54). Based on the staining technique used, our research
demonstrated a substantial increase in the fibrotic region
of the CP 200-treated group. RA 20, 40, and NER 400 mg/
kg extensively decreased the fibrotic region towards normal
and exhibited an anti-fibrotic action against CP 200 (Figure
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10). This result thus aligns with the prior research and
demonstrates the protective effect of our test drugs (55).

Hematoxylin and eosin (H&E) staining is a crucial
method in histopathology for analyzing cellular &
structural alterations in cardiac muscle. Our investigation
found that animals treated with CP 200 exhibited pyknosis
or myofibrillar disintegration, as well as vacuolization in
some regions of the heart muscle. Treatment with RA 20, 40,
and NER 400 mg/kg effectively decreased these alterations
to normal and showed protection against CP-induced tissue
injury, which is consistent with the previous study (56).
(Figure 13). Thus, considering all the parameters studied,
we can say that RA significantly reduced the CP-induced
toxicity in mice and may be used as an adjuvant in cancer
therapy. However, the limitation of this study is that the
cardioprotective activity of rotundic acid was evaluated
against CP using normal (non-tumor-bearing) mice. So,
how it will behave in a cancer model is not clear. Hence,
further investigation in a tumor-bearing model is required
to confirm its efficacy and potential applicability as an
adjuvant under cancer-related conditions.

Conclusion

Our study revealed that administration of CP at 200
mg/kg resulted in a significant increase in oxidative and
nitrative stress, cardiac inflammation, apoptosis, fibrosis,
tissue damage, and the HW/BW ratio. Compared with NER
400 mg/kg, RA 40 mg/kg dramatically reduced cardiotoxic
effects and showed stronger cardioprotective benefits. RA
at 10 mg/kg did not provide significant protection. Thus,
we can conclude that RA is a potential cardioprotective
agent that reduces CP-induced cardiotoxicity and, if
given together with CP in a tumor-bearing model, may
open an avenue for adjuvant therapies. However, further
investigations employing tumor-bearing animal models are
required to evaluate the efficacy and elucidate the precise
role of rotundic acid under pathophysiological conditions.
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