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ABSTRACT

Background: Doxorubicin (DOX) is an effective anticancer drug, however its use is limited due to severe cardiotoxic
effects as ventricular dysfunction, cardiomyopathy and heart failure. Intermittent fasting (IF) has a potential preventive and
therapeutic effects against variety of diseases including cardiovascular and neurodegenerative disorders.

Aim of Work: Investigating the effects of DOX on the histological structure of myocardium and evaluating the possible
cardioprotective effects of IF on these changes.

Materials and Methods: Forty cight adult male albino rats were divided equally into four groups: control, fasting (16
hours fasting /8 hours eating), DOX (received 3 mg/kg every other day for a total of six intraperitoneal injections) and
fasting DOX. Body weight, levels of cardiac biomarkers, Malondialdehyde (MDA) and autophagic indicators (LC3II & p62)
were measured. Myocardial specimens were processed for paraffin blocks and stained with H&E, Mallory’s trichrome and
immunohistochemical stains for p53. Moreover, resin blocks were processed for semithin and ultrathin sections examination.
Morphometric and statistical studies were performed.

Results: In DOX group, cardiac biomarkers, MDA, LC3II and p62 levels were significantly elevated compared to control
group. In addition to, marked histological alterations in myocytes, telocytes and autophagic process. Also, there was
significant decrease in cardiomyocytes diameter, significant increase in p53 positive cells and area percent of collagen fibres
versus control. On the other hand, IF protected cardiac tissues against the toxic effects of DOX as evidenced by amelioration
of histopathological changes and the non significant difference in the levels of cardiac enzymes, MDA, LC3II and p62,
cardiomyocytes diameter, p53 positive expressions and area percent of collagen fibres compared to control group.
Conclusion: Doxorubicin administration resulted into deleterious effects on the myocardium. Intermittent fasting had
cardioprotective effects against Dox-induced cardiotoxicity via restoration of oxidative state, attenuation of apoptosis,
regulation of autophagic process and preservation of telocytes.
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INTRODUCTION
Doxorubicin (DOX) is one of the highly effective

Macroautophagy, “autophagy” from this time forward,
is a lysosome-dependent quality control process to degrade

anthracycline antitumor agents used to treat several
malignancies such as leukemia, lymphoma, soft tissue
sarcoma and breast cancer!!. Unfortunately, DOX
clinical use is restricted mainly by its cumulative
irreversible cardiotoxicity. Doxorubicin can impair
the pumping function of the left ventricle resulting in
dilated cardiomyopathy and congestive heart failure with
subsequent termination of the treatment and worsening of
the patient prognosis!'?.,

To date, the mechanisms of DOX induced cardiotoxicity
are not completely clarified. Several factors were supposed
to occur simultaneously interacting with each other such
as oxidative stress (OS), DNA damage, mitochondrial
dysfunction, energy deficiency, calcium disorder,
lysosomal destruction, apoptosis and dysregulation of
autophagyl*.
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and turnover damaged organelles and misfolded proteins
for cellular renewal. So far, the role of autophagy in the
maintenance of tissue homeostasis is widely acknowledged
but its role during tissue injury and regeneration is still
emerging'®.

Baseline autophagy is needed to maintain cardiac
structure and function as impaired autophagy has been
reported to promote the pathogenesis and progression of
several heart diseases like ischemia reperfusion injury,
cardiac hypertrophy, cardiac aging, and heart failure!*!.
In addition, previous studies showed that augmentation of
autophagy could improve intracellular oxidative injury®™.
Recently reported studies have verified that DOX can
induce autophagy; however, it causes dysregulation in
the autophagic flux and the autophagic process cannot
be accomplished!'?. Thus, restoration of autophagy could
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IF PROTECTS AGAINST DOX CARDIOTOXICITY

be a prospective approach for dealing with DOX induced
cardiomyopathy.

Fasting is non pharmacological agent that was shown
to stimulate myocardial autophagy!''. It is characterized by
complete food deprivation without water, with intervals of
normal food intake. According to duration of fasting, it is
classified as periodic fasting (successive fasting period for
more than 24 hours), alternate day fasting, and intermittent
fasting (IF)!'"2. Intermittent fasting includes alternating
cycles of feeding and fasting (typically 16 hours (h) fasting
with complete deprivation of food not water and 8 h eating
with normal food intake)!'*l. Popularity of IF was attributed
to its potential valuable effects on health!'*. Furthermore,
IF improved a series of cardiovascular conditions including
hypertension!'*! and post myocardial infarction damagel'..

Telocytes, distinct interstitial cells found in most
organs, are recently suggested to be involved in cardiac
homoeostasis and regeneration. Cardiac telocytes are
increasingly regarded as key regulators in intercellular
signaling with numerous cell types like cardiomyocytes,
stem cells, blood capillaries, nerve endings and fibroblasts,
thus making considerable influence in cardiac physiology
and response to injury!”. Therefore, detection of methods
able to enhance telocytes growth and function might be a
novel therapeutic or prophylactic approach for numerous
acute and chronic heart diseases!'®l.

So far, Effective therapeutic strategies to cure DOX
cardiotoxicity are still not present. Thus, it remains
a challenge to find an effective agent which might
be combined with DOX preventing or reducing its
cardiotoxicity and at the same time able to maintain its
efficacy and safety in tumor treatments!'.

Therefore, this study aimed to detect the effects of DOX
on the histological structure of myocardium in adult albino
rats and evaluating the possible cardioprotective effects of
IF on these changes and on autophagy and telocytes as well.

MATERIALS AND METHODS

Drug

Doxorubicin (DOX): It was purchased from EBEWE
Pharma (Ges.m.b.H., A-4866 Unterach, Austria) as 5 ml
vials contained 10 mg doxorubicin HCI in 0.9% sodium
chloride.

Animals

Forty eight adult male albino rats of average
weight 200g were treated according to Cairo University
Animal Use Committee guidelines. They were housed in
the Animal house of Kasr Al-Aini Faculty of Medicine,
Cairo University. Rats were housed in polypropylene
cages with good aerated wire mesh covers at controlled
temperature 24+1 °C as well as normal light/dark cycle
(12 h light/12 h dark).

111) Experimental Design

The first day of experiment was assigned as day 1. All

rats were sacrificed at day 28. Rats were divided equally
into 4 groups:

Group I (Control group): supplied, all over 24 hours
of the day, with standard rat chow with free access to water
and food. They were equally divided into two subgroups:

Subgroup Ia: left without further treatment (served as
control for fasting subgroup Ila).

Subgroup Ib: received intraperitoneal (IP) injection
of 0.3 ml saline every other day (days 17, 19, 21, 23, 25
and 27). They served as control for fasting subgroup IIb
and DOX group.

Group II (Fasting group): rats underwent IF protocol
in which they were deprived of food only not water
for 16 h daily staring from 6 pm to 10 am. During non
fasting 8 h, rats had ad libitum access to food and water
without caloric restriction!3*!, They were equally divided
into 2 subgroups

Subgroup Ila: left without further treatment.

Subgroup IIb: received IP injection of 0.3 ml saline
every other day (days 17, 19, 21, 23, 25 and 27).They
served as control for group IV (fasting DOX group).

Group III (DOX group): supplied, all over 24 hours
of the day, with standard rat chow with free access to water
and food similar to control group. Rats received (3 mg/kg)
IP injection of doxorubicin (i.e each rat received 0.3 ml
saline contained 0.6 mg DOX) every other day from day 17
(days 17, 19, 21, 23, 25 and 27) for a total of 6 injections
(cumulative dose 18mg/kg) then they were sacrificed one
day after the last injection (at day 28)12!.

Group IV (Fasting DOX group): underwent IF
protocol as group II and were received simultaneous DOX
injections similar to group III.

1V) Experimental Procedure

1. Body weight for all animal was recorded at
days 1, 17 and 28.

2. Biochemical investigations:

»  Just before scarification time, blood samples from
tail veins of all rats were collected in heparinized
capillary tubes and serum Troponin T, lactate
dehydrogenase (LDH) and creatine phosphokinase
(CPK) enzymes were measured to determine
myocardial injury. Rats were sacrificed after being
anaesthetized with IP injection of ketamine (90
mg/kg)/xylazine (15 mg/kg)?? and the hearts of
all rats were dissected to obtain the left ventricular
muscles. Cardiac homogenates were prepared to
measure expression level of:

* Malondialdehyde (MDA):
peroxidation and OSP,

*  LC3II (ab48394, abcam, Cambridge,UK) and p62
(ab109012, abcam, Cambridge,UK): indicators of
autophagy by Western blot analysis?*.:

indicator of lipid
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LC3II (microtubule-associated protein 2 light chain 3)
is considered the only reliable protein marker associated
with autophagosomes formation,

p62: regulates the formation of protein aggregates and
is removed by autophagy during the digestion steps. Thus,
its accumulation indicates failure to complete autophagic
process¢l.

All measurements were conducted at the Unit of
Biochemistry and Molecular Biology at Biochemistry
Department, Faculty of Medicine, Cairo University.

3. Histological Studies

- For light microscopic studies, left ventricle specimens
were fixed in 10% formol saline and processed to paraffin
blocks. Sections were cut at six micro meters thickness and
stained with:

¢ Hematoxylin and Eosin (H&E)?”

e Mallory’s trichrome stain to detect collagen
fibres”

¢ Immunohistochemical staining for p53 as a marker
for apoptosis. It is a rabbit polyclonal antibody
(catalogue number ab131442, abcam, Cambridge,
UK). Sections for immunohistochemical stains
were boiled for 10 minutes in 10 Mm citrate
buffer (catalogue number AP9003-125) at pH 6
for antigen retrieval then incubated for 1hour with
the primary antibody. Ultravision detection system
(catalogue number TP-015-HD) was used to
complete immunostaining. Mayer's hematoxylin
(catalogue number TA-060-MH) was used for
counterstaining.  Citrate  buffer, Ultravision
detection system as well as Mayer's hematoxylin
were purchased from Labvision Thermo Scientific
(Fremont, California, USA). Positive reaction
appears as brown nuclear reaction. To detect the
specificity of the reaction, negative controls were
done using the same steps but without addition of
the primary antibody™7.

- For electron microscopic studies, left ventricle
specimens were cut into small pieces (0.5-1.0 mm3),
prefixed in 2.5 % glutaraldehyde for 2 hours then postfixed
in 1% osmium tetroxide in 0.1 M phosphate buffer at pH 7.4
and 4 °C for two hours. Specimens were then dehydrated
and embedded in epoxy resin to obtain resin blocks?”!.
Semithin (1 pm) and ultrathin (60-90 nm) sections were
cut using a Leica ultracut (UCT) (Glienicker, Berlin,
Germany) at Electron Microscope Research Unit, Faculty
of Agriculture, Cairo University. Semithin sections were
stained with toluidine blue (1%) and were examined by
light microscope. On the other hand, ultrathin sections
were stained with uranyl acetate followed by lead citrate
and were examined and photographed by transmission
electron microscope (TEM) (JEOL JEM-1400, Japan)™®,

Telocytes, their telopodes and stem cells were digitally
coloured, for their better visualization, using Adobe
Photoshop CC 2017 v 18.0.

4. Morphometric Studies

Ten non-overlapping fields from different sections of
each group were used to determine the following:

¢ Mean diameter of cardiomyocytes in 50 fibres
for each group. It was measured as the distance
between cardiomyocyte borders drawn through the
nucleus (x400).

*  Mean area percent of collagen fibres (x100).
*  Mean number of p53 immunopositive cells (x400).

Measurements were carried out using Leica
Qwin-500 LTD-software image analysis computer system
Ltd. (Cambridge, England) at Histology Department,
Faculty of Medicine, Cairo University.

5. Statistical Analysis

The morphometric measurements and the biochemical
results were statistically analysed using “IBM SPSS
statistics 21”. Analysis was performed by One-way
analysis of variance (ANOVA) followed by “Tuckey”
post-hoc test to determine the statistical significance
(P value < 0.05 was considered significant). Data were
presented as mean £standard deviation (SD)?.

RESULTS

General Observations

No deaths were observed in all rats during the
experiment. The control subgroups revealed comparable
results so, they were collectively named control group.
Likewise, fasting subgroups were collectively named
fasting group. Diarrhea, determined by the need to change
the animal cage, was observed in rats in DOX group
following DOX administration.

DOX and IF Effects on Body Weight (Table 1):

Comparing baseline body weight in different groups
at day 1 revealed non significant difference versus each
other. On day 17, animals in group I (control group) and
IIT (before staring DOX injection) showed increased body
weight, animals underwent IF in groups II and IV showed
less weight gain with non significant difference versus
other groups.

On day 28, control group showed progressive increase
in body weight, however less weight gain was recorded
in the remaining groups. Non significant difference was
observed among control, fasting and fasting DOX groups.
Animals received DOX in group III showed least body
weight gain with significant decrease compared to control
(»<0.05) and non significant difference compared to group
II and group IV (fasting DOX group).

DOX and IF Effects on Cardiac Biomarkers
(Troponin T, LDH, CPK) and OS Marker MDA
(Table 2)

At the end of the experiment, fasting group recorded
non-significant decrease versus control group regarding
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the levels of Troponin T, LDH, CPK enzymes and MDA.
In DOX group, their levels revealed a significant increase
versus other groups (p<0.05), whereas in fasting DOX
group, their levels expressed significant decrease compared
to DOX group (p<0.05) and non-significant increase versus
control group as well as fasting group.

DOX and IF Effects on Autophagic Indicators
(LC3II and p62) (Table 2)

At the end of the experiment, fasting group recorded
an elevation in LC3II level associated with decrease
in p62 level compared to control group, but with non
significant difference. Administration of DOX in group
I (DOX group) induced pronounced increase in both
LC3II and p62 levels and the difference was significant
when compared to all other groups (p<0.05). On the other
hand, in fasting DOX group, both LC3II and p62 revealed
significant decrease compared to DOX group (p<0.05) and
non significant increase versus control and fasting groups,
although they did not completely revert back to control
values.

Histological Results
Control Group (group I)

H&E stained sections of control group revealed normal
histological architecture in the form of branching and
anastomosing cardiac muscle fibres in different directions.
Muscle fibres had acidophilic sarcoplasm and single oval
centrally located vesicular nuclei. Intercalated discs were
hardly observed at interval as transversely running dark
lines. Nuclei of connective tissue (CT) cells and blood
vessels were noticed within the thin endomysium between
myocytes (Figure 1.a).

In semithin sections, cardiomyocytes had single central
pale oval nuclei with prominent nucleoli. The sarcoplasm
revealed normal pattern of transverse striations and clearly
observed intercalated discs that connect adjacent cells.
Fibroblast and blood vessels were seen in the endomysium
(Figure 1.b).

Mallory’s trichrome stained sections showed fine blue
stained collagen fibres in endomysium between the red
stained cardiac muscle fibres and also around blood vessels
(Figure 1.c).

Immunohistochemically stained sections with anti
p53 showed negative immune reactions in nuclei of
cardiomyocytes, endothelial cells and interstitial cells
(Figure 1.d).

Ultrastructurally, cardiomyocytes had oval euchromatic
nuclei with prominent nucleoli and filled with long parallel
myofibrils (MF). The MF showed normal striations pattern
with alternating dark bands (A), bisected by M lines,
and light bands (I). In the middle of I bands appeared
regular (Z) lines demarcating regular sarcomeres. Rows
of mitochondria (m) were seen between MF and in the
perinuclear area. T tubules of the diads were demonstrated

at the level of the Z lines (Figures 2.a and 2.b). Intact
intercalated discs with its desmosomes and adherens
junctions were noticed (Figure 2.b). Telocytes were seen
between cardiomyocytes as solitary oval cells with large
euchromatic nuclei surrounded by cytoplasm. Telocytes
had characteristic moniliform telopodes (Tps) extending
from the cell body with variable length and width
characterized by alternating thin segments (podomers) and
thick segments (podoms). Telopodes; sometimes; appeared
convoluted and branched around nearby blood vessel
(Figure 2.c).

Fasting Group (group II)

Sections stained with H&E (Figure 3.a), toluidine blue
(Figure 3.b), Mallory’s trichrome (Figure 3.c) and anti
p53 immunohistochemical stains (Figure 3.d) showed
histological features comparable with control group.
Similarly, sections examined by TEM (Figures 4.a and 4.b)
revealed histological features similar to control group.

DOX Treated Group (group III)

Examination of H&E stained myocardial sections of
DOX treated group revealed separated cardiac muscle
fibres. Additionally, many fibres appeared degenerated with
vacuolated sarcoplasm devoid of nuclei and some fibres
had focal areas of deeply stained homogenous acidophilic
sarcoplasm. Congested blood vessels, extravasated red
blood cells (RBCs) and inflammatory infiltrate were also
observed (Figure 5.a).

In semithin sections, the sarcolemma appeared wavy
and disrupted. Cardiac muscle fibres had disrupted poorly
organized transverse striations, and areas of rarefaction
that appeared as homogenous pale blue areas with scanty
striations especially under the sarcolemma. Vacuolations
and interrupted intercalated discs were also noticed.
Nuclei of some myocytes had irregular or disrupted
nuclear membranes and other nuclei appears small with
dark peripheral clumped chromatin. Additionally, wide
interfibres spaces, congested blood vessels with dark
endothelial nuclei and Inflammatory infiltrate were
detected (Figure 5.b).

Mallory’s trichrome stained sections showed obvious
deposition of blue stained collagen fibres between cardiac
muscle fibres and around blood vessels (Figure 5.¢).

Examination of p53  Immunohistochemically
stained sections revealed multiple positive nuclei in
cardiomyocytes, endothelial cells and interstitial cells
(Figure 5.d).

Ultrastructurally, the sarcolemma appeared wavy
and irregular. Nuclei of some myocytes appeared small.
Clumps of heterochromatin, peripheral margination of
chromatin against nuclear membrane and fragmentation
and formation of small condensed chromatin balls (masses)
were seen. Additionally, nuclear membranes appeared
irregular and or disrupted. Myofibrils and sarcomeres
were poorly organized with many interrupted Z lines.
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Focal areas of destructed MF or rarefaction of sarcoplasm
especially around the nucleus and under the sarcolemma
were observed. Moreover, distorted mitochondria with
abnormal shapes and disrupted membranes forming clusters
under the sarcolemma and between MF were observed.
Also, autophagososomes (AP) with accumulation of
undegraded cell debris (degenerated mitochondria) were
seen between the MF. Furthermore, there were many
dilated and disorganized T-tubules and distorted, non
continuous dilated intercalated discs with areas devoid
of cellular junctions. Increased collagen fibrils were also
noticed between cardiomyocytes. The endothelial nucleus
of blood vessels appeared irregular, indented with more
heterochromatin in addition to, endothelial membrane bleb
(Figures 6.a-c and Figure7.a). Telocytes with apoptotic
heterochromatic nuclei and thin telopodes were seen
between cardiomyocytes. Their telopodes surrounded cell
debris contained degenerated muscle fibres (degenerated
mitochondria and apoptotic bodies) (Figure 7.b).

Fasting DOX Group (group IV)

Sections stained with H&E (Figure 8.a) and toluidine
blue (Figure 8.b) showed apparently normal histological
features except for the presence of few darkly stained
nuclei, irregular nuclear membranes and some areas of
poorly organized or disrupted transverse striations. In
addition, mast cells with their specific metachromatically
stained granules were noticed.

Additionally, Mallory’s trichrome stained sections
showed scattered collagen fibres between muscle fibres
and around blood vessels (Figure 8.c).

Immunohistochemically stained sections with anti
p53 showed positive immunoreactions in some nuclei
of cardiomyocytes, endothelial cells and interstitial cells
(Figure 8.d).

Regarding sections examined by TEM, they revealed
apparently normal histological features except for the
presence of small areas of degenerated MF, dilated T
tubules and areas of nuclear membranes irregularities.
In addition, fusion of lysosomes with mitochondria was
observed (Figures 9.a-c).

Telocyte was seen in the endomysium between
cardiomyocytes as large oval cell with large euchromatic
nucleus and prominent nucleolus surrounded by cytoplasm.
Expanded podom segments of telopodes; containing
vesicles, multivesicular bodies and electron dense granules,
were seen extending from the cell body and forming sheath
around adjacent blood vessels in direct contact with its
endothelial lining. Telocytes established direct contact with
cells resembling stem cells, appeared small with intended
heterochromatic nuclei and high nucleocytoplasmic ratio
and present close to blood vessel. Telocytes were also seen
communicating with each other by direct contact via their
telopodes (Figures 10.a and 10.b).

Effect on Morphometric Results (Table 3)

Non significant difference was recorded in fasting
group versus control group regarding all morphometric
parameters. The mean diameter of cardiomyocytes in DOX
group revealed a significant decrease compared to other
groups (p<0.05). On the other hand, fasting DOX group
recorded non significant decrease versus control group
and fasting group and significant increase compared to
DOX group (p<0.05). Regarding the mean area percent of
collagen fibres and the mean number of p53 positive cells
in DOX group, they showed a significant increase versus
other groups (p<0.05). However, fasting DOX group
recorded significant decrease in these parameters compared
to DOX group (p<0.05) and non significant increase when
compared with control group and fasting group.
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Fig. 1: Photomicrographs of the control myocardial sections showing: a: Longitudinal striated branching (BR) muscle fibres (F) with acidophilic sarcoplasm,
single pale central oval nucleus (N) and intercalated disc (ID). Notice fibroblast’s nuclei (arrow) and blood capillaries (BV) in the thin interfibres spaces [H&E,
x400]. b: Muscle fibres (F) appear branching with central pale oval nuclei (N) with prominent nucleoli, normal pattern of transverse striations (arrow head) and
clearly observed intercalated discs (ID). Fibroblast (FB), and blood vessel (BV) lined by endothelium (arrow) can also be noticed [Toluidine blue, x1000]. c:
Fine blue stained collagen fibres (arrows) in  the endomysium between the red stained cardiac muscle fibres (F) [Mallory’s trichrome stain, x400]. d: Negative
p53 immunoreaction in nuclei of cardiomyocytes, endothelial cells and interstitial cells [anti p53 immunohistochemical stain, x400].
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Fig. 2: TEM photomicrographs revealing: a: Cardiomyocyte filled with long parallel myofibrils (MF) and has oval euchromatic nucleus (N) with prominent
nucleolus (nu). Rows of mitochondria (m) are seen between MF and also in the perinuclear area. Apparently normal T tubules (arrows) of the diads are noticed
at the level of the Z lines (Z) that bound regular sarcomeres. Inset shows the alternating light I bands (I) and dark A bands (A) with dark M line (M) [x8000,
inset x15000]. b: Intact intercalated disc with its desmosomes (d) and adherens junctions (aj) is seen at the level of Z line. Notice the presence of myofibrils
(MF) with alternating dark A band (A) bisected by M line (M), and light I band (I). In addition to mitochondria (m) with normal cristae and apparently normal
T tubule (arrow) [x30000]. c: Telocyte (digitally colored blue) is seen in the endomysium between cardiomyocytes as solitary oval cell with large euchromatic
nucleus (N) surrounded by cytoplasm. Moniliform telopodes (tp) characterized by alternating thin podomers segments (pe) and thick podoms segments (po) are
seen extending from the cell body and surrounding nearby blood vessel (BV).Notice the presence of another podomer (pe,) and podom (po,) segments [x5000].
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il
Fig. 3: Photomicrographs of myocardial sections from fasting group illustrating: a: Longitudinally oriented striated branching (BR) muscle fibres (F) with
acidophilic sarcoplasm and pale central oval nuclei (N). Nuclei of fibroblasts (arrow) and blood capillaries (BV) are seen [H&E, x400]. b: Branching muscle
fibres (F) with central pale oval nuclei (N) and prominent nucleoli, normal pattern of transverse striations (arrow head) and intercalated discs (ID). Fibroblast
(FB) can also be seen [Toluidine blue, x1000]. c: Few thin blue stained collagen fibres (arrows) in the endomysium between the regularly arranged cardiac
muscle fibres (F) as well as around blood vessels (BV) [Mallory’s trichrome stain, x400]. d: Negative p53 immunoreaction in nuclei of cardiomyocytes,
endothelial cells as well as interstitial cells [anti p53 immunohistochemical stain, x400].
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Fig. 4: TEM photomicrographs of myocardial sections from fasting group showing a: Cardiomyocyte with euchromatic nucleus (N), filled with well organized
myofibrils (MF) having alternating light I bands (I) and dark A bands (A) with dark M line (M). Note the existence of apparently normal T tubules (arrows) at
the level of the Z lines (Z) that demarcate regular sarcomeres. Rows of mitochondria (m) are situated between the MF and also in the perinuclear area [x12000].
b: Telocyte (digitally colored in blue) is seen in the endomysium as large triangular cell with large euchromatic nucleus (N) with prominent nucleolus (nu)
surrounded by cytoplasm. Telopodes (tp)  extend from the cell body between cardiomyocytes. Blood vessel (BV) and endothelium nucleus (N1) are seen
[x5000].
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Fig. 5: Photomicrographs of the DOX group’s myocardial sections demonstrating: a: Separated cardiac muscle fibres (F) with vacuolated sarcoplasm (V)
and focal deeply stained homogenous acidophilic areas (*) devoid of nuclei. Some myocytes’ nuclei (N) are apparently normal. Congested blood vessels
(BV), extravasated RBCs (EV) and inflammatory infiltrate (IN) are observed [H&E, x400]. b: Wavy cardiac muscle fibres (F) with disrupted poorly organized
transverse striations (D), pale blue homogenous rarified areas (R) nearly devoid of striations, vacuolations (V) and interrupted intercalated disc (ID). The
sarcolemma (SL) appears wavy and disrupted (wavy arrow). Nuclei appear irregular (N1), with disrupted nuclear membrane (N2) &shrunken with dark
peripheral clumped chromatin (N3). Congested blood vessel (BV) having dark endothelial nucleus (arrow) and inflammatory infiltrate (IN) are seen. Notice,
wide interfibres spaces (*) [Toluidine blue, x1000]. c: Wide spread collagen fibres (arrows) deposition between the cardiac muscle fibres (F) and around blood
vessels (BV). [Mallory’s trichrome stain, x 400]. d: Numerous p53 positive nuclei in cardiomyocytes (arrows), endothelial cells (wavy arrow) of blood vessels
(BV) and interstitial cells (curved arrow) [anti p53 immunohistochemical stain, x400].
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Fig. 6: TEM photomicrographs of group III sections showing: a: Wavy irregular sarcolemma (SL) with widening of sub sarcolemmal space. Myofibrils (MF)
with interrupted Z lines (Z), focal areas of destructed MF (wavy arrows) or rarefaction (R). Mitochondria (m) are also noted. Apoptotic cardiomyocyte’s nucleus
(N1) containing small condensed clumps of chromatin forming chromatin balls (CB) and having disrupted nuclear membrane (right angled arrow). Collagen
fibrils (CO) deposition between cardiomyocytes, endothelial nucleus (N2) of the blood vessel (BV) appears irregular, indented with more heterochromatin
and with cell membrane bleb (arrow with striked end). [X6000]. b: Wavy irregular sarcolemma (SL). Myofibrils (MF) with interrupted Z lines (Z), interrupted
intercalated disc (arrows) , focal areas of destructed MF (wavy arrow) or rarefaction (R) and dilated T tubule (double arrows). Cluster of distorted mitochondria
with abnormal shape (m1) under the sarcolemma is noted, one of them has disrupted membrane (m2). It also reveals autophagososomes (AP1, AP2and AP3)
with accumulation of undegraded cell debris. Degenerated mitochondria are seen in AP1 (inset 1) and AP3 (inset 2). Notice, part of cardiomyocyte’s nucleus
(N), blood vessel (BV) and collagen fibrils (CO) deposition among cardiomyocytes [x5000 &insets: x10000]. c: Small apoptotic cardiomyocyte’s nucleus (N)
with clump of heterochromatin, peripheral chromatin margination against nuclear membrane and fragmentation (arrows) . Myofibrils (MF) with focal areas of
destruction (wavy arrow), Mitochondria (m) with variable sizes and shapes [x8000].
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Fig. 7: TEM photomicrographs of group III sections illustrating: a: Distorted, non continuous and dilated intercalated disc with areas devoid of cellular
junctions (arrows). Myofibrils (MF) with interrupted Z lines (Z), focal areas of destruction (wavy arrows) and dilated T tubule (double arrows) are observed
[x20000]. b: Telocyte (digitally colored blue) in the endomysium between cardiomyocytes with small cell body, apoptotic heterochromatic nucleus (N) and
thin branching telopodes (tp). Telopodes are surrounding cell debris from degenerated myofibrils which contain degenerated mitochondrion (m) and small
electron dense chromatin balls surrounded by condensed cytoplasmic components forming apoptotic bodies (thick arrow) [x5000 & inset: x10000].

Fig. 8: Photomicrographs of fasting DOX group (group IV) myocardial sections showing: a: Apparently normal histological features of muscle fibres (F) and
nuclei (N1) except for the presence of some darkly stained nuclei (N2). Notice fibroblasts nuclei between the muscle fibres (arrow) [H&E, x400]. b: Muscle
fibres (F) having nearly normal appearance with small areas of poorly organized or disrupted transverse striations (D). Most nuclei are with normal appearance
(N1) and few with irregular nuclear membranes (N2). Fibroblasts (FB), and a mast cell (MC) with metachromatically stained dispersed granules and blood
vessel (BV) lined by endothelium (arrow) are also noticed [Toluidine blue, x1000]. c: Few blue stained collagen fibres (arrows) in  the endomysium between
muscle fibres (F) and around blood vessels (BV) [Mallory’s trichrome stain, x 400]. d: Positive p53 immunoreactions in some nuclei of cardiomyocytes
(arrow), endothelial cells (wavy arrow) of blood vessels (BV) and interstitial cells (curved arrow) [anti p5S3 immunohistochemical stain, x400].
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Fig. 9: TEM photomicrographs of fasting DOX group sections illustrating: a: Few areas of degenerated and disrupted (wavy arrows) myofibrils (MF). Z
lines (Z), mitochondria (m) and apparently normal euchromatic nucleus (N) with prominent nucleolus (nu). Notice lysosomes (L) fusion with mitochondria
[x6000]. b: Few areas of degenerated and disrupted (wavy arrow) myofibrils (MF), apparently normal T tubule (arrow) and another dilated (double arrows)
one. Mitochondria (m), Z lines (Z) and M lines (M) are seen [x15000]. c: Apparently normal intercalated disc with its desmosomes (d), mitochondria (m), Z
lines (Z), and apparently normal myofibrils (MF) with small degenerated areas (wavy arrow) [x25000].
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Fig. 10: TEM photomicrographs of fasting DOX group sections revealing: a:
oval cell with large euchromatic nucleus (N) and prominent nucleolus (nu) surrounded by cytoplasm. Thick expanded podom segments (po), packed by
vesicles (v), multivesicular body (mv) and electron dense granules (g), are seen extending from the cell body and forming sheath around blood vessel (BV) in
direct contact with its endothelium. Telocyte established direct contact with small cell (digitally colored red) present close to BV, has intended nucleus with
peripheral heterochromatin and high nucleocytoplasmic ratio; suggesting character of stem cell (SC). Notice the presence of another telopode (tp) and nucleus
of endothelial cell (N,) [x5000]. b: Two telocytes (TC & TC,) (digitally colored blue) are seen in the endomysium between cardiomyocytes as fusiform cells
(lower one is folded) with large euchromatic nuclei (N) and prominent nucleoli (nu) surrounded by cytoplasm. Their telopodes (tp, & tp,) establish direct
contact with each other. Notice the presence of vesicle (V) in tp, and presence of another telopode (tp) [x5000].

Table 1: Mean value + SD of body weight in all groups

Bon weight Groupl  Groupll  GroupIll  Group IV

in gm
Day 1 202+48.3  201+5.4 201+5.3 201+6.3
Day 17 236.3+8.3 232545 2354+49  231.6+6
Day 28 258.3+£8.3  252.1+£5 246.7£5.77  251.5%5

*Significant (P< 0.05) as compared to control group at day 28.

Table 2: Mean value + SD of biochemical parameters in all
groups

Parameters Group [ Group II Group III Group IV
Troponin-T ¢ )33 083+.08 37405 095+ 0.06°
(ng/ml)
LDH (U/L) 248.9+212 235.1+18.6 599.1 £82" 287.69 = 54°
CPK (UL) 72.6£57  749+4 240.8+28" 100.09 + 18°
MDAlevel o3 38 279433 704418 31.9+47°
(nmol/g)
LC3II L15£036 1.24+034 4.1+038 1.58+0.34°
p62 0.53+0.04 0.51£0.01 2.17+0.22° 0.59 % 0.02°

* Significant (P < 0.05) as compared to other groups.

o Significant (P< 0.05) as compared to DOX group.

Telocyte (digitally colored blue) is seen between cardiomyocytes as large

Table 3: Mean value + SD of morphometric parameters in all
groups

Parameters Groupl  GroupII  Group Il Group IV
The mean
diameterof ) 5,y 1 j16e18 6820800 10.940.4°
cardiomyocytes
(um)
Mean area %
of collagen 6.58+2.1  6.7£1.3 49.1+4" 8.1£1.9°
fibres (pm? %)
number of PS3 g ¢ 063 074048  53422° 124090
positive cells
* Significant (P < 0.05) as compared to other groups.
o Significant (P< 0.05) as compared to DOX group.
DISCUSSION
Doxorubicin is an important anticancer drug.

Unfortunately, its main side effect is cardiotoxicity that
may be severe enough limiting its use. Recently DOX
cardiotoxicity has become more prevalent as cancer
survival rates are increasing®”. A rat model of DOX
cardiotoxicity was created in this study through injection
of 18 mg/kg DOX as accumulative dose. This was chosen
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as previous studies verified that cardiotoxicity can be
induced by cumulative DOX dose 15-25mg/kgB!.

In the present work, DOX cardiotoxicity was proved
biochemically in DOX group by significant elevation in
serum levels of cardiac enzymes; LDH and CPK, and
Troponin T level. They are considered the best cardiac
injury biomarkers as they leak from mitochondria following
damage of cardiomyocytes®?.

Further reinforcement to the development of
DOX cardiotoxicity came from severe affection of
cardiac muscle fibres in the form of cardiomyocyte’s
degeneration, cytoplasmic vacuolations and pyknotic
nuclei. Ultrastructurally, this damage was more evident
as, degenerated MF, sarcoplasmic rarefaction, ill defined
sarcomeres, distorted mitochondria, interrupted Z lines and
intercalated discs, dilated tubular system and irregularity of
sarcolemma. Such findings were supported by and provided
explanation for the significantly decreased cardiomyocytes
diameter in DOX group and were consistent with other
studiest*3-361,

Oxidative stress is a key mediator for DOX
cardiotoxicity?®”). Therefore, MDA level was measured
in this work. It revealed significant elevation in DOX
group versus control. Development of OS in this group
was attributed to DOX accumulation in mitochondria
as it has high affinity for cardiolipin present in the inner
mitochondrial membranes producing highly toxic free
radicals that react with the endogenous anti-oxidants
causing their depletion. This, in turn, resulted in lipid
peroxidation, protein oxidation and DNA damage with
subsequent mitochondrial damage and cell death®. The
presence of distorted mitochondria with abnormal shapes,
disrupted membranes and autophagosomes contained
degenerated mitochondria in DOX group in the current
work reflected that they are the major target for DOX
cardiotoxicity.

It was assumed that the excessive OS by products
from damaged mitochondria aid the trigger of apoptosis
cascade and cell deathP. Moreover, DOX itself could
stimulatep53 activity in the heart and cause enzymatic
pathways changes within cardiac muscle fibres resulting
in direct cellular damage and apoptotic cell death™™. This
assumption was supported in the present work in DOX
group by the presence of multiple characteristic features
for apoptosis®” like small dark irregular nuclei, chromatin
clumping, margination against nuclear membranes,
fragmentation and formation of small chromatin balls,
disrupted nuclear membranes, cytoplasmic vacuolations,
convolution of cardiomyocytes outlines with irregular
disrupted sarcolemma and appearance of apoptotic
bodies. Likewise, apoptotic features were also detected
in endothelial nuclei in DOX group. More reinforcement
came from positive expression of p53 in these cells with
significant increase in their number versus other groups.
This finding was similarly reported in a prior study™!.

Recently, cardiac endothelial cells were specified as
a target for DOX apoptosis directly or by generation of
both reactive oxygen and nitrogen species which damage
vital intracellular components of endothelial cells, release
mitochondria cytochrome C and activate proapoptotic
factors such as caspases*?. Furthermore, DOX can
reduce and dysregulate the secretion of endothelial cell
paracrine factors such as, endothelin-1, neuregulin, nitric
oxide and prostaglandin 12. These factors act directly on
cardiomyocytes affecting their survival, functions, and
homeostasis*?. Bearing in mind that cardiac muscle is
the most aerobic organ in the body having vasculature
very rich in capillaries with muscle to capillary ratio 1:1
and a distance between capillary endothelial cell and the
neighboring cardiomyocyte about Imm!*l. This could
clarify the close relation between the two cells and their
dependency on each other. For that reason, endothelial cell
apoptosis in this group was supposed to cause and augment
cardiomyocyte death.

Growing evidences revealed that dysregulation of
autophagy may also play a contributing role in DOX induced
cardiotoxicity!. Normally, a certain level of autophagy is
maintained by cardiomyocytes to guarantee physiological
degradation of aging and damaged organelles*”. But with
excessive stimuli, as in heart failure, autophagy became
dysregulated and incapable of maintaining cardiomyocytes
homeostasis*®. In addition, the lysosomes became
saturated and dysfunctional following peroxidation of their
membranes by reactive oxygen species (ROS)M7.

In brief, the process of autophagy starts with formation
of isolation membrane, phagophore, which engulf certain
cargo (protein aggregates or damaged organelles like
mitochondria) forming autophagosome (AP). The process
is completed by fusion of AP with lysosomes to form
autolysosomes where cargo is degraded by lysosomal
enzymes®l. Therefore, to evaluate autophagic process
in different groups, the present work selected electron
microscopy as it is considered one of the most accurate
methods for the detection of autophagy and autophagic
accumulation®’, along with, two proteins, LC3II and
p62. LC3II is considered the only reliable protein marker
associated with autophagosomes formation®’!. Meanwhile,
p62 is responsible for attraction of ubiquitinated cargo
proteins to the autophagosomes facilitating their
degradation by fusion with the lysosome and completion of
autophagic process. Therefore, accumulation of p62denotes
inability to complete autophagic process®.

Examination of ultrathin sections of DOX group
revealed accumulated autophagososomes, some of them
contained degenerated mitochondria, with a significantly
increased level of LC3-II protein expression indicating that
DOX augmented the initiation of autophagy and mitophagy
(selective elimination of damaged mitochondria by
autophagy). However, there was also significant increase in
the level of p62 signifying failure of their completion. This,
in turn, result in accumulation of damaged mitochondria
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and protein aggregates. Bearing in mind that myocardial
function and cell survival depend on a high content of
healthy mitochondria to ensure adequate ATP production.
So failure of mitophagy were proposed to hasten ROS
overproduction, apoptotic cell death and contribute to
DOX cardiotoxicity®. Such findings coincide with those
recorded in former studies®*>!) and were attributed to
stimulation of specific autophagy signaling pathways
by DOX induced OS, production of ROS and several
inflammatory cytokines and DNA damagel?. In contrast,
decreased level of LC3-II protein expression was detected
in another study suggesting that DOX treatment impaired
the autophagic processes?®*.

The demonstrated inflammatory cell infiltration,
congested blood vessels and extravasated RBCs in DOX
group could be considered as a part of the inflammatory
process that accompany DOX cardiotoxicity?®***! and was
explained by the ability of DOX to enhance the activity
of NF-kB which in turn stimulate production of high
levels of pro-inflammatory cytokines such as TNF-a,
IL-1B, IL-18, IL-6, nitric oxide and COX-2¢, Furthermore,
this inflammation could be linked to failure of mitophagy
completion detected in DOX group. This suggestion was
strengthened, in a former study, by activation of Toll-like
receptor 9, a major mediator that activate NF-kB, in DOX-
induced cardiotoxicity as a response to mitochondrial
DNA escaped from autophagy with subsequent triggering
of cardiac inflammation®*.

DOX group also, revealed widening of intercellular
spaces that could be considered as a sequel of apoptotic
cell death. Also, obvious collagen fibres deposition and
significant increase in area percent of collagen fibres
were reported previously following DOX cardiotoxicity
and considered as cardiac remodeling to replace damaged
cardiomyocytest®®. Fibrosis was also attributed to enhanced
transformation of cardiac fibroblasts into myofibroblasts?*®!.

Other essential finding reported in DOX group in this
study was the presence of telocytes that appeared small,
having small nuclei with marked heterochromatin and
their telopodes appeared thin and delicate. Such findings
indicated that telocytes were similarly deteriorated by
DOX induced OS and suggested apoptotic death of themP”!.
In view of telocytes as one of cardiac interstitial cells®5%,
their apoptosis might be supported by and also explain
the positive expression of p53 detected in interstitial cells
in this group. Which, in turn, support the hypothesis that
telocytes morphology could be affected by changes in their
microenvironment!®”!,

Furthermore, Tps of telocytes in DOX group were
seen surrounding cell debris, most probably degenerated
myofibrils with degenerated mitochondria and apoptotic
bodies suggesting a trial of telocyte to localize the DOX
induced degenerative and inflammatory processes. From
the other point of view, deterioration of telocytes was
supposed to augment DOX cardiotoxicity following loss
of their role in cardiac homoeostasis and regeneration*®.

In the same sequence, apoptosis of telocytes was recently
reported as a cause for heart disease™.

Fasting has attracted attention as a promising preventive
or therapeutic strategy for several types of heart diseases.
It achieved cardioprotective effects against coronary heart
disease, age-related cardiac hypertrophy and myocardial
ischemic injury!">. Moreover, it enhanced the efficacy of
a variety of chemotherapeutic agents including DOX in
the treatment of various tumour types with simultaneous
protection of healthy cells from toxicity!®*?. Therefore,
IF was tried in this study as non pharmacological
cardioprotective approach against DOX cardiotoxicity.
Bearing in mind that, DOX is used in treatment of
patients suffering from cancer who might suffer from
malnutrition problems, therefore, IF could be considered
more accessible approach for them than long term fasting.
Intermittent fasting has three variants according to period
of fasting to feeding; 20:4, 18:6 and 16:8!1. The 16:8 IF
regimen was preferred in this study as it is more feasible
for patients and easily applicable as a life style. Fasting for
16 hours could be achieved easily by 8 hours sleeping with
fasting 4 hours before and 4 hours after.

In the current study, body weight revealed non
significant difference between all groups at day 17 of
experiment and also, between control, fasting and fasting
DOX groups at day 28. This could be explained by the free
food access without caloric restriction during the eight
hours of feeding in fasting rats.

The least weight gain was recorded in DOX group
(group III) at day 28 with significant decrease versus
control. This could be attributed to nausea, vomiting and
diarrhea that commonly associate with DOX. Remarkably,
Fasting was reported to reduce incidence of such DOX side
effects(®. This could explain the non significant difference
in weight recorded in fasting DOX group compared to
control.

Biochemical as well as morphometric parameters
of fasting group (group II) in the present work showed
good records as compared to control group. This might be
attributed to stimulation of autophagic process by fasting
and elimination of damaged proteins and organelles within
the cells!"!!. This explanation was confirmed by the noted
elevation of LC3II with simultaneous decrease in p62 in
this group versus control.

In fasting-DOX group (group IV) of the present study,
IF modulated the antioxidant status of the myocardium as
proved by significant decrease in MDA level versus DOX
group and the non significant increase compared to control
group. Such finding indicated decreased rate of lipid
peroxidation and revealed that IF can protect against DOX
cardiotoxicity by lowering OS. This explanation was in line
with several studies, which confirmed the antioxidative
activity of fastingt®”63],

Following lowering of OS by IF, its subsequent
cardiac damage and apoptotic cell death were assumed
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to be suppressed. This assumption was enforced in the
present study by almost normal histological architecture
of myocardium except for the presence of few darkly
stained nuclei, nuclear membranes irregularities and
degenerated areas of MF. Further reinforcement came from
non significant difference in cardiomyocytes diameter and
area percent of collagen fibres versus control group, and
the significant decrease in number of p53 positive cells
compared to DOX group. Preservation of cardiac tissue
was reflected on its biochemical markers that revealed
significant decrease in cardiac enzymes, LDH and CPK and
Troponin T levels versus DOX group with non significant
difference compared to control group. This finding was
reported formerly but with a different fasting regimen:¢¢J,

Furthermore, in fasting- DOX group, there was
significant decrease in level of LC3II and p62 compared to
DOX group and non significant increase versus control. In
addition, fused lysosomes with mitochondria were detected
by electron microscopy. Such findings could suggest ability
of IF to restore autophagy, initiation and completion, in
this group. It was similarly reported in a prior study*”
and explained by the ability of fasting to activate certain
autophagy regulators and promote expression of certain
genes that enhance degradation of abnormal proteins.
During fasting hours, autophagy delays or prevents
apoptosis by turning over nonessential cell constituents
that could trigger cell death to provide cells with needed
nutrients. Therefore, restoration of autophagy could
provide further explanation for suppression of apoptosis
in fasting DOX group, and was supposed to support and
maintain cardiomyocyte structure and function!®” and
protect against DOX cardiotoxicity.

The present work assumed that, IF exerted similar
protective effect on telocytes and activated them to share in
cardiac support in fasting DOX group. Telocytes appeared
in fasting-DOX group enlarged with euchromatic nuclei
and long corrugated Tps. In addition, telocytes acquired
signs of exaggerated secretory activities in this group.
Their Tps became expanded and packed by electron dense
granules, secretory vesicles and multivesicular bodies.

Telocytes share in cell communication via two methods:
over long distances through their Tps, and over short
distances via extracellular vesicles!®®). These vesicles
may contain various growth factors or cytokines, which
regulate their microenvironment””, and nearby cells by
paracrine or juxtracrine mechanisms!’!! and through which
they could influence cardiac repair and regeneration.

Therefore, further reinforcement for the previous
assumption was the homocellular contact seen in this
group between neighboring telocytes through their Tps
and microvesicles. This contact was assumed to provide
structural support between telocytes, allow transmission of
intercellular signals and contribute to cardiac homeostasis,
regeneration or repairl’>”), Furthermore, this assumption
could be strengthen also by the Tps that were seen forming
a sheath around blood vessels and heterocellular contact

with its lining endothelial cells. This contact with other cell
types within the heart as cardiomyocytes, stem cells, mast
cells, macrophages, fibroblasts, pericytes and endothelial
cells was previously described!'” and was proposed to
allow telocytes to serve as transducing centers and provide
cell singling via their Tps network to other cell types and
structures. In addition, more link was found between
telocytes, endothelium development and induction of
neoangiogenesis through release of signaling protein such
as vascular endothelial growth factor following myocardial
infarction!”!.

Taking into consideration that DOX cardiotoxicity could
be mediated by depletion of stem cell pool and prevented
by their restoration’?); fasting could enhance stem cell
function for repair and regeneration”’” and telocytes were
considered as nursing cells for cardiac stem cells!'”, the
present work assumed that the direct communication that
was detected in fasting DOX group between telocytes and
stem cells might enforce the suggested role for telocytes
in cardiac regeneration. Telocytes could provide stem
cells with mechanical support, promote their migration,
differentiation, proliferation and maturation®. In addition,
it was also shown to support them to form cardiomyocytes,
smooth muscle cells, endothelial cells and to integrate into
cardiac architecture!”3,

In the same sequence, mast cells detected in semithin
sections of the same group could be related to stem cells
and cardiac repair since both cells are located in the
perivascular area, and mast cells was previously reported
to produce several cytokines, angiogenic factors and
growth factors able to affect cardiac remodeling®’, in
addition to release of TGF-f that can affect cardiac stem
cells differentiation!®?!,

CONCLUSION

DOX induced cardiotoxicity, at least in part, through
OS, apoptosis of cardiomyocytes and telocytes and
dysregulation of autophagy. Intermittent fasting could
prevent this cardiotoxicity by restoration of oxidative state,
attenuation of apoptosis, regulation of autophagic process
and preservation of telocytes.
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