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ABSTRACT

Background and objectives: Stigmasterol,  a  phytosterol  abundantly  found in  various  plant

sources, including soybeans and other legumes, plays a significant pharmaceutical role due to its

pharmacological  properties.  Research  suggests  that  stigmasterol  exhibits  anti-inflammatory,

antioxidant,  and cholesterol-lowering  effects,  making it  a  promising  candidate  for  managing

cardiovascular disorders. In this work, we elucidated the cardioprotective potency of stigmasterol

against doxorubicin-induced cardiotoxicity in rats. 

Materials and methods: Hence we have evaluated the potency of stigmasterol supplementation

in  preventing  doxorubicin-induced  cardiotoxicity.  Male  Wistar  rats  were  treated  with

doxorubicin (2.5 mg/kg) and supplemented with 25 and 50 mg/kg doses of stigmasterol for 14

days.  On  14th day  of  treatment  tail-cuff  plethysmography  was  conducted  to  assess  the

hemodynamic  parameters.  The  concentrations  of  oxidative  stress  markers,  cardiac  function

markers,  myocardial  damage  markers,  and  inflammatory  biomarkers  were  assessed  in  the

experimental  rats  using  the  commercial  kits.  The  heart  tissues  were  subjected  to  the

histopathological analysis. Docking study was also conducted with NF-κB.



Results: The stigmasterol treatment effectively increased the body weight and heart weight and

elevated the hemodynamic parameters in doxorubinin-induced rats. The stigmasterol treatment

also  decreased  the  oxidative  stress  via  increasing  antioxidants,  reduced the  cardiac  function

markers,  and  decreased  the  myocardial  damage  markers  in  the  doxorubicin-induced  rats.

Furthermore,  the  stigmasterol  treatment  also  reduced  the  inflammatory  markers  in  the

doxorubicin-induced  rats.  The  cardioprotective  properties  of  the  stigmasterol  was  further

supported by the results  of  histopathological  analysis  and docking analysis  where it  showed

excellent binding affinity for NF-κB. 

Conclusions: The  results  of  tail-cuff  plethysmography  and  cardiac  tissue  histopathological

analysis authentically proved the inhibitory effect of stigmasterol against doxorubicin induced

cardiotoxicity.  To  conclude  supplementation  with  phytochemical  stigmasterol  persuasively

ameliorated doxorubicin induced cardiotoxicity. 

Keywords:  anticancer  drug,  doxorubicin,  cardiotoxicity,  phytosterol,  stigmasterol,

supplementary drug

INTRODUCTION

Cancer remains one of the most lethal diseases, claiming numerous lives annually worldwide.

Effective management of this illness is  influenced by its  diverse manifestations globally,  the

accessibility of medical resources, and various socioeconomic factors [12]. Projections based on

global cancer statistics suggest a staggering rise in cases, with an estimated 20 million additional

diagnoses and 10 million deaths attributed to cancer  [32]. Such predictions indicate a looming

60% surge in the burden of cancer over the next two decades, posing significant challenges to

communities,  individuals,  and  healthcare  systems alike.  Currently  available  anticancer  drugs

encompass a diverse array of pharmaceutical agents designed to target various aspects of cancer

biology and progression. These drugs include traditional cytotoxic chemotherapy drugs, such as

anthracyclines and taxanes, targeted therapies, immunotherapy drugs and hormonal therapies [7,

38].  However,  challenges  remain,  including  drug  resistance  and  toxicity,  highlighting  the

ongoing need for continued research and development of novel therapeutic strategies.

Doxorubicin (DOX) has exhibited notable therapeutic efficacy and is acknowledged as a highly

effective  chemotherapy  agent  from  1974  which  was  accepted  by  the  Food  and  Drug



Administration  (FDA)  for  combating  a  range  of  tumors  [15].  Its  indications  include  breast

cancer,  carcinomas, sarcomas,  and hematological malignancies,  underscoring its versatility in

cancer treatment. Despite the widespread use of anthracyclines, their  adverse effects  on vital

organs like brain, liver, kidney and it is manifold with cardiotoxicity being the most prominent

and extensively researched [20, 40]. 

Doxorubicin  induced  toxicity  occurs  through  various  mechanism  including  oxidative  stress

caused by reactive oxygen species (ROS), inhibition of topoisomerase II, and the induction of

DNA double-strand  breaks,  resulting  in  altered  gene  transcription  and  apoptosis  as  well  as

dysregulation of  intracellular  calcium levels  [15].  In  heart  oxidative stress  stands  out  as  the

primary contributor to doxorubicin-induced cardiotoxicity because of its relatively low amounts

of antioxidant enzymes, a high density/volume of mitochondria, and an elevated rate of oxygen

consumption  [30].  Doxorubicin-induced  cardiotoxicity  can  present  as  arrhythmias,  ischemia,

systolic dysfunction, and heart failure, primarily stemming from cardiac cell death and necrosis.

Various  research  had  explored  the  supplementation  of  natural  phytochemicals  to  counteract

toxicity induced during cancer chemotherapy [1].

Stigmasterol,  a  natural  phytosterol  found  abundantly  in  various  plant  sources,  has  gained

considerable  attention  in  pharmacological  study  due  to  its  diverse  biological  activities  and

potential  health  benefits.  Pharmacological  investigations  have  revealed  several  promising

therapeutic properties associated with stigmasterol such as analgesia, anti-inflammatory effects,

antioxidant,  cholesterol-lowering  effects,  anticancer,  neuroprotective  effects,  anti-diabetic

properties,  and  immunomodulatory  activity  [3,  9,  39].  In  this  work,  we  elucidated  the

cardioprotective potency of stigmasterol against doxorubicin-induced cardiotoxicity in rats. 

MATERIALS AND METHODS

Chemicals

The  drugs  Stigmasterol  (purity:  95%)  and  Doxorubicin  hydrochloride  (purity:  98%)  were

obtained from Sigma-Chemicals, USA. All the chemicals and reagents utilized in the present

investigation are of analytical grade.

Experimental animals



In this work, 8-week-old 24 healthy male Wistar rats were utilized, and their average weight

ranged from 140–210 grams. These rats were housed in confines under regulated conditions with

a temperature of 25°C and a 12-h light/dark series. They had continuous access to water and

standard laboratory meal pellets. A duration of two weeks was given to the rats to acclimatize

without  any  disturbance.  The  study  protocol  was  verified  by  the  ethical  committee.  All

procedures conducted during the experiment adhered to the regulations for the ethical handling

and utilization of laboratory animals.

Animal grouping

The rats were distributed into four groups, each consisting of six individuals. Group 1, serving as

the control,  administered (i.p.)  only normal  saline 0.9% for 14 days.  In Group II,  rats  were

induced with acute cardiotoxicity by administering doxorubicin intraperitoneally at a dosage of

2.5  mg/kg  every  other  day  for  two  weeks.  Groups  III  and  IV  received  stigmasterol

supplementation at 25 and 50 mg/kg concentrations intraperitoneally, respectively, concurrently

with doxorubicin treatment. On 14th day of treatment tail-cuff plethysmography was conducted to

assess  cardiovascular  function.  Twenty-four  hours  after  the  final  injection,  the  rats  were

anesthetized with 50 mg/kg of ketamine and 5 mg/kg of xylazine (i.p.). Blood samples were

obtained via the retroorbital plexus and allowed to clot for 15 minutes before centrifugation at

1500×g and 4°C for 10 min to obtain serum. Following decapitation, the cardiac tissues were

removed and then preserved at –80°C for subsequent biochemical and histological analyses.

Assessment of total body and organ weight gain 

Twenty-four hours after the final injection, the rats were weighed in the digital weighing machine

to assess the total weight gain by the control and treated rats. The meticulously excised hearts

from the experimental animals were rinsed with ice-cooled saline, gently dried with filter paper

and weighed with digital weighing machine. 

Analysis of hemodynamic parameters

The  hemodynamic  parameters,  including  heart  rate  (HR),  systolic  arterial  pressure  (SAP),

diastolic arterial pressure (DAP), and mean arterial pressure (MAP) were analysed through non-

invasive tail-cuff plethysmography with a pressure meter. The animals were gently restrained



with a holder without creating any stress. The tail cuff was carefully placed around the base of

the tail without restricting the blood flow. The changes in the tail artery pressure was measured

by inflating the cuff and slowly deflating process. The results were interpreted with software

provided along with tail-cuff plethysmography.

Evaluation of cardiac redox status 

Cardiac  tissue  homogenate  was  prepared  with  ice-cold  PBS (pH 7.4)  in  ratio  of  1:10.  The

suspension  was  centrifuged  2000×g for  15min  and  the  supernatant  was  utilized  for  the

assessment  of  lipid  peroxidation  and  antioxidant  levels  in  the  experimental  rats.  Lipid

peroxidation  was  quantified  with  TBARS  level  and  both  enzymatic  and  non-enzymatic

antioxidants were quantified in the sample.  SOD and CAT were estimated with colorimetric

assay  kit  obtained  from  Sigma  Aldrich.  Colorimetric  assay  kits  procured  form  Cayman

Chemicals  were  used  for  the  estimation  of  TBARS  (#10009055),  GST  (#703302),  GR

(#703202), GPx (#703102), and GSH (#703002). 

Estimation of cardiac markers 

Cardiac markers aspartate aminotransferase activity (#MAK055), lactate dehydrogenase activity

(#MAK066), and creatinine kinase activity (#MAK116) were estimated using colorimetric assay

kits  procured from Sigma Aldrich (St.  Louis,  MO, USA). The conversion of aspartate to α-

ketoglutarate with the transfer of an amino group generates glutamate, leading to the formation

of a colorimetric product was detected at 450 nm, which is directly relative to the enzymatic

activity  of  AST.  LDH  catalyzes  the  reduction  of  NAD  to  NADH,  which  was  detected  by

colorimetric estimation at 450 nm. Creatine kinase (CK) activity was assessed through a linked

enzyme reaction, leading to the generation of NADPH, whose concentration was measured at

340 nm, indicating the level of CK activity in the sample. 

Assessment of myocardial damage

The myocardial damage in the doxorubicin treated rats were assessed with biochemical cardiac

damage  marker  proteins  creatine  kinase  MB  enzyme  (CK-MB),  glycogen  phosphorylase

isoenzyme BB (GP-BB) and heart-type fatty acid-binding protein (H-FABP) in the serum of

experimental  animals.  The  levels  were  studied  commercially  available  ELISA kits.  Creatine



kinase MB enzyme was quantified using the Rat Creatine Kinase MB ELISA Kit (#ab285275)

procured from Abcam. Glycogen phosphorylase isoenzyme BB and heart-type fatty acid-binding

protein  were  quantified  using  Novus  Biologicals™  Rat  Glycogen  Phosphorylase  BB/GPBB

ELISA Kit (#NBP2-82493) and Biomatik Corporation Rat heart fatty acid binding protein (h-

FABP) ELISA Kit (#50-149-8889) respectively procured from fisher scientific. The test were

performed in triplicates as per the manual instruction.

Estimation of INF-γ and MCP-1

Persistent stimulation of IFN-γ has been linked to the development of autoimmune myocarditis

and inflammatory cardiac ailments. Additionally, heightened MCP-1 levels are correlated with a

range of cardiovascular disorders, encompassing atherosclerosis and myocardial infarction. Rat

IFN-γ Kit (#CSB-E04579r) and Rat MCP-1/monocyte chemotactic and activating factor, MCP-

1/MCAF ELISA kit (#CSB-E07429r) obtained from CUSABIO was used for the estimation IFN-

γ  and  MCP-1  respectively  in  the  serum.  The  assay  was  done  according  to  the  instructions

outlined in the manual and the final absorbance was taken at 450 nm. The levels were determined

with the standard curve plot.

Evaluation diagnostic indicators of cardiac damage

The diagnostic indicators of cardiac damage  TGF-β, cTroponinI, and BNP levels in the serum

were  evaluated  with  the  commercially  available  assay  kits.  Rat  TGF  beta  1  ELISA Kit

(#MBS824788) from MyBioSource.com, Rat Cardiac Troponin I ELISA Kit (#ab246529) from

Abcam and Rat brain natriuretic peptide BNP ELISA Kit (#CSB-E07972r) from CUSABIO were

used to detect concentrations of TGF-β, cTroponinI, and BNP respectively.

Quantification of inflammatory biomarkers 

The  concentrations  of  TNF-α  and  IL-1β  were  studied  using  the  Rat  TNF-α  ELISA Kit

(#RAB0479)  Rat  IL-1  β  ELISA  Kit  (#RAB0277)  obtained  from  Sigma  Aldrich.  NF-κB

transcription factor was estimated with NFkB p65 Transcription Factor Assay Kit (#ab133112)

from  Abcam.  HO-1  (#MBS764989)  and  NQO1  (#MBS7606601)  enzymes  involved  in

inflammatory response were quantified with ELISA kits purchased from MyBioSource.com. 



Histopathological analysis

The heart  tissues  were fixed  with  Bouin  solution  for  24h before  dehydrating  with  series  of

alcohol. It is then subjected to vitrification process using dimethylbenzene. The processed tissue

were embedded in paraffin, sectioned into 4micron slices with microtome. The tissue sections

were mounted on to clean glass slide and stained using eosin and hematoxylin.  The stained

sections were analyzed with light microscopy. 

Docking analysis

The  docking  of  stigmasterol  with  NF-κB  was  performed  using  CB-Dock  using  the  default

setting. 

Statistical analysis

Result analysis was performed using GraphPad Prism (version 8.1). Results were expressed as

mean  ±  SD.  Statistical  significance  was  determined  using  one-way  analysis  of  variance

(ANOVA) followed by Tukey’s post hoc test. A p-value of 0.05 or less was fixed as significant.

*Control vs doxorubicin alone treated group. **Doxorubicin alone treated group vs 25 mg/kg

and 50 mg/kg stigmasterol treated rats.

RESULTS

 Impact of phytosterol stigmasterol on weight gain in cardiotoxicity induced mice

Doxorubicin treatment significantly (p < 0.01) decreased the total body weight to 152 ± 4 g

compared to the control rats which weighed about 210 ± 7 g. Stigmasterol treatment increased

the total  body weight to 167 ± 5 g and 189 ± 4 g in 25 and 50 mg stigmasterol  treatment

respectively. Cardiac tissue weight was also decreased in the doxorubicin treated rats to 0.62 ±

0.0004 g whereas the control rats shown 0.79 ± 0.0009 g. 25 mg stigmasterol treated rats shown

significant (p < 0.05) increase in the cardiac tissue weight to 0.62 ± 0.0006 g and the 50 mg

stigmasterol treated rats shown 0.68 ± 0.0007 g which is comparatively equal to the cardiac

weight exhibited by the control rats (Fig. 1).

Effect of phytosterol stigmasterol on cardiac functioning in cardiotoxicity induced mice



The hemodynamic parameters in the cardiotoxicity induced and stigmasterol treated mice were

measured with tail-cuff plethysmography and the results were illustrated in the Figure 2. Systolic

arterial pressure and diastolic arterial pressure were maintained at 148 and 106 mmHg in control

rats  whereas  it  is  decreased  in  87  and  62  mmHg in  doxorubicin  treated  rats.  Stigmasterol

significantly  (p < 0.05)  increased both systolic and diastolic arterial pressure in cardiotoxicity

induced rats compared to the untreated rats. 50mg stigmasterol treated rats shown 132 and 89

systolic and diastolic arterial pressure which is comparatively equal to the control rats arterial

pressure. The mean arterial pressure and heart rate was also diminished to 61 and 276 mmHg

respectively  (p < 0.05) in the cardiotoxicity induced untreated rats. 50mg stigmasterol treated

shown significantly increased mean arterial pressure of 92 mmHg and 391 mmHg of heart rate

which is equal to the control rats mean arterial pressure of 101 mmHg and 392 mmHg heart rate. 

Antioxidant effect of phytosterol stigmasterol on redox status in cardiotoxicity induced rats

The TBARS and the antioxidant levels were quantified and the results  were depicted in the

Figure 3. Doxorubicin exposure induced lipid peroxidation which was evidenced with increased

TBARS level and it was substantially decreased in the stigmasterol treated rats. Stigmasterol

treatment also had a considerable impact on the glutathione system of the cardiotoxicity induced

rats. It significantly (p < 0.05) increased the concentrations of GR, GPx, GST, and GSH in the

cardiotoxicity  induced  rats  compared  to  the  stigmasterol  untreated  rats.  The  enzymatic

antioxidants SOD and CAT were significantly (p < 0.01) diminished in the doxorubicin treated

rats  whereas  the  stigmasterol  treatment  significantly  (p < 0.05)  elevated  the  SOD and CAT

concentrations.  50 mg/kg of  stigmasterol  treated rats  shown significant  (p < 0.05) increased

levels of antioxidants which was comparatively equivalent to the control rats. 

Effect of phytosterol stigmasterol on cardiac biomarkers in cardiotoxicity induced rats

Substantial  elevation  in  the  concentrations  of  aspartate  aminotransferase  activity  and  LDH

activity was observed in the doxorubicin exposed treated rats compared to the other group rats.

25 mg stigmasterol were considerably decreased the AST and LDH in cardiotoxicity induced

rats. 50mg stigmasterol treated and control rats shown significantly (p < 0.05) equivalent levels

of AST and LDH. Stigmasterol treatment also decreased the levels of creatinine kinase activity in



cardiotoxicity  induced  rats  which  was  significantly  (p  <  0.05) increased  in  the  stigmasterol

untreated rats (Fig. 4).

Ameliorative effect of stigmasterol against myocardial damage induced by doxorubicin

CK-MB, GP-BB and H-FABP were considered as biomarkers that play crucial roles in the early

diagnosis  and  monitoring  of  cardiotoxicity  hence  the  levels  were  detected  in  serum  and

represented in Figure 5.  CK-MB, GP-BB and H-FABP levels were elevated to 28 ± 0.02, 61 ±

0.03 and 9.8 ± 0.03 ng/mL in only doxorubicin treated rats compared to the control rats which

exhibited 11.87 ± 0.008, 45.23 ± 0.007 and 6.28 ± 0.004 respectively. Both 25 mg and 50 mg

stigmasterol treated rats shown decreased levels of only doxorubicin treated rats. The levels of

CK-MB,  GP-BB  and  H-FABP  were  17.84  ±  0.02,  53.24  ±  0.02  and  8.7  ±  0.02  ng/mL

respectively in 25mg stigmasterol treated rats and 14.65 ± 0.008, 48.62 ± 0.009 and 7.6 ± 0.003

ng/mL respectively in 50 mg stigmasterol treated rats.

Effect of phytosterol stigmasterol on INF-γ and MCP-1 in cardiotoxicity induced rats

Figure 6 illustrates the levels of cytokine Interferon γ and chemokine Monocyte Chemotactic

Protein-1 in the cardiotoxicity induced rats. INF-γ and MCP-1 were not detected in the control

and 50mg/kg stigmasterol treated rats whereas the 25mg/kg stigmasterol treated rats exhibited

6.7 ± 0.04 and 311 ± 1.8 pg/mL respectively. Doxorubicin alone treated rats shown significantly

(p  <  0.05) increased  levels  of  INF-γ  (13.8  ±  0.03  pg/mL)  and  MCP-1  (414  ±  2.5  pg/mL)

compared to the other group rats.

Impact of phytosterol stigmasterol on diagnostic indicators in cardiotoxicity induced rats

TGF-β is a multifunctional cytokine which often elevated in response to injury or stress to the

heart tissue. Doxorubicin exposure significantly (p < 0.01) elevated the TGF-β compared to the

control rats. Stigmasterol treatment significantly diminished the TGF-β. The sensitive diagnostic

biomarkers of myocardial infraction cTroponinI, and BNP were quantified in the serum, and the

results were depicted in Figure 7. Both cTroponinI, and BNP levels were substantially elevated

in the doxorubicin treated rats.  Stigmasterol  treatment significantly  (p < 0.05) decreased the

cTroponinI and BNP concentrations compared to the doxorubicin alone treated rats. 



Effect of phytosterol stigmasterol on pro-inflammatory cytokines in cardiotoxicity induced

rats 

The induction of cardiotoxicity in doxorubicin treated rats were confirmed with augmented TNF-

α, IL-1β,  and  NF-κB levels compared with control. It also diminished the levels of HO-1 and

NQO1 than the other group rats. Stigmasterol treatment significantly  (p < 0.05) decreased the

levels  of  TNF-α,  IL-1β,  NF-κB and increased  the  HO-1 and NQO1 levels  in  cardiotoxicity

induced rats (Fig. 8). 

Effect  of  phytosterol  stigmasterol  on  cardiac  tissue  histoarchitecture  in  cardiotoxicity

induced rats

Figure 9 depicts the representative images of  hematoxylin and eosin stained cardiac tissue of

experimental  rats.  The  control  group  rats  displayed  typical  cardiac  tissue  characteristics,

characterized  by  a  normal  oval  nucleus  surrounded  by  branching  striated  muscle  fibers

positioned at the periphery (A). In contrast, the doxorubicin alone treated rats exhibited several

pathological  features,  including  numerous  clogged  and  dilated  blood  arteries,  excessive

discharge of RBCs, edema, cytoplasmic vacuolations, reduced number of nuclei, loss of muscle

fiber striation, and fragmentation accompanied by necrosis (B). However, noticeable alleviation

was noted in both 25 mg/kg (C) and 50 mg/kg (D) stigmasterol treated rats. 

Docking of Stigmasterol with NF-κB

The stigmasterol was allowed to dock into the active site of NF-κB using the CB-Dock. It has

been found that stigmasterol showed excellent binding with NF-κB with as Vina score of –6.9.

After close inspection of docked pose in 3D, it was observed that, it was found deeply buried

into the active site lined with amino acid residues ARG54, PHE55, TYR57, CYS59, GLU60,

HIS141, VAL142, THR143, LYS144, ASP206, LEU207, SER208, ASP239, SER240, LYS241,

ALA242,  PRO243,  SER246,  ASN247,  LYS249,  ASP271,  LYS272,  ARG305,  GLN306,  and

PHE307 of Chain A, and ARG54, PHE55, TYR57, CYS59, GLU60, HIS141, VAL142, THR143,

LYS144, LYS145, LEU207, SER208, ASP239, LYS241, ALA242, PRO243, ASN244, LYS272,

GLN274, ARG305, GLN306, and PHE307 of Chain B. As shown in Figure 10b, stigmasterol

created Alkyl interaction with Lys144, Tyr57, Leu207, Ala242, Pro243 and pi-alkyl interaction

with Ala242, and His141. The molecular docking analysis revealed that Stigmasterol possesses a



strong  binding  affinity  for  NF-κB,  a  key  transcription  factor  regulating  inflammation  and

immune responses. This robust interaction is thought to be a major contributor to its pronounced

anti-inflammatory properties observed in this study. By modulating NF-κB activity, Stigmasterol

may effectively  reduce  inflammatory  signaling,  thereby mitigating  cardiotoxic  effects.  These

findings highlight its potential as a cardioprotective agent in experimental models, aligning with

previous research on its bioactive properties and therapeutic applications in inflammatory and

cardiovascular conditions (Fig. 10).

DISCUSSION

Doxorubicin, an anthracycline, is a pivotal chemotherapeutic drug, utilized in the treatment for a

broad spectrum of solid organ tumors and hematologic malignancies, leukemia and lymphomas

[15]. Despite their therapeutic efficacy, its clinical utility is hampered by significant acute and

chronic toxicities specifically cardiotoxicity. While it's widely recognized that high cumulative

doses  of  doxorubicin  exceeding  400  mg/m2 may  induce  cardiotoxicity,  studies  on  cancer

survivors,  both  in  childhood  and  adulthood,  have  indicated  that  doxorubicin-induced

cardiomyopathy  can  manifest  even  at  cumulative  doses  below  400  mg/m2 [28].  Acute

cardiotoxicity,  characterized  by  symptoms  like  arrhythmias,  and chronic  toxicity,  which  can

progress  to  irreversible  cardiomyopathy,  are  among the  major  complications  associated  with

DOX treatment. Approximately 30–40% of patients receiving a total dose of 500 mg/m2 reported

to develop cardiomyopathy [21, 23]. 

A promising  approach  to  mitigate  cardiotoxicity  in  the  patients  undergoing  chemotherapy

involves the utilization of cardioprotectants or phyto-formulations. Phytochemicals, found are

often well tolerated and possess potent antioxidant properties therefore they hold the potential to

shield cardiac muscle from the adverse impacts of oxidative stress [14]. Phytochemicals serve as

valuable repositories of pharmacophores and merit consideration as drug templates for ongoing

research  and  development  efforts  aimed  at  addressing  DOX-induced  cardiotoxicity  [22].

Therefore, we treated the healthy Wistar rats with 2.5 mg/kg doxorubicin in alternate days for

period 2 weeks and simultaneously supplemented with stigmasterol to elucidate the efficacy of

the stigmasterol to prevent cardiotoxicity induction in rats. 

Cachexia is the primary symptom observed in the cancer patients undergoing chemotherapy with

poor  prognosis  [36].  Doxorubicin  deregulates  both  the  glucose  and  lipid  metabolism which

inhibits adipogenesis and lipogenesis which eventually leads to adipose mass atrophy and body



weight  [5].  Stigmasterol  treatment  had  significantly  augmented  the  body  weight  and  heart

relative organ weight in the doxorubicin treated which proves the efficacy of stigmasterol in

inhibiting doxorubicin cardiotoxicity. Arrhythmias, one of the doxorubicin induced manifestation

which may  result in palpitations, sensations of dizziness, breathlessness, fainting spells, or in

extreme  instances,  cardiac  arrest  was  significantly  reduced  in  the  stigmasterol  treatment.

Stigmasterol supplemented rats shown normal heart rate, systolic and diastolic pressure which

was deregulated doxorubicin alone treated rats. 

Cardiomyocytes contain a significant abundance of mitochondria, which are a primary target of

DOX. Compared to other tissues, cardiomyocytes exhibit an increased mitochondrial count by

approximately  35–40%,  potentially  contributing  to  their  susceptibility  to  injury.  Doxorubicin

reduces  redox  cycle  causing  increased  ROS  generation  and  disrupted  ATP  synthesis.  The

mitochondrial ROS synthesizing enzymes converts doxorubicin to semiquinones which reacts

with oxygen to form superoxide anions or reactive oxygen species or reactive nitrogen species

causes  peroxidation  of  cell  membrane  lipids  and  aggregation  of  proteins.  The  depletion  of

endogenous  antioxidants  was  also  reported  with  doxorubicin  treatment.  Decreased  levels  of

antioxidants causes oxidative damage of myocardium. Mice with GPx1 deficient are more to

cardiotoxicity  caused by doxorubicin than the wild type mice  [16].  Stigmasterol  had proven

antioxidant  efficacy  which  was  reported  in  various  carcinogenic  and  neurotoxicity  studies.

Research  indicates  that  stigmasterol  mitigates  excitotoxicity,  DNA injury,  and mitochondrial

dysfunction via inhibiting reactive oxygen species production. Moreover, stigmasterol enhances

the  activities  of  antioxidant  enzymes  thereby  conferring  neuroprotective  [5].  These  results

correlate well with our studies that stigmasterol treatment effectively enhanced the antioxidants

and prevented lipid peroxidation in doxorubicin treated rats.

Creatinine kinase, energy reservoir of the body is found is various tissue, in heart the CK-MB

isoenzyme  was  present  which  reported  to  be  increased  with  doxorubicin  treatment.  In  the

presence of ferrous ion, the increased CK generates peroxynitrite free radicals which damages

the  cardiac  tissue.  GP-BB and  hFABP are  considered  to  be the  early  diagnostic  markers  of

myocardial injury. GPBB is the glucose provider of heart and it is found elevated during the first

fours  of  myocardial  injury.  hFABP  is  protein  responsible  for  the  intracellular  myocardial

transport it is also found to be elevated during the acute myocardial infraction [30]. Substantially

elevated levels of CK, GPBB and hFABP was noted in the doxorubicin-treated rats confirming



the induction of cardiac damage whereas the rats supplemented with stigmasterol along with

doxorubicin exhibited decreased CK, GPBB and hFABP levels. 

Inflammatory response induced by doxorubicin was evidenced with elevated TNF-α, NFκB, IL-

6,  IL-8,  and  MCP-1  concentrations  which  in  turn  leads  to  cardiomyopathy  and  myocardial

infraction  [4].  Doxorubicin administration reported to  elevated Interferon-γ levels  suggesting

induction  of  inflammation [33,  35].  Stigmasterol  through  its  anti-inflammatory  action

significantly decreased the INF-γ, MCP-1 and proinflammatory cytokines TNF-α, NFκB and IL-

1β  which  was  remarkably  increased  in  the  doxorubicin  alone  treated  mice.  Some  of  Nrf2

cytoprotective  targeting  genes  well  established  in  oxidative  stress  mechanism  are  HO-

1, NQO1 and GCLM decreased with doxorubicin treatment.  HO-1 is an enzyme that catalyzes

the  breakdown  of  heme  into  biliverdin,  carbon  monoxide  (CO),  and  iron.  Biliverdin  is

subsequently converted into bilirubin, which possesses potent antioxidant properties [8, 10, 11].

NQO1  is  an  enzyme  involved  in  the  detoxification  of  quinones  and  other  electrophilic

compounds. It plays a critical role in protecting cells from oxidative damage by preventing the

accumulation of ROS and reactive quinone metabolites [24, 26]. Stigmasterol treatment elevated

the both HO-1 and NQO1 concentrations in the doxorubicin treated rats this may be the reason

for increased antioxidants levels which had prevented from doxorubicin induced cardiac damage.

In  the  cardiovascular  system,  TGF-β  plays  a  pivotal  role  in  the  process  of  fibrotic  cardiac

remodeling, which is implicated in the progression of heart failure  [27, 34]. Elevated TGF-β

superfamily ligands have been increasingly associated with the advancement of heart  failure

[13]. The gold standard biomarker for detecting myocardial injury and cardiotoxicity is cardiac

troponin,  specifically  cardiac  troponin  I  (cTnI)  [2,  37].  Elevated  levels  of  cTnI  in  the

bloodstream indicate  myocardial  injury  and  serve  as  a  sensitive  and  reliable  indicator  with

significant clinical and prognostic implications, particularly in response to chemotherapy like

doxorubicin  (Dox).  BNP,  a  hormone  secreted  by  ventricular  myocytes,  is  another  valuable

marker, reflecting cardiac stress and volume overload [29]. Increased levels of BNP in plasma,

observed  during  chemotherapy,  can  predict  the  onset  of  congestive  heart  failure,  offering  a

predictive  tool  for  cardiac  dysfunction  associated  with  chemotherapy-induced  cardiotoxicity.

Hence in this work we evaluated TGF-β, cTnI and BNP in stigmasterol supplement doxorubicin

treated rats. Stigmasterol supplementation effectively decreased the levels of TGF-β, cTnI and

BNP in doxorubicin treated rats confirming its cardioprotective effect. It was further evidenced

https://www.sciencedirect.com/topics/medicine-and-dentistry/reduced-nicotinamide-adenine-dinucleotide-phosphate-dehydrogenase-quinone
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/glutamate-cysteine-ligase


with  our  histopathological  analysis.  Docking studies  play  a  crucial  role  in  drug research  by

predicting molecular interactions between bioactive compounds and target proteins  [25]. This

computational approach helps identify potential drug  candidates by assessing binding affinity,

stability,  and  specificity.  It  accelerates  drug  discovery  by  reducing  the  need  for  extensive

laboratory  testing,  guiding  structure-based  drug  design,  and  optimizing  lead  compounds.  In

pharmacology,  docking  studies  aid  in  understanding  mechanisms  of  action,  improving  drug

efficacy, and minimizing side effects [6]. By simulating ligand-protein interactions, they provide

valuable  insights  into  therapeutic  potential,  making  them  an  essential  tool  in  modern  drug

development and biomedical research. In this study, molecular docking analysis was performed

using the  CB-Dock webserver  [17,  18].  Results revealed  that  Stigmasterol  exhibits  a  strong

binding affinity for NF-κB by interacting with key amino acid residues, including Lys144, Tyr57,

Leu207, Ala242, Pro243, and His141 of Chain A. These interactions suggest a stable ligand-

protein complex, potentially contributing to its anti-inflammatory properties. Furthermore, our

findings align with previous studies, where similar ligand interactions with these residues were

reported  to  enhance  binding  affinity  for  NF-κB  [19,  31].  This  consistency  reinforces  the

reliability  of our results  and highlights  Stigmasterol’s  potential  as a promising candidate  for

targeting NF-κB-mediated inflammatory pathways.

Moreover, despite these promising results, the current study has certain limitations. For example,

the  present  study  lacks  the  in-depth  molecular-level  assays  to  precisely  comprehend  the

underlying molecular mechanisms by which stigmasterol shows its cardioprotective mechanisms

against  doxorubicin-induced cardiotoxicity.  These  limitations  need to  be  addressed  in  future

studies.

CONCLUSIONS

In  this  modern  era,  cancer  has  emerged  as  a  global  disease,  and with  advancements  in  the

pharmaceutical  field,  numerous  anticancer  drugs  have  become  available.  One  such  potent

anticancer drug with a long history of use is doxorubicin. However, its utility is greatly hindered

by its  cardiotoxicity,  which limits its  clinical application and compromises patient outcomes.

Supplementing  anticancer  drugs  with  phytochemicals  has  been shown to decrease  their  side

effects, offering a promising strategy to improve cancer treatment. In the present research, we

investigated the potency of the phytochemical stigmasterol in alleviating cardiotoxicity induced



by doxorubicin.  Our findings  demonstrate  that  stigmasterol  effectively  inhibits  the  oxidative

stress and inflammatory response induced by doxorubicin, thereby preventing cardiac damage in

rats.  The  cardioprotective  effect  of  stigmasterol  was  confirmed  through  tail-cuff

plethysmography  analysis,  quantification  of  diagnostic  markers,  and  histopathological

examination. These results have significant implications for clinical practice, as they suggest that

stigmasterol  supplementation  could  be  a  valuable  adjunct  therapy  to  mitigate  doxorubicin-

induced cardiotoxicity,  ultimately improving the safety and efficacy of cancer treatment.  Our

study provides a foundation for future clinical trials to explore the potential of stigmasterol as a

cardioprotective agent, with the potential to enhance patient outcomes and improve the quality of

life for cancer patients undergoing doxorubicin treatment.
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Figure 1. Impact of phytosterol stigmasterol on weight gain in cardiotoxicity induced mice.  A.

Total body weight.  B.  Heart weight.  Data analysis utilized GraphPad Prism software (version

8.1), expressing results as mean ± SD. Statistical significance was assessed via one-way ANOVA

followed by Tukey’s test, considering p ≤ 0.05 significant. *Control vs doxorubicin alone treated

group. **Doxorubicin alone treated group vs 25 mg/kg and 50 mg/kg stigmasterol treated rats.
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Figure 2.  Effect  of phytosterol  stigmasterol on cardiac functioning  in  cardiotoxicity induced

mice. A. Systolic arterial pressure (SAP); B. Diastolic arterial pressure (DAP); C. Mean arterial

pressure  (MAP),  D. Heart  rate  (HR)  detected  with  tail-cuff  plethysmography.  Data  analysis

utilized GraphPad Prism software (version 8.1), expressing results as mean ± standard deviation.

Statistical significance was assessed via one-way ANOVA followed by Tukey’s test, considering

p ≤ 0.05 significant. *Control vs doxorubicin alone treated group. **Doxorubicin alone treated

group vs 25 mg/kg and 50 mg/kg stigmasterol treated rats. 



 Figure 3. Antioxidant effect phytosterol stigmasterol on redox status in cardiotoxicity induced

rats. A.  Thiobarbituric acid reactive substance (TBARS);  B. Superoxide dismutase (SOD);  C.

Catalase  (CAT);  D. Glutathione  peroxidase  (GPx);  E. Glutathione  S  transferase  (GST);  F.

Gluthathione reductase (GR); G. Reduced glutathione (GSH) using colorimetric assay kits. Data

analysis utilized GraphPad Prism software (version 8.1), expressing results as mean ± standard

deviation. Statistical significance was assessed via one-way ANOVA followed by Tukey’s test,

considering p ≤ 0.05 significant. *Control vs doxorubicin alone treated group. **Doxorubicin

alone treated group vs 25 mg/kg and 50 mg/kg stigmasterol treated rats. 



Figure 4. Effect of phytosterol stigmasterol on cardiac biomarkers in cardiotoxicity induced rats.

A.  Aspartate  aminotransferase  activity  (AST);  B. Creatinine  kinase  (CK);  C. Lactate

dehydrogenase  (LDH)  using  colorimetric  assay  kits.  Data analysis  utilized  GraphPad  Prism

software (version 8.1), expressing results as mean ± standard deviation. Statistical significance

was assessed via one-way ANOVA followed by Tukey’s test, considering p ≤ 0.05 significant.

*Control vs doxorubicin alone treated group. **Doxorubicin alone treated group vs 25 mg/kg

and 50 mg/kg stigmasterol treated rats. 



Figure 5. Ameliorative effect of stigmasterol phytosterol against myocardial damage induced by

doxorubicin. A. Creatine kinase MB enzyme (CK-MB); B. Glycogen phosphorylase isoenzyme

BB (GP-BB); C. Heart-type fatty acid-binding protein (H-FABP) using ELISA technique. Data

analysis utilized GraphPad Prism software (version 8.1), expressing results as mean ± standard

deviation. Statistical significance was assessed via one-way ANOVA followed by Tukey’s test,

considering p ≤ 0.05 significant. *Control vs doxorubicin alone treated group. **Doxorubicin

alone treated group vs 25 mg/kg and 50 mg/kg stigmasterol treated rats.



Figure 6. Effect of phytosterol stigmasterol on INF-γ and MCP-1 in cardiotoxicity induced rats.

A. Interferon γ (INF-γ);  B. Monocyte chemotactic protein-1 (MCP-1) using ELISA technique.

Data  analysis  utilized  GraphPad Prism software  (version  8.1),  expressing  results  as  mean ±

standard  deviation.  Statistical  significance  was  assessed  via  one-way  ANOVA followed  by

Tukey’s  test,  considering  p  ≤ 0.05 significant.  *Control  vs  doxorubicin  alone  treated  group.

**Doxorubicin alone treated group vs 25 mg/kg and 50 mg/kg stigmasterol treated rats.



Figure 7.  Impact of  phytosterol stigmasterol on diagnostic indicators in cardiotoxicity induced

rats. A. TGF-β;  B. Cardiac troponin-I (cTnI);  C. Brain natriuretic peptide (BNP) using ELISA

technique.  Data analysis utilized GraphPad Prism software (version 8.1), expressing results as

mean ± standard deviation. Statistical significance was assessed via one-way ANOVA followed

by Tukey’s test, considering p ≤ 0.05 significant. *Control vs doxorubicin alone treated group.

**Doxorubicin alone treated group vs 25 mg/kg and 50 mg/kg stigmasterol treated rats.



Figure 8.  Effect  of  phytosterol  stigmasterol  on pro-inflammatory  cytokines  in  cardiotoxicity

induced rats. A. Tumor necrosis factor α (TNF-α); B. Interleukin 1β (IL-1β);  C. Nuclear factor

kappa B (NF-κB );  D. Heme oxygenase (HO-1);  E. Quinone oxidoreductase 1 (NQO1) using

ELISA technique.  Data  analysis  utilized  GraphPad  Prism software  (version  8.1),  expressing

results as mean ± standard deviation. Statistical significance was assessed via one-way ANOVA

followed by Tukey’s test, considering p ≤ 0.05 significant. *Control vs doxorubicin alone treated

group. **Doxorubicin alone treated group vs 25 mg/kg and 50 mg/kg stigmasterol treated rats.



 Figure 9. Effect of phytosterol stigmasterol on cardiac tissue histoarchitecture in cardiotoxicity

induced  rats. A. Control;  B. 2.5  mg/kg  doxorubicin  alone  treated  group;  C. 2.5  mg/kg

doxorubicin + 25 mg/kg stigmasterol treated; D. 2.5 mg/kg doxorubicin + 50 mg/kg stigmasterol

treated.



Figure 10A. 3D docked orientation; B. 2D docked orientation of stigmasterol in NF-κB.


