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ABSTRACT

Background: Doxorubicin (DOX) is an effective antineoplastic drug. However, its cardiotoxicity is a major obstacle that
limits its use. Therefore, a novel protective agent is urgently needed. Enzyme activation recently gained much interest as a new
therapeutic strategy. In this context, Alda-1 is a newly emerged molecule in the field of cardioprotection through its activation
of aldehyde dehydrogenase 2 enzyme.

Aim of the Study: To evaluate the possible protective effect of aldehyde dehydrogenase agonist Alda-1 on doxorubicin
induced cardiotoxicity.

Material and methods: Twenty-four adult male C57BL/6 mice were divided equally into 4 groups. Group I received
intraperitoneal injection of saline. Group II received intraperitoneal injection of Alda-1 (10 mg/kg) daily for 5 days. Group 111
received a single intraperitoneal injection of DOX (20 mg/kg). Group IV received both DOX and Alda-1 in the same regimen
as in groups II and III, Alda-1 was administered 1 day before DOX. All mice were euthanized on the 5th day following DOX
administration. Blood samples were collected, hearts were excised and further processed for anatomical, histological and
biochemical analysis.

Results: DOX administration caused extensive cardiotoxicity as evident by the marked decrease in the heart weight and the
extensive myocardial lesions shown by the light and electron microscopic examination. Moreover, biochemical serum markers
of cardiac injury (CK-MB &LDH) were markedly elevated. Increased oxidative stress was also encountered as shown by the
decreased serum TAC and increased tissue MDA. Furthermore, mitochondrial morphometry showed increased mitochondrial
size. However, concomitant administration of Alda-1 with DOX has markedly alleviated the heart injury as shown by the
restoration of the heart weight and cardiac architecture together with preservation of the mitochondrial structure. Moreover,
Alda-1 has ameliorated the biochemical markers of cardiac injury and the oxidative stress.

Conclusion: Alda-1 provides a valuable protective effect against doxorubicin triggered cardiotoxicity.
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INTRODUCTION loss of function and formation of aldehyde adducts with
eventual cellular damagel®.

Doxorubicin (DOX) is regarded as a widely prescribed

chemotherapeutic drug. This is owing to its effectiveness Aldehyde dehydrogenases are among the enzymatic
against broad spectrum of malignancies!!). Unfortunately, protective mechanisms against oxidative damage. This is
this clinical value is combined with special toxic affinity owing to their ability of changing the injurious aldehydes
to cardiomyocytes®?. Despite the amount of strategies by water soluble organic compounds with reduced
developed to minimize its devastating effect, limited toxicity. In such a context, aldehyde dehydrogenase 2
success was observed. And hence, newer drugs are enzyme (ALDH?2) can be regarded as the most active of
required to restrict its cardiac risks®l. DOX-associated these enzymes with a higher level of expression in the
damage to cardiac cells is mainly postulated to oxidative heart tissuel®. Enzyme activation is viewed as a modern
injury, Where, DOX imposes oxygen radicals liberation, clinical pharmacology tool. It recently gained much
ultimately endorsing cellular membranes peroxidation interest as it helps in discovering new ways to improve
with their further degradation and production of toxic enzymatic performance?®. Aldehyde dehydrogenase
aldehydes!**.. Such aldehydes, in turn, are highly reactive, activator-1 (Alda-1) is a newly emerged molecule that acts
toxic and carcinogenic. They bind to macromolecules as an ALDH2 agonist. It has gained special attention in the
intracellularly, like lipids, resulting in their modification, field of cardioprotection against various pathologies!!%!3,
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DOX can induce a special form of dilated
cardiomyopathy. Moreover, DOX was incriminated in
inducing inhibition of ALDH2 activity, with particular
attribution of oxidative damage and overproduction
of injurious aldehydes'¥. On the other hand, ALDH2
has shown beneficial effect against various types of
cardiomyopathies through mitigation of the oxidative
stress!'!l. Therefore, the present work was conducted to
assess the possible beneficial effect exerted by Alda-1 as
an ALDH2 activator against cardiotoxicity triggered by
DOX. Yet, according to our best knowledge, publications
so far have not investigated this effect on the ultrastructural
level of cardiomyocytes using electron microscope. Thus,
this study will put much emphasis on the ultrastructural
changes induced by DOX and the possible protective effect
of Alda-1 on the ventricular cardiomyocytes of adult mice.

MATERIALS AND METHODS

Chemicals

Doxorubicin ~ was  obtained as  commercial
“DOXORUBICIN”, EBEWE Pharma production, Austria,
as a 50 mg/ 25ml solution. Alda-1 (Tocris Bioscience,
UK) was purchased via Clililab Biotechnology Company
(Egypt) and was dissolved in normal saline.

Animals

24 adult male C57BL/6 mice from 8-10 weeks old,
of average weight 25 g, obtained from the Anatomy and
Embryology Animal House Center, Medical faculty,
Alexandria. The current study has been approved ethically
from Alexandria Medical Faculty Research Committee and
was in compliance with the ethical guidelines concering
laboratory animals handling. Mice were graunted standard
housing and diet conditions.

Experimental design (Figure 1)

The animals were arbitrarily and equally classified in
groups of 6.

1 day before DOX
administration

1+ day of DOX

G e
roups administration

2M day 3 day 4 day 5t day

Group I:

(control group) Saline i.p.

Saline i.p. Salinei.p. Salinei.p. Salinei.p. Euthanasia

Group I :

(Alda group) Alda-11i.p.

Alda-1i.p. Alda-1i.p. Alda-li.p. Alda-lip. Euthanasia

Group lII:

(DOX group)
Group IV:
(DOX+Alda group)

DOX i.p. Euthanasia

Alda-1i.p. DOX+Alda-1 ~ Alda-1i.p. Alda-1ip. Alda-lip. Euthanasia

Fig. 1: The Experimental design used.

Group I (control group): mice obtained 0.1 ml saline
injection via intraperitoneal (i.p.) route each day for 5
consecutive days!'*!,

Group II (Alda group): mice obtained 10 mg/kg
Alda-1 dissolved in saline i.p. each day for 5 consecutive
days!+16],

Group III: (DOX group): mice obtained 20 mg/kg
body weight of DOX i.p. oncel®).

Group IV (DOX+Alda group): mice received both
DOX and Alda-1. DOX was adminstered as a single i.p.
injection in the same dose as in group III. While, Alda-
1 administration (10 mg/kg/day i.p. dissolved in saline)
started 24 hours prior to DOX administration, for a total
duration of 5 consecutive days.

All groups sacrifice was done on the 5" day following
DOX administration®. The animals were subjected to
anatomical, histological and biochemical studies.

A. Anatomical examination: On the day of sacrifice,
all mice have been weighed and sacrificed by
decapitation after ether anesthesia. The hearts were
excised and their weights were measured.

B. Histological examination: The heart apex of all
animals, that is mostly formed by the left ventricle,
was dissected and processed for light and electron
microscopic studies:

1. Light microscopic study: one part of
the tissue was set in 10% formol saline
for fixation,then processed by standard
procedure to be finally lodged in paraffin.
Blocks sectioning was then set at 5
micrometers, and Haematoxylin and Eosin
(H&E) was utilized for staining!'"!,

2. Ultrastructural study: the second parts of
the specimens were immediately cut into
smaller pieces (~1 mm3), preserved in 3%
phosphate-buffered gluteraldehyde solution
with further processing for transmission
electron microscopic (TEM) examination.
The grids examination and photographing
were performed using JEOL JEM-1400 Plus
(Tokyo, Japan) TEM, Faculty of Science,
University of Alexandrial'®,

C. Biochemical study of cardiac enzymes and
oxidative stress markers: blood samples have been
drawn from the abdominal aorta of all mice for
biochemical analysis. They were centrifugated
and blood sera were collected for measurment of
cardiac enzymes and Total Antioxidant defence.
Remaining cardiac tissue portion was processed for
the analysis of the toxic aldehyde malondialdehyde
(MDA) to guide for oxidative stress.

Measurment of cardiac enzymes: assessment of
Creatine kinase- MB (CK-MB) together with lactate
dehydrogenase (LDH) within mice sera as biomarkers of
cardiac tissue injury was done. They were estimated by
using Spectrum diagnostic kit (Hannover, Germany) in
U/L by following the manufacturer’s procedures.

Measurment of total antioxidant capacity: as a marker
of antioxidant defense state, was done using Biodiagnostic
kit (Giza, Egypt) by following the kit procedure and results
were expressed as mM/L.
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Measurment of oxidative stress: Malondialdehyde
(MDA) concentration was assessed using supernatant
of the homogenized heart tissue as a marker of lipid
peroxidation and oxidative stress. It was determined using
diagnostic kit of Biodiagnostic (Giza, Egypt) in nmol/g.
tissue by following the manufacturer’s instructions.

D. Morphometric  study:  Mitochondrial — size:
Electron photomicrographs were used to assess
the mitochondrial size. Photomicrographs
with numerous mitochondria with microscopic
magnification of x5000 were wused. After
converging pixels to micrometers, manual tracing
of the mitochondrial boundaries was done to assess
mitochondrial size by Image J software (version
1.53f). In order to ensure accurate evaluation of
mitochondrial size, exclusion of the mitochondria
on the periphery of the images was done!'.

Statistical analysis

The biochemical results and the morphometric
measurement were statistically analyzed by SPSS software
(version 20.0). Normal distribution verification was settled
using Kolmogorov-Smirnov test. Quantitative data have
been presented by range, mean, standard deviation and
median?”,

RESULTS

A. Anatomical results

Mice body weight in DOX group (group III) was shown
to be significantly decreased in comparison to that of the
control group (group I) as well as the Alda group (group II).
Concerning the DOX+Alda group (group IV), although the
body weight in this group was higher as regarding that of
DOX group, this increase was not statistically significant.
(Figure 2)

Regarding the heart weight, following administration of
DOX, the mean heart weight in group III was significantly
decreased in contrast to all other groups. In contrary,
the mean heart weight in group IV (DOX+Alda group)
revealed no significant difference in comparison with
the control and Alda groups, whereas it was significantly
increased as compared to group III (Figure 3).

B. Histological results

1. Light microscopic examination of left ventricular
myocardium using Hematoxylin & Eosin stain:

Control group (group I)

Myocardial sections revealed normal cardiac tissue
features. Cardiac fibers were seen branching and running
in different directions with narrow interstitial spaces.
They exhibited acidophilic sarcoplasm and oval vesicular
centrally located nuclei. Nuclei of connective tissue cells
were also encountered within the endomysium between the
muscle fibers (Figure 4).

Alda group (group II)

Examination of myocardial sections of Alda group
showed normal histological pattern of cardiomyocytes
possessing acidophilic sarcoplasm with central vesicular
nuclei (Figure 5).

DOX group (group III)

Histological examination of DOX treated group
revealed evident myocardial alterations in the form of
distorted cardiac muscle fibers with wide interstitial spaces
along with focal interruption of continuity up to complete
loss of muscle fibers (Figure 6). Waviness of many fibers
(Figure 7) together with wide areas of degeneration were
noticed as well (Figures 8,9). Focal areas of deeply stained
homogeneous sarcoplasm devoid of striations typical
of hyalinosis were frequently encountered (Figure 9).
Some fibers showed pale acidophilic sarcoplasm (Figures
6b,8b), while others showed patchy hyperoesinophila
(Fig. 6b). Darkly stained nuclei (Figures 7,8) were also
encountered. In addition, many muscle fibers appeared
with vacuolated sarcoplasm (Figures 9,10,11), these
findings were sometimes accompanied with foci of cellular
infiltration and extravasated red blood corpuscles (RBCs)
(Figures 10-12).

Alda+DOX group (group IV)

Examinations of myocardial sections of this group
showed almost preservation of normal pattern of the cardiac
myofibers with acidophilic sarcoplasm and vesicular nuclei
together. Some areas show narrow interstitial spaces but
others were still wide. Nevertheless, persistence of some
foci of pale acidophilic sarcoplasm within the myofibers
were still encountered (Figure 13).

2. Electron microscopic examination:
Control group (group I)

Electron microscopic examination of left ventricular
myocardium of control group, revealed cardiomyocytes
with well-organized myofibrils separated by rows of
elongated mitochondria with tightly packed cristae. The
myofibrils showed normal striation pattern, where the dark
A band is bisected by light H zone. The latter is further
bisected by a dense M line. The light I band is bisected
by a dense Z line, thus the sarcomere could be observed
extending between two successive Z lines. T-tubules were
noticed at the level of the Z line. Each cardiomyocyte
exhibited an elongated centrally located nucleus with
prominent nucleoli. Aggregates of mitochondria at
the nuclear poles were further revealed. Adjacent
cardiomyocytes were connected by step wise intercalated
discs with intact transverse and longitudinal components.
(Figure 14).

Alda group (group II)

Examination of the left ventricular cardiac muscle
fibers of Alda group showed almost normal characteristics
of the cardiomyocytes with regular myofibrils arrangement
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and sarcomere banding along with elongated centrally
located nuclei. Cardiomyocytes were joined end to end by
intact intercalated discs (Figure 15).

DOX group (group III)

Examination of the left ventricular myocardium of
DOX group, revealed evident cardiomyocytic changes.
The sarcolemma showed scalloping and localized blebbing
(Figure 16). Cardiac myofibrils appeared disorganized
with abrupt thinning, interruption, and loss of alignment
as well as areas of complete myofibril loss. Areas of
disintegration and vacuolation of the myofibrils were
detected as well (Figures 16-19). Many cardiomyocytes
exhibited focal myofibrillar hypercontraction with
closely approximated Z-lines and contracted sarcomeres
(Figure 20). Mitochondrial alterations were further
revealed in the form of irregularly arranged mitochondria
with dense matrix, vacuolated, bizarre-shaped and with
disrupted cristae (Figures 16,18,19). Lysosomes and
autophagosomes could be seen in the sarcoplasm as
well (Figures 16,18). Other detectable lesions included
dilated profiles of sarcoplasmic reticulum (Figure 17)
and irregular nuclei with peripheral condensation of its
chromatin (Figure 18). As for the intercalated discs, they
occasionally revealed wide separation of the transverse
portions with focal areas of disruption (Figure 19). In
addition, noticeable foci of collagen fiber deposition in the
interstitial spaces were seen (Figure 21).

Alda+DOX group (group IV)

Ultrastructural examination of the left ventricular
myocardium of group IV showed evident preservation of
the cardiomyocytes. Most of them exhibited apparently
normal appearance with well-organized myofibrils. The
sarcolemma was almost straight. The sarcomeres showed
normal striation pattern with characteristic light and dark
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Fig. 2: A bar chart comparing experimental groups body weight (in gram).
Identical letters show insignificance, whereas means having dissimilar
letters show significance. Statistical significance at p < 0.05. n=6

bands. Only few cardiomyocytes showed focal areas of
disintegrated myofibrils. Apparently normal nuclei were
seen in the cardiomyocytes with central location and
normal chromatin distribution. The intercalated discs
appeared intact (Figure 22).

C. The biochemical results

Measurment of cardiac enzymes: In the present
work, the serum values of CK-MP & LDH following
administration of DOX in group III revealed significant
increase in contrast to control and Alda groups. While
in group IV, which received both DOX and Alda-1, both
enzymes showed significant decrease as compared to group
IIT and non-significant difference in relation to control and
Alda groups (Figures 23,24).

Measurment of the total antioxident capacity and
the oxidative stress markers: The antioxidant defense
as demonstrated by the serum levels of total antioxidant
capacity revealed significant decline in DOX group in
contrast to all other studied groups, while in DOX+Alda
group, it was significantly increased contrasted to DOX
group. Additionally, the mean value of tissue MDA
showed significant increase within DOX group in contrast
with control and Alda groups. While following Alda-1
administration in group IV, a non-significant decrease of
MDA level was revealed in comparison to the other three
groups (Figures 25,26).

D. Morphometric results

Mitochondrial size: Morphometric analysis of
mitochondrial size showed significant increase in group I11
than all other comparative groups, indicating swelling of
the mitochondria. While Alda + DOX group demonstrated
no significant difference as opposed to control and Alda
groups (Figure 27).
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Fig. 3: A bar chart comparing experimental groups heart weight (in mg).
Identical letters show insignificance, whereas means having dissimilar
letters show significance. Statistical significance at p < 0.05. n=6
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Fig. 4: A photomicrograph of left ventricular myocardium of group I
(control group) revealing acidophilic branching and anastomosing cardiac
muscle fibers with centrally located vesicular nuclei (N). Notice flattened
nuclei of fibroblasts (arrows) and the narrow interstitial spaces (S).
(Haematoxylin and Eosin stain, microscope magnification x 400)

Fig. 5: A photomicrograph of left ventricular myocardium of group II
(Alda group) demonstrating almost normal looking cardiac muscle fibers.
Notice vesicular cardiomyocytes nuclei (N) and narrow interstitial spaces
(S).(Haematoxylin and Eosin stain, microscope magnification x 400)

Fig. 6: Photomicrographs of doxorubicin treated left ventricular
myocardium (group III) showing localized areas of interrupted
muscle fibers and complete fiber loss (*). Some fibers show pale
acidophilic sarcoplasm (white arrow heads), others exhibit localized
hypereosinophilia (arrow). Fig. (a) showing extravasated RBCs (Double
arrows), while Fig. (b) showing small darkly stained nucleus (n). Notice,
the wide interstitial space (S). (Haematoxylin and Eosin stain, microscope
magnification x 400)

Fig. 7: A photomicrograph of group III ventricular myocardium
showing evident wavy (w) muscle fibers with deeply stained nuclei (n).
(Haematoxylin and Eosin stain, microscope magnification x 400)

Fig. 8: Photomicrographs of left ventricular myocardium of DOX
group (group III), revealing distorted muscle fibers with wide areas
of degeneration (arrows) as well as small, dark nuclei (n). Notice pale
acidophilic sarcoplasm of some myofibers (white arrow heads) and focal
loss of others (*) in Fig. (b). (Haematoxylin and Eosin stain, microscope
magnification x 400)

Fig. 9: A photomicrograph of left ventricular myocardium of group III
depicting areas of homogeneous acidophilic and vacuolated (V) muscle
fibers devoid of striations (arrow). Focal areas of degeneration (arrow
heads) are also seen together with evident wavy (w) muscle fibers. Notice,
the wide interstitial space (S). (Haematoxylin and Eosin stain, microscope
magnification x 400)
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Fig. 10: A photomicrograph of group III myocardium showing some
muscle fibers with sarcoplasmic vacuoles (V). Focal cellular infiltration
(white arrow) can also be encountered. Notice, wide interstitial spaces
(S). (Haematoxylin and Eosin stain, microscope magnification x 400)

Fig. 11: A photomicrograph of left ventricular myocardium of group
11T revealing pale vacuolated appearance of some muscle fibers (<) and
extravasated RBCs (double arrows). (Haematoxylin and Eosin stain,
microscope magnification x 400)

Fig. 12: A photomicrograph of the left ventricular myocardium of group
11T depicting wide areas of degeneration with pale acidophilic sarcoplasm
(<) and deeply stained nuclei (n). Congested blood capillary (double
arrow) can also be encountered. Notice focal loss of some muscle fibers
(*).(Haematoxylin and Eosin stain, microscope magnification x 400)

Fig. 13: A photomicrograph of group IV myocardium (received
doxorubicin and alda-1) showing apparently normal cardiac muscle
fibers with centrally located, vesicular nuclei (N). Some muscle fibers
still depict foci of pale sarcoplasm (white arrowhead). Flattened nucleus
of fibroblast are also seen (arrows). Some areas show narrow interstitial
spaces (S) but others are still wide (arrow head) (Haematoxylin and Eosin
stain, microscope magnification x 400)

Fig. 14: TEM photomicrographs of control ventricular myocardium (group I) revealing: (a): a cardiomyocyte with well-organized myofibrils (f). The
mitochondria (m) are arranged in rows between the myofibrils. Sarcomeres (Sa) are well ordered. T- tubules (T) are seen at the level of Z line (Z). Sarcoplasmic
reticulum tubules (SR) can also be noticed. (b): a high magnification of the myofibrils showing the characteristic banding pattern of the sarcomeres (Sa): the
dark band (A) is bisected by a lighter zone (H) which is further bisected by a narrow dense M-line (M), The light band (1) is bisected by a dense Z line (Z).
Glycogen granules (g) are also seen. (c): a cardiomyocyte exhibits an elongated central nucleus (N) with prominent nucleoli (Nu). Multiple mitochondria (m)
are seen at the nuclear poles and in between the myofibrils. (d): The intercalated disc showing a stepladder course with a transverse part composed of fascia
adherens (Fa) and desmosomes (D) and a longitudinal part having gap junctions (arrow head). (Microscope magnification ax5000, bx 10,000, ¢ 3000, dx

15,000)
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Fig. 15: TEM photomicrographs of ventricular myocardium of group II (Alda group) revealing: (a): well organized myofibrils (f) with normal cross banding
pattern. The mitochondria (m) are arranged in rows between the myofibrils. The sarcoplasmic reticulum tubules (SR) are spanning the sarcomere together with
encountered transverse tubules (T) at the level of the Z line (Z). (b): well registered sarcomeres (Sa) with its characteristic banding pattern: the dark band (A) is
bisected by a lighter zone (H) which is further bisected by a narrow dense M-line (M). The light band (I) is bisected by a dense Z line (Z). (¢): a cardiomyocyte
exhibits an elongated, centrally located nucleus (N) with prominent nucleolus (Nu). (d): an intact intercalated disc with its transverse part appears as a
dense folded line composed of desmosome (D) and fascia adherens (Fa) and longitudinal component composed of gap junction (arrow head). (Microscope
magnification a & ¢ x 5000, b x 8000, dx 12,000)

Fig. 16: TEM photomicrographs of doxorubicin treated myocardium (group III) showing: (a&b) the cardiomyocytes depict thin interrupted myofibrils (*)
with scalloping and localized blebbing of the overlying sarcolemma (1). Multiple vacuoles (V) are also seen. In Fig. a, the mitochondria (m) appear with dense
matrix, while in Fig. b, bizarre-shaped and vacuolated mitochondria (m) are seen. (c&d) disordered myofibrils (f) with irregularly arranged mitochondria.
Numerous lysosomes are also seen (Ly). Notice, the irregular cardiomyocyte nucleus (N) in Fig. (c) and blood capillary in the endomysium (BC) in Fig. (d).
(Microscope magnification a,b&dx5000, ¢ x2500)
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Fig. 17: TEM photomicrographs of left ventricular cardiomyocytes of group III revealing disrupted myofibrils (<) with areas of focal loss and disintegration
(*). Dilated profiles of sarcoplasmic reticulum (SR) are also seen. (Microscope magnification a&bx10,000)

»
)

Fig. 18: TEM photomicrographs of ventricular myocardium of group III showing membrane-bounded structures with degenerated contents (arrow) indicative
of autophagic vacuoles. Focal areas of fibrillar disintegration (<) are noticed. Irregular cardiomyocyte nucleus (N) together with bizarre-shaped mitochondria
(m) are also observed in Fig. (b). (Microscope magnification a x8,000, bx5000)
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Fig. 19: TEM photomicrographs of ventricular myocardium of group IIl showing disrupted intercalated discs (arrow) with widely separated transverse
portions (at b&c) and abnormal straightening (at d). Focal areas of myofibrillar loss (*) and disintegration (<) are also seen. Notice some mitochondria (m)
with disrupted cristae in Fig. a. (Microscope magnification a x12,000, bx6000, c&d x10,000)

Fig. 20: A TEM photomicrograph of left ventricular myocardium of group III showing the formation of contracted sarcomeres (CS) with scalloping of the
overlying sarcolemma (). Irregularly arranged mitochondria (m) are also seen. (Microscope magnification x5000)
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Fig. 21: A TEM photomicrograph of ventricular myocardium of group III revealing some collagen fibers (C) occupying the interstitial space between two
adjacent cardiomyocytes. Notice the scalloped sarcolemma (7). Mitochondria (m) can be also seen under the sarcolemma. (Microscope magnification x6000)

Fig. 22: TEM photomicrographs of the left ventricular myocardium of group IV (DOX+Alda group) revealing: (a&b) regularly arranged myofibrils (f) with
normal cross banding appearance. The sarcolemma appears almost straight (7). Elongated mitochondria (m) are arranged in rows between the myofibrils.
Sarcomeres (Sa) are well ordered showing the characteristic banding pattern where the dark band (A) is bisected by a lighter zone (H) which is further bisected
by a narrow dense M line (M). The light band (I) is bisected by a dense Z line (Z). Sarcoplasmic reticulum tubules (SR) and T-tubule (T) are also seen. (c): A
cardiomyocyte shows interrupted myofibrils with loss of identifiable sarcomeres (*). Notice, the elongated centrally located euchromatic nucleus (N) and the
blood capillary (BC) in the endomysium. (d): an intact intercalated disc with normal transverse (white arrow) and longitudinal (arrowhead) components. The
Transverse component is formed of desmosome (D) and fascia adherens (Fa). (Microscope magnification ax4000, bx5000, ¢x3000, dx10,000)
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Fig. 23: A bar chart comparing experimental groups CK-MB (in U/L).

Identical letters show insignificance, whereas means having dissimilar
letters show significance. Statistical significance at p < 0.05. n=5
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Fig. 24: A bar chart comparing experimental groups LDH (in U/L).
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letters show significance. Statistical significance at p < 0.05. n=5
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DISCUSSION

Doxorubicin is a highly utilized antineoplastic drug,
although it is capable of causing significant heart toxicity
and irreversible cardiomyopathy in medical practice?!.
Despite the fact that, several compounds were tested in
attempt to lessen the cardiac injury attributed to DOX,
they showed limited beneficial value?>?¥, In line with
the previously mentioned facts, it seems quite essential to
evaluate the protective effect of a novel cardioprotective
agents on DOX-triggered cardiotoxicity. Therefore, the
current work was designed to illustrate probable defensive
effect of Alda-1 on DOX-triggered cardiotoxicity.

Alda-1, is a newly recognized ALDH2 agonist, that
is capable of activating ALDH2 catalytic activity and
subsequently improves its interaction with different
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substrates. Moreover, it acts as a molecular chaperon
(molecule that promotes proper folding and assembly of
other macromolecules); thus enhancing ALDH2 folding
in a proper manner. Interestingly, it is even capable of
amending the structural defects of the enzyme mutant
form (ALDH2%*2), the most prevailing human single
point mutation?>?®!, Several studies unveiled that Alda-1
through being ALDH2 agonist was able to protect against
different pathologies through alleviation of oxidative
stress and injurious aldehydes like 4-hydroxy-2-nonenal
(4HNE) as well as malondialdehyde (MDA) together
with preservation of mitochondrial function!'>?*1, The
current work demonstrated that Alda-1 administration was
capable to a large extent to guard against DOX-induced
cardiomyopathy.

The present study has been performed on the widely
used C57BL/6 mouse strain as it represents the best model
of DOX cardiotoxicity?®**!l. Thus its use enhances the
reproducibility and further extension of investigations in
other researches?®?. Doxorubicin dose regimen adopted in
the current work was in compliance with reports in previous
studies for induction of acute DOX cardiomyopathy in
adult male micel>'333],

In the current work, administration of Alda-1 alone in
group II mice displayed no differences in relation to the
control group regarding all the studied parameters. On the
other hand, DOX group has shown significant decrease
in both body weight and heart weight. Willis et a/*?! have
detected decline in heart mass in humans by cardiac MRI
as early as one month after DOX exposure. They also
demonstrated similar decline in heart weight in experimental
mice exposed to DOX. This reduction in the heart weight
might be attributed to either atrophy®?, or actual death
of the muscle fibers induced by DOX intoxication®*3),
Our data demonstarated that Alda-1 ameliorated DOX-
triggered reduction in the heart weight, where Alda+DOX
group manifested significant escalation in the heart weight
as compared to group III mice. However, Alda-1 couldn’t
rescue the decreased body weight induced by DOX, which
might be attributed to accompanying factors such as loss of
appetite and dehydration!**-3¢],

Histological examination using light and electron
microscopes in DOX treated group went in accordance
with previous studiesP™% as it has revealed extensive
myocardial lesions in the form of myofiber degeneration,
disintegration and focal loss together with degenerative
changes of the sarcoplasmic organelles and even the
sarcolemma. Moreover, biochemical markers of cardiac
tissue injury CK-MB and LDH were significantly raised
in mice sera after DOX exposure. These cardiac enzymes
escape from the intracellular compartment of the damaged
cardiomyocytes into the blood. Therefore, their blood
levels are correlated to the degree of cardiac tissue
damage!'*?. In addition, total antioxidant capacity (TAC)
in mice sera showed significant decrease in DOX group
than the other studied groups. Such decrease in the TAC
is a sign of oxidative stress and indicates the vulnerability

to oxidative damagel*#4, Moreover, lipid peroxidation was
raised significantly as shown by the raised tissue MDA
levels in DOX group which went in accordance with the

previous literature!>15:45:4€1,

The predominant mechanism by which DOX damages
the cardiomyocytes is oxidative stress dependent. This
leads to subsequent lipid peroxidation and toxic aldehydes
liberation!*”*®. Moreover, the cardiac muscles are known
to possess reduced level of antioxidant enzymes, thus
restricting their detoxification ability. In addition, DOX is
capable of inhibiting antioxidant enzyme activity, therefore
increasing the cardiomyocyte vulnerability to oxidative
stresst),

Mitochondria are the main target organelle affected by
doxorubicin™. It is concentrated inside the mitochondria
due to its attraction to a mitochondrial phospholipid
named cardiolipin®®*%. Mitochondrial damage could be
attributed to DOX-triggered lipid peroxidation of cellular
membranes, which leads to damage of their integrity
and alteration of their fluidity, this eventually causes
dysfunction and inactivation of the proteins bounded by
these membranesP!. In addition, reactive aldehydes can
escalate mitochondrial mediated development of reactive
oxygen species (ROS) and alter its membrane potential
with subsequent alteration of mitochondrial structure and
shapel®?!,

Owing to the existence of an extensive population of
mitochondria inside the cardiac muscles, there will be
a plenty of mitochondria that generate free radicalsi?.
Chaiswing et al.,™! reported that the mitochondria were
the primary site for injury caused by DOX followed by
secondaryaffectionofothercellularstructures. Interestingly,
in the same study they have reported that mitochondrial
injury coincides with the formation of aldehyde adducts
within mitochondrial proteins, which emphasis on the
role played by these toxic aldehyde in the pathogenesis of
DOX induced mitochondrial injury. As a consequence of
mitochondrial injury, oxidative phosphorylation decreases
and muscles shift to anaerobic metabolism with formation
of lactic acid with a subsequent increase in intracellular
acidity. Such acidity can further alter the activity of
the enzymes responsible for fundamental components
production like proteins and phospholipids, causing more
damage to the cellular componentst*.

Histological sections of DOX+Alda group showed
evident protection exerted by Alda-1 on the cardiac muscle
fibers with remarkable preservation of their structure. These
findings were further confirmed by the electron microscope,
where remarkable improvement in the ultrastructure
of cardiomyocytes was evident. The cardiomyocytes
markedly retained their normal appearance with regularly
arranged myofibrils and preserved sarcomere continuity
as well as remarkable preservation of the mitochondrial
structure. Similar findings were reported after acute
DOX exposure in ALDH2 overexpressing transfected
C57BL6 micel. Moreover, in the same study, DOX-
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induced alterations were accentuated in ALDH2 knockout
mice. This supported the protective effect of ALDH2 on
myocardial histology after DOX administration.

Histological results went hand in hand with
biochemical results of biomarkers of cardiac tissue injury
and oxidative stress. Concomitant administration of Alda-
1 with DOX significantly decreased the elevated serum
cardiac enzymes CK-MB and LDH. Also, it significantly
escalated TAC in comparison to DOX group. Although,
Alda-1 decreased the MDA level in the cardiac tissue and
was insignificant as compared to the control, this reduction
was still statistically insignificant from DOX treated
group, this could be explained by MDA measurement
during peak time of the lipid peroxidation. Where, Kang
et al.,have reported that, after 20mg/kg of doxorubicin,
lipid peroxidation reaches its maximum level after the
same duration of measuring as the current study.

Ge et al.,’% have suggested that ALDH2 protection
toward DOX-triggered cardiac injury was offered via the
maintenance of mitochondrial integrity. They declared that
ALDH2 was able to rescue the mitochondria from DOX-
induced dysfunction of mitochondrial membrane potential,
mitochondrial proteins and mitochondrial enzymes injury,
in addition to attenuation of DOX-induced elevation of
4HNE toxic aldehyde levels.

From the above-mentioned facts, it is postulated that
protection of the mitochondrial ultrastructure observed
in Alda+DOX group could play a role in the overall
preservation of the tissue architecture and organ weight.
Furthermore, mitochondrial morphometry was done in the
current study to assess mitochondrial size changes after
DOX exposure. Results displayed a significantly larger
mitochondrial size in DOX group in contrast with all other
studied groups indicating mitochondrial swelling. This
went in line with Khiati et al.P", who reported swelling
of the mitochondria after its morphometric surface arca
analysis in DOX-induced myocardial intoxication. On
the other hand, concomitant administration of Alda-1
with DOX has further confirmed the preservation of the
mitochondrial structure where mitochondrial size in DOX
+Alda-1 group has displayed no significant difference
versus the control and Alda groups.

It is well established that DOX causes disturbance
in the calcium homeostasis. Lipid peroxidation of the
cellular membranes induced by DOX can lead to alteration
of their residing proteins. DOX impairs sarcoplasmic
reticulum Ca2+-ATPase 2 (SERCA2) on the sarcoplasmic
tubule membranes, whose function is to maintain basal
intracellular calcium level by promoting calcium reuptake
into the sarcoplasmic tubules. DOX alteration to SERCA2
leads to intracellular calcium overload®®. This could
explain the shortening of the sarcomeres observed in
the current work which could be attributed to sustained
contraction of cardiac muscle fibers™. In the current
work, Alda-1 has preserved normal striation pattern of the
sarcomeres and the structure of the sarcotubular system as

observed by TEM in DOX +Alda-1 group. Other studies
have reported that ALDH2 was able to restore impaired
calcium regulation after DOX administration, where it
mitigated the elevation of intracellular calcium levels
as well as the downregulation of SERCA2 induced by
DOX, thus rescuing against cardiomyocyte contractile
dysfunction*+5¢1,

Previous researches! %% proved that DOX-triggered
oxidative stress stimulates apoptosis in addition to necrosis.
Apoptosis is either induced by DOX concentration inside
the mitochondria that mediates cytochrome C liberation, or
through calcium overload generation that will in turn also
mediates cytochrome C liberation and induces apoptosis
by activated caspases!®!. This could account for the focal
loss of fibers and decreased heart weight observed in DOX
group. Moreover, the wavy fibers observed following
administration of DOX could result from the systolic
tugs formed by the viable contractile fibers nearby to the
non-contractile one, thus stretching them!®!. In addition,
the hyperoesinophilic fibers observed in DOX group
could be explained by the intensified attachment of eosin
to the denatured proteins of the cardiac muscle fibers.
Overtime, these dead cells will develop paler cytoplasm!®*.
Furthermore, in the current work, nuclear alterations were
observed in DOX group such as the darkly stained nuclei
observed by light microscope as well as the irregular nuclei
with peripheral condensation of chromatin seen by electron
microscope. Similar nuclear changes were observed in other
studies after DOX administration*¢%"), They reported that
these nuclear changes can be attributed to dox induced
apoptosis and DOX further intercalation inside the nuclear
DNA with its consequent deformation(*®*”l. Where, Asam
et al ' showed localization of doxorubicin intracellularly
inside the nucleus by fluorescence microscope. Dox
interaction with the DNA and its intercalation deforms
the DNA, thus hinder its replication, thus it is particularly
toxic to rapidly dividing cells as well as cancer cells.
Moreover, Lu et al.,'% also reported nuclear condensation
in association with apoptosis and decreased cells viability
in-vitro following doxorubicin treatment.

It has been reported that activated ALDH2 using Alda-1
has antagonized DOX-triggered apoptosis via reduction of
the oxidative stress and the accumulated aldehydes which in
turn is reflected on improvement of the myocardial structure
and the biochemical markers!!¥. In addition to Alda-1 anti-
apoptotic effect, it possesses an anti-inflammatory effect
which lessens different pathologies inducing inflammation
and cellular infiltration. Thus Alda-1 was reported to lessen
apoptosis, necrosis as well as inflammation and guard
against mitochondrial injury!®71 Another proposed
mechanism for ALDH2 amelioration of DOX-triggered
myocardial damage is thought to be, through regulation of
autophagy™¥. Autophagy is a mechanism where defective
organelles and other cellular components are degraded
and recycled through lysosomal digestion in order to keep
only the functional one. Although beneficial, excessive
autophagy can cause cell death!>5*7], Interestingly,
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decreased ALDH2 and increased autophagy was also
observed in left ventricular myocardium of patient with
idiopathic dilated cardiomyopathy, suggesting a possible
correlation between ALDH2 and cardiomyopath®¥. In the
current study, lysosomes were more frequently observed by
TEM in DOX group. In addition, autophagosome formation
was also detected in the same group. Similar findings
were documented using TEM in other studies after DOX
administration>’¥, They suggested that these findings
indicates the initiation of the process of autophagy, where
during autophagy, organelles and proteins are trapped
inside a double membrane vesicle called autophagosome
before being digested by lysososmes. Koleini and
Kardami,”*' have suggested that incompletion of autophagy
occurring via DOX-induced lysosomal dysfunction leads
to accumulation of undegraded structures that promotes
increased ROS production and eventually cell death.

In the present work, collagen fibers were infrequently
encountered in the interstitial spaces of DOX-treated group
by using the electron microscope. However, no significant
increase in collagen deposition was encountered in
trichrome-stained sections between all studied groups
(data not shown). This could be explained by a short
duration of exposure to DOX that needs to be elongated
to induce myocardial fibrosis. Moreover, in line with our
finding Mukhopadhyay et al.,” reported that myocardial
fibrosis could not be detected in acute cardiotoxicity model
5 days after 20 mg/kg DOX exposure in mice neither by
staining techniques nor by biochemical fibrosis markers.
In contrary, in the same study fibrosis was detectable after
35 days of DOX chronic exposure

Thus, the current work offers clear histological evidence
of DOX-induced toxicity on the myocardium via oxidative
stress and its subsequent lipid peroxidation. Alda-1 showed
a pronounced protection in DOX-triggered cardiotoxicity
as indicated by improvement in the heart weight, the
structure of the myocardium and the biochemical markers.
However, some residual changes were still depicted.

CONCLUSION

ALDH2 targeting is a promising new modality offering
protective potentials against DOX-induced cardiac
toxicity. Yet, more studies are needed to afford it for future
therapeutic application.

ABBREVIATIONS

Alda-1: aldehyde dehydrogenase agonist-1, ALDH2:
aldehyde dehydrogenase 2 enzyme, CK-MB: creatinine
kinase- MB, DNA: deoxyribonucleic acid, DOX:
doxorubicin, H&E: Haematoxylin and Eosin, 4HNE:
4-hydroxy-2-nonenal, LDH: lactate dehydrogenase,
MDA: malondialdehyde, MRI: Magnetic resonance
imaging, RBCs: red blood corpuscles, ROS: reactive
oxygen species, SERCAZ2: sarcoplasmic reticulum
Ca2+-ATPase 2, TAC: total antioxidant capacity, TEM:
transmission electron microscopic.
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