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Abstract: Doxorubicin (DOX) is the most effective and frequently used anticancer drug. This work aimed to study
the protective role of silymarin (SIL) against DOX induced cardiotoxicity. Forty adult male rats were divided into four
equal groups; Control, SIL, DOX and SIL-DOX treated groups. Control and SIL groups received daily oral saline (1
ml/kg) and SIL (60 mg/kg), respectively. DOX group received intraperitoneal (IP) injection of 1.66 mg/kg of DOX
every second day. SIL-DOX group received the same mentioned doses of both drugs for 12 days. At the end of ex-
periment, blood samples were collected for estimation of serum lactic dehydrogenase (LDH), Creatine phosphoki-
nase (CPK) and aspartate transaminase (AST). Reduced glutathione (GSH) was also estimated. Cardiac specimens
were processed for histological, immunohistochemical staining for detection of vascular endothelial growth factor A
(VEGF-A), inducible nitric oxid synthase (iNOS), caspase-3 and ultra-structural study. Area percentages of collagen
fibers, VEGF, iNOS and caspase-3 immuno expression were measured followed by statistical analysis. Control and
SIL groups showed no changes. DOX group showed loss of myofibrils, hemorrhage and congested blood vessels.
A highly significant increase in mean area percentage of collagen fibers (23.70 £ 0.44), VEGF-A (27.76 + 0.57),
iNOS (24.002 + 0.53) and caspase-3 (23.28 + 0.53) immunoexpression were also detected in DOX group. Mean
concentration LDH (326.20 + 9.908), CPK (233.90 + 4.581) and AST (97.30 + 3.112) were increased, whereas
GSH was decreased (2.23 + 0.157). Ultrastructural results revealed loss of myofibrils and intercalated discs and
mitochondrial degeneration. These changes were improved in SIL-DOX group. It appears that SIL can protect against
DOX-induced cardiotoxicity therefore, could be used in combination with doxorubicin in anticancer therapy.
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induced toxicities which had been identified in
experimental studies include renal [5] and
hepatic [6] injuries.

Introduction

Doxorubicin (DOX), also called adriamycin, is
the most effective and frequently used antican-
cer drug of the anthracycline family. It is used in Animal and cell culture model researches

the treatment of several pediatric and adult
cancers including leukemia, lymphomas, solid
tumors, and breast cancer. However, the utility
of doxorubicin is compromised by its severe
cumulative cardiotoxicity, including cardiomy-
opathy and congestive heart failure. Once
developed; these cardiotoxic effects carry a
bad prognosis and may be fatal [1, 2]. Heart is
more susceptible to damage by free radicals
because of lower level of protective enzymes
compared to other tissues [3, 4]. Other DOX

couldn’t explain the exact mechanism by which
DOX induce cardiotoxicity and attributed it to be
cellular, molecular, biochemical and genetic.
Pre-existing heart disease, extreme age, and
radiation therapy have been all suggested to be
predisposing factors [7]. However, the wide
variation in individual susceptibility to DOX-
induced cardiotoxicity cannot be explained by
these factors alone. DOX induces cardiac injury
by increasing cardiac oxidative stress, leading
to activation of inflammation-related signaling


http://www.ijcem.com

Role of Silymarin against doxorubicin induced cardiotoxicity

pathway and finally cell death [8]. Recent stud-
ies have proved the importance of mitochondri-
ally generated ROS in the regulation of trans-
duction pathways of intracellular signal which
help in cell adaptation to stressful conditions
and reported the harmful effects of excess pro-
duction of ROS [9]. Accordingly, approaches
aiming at preventing doxorubicin-related toxici-
ties have focused on antioxidants and chela-
tors use to decrease ROS generation.

Silymarin is one of the modern drugs which
have been recently used in the alternative and
complementary medicine. It is isolated from
Silybum marianum L. Gaertn herb, which
belongs to Asteraceae family, one of the largest
plant families [10]. It contains mainly silymarin
flavonolignans, in addition to small amounts of
flavonoids and about 20-35% fatty acids and
other polyphenolic compounds. Silybin (also
called silibinin) is the main and the major com-
ponent of the silymarin complex [11, 12].
Silymarin is a known hepatoprotective agent
that affects lipid metabolism, stimulates pro-
tein synthesis, stabilizes membrane phospho-
lipids and potentiates the physiological antioxi-
dants. It was reported that silymarin can react
with ROS and convert them into less toxic and
less reactive compounds [13, 14]. Silymarin
was also found to decrease the damage to
mitochondria and microsomes of rat heart cells
by a doxorubicin-Fe3* complex [15]. Moreover,
silymarin showed, anti-proliferative, cell cycle -
modulating, antimetastatic, antiangiogenic,
anti-inflammatory and neuroprotective effects.
In addition, a number of experimental models
were used to study the antioxidant protective
properties of SIL against several toxicants such
asArsenic, Carbontetrachloride, Thioacetamide
and Cisplatinum [16-19].

Therefore, the aim of the present study is to
evaluate the possible protective role of silyma-
rin on doxorubicin-induced cardiotoxicity and to
correlate between the biochemical, histologi-
cal, immunohistochemical and ultrastructural
changes and their possible underlying mecha-
nism of action.

Materials and methods
Animals

Forty adult male albino rats, 200-250 g were
obtained from the animal house of the Medical
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Research Center, Faculty of Medicine, Ain
Shams University. Animals were kept in a good
ventilated room and allowed one week for accli-
matization at room temperature of 28°C and
12:12 light/dark cycle. Standard rat chow and
tap water were provided ad libitum throughout
the experiment. The experiment was done
according to the regulations of ethical Com-
mittee for Animal Experimentation, Faculty of
Medicine, Ain Shams University.

Chemicals

1. Doxorubicin was purchased from (D01515,
Sigma-Aldrich Chemical Company). It was dis-
solved in a sterilized 0.9% NaCl solution (2 mg/
mL).

2. Silymarin (legalon): Was obtained from Che-
mical Industries Development Pharmaceutical
Co. (CID, Cairo, Egypt) in the form of capsules
(140 mg) which were dissolved in sterile water
and given by orogastric tube.

Experimental design

The animals were divided into four groups each
comprising 10 rats as follows:

I- Control group: Received daily saline (1 ml/kg)
by orogastric tube for 12 days.

II- Silymarin (SIL) treated group: Received daily
60 mg/kg by orogastric tube for 12 days with a
total SIL cumulative dose 720 mg/kg body
weight.

IlI- Doxorubicin (DOX) treated group: Received
intraperitoneal (IP) injection of 1.66 mg/kg of
DOX every second day (6 equal doses) during
the 12 days of the experiment [12] with a total
DOX cumulative dose of 9.96 mg/kg body
weight.

IV- Doxorubicin and Silymarin (SIL-DOX) treated
group: Received (SIL daily 60 mg/kg orally (12
equal doses) + IP injection of 1.66 mg/kg of
DOX every second day for 12 days with a total
SIL cumulative dose of 720 mg/kg body weight.

Blood and tissue samples collection
At the end of the experiment, rats of all groups
were anesthetized by intraperitoneal injection

of sodium thiopental (40 mg/kg of body weight)
(Sigma Chemical Co., ST Louis, MO, USA) [20].
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In each rat, the thoracic cavity was opened to
expose the left ventricle; Blood samples were
taken via cardiac puncture and collected in non
heparinized tubes for biochemical analysis. The
heart was removed and the left ventricle was
cut into two halves. One half is chopped into
small pieces (1 x 1 mm?) for preparation of tis-
sue homogenates and electron microscopic
study, while the other half was processed for
light microscopic examination.

Biochemical study

The obtained blood samples were centrifuged
at 3000 r.p.m for 15 min and the sera were
used to detect Lactate dehydrogenase (LDH),
Creatine phosphokinase (CK) and Asparate
amino-transferase (AST). The enzyme activity
was measured by a kinetic method using com-
mercial kit (Egyptian company for biotech-
nology).

Reduced tissue glutathione (GSH)

Small pieces of left ventricles were used for
preparation of tissue homogenates, where they
were centrifuged at 10,000 rpm for 15 minutes
in cold centrifuge. The supernatant was used
for estimation of GSH by a colorimetric spectro-
photometric method [21] using commercial kits
(Bio-diagnostic, Egypt).

Light microscopic study

Specimens of left ventricles were fixed in 10%
neutral buffered formalin then washed with
water, dehydrated in ascending grades of ethyl
alcohol, cleared in xylene, and embedded in
paraffin to prepare paraffin blocks which were
cut into 5 microns thick pieces. Sections were
then mounted on glass slides, deparaffinized
in xylene and stained by H&E, Masson tri-
chrome (MT) [22], and immunohistochemical
stains for VEGF-A, iINOS and caspase-3 immu-
noexpression in cardiac cells using avidin-bio-
tin-peroxidase complex (ABC) techniques [23].

Staining procedures for immunohistochemistry

Using strept avidin-biotin technique; Paraffin
sections were deparaffinized in xylene, rehy-
drated, rinsed in tap water, and embedded in
3% Hydrogen peroxide (H,0,) in phosphate buf-
fer solution (PBS) for 10 min to block endoge-
nous peroxidase. Sections were incubated
overnight at 4°C with the respective primary
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antibodies. A monoclonal mouse anti-human
antibody was used for detection of VEGF-A
(Clone No. SP28, Catalog No. M3281, Spring
Bioscience, ready to use). Anti iNOS (Ab-1)
(Catalog No RB-1605-PO0, -P1, Class: IgG rabbit
polyclonal; Epitope: Carboxy terminus of iNOS
from activated mouse macrophages) (Lab
Vision/Neomarkers, Bioanalytica, Greece) was
used for detection of iINOS at a dilution of
1:100. A polyclonal rabbit anti-active caspase-3
(Clone No C92-05, Catalog No 55955, Phar-
Mingen, San Diego, CA at 1:500 dilution) was
used for detection of caspase-3. For detection
of VEGF-A and iNOS, an antigen retrieval proce-
dure was applied by pretreatment of sections
for 10 min in a microwave oven in 0.01 M sodi-
um citrate buffer (pH 6.0 followed by cooling for
further 20 min). Following incubation with pri-
mary antibodies, the sections were then incu-
bated with the appropriate secondary antibody;
A biotinylated anti-mouse 1gG (LSAB™2 Kit;
Dako) for VEGF-A and a biotinylated goat anti-
rabbit 1gG (Vector Laboratories, Burlingame,
CA) for caspase-3. Sections were incubated for
30 min at room temperature in horseradish
peroxidase-avidin-biotin complex (Vectastain
Elite, Vector, CA) then 3,3’-diaminobenzidine in
H,0, (DAB kit, Vector, CA), was add to visualize
the reaction as a brown, insoluble product.
Sections were then counterstained with hema-
toxylin and mounted. Negative control sections
were obtained following the same steps of
staining, but without incubation with the prima-
ry antibodies.

Electron microscopic study

Specimens for electron microscopy were imme-
diately fixed in 2.5% phosphate-buffered glutar-
aldehyde solution at 4°C for 24 hours, then
washed over night for several times with fresh
solution of 0.1 M sodium phosphate buffer, PH
7.4 at 4°C. Thereafter, post-fixed in 2% osmium
tetraoxide in 0.1 M sodium phosphate buffer in
the dark at + 40°C. Specimens were dehydrat-
ed in ascending grades of ethanol and propyl-
ene oxide then embedded in resin. Semithin
sections were prepared and stained with tolu-
idine blue and examined by light microscope.
Ultrathin sections were cut at thickness of 90
nm, mounted on copper grids and stained with
Uranyl acetate 5% for 15 min followed by Lead
citrate for 8 min and examined by transmission
electron microscope SEO (Sumy Electron
Optics) model PEM-100 at different magnifica-
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Figure 1. A screen-shot of measurements of (A): Area% of collagen, area% of (B) VEDF (C), iNOS and (D) caspase 3

immunoexpression in DOX group using image analyzer.

tion [24]. Transmission electron examination
and photographing were done at Military
Medical Academy Electron Microscope De-
partment, Cairo, Egypt.

Morphometric study

Area% of collagen fibers in the cardiac tissue
were measured from MT stained sections (x
400) whereas area% of VEGF-A, iNOS and cas-
pase-3 immunoexpression was measured from
immunostained section (x 400). Five non-over-
lapping fields/rat paraffin block sections were
examined (The total was 50 measurements/
group) and photographed using color video
camera (digital camera CH-9435 DFC 290).
Photographs of the above mentioned mea-
sured parameters were analyzed using Leica
Qwin 500 (Imaging System, Cambridge, UK)
within a frame area of 293.4288 um?. The
green color of collagen and the brown color of
immunoreaction in the analyzed photos were
masked by a blue color as seen in (Figure
1A-D). Morphometry was carried out at the
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Image Analysis Unit, Anatomy Department,
Faculty of Medicine, Taibah University, Al
Madinah Al Monawarrah, KSA.

Statistical analysis

All data were expressed as mean + SEM.
Statistical analysis was performed using IBM
SPSS software version 21.00 (Chicago, lllinois,
USA). One-way analysis of variance (ANOVA)
(data were normally distributed and variances
of populations were equal), post-hoc and least
significant difference (LSD) were performed for
inter-group comparison. P > 0.05, P <0.05 and
P <0.001 were considered non-significant, sig-
nificant and highly significant, respectively [25].

Results
Light microscopic results
H&E stained sections of control and SIL groups

showed the same normal general architecture
of cardiac tissue, which was formed of bundles

Int J Clin Exp Med 2017;10(2):4158-4173
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Figure 2. Photomicrographs of heart sections showing: Control (A-C) and SIL (D-F) groups, both have the same nor-
mal structure. (A, D) lllustrate the normal general architecture of cardiac tissue which is formed of bundles (arrows)
of cardiac myocytes (CM) arranged in different directions. (B, E) Transverse section (TS): CM appear more or less
oval in shape with central oval vesicular nuclei (arrows). (C, F) Longitudinal section (LS) of CM showing branching
and anastomosing cells with oval nuclei (arrow heads), irregularly striated cytoplasm and the characteristic cardiac
intercalated disc (arrows). DOX group (G-l): (G) Show disturbed general cardiac tissue architecture with degenerated
CM (arrows), areas of sever hemorrhage (stars) and markedly dilated and congested blood vessels (V). (H) TS of de-
generated CM with small deeply stained nuclei. Some cells (arrows) have pyknotic nuclei and vacuolated cytoplasm.
Marked hemorrhage (star) is seen between CM bundles. (I) LS showing disturbed, separated and areas of loss of
myofibrils (arrows). Cells (curved arrows) with increased eosinophilia and small deeply stained nuclei are also seen.
SIL-DOX group (J-L); (J) Nearly normal appearance and arrangement of cardiac cells bundles (arrows). (K) TS of CM
with normal shape and appearance and contain vesicular nuclei (arrows). Minimal hemorrhage (star) and minimal
congested blood vessels are still seen between the cardiac cells. (L) LS of cardiomyocytes CM showing nearly normal
branching and anastomosing cells with central oval vesicular nuclei, normally arranged myofibrils (arrow heads),
intercalated discs (arrow). However, few numbers of cardiomyocytes have an area of myofibrils loss (curved arrows).
(H&E stain; A, D, G, J: x 200, B, C, E, F, H, |, K, L: x 400).
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Control

SIL-DOX

Figure 3. Photomicrographs of heart sections showing: control (A, B) and SIL (C, D) groups. (A, C) Show the same ar-
rangement and distribution of collagen fibers (arrows) between the CM bundles. (B, D) Minimal amount of collagen
fibers are deposited mainly around blood vessels (V) and CM (arrows). DOX group (E, F); (E) Show marked increase
in the amount of collagen fibers with area of fibrosis (stars) between the CM. (F) Individual CM are markedly sur-
rounded with thick collagen fibers (arrows). Inset show increased amount of collagen (arrows) deposition in the
adventitia of coronary artery (A). SIL-DOX group (G, H); (G) Fewer amount of collagen fibers (arrow) between CM and
in the wall of the artery (A) are detected when compared to DOX group. (H) CM is surrounded with few amounts of
collagen fibers (arrows). Blood vessels (V) show mild condensation of collagen fibers (curved arrow) in their walls.
(Masson trichrome stain; A, C, E, G: x 200; B, D, F, H: Inset x 400).

of cardiac myocytes arranged in different direc- tions (TS), cardiac myocytes (CM) appeared
tions (Figure 2A and 2D). In transverse sec- more or less oval in shape with central oval

4163 Int J Clin Exp Med 2017;10(2):4158-4173
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Figure 4. Photomicrographs of immunostained sections of heart showing: VEGF-A immunostained sections (A-D); (A)
Control and (B) SIL groups illustrating week VEGF-A (arrows) immunoexpression by CM. (C) DOX group shows strong
VEGF-A immunoexpression by most of CM and also in the wall (arrow head) of blood vessels (V). (D) SIL-DOX group:
Some CM exhibit mild VEGF-A immunoexpression. iNOS immunostained section (E-H); (E) Control & (F) SIL group,
both have faint positive iINOS immunoexpression by CM. (G) DOX group shows CM with cytoplasmic areas (arrows)
of strong iNOS immunoexpression. (H) SIL-DOX group: Some CM show mild iNOS immunoexpression (arrows). Cas-
pase 3 immunostained sections (I-L); () Control & (J) SIL groups, both show few areas of positive caspase-3 immu-
noexpression (arrows) in CM. (K) DOX group shows strong nuclear and cytoplasmic caspase-3 immunoexpression
(arrows) by CM. (L) SIL-DOX group has mild caspase 3 immunoexpression in CM. (Anti-VEGF-A immunostain; A-D: x

400, Anti-iINOS immunostain |; E-H: x 400, Anti-Caspase-3 immunostain; I-L: x 400).

vesicular nuclei (Figure 2B and 2E). Longitudinal
sections (LS) showed branching and anasto-
mosing of CM with oval nuclei, irregularly stri-
ated cytoplasm and the characteristic interca-
lated disc (Figure 2C and 2F). DOX group
showed disturbed general architecture with
degenerated CM, areas of severe hemorrhage
and markedly congested blood vessels (Figure
2G). TS revealed degenerated CM with small
deeply stained pyknotic nuclei and vacuolated
cytoplasm. Marked hemorrhage was seen
between CM bundles (Figure 2H). Also, CM
showed areas of separated and lost myofibrils.
Cells with increased eosinophilia and small
deeply stained nuclei were also seen (Figure
2l). In SIL-DOX group, normal appearance and

4164

arrangement of CM were observed, however
minimal hemorrhage and minimally congested
blood vessels were still seen in between them
(Figure 2K and 2J). Normal branching and
anastomosing CM with central oval vesicular
nuclei, normally arranged myofibrils and inter-
calated discs were seen. However, few number
of CM showed an area of myofibrillar loss
(Figure 2L).

Masson trichrome stained sections of control
and SIL groups showed the same arrangement
and distribution of collagen fibers between the
bundles of CM (Figure 3A and 3C). Minimal
amount of collagen fibers were deposited main-
ly around the blood vessels and CM (Figure 3B
and 3D). DOX group showed marked increase in

Int J Clin Exp Med 2017;10(2):4158-4173
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Figure 5. Electron photomicrographs of heart sections from control (A-C) and SIL group (D&E) showing: (A) Control
cardiomyocyte with regular arrangement of the myofibrils (mF) which show sarcomers marked by Z lines (Z) in addi-
tion to mitochondria (m), rod shaped nucleus (N) with euchromatin, intact regular sarcolemma (arrow heads) and
sites of transverse tubules (arrow). (B) Myofibirils with sarcomeres showing Z lines and H zone. Mitochondria (m)
with prominent cristae, sarcoplasmic reticulum (arrows) and transverse tubule (arrow head) are also seen. (C) Two
cardiomyocytes (CM) are joined together by step like intercalated disc (ICD) which shows fascia adherence (arrow)
and desmosomes (arrow head), mitochondria (m) and Z lines (Z) along fibrils. (D) SIL group show cardiomyocyte with
rod shaped nucleus (N) with euchromatin, branching and anastomosing myofibrils (mF), which show sarcomeres,
regular Zlines (Z) and regularly arranged mitochondria (m) in between the fibrils. (E) SIL group illustrating interca-
lated disc joining cardiomyocytes together that show fascia adherence (arrow heads) and desmosomes (arrow). Z
lines (Z) and H zone (H) are seen along the myofibrils (mF). (TEM; Bar 1 um, A: x 8000, B, C, E: x 15000, D: x 4000).

the amount of collagen fibers with areas of lagen deposition in its adventitia (Figure 3F). In
fibrosis between CM (Figure 3E). The individual SIL-DOX group, fewer amounts of collagen
CM was markedly surrounded with thick colla- fibers were detected between CM bundles and
gen fibers. The wall of the coronary artery was in the wall of the artery when compared to DOX
also thickened by the increased amount of col- group (Figure 3G). Blood vessels showed mild
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Figure 6. Electron micrographs from heart sections of DOX (A-D) and SIL-DOX groups (E, F) showing: (A) Degenerated
Cardiomyocyte with irregular corrugated thick basement membrane (arrows), irregular shaped small peripheral
nucleus (N) with peripheral condensation of its chromatin (*), areas of loss of myofibrils in the cytoplasm (stars)
and thin irregular nearly lost myofibrils (mF). (B) Degenerated cardiomyocte with small shrunked and fragmenrted
nucleus,wide spaces in the cytoplasm (stars), irregular shape and arrangement of mitochondria (m) in between
remnants of myofibrils (mF). (C) DOX group showing two cardiomyocte (CM) with lost intercalated disc,except some
remnants (arrows), cytoplasmic vacuoles (V) and autophagic vacuoles (Av). (D) Three transversely cut cardiomyo-
cytes with wide intercellular space (star) between them which contain many fibroblasts (F) and collagen fiers (Co).
(E) SIL-DOX group show nearly normal appearance of cardiomyocytes with rode shaped nuclei (N) with fine chroma-
tin, regularly arranged myofibrils which show sarcomers marked by Z lines (Z). (F) Two cardiomyoctes joined together
with intercalated disc (ICD) which show fascia adherence (arrow) and desmosome (arrow head). Myofibrils with Z
lines (Z) and H zones (H) and regularly arranged mitochondria (m) with prominent cristae in between the miofibrils
are seen. (TEM; Bar 1 um, A, D: x 8000, B: x 4000, C: x 10000, E: x 6000, F: x 15000).

condensation of collagen fibers on their walls VEGF immunoexpression by most of CM and in

(Figure 3H). the wall of blood vessels (Figure 4C). In SIL-DOX
group; Some CM exhibited mild to week VEGF

Anti VEGF immunostained sections of control immunoreactions (Figure 4D).

and SIL groups showed that both groups exhib-

ited week VEGF immunoexpression by CM Anti-iINOS immunostained section showed faint

(Figure 4A and 4B). DOX group showed strong positive INOS immunoreaction by CM in control
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Figure 7. Clustered bars showing a highly significant increase in the mean
concentration of LDH, CPK, AST and a highly significant decrease in GSH
concentration in DOX groups when compared to control and SIL group. SIL-
DOX group showed a highly significant decrease in the mean concentration
of LDH, CPK & AST and a highly significant increase in GSH concentration
when compared to DOX group. Values are expressed as mean + standard

error of mean (SE).

and SIL group (Figure 4E and 4F). DOX group,
showed areas of strong cytoplasmic iINOS
immunoexpression by most of CM and in the
wall of blood vessels (Figure 4G). On the other
hand, in SIL-DOX group, some CM exhibited
mild to weak iINOS immunoexpression (Figure
4H).

Anti-caspase 3 immunostained sections of
control & SIL groups showed few areas of posi-
tive caspase 3 immunoactivity in CM (Figure 41
and 4J). DOX group showed strong positive
nuclear and cytoplasmic caspase 3 immunoex-
pression (Figure 4K), whereas SIL-DOX group
exhibited mild caspase 3 immunoexpression by
CM (Figure 4L).

Ultrastructural results

Transmission electron microscopic examina-
tion of the heart from both control and SIL
group showed similar appearance. CM had reg-
ular arrangement of branching and anastomos-
ing myofibrils that showed sarcomers marked
by Z lines and H zones along their length. Rod
shaped nucleus with euchromatin, intact regu-
lar sarcolemma, transverse tubules and mito-
chondria with prominent cristae, were also
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seen (Figure 5A, 5B, and 5D).

seumUL CM were joined together by
Al intact step like intercalated

disc which showed fascia

serum UIL dh dd
GSH concentrationin the adnerence an esmosomes
tissue homogenate (Figure 5C and 5E).

In DOX group, CM appeared
degenerated with irregular
corrugated thick basement
membrane, irregular shaped
small peripheral nucleus with
peripheral condensation of its
chromatin and areas of loss of
myofibrils. Moreover, CM with
small shrunked fragmenrted
nucleus, wide spaces in the
cytoplasm, irregular arrange-
ment and shape of mitochon-
dria between remnants of
myofibrils were observed. Lost
intercalated disc, cytoplasmic
and autophagic vacuoles were
also detected. The intercellu-
lar space between cardiomyo-
cytes was wide and contained
many fibroblasts and collagen
fibers (Figure 6A-D). On the other hand, SIL-
DOX group showed CM having rode shaped
nuclei with fine chromatin and regularly
arranged myofibrils that showed sarcomers
with Z lines and H zones. Normal shaped and
regularly arranged mitochondria with promi-
nent cristae were seen in between the myofi-
brils. CM were joined together with intercalated
disc that showed fascia adherence and desmo-
some (Figure 6E and 6F).

Biochemical and statistical results

No significant difference was observed in mean
LDH, CPK, AST & GSH concentrations between
SIL group (171.40 + 2.486, 103.10 + 2.588,
23.60 *+ 0.718 & 6.01 + 0.194, respectively)
and control group (171.20 + 2.471, 104.30 ¢
3.565, 20.90 + 1.069 & 6.39 + 0.217, respec-
tively). In DOX group; A highly significant
increase in the mean concentration of LDH,
CPK and AST (326.20 + 9.908, 233.90 + 4.581
& 97.30 + 3.112 respectively) combined with a
highly significant decrease in the mean GSH
concentration (2.23 + 0.157) were detected
when compared to control group, (P < 0.001).
On the other hand, SIL-DOX group showed a sig-
nificant decrease in the mean LDH, CPK, AST &
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Figure 8. A: A bar graph showing the mean area% of collagen fibers in the
heart tissue of control, SIL, DOX and SIL-DOX groups. B: Clustered bars rep-
resenting the mean area% of VEGF, iNOS & caspase 3 immunoexpression by
CM of control, SIL, DOX and SIL-DOX groups. Values are expressed as mean

+ standard error of mean (SE).

GSH concentrations (180.00 + 2.454, 145.70
+ 3.580 & 29.80 + 1.051, respectively) and a
significant increase in mean GSH concentra-
tion (5.00 + 0.257) when compared to DOX
group, P <0.001 (Figure 7).

Mean area% of collagen fibers for SIL group, did
not show a significant increase when compared
to control group (2.17 + 0.66 and 3.57 + 0.09,
respectively, P = 0.344). DOX group showed a
highly significant increase in the mean area% of
collagen (23.70 + 0.44) when compared to con-
trol and SIL groups ((P < 0.001) whereas SIL-
DOX group showed a highly significant decrease
(6.30 £ 0.19, P £ 0.001) when compared to
DOX group (Figure 8A).

The mean area% of VEGF, iNOS and caspase-3
immunoexpression by CM for both control (3.57
+0.09,0.45 +0.064 & 2.87 + 0.0.092, respec-
tively) and SIL groups (3.81 + 0.12, 0.65 *
0.081 & 2.87 + 0.0.092, respectively) didn’t
show any significant difference. Whereas in
DOX group, the mean area% of VEGF-A, iNOS
and caspase-3 immunoexpression (27.76 *

4168

SIL -DOX

immunoexpression by CM
Area % of INOSE

= Area % of VEGF
I=)Area % of Caspase 3

immunoexpression by CM

0.23, 760 + 0.19 & 6.94 +
0.20 respectively) when com-
pared to DOX group (P <0.001)
(Figure 8B).

immunoexpression by CM

Discussion

Doxorubicin is an effective and
widely used antineoplastic
drug. Unfortunately, treatment
with DOX is limited by cardio-
toxicity shown to occur soon
after beginning of therapy [26].
Several mechanisms are in-
volved in DOX induced cardiac
affection. One of the most
accepted theories is the free
oxygen radicals. SIL is consid-
ered to be very safe natural
antioxidant and chemoprotec-
tive agent, and there are only
few reports on its mechanism of action as a
cardioprotective herbal derived medicine when
combined with DOX.

In the current research, SIL-DOX group showed
a significant decrease in the mean concentra-
tions of LDH, CPK, AST and a significant
increase in mean GSH concentration when
compared to DOX group, indicating a strong
cardioprotective efficacy of SIL against DOX tox-
icity. Serum concentrations of CPK, CK-MB and
LDH, are used routinely as markers for the diag-
nosis of cardiac necrosis and toxicity. Compared
to other organs, it was proved that the heart is
more susceptible to damage by ROS due to its
weak antioxidant defenses and high oxidative
metabolism, therefore LDH and CK concentra-
tions in the serum of animals treated with DOX
are expected to increase over normal levels
[13, 27]. Mammalian heart tissue primarily
depends on glutathione peroxidase, catalase
and superoxide dismutase (SOD) to protect
itself from free-radical injury. Doxorubicin inter-
feres with the activities of these antioxidant
enzymes making the heart more vulnerable to
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toxicity [28-30]. Accordingly, excess formation
of ROS in myocardial cells and exhaustion of
cellular GSH stores lead to dysregulation of
antioxidant enzymes and impairment of antioxi-
dant defenses.

The present work revealed the protective effect
of silymarin against DOX-induced cardiotoxicity.
This was proved by the significant decrease in
serum CK, AST and LDH activities and the high
increase in tissue GSH. The protective effect of
SIL against elevated cardiac enzymes could be
supported by the research results of other
groups who pointed that DOX could cause liver
and cardiac damage and consequent increase
in serum transaminase activity, which could be
prevented if DOX was combined with SIL [6, 28,
31]. In addition, various reported studies con-
firmed that SIL increases the concentration of
glutathione and prevent lipid peroxidation [6,
32].

In the present study, light microscopic examina-
tion of heart tissues of DOX treated group
revealed degenerated CM which had small pyk-
notic nuclei, vacuolated cytoplasm with areas
of loss of myofibrils when compared to control
and SIL groups. Marked hemorrhage, dilated
and congested blood vessels were also seen
between the CM. Moreover, marked increase in
mean area% of collagen fibers with areas of
fibrosis in between the CM and around the cor-
onary arteries was also observed. These find-
ings were in accordance with the work done by
other groups who reported the occurrence of
necrotic changes in the cardiac myocytes in the
form of pyknosis, disorganization of myofibrils,
loss of cross striation and marked increase in
collagen fibers of the surrounding endomysium
of the cardiac myocytes [6, 33, 34]. In some
studies; cardiomyopathy could be diagnosed
histopathologically by the disturbed orientation
of cardiac muscle fibers and enlargement of
their nuclei [35].

Pathological findings caused by DOX and
detected in the present study are supported by
reported investigations which observed marked
blood cells accumulation in pericapillary space
between the disordered cardiac myocytes [36].
Interference of normal oxidative metabolism
caused an ischemic state followed by microvas-
cular injury and extravasation of blood [37].
Vacuolation and degeneration of muscle fibers
could be attributed to cellular injury occurring
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in a variety of conditions such as intoxications
from chemical and metallic poisons and infec-
tious diseases. Moreover, expansion of cyto-
plasmic membranous components could be
caused by intracellular water and electrolytes
redistribution [38, 39]. Perivascular myocardial
fibrosis might be a result of myocardial isch-
emia that increases the stiffness of the myo-
cardium, reducing its compliance with more
deterioration [40].

The previous changes were confirmed by elec-
tron microscopy which revealed degenerated
CM, irregular small peripheral nucleus with
peripheral condensation of its chromatin, areas
of loss of myofibrils, irregular shaped mitochon-
dria, lost intercalated disc and cytoplasmic
vacuoles. The intercellular space between CM
was wide and contained fibroblasts and colla-
gen fibers. Nearly similar changes have been
previously described by [34, 41, 42]. Some
investigators explained that myocardial apopto-
sis is a common mechanism of DOX cardiotox-
icity [43-45]. Other mechanisms have been
postulated, among them free radicals libera-
tion and its direct toxic effect on cardiac mus-
cle, disturbed mitochondrial metabolism and
ability of DOX to bind to mitochondria lipids with
induced lipid peroxidation [46].

In contrast, rats injected with DOX and SIL
showed marked improvements in the histologi-
cal changes induced by DOX. There was normal
appearance of CM, preserved organization of
myofibrils with minimal hemorrhage, less con-
gestion of blood vessels and a highly significant
decrease in mean area% of collagen when com-
pared to DOX group. The above mentioned find-
ings were also supported by the improvement
of biochemical measures and elevation of GSH
level. These observations were in accordance
with the work done by [43-45] who proved
improvement of fibrosis and modulation of the
histopathological changes in cardiac tissues
after administration of SIL reflecting its anti-
fibrotic benefit. Additionally, some studies have
reported the protective and antioxidant role of
SIL against the animal models in which the
pathogenesis was produced by oxidative stress
[12, 47].

Cardioprotective effect of SIL against DOX
induced oxidative stress could be attributed to
its radical scavenging and cell membrane stabi-
lizing effect. SIL significantly decreased the
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damage to rat heart DNA, microsomes and pro-
tected mitochondria by triggering pro-survival
cell signaling, decreasing electron leakage and
reduced the activities of ROS-producing en-
zymes [12, 31]. The anti-inflammatory effects
of SIL had been supported by the previous data
of [48, 49]. They explained its inhibitory effect
on the NF-kB, which is a key transcriptional fac-
tor for many genes involved in survival, regula-
tion of cell differentiation, inflammation,
immune system and apoptosis.

In this work, DOX group revealed strong VEGF,
iNOS and caspase 3 immunoexpression repre-
sented statistically by highly significantincrease
in their mean area% compared to control group
and SIL group. On the contrary, SIL-DOX group
showed significant reduction in the previously
mentioned parameters. This was consistent
with the work done by [29, 30, 50]. Several
reports suggested that DOX- can induce cardio-
toxicity through ROS formation which promotes
necrosis and apoptosis indicating the enhanced
effect of caspase-3 activity as an important
marker of apoptosis [51]. These changes could
be the result of increased oxidative stress com-
bined with low antioxidant defenses, resulting
in consequent cellular and DNA damage. The
decrease in the mean area% of caspase 3
immunoexpression detected in SIL-DOX group
could be also explained by the decreased iNOS
immunoexpression induced by SIL intake,
where a direct relationship between apoptosis
and iNOS over expression was observed in the
present work. The anti-apoptotic effect of SIL
was supported by [52] who observed that lack
of iINOS can preserve cardiac function and
enhance cardiac contractile and relaxation
responses in iNOS knockout mice.

It was proved that iNOS can be induced in car-
diac cells, which in turn result in excess produc-
tion of nitric oxide (NO) [53, 54]. The induced
iNOS plays a role in initiating CM death by apop-
tosis, myocardial remodeling, cardiac dysfunc-
tion and vascularization [54-56]. In previous
researches, when the gene encoding iNOS was
ablated, the expression of VEGF decreased. It
is known that VEGF mediates angiogenesis in
both physiologic and pathologic states and has
many effects on endothelial cells related to
vasodilation and permeability [54, 57, 58] In
addition, iNOS regulates expression of another
proinflammatory and proangiogenic enzyme,
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COX-2, in some systems. This explains the role
of iINOS in apoptosis and angiogensis observed
in DOX group. So, the decrease in expression of
iNOS in SIL-DOX group might also be an evi-
dence for the inhibitory effect of SIL on angio-
genesis and apoptosis. Recently, the antiangio-
genic effect of SIL was proved to be associated
with decreased secretion of vascular endothe-
lial growth factor with subsequent inhibition of
capillary tube organization, arrest of growth
and cell cycle, reduced invasion and migration
of endothelial cells [59].

Conclusion

Based on the results of the present work, it
could be concluded that silymarin can protect
the heart against doxorubicin-induced cardio-
toxicities, probably through the decrease of
iINOS overexpression and in turn, the decr-
ease of VEGF and caspase-3 activity and the
increase in cardiac tissue GSH, suggesting its
supportive role during anti-cancer treatment,
particularly doxorubicin containing treatments.
Therefore, silymarin may have a great potential
as a novel therapeutic agent to prevent against
the toxic effects induced by doxorubicin and
other cardiotoxic agents. Further clinical stud-
ies are needed to determine the appropriate
combination of silymarin with doxorubicin.
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