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Abstract: Adriamycin (ADR) efficacy in cancer chemotherapy is well-established. However, ADR-induced cardiotoxicity
remains a significant challenge. Aged garlic extract (AGE) is a natural polyphenol with high antioxidant potential. This study
was planned to determine the cytoprotective and antioxidant actions of AGE against the cardiotoxic effect of ADR in rats. Six
equal groups, control, ADR-treated (single dose of 10 mg/kg on day 8); AGE-treated (one dose of 250 mg/kg for 14 days); AGE
plus ADR-treated (one dose of 250 mg/kg AGE for one week plus ADR injection of 10 mg/kg on day 8); ADR plus AGE-treated
(single ADR injection of 10 mg/kg on day 8 plus AGE of 250 mg/kg once from 8th to 14th day); combined AGE plus ADR
plus AGE-treated (one dose of 250 mg/kg AGE for 14 days plus single ADR injection of 10 mg/kg on day 8). Sera and cardiac
samples were collected on day 15 and prepared for histological, ultrastructural and biochemical study. Disorganization,
focal degeneration and necrosis with apoptotic changes of the cardiac myofibrils were observed in ADR-treated rats. Also,
reduction in level of total creatine kinase, lactic dehydrogenase, alkaline phosphatase enzymes, glutathione, glutathione-
peroxidase, superoxide dismutase, and catalase activities and elevation in malondialdehyde concentration were detected in
ADR-treated rats. However, combination of AGE attenuated most of the histopathological, ultrastructural, and biochemical
changes induced by ADR. Combination of AGE attenuated the cardiotoxic effects-induced by ADR through its antioxidant
and cytoprotective potentials. Therefore, AGE can use as adjunct during administration of ADR in cancer therapy.
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Introduction

Adriamycin (ADR), also known as doxorubicin HCI, is
a cytotoxic anthracycline antibiotic and efficient antitumor
drug for the treatment of variable human solid tumors and
leukemias. However, its unfavorable adverse cardiotoxicity

Corresponding author:

Ashraf Youssef Nasr

Department of Anatomy, Faculty of Medicine, King Abdulaziz University,
Jeddah 21589, Saudi Arabia

E-mail: ashrafnaeem2013@gmail.com

limits its clinical uses [1]. The exact pathogenesis of ADR-
induced cardiotoxicity has not been fully elucidated but the
most common postulated hypothesis is the formation of free
radicals and superoxides that induce nuclear apoptosis, de-
oxyribonucleic acids (DNA) damage, lipid peroxidation and
impairment of the cardiac enzymes [2]. This hypothesis is
based on the relative lower content of the cardiac cells to the
antioxidant enzymes compared to liver and kidneys. Reduc-
tion of these antioxidant enzymes increases the production
of excessive free radicals and susceptibility to the oxidative
stress that could induce myocardial injury [3]. Moreover,
mitochondrial damage, lipid peroxidation, vasoactive amine
release, declined activity of Na, K-adenosine triphosphate,
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impaired myocardial adrenergic signaling/regulation and
cellular toxicity are supposed to be the other possible mecha-
nisms for the myocardial toxic effects of ADR [2].

The incidence of ADR-induced cardiotoxicity depends on
risk factors, genetic predisposition, duration of the therapy,
the existence of cardiovascular disorders and combinatory
cancer therapy. The results of recent studies revealed that
ADR can induce ROS through nicotinamide adenine di-
nucleotide phosphate oxidase and nitric oxide synthase path-
ways [4]. Moreover, decreased activity of Na, K-adenosine
triphosphate, mitochondrial damage, vasoactive amine re-
lease, and cellular toxicity are supposed to be the other possi-
ble mechanisms of ADR-induced cardiotoxicity [2]. Different
researches proved that ADR-cardiomyopathy is associated
with calcium dysregulation, iron metabolism abnormality,
DNA damage, endoplasmic reticulum stress, and cell apop-
tosis [5].

Besides, other various pathways including mitochondrial
dysfunction, peroxynitrite formation, autophagy and cardiac
inflammation are considered as a complex mechanism that
can explain the cardiotoxic effect of ADR [6]. Another theo-
ry of ADR-induce cardiotoxicity is the high binding affinity
of ADR to the anionic phospholipid cardiolipin within the
inner mitochondrial membrane. This mechanism stimulates
the cell death program and changes the channeling of the
electron transport chain and energy through the separation
of cardiolipin-associated proteins from the inner mitochon-
drial membrane. Binding of cardiolipin with ADR is medi-
ated by oxidative stress and is considered as one mediator
of ADR cardiotoxic action [7]. Also, the inhibitory effect of
ADR on the number of cardiac progenitor cells and postnatal
cardiomyocytes can impair the turnover of cardiomyocytes
and increase the number of aged cells [8].

From the previously reported data, ADR-induced cardio-
toxicity seems to be a complicated multifactorial pathway.
So, different protective strategies are planned to ameliorate
the cardiotoxic effect of ADR using variable synthetic and
natural products. Two main strategies have been commonly
used to reduce ADR cardiotoxicity: structural modification
by chemical and pharmaceutical methods and combination
by cardioprotective drugs. Therefore, different protective
strategies are planned using synthetic and natural products
to ameliorate the toxic side effects of ADR without a reduc-
tion in their therapeutic efficacy in experimental animal
models to approve for clinical use [1, 4]. However, in some
experimental studies, the combination of ADR with chemi-
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cal antioxidants reveals limited clinical value [6]. So, the
growing trends are focused on the herbal extracts, natural
products, and traditional medicine preparations that pos-
sessed an antioxidant potential to attenuate the cytotoxic
effect of the chemotherapeutic agents. Polyphenolic herbals
are major nutrients responsible for improving general health
and cure various pathological conditions. The natural herbal
antioxidants have been used to ameliorate ADR-induced cell
damage without compromising its anti-neoplastic efficacy in
many experimental animal-model studies [9].

Garlic is one of the most world-wide used traditional me-
dicinal plants for diseases management [10]. Garlic exhibits
anticancer, free radical scavenging, immunomodulatory,
anti-infection, anti-hypertension, anti-hyperlipidemia, anti-
diabetic effects through its high content of the bioactive
volatile, non-volatile, and water-soluble organosulfur com-
pounds such as allicin, diallyl sulfide, L-cysteines, alliin, S-
allyl cysteines (SAC) and ajoene [11]. The concentrations of
these bioactive sulfur compounds differ from raw to the pro-
cessed garlic forms. Where, the garlic extracts have higher
content of water-soluble organosulfur compounds than the
fresh garlic and other garlic preparations [10]. The biologi-
cal activity of the garlic preparations depends mainly on the
content of organosulfur compounds. Moreover, the chemi-
cal structure and standardization procedures of the garlic
preparation determine the antioxidant potency.

Aged garlic extract (AGE) is prepared by immersion the
raw garlic slices in low ethanol concentration for 12 months
at room temperature. The less irritant and odorless AGE
preparation contains a high concentration of S-allyl-mer-
captocysteine, SAC, diallyl disulfide and alliin [12]. AGE has
higher antioxidant potential due to its higher concentrations
of the water-soluble organosulfur compounds compared
to other garlic preparations [11]. These organosulfur com-
pounds can scavenge reactive oxygen (ROS) and reactive
nitrogen species, increase enzymatic and nonenzymatic an-
tioxidants levels. Through such antioxidant property, AGE
can stimulate the antioxidant enzymes; protects lipid, pro-
tein, and DNA from oxidation by scavenging ROS; protects
cell from oxidative injuries through the increase of glutathi-
one (GSH) content; plays an important role in antineoplastic,
anti-inflammatory, and immunomodulation effects [13].

To evaluate whether AGE could attenuate ADR-induced
histopathological changes and oxidative stress on the cardiac
tissue, this investigation is planned to study the possible
protective effects of AGE on ADR-induced cardiotoxicity at
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histopathological, ultrastructural and biochemical levels in a
rat model.

Aim

This research is carried out to reveal the possible cardio-
protective action of AGE on the cardiotoxicity of ADR in
adult male albino rats.

Materials and Methods

Animals and study design

Thirty-six adult male Wistar rats, aged 10-12 weeks, were
obtained from, King Fahd Research Centre, Jeddah, Saudi
Arabia. The animals were housed in plastic cages with 12-
hour light and dark cycle, kept under temperature (21°C-
24°C), humidity (50%-60%), fed standard diet, and free
access to tap water ad libitum. The experimental procedures
were conducted in accordance with the National Institute of
health guide for Care and Use of Laboratory Animals and
were approved by the research ethical committee, Faculty of
Medicine, King Abdulaziz.

Drugs and chemicals

ADR (Adriablastina, 50 mg vial; Pharmacia Italia SPA,
Milan, Italy) was purchased from EIMC United Pharmaceu-
ticals, Egypt. AGE (Kyolic) was purchased from Wakunaga
of America (Mission Viejo, CA, USA). Colorimetric kits of
creatine phosphokinase (CPK), lactate dehydrogenase (LDH),
alkaline phosphatase (ALP), malondialdehyde (MDA) for
lipid peroxidation, reduced GSH, glutathione-peroxidase
(GSH-Px), catalase (CAT), superoxide dismutase (SOD)
enzymes were purchased from Bio-Diagnostic Company,
Cairo, Egypt for biochemical assay according to the manu-
facturer’s instructions.

Experimental protocol

Randomly division of the rats was assigned to six groups
(6 rats each) after one week of acclimatization as following:
(1) control group, (2) AGE-treated group (single oral dose
250 mg/kg of AGE for 14 days [14], (3) ADR-treated group (a
single intraperitoneal (i.p.) injection 10 mg/kg on day 8) [15,
16], (4) AGE plus ADR-treated group (one oral dose 250 mg/
kg of AGE for one week plus a single i.p. injection 10 mg/kg
of ADR on day 8), (5) ADR plus AGE-treated group (a single
i.p. injection 10 mg/kg of ADR on day 8 plus a single oral
dose 250 mg/kg of AGE from 8th to 14th day), (6) AGE Plus
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ADR plus AGE-treated group (one oral dose 250 mg/kg of
for two weeks plus a single i.p. injection 10 mg/kg of ADR on
day 8). The rats were observed for lethargy, anorexia, diar-
rhea, difficulty breathing, bleeding, impaired ambulation, an
inability to remain upright, and deaths. Also, the rats were
weighed once every other day throughout the experimental
period.

Samples collection

At day 15, the animals were weighed and anaesthetized
using ether. Blood samples were collected through direct
intracardiac injection in non-heparinized labeled test tubes.
After 20 minutes, the serum was separated by centrifuga-
tion of the blood samples at 4,000 r/min for 15 minutes and
stored in a deep freeze at —20°C until used for biochemical
assessment. The hearts of the rats were removed, washed
with saline, dried with filtered paper, and weighted. The
HW/BW ratio was calculated. Part of left ventricle of each
heart was sectioned into slices. These slices were divided into
two groups; one immediately fixed in 10% buffered formalin
for histological studies and the other was fixed in 2.5% glu-
taraldehyde for ultrastructural examinations. The remaining
part of left ventricle of each heart was sliced into small pieces
and placed in ice- cold buffer saline for further biochemical
analysis.

Histopathologic examination

After 48 hours of 10% buffered formalin-fixation, the car-
diac samples were dehydrated through an ascending ethyl al-
cohol concentrations, cleared in xylol, embedded in paraffin
wax blocks, sectioned at 3-5 pm, mounted on glass slides,
and stained with haematoxylin and eosin (H&E), Masson’s
trichrome and periodic acid Schiff’s (PAS) [17] and exam-
ined by a light microscope.

Ultrastructure examination

The glutaraldehyde-fixed cardiac samples were washed
in phosphate buffer three times for 15 minutes each at 4°C,
post-fixed in 1% osmium tetroxide solution for 2 hours at
4°C, dehydrated through ascending concentrations of ethyl
alcohol, cleared in propylene oxide, embedded in Epon-
Araldite mixture (Embed-812; EMS, Fort Washington, PA,
USA), and polymerized at 60°C. Semithin sections (1 um-
thick) were cut, stained with 1% toluidine blue, and exam-
ined by light microscope to evaluate the histopathological
alterations. Ultra-thin sections (50-60 nm thick) were sliced
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by ultra-microtome (Leica RM 2125; Leica Biosystems Nuss-
loch, GmbH, Germany), picked up on copper grids, stained
with 2% uranyl acetate and lead citrate [18], and examined
using a transmission electron microscope (Jeol TEM 1200
EX; Jeol Ltd., Tokyo, Japan) at 80 Kv.

Assessment of serum cardiac enzymes

Serum levels of LDH enzyme [19], ALP enzyme [20], and
CPK enzyme [21] activities were estimated spectrophotom-
etry using commercial Kits according to the manufacturer’s
instructions.

Assessment of oxidative stress biomarkers

The sliced ventricular specimens were homogenized in
ice-cold KCI (150 mM) and prepared for determination the
tissue level of MDA at 532 nm as nmol/g protein [22] for
lipid peroxidation, CAT enzyme activity at 240 nm as U/mg
protein [23], SOD activity at 480 nm as U/mg protein [24],
reduced GSH concentration at 412 nm as mol/g protein [25],
and GSH-Px activity at 340 nm for 5 minutes as U/mg tis-
sue [26] using the commercial kits (Biodiagnostic company,
Giza, Egypt) according to the manufacturer’s instructions.

Statistical analysis

Data were presented as the mean+SD. The one-way
ANOVA analysis of variance and Tukey’s post-hoc multiple
comparison tests were performed to examine the difference
among the groups. All statistical analyses were made using
IBM SPSS Statistics for Windows, Version 22.0 (IBM Co.,
Armonk, NY, USA). The P-value<0.05 was considered statis-
tically significant.

Ashraf Youssef Nasr and Rasha A. Alshali

Results

General observation

The rats revealed no mortality in all experimental groups
except one rat of ADR-treated group. The remaining ADR-
treated animals appeared lethargic, with lusterless scruffy
fur, and developed diarrhea.

Body weight, heart weight, and heart weight/body
weight ratio

The mean final BW of the control rats recorded a sig-
nificant difference (P<0.05) compared to the other groups.
Meanwhile, comparing the final BW of ADR-treated ani-
mals, no significant difference was reported with that of
the rats treated with AGE before or after ADR injection.
Moreover, the HW of control revealed a significant differ-
ence (P<0.05) compared to that of the other group except
AGE-treated group which recorded no significant difference.
Meanwhile, the HW of ADR-treated group showed a sig-
nificant differences (P<0.05) compared to the other groups
except AGE-pre-treated group. Regarding the ratio between
the BW and HW of control group, a significant difference
was recorded compared to ADR-treated, AGE-post treated,
and combined AGE pre- and post-treated groups (Table 1).

Serum level of the cardiac enzymes

The mean serum level of CPK, ALP, and LDK enzymes’
activities of ADR-treated rats reported a significant differ-
ence (P<0.05) compared to their respective value in control
group. However, oral intake of AGE seven days before the in-
jection of ADR, seven days after the injection ADR, or seven
days before and seven days after ADR injection, a significant
reduction in the activity of serum level of CPK, ALP, and

Table 1. Effect of AGE and/or ADR on BW, HW, HW/BW ratio (gm), and mortality rate (%)

Animal group

(aummber=6 rats) Initial BW Pre-ADR BW Final BW HW HW/BW % Mortality %
Control 204.84+5.9 213.8+5.90 228.0+6.7>9 1.33+0.04** 0.59:0.02 0
AGE 198.4+5.6 205.6+4.20 219.2+4.2*>9 1.29+0.30** 0.58+0.03 0
ADR 211.6+4.8 223.447.02 201.6+4.2* 0.99+0.13* 0.51+0.06* 16.7
AGE+ADR 211.8+5.5 219.4+5.98 203.045.8" 1.10+0.12 0.55+0.04 0
ADR+AGE 203.416.5 218.2+2.90 206.8+4.7>9 1.14:+0.04%*¢ 0.48+0.11* 0
AGE+ADR+AGE 209.4+4.3 222.4+5.03 215.0+3.5">% 1.18+0.09*** 0.55+0.04* 0

Values are presented as mean+SD (n=6). AGE, aged garlic extract; ADR, adriamycin; BW, body weight; HW, heart weight; Pre-ADR BW, the BW before injection
of ADR. a)Significant difference (P<0.05) between the final and initial BW of same group; b)Significant difference (P<0.01) between the BW at the date of ADR-
injection and final BW of the same group; “Significant difference (P<0.05) from the final BW of the control group; “Significant difference (P<0.05) from the final
BW of the ADR-treated group. *Significant difference (P<0.05) from the HW of control groups. **Significant difference (P<0.05) from HW of ADR-treated rats.

One-way ANOVA followed by Tukey’s post-hoc test.
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LDH enzymes compared to their respective values in ADR-
treated animals. Also, the activity of LDH and CPK enzymes
of control rats revealed a significant difference compared to
their respective values of the other groups (Table 2).

Tissue oxidant/antioxidant biomarkers

The mean tissue level of MDA, the biomarker of lipid
peroxidation, revealed a significant increase in ADR-treated
group compared to its respective value in control group.
Meanwhile, co-administration of AGE with ADR induced a
significant reduction (P<0.05) in MDA level compared to its
value in ADR-treated animals. Conversely, the injection of
ADR produced a significant reduction (P<0.05) in the mean
tissue level of GSH activity, GSH-Px, CAT, and SOD com-
pared to the control group. Meanwhile, the combination of
AGE with ADR resulted in a significant (P<0.05) increase in
the mean tissue level of GSH, GSH-Px and the activities of
tissue SOD and CAT enzymes compared to their respective
values in ADR-treated animals. However, the mean tissue
levels and activities of these enzymes revealed no significant
difference in control group compared to their values in the
combined AGE and ADR-treated groups (Table 3).

Table 2. Effect of AGE and/or ADR on serum level of cardiac enzymes

Animal group CK (U/]) LDH (U/l)  ALP (U/l)
Control 100.3+7.8”  391.7+61.8”  143.5+8.9"
AGE-treated 100.8+74”  3955+62.2°  144.8+7.7"
ADR-treated 721.7465.6°  1090+132.8”  49.3%8.6"
AGE pre ADR-treated 42174564  7233472.3"  79.247.9""
AGE post ADR-treatment 375452.1*"”  628.3+83.8"Y  91.8+9.9™
AGE pre- and post 265+53.2*"  536.7+85.0"”  111.5+10.2*"

ADR-treated

Values are presented as mean+SD (n=6). AGE, aged garlic extract; ADR,
adriamycin; CK, total creatine kinase; LDH, lactic dehydrogenase; ALP,
alkaline phosphatase enzymes. “Significant difference (P<0.05) vs. control
group; "Significant difference (P<0.05) vs. ADR-treated group. One-way
ANOVA with post-hoc Tukey multiple comparison test was used.
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Histopathological findings

Normal histological structure of cardiac muscle was
observed in both control (Fig. 1A) and AGE-treated (Fig.
1B) groups, where branching cardiac myofibrils (MF) with
transverse striations, elongated single and central nuclei, nu-
merous blood capillaries in the connective tissues between
the MF were seen in the heart specimens. On the contrary,
different areas of cellular degeneration and necrosis, cyto-
plasmic vacuolization, inflammatory cell infiltration, hemor-
rhage, and vascular congestion were seen in the specimens of
ADR-treated animals (Fig. 1C). Meanwhile, AGE treatment
markedly reduced the histopathological changes induced by
ADR injection, wherein AGE pre-treated group, small-sized
areas of cellular degeneration and necrosis, congested blood
vessels (BV) were observed within cardiac tissue (Fig. 1D);
in AGE post-treated rats, scattered small areas of cellular
degeneration with dilated congested BV and wide intercel-
lular spaces were seen within the histological structure of the
cardiac specimens (Fig. 1E); and in combined AGE pre- and
post-treated animals, almost normal cardiac myocytes with
vascular congestion were reported in cardiac specimens (Fig.
1F).

In Masson trichrome-stained sections, a little amount of
collagen fibers was seen between the cardiac MF and around
the BV in control (Fig. 2A), AGE-treated (Fig. 2B), and the
combined AGE pre- and post-treated (Fig. 2F) groups. How-
ever, a relative increase in the amount of collagen fibers was
identified around the BV and within the degenerated cardiac
areas in ADR-treated animals (Fig. 2C). Conversely, co-ad-
ministration of AGE with ADR resulted in a remarkable re-
duction in the amount of collagen fibers between the cardiac
MF, within the degenerated cardiac areas, and around the
congested BV of AGE pre-treated (Fig. 2D) and AGE post-
treated (Fig. 2E) groups.

PAS-stained cardiac sections showed a strong positive
reaction within the sarcolemma of cardiac myocytes in con-

Table 3. Effect of AGE and/or ADR on cardiac oxidant and antioxidant tissue enzymes

Animal group (number=6 rats) MDA (nmol/g) GSH (umol/g) GSH-Px (U/mg) CAT (U/mg) SOD (U/mg)
Control 75.7+6.5° 1.20+0.30° 6.6+0.88° 52.7+3.67 55.8+2.9°
AGE? 72.8+7.59 1.20+0.20° 6.4+0.91° 53.3+2.9° 55.3+3.19
ADR” 111.0+12.7° 0.84+0.15" 3.440.73% 37.543.5" 432+3.8Y
AGE+ADR’ 96.248.2%9 0.95+0.16 4.0+0.64% 41.5+3.7° 50+3.249
ADR+AGE 93.0+8.8%¢ 1.00+0.18 4.3+0.86" 44.3+3.4% 52.8+3.1°
AGE+ADR+AGE 87.8+8.1%° 1.10+0.18° 5.6+0.84" 50.3+3.87 54.242.9”

Values are presented as mean+SD (n=6). AGE, aged garlic extract; ADR, adriamycin; MDA, malondialdehyde; GSH, glutathione; GSH-Px, glutathione-

peroxidase; CAT, catalase; SOD, superoxide dismutase. “)Aged garlic extract-treated group; b)Adriamycin—treated group; “The combined AGE and ADR-treated

groups. *P<0.05 vs. control; ?P<0.5 vs. ADR-treatedgroup. Analyzed by one-way ANOVA followed by Tukey’s post-hoc test.
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Fig. 1. Light micrographs of rat heart. (A, B) Control and AGE-treated group showing normal organization of the heart structure of branching
MF, with myocytes having central elongated N, and numerous BV in-between. (C) ADR-treated showing marked tissue necrosis (***),
disorganized degenerated MF, apoptotic N, interstitial edema, and dilated congested BV. (D) AGE pre-treated group showing areas of tissue
necrosis (***), degenerated MF, and BV. (E) AGE post-treated group showing minimal myofibrillar degeneration (MF) with the wavy organiza-
tion and congested BV. (F) Combined pre- and post- AGE treated group showing normally organized MF, myocytes with central elongated N
and vascular congestion (BV) in-between. H&E stain, Scale bars=20 pum (A-F). ADR, adriamycin; AGE, aged garlic extract; BV, blood vessels;
MF, myofibrils; N, nuclei.

Fig. 2. Light micrographs of rat heart. (A) Control group showing little collagen fibers (R) between the MF and around the BV. (B) AGE-
treated group showing minimal collagen fibers (R) between the MF and around the BV. (C) ADR-treated group showing an excessive amount of
collagen fibers (R) around the congested BV and between the MF. (D) AGE pre-treated group showing an excessive amount of collagen fibers (R)
between the MF and around the BV. (E) AGE post-treated group showing minimal collagen fibers (R) between the cardiac MF and around the
BV. (C-E) Symbol ** represent the degenerated area of myocardium. (F) AGE combined pre- and post-treated group showing a minimal amount
of collagen fibers (R) between the MF and around the BV. Masson trichrome stain, Scale bars=20 um (A-F). ADR, adriamycin; AGE, aged
garlic extract; BV, blood vessels; MF, myofibrils; R, positive PAS reaction.

https://doi.org/10.5115/acb.19.236 www.acbjournal.org
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trol (Fig. 3A), AGE-treated (Fig. 3B), and combined AGE pre-
and post-treated (Fig. 3F) groups. However, the PAS reaction
was hardly observed within the cardiac specimen of ADR-
treated rats (Fig. 3C). A weak PAS-reaction was seen within
the sarcolemma of cardiac MF in AGE pre-treated (Fig. 3D)
and AGE post-treated (Fig. 3E) groups.

Electron microscopic findings

By electron microscopic examination, the ultrastructure
of the control cardiac tissue showed striated MF with the
characteristic sarcomere organization. The sarcomere ex-
tended between two neighboring Z-lines. Light filaments in
the form of I-band appeared on both sides of Z-line. Dark
filaments were in the form of the A-band and H-line. Nu-
merous mitochondria with many transverse cristae and in-
tact limiting membranes appeared as longitudinal columns
between the myofilaments. The nucleus of cardiac myocytes
appeared regular in shape with a normal distribution of het-
erochromatin. An abundant amount of mitochondria having
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many cristae appeared in the perinuclear space and between
the MF (Fig. 4A-C). Scattered regular tubular sarcoplasmic
reticulum was seen within the sarcoplasm of the myocytes
(Fig. 4A, D). Different junctional complexes appeared be-
tween the cardiac myocytes in the form of fascia adherent,
macula adherent and gap junction (Fig. 4D).

Moreover, normal cardiac ultrastructure was seen the car-
diac tissue of the AGE-treated rats, where well-organized MF
were observed with columns of mitochondria in-between
(Fig. 5). Regular sarcomeres between the two Z-lines, white
filaments around the Z-line, and dark filaments in the form
A-bands formed the main structure of the MF. Thin regular
sarcolemma formed the outer boundary of the myocytes.
Scattered tubular sarcoplasmic reticulum was observed be-
tween the MF as well (Fig. 5A-C). The myocytes exhibited a
regular elongated central nucleus with multiple small elec-
tron-dense nucleoli and scattered heterochromatin masses
within the nucleoplasm and on the nuclear envelope inner
aspect (Fig. 5B).
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Fig. 3. Light micrographs of the rat heart. (A) Control group showing a R at the perimysium of the MF. (B) AGE-treated group showing a

minimal R at the perimysium of the MF. (C) ADR-treated group showing minimal R at the perimysium of the remaining MF. (D) AGE pre-

treated group showing a R at the perimysium between the MF. (E) AGE post-treated group showing a R at the perimysium between the MF.

(C-E) Symbol *** represent the degenerated area of myocardium. (F) AGE combined pre- and post-treated group showing an excessive R at the
perimysium between the MF. PAS stain, Scale bars=20 pm (A-F). ADR, adriamycin; AGE, aged garlic extract; MF, myofibrils; PAS, periodic

acid Schiff’s; R, positive PAS reaction.
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The ultrastructure findings of the ADR-treated cardiac
tissue showed disorganized fragmented cardiac MF with
marked necrosis, degeneration, and atrophy. Interrupted
thick irregular Z-lines were seen with wide intermyofibrillar
spaces. No white or dark filaments were recognized within
the cardiac tissues. Loose scattered degenerated mitochon-
dria with moth-eating appearance were observed between
the MFE. The mitochondria exhibited irregular outline, elec-
tron-dense condensed matrix, loss of their transverse cristae,
and degenerated mitochondrial membranes (Fig. 6A-C). The
cardiac myocytes had apoptotic small nuclei with shrinkage
nucleoplasm, condensed peripheral heterochromatin, and
wide perinuclear space (Fig. 6A). Irregular discontinuous
sarcolemmal membrane with wide sub-sarcolemmal space
containing heterogeneous matrix formed the outer limits
of the cardiac myocytes (Fig. 6A-C). Fragmented, irregu-
lar disturbed intercalated discs, that formed the junctional
complexes, were seen between the disorganized MF. Short
contracted MF were observed around the intercalated disc.
Dilated sarcoplasmic reticulum was seen between the MF
(Fig. 6D).
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Fig. 4. Electron micrograph of control
rat heart showing (A-C) normal orga-
nization of branching MF with cross
striations. Regular S extends between
the two Z. White filament (I-band)
surrounds the Z and the dark filaments
(A-band) in-between. Columns of
M are present between the MF and
around the N. Tubular SR is present
between the MF near to Z. (D) The
ICD is present between two myocytes.
The disc consists of different types of
JC. TEM osmium tetraoxide-Silver
nitrate stains (A-D). Scale bars=2 um
(A-C), 500 nm (D). BV, blood vessels;
CY, cytoplasm; ICD, intercalated disc;
JC, junctional complexes; M, mito-
chondria; MF, myofibrils; N, nucleus; S,
sarcomere; SR, sarcoplasmic reticulum;

7, 7Z-line.

5(Hm

The ultrastructure of the rats” hearts treated with AGE
for one week before ADR injection (the AGE pre-treated) re-
vealed few disorganized branching MF with apparent white
and dark filaments. The MF showed areas of different sizes
with degenerative changes. The mitochondria arranged in
columns between the MF. Many mitochondria exhibited
variable sizes, irregular outline, loss cristae, and condensed
matrix. Dilated tubular sarcoplasmic reticulum was seen be-
tween the MF (Fig. 7A-C). The myocyte had obliged regular
nucleus with the intended nuclear envelope, electron-dense
central nucleolus, and numerous scattered masses of the con-
densed heterochromatin within its nucleoplasm. Few, small-
sized mitochondria, electron-lucent vesicles, and electron-
dense granules were observed in the wide perinuclear space
(Fig. 7B). Less formed intercalated discs with fewer junc-
tional complexes were seen between the myocytes. Few short
contracted MF were observed around the intercalated disc
(Fig. 7D).

The ultrastructure of the rats’ hearts treated with AGE for
one week after ADR injection (the AGE post-treated) showed
regular branching MF with columns of compact large-sized
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normal mitochondria. Regular Z-lines, white and dark fila-
ments were seen within the cardiac tissue. Few degenerated
mitochondria were observed between the MF (Fig. 8A-C).
The myocytes had a regular sarcolemmal membrane with
wide subsarcolemmal space containing electron-dense gran-
ules and small mitochondria (Fig. 8B). The myocyte had
elongated regular nucleus with many electron-dense nucleoli
and heterochromatin masses on the inner aspect of nuclear
envelop (Fig. 8B). Complex intercalated disc with different
types of junctional complexes was seen between the adjacent
myocytes (Fig. 8D).

The ultrastructure of the rats” hearts treated with AGE
for one week before and one week after ADR injection (the
AGE combined pre- and post-treated) showed the normal
structure of regular branching MF with cross striations. The
myofibers exhibited well-formed white filaments around the
regular Z-lines and dark filaments of A-band and H-band.
Columns of large-sized normal mitochondria were seen

between the MF. The tubular sarcoplasmic reticulum was
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Fig. 5. Electron microgruphs of rat
heart treated with AGE showing (A-
D) normal organization of MF with
columns of round M in-between. The
MF have cross striations with nume-
rous S between the Z, white filaments
(I-band) around the Z and dark fila-
ments (A-band) between the white
filaments. The myocyte has a regular SL
with subsarcolemmal space (S) under-
neath. (B) The myocytes have central
elongated regular heterochromatic N.
Scattered tubular SR is seen between the
MF near to the Z. (D) Complex ICD
composing of multiple JC are present
between the neighboring myocytes.
TEM osmium tetraoxide-Silver nitrate
stains (A-D). Scale bars=2 um (A-C),
500 nm (D). AGE, aged garlic extract;
ICD, intercalated disc; JC, junctional
complcxcs; M, mitochondria; MF,
myofibrils; N, nucleus; S, sarcomere;

SL, sarcolemmal membrane; SR, sarco-

5 OO_Hm

plasmic reticulum; Z, Z-line.

observed between the MF (Fig. 9). The cardiac myocytes had
a central elongated nucleus with intended regular nuclear en-
velop, many electron-dense nucleoli of variable size, granular
nucleoplasm, and peripheral electron-dense heterochroma-
tin on the inner aspect of nuclear envelop (Fig. 9B). Complex
intercalated discs of different forms of the junctional com-
plexes were observed between the neighboring cardiac myo-
cytes (Fig. 9D).

Discussion

The clinical efficiency of ADR in the treatment of dif-
ferent types of cancers is well-established. However, ADR-
induced cardiotoxicity remains a significant challenge [27].
So, different strategies of research and investigation were
explored over the years to clarify the exact mechanism of
cardiotoxicity induced by ADR [1, 4, 28]. ADR-induced
cardiotoxicity seemed to be a multifactorial complicated
mechanism, where the oxidative stress, increased lipid per-
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oxidation, abnormal calcium hemostasis, mitochondrial
dysfunction, iron regulatory protein product, nitric oxide
release, decrease ATP level, increase inflammatory media-
tors, endothelial dysregulation, hampered cardiac progenitor
cells, autophagy and cell death were implicated in the devel-
opment of the cardiotoxic mechanism of ADR [1, 4, 27, 29].
Recently, many animals’ experimental studies used the
natural products and medicinal herbs to attenuate the toxic
effect of ADR on the heart [4, 9, 15, 28, 29]. AGE and its
components exhibit anti-inflammatory, antihypertensive,
anti-hyperlipidemic, anti-diabetic, powerful anti-oxidant
and immune modulation effects. So, AGE was used to pro-
tect against the toxicity of ADR [15, 30], Acrylamide [31],
trichloromethane [32] and cisplatin [14]. The anti-oxidant
potential of AGE was mediated through inhibition of lipid
peroxidation, increasing glutathione in the cells, and scav-
enging ROS, enhancing cellular enzymes [10, 12]. So, in the
present study, AGE with known anti-oxidant, anti-apoptotic
and cytoprotective properties was used to attenuate ADR-
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Fig. 6. Electron micrographs of ADR-
treated rat heart showing (A-C) marked
tissue degeneration and necrosis (**)
with MF disorganization. Irregular in-
terrupted Z and SL are seen with cardiac
tissue. The myocytes have apoptotic N*
with wide electron-lucent perinuclear
space. Scattered pleomorphic degenerated
M are seen between the atrophic MF.
The M show irregular outline, moth-
eaten degeneration (*), condensed
electron-dense matrix and loss of their
cristae. Irregular discontinuing SL is seen
limiting the myocytes. (C) Segmented
apoptotic N* with peripheral condensed
heterochromatin is secen within the
myocyte. (C, D) Fragmented ICD com-
posed of loose JC are seen between the
myocytes. (D) Short contracted MF
and degenerated (*) M are present bet-
ween the myocytes. TEM osmium
tetraoxide-Silver nitrate stains (A-D).
Scale bars=2 pm (A-C), 500 nm (D).
ADR, adriamycin; ICD, intercalated
: disc; JC, junctional complexes; M, mito-
§ chondria; MF, myofibrils; N, nucleus; SL,

L
’ ﬂ' 500_nm‘

sarcolemmal membrane; SR, sarcoplas-
mic reticulum; Z, Z-line.

induced morphological, histopathological, ultrastructural,
and biochemical cardiotoxic effects in the adult male albino
rats [15], where high mortality with a significant reduction
of the BW, HW, and HW/BW ratio was recorded 7 days after
ADR treatment.

Meanwhile, the co-treatment of ADR-injected animals
with oral AGE effectively restored the loss of both body and
HWs. The higher mortality in ADR-treated rats might be due
to intraperitoneal injection, which could induce serious mu-
cositis with subsequent reduction of food intake, diarrhea,
and weight loss [33]. Moreover, the significant reduction of
the BWs might be the result of inhibition of protein synthesis
and decrease of the food assimilation under effect of ADR
on gastrointestinal tract [15, 33, 34], whereas reduction of
the HW and HW/BW ratio was the result of the degenera-
tion, necrosis, and atrophy of the cardiac MF under effect of
ADR [15, 34]. On the contrary, the combination of oral AGE
induced a significant regain of the weight of the body and
heart of ADR-injected animals. Such an effect could be in-
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duced as a result of the improvement of the appetite and food

assimilation by AGE. Also, structural regeneration of the
cardiac tissue was observed in the combined ADR and AGE-
treated groups with significant improvement of the HW. So,
AGE seemed to ameliorate the morphological toxic effect of
ADR on the weight of both body and heart of the rats in the
different experimental groups.

In this study, the morphological changes were supported
by the histopathological findings, where structural disorga-
nization, loss striations, myofibrillar degeneration and ne-
crosis, cytoplasmic vacuolization, vascular congestion, and
interstitial edema and hemorrhage were seen in the cardiac
tissue of ADR-treated animals. In accordance with the find-
ings of this study, similar histopathological changes were
previously described by many researchers who supposed
that the oxidative stress, lipid peroxidation, and apoptosis
were the underlying mechanisms for ADR cardiotoxicity [29,
33, 34]. On contrary, the oral intake of AGE preserved the
histological structure and normalizes the architecture of the

Anat Cell Biol 2020;53:201-215 211

Fig. 7. Electron micrographs of the rats’
hearts treated with AGE for one week
before ADR injection (AGE pre-treated
group) showing (A-C) organized
MF with cross striations, well-formed
Z, white (I-band) and dark (A-band
and H-band) filaments. Symbol *
represent the moth-caten degenerated
mitochondria. Scattered area of tissue
necrosis (**) is present within the
cardiac tissue. Many degenerated M
with loss of its cristae are seen between
the MF. (A) The myocyte exhibits
regular central oblong heterochromatic
N with electron-dense n and intended
nuclear envelope. (D) An ICD with
loose JC is seen between the myocytes.
Contracted short myofilaments (MF)
are seen around the ICD. TEM osmium
tetraoxide-Silver nitrate stains (A-
D). Scale bars=2 pm (A-C), 500 nm
(D). ADR, adriamycin; AGE, aged
garlic extract; ICD, intercalated disc;
M, mitochondria; MF, myofibrils; N,
nucleus; n, nucleolus; SR, sarcoplasmic
reticulum; Z, Z-line.

cardiac tissue of the ADG-treated animals through its anti-
inflammatory, cytoprotective and anti-apoptotic properties
[15, 30]. So, AGE exhibited a promising protective effect on
ADR-induced cardiotoxicity and could be used as a cyto-
protective agent against the toxic effects of different chemo-
therapeutic drugs in clinical trials.

In the current study, the aforementioned morphological
and histopathological changes were further strengthened by
the electron microscopic findings, where marked myofibril-
lar degeneration, cellular disorganization, tissue necrosis,
mitochondrial degeneration, nuclear fragmentation and
apoptosis, dilated sarcoplasmic reticulum, disturbed inter-
calated discs, and fragmented sarcolemmal membrane were
seen in the cardiac myocytes of ADR-treated rats. Similar
findings were reported in ADR-intoxicated rats [16, 34]. The
cytoplasmic vacuolization was related to the dilation of sar-
coplasmic reticulum [29], while the loss of cardiac MF might
be due to the reduction of mRNA expression of troponin I
and myosin cardiac-specific proteins [29, 35].

https://doi.org/10.5115/acb.19.236



212 Anat Cell Biol 2020;53:201-215

2 pum

The dilatation of sarcoplasmic reticulum could increase
the openings of Ca®* channels and inhibit Na'-Ca*" exchang-
er membrane proteins with subsequent disruption of cell
metabolism, excess of free radicals generation, and nuclear
apoptosis as a result of cellular and mitochondrial Ca** over-
load [29]. However, few studies reported that ADR could
induce myocardial hypertrophy and cardiomyopathy with
high mortality [36]. Moreover, mitochondrial damage could
inhibit fatty acid oxidation; suppress the activity of N* K'-
ATPase and Ca*-Mg”* ions ATPase enzyme with subsequent
reduction of cardiac energy production, and myocardial con-
traction [33].

The serum level of CPK, LDH, and ALP enzymes is a sen-
sitive indicator on the intactness of the plasma membrane
of cardiac cells, as biomarkers of cardiac necrosis, and toxic-
ity. In this study, a marked increase in serum level of CPK,
LDH, and ALP enzymes was reported in ADR-treated rats.
Such effect might be due to increased lipid peroxidation and
sarcolemmal degeneration [28]. In consistent with the find-
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Fig. 8. Electron micrographs of the
rats” hearts treated with AGE for one
week after ADR injection (AGE post-
treated group) showing (A-C) orga-
nized branching MF with columns
of compact M in-between. The S are
present between the regular Z with
white filaments (I-band) around and
dark filaments (A-band) in-between.
H-bands are present at the centre of the
dark filaments (A-band). (B) Regular
clongated heterochromatic N with wide
electron-lucent perinuclear space. Few
degenerated M with loss transverse cristae
are observed between the MF. (C) Area
of myocardium degeneration (**). (D) An
ICD consisting of multiple JC is present
between the neighboring myocytes. TEM
osmium tetraoxide-Silver nitrate stains
(A-D). Scale bars=2 pm (A-C), 500
nm (D). ADR, adriamycin; AGE, aged
garlic extract; ICD, intercalated disc; JC,
junctional complexes; M, mitochondria;
ME, myofibrils; N, nucleus; S, sarcomere;
k. nl SL, sarcolemmal membrane; SR, sarco-

00

B & 50 lasmic reticulum; Z, Z-line.
P

ings of this study, ADR induced an obvious elevation in the
activities of serum CK, LDH, and CPK enzymes as a result of
myocardial injury [34].

The heart protects itself against the oxidative stress
through its endogenous antioxidant enzymes. Such enzymes
protect the cells against the noxious oxidative stress through
detoxification of the superoxide radicals and hydrogen per-
oxide in cardiac myocytes [37]. So, the heart was considered
the main target organ for ADR-induced oxidative stress due
to its lower content of endogenous antioxidant enzymes,
compared to other organs [29]. Moreover, in the current
study, the oxidative damage of ADR in cardiac tissue was
evidenced by the significant elevation of lipid peroxidation
marker (MDA), reduction of GSH content, decreased activi-
ties of CAT, SOD, and GSH-Px enzymes. In this context,
the findings of the current study coincided with that of the
previous reports [29, 34, 38]. Deficiency of GSH deficiency
in ADR-treated animals could be due to its consumption in
the interaction of ADR-induced free radicals with bio-mem-
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brane [38]. Furthermore, decrease the activity of antioxidant
enzymes in ADR-treated animals might be due to the oxida-
tive stress and high sensitivity of cardiomyocytes to ROS [5,
38].

On the contrary, oral supplementation of AGE to ADR-
intoxicated animals effectively restore the imbalance in
oxidant/antioxidant enzymes’ level in the cardiac tissue.
These findings revealed that the cardioprotective effect of
AGE against ADR cardiotoxicity through its antioxidant
property. In agreement with our results, the previous studies
reported the antioxidant potential of AGE through the free
radical scavenging properties [15, 30]. The reaction of ADR
with iron resulted to an excessive production of free radicals
that induced lipid peroxidation with subsequent increase of
MDA formation, which representing the breakdown product
of lipid peroxidation [39]. In this study, decrease the activity
of GSH-Px in DAR intoxicated rats might be due to exhaus-
tion in combating the oxidative stress [40]. Similarly, in this
study, oral intake of AGE plus ADR restored the alteration in

Anat Cell Biol 2020;53:201-215 213

Fig. 9. Electron micrographs of the
rats” hearts treated with AGE for one
week before and one week after ADR
injection (combined AGE pre- and post-
treated group) showing (A-D) normal
well-organized MF having transverse
striations and columns of large-sized
rcgular normal M. The MF have normal
white (I-band) and dark (A-band and
A-band) filaments. Scattered tubular
SR is seen between the MF near to
the regular Z. (B) The myocytes have
central elongated heterochromatic N
with electron-dense small n within its
nucleoplasm and an intended regular
nuclear envelope. The N is surrounded
by groups of rounded-shape normal M
and tubular SR. (D) Well-formed ICD
with different types of the JC are seen
between the adjacent myocytes. The
ICD are surrounded by well-organized
normal MF with light (I-band) and
dark (A-band and H-band) filaments.
TEM osmium tetraoxide-Silver nitrate
stains (A-D). Scale bars=2 um (A-C),
500 nm (D). ADR, adriamycin; AGE,
aged garlic extract; ICD, intercalated
disc; JC, junctional complexes; M,
mitochondria; MF, myof‘ibrils; N, nu-

cleus; n, nucleolus; S, sarcomere; SR,

5 OO_nm

sarcoplasmic reticulum; Z, Z-line.

the activities of GSH-Px, SOD, and CAT enzymes through
the detoxification of ROS induced by ADR and normaliza-
tion the activity of these enzymes. Also, the remarkable
reduction in MDA level as a marker of lipid peroxidation, in
the rats treated with AGE plus ADR could be considered as
an indication on the antioxidant potential of AGE.

In conclusion, the findings of this study proved that
oral co-administration of AGE can attenuate ADR-induced
morphological, histopathological, ultrastructural, and bio-
chemical cardiotoxic changes in the adult male rats through
its anti-oxidant, anti-inflammatory, and cytoprotective
properties. Thus, AGE could be used as an adjuvant therapy
with ADR to ameliorate its cardiotoxic effects. In the future,
the molecular mechanism of ADR- induced cardiotoxicity,
antioxidant and cytoprotective effects of AGE, and the effect
of AGE on the therapeutic efficacy of ADR should be inves-
tigated to update the strategies controlling ADR-induced
cardiotoxicity.
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