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Abstract

Introduction  and  objectives:  The  current  study  evaluates  the  effect  of  chelidonic  acid  on
doxorubicin-induced  cardiac  toxicity.  Chelidonic  acid  (CA)  is a  natural  pyran-skeleton  hete-
rocyclic compound  found  in  rhizomes  of  the  perennial  plant,  celandine  (Chelidonium  majus).
Methods:  Wistar  rats  were  given  an  intraperitoneal  injection  of  doxorubicin  (1.25  mg/kg,
cumulative dose  of  20  mg/kg)  four  times  per  week  for  a  duration  of  four  weeks  to  induce
cardiotoxicity.  CA  treatment  (10,  20,  and  40  mg/kg  orally  for  four  weeks)  was  started  together
with  doxorubicin.
Results:  CA  treatment  reduced  myocardial  damage  and  improved  cardiac  dysfunction  in
doxorubicin-treated  rats.  It improved  blood  pressure,  restored  ST  wave  height  and  normalized
the QTc  interval  compared  to  the  rats  treated  only  with  doxorubicin.  Administration  of  CA  for
four weeks  reduced  left  ventricular  end-diastolic  pressure.  Moreover,  CA  treatment  decreased
the level  of  cardiac  markers  such  as creatine  kinase-myocardial  band  (CK-MB),  lactate  dehydro-
genase (LDH),  aspartate  aminotransferase  (AST),  and  cardiac  troponin-T.  Masson’s  trichrome,
hematoxylin,  and  eosin  staining  of  heart  tissue  revealed  that  CA  attenuated  the  deleterious
effects of  doxorubicin  and  prevented  further  damage  and  fibrosis  in  rats.
Conclusion:  The  study  findings  confirm  that  CA  treatment  can  protect  the  myocardium  against
doxorubicin-induced  cardiotoxicity.
© 2024  Sociedade  Portuguesa  de  Cardiologia.  Published  by  Elsevier  España,  S.L.U.  This  is an
open access  article  under  the CC BY-NC-ND  license  (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

∗ Corresponding author.
E-mail address: kspharma05@gmail.com (K.  Singh).

https://doi.org/10.1016/j.repc.2024.06.003
0870-2551/© 2024 Sociedade Portuguesa de Cardiologia. Published by  Elsevier España, S.L.U. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.repc.2024.06.003
http://www.revportcardiol.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.repc.2024.06.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kspharma05@gmail.com
https://doi.org/10.1016/j.repc.2024.06.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


S.I.  Khairnar,  Y.A.  Kulkarni  and K.  Singh

PALAVRAS-CHAVE
Doxorrubicina;
Ácido  quelidónico;
ROS;
Citocinas;
NAO

Efeito  cardioprotetor  do  ácido  quelidónico  contra  a toxicidade  cardíaca  induzida  pela

doxorrubicina  em  ratos

Resumo

Introdução  e  objetivos:  O  presente  estudo  avalia  o  efeito  do  ácido  quelidónico  na  toxicidade
cardíaca  induzida  pela  doxorrubicina.  O  ácido  quelidónico  é  um  composto  heterocíclico  natural
do esqueleto  pirano  encontrado  nos  rizomas  da  planta  perene,  celidónia  (Chelidonium  majus).
Métodos:  Ratos  Wistar  receberam  injeção intraperitoneal  de  doxorrubicina  (1,25  mg/kg,  dose
cumulativa de  20  mg/kg)  quatro  vezes  por  semana  durante  quatro  semanas  para  induzir  car-
diotoxicidade. O tratamento  com  ácido  quelidónico  (10,  20  e  40  mg/kg  por  via  oral  durante
quatro semanas)  foi  iniciado  juntamente  com  a  doxorrubicina.
Resultados:  O tratamento  com  ácido  quelidónico  reduziu  o  dano  miocárdico  e melhorou  a
disfunção cardíaca  em  ratos  tratados  com  doxorrubicina.  O  tratamento  com  ácido  quelidónico
melhorou  a  pressão  arterial,  bem  como  restaurou  a  altura  ST e  normalizou  o  intervalo  QTc
em comparação com  os  únicos  ratos  tratados  com  doxorrubicina.  A administração  de  ácido
quelidónico  por  quatro  semanas  reduziu  a  pressão  diastólica  final  do  ventrículo  esquerdo.  Além
disso, o  tratamento  com  ácido  quelidónico  diminuiu  o nível  de marcadores  cardíacos  como
creatina  quinase-banda  miocárdica  (CK-MB),  lactato  desidrogenase  (LDH),  aspartato  amino-
transferase  (AST)  e  troponina  T  cardíaca.  A  coloração  com  tricrómico,  hematoxilina  e eosina
de Masson  do  tecido  cardíaco  revelou  que  o ácido  quelidónico  atenuou  os  efeitos  deletérios  da
doxorrubicina e preveniu  maiores  danos  e fibrose  em  ratos.
Conclusão:  Os  achados  do  presente  estudo  confirmam  que  o  tratamento  com  ácido  quelidónico
pode proteger  o miocárdio  contra  a  cardiotoxicidade  induzida  pela  doxorrubicina.
© 2024  Sociedade  Portuguesa  de Cardiologia.  Publicado  por Elsevier  España,  S.L.U.  Este é  um
artigo Open  Access  sob  uma  licença  CC BY-NC-ND  (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Introduction

In recent  years,  cancer  has become  more  prevalent,  and
it  is  estimated  that  13.1  million  people  will  die  of  cancer
by  2030.1,2 Treating  cancer  has become  a  highly  complex
process.3 Anthracyclines  are  a  class  of  chemotherapeutic
drugs  used  to  treat  various  malignancies  in both  adult  and
pediatric  patients.  The  most  popular  anthracycline,  dox-
orubicin  (also  called  adriamycin)  (DOX),  is  used  to treat  a
variety  of  malignant  tumors,  such as  acute  leukemia,  lym-
phomas,  ovarian,  testicular,  lung,  thyroid,  breast,  among
others.4,5 It  is  one  of  the most efficient  anthracycline
antibiotics  and  a frontline  chemotherapeutic  agent  for
the  treatment  of  cancer.6,7 While  doxorubicin  has  broad
anticancer  efficacy,  due  to  its  negative  consequences,
its therapeutic  application  is  restricted,  particularly  in
life-threatening  cardiac  toxicity.8 Clinically,  DOX-induced
cardiotoxicity  is  defined  by  an increase  in  ventricular  wall
thickening  that  can  result  in mortality,  aberrant  arrhyth-
mias,  congestive  heart  failure  (HF),  and a reduction  in left
ventricular  ejection  fraction.9 It shows  dose-dependent  car-
diotoxicity,  which  is  linked  to  a  decrease  in left  ventricular
function  or HF in 7---26% of  patients  treated  with  doxorubicin
(550  mg/m2).10,11

Arrhythmias,  ischemia,  systolic  dysfunction,  and HF  are
all  manifestations  of  doxorubicin-induced  cardiotoxicity,
and the  major  causes  are cardiac  cell  death  and  necrosis.12

Cardiomyocytes  are  more  prone  to  doxorubicin  toxicity  than
other  tissues  because  they  have  lower  antioxidant  lev-
els,  a  higher  reliance  on  oxidative  substrate  metabolism,
and  a higher  mitochondria  volume  than  tumor  cells.13,14

Chelidonic  acid  (CA)  is  a  secondary  metabolite  found  in
several  plants,  such  as  Chelidonium  majus  L.  It possesses
anti-inflammatory,  anti-allergic,  anti-ulcerative  colitis,  and
neurological  sedative  properties.15---18 CA  also  has  many
known  therapeutic  effects,  such  as  being  a mild  analgesic,
antimicrobial,  and  oncostatic;  in the  central  nervous  sys-
tem,  it acts  as  a  sedative.19 It also  inhibits  TNF-� production
in  ulcerative  colitis  in rats.15 CA  inhibits  nuclear  factor
kappa  B (Nf-kB)  and  activates  mast  cell  caspase-1,  a compo-
nent  of the  AMP-activated  protein  kinase  signaling  pathway,
to  decrease  the  generation  of IL-6.  Our  previous  study
reported  the  beneficial  effects  of  CA in  cisplatin-induced
nephrotoxicity.20 CA can  be useful to  relieve the  toxic  effects
of  doxorubicin  in myocardial  tissue without  interfering  with
its  anticancer  activity.  This  study,  therefore,  aimed  to  inves-
tigate  any  possible  defense  that CA might  have  against  the
cardiotoxicity  that  DOX causes  in rats.

Objective

This  study  was  designed  to investigate  the possible  cardio-
protective  effect  of  CA in DOX-induced  cardiac  toxicity  in
rats.
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Methods

Chemicals

Chelidonic  acid,  5-5-dithio  bis-(2-nitrobenzoic  acid),  and
thiobarbituric  acid were  procured  from  Sigma  Aldrich  (St.
Louis,  MO, USA).  Doxorubicin  hydrochloride  USP  (Batch#
062103092)  was  received  as  a gift  sample  from  Khandelwal
Laboratories,  India. Kits  of  creatine  kinase-MB  and  lactate
dehydrogenase  were  purchased  from  Transasia  Biomedicals
Ltd.,  India.

Experimental  animals

Male  Wistar  rats  (170---200  g)  were  purchased  from  the
National  Institute  of Biosciences  in Pune,  Maharashtra,
India,  and  kept  in  an  environment  with  a 12-hour  light/dark
cycle.  Purified  water  and  multi-nutritional  pellet  food
(Nutrimix  Laboratory  Animal  Feed,  India) were  available  at
all  times.

Doxorubicin-induced  cardiac  toxicity  in  rats

Doxorubicin  was  solubilized  in the normal  saline  solution
and  injected  intraperitoneally  at 1.25  mg/kg,  four  times
per  week  for  four  weeks,  the  total  cumulative  dose  was  20
mg/kg.21---23

Experimental  design

A  total  of  42  male  Wistar  rats  were  used in this study.  They
were  split  up  into  six groups  at  random,  each  containing
seven  rats.  The  details  of  each  group  are as  follows:

0.5%  carboxymethyl  cellulose  and  saline  solution  were
used  as  vehicles  for  CA and  doxorubicin,  respectively.24,25

Group  1.  Normal:  Rats  were  administered  0.5% car-
boxymethyl  cellulose  (1 ml/kg/day,  p.o.) using  oral  gavage
for  a  period  of  four weeks  and  saline  solution  (vehicle  of
DOX)  (1  ml/kg,  i.p.)  four times  per  week  for  four weeks.

Group  2.  DOX:  Rats  were  administered  0.5% car-
boxymethyl  cellulose  (1 ml/kg/day,  p.o.) using  oral  gavage
for  four  weeks  and  DOX  (1.25  mg/kg,  cumulative  dose 20
mg/kg,  i.p.)  four  times  per  week  for  four  weeks.
Group  3. DOX+DEX:  Rats  were  administered  DOX  (1.25
mg/kg,  cumulative  dose 20  mg/kg,  i.p.)  and DEX  (50
mg/kg,  i.p.)  30  minutes  before  DOX  administration.
Group  4. DOX+CA  (10 mg/kg):  Rats  were  administered  DOX
(1.25  mg/kg,  cumulative  dose 20  mg/kg,  i.p.)  and  CA 10
mg/kg/day  p.o.  for  four  weeks.
Group  5. DOX+CA  (20 mg/kg):  Rats  were  administered  DOX
(1.25  mg/kg,  cumulative  dose 20  mg/kg,  i.p.)  and  CA 20
mg/kg/day  p.o.  for  four  weeks.
Group  6. DOX+CA  (40 mg/kg):  Rats  were  administered  DOX
(1.25  mg/kg,  cumulative  dose 20  mg/kg,  i.p.)  and  CA 40
mg/kg/day  p.o.  for  four  weeks.

Electrocardiogram  and hemodynamic  parameters

At  the  end  of the study,  rats  were  anesthetized  with  ure-
thane  (1.25  gm/kg,  i.p.). Each  animal  was  positioned  supine
on  an ECG  board,  and ECG was  continuously  recorded  using
normal  three-lead  skin  electrodes,  +ve, −ve,  and  neutral
(the  needle  electrodes  29-gauge,  12  mm)  in  lead  II  position
using  a  data  acquisition  system  (AD  Instruments,  Australia).

Blood pressure

To perform  a  tracheotomy,  the neck  region  of  the rat
was  opened  with  a  ventral  midline  incision,  and  then  the
right  carotid  artery was  cannulated  with  a  polyethylene
tube  attached  to a three-way  cannula  and  the mean  arte-
rial  pressure,  systolic  pressure,  and diastolic  pressure  were
measured.  Left  ventricular  end-diastolic  pressure  (LVEDP),
and  maximum  and  minimum  rate  of  ventricular  contraction
(+dp/dt,  −dp/dt)  were  recorded  using  a  data  acquisition
system,  Power  Lab  (AD Instruments,  Australia).

Heart weight  to body  weight  ratio  (HW/BW  ratio)

Heart  weight  and body weight  ratio  were  calculated  after
the  measurement  of  blood  pressure.

Estimation  of cardiac  injury  markers

Blood was  withdrawn  from  animals  from  the retro-orbital
plexus.  A blood  sample  was  collected  from  each animal  in
two  separate  Eppendorf  tubes.  One  Eppendorf  contains  an
anticoagulant  for  obtaining  plasma  and another  without an
anticoagulant  for  serum  separation.  Serum  and  plasma  sam-
ples  were  separated  and  stored  at −20 ◦C,  and  the same
were  used  for the determination  of cardiac  injury  markers.
Levels  of CK-MB,  LDH, and  AST  in  serum  were  determined
using  diagnostic  kits  (Transasia  Bio-Medicals  Ltd.,  India).
cTn-I  level  in plasma  was  determined  using  an ELISA  kit pro-
vided  by  Abbkine,  USA.  All  the  parameters  were  estimated
by  using  a  biochemical  analyzer  (Erba  Chem  7,  Germany).

Preparation  of  tissue  homogenate

After  the  recording  of  hemodynamic  parameters,  animals
were  sacrificed.  Heart  tissue  homogenate  was  prepared
in  ice-cold  50  mM  phosphate  buffer  saline  (pH  7.4) using
a  homogenizer  (Polytron,  Kinematica,  Switzerland).  The
homogenate  was  centrifuged  at 2000  g for  20  min at 4 ◦C and
the  aliquots  of  the  supernatant  were  collected  and  stored at
−20 ◦C for  further  evaluation.  Total  protein  in heart  tissue
homogenate  was  measured  using  the Bradford  Protein  Assay
as  per  Bradford26 method.

Estimation  of oxidative  stress

Lipid peroxidation  (LPO)  was  measured  as  a malondialde-
hyde  (MDA)  concentration,  and  MDA  level  in  heart  tissue
was  measured  by  thiobarbituric  acid  reactive  substances
(TBARS)  assay  described  by  Ohkawa  (1979)27.  In  the TBARS
assay,  total  homogenate  was  used  to  determine  thiobarbi-
turic  acid  reactive  substances.  Reduced  glutathione  levels
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in  heart  tissue  were  estimated  using  the method  given  by
Ellman.28 Post-nuclear  fraction  of  homogenate  which  was
prepared  by  centrifugation  at 2500  g for  10  min  was  used  to
estimate  catalase  activity  in heart tissue as  per  the method
described  by  Luck.29 Superoxide  dismutase  activity  was  mea-
sured  in  post-mitochondrial  fraction  of  homogenate,  which
was  prepared  by  centrifugation  at 10  000  g for  20  minutes  as
per  the  method  described  by  Paoletti  and  Mocali.30

Estimation  of nitric  oxide

The  tissue  homogenate  was  mixed  with  an equal  quantity  of
Griess  reagent,  and  absorbance  was  determined  at 540  nm
using  a  microplate  spectrophotometer  (BioTek-Epoch  2).  NO
concentration  was  expressed  as  �M/L  of NO.31

Estimation  of Nrf2  and release  of pro-inflammatory
cytokines

Nrf2  and  the  release  of  TNF-� and  IL-6  were  measured  by
using  sandwich  ELISA  methods  according  to  the  manufac-
turer’s  protocol  (Abbkine,  USA).  Levels  of  C-reactive  protein
(CRP)  were  determined  using  diagnostic  kits  (Transasia  Bio-
Medicals  Ltd.,  India).

Histopathological  examination

Heart  tissue  was  stored  in a 10%  neutral  buffer  formalin
solution.  The  organ specimens  were treated  with  xylene  for
dehydration  and  alcohol  for 2  h.  The  infiltration  and  impreg-
nation  were  carried  out by treatment  with  paraffin  wax
twice.  Specimens  were  cut  into  sections  of  3---5  �m  thickness
and  embedded  in  paraffin.  Serial  sections  (3 �m)  were  cut
using  a  microtome.  The  sections  were  stained  with  hema-
toxylin  and  eosin  and  Masson’s  trichrome.  Sections  were
examined  under  the light  microscope  for  myocardial  injury
and  progression  of  fibrosis  (Motic,  Canada).

Statistical  analysis

The  data  were  expressed  as  mean±SEM  for  each group.  Sta-
tistical  analysis  was  performed  using  the one-way  analysis
of  variance  followed  by  Dunnett’s  post-hoc  test.  The  data
was  analyzed  using  Graph  Pad  Prism  8  software  (California,
USA).

Results

Effect  of chelidonic  acid  on body  weight  and heart
weight/body weight  ratio (HW/BW  ratio)

DOX  ---  treated  group  showed a  significant  decrease  in body
weight  when  compared  with  the normal  group  (p<0.001).
CA  treatment  at  a  dose  of  10,  20,  and  40  mg/kg  signifi-
cantly  elevated  the body  weight  of animals  as  compared
to  the  DOX-treated  group  (p<0.001).  Standard  dexrazoxane-
treated  rats  showed  a significant  increase  in body  weight
when  compared  with  DOX-treated  rats  (p<0.01)  (Figure  1A).

DOX-treated  rats  showed  significant  elevation  in  HW/BW
ratio  when  compared  with  the  normal  group (p<0.001).  CA
treatment  at doses  of 10, 20,  and  40  mg/kg  significantly
reduced  the HW/BW ratio  as  compared  with  the DOX  ---
treated  rats.  Dexrazoxane  treated  animals  showed  a  sig-
nificant  decrease  in  HW/BW  ratio  as  compared  with  only
DOX-treated  animals  (p<0.05)  (Figure  1B and  C).

Effect  of chelidonic  acid  on  electrocardiogram

Chelidonic  acid  treatment  normalized  the electrocardio-
gram  pattern  in rats.  The  DOX -  treated  group  showed
significant  elevation  in  ST  height  when compared  with  the
normal  group  (p<0.001).  CA  treatment  at doses  of  10,  20,
and  40  mg/kg  significantly  reduced  the  ST  height  when
compared  with  DOX ---  treated  rats (p<0.001  and p<0.01).
Dexrazoxane-treated  animals  showed  a  significant  decline
in the ST  height  when  compared  with  the  DOX  ---  treated
group  (p<0.01)  (Figures  2  and  3A).

DOX  -  treated  rats  showed  had  increased  QT  interval
when  compared  with  the normal  animals  (p<0.01).  CA at
dose  range  significantly  decreased  the  QT  interval  when
compared  with  DOX  ---  treated  rats (p<0.01  and  p<0.05)
(Figure  3B).

QRS  interval  and  QTc  were  significantly  increased  in DOX
---  treated  animals  when  compared  with  the normal  group
(p<0.01  and  p<0.001).  CA  treatment  at  doses  of  10  and  20
mg/kg  significantly  reduced  the  QRS  interval  when  com-
pared  with  the DOX ---  treated  group  (p<0.01  and  p<0.05).
Dexrazoxane  treated  animals  showed  a  significant  decrease
in the QRS  interval.  CA  treatment  at doses  of  10, 20,
and  40 mg/kg  significantly  decreased  the QTc. Standard
dexrazoxane-treated  animals  showed  a  significant  decrease
in the  QTc  (p<0.01)  (Figure 3C  and  D).

Effect  of chelidonic  acid  on  hemodynamic
parameters

DOX ---  treated  group  of  animals  exhibited  an  increase  in
heart  rate  when compared  with  the  normal  group  (p<0.001).
CA  treatment  at doses  of  10,  20, and 40  mg/kg  significan-
tly declined  the heart  rate  when compared  with  the DOX  ---
treated  group  (p<0.001  and p<0.05).  Dexrazoxane  treated
rats  showed  a  significant  decrease  in  heart  rate  when  com-
pared  with  the  DOX -  treated  animals  (p<0.01)  (Figure  4A).

Hemodynamic  parameters  in DOX-treated  animals  were
significantly  altered.  DOX ---  treated  animals  showed  a
decrease  in systolic  blood  pressure  when compared  with  the
normal  group  (p<0.01).  CA at a dose  of 40  mg/kg  significantly
increased  the systolic  blood  pressure  when  compared  with
only  DOX-treated  group  (p<0.05)  (Figure  4B).

The  DOX-treated  animals  showed  a  significant  reduction
in diastolic blood  pressure  when  compared  with  the  nor-
mal  group  (p<0.01).  CA  treatment  at the entire  dose range
significantly  increased  the diastolic  blood  pressure  when
compared  with  the DOX -  treated  group  (p<0.05  and  p<0.01).
Mean  blood  pressure  was  significantly  reduced  in  DOX ---
treated  animals  when compared  with  the  normal  group
(p<0.01).  CA treatment  at doses  of  20  and  40  mg/kg  sig-
nificantly  increased  the  mean  arterial  blood  pressure  when
compared  with  the DOX ---  treated  group  (p<0.05).  These
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Figure  1  Effect  of  chelidonic  acid  on  body  weight  and  heart  to  body  weight  ratio.  (A)  Body weight,  (B)  heart  weight  to  body
weight ratio,  and  (C)  heart  weight.  All  values  are expressed  as  mean±SEM  (n=7),  ***p<0.001,  **p<0.01,  and  *p<0.05  when  compared
with the  DOX  ---  treated  group. #p<0.05  and ###p<0.001  when  compared  with  the  normal  group.

changes  in  hemodynamic  parameters  were  prevented  by  the
CA  treatments  (Figure 4C  and D).

Effect  of chelidonic  acid  on  ventricular  activity

The  DOX-treated  group  showed  significant  elevation  in
LVEDP  when  compared  to  the  normal  group  (p<0.001).  CA
treatment  at  doses  of  10,  20,  and 40  mg/kg  significantly
decreased  it  when compared  with  the DOX  ---  treated  group
(p<0.05,  p<0.001,  and  p<0.05).  Dexrazoxane  treated  rats
showed  a  significant  reduction  in LVEDP  when  compared
with  the  DOX  -  treated  group  (p<0.05).  DOX ---  treated  group
showed  a  significant  decrease  in LVSP when  compared  to
the  normal  group  (p<0.05)  and  isovolumic  relaxation  cons-
tant  (tau)  was  significantly  decreased  in the  DOX ---  treated
group  when  compared  with  the normal  group  (p<0.05).

There  was a significant  decrease  in +dp/dt  and  −dp/dt
in  the  DOX  ---  treated  rats  compared  with  the normal  group
(p<0.001).  CA treatment  at doses  of  20 and  40  mg/kg  led to  a
significant  elevation  in  +dp/dt  when  compared  with  the  DOX
---  treated  group  (p<0.01  and  p<0.001).  Also,  CA  treatment
(40  mg/kg)  significantly  increased  −dp/dt  when  compared
with  the  DOX  -  treated  group  (p<0.01)  (Table  1).

Effect  of chelidonic  acid  on  cardiac  markers

The  DOX  --- treated  rats  exhibited  significant  elevation  in
cardiac  markers  such  as  LDH  and  AST.  CA at  doses  of 10,
20,  and  40 mg/kg  significantly  reduced  LDH  and  AST  levels
when  compared  with  the  DOX ---  treated  group.  Dexrazoxane
treated  animals  showed  a significant  decrease  in the  LDH
when  compared  with  the DOX ---  treated  group  (p<0.001).

CK-MB  concentration  was  significantly  increased  in the  DOX -
treated  group  and  treatment  with  CA (10,  20,  and  40  mg/kg)
revealed  a  significant  decrease  in CK-MB  when  compared
with  the DOX ---  treated  group (p<0.01,  p<0.05,  and  p<0.001).
The  dexrazoxane-treated  group  showed a  significant  reduc-
tion  in  the CK-MB.  In the  DOX  ---  treated  group,  there  was
a  significant  increase  in  cTn-T  level  when  compared  with
the  normal  group  (p<0.001).  CA  treatment  at doses  of  10,
20,  and  40  mg/kg  significantly  decreased  cTn-T  level when
compared  with  the DOX - treated  group  (p<0.01,  p<0.001,
and  p<0.001).  Dexrazoxane  treated  animals  showed  a  signif-
icant  decrease  in  the  cTn-T  when  compared  with  the DOX  ---
treated  group (p<0.01)  (Table 2).

Effect  of chelidonic  acid on  inflammatory  cytokines

In  the DOX  ---  treated  group,  there  was  an increase  in CRP,
TNF-�  and  IL-6  concentration  when  compared  with  the  nor-
mal group  (p<0.001).  CA  treatment  (10,  20,  and  40  mg/kg)
significantly  decreased  the CRP,  TNF-� and  IL-6  concentra-
tion  when  compared  with  the DOX  ---  treated  group  (p<0.001
and  p<0.01).  In  dexrazoxane-treated  animals,  a  significant
decrease  in  TNF-�  and IL-6  concentrations  was  observed
(Figure  5A---C).

Effect  of chelidonic  acid  on oxidative  stress,  NO
and Nrf2 concentration

In  the  DOX ---  treated  animals,  there  was  a significant
decrease  in  GSH  and  SOD  levels  and  treatment  with  che-
lidonic  acid  (10, 20,  and  40  mg/kg)  significantly  increased
GSH  and  SOD  levels  when  compared  with  the DOX ---  treated
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Figure  2  Representative  electrocardiogram  images  of  various  groups.  (A)  Normal,  (B)  DOX,  (C)  DOX+DEX,  (D)  DOX+chelidonic  acid
(10 mg/kg),  (E)  DOX+chelidonic  acid  (20  mg/kg),  and  (F)  DOX+chelidonic  acid  (40  mg/kg)]  (n=7).

group  (GSH:  p<0.01,  p<0.001,  p<0.001  and  SOD:  p<0.01,
p<0.001,  p<0.01).  Among  dexrazoxane-treated  rats,  there
was  a  significant  increase  in  GSH and  SOD  levels.  In the  DOX
---  treated  group,  there  was  a  noteworthy  increase  in  the  MDA
level  when  compared  with  the normal group  (p<0.001).  CA
treatment  (10,  20,  and 40  mg/kg)  reduced  the  MDA  level  sub-
stantially.  Among  standard  dexrazoxane-treated  rats, there
was  a  significant  decrease  in the  MDA  level when  compared
with  DOX  ---  treated  group  (p<0.01)  (Figure  6A---C).

Catalase  concentration  was  significantly  decreased  in
DOX ---  treated  animals  when  compared  with  the  normal
group  (p<0.001).  CA treatment  (10,  20,  and  40  mg/kg)
significantly  increased  the catalase  concentration.  In  the
dexrazoxane-treated  animals,  there  was  a  notable  increase
in catalase  concentration  when  compared  with  the DOX  ---
treated  group  (p<0.01).  There  was  a  noteworthy  rise  in NO
concentration  in the DOX ---  treated  animals  when  compared
with  the  normal  group (p<0.01).  CA  treatment  at doses  of
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Figure  3  Effect  of  chelidonic  acid  on electrocardiography  parameters.  (A)  ST  height,  (B)  QT  interval,  (C)  QRS  interval  and (D)
QTc. All  values  are  expressed  as  mean±SEM  (n=7),  ***p<0.001,  **p<0.01,  and  *p<0.05  when  compared  with  the  DOX  ---  treated  group.
###p<0.001  and ##p<0.01  when  compared  with  the  normal  group.

Table  1  Effect  of chelidonic  acid  on the  ventricular  activity.

+dp/dt  (mmHg)  −dp/dt  (mmHg)  LVEDP  (mmHg)  LVSP  (mmHg)  Tau  (s)

Normal  2397  ±  68.74  −1903  ± 76.33  2.52  ±  0.60  137.9  ± 8.23  0.078  ±  0.0068
DOX 1290  ±  60.15###

−970.7  ± 63.70### 11.71  ±  0.69### 97.9  ± 6.67# 0.051  ±  0.0073#

DOX+DEX  1408  ±  72.45  −1176  ± 43.99  7.94  ±  0.92*  124.1  ± 8.12  0.066  ±  0.0057
DOX+CA (10  mg/kg)  1433  ±  61.19  −1215  ± 70.20  8.21  ±  1.04*  123.8  ± 9.25  0.069  ±  0.0078
DOX+CA (20  mg/kg)  1607  ±  52.38**

−1100  ± 85.46  6.76  ±  0.90*** 124.9  ± 10.92  0.064  ±  0.0092
DOX+CA (40  mg/kg)  2032  ±  82.73***

−1318  ± 65.18** 7.96  ±  0.75*  130.6  ± 8.69*  0.072  ±  0.0045

All values are expressed as mean±SEM (n=7), ***p<0.001, **p<0.01, and *p<0.05 when compared with the DOX --- treated group. ###p<0.001
when compared with the normal group.

Table  2  Effect  of chelidonic  acid  on cardiac  marker  enzymes.

LDH (IU/L)  CK-MB  (IU/L)  AST  (IU/L)  cTn-T  (ng/L)

Normal  26.46  ± 2.54  88.49  ±  7.22  69.50  ±  8.62  6.19  ± 1.56
DOX 123.1  ± 3.72### 271.6  ±  8.77### 144.0  ± 6.31### 29.13  ± 3.28###

DOX+DEX  54.00  ± 4.66*** 215.0  ±  10.63*** 101.6  ± 5.88** 13.64  ± 2.11**

DOX+CA  (10  mg/kg)  75.96  ± 5.47*** 232.3  ±  9.69** 82.94  ± 7.16*** 16.65  ± 3.17**

DOX+CA  (20  mg/kg)  83.94  ± 4.92*** 235.5  ±  6.27*  96.00  ± 8.80*** 9.65  ± 3.53***

DOX+CA  (40  mg/kg)  45.04  ± 3.03*** 111.9  ±  5.93*** 91.70  ± 9.57*** 8.82  ± 1.73***

All values are expressed as mean±SEM (n=7), ***p<0.001, **p<0.01, and *p<0.05 when compared with the DOX --- treated group. ###p<0.001
when compared with the normal group.
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Figure  4  Effect  of  chelidonic  acid  on  hemodynamic  parameters.  (A)  Heart  rate,  (B)  systolic  blood  pressure,  (C)  diastolic  blood
pressure, and  (D)  mean  blood  pressure.  All  values  are  expressed  as  mean±SEM  (n=7),  ***p<0.001,  **p<0.01,  and  *p<0.05  when
compared with  the  DOX  ---  treated  group. ###p<0.001  and ##p<0.01  when  compared  with  the  normal  group.

Figure  5  Effect  of  chelidonic  acid  on  inflammatory  cytokines.  (A)  C-reactive  protein  (CRP),  (B)  tumor  necrosis  factor-alpha  (TNF-
�) and  interleukin-6  (IL-6).  All  values  are expressed  as  mean±SEM  (n=7),  ***p<0.001,  **p<0.01,  and  *p<0.05  when  compared  with
the DOX  ---  treated  group. ###p<0.001  when  compared  with  the  normal  group.

10,  20,  and  40  mg/kg  reduced  the NO  concentration  sub-
stantially  (Figure  6D  and E).

The  Nrf2  concentration  was  significantly  reduced  in DOX
---  treated  animals  as  compared  with  the  normal  group
(p<0.001).  CA treatment  at doses  of  10,  20,  and 40  mg/kg
significantly  increased  the  Nrf2  concentration  when  com-
pared  with  the DOX  - treated  animals  (p<0.01,  p<0.001,  and
p<0.001).  There  was  a noteworthy  rise  in Nrf2  concentration
in the  standard  dexrazoxane-treated  group  when  compared
with  the  DOX  ---  treated  group  (p<0.001)  (Figure  6F).

Effect  of chelidonic  acid  on  myocardial  histology

H&E  staining

H&E  stain  was  used to  investigate  DOX-induced  cardiomy-
opathy.  The  normal  group  displayed  normal  architecture
in the cardiomyocytes.  Cardiomyocytes  in the DOX-treated
group  displayed  intermuscular  edema,  myofibrillar  loss,
inflammatory  cell  infiltration,  vacuolization,  and  cardiomy-
ocyte  degradation.  CA treatment  significantly  reduced
all  these pathological  alterations,  and  the cardiomyocyte
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Figure  6  Effect  of  chelidonic  acid  on  oxidative  stress,  NO,  and Nrf2  concentration.  (A)  Glutathione  (GSH),  (B)  malondialdehyde
(MDA), (C)  superoxide  dismutases  (SOD),  (D)  catalase  (CAT),  (E)  nitric  oxide  (NO)  and  (F) nuclear  factor  erythroid  2-related  factor
2 (Nrf2).  All  values  are  expressed  as  mean±SEM  (n=7),  ***p<0.001,  **p<0.01,  and  *p<0.05  when  compared  with  the  DOX  ---  treated
group. ###p<0.001  and ##p<0.01  when  compared  with  the  normal  group.

Figure  7  Effect  of  chelidonic  acid  on  hematoxylin  and eosin  staining.  (A)  Normal,  (B)  DOX,  (C)  DOX+DEX,  (D)  DOX+chelidonic  acid
(10 mg/kg),  (E)  DOX+chelidonic  acid  (20  mg/kg),  and (F)  DOX+chelidonic  acid  (40  mg/kg)  (n=7),  black  arrows  indicated  the damage
and cell  infiltration,  while  green  arrows  indicate  the  protection  against  myocardial  damage.
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Figure  8  Effect  of  chelidonic  acid  on fibrosis  (Masson’s  trichome  staining).  (A)  Normal,  (B)  DOX,  (C)  DOX+DEX,  (D)  DOX+chelidonic
acid (10  mg/kg),  (E)  DOX+chelidonic  acid  (20  mg/kg),  and  (F)  DOX+chelidonic  acid  (40  mg/kg)  (n=7).

architecture  was  essentially  identical  to  that  of  the normal
group  (Figure  7A---F).

Masson’s  trichome  staining

The  cardiomyocytes  of  normal  rats  did  not  reveal  any
collagen  deposition  and  fibrosis.  In  the  DOX  ---  treated  ani-
mals,  there  was  fibrosis  and collagen  deposition  in the
myocardium.  Treatment  with  CA at a dose  of  10,  20,  and  40
mg/kg  led  to  a  reduction  in collagen  deposition  and  fibrosis.
In  the  cardiac  tissue  of the  dexrazoxane  group,  there  was
reduced  collagen  deposition  (Figure  8A---F).

Discussion

The  most  severe  and  detrimental  side  effect  of doxoru-
bicin  is cardiotoxicity.  Doxorubicin-induced  cardiotoxicity  is
caused  by  a number  of  processes,  including  oxidative  stress,
autophagy,  calcium  dysregulation,  mitochondrial  dysfunc-
tion,  apoptosis,  necroptosis,  and ferroptosis  pathways.32

The  widespread  therapeutic  use  of  doxorubicin  in oncol-
ogy  still  faces  significant  clinical  challenges  due  to  its
associated  cardiotoxicity.33 Therefore,  it is  necessary  to
ascertain  new,  reliable  chemoprotective  agents  that could
minimize  or  prevent  the  negative  effects  of  doxoru-
bicin.  In  the  present  study,  probable  benefits  of  CA were
studied  against  DOX-induced  cardiotoxicity.  Study  findings
demonstrated  that  CA  treatment  reduced  oxidative  stress,
inflammation,  cardiac  fibrosis,  and  necrosis  caused  by DOX
in  rats.  Interestingly,  CA  also  prevents  DOX-induced  cardiac
dysfunction  in rats.

Biologically  active  phytochemicals  with  health  advan-
tages  are  known  as  nutraceuticals.  The  use  of  nutraceuticals
in treating  a  wide  range  of  illnesses  is  currently  gaining

attention  on  a  global  scale.  The  field  of  nutraceuticals  can
be thought  of  as  one  of  the pieces  lacking  an individual’s
overall  health  benefit.34

Rats  given  DOX  displayed  higher  heart  weight  to  body
weight  ratios  and  lower  body  weights.  The  enlarged,  dilated,
and  hypertrophic  atrium  and  ventricles  may  be  responsi-
ble  for  a rise  in  heart  weight.  However,  in  the  rats given
CA  treatment,  all the  aforementioned  alterations  were
observed  to be  blocked.

Study findings  on  the heart’s  electrical  potential  inves-
tigations  revealed  that  DOX challenge  in rats caused
cardiotoxicity,  as  seen  by  the  changes  in ECG  indices.35 The
effects  of  DOX on the  ECG  include  an  inverted  p-wave,  a
longer  PR  interval,  a  prolonged  QT, QRS,  and  QTc inter-
val,  as  well  as  an elevation  of  the ST  height.  Many  studies
have  reported  that  p-wave  prolongation  or  increased  PR
interval  in  Wistar  rats  might  be associated  with  high  suscep-
tibility  to  supraventricular  arrhythmias  following  myocardial
infarction.36 Supraventricular  arrhythmias  are  associated
with  QRS  complex  narrowing.  Large  QRS  complexes  signify
ventricular  arrhythmias,  and right  and left bundle  branch
blockages,  myocardial  ischemia,  and  cardiac  insufficiency
all  cause  disturbances  in  intraventricular  conduction.37

Chelidonic  acid  at a dose  of  20  and 40  mg/kg  consider-
ably  reduced  the alterations  in the p-wave,  QRS  complex,
QT  intervals,  and  ST  segments.  Heart  rate  was  increased
after  prolonged  doxorubicin  treatment,  which  was  in line
with  earlier  studies  that  supported  the  theory  that  distur-
bances  in  calcium  homeostasis  may  result  from  reactive
oxygen  species  formation.  The  pacemaker  cells  in  the SA
node  and  other  cells  in  the cardiac  conducting  system  might
increase  or  decrease  excitability  caused  by  the  increase  in
intracellular  calcium.  Cardiovascular  function,  both  systolic
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and  diastolic,  is  compromised  by  doxorubicin.  Additionally,
doxorubicin  eliminates  the cardiac  sarcoplasmic  reticulum
vesicle’s  ability  to  load  calcium.  Overall,  doxorubicin  alters
calcium  homeostasis  and affects  hemodynamic  physiology.38

Hence,  LVEDP,  dp/dt  max,  and  dp/dt  min  are  the direct  indi-
cators  of  cardiac  function.  In the present  study,  treatment
with  CA  significantly  reversed  the  LVEDP,  systolic,  and  dias-
tolic  blood  pressure,  which  indicates  that cardiac  function
increased  significantly.  Also, the  changes  in dp/dt  max  and
dp/dt  min  were  significantly  attenuated  by  CA  at 20 and  40
mg/kg.

Raised  levels  of  AST,  LDH, cTn-T,  and  CK-MB  in serum
are  considered  indicators  of myocardial  injury.39 DOX  has
significantly  elevated  AST,  LDH,  cTn-T,  and CK-MB.  This
demonstrates  that  DOX caused  cardiotoxicity  in rats.  These
metabolic  alterations  caused  by  DOX were  reversed  by  CA.
The  considerable  rise in blood  levels  of AST,  LDH,  cTn-T,
and  CK-MB  following  DOX  treatment  is  consistent  with  other
studies  that  indicate  DOX-induced  oxidative  stress  can  result
in  lipid  peroxidation  and the  release  of these  enzymes  into
the  serum.39,40

Inflammation  of  the cardiac tissue  is  a  serious  adverse
event  that  has  repeatedly  been  observed  in animals  given
DOX.  Additionally,  there  is  strong  evidence  that  DOX
triggers  a  cascade  of  inflammatory  reactions  inside  the
myocardium  by  activating  NF-�B and  causing  the  release
of  several  pro-inflammatory  cytokines,  including  TNF-�,
IL-6,  and  CRP  levels.41,42 Recent  research  reports  have
shown  that  pro-inflammatory  cytokines  are  rising  inside  car-
diac  tissue,  which  may  be  the pathophysiological  cause  of
DOX-induced  cardiomyopathy.43 NF-�B specifically  regulates
many  chemokines,  including  TNF-�, IL-6,  and  many  others,
which  are  elevated  in patients  with  inflammatory  diseases.
Consequently,  it has  been  established  that  TNF-� and  IL-
6  are  excellent  targets  for  molecular  treatments  used to
treat  inflammatory  illnesses.  Shin  et al.,  reported  that, CA
suppresses  NF-�B  translocation  to  the  nucleus.16

According  to  the results  of our  research,  cardiac  TNF-
�,  IL-6,  and CRP  levels  were  significantly  greater  in the
DOX  group  than  in  the normal  group,  supporting  earlier
studies  that  inflammation  plays  a  significant  role  in  the
pathophysiology  of  DOX-induced  cardiotoxicity.  The  results
of  the  current  study  showed  that  CA  therapy  significantly
decreased  levels  of  TNF-�, IL-6,  and CRP,  indicating  that
CA  has  a  reliable  cytoprotective  effect  against  the  release
of  inflammatory  mediators  by  DOX.  Also,  it was  previously
reported  that  CA reduces  IL-6  production  by  blocking  nuclear
factor  kappa  B  (Nf-kB)  and  activating  caspase-1  in mast  cells,
which  is a  part  of the  AMPK  signaling  pathway.20

Doxorubicin  administration  resulted  in a significant  rise
in  lipid  peroxidation  in rats,  which was  preceded  by  marked
elevations  in MDA,  a  notable  reduction  in  glutathione  (GSH),
and exhaustion  of  cardiac  antioxidant  enzymes  such as  cata-
lase  (CAT)  and superoxide  dismutase  (SOD)  due  to  excessive
consumption  by  DOX-generated  free  radicals.44,45 The  ele-
vated  levels  of  GSH,  SOD,  and  catalase  and  decreased  levels
of  MDA  in  our  study  are  due  to  CA’s  antioxidant  proper-
ties,  which  suppressed  the oxidative  process  in the heart.
Nuclear  factor  erythroid  2-related  factor  (Nrf2)  is  expressed
less  when  ROS  levels  are elevated,  which  makes  cells  more
susceptible  to oxidative  stress  and  death.46 DOX significantly
raised  the  concentration  of  NO  in  the  myocardium.  NOS  is

successfully  converted  by  DOX from  a  source  of  nitric  oxide
(NO)  to  one  that  produces  superoxide.47

According  to  the reported  studies,  DOX  reduces  Nrf2
concentration  which results  in oxidative  stress-related
damage.48 Nrf2  activation  can  reduce  the  oxidative  stress
brought  on  by  DOX  and inhibit  autophagy.49 These  findings
suggest  that CA is  involved  in the regulation  of  Nrf2  concen-
tration  and  that  it has  an inhibitory  effect  on  oxidative
stress,  as  seen  by  a drop  in MDA  and a rise  in GSH  levels,
which  points  to  its  expected  cardioprotective  mechanism.

DOX  treatment  led to  significant  myocardial  edema,  cyto-
plasmic  vacuolization,  perinuclear  vacuolization,  disarray
of  myocardial  fibers,  and  myofibrillar  loss,  which  were  all
histological  abnormalities.  These  cellular  and  structural
alterations  are  comparable  with  various  earlier studies  on
rats  in DOX-induced  cardiotoxicity.50,51

The  histopathological  results  of  our  study  showed  that  CA
can  lessen  cardiac tissue  lesions  caused  by  DOX,  as  shown
by  the  group  receiving  DOX experiencing  a  considerable
improvement  in severity.  Masson’s  trichrome  stained  histol-
ogy  of a  left  ventricular  segment  from  the heart  of  a  rat
treated  with  CA revealed  sparse  collagen  deposition  and
fibrosis.  These  findings  support  earlier  reports  that  CA has  an
anti-inflammatory  response  in  addition  to  its  direct  impact
on  oxidative  stress.14,18

Conclusion

The  findings  of  this  study  demonstrated  that  CA restores
blood  pressure  with  ECG,  inhibits  oxidative  stress,  raises
Nrf2  concentration,  and  reduces fibrosis  to  protect  the  heart
from DOX-induced  cardiotoxicity.  Further  studies  are  needed
to  prove  the mechanism  of  CA in response  to  DOX-induced
cardiotoxicity.

Ethical  approval

All animal  experiments  were  approved  by  the Ethics  Com-
mittee  and  followed  the Guide  for  the  Care  and  Use of
Laboratory  Animals.  The  Institutional  Animal  Ethics  Com-
mittee  (IAEC)  of Shri  Vile  Parle  Kelavani  Mandal  accepted
and  approved  the protocol  (protocol  approval  number  ---
CPCSEA/IAEC/P-42/2021).

Funding

This  research  did not  receive  any  specific  grant  from  any
funding  agency.

Authors’ contributions

Y.K.,  K.S.  and  S.K.  designed  the experiments.  S.K.  per-
formed  the  animal  experiments.  S.K.,  Y.K.  and  K.S.
interpreted  the  results  and  wrote  the manuscript.

Conflicts  of interest

The  authors  have  no conflicts  of  interest  to  declare.

151



S.I.  Khairnar,  Y.A.  Kulkarni  and K.  Singh

Data availability

The  data  underlying  this  article  will  be  shared  on  reasonable
request  to  the corresponding  author.

References

1.  Rivankar S. An overview of doxorubicin formulations in cancer
therapy. J Cancer Ther. 2014;10:853---8.

2. Lei S, Zheng R, Zhang S, et al. Breast cancer incidence and
mortality in women in China: temporal trends and projections
to 2030. Cancer Biol  Med. 2021;18:900.

3. Debela DT, Muzazu SG, Heraro KD, et al. New approaches and
procedures for cancer treatment: current perspectives. SAGE
Open Med. 2021;9:20503121211034366.

4. Volkova M,  Russell R. Anthracycline cardiotoxicity: preva-
lence, pathogenesis and treatment. Curr Cardiol Rev. 2011;7:
214---20.

5. Cortes-Funes H, Coronado C. Role of  anthracyclines in the era
of targeted therapy. Cardiovasc Toxicol. 2007;7:56---60.

6. Cagel M, Grotz E, Bernabeu E, et al. Doxorubicin: nanotech-
nological overviews from bench to bedside. Drug Discov Today.
2017;22:270---81.

7. Wang Y, Chen L,  Zhang Z,  et  al. Ratiometric co-delivery of dox-
orubicin and paclitaxel prodrug by remote-loading liposomes
for the treatment of triple-negative breast cancer. Drug Deliv
Transl Res. 2022;12:2537---49.

8. Ma Y, Yang L, Ma J, et al. Rutin attenuates doxorubicin-induced
cardiotoxicity via regulating autophagy and apoptosis. Biochim
Biophys Acta Mol Basis Dis. 2017;1863:1904---11.

9. Octavia Y, Tocchetti CG, Gabrielson KL, et al. Doxorubicin-
induced cardiomyopathy: from molecular mechanisms to
therapeutic strategies. J Mol  Cell Cardiol. 2012;52:1213---25.

10. Zamorano JL, Lancellotti P, Rodriguez Munoz D,  et  al. 2016 ESC
Position Paper on cancer treatments and cardiovascular toxi-
city developed under the  auspices of the ESC Committee for
Practice Guidelines: The Task Force for cancer treatments and
cardiovascular toxicity of the European Society of Cardiology
(ESC). Eur Heart J. 2016;37:2768---801.

11. Rohani A. Doxorubicin induced heart failure with reduced ejec-
tion fraction. Clin Case Cardio-Oncol. 2021;21:21---7.

12. Mitry MA, Edwards JG. Doxorubicin induced heart failure: phe-
notype and molecular mechanisms. Int J Cardiol Heart Vasc.
2016;10:17---24.

13. Sandamali JA, Hewawasam RP, Jayatilaka KA, et al. Cardiopro-
tective potential of Murraya koenigii (L.) Spreng. Leaf extract
against doxorubicin-induced cardiotoxicity in rats. J Evid Based
Complement Altern Med. 2020;2020:602373.

14. Kim DS, Kim SJ, Kim MC, et al. The therapeutic effect
of chelidonic acid on  ulcerative colitis. Biol Pharm Bull.
2012;35:666---71.

15. Khairnar SI, Kulkarni YA, Singh K. Cardiotoxicity linked to anti-
cancer agents and cardioprotective strategy. Arch Pharm Res.
2022;45:704---30.

16. Shin HJ, Kim HL, Kim SJ, et al. Inhibitory effects of  chelidonic
acid on IL-6 production by blocking NF-�B and caspase-1 in HMC-
1  cells. Immunopharmacol Immunotoxicol. 2011;33:614---9.

17. Oh HA, Kim HM, Jeong HJ. Beneficial effects of chelidonic
acid on  a model of allergic rhinitis. Int Immunopharmacol.
2011;11:39---45.

18. Jeong HJ, Yang SY, Kim HY, et al. Chelidonic acid evokes
antidepressant-like effect through the up-regulation of  BDNF
in forced swimming test.  Exp Biol Med. 2016;241:1559---67.

19. Colombo ML, Bosisio E. Pharmacological activities of  Che-

lidonium majus l. (papaveraceae). Pharmacol Res. 1996;33:
127---34.

20. Khairnar SI, Kulkarni YA, Singh K.  Mitigation of cisplatin-induced
nephrotoxicity by chelidonic acid in Wistar rats. J Trace Element
Med Biol. 2024;81:127321.

21. Aykan DA, Yaman S, Eser N, et  al. Bisoprolol and linagliptin
ameliorated electrical and mechanical isometric myocardial
contractions in doxorubicin-induced cardiomyopathy in rats.
Pharmacol Rep. 2020;72:867---76.

22. Xu A, Deng F, Chen Y,  et al. NF-�B  pathway activation
during endothelial-to-mesenchymal transition in a rat model
of doxorubicin-induced cardiotoxicity. Biomed Pharmacother.
2020;130:110525.

23. Rahimi Balaei M, Momeny M, Babaeikelishomi R,  et  al. The mod-
ulatory effect of lithium on doxorubicin-induced cardiotoxicity
in rat. Eur Pharmacol. 2010;641:193---8.

24. Al-Qahtani WH, Alshammari GM, Alshuniaber MA, et al.  The pro-
tective effect of isoliquiritigenin against doxorubicin-induced
nephropathy in rats entails activation of Nrf2 signaling as one
key mechanism. J  King Saud Uni Sci. 2022;34:102165.

25. Munir S, Hafeez R,  Younis W, et  al. The protective effect of
citronellol against doxorubicin-induced cardiotoxicity in rats.
Biomedicines. 2023;11:2820.

26. Bradford MM. A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal Biochem. 1976;72:248---54.

27. Ohkawa H, Ohishi N, Yagi K. Assay for lipid  peroxides in ani-
mal tissues by thiobarbituric acid reaction. Anal Biochem.
1979;95:351---8.

28. Ellman GL. Tissue sulfhydryl groups. Arch Biochem Biophys.
1959;82:70---7.

29. Luck H. Catalase. Methods of  enzymatic analysis. Elsevier;
1965:885---94.

30. Paoletti F, Mocali A. Determination of superoxide dismutase
activity by purely chemical system based on NAD(P)H oxidation.
Methods Enzymol. 1990;186:209---20.

31. Syukri A, Hatta M, Amir M, et al. Doxorubicin induced immune
abnormalities and inflammatory responses via HMGB1, HIF1-�
and VEGF pathway in progressive of  cardiovascular damage. Ann
Med Surg. 2022;76:103501.

32. Zhang J, Wang M, Ding W, et al. Resolvin E1 protects
against doxorubicin-induced cardiotoxicity by inhibiting oxida-
tive stress, autophagy and apoptosis by targeting AKT/mTOR
signaling. Biochem Pharmacol. 2020;180:114188.

33. Motlagh PE, Novin AG, Ghahari F,  et al. Evaluation of the  effect
of crocin on doxorubicin-induced cardiotoxicity. Adv Exp Med
Biol. 2021;1328:143---53.

34. Ahmed AZ,  Satyam SM, Shetty P, et  al. Methyl gallate attenu-
ates doxorubicin-induced cardiotoxicity in rats by suppressing
oxidative stress. Scientifica. 2021;2021:6694340.

35. Sirwi A, Shaik RA, Alamoudi AJ, et al. Mokko lactone
alleviates doxorubicin-induced cardiotoxicity in rats via antioxi-
dant, anti-inflammatory, and antiapoptotic activities. Nutrient.
2022;14:733.

36. Milliez P, DeAngelis N, Rucker-Martin C, et al. Spironolactone
reduces fibrosis of dilated atria during heart failure in rats with
myocardial infarction. Eur Heart J. 2005;26:2193---9.

37. Kumar S, Marfatia R,  Tannenbaum S, et  al.  Doxorubicin-induced
cardiomyopathy 17 years after chemotherapy. Tex Heart Inst J.
2012;39:424.

38. Shekari M, Gortany NK,  Khalilzadeh M, et al. Cardioprotective
effects of sodium thiosulfate against doxorubicin-induced car-
diotoxicity in male rats. BMC Pharmacol Toxicol. 2022;23:32.

39. Liu J,  Zhang Q, Tao T, et al. Health benefits of spices in individ-
uals with chemotherapeutic drug-induced cardiotoxicity. Curr
Opin Pharmacol. 2022;63:102187.

40. Tavakoli R, Tabeshpour J,  Asili J, et al. Cardioprotective effects
of natural products via the Nrf2 signaling pathway. Curr Vasc
Pharmacol. 2021;19:525---41.

152

http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0260
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0265
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0270
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0275
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0280
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0285
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0290
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0295
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0300
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0305
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0310
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0315
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0320
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0325
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0330
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0335
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0340
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0345
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0350
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0355
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0360
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0365
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0370
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0375
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0380
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0385
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0390
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0395
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0400
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0400
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0400
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0400
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0400
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0400
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0400
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0400
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0400
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0400
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0400
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0400
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0400
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0405
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0410
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0415
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0420
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0425
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0430
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0435
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0440
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0445
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0450
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0455


Revista  Portuguesa  de Cardiologia  44  (2025)  141---153

41. Abd El-Aziz TA, Mohamed RH, Pasha HF, et al. Catechin protects
against oxidative stress and inflammatory-mediated cardiotoxi-
city in adriamycin-treated rats. Clin Exp Med. 2012;12:233---40.

42. Pecoraro M, Del Pizzo M, Marzocco S, et  al. Inflammatory
mediators in a short-time mouse model of doxorubicin-induced
cardiotoxicity. Toxicol Appl Pharmacol. 2016;293:44---52.

43. Sadek KM, Mahmoud SF, Zeweil MF, et al. Proanthocyanidin alle-
viates doxorubicin-induced cardiac injury by inhibiting NF-kB
pathway and modulating oxidative stress, cell cycle, and fibro-
genesis. J Biochem Mol  Toxicol. 2021;35:e22716.

44. Chen CT, Wang ZH, Hsu CC, et al. In  vivo protective effects
of diosgenin against doxorubicin-induced cardiotoxicity. Nutri-
ents. 2015;7:4938---54.

45. Abdelghffar EA, Obaid WA, Elgamal AM, et  al. Pea (Pisum

sativum) peel extract attenuates DOX-induced oxidative
myocardial injury. Biomed Pharmacother. 2021;143:112120.

46. Papaiahgari S, Zhang Q, Kleeberger SR, et  al. Hyperoxia
stimulates an Nrf2-ARE transcriptional response via ROS-EGFR-
PI3K-Akt/ERK MAP kinase signaling in pulmonary epithelial cells.
Antioxid Redox Signal. 2006;8:43---52.

47. Podyacheva EY, Kushnareva EA, Karpov AA, et  al. Analysis
of models of doxorubicin-induced cardiomyopathy in rats and
mice. A modern view from the perspective of  the pathophysi-
ologist and the clinician. Front Pharmacol. 2021;12:670479.

48. Barakat BM, Ahmed HI, Bahr HI, et al. Protective effect of
boswellic acids against doxorubicin-induced hepatotoxicity:
impact on  Nrf2/HO-1 defense pathway. Oxid Med Cell Longev.
2018;2018:8296451.

49. El-Agamy DS, El-Harbi KM, Khoshhal S, et al. Pristimerin protects
against doxorubicin-induced cardiotoxicity and fibrosis through
modulation of  Nrf2 and MAPK/NF-kB signaling pathways. Cancer
Manage Res. 2018;11:47---61.

50. Saad SY, Najjar TA,  Arafah MM. Cardioprotective effects of
subcutaneous ebselen against daunorubicin-induced cardiomy-
opathy in rats. Basic Clin Pharmacol Toxicol. 2006;99:412---7.

51. Sheta A, Elsakkar M, Hamza M, et  al. Effect of metformin and
sitagliptin on doxorubicin-induced cardiotoxicity in adult male
albino rats. Human Exp Toxicol. 2016;35:1227---39.

153

http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0460
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0465
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0470
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0475
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0480
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0485
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0490
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0495
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0500
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0505
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510
http://refhub.elsevier.com/S0870-2551(24)00264-6/sbref0510

	Cardioprotective effect of chelidonic acid against doxorubicin-induced cardiac toxicity in rats
	Introduction
	Objective
	Methods
	Chemicals
	Experimental animals
	Doxorubicin-induced cardiac toxicity in rats
	Experimental design
	Electrocardiogram and hemodynamic parameters
	Blood pressure
	Heart weight to body weight ratio (HW/BW ratio)
	Estimation of cardiac injury markers
	Preparation of tissue homogenate

	Estimation of oxidative stress
	Estimation of nitric oxide
	Estimation of Nrf2 and release of pro-inflammatory cytokines
	Histopathological examination
	Statistical analysis

	Results
	Effect of chelidonic acid on body weight and heart weight/body weight ratio (HW/BW ratio)
	Effect of chelidonic acid on electrocardiogram
	Effect of chelidonic acid on hemodynamic parameters
	Effect of chelidonic acid on ventricular activity
	Effect of chelidonic acid on cardiac markers
	Effect of chelidonic acid on inflammatory cytokines
	Effect of chelidonic acid on oxidative stress, NO and Nrf2 concentration
	Effect of chelidonic acid on myocardial histology
	H&E staining
	Masson's trichome staining


	Discussion
	Conclusion
	Ethical approval
	Funding
	Authors’ contributions
	Conflicts of interest
	Data availability
	References


