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Abstract

Purpose Although doxorubicin chemotherapy is commonly applied for treating different malignant tumors, cardio-
toxicity induced by this chemotherapeutic agent restricts its clinical use. The use of silymarin/silibinin may mitigate
the doxorubicin-induced cardiac adverse effects. For this aim, the potential cardioprotective effects of silymarin/silib-
inin against the doxorubicin-induced cardiotoxicity were systematically reviewed.

Methods In this study, we performed a systematic search in accordance with PRISMA guideline for identifying all
relevant studies on “the role of silymarin/silibinin against doxorubicin-induced cardiotoxicity”in different electronic
databases up to June 2022. Sixty-one articles were obtained and screened based on the predefined inclusion and
exclusion criteria. Thirteen eligible papers were finally included in this review.

Results According to the echocardiographic and electrocardiographic findings, the doxorubicin-treated groups pre-
sented a significant reduction in ejection fraction, tissue Doppler peak mitral annulus systolic velocity, and fractional
shortening as well as bradycardia, prolongation of QT and QRS interval. However, these echocardiographic abnormali-
ties were obviously improved in the silymarin plus doxorubicin groups. As well, the doxorubicin administration led

to induce histopathological and biochemical changes in the cardiac cells/tissue; in contrast, the silymarin/silibinin
co-administration could mitigate these induced alterations (for most of the cases).

Conclusion According to the findings, it was found that the co-administration of silymarin/silibinin alleviates the
doxorubicin-induced cardiac adverse effects. Silymarin/silibinin exerts its cardioprotective effects via antioxidant, anti-
inflammatory, anti-apoptotic activities, and other mechanisms.
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Introduction

Cancer, known as an uncontrolled growth of cells, is one
of the leading causes of death in the world [1-3]. Among
current mainstay treatments for cancer include surgery,
chemotherapy, and radiotherapy [4-6]. Cancer chemo-
therapy is the application of drug(s) to cancer patients
[7]. Advancements in chemotherapeutic drug discovery
have resulted in a remarkable increase in survivorship for
cancer patients [8]. However, a number of chemothera-
peutic drugs cause adverse effects such as cardiovascular
toxicity that may be devastating and life-threatening to
cancer patients [9].

Anthracyclines are a class of chemotherapeutic agents
that are administered in adult and pediatric patients for
treating different cancers [10]. Doxorubicin (also known
as Adriamycin) is the most common anthracycline
which is widely used to treat different malignant tumors,
including acute leukemia, lymphomas, ovarian, testicular,
lung, thyroid, breast cancers, and so on [11-15]. Despite
its potency, the doxorubicin-associated toxicity on vari-
ous body organs (particularly the heart) limits its clinical
use [16, 17]. Cardiotoxicity is defined as the deterioration
of ejection fraction by more than ten percent in asymp-
tomatic cases with a final ejection fraction of less than
fifty-five percent or a reduction in ejection fraction of at
least five percent in symptomatic cases with a final ejec-
tion fraction of less than fifty-five percent [18, 19]. Clini-
cally, doxorubicin-induced cardiotoxicity is characterized
by a decrease in the left ventricular ejection fraction,
aberrant arrhythmias, and congestive heart failure as well
as an increment in the ventricular wall thickness, which
can lead to death [10, 20, 21]. This chemotherapeu-
tic drug acutely and chronically causes cardiac adverse
effects through induction of oxidative stress, apoptosis
and inflammation, mitochondrial dysfunction, inhibi-
tion of nucleic acids, and other mechanisms [22-24].
Fortunately, previous studies have reported that the use
of combination chemotherapy could alleviate the doxoru-
bicin-induced cardiotoxicity [25, 26]; as the doxorubicin
co-administration with other agents having chemopro-
tective capabilities can enhance the therapeutic efficacy
of doxorubicin and mitigate different toxicity to normal
cells/tissues at the same time [27, 28].

The use of herbal plants and their derivatives in
order to alleviate the chemotherapy-associated toxicity
(chemo-protectors) or increase the sensitivity of tumoral
cells to chemotherapeutic drugs (chemo-sensitizers) has
attracted much attention. Silymarin is a polyphenolic
flavonoid mixture extracted from the seeds of Silybum
marianum [29]. It is noteworthy that the standardized
extract of this herbal agent contains various flavonolig-
nans of silybin A, silybin B, silychristin A, silychristin B,
isosilybin A, isosilybin B, and silydianin (approximately
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65—-80%), fatty acids and polyphenolic compounds
(approximately 20-35%), and small amounts of flavo-
noids [30]. Silibinin is also a 50:50 ratio of silybin A and
silybin B. It has been confirmed that silibinin is the major
bioactive component of silymarin. [31, 32]. Moreover, it
was shown that silymarin is one of the best pharmacolog-
ically characterized plant extracts because it is non-toxic
and without side effects even at relatively high physiolog-
ical dose values which can be used for treating different
diseases [33, 34]. In this regard, silymarin has been used
as a natural remedy for nervous system, kidney, prostate,
lung, liver diseases, etc. [35, 36]. Among the protective
activities of silymarin can point to antifibrotic, immu-
nomodulatory, membrane-stabilizing [37, 38], antioxi-
dant [39], anti-apoptotic [40], and anti-inflammatory [41]
properties. The antitumoral effects of this herbal agent
have been assessed in some tumors such as lung, liver,
cervical, breast, bladder, skin, and prostate cancers [42—
49]. The different mechanisms for the antitumor activi-
ties of silymarin have been reported by previous studies
[38, 45, 46, 50-54].

To the best of our knowledge, this study is the first
systematic review regarding the cardioprotective poten-
tials of silymarin/silibinin, as an adjuvant, against the
doxorubicin-induced cardiac adverse effects. In this
regard, it was tried to answer the following issues: (a)
How does doxorubicin cause cardiotoxicity? (b) What
are the underlying mechanisms of cardiac adverse effects
induced by this chemotherapeutic agent? (c) What is
the role of silymarin/silibinin against the doxorubicin-
induced cardiotoxicity? (d) What are the cardioprotective
mechanisms of silymarin/silibinin against the doxoru-
bicin-induced cardiac adverse effects?

Methods

We performed a comprehensive and systematic search in
accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guideline
[55]. In this study, we also used a PICO framework [55]
for structuring the review process:

« Participants (P): patients/animals with cardiac com-
plications from doxorubicin (for clinical studies/
in-vivo experiments) and/or cardiac cells injured by
doxorubicin (for in-vitro experiments)

o Intervention (I): cardiac cells/patients/animals
treated with silymarin/silibinin plus doxorubicin

o Comparison (C): cardiac cells/animals/patients
treated with doxorubicin

+ Outcomes (0): there were two main outcomes: (1)
the cardiac adverse effects induced by doxorubicin in
the cardiac cells/tissue than the control groups and
(2) the changes resulted in the cardiac cells/tissue
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following silymarin/silibinin plus doxorubicin than
doxorubicin alone

Search strategy

A systematic search was carried out for obtaining all rel-
evant scientific papers on “the cardioprotective effects of
silymarin/silibinin against the doxorubicin-induced car-
diotoxicity” in different electronic databases of Scopus,
PubMed, and Web of Science up to June 2022 using the
keywords “Silymarin” OR “Milk thistle” OR “Carduus
marianus” OR “Silybum” OR “Silybum marianum” OR
“Carsil” OR “Silibinin” OR “silybin” OR “Legalon” OR
“Marian thistle” OR “Karsil” OR “Blessed milk thistle”
OR “Scotch thistle” OR “Mary thistle” OR “variegated
thistle” OR “Saint Mary’s thistle” OR “Mediterranean
milk thistle” AND “Doxorubicin” OR “Adriamycin” AND
“Cardiac” OR “Heart” OR “Cardiomyopathy” OR “Cardi-
opathy” OR “Cardiac Toxicity” OR “Cardiac Toxicities”
OR “Cardiopathic” OR “Arrhythmias” OR “Myocardium”
OR “Cardiotoxicity” OR “Myocardial” OR “Myocyte” OR
“Cardiomyocyte” in the title, abstract or keywords.

Study selection process

We initially selected all studies based on the study objec-
tive (the role of silymarin/silibinin against the doxoru-
bicin-induced cardiotoxicity) in the title and abstract. In
the next stage, the full-text papers with (a) English lan-
guage, (b) adequate findings, (c) no restriction on pub-
lication year, and (d) no restriction in publications with
in-vivo, in-vitro, or clinical studies were included in the
present systematic review. Additionally, we excluded not
related papers, book chapters, review papers, case stud-
ies, letters to the editors, posters, editorials, and oral
presentations from the current study.

Data extraction

Each eligible paper was independently investigated by
two authors (MS and ZHJ). When there was a discrep-
ancy between these two authors, it was resolved by con-
sulting the third author (BF). The following data were
then extracted for each eligible study: (a) author name
and publication year, (b) models (clinical study, in-vivo
experiment or/and in-vitro experiment), (c) dosage, pro-
tocol of usage, and administration route of doxorubicin,
(d) outcomes obtained from doxorubicin administration
on the cardiac cells/tissue, (€) dosage, protocol of usage,
and administration route of silymarin/silibinin, and (f)
findings obtained from silymarin/silibinin co-administra-
tion on the doxorubicin-induced cardiotoxicity.
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Results

Literature search and screening

We obtained sixty-one papers up to June 2022. After
removing the duplicate studies (n=29), thirty-two
studies were screened in their titles and abstracts.
Fourteen studies were then excluded and eighteen
remaining studies were qualified for assessment of their
full texts. Thirteen studies were finally included in this
review. The selection process of the study is also shown
in Fig. 1. Furthermore, the findings extracted from thir-
teen eligible studies are summarized in Table 1.

The cardioprotective potentials of silymarin/silibinin

on the doxorubicin-induced cardiac adverse effects

Cell survival and mortality

In an in-vitro experiment by Ortona et al. [56], car-
diac cells (AC16 cell line) were treated with 1 pM
doxorubicin for 72 h, and it was observed that car-
diac cell survival following the chemotherapeutic drug
administration was significantly lower than that of the
untreated cells. In contrast, the findings showed that
pretreated with 100 uM silibinin for 48 h could protect
the cardiac cells against doxorubicin-induced reduction
in cell survival [56].

Two in vivo experiments revealed that the mortality
rate in the doxorubicin-treated rats/mice was higher
than that in the control groups [57, 58]. However, the
use of silymarin remarkably reduced the doxorubicin-
induced mortality rate [57]. Patel et al. reported that a
single dose of 60 mg/kg doxorubicin caused 55% death
in mice, while the silymarin co-administration (16 mg/
kg/day, for 14 days) decreased lethality induced by dox-
orubicin from 55 to 9% [57].

Body weight and heart weight changes

The results of in-vivo studies showed that the body
weight and heart weight of mice/rats treated with dox-
orubicin were lower than those of the control groups
[57-60]. A significant accumulation of ascites, pericar-
dial, pleural, and peritoneal fluids in the animals treated
with doxorubicin in comparison with the untreated
group was also found [58]. Other findings indicated
that the silymarin co-administration could restore the
body weight and heart weight of doxorubicin-treated
mice/rats [57-60].

Electrocardiography (ECG) changes

In an in-vivo experiment, it was observed that doxoru-
bicin-treated rats had several ECG changes consisting
of bradycardia and prolongation of QT and QRS inter-
val. However, these ECG abnormalities were obviously
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Fig. 1 PRISMA flow diagram illustrating the selection process of studies

improved in the animals receiving silymarin plus doxo-
rubicin [58].

In a clinical study, the echocardiographic examina-
tions of children with acute lymphoblastic leukemia
were obtained before and after doxorubicin treatment
alone and in combination with silymarin. According
to the findings, a significant reduction in ejection frac-
tion, tissue Doppler peak mitral annulus systolic veloc-
ity, and fractional shortening of the cancer patients
were observed following doxorubicin administration.
Moreover, the cancer patients receiving silymarin plus

doxorubicin showed a significant increase in these
parameters evaluating systolic function compared to the
doxorubicin group alone [61].

Biochemical changes

The findings obtained from some studies showed that
the doxorubicin administration could induce bio-
chemical changes in the cardiac cells/tissue, as listed
in Table 1. Briefly, it was shown that the lactate dehy-
drogenase (LDH), creatine kinase, aspartate ami-
notransferase (AST), creatine phosphokinase (CPK),



Page 5 of 16

(2023) 23:88

Singh et al. Cancer Cell International

aseuny auneaint 1Sy 1 ‘Aujqge
1103 |eipledoAwt ‘1ybram Apoql

sabueyp |einioniisenn

pue [e2160]0351Y PadNPUI-XOd
JO uoneIA9||e ‘(Uorensiuiwpe

XOQ 42e skep /) apixo duyut

aseuly auneant
‘a1e1 Aljeriowt 1ybram Apoql

sabueyd |ed1bojoisiy
padnpul-XOd JO uoneirs|ie ‘(Yain)
0411 ‘suonenusduod spidi| (L1031
pue |013159|0YD ewse|d?t ‘salARDe
SWIAZUS HQT pue MdD ewse|dt

UOIULIO}
d1v) Kuanoe pasesjal Hat

(Sgvgl) Od1T

|elo
'sAep 7| 10} pue Aep/By/bul 09,

‘d'1(uonensiuiwpe

X0 J3ye skep Lz pue z) 13f0id
3y} In0oybNOIY3 UOIIeZIUBYING
|13un Ajlep panuRUOD pue uofell
-Sjujwpe X0 210429 sAep G Woly
Buliels pue Aep/By/6W 00 |«
|eJ0 'SAep 17| 10} A|9AIINDISUOD
pPaNUIIUOD puUe UoIeIISIUILIPe
XOQ 21027 SAep 7| wouy bul
-1ie1s pue Aep/By/Bw 9| 4

“d1'skep Q| 10} A|PAIINDISUOD
PANUIIUOD pue UoIRIIS|UILIP.
XOQ 210J2q sAep / wouy bul
-1ie1s pue Aep/By/Bw 0G

uoneqgnoul XOd 01
loudy | pue A 001 pue 0s ‘sz,
pue uopegnoul XOd 01 Joud y |
pue /6w 08/ pUe 0'6€ 'S6Lx
(eupuoyd

-ONW 104 %)) 7/6w 06 pue
(sawosoiW 104 %)) 7/6W 99'6,

elWIIdAY pjiw ‘Dseury
aunean| ‘HA 1! 1Sy ‘Aujiqe
)03 |elpJedoAw 1ybram Apoqt
(wnnonal

Slwse|dopua ybnoi pare|nisan
pue sueIqWaW JeaPNnu Jejnbaul
‘win|nonal diwsejdodies Jo
Uolie1e|Ip PUB UOIRIBAUISIP
‘suolieziueblos|p Je||uqyoAu
'eUISP3 [eN111SI3IUl PUB UONRWIO)
3|oneA Jlwise|doikd) sabueyd
[eINIDNIISEIYN pUE [eDI60[0ISIY
JO UoNINPUI 9PIXO dUUUL

SeUy aulealn)
‘a1el Ayjerow 1ybram Apoqt

(ewapa
|BI3ASIDIUI [BUIUIW ‘UONSaBUOD
1B|NDSEeA ‘IB[NDSEARAIUI PUB UON

-BI}|Yul JB|Nn||92 Jesjonuouow
[ewuiw ‘wise|doifd oljiydouisoa
Alybry ‘siaqy dnoidsu Ajjes
J|pesods) sbewep |ed160j01s1Y
4o uonanpul ‘(Yaw) Od T ‘suon
-eJ3u2du0D spidi| [e101 pue
|0J2153|04D euise|d] ‘saniAlde
SWAZUS HJT pue MdD ewsed]

‘d'1'sAep 7| 10} Kep 1ay10
KI9AS pue uondaful/by/bu 99|

“d1'Kep
Y1s U0 asop 3|buls pue By/6w Q|

‘d1ihep yigL
uo asop a|buls pue By/buw 09

‘d1'Kep
Y1/ uo asop 9|buls pue By/6w 0|

4 g pue A 0oL

uiw ogLpue 1/jowr 2/

SIBI/ONIA UJ [65] [e 33 D1novsey
S1J/OAIA U] [£9] '|e 19 UadaD)
9DIWI/OAIA U| [£G] e 19 |91ed
S184/OAIA U] [29] e 10AueNYS3

s91A00AWoIpIRD JRI/0MA U [£9] ‘|e 32 eAOYIDdOlYD

eLIPUOYD0YW pue

SOUWIOSOIDIW 1By 1Bl /OI}IA U] [#€] |2 19 BAOYOS

S9W0d}N0 uoljeisiuiwpe-od
uuiquis/utewA|s

91n0J uonesiuwWpe
‘abesn jo |0>0304d pue
abesop uuiqujis,/uewA|is,

anssiy/s||9d
SeIpied uo X0 JO SSWodIN0

?1noJ uonesisiuiwpe ‘abesn
Jo |0>030.d pue abesop X0d

ETIN] LERIIESEYEN]

S3IPN3S PapN|DUl JO SOIISIIDRIRYD 3y | djqeL



Page 6 of 16

(2023) 23:88

Singh et al. Cancer Cell International

sabueyd |ea160j0sly
Pa2NPUI-XOJ JO UOIIRIAS|[e ‘SIUS}
-UoD 31U pue ZOZH ‘Sgvalt
‘SJUSIU0D ul101d 3nssiy dejpied|
'S|9A3] XdD pUe | S5 ‘9se1dnpal
auolyen|b ‘| 9-A ‘Hso ‘9se1dnpal
auouinb ‘gos ‘asepixolad ‘1Dl
‘SIUN02 21400ydwiA|T ‘s3unod
jlydoainau pue s1a|21e(d | ‘sanjea
DHDW Pue HOW ADW ‘ADd %dH
DM DgHd 'HAT pue ISV ‘G-
‘9seuly aunealdt wblem Apoql

sabueyo |ed1bojoisiy
padNpul-xOd Jo uoneirs|ie ‘Ha
pue gIN-YDT ‘[eAss1ul SO pue
10 Jo bujuanioys 1ybiam 1eayl

[PIO {(S429M 9/S3S0P 7 |) SH99M 9
10§ }99M Jad suonelsiuiwpe ¢
pue uonessiuiwpe/Hy/6w 00 |«

|elo
'SY99M G 10J PINUIIUOD pue Uof}
-eqsjuiwipe XOd JO Aep swes ayy
1e bupels pue Aep/By/6W G,

(s12qy 3PSNW pajejondeA

pue sI13qy 3|2sNU U SUOI1RISD.|
9AI5521601321 ‘9e|Nd3qe.] deIpIed
Ul 9DUBGINISIP ‘BWISPa [PRSISIUI
‘salie||ided poojq panolsIp ‘siaqy
9|2snwi Jo AydoupadAy ‘siaqy
3]25NW D10J33U ‘Uolelauabap
dljydoulsoa ‘sjj9o Alojewiwejul
Jo uopenyull) sabueyd [ed160j0}
-S1y JO UORDNPUI ‘SIUSIUOD 31U
pue {0°H ‘Syvg Ll ‘s1usiuod ujel
-01d anssp deIpiedT 'S|9AS| XdD
pue | SO ‘ase1dnpal auolyieIn|b
195-A'HSD ‘2se1dnpal suouinb
‘aos ‘@sepixolad 1)1 's;unod
21£0ydwiA|l ‘spunod jlydonnau
pue s12218|d1 ‘sanjeA DHDOW
puUB HOW ADIN 'ADd ‘%AH 'SO9M
'sDg4T 'HA1 PUe 1SV 'GN-MD
‘aseury auneald] ‘ybrem Apogt

(%)
SIS0Iqy] ‘SIsoIdau D04 ‘S||@D

AJorewweyur Jo uonen|yurl]
sabueyd [ed160j01s1Y JO uondNPUI
‘qost 'vawl ‘Ha1 pue gl
'[PAISIUI SYD PUE 1D JO UonEeHUO|
-0ld ‘a1eJ 1eay| ‘spinyy [esuoilad
pue jeina|d ‘|erpiesuad] ‘sa1dse]
ybram 1eayt ‘ael [eAlAINST

“d'] 1S}99M 9 U0} YoM /Bul € pue
By/bul g1 JO 9S0pP 2AIRINWIND

KBS EEIN

SAIINJISUOD OM] JOJ SUONDS(UI
[enba xis ul by/6w Gz pue by
/BW G| JO 950p SAlEINWIND

S1RI/ONIA U]

S1RJ/OAIA U]

[09] "2 32 Jesyy

[85] |2 13 jezoly

S9W0d)Nno uoljesysiuiwpe-od
upuiqipis/upewAjis

91n0J uonesnsiulwpe
‘abesn Jo [0>0304d pue
abesop ujuIqi|is,/uewAJIS,

anssiy/s||9
Selpaed Uuo X0 JO SawodInQ

91no4 uonesnsiulwpe ‘abesn
Jo j0>0101d pue abesop X0d

[PPOW

S9OU3.49j)9Y

(panunuod) L ajqey



Page 7 of 16

(2023) 23:88

Singh et al. Cancer Cell International

[2A3] | uluodoly wnJast

‘A11D0JOA D1|03SAS SnjnuUe [elw
sead J9iddo anssi| ‘Buiualioys
[euondely| ‘uondely uondafR|

(S|UQYOAW Sy} U93MID] SBISLID
Jusulwoid Yum epuoys0iw
pabuelle Jejnbal pue padeys
[BULIOU ‘S|1IQYOAW pabueiie
Jejnbas pue uneWOoIYD SUY YHMm
Buoje [9pnu padeys apos buirey
$91AD0AW DeIPIED ‘S||BM JI9Y3 UO
s12qy uabe||0d JO UONeSUSPUOD
PJIW YUM S[9SSIA pOO|q ‘Sajpung
$21A20AW JeIpied U9amiaq pue
||[em AJ1e A1euoiod Ul Siaqy
uabe|j021 'sso| Je||liqyoAw Jo
seale buiney $91X00AW deIp.ed Jo
J3qUINU M3y ‘SSIp paie|ediaiul
pUE S|LIQUOAW pabuelie [PuwIOU
'I9]2NU JB|NDISIA [BAO [BIIUSD YIIM
$21A00AW delpied buisowolseue
pue bujydueIq [PWIOU ‘S|95SA
pOoO|q pa1sabu0d pue abeyuoway
[BWIUIU ‘S3AD0AW DelpIeD JO
1uswabuelle pue adueseadde
[euLIou) sabueyd [ed160]03s1Y
pa2NPUI-XOJ JO UOHERIAS|e ‘UoI}
-BJIUIDUOD HSH ‘SUORIIUSOUOD
1SV pue sidD ‘HATT ‘suoissaidxa

dnuAs wnoneday 1o
19|91 uojeba Jo W0y Y3 Ul pue
UOIIBAISIUIWPE UIDIgNIOXOp yoes

191J8 }99M 2UO 10} Kep/Bwl 07«

1o

[9A3] | utuodosy wnias)

'A1IDO[A D1|03SAS SninUUE [esiw
sead Jojddo@ anssit ‘Bulusnioys
[euondelyt ‘uonoel) uond3(eT

(slaqy
2be||0D pue sise|qoIqy Auew Bul

-UleIU0d 90eds Jejn||a2J91ul SpIM
YHM S21AD0AWOIpIeD ‘Ulewolyd
S1 JO uonesuspuod |essyduad
yum buole snappnu jesayduad
[lews padeys Jeinbaul ‘sjuqyoAw
JO SUBUWRI UaMIq adeys
eLPUOYD0IW Ppue JUsWabuele
JenbBau ‘wise|dolfo ul sadeds
9PIM ‘SNaaNU paauswibely
UYUNIYS [[PWS YUM S21A20Aw
JeIPJeD ‘SuUrIqUIRU JUSUISSE]
3214} pa1ebnLIod Jejnballl yum
$91A20AW delpied palelausbap
‘llem A1a1ie K1euo.od Jo bul
-UXD1Y3 '$914004AW delp.ed
U93M13Q SISOIqY JO Seale LM
190y uabejjod ‘eljiydouisos
PseaIdUl YIM §||9D ‘S|LIqYOAW
150| pue pajesedss Jo seale Hul
-ABY S21A20AW delpJed ‘sajpunq

$91A20AW delpJed Usamiaq abey

-JOWaY 3|geadnou ‘wse|dod
pa1e|ONJeA PUE 192NU J110UNAd
pautels A|dasp |[ews yum
$91A20AW delpied palesauabap
'S|9SS9A POO|Q Pa1sabuod A|pa
-jiew yum buole abeyiioway
2IDAIS JO Seale ‘s91AD0AW deipied
pa1eIoUSHBIP YuM 21n1dalIyIe
[eJauab paginisip) sebueyd
[eJN1ONIISEI|N pue [ed160o[olsYy
JO UOIIDNPUI ‘UOIIRIIUSOUOD
HSOT ‘SUOIIBAUSDUOD | SY

pue 3dD ‘Ha Tl ‘suoissaidxa

Nl sjuaned elwayna| on
'$493M 9 10j pue yPam/,W/bu 67 -sejgoyduwiA| amnde/Apnis [esiuld

‘d'1'sAep 7| 10} Kep 1ay1o

[19] |e 13 Bebey

¢-asedsed pue SON!I 'V-49IAT  ‘sAep ¢ oy pue Aep,/By/Bw 09y ¢-osedsed pue SONI 'V-49IAL  A1aAs pue uondaful/By/6w 99'| S1RJ/ONIA U] [¥9] |8 19 eIy
91n0J uonensIuWpe
S3WO023IN0 UoljeISiulWpe-0d ‘abesn jo [0>0304d pue anssiy/s||9 ?1noJ uonessiulwpe ‘abesn
uluiqipis/uewA|ls  abesop ujuiqijis,/uleWA|IS,  deipied uo XOd JO sSwoxnp  jo [odo30.d pue sbesop x0d 12pPo IESITEYEIEN]

(panunuod) L ajqey



Page 8 of 16

(2023) 23:88

Singh et al. Cancer Cell International

T 1010e) pale|I-7 PI0IYIAID J03DR) JBIPNN ‘Z4N ‘utloadodi| Ausuap-ybiy/epuadA|bul “JgH/O ] |oisisajoyd-uiaiosdodi] Alsuap-ybiH 2-1aH |0191s9j0yd
-uiar0i1dodi| A)Isusp-moT 2-1Q7 ‘95eYIuAS SpIXO dLIYIU S|qIdPNPU| ‘SON! ‘Y 410308} YIMOJb [eI]9Y10pUS JejNdSeA ‘Y-4DIA S9DURISNS SAIdES) PIDE DLINYIGIeCOIY ] ‘SHYFL ‘PUBQ [eIpIed0AW-aseuly auneald ‘gw-yD duolyiein|o
‘HSD ‘aseunjoydsoyd auneasd ‘gD ‘asesajsueiioulwe dleyedsy ‘| Sy DseuaboipAyap are1de ‘Hg ‘eyd|e-1010e) SISoIdU Jown| “O-4N1 ‘0 UBNS[ISIU| ‘0 L-T| ‘9SLIB)SURII-G-UOIYIRIN|D ‘] SO ‘dseidysuel) [Aweln|b-ewwen

19-A lasejeie) 1y D ‘@seinwisip apixosadns ‘qos ‘esepixolad auolyrein|o ‘Xdo ‘sadads usbAxo aAdeay ‘SOY epAyspelipuoley ‘Yad ‘uonepixoiad pidi ‘041 ‘udignioxoq ‘X0Q ‘|esuoiuadenu “d'l ‘lasesdsq ‘1 ‘aseasnu] ‘|

suopell|e
U013|9%5034D pPasnpul-xOd 4O uon
-DRJI2IUNOD ‘RlPUOYD0YU PaZIIe|
-odap yum (%) sjj221 ‘uononpoid
SOY |elpuoydonwt ‘sisoydode
91A00AWoIpIedT ‘918l [PAIAINS [|9D],

HESEN
pOoOo|q PA1SIBUOD PlIW YIM S1AD
-oAwolpied ‘utaloid aandeal-Ot
‘0111 "0-4NLLT ‘S|9A9] HSD pue
1S5 ‘aseyonpal suolyien|b

'IvD ‘A0S @pxo dunut ‘yaw?t

sabueyd [e2160j031sIy padnpul
-XOd JO UOIRIAS|[e ‘UoISSaIdXD
ZHUNLL 2-1gH| ‘uisioid eanoeal-)
pue 1aH/1a7 1aH/5L 2-1d71
'sapIaDA|BIIY ‘|0ISISa|0YD [e103 T

UONeASIUILIPE
x0Q 210439 Y 8 pue Wi 001,

[eio ‘sAep / 10} usW
-1eana.d se pue Kep/By/BW 007«

|elo
'SY29M 17 10} pue Aep/B/Bul 009«

S19qY SSa11S JO UoIiel
-UsLIo pasiwoidwod yim buoje
sa1A 00 wolpied Jo adeys Jejodig
4O $50] ‘uoiezZIUebIOSIP UISOAW
/UD€ ‘elpUOYD0lIW paziiejodap
UM (96) s|1921 'uononpold SOy
[epuoydolwy, ‘sisoxdode 9140
-oAwolpied| ‘218l [eAIAINS |90

S|95S9A POOIq
AJeuoIod pa3sabuod Yum $2140
-oAwolpied ‘uie10id anndeal-D|
‘0L-1IT "0-4NLL ‘SI9A9] HSO pue
1SD ‘ase1onpai suolyiein|b

v 'OST ‘apixo duud 'vawl
(s918PNX3 A101RWWEYUI pUE
§|95S9A pOO|q PR153bU0D A|919A3S
‘wsejdooies oljiydope paulels
Aldasp yum buoje suonenls 143
-0AWOIPIRD JO SSO| ‘SI9qY 32SNW
U29M12q $90edS SpIM ‘SIaqy
oelpJed Jo bumids ‘wisejdodies
3|ed JO pajejondeA ‘2In1daMYdIe
[elpsed0AW jo uondnisip
‘uiewolyd Jo uoleuibieu 1o
19]2NU PauleIs Ajyiep Yim 3140
-oAwolpied) sabueyd [edibojoisy
JO uodNPUI ‘UoISSAIAXD Z4INY
5-1gH1 ‘urs10id 9ANRDEA-D

pue 1gH/1a1 1aH/SL 2-1d71
'sopLadA|BLI ‘|0I1R153|0YD [PI01|,

Yz puenr |

‘d1'Kep
418 U0 3sop 3|buls pue By/6w 07

‘A1 ‘ede SHoaM ¢
pue by/6w 7 usayy pue by/bw ¢

(s91£00AWoIp.ed
JeINDIUSA UBWINY JNPEe WOl
PaALRP) aul| |92 91 DV/01IA U

S1J/ONIA U]

S1J/OAIA U]

[95] e 13 BUOLO

[99] ‘|e 12 2A0juBY

[S9] e 19 Wejesjopqy

S9W0d}Nno uoljesysiuiwpe-od
uluiqyis/upewA|S

91n0J uonensiuwpe
‘abesn jo |0>010.d pue
abesop uuiqujis,/uewA|is,

anssiy/s||9d
SeIpied uo X0 JO SSWodINO

?1noJ uonesisiuiwpe ‘abesn
Jo j0>030.d pue abesop X0d

[9POW

LERTEYETEN]

(panunuod) | sjqel



Singh et al. Cancer Cell International (2023) 23:88

troponin-I, creatine kinase-myocardial band (CK-
MB), reactive oxygen species (ROS), malondialde-
hyde (MDA), thiobarbituric acid reactive substances
(TBARS), nitrite, nitric oxide, hydrogen peroxide
(HyO,), inducible nitric oxide synthase (iNOS), cas-
pase-3, tumor necrosis factor-alpha (TNF-a), nuclear
factor erythroid 2-related factor 2 (Nrf2), vascular
endothelial growth factor A (VEGEF-A), plasma choles-
terol, total lipids, total cholesterol, triglycerides, low-
density lipoprotein-cholesterol (LDL-c), triglyceride/
high-density lipoprotein (TG/HDL), LDL/HDL, and
C-reactive protein levels significantly elevated in the
doxorubicin-treated groups than the untreated/control
groups [56—66]. Additionally, the glutathione peroxi-
dase (GPx), glutathione (GSH), superoxide dismutase
(SOD), catalase, peroxidase, glutathione reductase,
gamma-glutamyl transferase (y-GT), glutathione-S-
transferase (GST), HDL-c, and interleukin-10 (IL-10)
levels significantly decreased following the doxoru-
bicin treatment than the untreated/control groups [60,
64—66].

Other results also indicated that, for most of the cases,
the silymarin/silibinin co-administration could alleviate
the doxorubicin-induced biochemical alterations in the
cardiac cells/tissue [34, 56—67].

Histological and ultrastructural changes

The histopathological and ultrastructural examinations
of heart sections of the doxorubicin-treated mice/rats
indicated the following tissue changes: necrotic mus-
cle fibers, hypertrophy of muscle fibers, wide spaces
between muscle fibers, cytoplasmic vacuole formation,
highly eosinophilic cytoplasm, disturbance in cardiac
trabeculae, interstitial edema, mild hyperemia, vascular
congestion, myofibrillar disorganizations, infiltration of
inflammatory cells, increase in number of focal necro-
sis and fibrosis (%), disintegration and dilatation of sar-
coplasmic reticulum, vesiculated rough endoplasmic
reticulum, eosinophilic degeneration, distorted blood
capillaries, severe hemorrhage, retrogressive lacerations
in muscle fibers, degenerated cardiac myocytes with
small deeply stained pyknotic nuclei and vacuolated cyto-
plasm, thickening of coronary artery wall, degenerated
cardiac myocytes with irregular corrugated thick base-
ment membrane, cardiac myocytes with small shrunken
fragmented nucleus, cardiac myocytes with wide inter-
cellular space containing many fibroblasts and collage
fibers, and so on [58-60, 62—66].

It was also observed that the silymarin/silibinin co-
administration could mitigate the doxorubicin-induced
histological/ultrastructural changes in the cardiac tissue
[58-60, 62—66].
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Discussion

In the current study, the effects of doxorubicin therapy
alone and in combination with silymarin/silibinin on
normal cardiac cells/tissue are reviewed and the findings
extracted from the eligible studies are summarily pre-
sented in Table 1. Furthermore, some of the important
effects of doxorubicin alone and silymarin/silibinin plus
doxorubicin on the cardiac cell are shown in Fig. 2.

The cardiac insult, myocardial infarction, and tissue
ischemia can be detected by estimation of recognized
cardiac marker enzymes, including cholesterol, creatine
kinase, CPK, CK-MB, LDH, and AST present in the
serum [68, 69]; hence, the activity assessment of these
enzymes is important for prediction of cardiac dam-
age. Some studies have reported that the doxorubicin
administration significantly elevated the serum activities
of these heart damage-associated enzymes, which were
released from the damaged cardiac cells [57-60, 62, 64,
65]. It was reported that the increased serum level of
troponin I shortly following chemotherapy can be con-
sidered as a powerful predictor for ventricular dysfunc-
tion and poor cardiac outcome [61, 70, 71]. Nevertheless,
the co-administration of silymarin/silibinin could reduce
the elevated serum levels of heart damage-associated
enzymes (cholesterol, creatine kinase, CPK, CK-MB,
LDH, and AST) and cardiac troponin I in the doxoru-
bicin-treated groups [57-62, 64, 65].

It has been also shown that the doxorubicin admin-
istration might affect hematological parameters such
as induction of anemia, reduction of platelet numbers,
increase of lymphocyte numbers, decrease of hemo-
globin concentration, etc. [60, 72, 73]. In a study by Afsar
et al. it was reported that the silymarin co-administration
resulted in a significant improvement in the hematologi-
cal parameters of doxorubicin-treated rats [60].

Cardiac adverse effects are closely related to oxida-
tive stress caused by excessive free radicals (such as
ROS), lipid peroxidation (LPO), and antioxidant deple-
tion [74]. The semiquinone form of doxorubicin is able
to interact with molecular oxygen for ROS generation
in cardiac cells [59]. The doxorubicin-generated ROS
attack the cell macromolecules (such as DNA, RNA,
and lysosome), leading to the malfunction of the heart
tissue [75-79]. Moreover, the doxorubicin administra-
tion causes LPO, an interaction between doxorubicin-
generated free radicals and unsaturated fatty acids
normally in membrane lipids [57, 80, 81]. The TBARS
and MDA levels have been reported to be a cred-
ible marker of LPO; in this regard, some studies have
reported that the doxorubicin administration increased
the TBARS and MDA levels of cardiac cells/tissue
[60, 62, 66, 82]. Furthermore, the antioxidant endog-
enous system (including SOD, peroxidase, catalase,
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Fig. 2 The molecular mechanisms of cardiac damage induced by doxorubicin. The doxorubicin administration leads to induction of oxidative
damage, mitochondria damage, apoptosis, inflammation, and other mechanisms in the cardiac cell. In contrast, the silymarin/silibinin
co-administration, through an opposite pattern, alleviates the doxorubicin-induced cardiac cell injury. | decreased by doxorubicin; tincreased by
doxorubicin; MDA, malondialdehyde; TBARS, thiobarbituric acid reactive substances; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase;

GR, glutathione reductase; GSH, glutathione; GPx, glutathione peroxidase; y-GT, gamma-glutamy! transferase; GST, glutathione-S-transferase; NO,
nitric oxide; ROS, reactive oxygen species; NF-kB, nuclear factor kappa B; IL, interleukin; iNOS, inducible nitric oxide synthase; TNF-a, tumor necrosis
factor-alpha; TGF-B3, transforming growth factor-beta; COX-2, cyclooxygenase-2; BAX, Bcl-2-associated X protein; AlF, apoptosis-inducing factor; PARP,

poly (ADP-ribose) polymerase

glutathione reductase, GSH, GPx, y-GT, GST) provides
defense against the oxidative damage through neutral-
izing additional free radicals [60, 83—85]; nevertheless,
it was revealed that these endogenous antioxidant lev-
els decreased in the doxorubicin-treated cardiac cells/
tissue [58, 60, 64, 66, 82, 86—93]. The H,0, level also

increased in rats treated with doxorubicin [60]. Addi-
tionally, there is normally a low amount of nitric oxide
in the cardiac cells [23]. It was reported that the nitric
oxide level of cardiac cells increased following doxoru-
bicin treatment and this free radical has notable roles
in cellular signaling during pathological processes [94,
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95]. The superoxide anion (O,”) produced from an oxy-
gen molecule following doxorubicin treatment highly
interacts with nitric oxide, which can produce perox-
ynitrite (ONOO™) [96]. Moreover, the ONOO™ can
turn to other reactive nitrogen species (RNS), includ-
ing NO,™, NO,;~, OH™, and CO;~ [23]. The mitochon-
dria injury following doxorubicin via mitochondria
ROS production has been reported previously [56, 97].
Doxorubicin has also a high binding affinity to cardi-
olipin in the inner mitochondria membrane, directly
leading to the electron transport chain disturbance,
which causes excessive ROS and RNS [98-100]. It has
been shown that silymarin through its antioxidant
effects can inhibit oxidative stress by scavenging free
radicals and increasing cellular antioxidant defense
mechanisms [101-105]. Moreover, silymarin is able to
decrease LPO and its anti-lipoperoxidation activity can
be due to the presence of taxifolin and the ability of its
polyphenols to bind transition metals and quench ROS
[34]. Furthermore, the increased levels of oxidative
stress markers (MDA, TBARS, nitric oxide, and H,0,)
and the reduced levels of antioxidant markers (SOD,
peroxidase, catalase, glutathione reductase, GSH, GPx,
y-GT, GST) in the doxorubicin-exposed cardiac cells
was reversed by the silymarin/silibinin co-adminis-
tration [34, 60, 62—64, 66]. It was also shown that the
co-treatment of silibinin reduced mitochondrial ROS
generation, mitochondria membrane depolarization,
and cytoskeleton changes associated with doxorubicin
in cardiomyocytes [56].

Doxorubicin also stimulates apoptosis via both intrinsic
and extrinsic pathways [106, 107]. This chemotherapeu-
tic agent leads to excess oxidative stress and mitochon-
drial damage, triggering apoptotic cell death [108-111].
Some important mediators involved in the apoptotic pro-
cess are p53, B-cell lymphoma-extra large (Bcl-xL), Bcl-
2, BAX, cleaved poly (ADP-ribose) polymerase (PARP),
caspase enzymes, and so on [23, 112-117]. Some studies
have reported that doxorubicin chemotherapy upregu-
lates BAX, cleaved caspase-3, cleaved caspase-9, and p53
expressions and downregulates Bcl-2 and Bcl-xL expres-
sions in the cardiac cells [75-77, 118—124]. These find-
ings indicate that the cells are moving toward apoptotic
cell death. It has been also reported that doxorubicin
via activation of c-Jun N-terminal kinase (JNK) and p38
mitogen-activated protein kinases (MAPKs) pathways
can trigger cardiac apoptosis [125]. The anti-apoptotic
effects of silymarin/silibinin have been reported in pre-
vious studies. In this regard, it was shown that silymarin
is able to prevent the release of cytochrome c, thereby
inhibiting the activation of caspases [126, 127]. Addition-
ally, the silymarin/silibinin treatment increased the Bcl-2
and Bcl-xL levels and decreased the BAX, p53, JNK and
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p38 MAPKSs, PARP, and caspase-3 levels in the cells [29,
56, 57, 64, 105, 128-131].

The cancer chemotherapy may trigger an inflammatory
process [132], leading to the incidence of various adverse
effects following this therapeutic modality [133]. Some
studies have reported that the cancer chemotherapy with
doxorubicin can cause cardiac inflammation [89, 90, 134,
135]. The inflammatory process is positively correlated
with oxidative stress in cardiotoxicity [74]. It has been
reported that doxorubicin-induced oxidative stress can
activate lysosomal enzymes, leading to the promotion
of cardiac inflammation [23]. According to the findings
obtained from some studies, it was indicated that doxo-
rubicin treatment led to an increase in the production
of pro-inflammatory mediators (iNOS, COX-2, TGEF-f,
IL-1pB, IL-6, IL-18, NF-«B, and TNF-a) and a reduction
in IL-10 level (an anti-inflammatory cytokine) of cardiac
cells [64, 66, 75, 82, 120, 122, 135]. Previous studies have
reported that silymarin/silibinin can be a promising anti-
inflammatory agent. It was shown that the use of silyma-
rin/silibinin could reduce the inflammation via decreased
levels of iNOS, COX-2, TGE-f, IL-1p, IL-6, IL-18, and
TNF-« along with an increased level of IL-10 in different
cells/tissues [64, 66, 128, 136—141]. Moreover, the anti-
inflammatory effects of silymarin can mainly be because
of inhibiting the NF-kB nuclear translocation/activation,
resulting in preventing the aggregation of inflammatory
cells as well as decreasing the expression of inflamma-
tory cytokines and other certain inflammatory media-
tors [105, 128, 131, 142—144]. In addition, the histological
findings represented in this systematic review exhibited
that the doxorubicin-induced cardiac inflammation is
mitigated by the silymarin/silibinin co-administration
[58, 60, 62—65].

Perspective of future research and limitations
Although the doxorubicin chemotherapy is commonly
applied for treating the cancer patients, its cardiotoxic
adverse effects limit the clinical application of this chem-
otherapeutic agent. According to the data presented in
this systematic review, it was shown that silymarin/sili-
binin can be an effective cardioprotective agent against
the doxorubicin-induced cardiotoxicity. This herbal agent
exerts the cardioprotective activities via the antioxidant,
anti-apoptotic, anti-inflammatory effects, and other
mechanisms. In addition to its chemo-protective effects,
silymarin/silibinin can be used as a chemosensitizing
agent on cancerous cells, mitigating the chemotherapy-
induced adverse effects via reduction of the chemother-
apy dose in the cancer patients.

Despite its remarkable beneficial effects, it has been
reported that silymarin has very low water solubility
and poor oral absorption. A number of researchers have
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overcome these biopharmaceutical drawbacks by using
various structural modification strategies [145-147]
and have introduced novel derivatives and analogues
for silymarin [148-156]. Furthermore, the therapeutic/
protective efficacy of novel derivatives/analogues has
been investigated on tumor/normal cells [148, 150, 157,
158]. Other researchers have reported that the loading
of silymarin into a delivery system improves its bioavail-
ability; hence, they developed various formulation-based
approaches such as solid lipid nanoparticles, mesoporous
silica nanoparticles, biodegradable polymeric micelles,
nanoemulsions, amorphous solid dispersions, nanosus-
pensions, and liposomes [159-165]. Some studies have
assessed the therapeutic/protective effects of silymarin
delivery systems on tumor/normal cells [166—170]. In
view of the above, evaluating the potential cardioprotec-
tive potentials of the analogues/derivatives and the deliv-
ery systems of silymarin/silibinin against cardiotoxicity
induced by chemotherapy drugs (especially doxorubicin)
is suggested.

Since the data represented in this study are mostly
based on in vitro and in vivo experiments, suggesting the
use of silymarin/silibinin (as a potential cardioprotective
agent) in the cancer patients for alleviating the cardiac
adverse effects induced by doxorubicin or other chemo-
therapy drugs requires further clinical studies. Moreo-
ver, another point that should be evaluated with more
extensive studies on the current topic is to provide more
details on the type of cancer, the dose and frequency of
administration of the drugs.

Conclusion

The findings reveal that the doxorubicin chemotherapy
could induce echocardiographic, biochemical, and histo-
logical alterations in the cardiac cells/tissue which caused
cardiotoxicity. Other results showed that the silymarin/
silibinin co-administration could alleviate the doxoru-
bicin-mediated cardiac adverse effects. Mechanically,
the silymarin/silibinin exerts its cardioprotective effects
via the antioxidant, anti-apoptotic, anti-inflammatory
effects, and other mechanisms.
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