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ABSTRACT

Aims: Preventing mitochondrial dysfunction and enhancing mitochondrial health and biogenesis is a crucial
therapeutic approach to ameliorate injury following acute myocardial infarction. Although the antioxidant role of
melatonin against ischemia/reperfusion injury has been reported, the exact mechanism of protection, in vivo,
remains poorly understood. This study aims to identify and elaborate upon mechanism of melatonin protection of
rat cardiac mitochondria against acute myocardial infarction.

Main methods: Rats were pre-treated with melatonin (10 mg/kg body weight (b.w.); intraperitoneally, i.p.) before
isoproterenol bitartrate (ISO) administration (25 mg/kg body weight (b.w.) subcutaneously,s.c.) and their effect
on rat heart mitochondrial structure and function was studied. Biochemical changes in activity of biomarkers of
oxidative stress, antioxidant enzymes as well as Krebs' cycle enzymes were analyzed. Gene expression studies and
Isothermal titration calorimetric studies with pure catalase and ISO were also carried out.

Key findings: Melatonin was shown to reduce ISO induced oxidative stress, by stimulating superoxide dismutase
activity and removing the inhibition of Krebs' cycle enzymes. Herein we report for the first time in rat model that
melatonin activates the SIRT1-PGC-1a-SIRT3 signaling pathways after ISO administration, which ultimately in-
duces mitochondrial biogenesis. Melatonin exhibited significant protection of mitochondrial architecture and
topology along with increased calcium ion permeability and reactive oxygen species (ROS) generation induced by
ISO. Isothermal calorimetric studies revealed that melatonin binds to ISO molecules and sequesters them from the
reaction thereby limiting their interaction with catalase along with occupying the binding sites of catalase
themselves.

Significance: Activation of SIRT1-PGC-1a-SIRT3 pathway by melatonin along with its biophysical properties
prevents ISO induced mitochondrial injury in rat heart.

1. Introduction

supply to the cardiac tissue, leads to rampant generation of ROS such as
superoxide anions (‘O3) and hydroxyl radicals (OH), as well as reactive

The global burden of cardiovascular diseases (CVDs) has increased at
an alarming rate with well-developed countries leading in cases related
to CVD associated disability and mortality [1]. Myocardial infarction as
an important cause of majority of premature deaths with critical risk
factors that include ischemia/reperfusion injury, hypertension, diabetes
and obesity [2]. Myocardial ischemia, characterized by decreased oxygen
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nitrogen species (RNS), all of which have been reported to arise from a
malfunctioning electron transport chain (ETC) in mitochondria [3].
Mitochondria, the seat of oxidative phosphorylation and energy
production, plays a pivotal role in ROS induced oxidative damage to
important macromolecules like DNA, proteins and lipids eventually
leading to cellular apoptosis [4, 5, 6]. ROS mediated damage to
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mitochondria leads to mitochondrial dysfunction [7, 8]which obliterates
ionic homeostasis and contractile function of the heart. ISO, a p-adren-
ergic agonist, causes gross infarcts in the rat heart [9] and its patho-
physiological effects were comparable to those found in humans [10].
Isoproterenol perpetrates myocardial damage by instigating a cascade
reaction that generates huge amount of superoxide anion radicals,
hydrogen peroxide and hydroxyl radicals [11, 12].

Melatonin  (N-acetyl-5-methoxytryptamine), an evolutionarily
conserved ubiquitous molecule, which regulates circadian rhythms and
controls reproductive behavior and retinal function [13], has recently
gained remarkable recognition as a broad spectrum antioxidant and a
potent free radical scavenger [14]. Research studies have documented its
ability to neutralize ROS such as singlet oxygen (10,), superoxide anion
radical (03), hydrogen peroxide (H2032), hydroxyl radical (OH) [15, 16]
along with up-regulating antioxidant enzymes and down-regulating
pro-oxidant enzymes [17, 18]. Melatonin also chelates metal ions [19]
and prevents electron leakage from ETC [20].

Melatonin induced activation of two important members of the Sir-
tuin (silent mating type information regulation 2 homolog) family, Sir-
tuin 1 (SIRT1) and Sirtuin 3 (SIRT3), along with PGC 1a, which stands for
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha,
plays a key role in the regulation of mitochondrial biogenesis [21]. The
sirtuins are a family of highly conserved NAD"-dependent deacetylases
that act as cellular sensors to detect energy availability and also modulate
various metabolic processes by activating important signaling pathways.
Among the sirtuins, mammalian SIRT1 and SIRT3 specifically are known
to coordinate cellular energy stores and ultimately maintain cellular
energy homeostasis by deacetylating a variety of proteins that induce
catabolic processes while inhibiting the anabolic processes. A study by Yu
et al, 2017 proposed that melatonin protects against mitochondrial
dysfunction in myocardial ischemia/reperfusion injury in type 1 diabetes
by preserving mitochondrial function and enhancing biogenesis via the
AMP-activated protein kinase (AMPK)-PGC1a-SIRT3 signaling pathway
[22]. However, the significance of this pathway adopted by melatonin in
providing protection against acute myocardial infarction has not been
studied yet.

Apart from the receptor dependent and receptor independent path-
ways by which melatonin offers protection, we have previously demon-
strated a third possible mechanism by which melatonin protects
antioxidant enzymes against copper-ascorbate, in vitro, by binding to
them and masking their binding sites [23]. However, the binding ener-
getics between melatonin and isoproterenol is still unknown. Hence, the
present study was designed to investigate whether melatonin could
provide protection against ISO induced mitochondrial dysfunction in rat
heart in vivo and to explore the role of SIRT1-PGCla-SIRT3 signaling
pathway in improving mitochondrial function and biogenesis. We have
also tried to investigate the thermodynamic interaction between mela-
tonin and ISO with a pure antioxidant enzyme, catalase, through
isothermal calorimetric binding studies, to predict and propose a possible
mechanism of action employed by melatonin in providing protection to
rat heart against ISO induced oxidative damage.

2. Materials and methods
2.1. Chemicals and reagents

All the chemicals used for the present research are of analytical grade.
The primary antibodies used in the experiments such as NF-kB p65
(ab16502), PGC 1a (ab54481), HSP70 (ab79852), SIRT 1 (ab110304),
SIRT 3 (ab189860) and Goat anti-rabbit IgG alkaline phosphatase (ALP)-
conjugated secondary antibody (ab97048) were purchased from Abcam
Biotechnology Company, USA. Primary antibody against p-actin (sc-
130657) was procured from Santa Cruz Biotechnology, Inc. Elisa kits for
estimation of TNFa, IL-1f, IL-6 and IL-10 were purchased from Ray
Biotech, Inc., USA. Isoproterenol bitartrate, 2,3,5-triphenyltetrazolium
chloride (TTC), 2',7’-Dichlorofluorescin di acetate (DCFDA), JC-1 (5,
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5, 6, 6'-tetrachloro-1, 1/, 3,3'tetraethylbenzimidazolcarbocyanine io-
dide), glutathione reductase (GR) and few other chemicals were pur-
chased from Sigma Aldrich, USA. Melatonin, trichloro acetic acid (TCA),
thiobarbituric acid (TBA) reduced glutathione (GSH),5-Bromo-4-chloro-
3-indolyl phosphate (BCIP), nitro blue tetrazolium (NBT), cytochrome c,
a-ketoglutarate, succinate and other important reagents were procured
from Sisco Research Laboratories (SRL), Mumbai, India. Thiobarbituric
acid (TBA) and other chemicals were purchased from Merck Limited,
Delhi, India.

2.2. Animal experiments

Sixty male Wistar rats weighing between 150-180 gms were procured
from a registered supplier under the Committee for the Purpose of
Control and Supervision of Experimental Animals (CPCSEA), Ministry of
Social Justice and Empowerment, Government of India. The experi-
mental design and treatment protocols were approved (IAEC/IV/Pro-
posal/DB-01/2016) by the Institutional Animal Ethics Committee (IAEC)
of the Department of Physiology, University of Calcutta.

All rats were allowed to acclimatize for at least 7 days and kept under
standard laboratory conditions with water and food ad libitum followed
by 2 days of treatment period.

The rats were divided into the following groups with 6 rats in each
group (n = 6):

1) Control (CON): Only vehicle (0.9% NaCl) treated rats.

2) Only melatonin treated groups (M5, M10, M20 and M40): Rats
were injected with melatonin intraperitoneally at a dose of 5(M5), 10
(M10), 20 (M20) and 40 mg/kg body weight (M40), respectively.
These four graded doses of melatonin was chosen after referring to
previous literature [11] in which these doses exhibited significant
biological effects.

Isoproterenol treated group (ISO): Rats were injected subcutane-
ously with 25 mg/kg b.w. twice at an interval of 24 h to induce
myocardial infarction. This dose of ISO has already been documented
earlier to produce significant infarcts in rats [11]

Isoproterenol + melatonin treated groups (ISO + M5, ISO + M10,
ISO + M20 and ISO + M40): Rats were injected with melatonin
(by i.p) at different doses (5, 10, 20 and 40 mg/kg bw) respectively,
30 min prior to ISO injection.

3

-

4

-

All animals were kept at room temperature while maintaining 12 hrs
of daylight and 12 hrs of darkness and sacrificed 24 hrs after the second
ISO injection by cervical dislocation. Blood was collected by cardiac
puncture, before sacrifice, for the preparation of the serum. Their hearts
were collected and stored at -20°C for further biochemical analyses. For
histological studies, a ventricular portion of cardiac tissue was fixed by
10% buffered formaldehyde and another small part of cardiac tissue was
subjected to 3% glutaraldehyde immediately after collection for scanning
electron microscopy (SEM) study.

2.3. Preparation of mitochondrial fractions of rat heart

Cardiac tissue was homogenized (10%) in ice cold 50 mM potassium
phosphate buffer (pH 7.4) using a Potter- Elvenjem glass homogenizer
(Belco Glass, Inc., Vineland, NJ,USA) for 20secs. The 10% homogenate
was centrifuged at 600 g for 10 min in cold to pellet down nuclear debris.
The supernatant was collected and again subjected to centrifugation at
16,000 g for 45 min in cold. Supernatant which contains cytosolic sample
was discarded and the pellet was re-suspended in sucrose buffer (50 mM
Tris HCl, pH 7.8 containing 250 mM sucrose) to obtain mitochondrial
suspension. It was stored at -20 °C for future biochemical assays. All
assays involving enzymatic analysis except SGOT (Serum glutamate
oxaloacetate transaminase), LDH1 (Lactate dehydrogenase 1) and total
LDH (Total lactate dehydrogenase) were done using mitochondrial sus-
pension sample.
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2.4. Measurement of serum injury markers

The SGOT activity of rat heart was assayed by the method of Reitman
and Frankel [24]. The LDH1 activity was measured according to the
method of Stritmatter [25] with some modifications [26] and total LDH
activity was measured by the method of Levine et al. (1994) [27].

2.5. Measurement of oxidative stress biomarkers

Lipid peroxidaton level (LPO) in mitochondria was measured as
nmoles of TBARS/mg of protein [28] with some modifications [29].
Protein carbonyl content (PCO) was measured by DNPH assay [27] and
reduced glutathione (GSH) content was estimated by the method of
Sedlack and Lindsay [30] with some modifications [29]. Oxidized
glutathione (GSSG) level was determined from the difference between
total and actual GSH levels [31]. The ratio of GSH:GSSG was also
calculated [32].

2.6. Measurement of antioxidant and antioxidant metabolizing enzymes

Glutathione peroxidase (GPx) activity was measured by method of
Paglia and Valentine [33] with some modifications [34]. Glutathione
reductase (GR) and Manganese superoxide dismutase (MnSOD) activity
was estimated by method of Krohne-Echrich et al [35] and Marklund and
Marklund [36] respectively. Catalase enzyme activity was estimated
according to the method of Beer and Sizer [37] with some modifications
[10].

2.7. Measurement of pyruvate dehydrogenase (PDH) and other Krebs'
cycle enzymes

PDH activity was measured spectrophotometrically at 340 nm [38]
and aconitase activity was measured by monitoring the formation of
cis-aconitate from iso-citrate (20 mM) at 240 nm following the method of
Gardner et al. [39]. The activity of isocitrate dehydrogenase (ICDH) and
alpha ketoglutarate dehydrogenase (a-KGDH) were measured according
to Duncan et al. (1979) [40]. The method of Veeger et al. (1969) [41]was
used to measure succinate dehydrogenase (SDH) activity. Fumarase ac-
tivity was determined spectrophotometrically by measuring the increase
in absorbance at 240 nm in the reaction mixture to which 30 mM po-
tassium phosphate (pH 7.4) and 0.1 mM L-malate and suitable amount of
mitochondrial suspension were added following the method of Racker et
al [42]. One unit (U) was defined as the amount of enzyme necessary to
produce 1 pmol fumarate per minute (€240 = 3.6 mM-1 cm-1). Malate
dehydrogenase activity (MDH) was determined according to method of
Dasika et al. 2015 [43] by measuring the decrease in absorbance at 340
nm resulting from the oxidation of NADH. One unit oxidizes one
micromole of NADH per minute at pH 7.4 under the specified conditions.
The enzyme activity was expressed as Units/min/mg protein. Citrate
synthase activity was examined spectrophotometrically by the method of
Parvin [44] at 420 nm. All enzyme activities were expressed as Uni-
ts/min/mg protein.

2.8. Determination of the activities of respiratory chain enzymes

The activities of NADH-Cytochrome c oxidoreductase and cyto-
chrome c oxidase were measured by the method of Goyal and Srivastava
(1995) [45] at 565 and 550 nm, respectively.

2.9. Measurement of infarct area by TTC stain

Infarct area of rat heart was measured according to the method Yan
et al. 2012 [46]. Briefly the ventricular portion of the hearts from each
group were cut transversely into 1-mm-thick slices and stained with 2%
triphenyltetrazolium chloride (TTC) in PBS (pH 7.4) for 20 min in a 37 °C
water bath. After fixation for 4-6 h in 10% buffered formaldehyde, each
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slice was photographed. Viable myocardium stained brick red and infarct
tissues appeared pale white. Infarct area were measured by automated
planimetry using Image J software (version 1.46u, National Institutes of
Health), with the infarct size expressed as a percentage of the total infarct
area. The extent of the area of infarct was quantified by three indepen-
dent and blind observers.

2.10. Studies on tissue morphology with light microscopy

The tissue sections of different groups were stained with
haematoxylin-eosin (HE) to study the morphological changes. Rat heart
tissue was fixed in 10% formalin and embedded in paraffin following
routine histological procedure. Five pm thick cardiac tissue sections were
prepared and stained with haematoxylin—eosin (H-E). The stained tissue
sections were examined under a light microscope (Leica) at 400x
magnification [47].

Masson's trichrome staining of cardiac tissue sections was performed
by following routine staining procedure [48, 49, 50]. Briefly, deparaffi-
nised tissue sections were brought to water medium and pre-heated
Bouin's solution was applied to them and allowed to stand for 60 min.
Then tissue sections were washed in running tap water to remove the
picric acid. Thereafter, Weigert's working hematoxylin solution was
applied for 10 min. Bluening was done under running tap water for 5 min
and the sections were rinsed in distilled water once again. After that
Biebrich scarlet solution was applied for 5 min. After rinsing the tissue
sections in distilled water, phosphotungstic/phosphomolybdic acid was
applied for 10 min. Without discarding the solution, aniline blue solution
was directly applied to them for 5 min. Those tissue sections were again
rinsed in distilled water and 1% acetic acid was applied to them for 1
min. After incubation, tissue sections were taken out of solution, dehy-
drated and cleaned with xylene and finally was mounted with DPX. The
stained tissue sections were examined under a light microscope (Leica) at
400 x magnification. The percentage area of fibrosis has been quantified
using ImageJ software.

2.11. Measurement of mitochondrial intactness by Janus Green B stain

Fifty microlitre of mitochondrial suspensions of different groups were
spread uniformly on a glass slide and air dried. 0.1% Janus green B stain
was applied to cover the smear and kept in dark for 20 min. It was then
rinsed with distilled water carefully to remove excess stain. The bluish
green stained slides were mounted with distilled water and observed
under Olympus fluorescence microscope under green filter (excited at
450 nm) [23]. The fluorescent intensity of each sample was calculated
using ImageJ software.

2.12. Study of mitochondrial morphology through scanning electron
microscopy (SEM)

Isolated cardiac mitochondria was fixed in 2.5% cold glutaraldehyde
for 24-48 h immediately after dissection of the animals for SEM study
following the method of Mukherjee et al. 2015 [51]. The prepared
samples were evaluated by scanning electron microscopy (SEM; Zeiss Evo
18 model EDS 8100) at a magnification of 20,000 KX.

2.13. Determination of the mitochondrial membrane potential (Aym)

Mitochondrial membrane potential was determined by using the
mitochondria- specific lipophilic cationic fluorescent dye, JC-1,
following a well calibrated method of Cossarizza et al. (2000) [52].
Mitochondria from all four groups of tissues were prepared as described
above and were stained with JC-1 dye (0.2 pg/mL) and then incubated in
dark at 37 °C for 20 min. The flow cytometer (BDFACS Versa, USA), with
the excitation wavelength 488 nm and an emission wavelength of band
pass filter 586/42 nm was used for the detection of mitochondrial



S. Naaz et al.

Heliyon 6 (2020) e05159

(]
o
1

-
o
1

SGOT Activity (1U/) E
3 8

=y
o
1

=y
o
L

o
L
KB

~
oSodeli

TS
R

Zs

I
B2

Lactate Dehydrogenase (LDH 1)
(un)

L E

FELLEEL S P

d \5_,0 %d‘ %Ox L
NN N

20 1

=y
o
1

Lactate Dehydrogenase (Total LDH)
(on)
3

Figure 1. Graphical representation of the changes in the levels of (A) SGOT (B) LDH1 and (C) Total LDH in serum of rats pre-treated with different doses of melatonin
(M) (5, 10, 20 and 40 mg/kg bw; i.p.) with/without ISO administration (25 mg/kg bwj s.c.). Values are expressed as means =+ S.E. for six samples for each group. (*p <
0.001 versus control, #p < 0.001 versus ISO treated cardiac mitochondria, using one way ANOVA).

membrane potential (Aym) and the FITC-A median was expressed as
depolarized population percentage (%).

2.14. Determination of mitochondrial membrane calcium ion permeability

Calcium ion permeability across the inner mitochondrial membrane
was assessed by following the method of Bratosin et al [53]. Mitochon-
drial suspensions were incubated with Calcein-AM dye at 5 pM concen-
tration at 37 °C for 30 min followed by flow cytometric analysis carried
out at 515 nm wavelength (excitation wavelength 495 nm) using BD
FACS Verse. Data were analyzed by FACSuite software, histogram over-
lays of Ca®* fluorescence were done, and mean fluorescence intensity
was plotted as a bar diagram.

2.15. Measurement of mitochondrial ROS levels

Mitochondrial ROS levels were measured by 2',7" —dichlorofluorescin
diacetate (DCFDA, also known as H2DCFDA), a fluorogenic dye that
measures hydroxyl, peroxyl and other reactive oxygen species (ROS)
activity using a BD FACS Aria II flow cytometer, USA. Briefly, samples
were incubated with the stable non-fluorescent DCFDA for 15 min which
becomes oxidized to a highly fluorescent 2',7’-dichlorofluorescein (DCF)
in the presence of ROS [54]. Data was represented as histogram overlays
of different groups plotted using FlowJo software (version 10) and mean
fluorescence intensity was represented by bar diagram.

2.16. Measurement of some important inflammatory markers in serum

Some important inflammatory markers such as tumor necrosis factor
alpha (TNFa) (ELR- TNFa), interleukin-1f (IL-1p) (ELR-IL1b), inter-
leukin-6 (IL-6) (ELR-IL6) and interleukin-10 (IL-10) (ELR-IL10) were

determined by standard ELISA kits purchased from RayBiotech, Inc.
(USA). The rat TNF —o ELISA kit used for quantitative determination of
rat TNF-a was in the range from 25 to 20000 pg/ml. This assay displayed
a sensitivity of 25 pg/ml. Average recovery is estimated to be 95.43%
from rat serum. The determination range of IL-1f rat ELISA kit was in the
range 80-50000 pg/ml while that of rat IL-6 was 30-10000 pg/ml. IL-10
rat ELISA kit from raybiotech had a determination range from 10 to 6000
pg/ml.

2.17. Determination of mitochondrial levels of different proteins by western
blot analysis

Western blot analysis was performed with cardiac mitochondrial
suspensions which were prepared as described earlier by Bandyopadhyay
et al. (2004) [29]. The samples were subjected to SDS-PAGE (10%)
analysis according to the method of Laemmli (1970) [55]. Eighty
microgram proteins were loaded in each lane for immunodetection of
NF«xB, PGC 1la, HSP70, SIRT1, SIRT3 and  ACTIN. After completion of
the running, the gel was transferred to nitrocellulose membrane (Pall
Corporation, USA), the immunoblot was then incubated in blocking so-
lution (5% bovine serum albumin) for 1 h followed by washing thrice in
TBS-T (15 min each). The blot was then incubated with respective pri-
mary antibodies (1:2000) overnight at 4°C. The blot was washed thrice in
TBS-T and incubated with secondary antibody (Goat anti-rabbit IgG ALP
conjugate 1:3000) for 2 h at 4°C. Finally, the membrane was washed
again and incubated in BCIP/NBT substrate. Individual band intensity of
respective immunoblots was normalized by the intensity of f-actin (NIH,
Bethesda, MD, USA) and the relative density of the bands was quantified
using ImageJ software and expressed in relative densitometric units [29,
55]. The relative pixel density of the bands obtained was quantified using
ImageJ software (NIH, Bethesda, MD,USA).
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Figure 2. Graphical representation of the changes in the levels of (A) LPO (B) PCO content and (C) GSH content (D) GSSG and (E) GSH:GSSG ratio in cardiac
mitochondria from rats pre-treated with different doses of melatonin (M) (5, 10, 20 and 40 mg/kg bw; i.p.) with/without ISO administration (25 mg/kg bw; s.c.).
Values are expressed as means + S.E. for six samples for each group. (*p < 0.001 versus control, #p < 0.001 versus ISO treated cardiac mitochondria, using one

way ANOVA).

2.18. Isothermal titration calorimetry (ITC) studies

sample cell, 0.3 ml of pure catalase enzyme (4 x 10~° mM) was titrated
with 0.04 ml of 2 mM ISO and 80 pM melatonin as ligands in specific

The binding pattern of pure catalase with isoproterenol bitartrate and combinations as follows: (i) only ISO, (ii) only melatonin and (iii) ISO
in, . ination, w . . e . : . . .
melatoin, alone and in combination, was analyzed by isothermal titration and melatonin together. The interactions between melatonin and
calorimetry using Microcal ITC-200, Malvern, UK. For this assay, in the isoproterenol bitartrate was also studied. In this case, 0.3 ml of pure
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Figure 3. Diagrammatic representation of the changes in the enzymatic activities of (A) GPx (B) GR (C) Mn SOD and (D) Catalase in cardiac mitochondria from rats
pre-treated with different doses of melatonin (M) (5, 10, 20 and 40 mg/kg bw; i.p.) with/without ISO administration (25 mg/kg bw; s.c.). Values are expressed as
means + S.E. for six samples for each group. (*p < 0.001 versus control, #p < 0.001 versus ISO treated cardiac mitochondria, using one way ANOVA).
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Figure 4. Graphical representation of the changes in the activities of Krebs' cycle enzymes namely (A) Pyruvate dehydrogenase (PDH) (B) Aconitase (C) Isocitrate
dehydrogenase (ICDH) (D) alpha ketoglutarate dehydrogenase (a« KGDH) (E) Succinate dehydrogenase (SDH) (F) Fumerase (G) Malate dehydrogenase (MDH) and (H)
Citrate Synthase activity in cardiac mitochondria from rats pre-treated with different doses of melatonin (M) (5, 10, 20 and 40 mg/kg bw; i.p.) with/without ISO
administration (25 mg/kg bw; s.c.). Values are expressed as means + S.E. for six samples for each group. (*p < 0.001 versus control, #p < 0.001 versus ISO treated

cardiac mitochondria, using one way ANOVA).

melatonin (80 pM) taken in sample cell was titrated against 0.04 ml of 2
mM ISO as ligand. For a single run, titration was conducted with twenty
injections of each ligand (2 pL each) with 150 s spacing between two
successive injections for approximately 1 h at 37 °C [56]. The amount of
heat change per second (AH) is the area under the curve and is expressed
in terms of kcal mol™! of injectant against molar ratio as shown at the
bottom of each curve.

2.19. Estimation of protein

The protein concentration in each mitochondrial sample was deter-
mined by the method of Lowry et al [57].

2.20. Statistical evaluation

Each experiment was repeated at least three times. All data are pre-
sented as Mean =+ S.E. Significance of mean values of different parame-
ters between the groups were analyzed using one-way analysis of
variances (ANOVA) after ascertaining the homogeneity of variances be-
tween the groups. Pair wise comparisons were done by calculating the
least significance (P < 0.001). Statistical tests were performed using
Microcal Origin version 7.0 designed for Windows (OriginLab Corpora-
tion, Northampton, MA, USA).

3. Results

Figure 1A, B and C shows a significant increase in SGOT, LDH1 and
total LDH activity respectively in ISO (25 mg/kg bw) treated rat serum

(*p < 0.001 vs control) and the subsequent dose-dependent protection
offered by pre-treatment with melatonin (p < 0.001 vs ISO), suggests
that melatonin at a minimum effective dose of 10 mg/kg bw can signif-
icantly protect against the rise in serum SGOT levels as compared to ISO.
Serum from only melatonin treated rats at the doses of 5, 10, 20, 40 mg/
kg body weight did not show any significant change in SGOT levels as
compared to control group.

Figure 2A, B and C depicts a significant increase in LPO and PCO
levels along with decrease in GSH content in cardiac mitochondria upon
ISO treatment respectively. Interestingly, dose-dependent melatonin
treatment showed a significant protection of all these parameters in
comparison to ISO group with 10 mg/kg bw dose being the minimum
effective dose of protection. A significant increase in GSSG level
(Figure 2D) and decrease in GSH:GSSG ratio (Figure 2E) after ISO
treatment was observed, however, dose- dependent pre-treatment of
mitochondria with melatonin protected the levels from being altered.
The only melatonin treated groups showed no significant difference as
compared to control group.

Cardiac mitochondrial GPx, GR and CAT enzyme activities
(Figure 3A, B and D respectively) were found to be significantly
decreased whereas a significant increase in Mn SOD activity (Figure 3C)
was observed upon ISO treatment. Pre-treatment with melatonin could,
however, dose-dependently provide protection against all such alter-
ations. Only melatonin treated groups did not show any significant dif-
ference when compared to control group.

Enzyme activities of mitochondrial PDH (Figure 4A) and all Krebs'
cycle enzymes namely, aconitase, ICDH, aKGDH, SDH, fumerase, MDH
and citrate synthase (Figure 4B-H) were significantly inhibited upon ISO
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Figure 5. Diagrammatic representation of the
changes in the enzymatic activities of respiratory
chain enzymes: (A) Cytochrome c oxidase and (B)
Cytochrome c¢ oxidoreductase activity in cardiac
mitochondria from rats pre-treated with different
doses of melatonin (M) (5, 10, 20 and 40 mg/kg bw;
i.p.) with/without ISO administration (25 mg/kg bw;
s.c.). Values are expressed as means + S.E. for six
samples for each group. (*p < 0.001 versus control,
#p < 0.001 versus ISO treated cardiac mitochondria,
using one way ANOVA).
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treatment, however, dose-dependent pre-treatment with melatonin
showed a remarkable ability to prevent such inhibition and protected
these enzymes from being altered. There was no significant difference as
compared to control in the activities of the above enzymes in the mito-
chondrial samples isolated from only melatonin treated rats.

Figure 5A and B depicts the significant decrease in Cytochrome c
oxidase and Cytochrome c oxidoreductase activity after ISO treatment
which was dose-dependently found to be protected by melatonin pre-
treatment with 10 mg/kg bw being the minimum effective dose of pro-
tection. Only melatonin treated rats did not show any remarkable dif-
ference when compared to control in the above parameters.

After analyzing all the above mentioned parameters in a dose-
response approach, it was found that melatonin pre-treatment at a min-
imum dose of 10 mg/kg bw prior to ISO treatment showed significant
results as compared to only ISO treated groups and hence was the dose of
choice for further investigation. Thus, a more detailed investigation was
carried out using only the minimum effective dose of 10 mg/kg bw of
melatonin alone and also thirty minutes prior to ISO treatment.
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Figure 6. Identification of infarct area by TTC staining of rat heart. Panel (A)
shows the representative images of rat heart sections of different groups. Infarct
area is a white patch in the histological section of heart from ISO (25 mg/kg bw;
s.c.) treated rat shown by black arrows. Pre-treatment of rats with melatonin
with 10 mg/kg bw; i.p (ISO + M10) prior to ISO treatment was identified as the
minimum effective dose of protection. M10 represents only melatonin treated
(10 mg/kg bw) group. Panel B shows the graphical representation of the per-
centage of risk area in each tissue. Values are expressed as means + S.E. for each
group. (*p < 0.001 versus control, #p < 0.001 versus ISO treated heart, using
one way ANOVA).

Figure 6A shows rat hearts stained with TTC stain in which infarcted
area is shown by a white patch in ISO treated heart section which shows a
significantly increased percentage of risk area in Figure 6B whereas pre-
treatment with melatonin at a minimum effective dose of 10 mg/kg bw
could effectively reduce the extent of infarction caused by ISO. There was
no significant occurrence of an infarct in heart sections from only
melatonin treated (10 mg/kg bw) rats in comparison to control.

H&E staining of heart tissue sections revealed severe myodegenera-
tion and necrosis of muscle fibers, interstitial edema, and heavy
neutrophil infiltration in ISO treated tissues as is evident from Figure 7A.
All these changes were found to be reduced in 10 mg/kg bw melatonin
pre-treated group. Masson's trichrome staining (Figure 7B1), revealed
that collagen deposition was higher in ISO treated groups as compared to
control along with a higher percentage of fibrosis as seen in Figure 7B2.
However, melatonin pre-treatment was found to significantly decrease
collagen deposition and it also reduced the percentage of fibrosis at a
minimum effective dose of 10 mg/kg bw. Tissue sections from only
melatonin (10 mg/kg bw) treated group did not show any significant
difference as compared to control.

Janus Green B stain was used to assess the intactness of rat cardiac
mitochondria (Figure 8A). A significantly lower level of fluorescent in-
tensity percentage in ISO group was observed, however, melatonin pre-
treated rats with 10 mg/kg bw dose were effectively protected from
such damage as quantified in Figure 8B. Mitochondria isolated from the
hearts of only melatonin treated group (10 mg/kg bw) did not show any
significant decrease in fluorescence intensity as compared to control.

SEM images of ISO treated cardiac mitochondria displayed increased
irregularities in surface topology along with blebbing and convolution of
outer membrane as shown by the peaks in Figure 9. Melatonin pre-
treatment, however, prevented these changes and protected the surface
morphology of mitochondria from being altered. Melatonin alone how-
ever did not show any significant effect.

Flow cytometric analysis of JC-1 stained mitochondria revealed that
majority of control mitochondria are polarized (Figure 10A), however,
ISO treated mitochondria showed predominantly depolarized pop-
ulations. Surprisingly, mitochondria from melatonin pre-treated group
showed a significantly lower percentage of depolarized population as
illustrated in Figure 10B. Mitochondria isolated from only melatonin
treated rats did not exhibit any significant change in JC-1 analysis as
compared to control.

The Mean Fluorescence intensity (MFI) of calcein dye due to ca®t
accumulation as well as DCFH-DA stained ROS in ISO treated mito-
chondria showed increased levels with a significant rightward shift.
However, mitochondria isolated from melatonin pre-treated rats showed
a reduced permeability of calcium ions across the mitochondrial mem-
brane (Figure 11B) along with decreased ROS levels (Figure 11D) and
hence significantly lower levels of fluorescence with a leftward shift of
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Figure 7. Representative images of H&E stained rat heart tissue sections (panel A) sections along with Masson trichrome stained heart tissue sections (panel B1) of
control (Control), only melatonin treated -10 mg/kg bw only (M10), only ISO (25 mg/kg bw) treated and melatonin pretreated + ISO administered group (ISO +
M10). Black arrows in H&E stained tissue sections indicate ISO induced infiltration of neutrophils and myofibril degeneration in cardiac tissue. Masson trichrome
stained ISO treated heart sections indicated increased collagen content and marked area of fibrosis (black arrow). (40 x magnification). B2) Graphical representation of
percentage of fibrosis area from the images of Panel B1 of control (CON), melatonin only (M10), ISO treated (ISO) and ISO + melatonin treated (ISO + M10) groups.
Values are expressed as means =+ S.E. for six samples for each group. (*p < 0.001 versus control, #p < 0.001 versus ISO treated heart, using one way ANOVA).
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Figure 8. Representative images of Janus green B stained mitochondrial sam-
ples of rat heart tissue (20 x magnification) is shown in Panel A. Panel B shows
the graphical representation of percentage of fluorescent intensity from the
images of Panel A of control (CON), melatonin only (M10), ISO treated (ISO)
and ISO + melatonin treated (ISO + M10) groups. Values are expressed as
means + S.E. for six samples for each group. (*p < 0.001 versus control, #p <
0.001 versus ISO treated heart, using one way ANOVA).

MFI in the histogram suggesting that melatonin prevents calcium ion loss
and ROS generation and hence prevents cellular apoptosis. The mito-
chondria isolated from only melatonin treated group did not show any
significant difference in either of the two parameters as compared to
control.

Figure 12A,B, C and D shows a significant increase in serum pro-
inflammatory cytokines like TNF o, IL 1p and IL-6 and decrease in an
anti-inflammatory cytokine, IL-10 respectively after ISO administration
which were found to be restored to near normal levels upon melatonin
pre-treatment. Melatonin treatment alone showed no significant changes
in cytokines levels when compared to control.

Figure 13A shows that mitochondria from ISO treated rats expressed
significantly higher protein levels of NFkB (Figure 13B), and HSP70
(Figure 13D). However, melatonin pre-treatment significantly declined
their expression. Significant upregulation in gene expression of PGC 1a,
SIRT1 and SIRT3 (Figure 13C, E and F respectively) by melatonin pre-
treatment was also observed. No significant changes was observed in
gene expression of the above parameters in only melatonin treated rats in
comparison to control.

Figure 14 shows the representative images of isothermal titration
calorimetric (ITC) data showing heat change vs time titration curve. A
highly exothermic reaction between ISO and catalase was observed with
a three site sequential binding pattern with rapid opening of the sites
accompanied by fast heat exchange per second which does not tends
towards saturation as is suggested by the downward sharp peaks seen in
Figure 14A. In Figure 14B, a fairly good thermodynamic interaction with
a one site rapid binding pattern between catalase and melatonin was
observed with no free binding sites and hence the reaction goes towards
saturation. However, when ISO and melatonin together interacted with
catalase (Figure 14D), a highly exothermic reaction occurred, as ISO
binds to catalase rapidly, shown by sharp downward peaks with a
gradual decrease in heat change. However, the second half of the curve
displays characteristics similar to that of melatonin and catalase ITC
curve, which suggests that melatonin binds to both ISO and catalase very
quickly and thereby protects the enzyme from damage. The initial
binding pattern of ISO and melatonin only (Figure 14C) shows a very
rapid heat change per second and opening of sequential binding sites
making it a highly exothermic reaction by nature.
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Figure 9. Representative SEM images of isolated rat heart mitochondria with their corresponding surface roughness being displayed alongside the image (magni-
fication 20 KX) of different groups: control (CON), melatonin only (M10), ISO treated (ISO) and ISO + melatonin treated (ISO + M10) group. Red arrow heads indicate
increased roughness and ISO induced blebbing of mitochondrial surface in the green peaks shown alongside the images.

4. Discussion

Melatonin has been shown to protect against ROS induced mito-
chondrial dysfunction in various disease conditions [58, 59, 60, 61, 62].
In, the present study, ISO administration (25 mg/kg bw) caused acute
myocardial infarction through the f-adrenergic pathway as it acts as a
adrenergic agonist [11]. Elevated levels of serum and mitochondrial
oxidative stress biomarkers along with changes in GSH, GSSG and GSH:
GSSG ratio after ISO treatment suggests substantial free radical produc-
tion and disturbances in the cellular redox buffer [32]. The oxidation of
ISO to semiquinones, which in turn react with oxygen to produce O% and
H0; [63], and the susceptibility of cardiolipin present in inner mito-
chondrial membrane to lipid peroxidation are the primary causative
factors that lead to ETC inactivation thereby signaling increased ROS and
RNS production [64, 65]. Decrease in GPx activity, which protects
against oxidative damage by catalyzing the removal of hydrogen
peroxide via oxidation of GSH that is recycled from oxidized glutathione
by the NADPH-dependent GR [66], along with increased MnSOD activity
which catalyzes the removal of superoxide radicals and converts it to
hydrogen peroxide which is neutralized by CAT enzyme [66] are the
consequences of ISO administration. Melatonin has been reported to
upregulate the gene expression of antioxidant enzymes in the face of
oxidative stress [67]. In agreement with previous findings, we concluded
that melatonin protected mitochondrial enzymes from being altered via
its free radical scavenging and antioxidant properties.

The inhibition of Krebs' cycle enzymes, which regulate the energy
metabolism of the cell, by ISO, is consistent with previous studies [11,
51] and it was perhaps due the fact that the oxygen involved in ETC may
directly oxidize and inactivate iron-sulfur cluster proteins thus affecting
respiratory chain activity. It may also lead to electron leakage along with
the generation of the highly reactive ¢OH and the peroxy nitrite radical
(ONOO"), a potent oxidizing agent that can cause oxidative damage to
mitochondrial proteins and function. By scavenging these free radical,

melatonin protects against the inhibition of Krebs' cycle enzymes and also
prevents the ETC from malfunctioning, thereby reducing the risk of free
radical mediated damage.

Another plausible explanation for inactivation of the above enzymes
could be due to the physical binding of ISO to these enzymes. However,
in order to bind to the enzymes present in the mitochondria, ISO mole-
cules must first enter the mitochondria by passing through the double
membrane which is possible only if the mitochondrial membrane gets
damaged. Histopathological analysis of ISO treated rat hearts after TTC
staining displayed marked gross infarcts along with H&E and Masson
trichrome stained tissue sections that displayed marked histological
changes suggesting that tissue injury upon ISO treatment is distinct as
reported earlier [11, 51]. Notably, vital staining with Janus Green B and
SEM analysis of isolated mitochondria indicated a disruption of mem-
brane integrity and surface topology upon ISO treatment which is
consistent with previous confocal and biochemical findings which
showed increased mitochondrial membrane roughness and appearance
of blebs which were found to be prevented upon pre-treatment with
melatonin [51]. In this study, melatonin pre-treatment of the rat heart
mitochondria was found to protect the mitochondria from ISO induced
changes.

Mitochondrial membrane potential (MMP), measured by JC-1 stain-
ing, is an indicator for cell death or apoptosis. Decrease in MMP coincides
directly with the opening of the mitochondrial membrane permeability
transition pores (MPTP), resulting in the release of cytochrome c into the
cytosol, which in turn leads to downstream events in the apoptotic
cascade. JC-1 is a mitochondria-specific dual-fluorescent probe that ex-
hibits a potential-dependent accumulation in mitochondria showing
higher levels of accumulation in control or polarised and decreased
accumulation in depolarized mitochondria [68] that have undergone ISO
treatment. Pre- treatment with melatonin at 10 mg/kg bw protected the
mitochondria by scavenging ROS, decreasing MMP and thereby inhibit-
ing the opening of the MPTP.
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Figure 10. Flurometric analysis of rat heart mitochondria after JC-1 staining. Panel A shows the FACS distribution pattern of cardiac mitochondria stained with JC-1
dye according to change in membrane potential of the different groups: control (CON), melatonin only (M10), ISO treated (ISO) and ISO + melatonin treated (ISO +
M10) group. Panel B represents the histogram showing the fluorescent intensity (%) of JC-1 (percent of depolarized population of mitochondrial membrane) of the
different groups. Values are expressed as means + S.E. for six samples for each group. (*p < 0.001 versus control, #p < 0.001 versus ISO treated heart, using one

way ANOVA).
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Figure 11. Representative images of ISO induced
changes in rat heart mitochondria by FACS analysis
after (A) Calcein staining. Panel B shows the graphical
representation of the mean fluorescent intensity (MFI)
obtained after calcein staining of the different groups:
control (CON), melatonin only (M10), ISO treated
(ISO) and ISO + melatonin treated (ISO + M10)
group. Panel C represents the curve showing DCFDA
staining of mitochondria from control (CON), mela-
tonin only (M10), ISO treated (ISO) and ISO + mela-
tonin treated (ISO + M10) group respectively and
panel D represents the quantification of ROS in terms
of mean fluorescence intensity in rat cardiac mito-
chondria of the different groups. Values are expressed
as means + S.E. for six samples for each group. (*p <
0.001 versus control, #p < 0.001 versus ISO treated
heart, using one way ANOVA).
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Figure 12. Diagrammatic representation of the changes in the inflammatory levels of pro-inflammatory (A) TNF a, (B) IL - 16, (C) IL - 6 and an anti inflammatory
cytokine (D) IL - 10 in different groups: control (CON), melatonin only (M10), ISO treated (ISO) and ISO + melatonin treated (ISO + M10) group. Values are expressed
as means + S.E. for six samples for each group. (*p < 0.001 versus control, #p < 0.001 versus ISO treated cardiac mitochondria, using one way ANOVA).
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Figure 13. Diagrammatic representation of the immunoblots [A] and their relative densities of (A) NFKB, (B)PGC 1 a, (C) HSP70, (D) SIRT1, (E) SIRT3 and (F) f
ACTIN of rat cardiac mitochondria from different groups: control (CON), melatonin only (M10), ISO treated (ISO) and ISO + melatonin treated (ISO + M10) group.
Values are expressed as means + S.E. for six samples for each group. (*p < 0.001 versus control, #p < 0.001 versus ISO treated cardiac mitochondria, using one
way ANOVA).
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Figure 14. A representative isothermal titration calorimetric dataset of pure Catalase (CAT). In the heat change vs. time titration curve, each peak represents an
injection of ligand into the sample cell that contains pure CAT, where the ligand used is (A) ISO, (B) melatonin (D) catalase, ISO and melatonin. Panel C represents ITC
curve showing the interaction between ISO as sample and melatonin as ligand. The amount of heat change per second (AH) is represented by the area under the curve
(top curve) and the heat change in terms of kcal mol—1 of injectant against molar ratio is shown in bottom curve of each figure respectively. Values of AH, AS and no.

of sites were expressed in terms of mean + S.E.

Elevated levels of mitochondrial Ca?+ plays an important role in
initiation of programmed cell death or apoptosis [69]. Increased calcein
fluorescence observed in ISO treated mitochondria indicates high cal-
cium load which may possibly disturb the mitochondrial function by
altering MMP and increasing ROS production [70, 71]. Notably, in the
present study, the fourfold increase in ROS production in ISO treated
mitochondria and mitochondrial calcium overload was significantly
reduced by melatonin, which by virtue of its antioxidant property, could
alleviate ROS mediated mitochondrial dysfunction.

The redox status of the cell is regulated by an important transcription
factor called NF-kB, which has been shown to modulate several pathways
related to cellular immune response, inflammation, and proliferation in
the skeletal muscle and it also plays a key role in the expression of the
inducible inflammatory genes, including TNF « and interleukin 1p [72].
TNF-a induced production of mitochondrial ROS also creates a positive
feedback loop whereby the increased ROS levels cause further activation
of NF-kB [73]. In line with the literature, we observed increased gene
expression and activation of NF-kB in response to increased production of
pro-inflammatory cytokines such as IL-1p, TNF-a and IL-6 in ISO treated
rats along with decrease in IL-10, an anti-inflammatory cytokine.
Conversely, melatonin pre-treatment not only lowered the levels of
pro-inflammatory cytokines but also protected the IL -10 level, thus
confirming melatonin's e anti-inflammatory influence reported earlier
[74].

In the present study we found that melatonin induced activation of
SIRT1, a NAD-dependent class III histone deacetylase, upon ISO treat-
ment, along with SIRT1 mediated deacetylation and activation of PGC-
la, a metabolic regulator of mitochondrial biogenesis [21] which has
previously been reported to protect against cadmium hepatotoxity, car-
diovascular disease, neurodegeneration, and liver injury [75, 76, 77, 78].
Interestingly, we also observed up-regulation of SIRT3, the principal
mitochondrial deacetylase and downstream target of SIRT1- PGC-la
signaling, known to regulate mitochondrial biogenesis and promote
mitochondrial function by deacetylating and activating SOD2(MnSOD)
[79] which in turn improves the GSH:GSSG redox balance thus pre-
venting oxidative injury in a number of diseases conditions [80, 81].
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Hence, the SIRT1-PGC-1a-SIRT3 signaling mechanism adopted by
melatonin indirectly activates the downstream signaling pathways that
not only induce mitochondrial biogenesis but also prevents mitochon-
drial dysfunction in rat heart against ISO induced oxidative stress.
Amongst all the observations of the study, perhaps, the most inter-
esting and fascinating finding of the study was the thermodynamic
binding pattern observed between ISO and melatonin and their pattern of
heat change with catalase. The ITC binding dynamics between ISO and
catalase shows a sequential and rapid binding pattern suggesting that the
binding of one molecule of ISO to a single binding site of catalase opens
up numerous new binding sites for ISO to attach thereby aggravating the
oxidative damage caused to the antioxidant enzyme. However, unlike
ISO, melatonin binds to catalase in a one site binding pattern with a
positive net enthalpy change which indicates that melatonin binds to
catalase and saturates all the sites available without opening new binding
sites which is consistent with our earlier finding [23]. This protects and
preserves the structure and function of catalase. Surprisingly, the
isothermal calorimetric binding study between ISO and melatonin gave
us results that are novel in its approach as well are being reported,
perhaps, for the first time. The reaction between melatonin and ISO is
highly exothermic with a net negative enthalpy change suggesting a
spontaneous and very rapid binding pattern with unprecedented affinity
between the molecules which tend to attain saturation very quickly. This
observation indicates that melatonin's ability to rapidly bind to and
neutralize these oxidant molecules as well as restrain them from binding
to other cellular structures or macromolecules stands in testimony to its
proficient anti-oxidative capability. A previous report on ITC studies
involving melatonin mentions that melatonin was thought to dispense its
potential antioxidant benefits via its MT3 receptor which has been
recently identified as QR2 and inhibition of QR2 by melatonin may
render the cells to be protected from ROS [82]. Although the car-
dioprotective nature of melatonin against ISO induced myocardial injury
in rats has previously been shown [83], this new mechanism of dual
protection afforded by melatonin to antioxidant enzymes, evident from
the ITC pattern between ISO, melatonin and catalase, which shows that
melatonin sequesters ISO molecules and prevents it from attacking the
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binding sites of catalase along with occupying and masking the active
sites of catalase enzyme themselves thereby preventing any possibility of
interaction between ISO and catalase is unique to this study and high-
lights the beneficial role of melatonin. Although many medicinal plants
with antioxidant properties have been used as a cardioprotective agent
against ISO [84], melatonin remains the most potent and promising
candidate of all. The therapeutic role of exogenous melatonin in car-
diovascular diseases has been discussed previously [85] suggesting it to
be consumed through plant foods or by direct supplementation to pro-
mote various health benefits [86].

5. Conclusion

The most crucial findings of the current study reported a significant
protection and stimulation of SIRT1, PGC la and SIRT3 genes upon
melatonin pre-treatment which suggests that that perhaps melatonin
engages in the activation of the SIRT1-PGC 1a-SIRT3 signaling pathway
to exhibit its antioxidant and cardioprotective effects along with pro-
moting mitochondrial biogenesis against ISO mediated mitochondrial
myocardial injury. Also, perhaps, we are the first to report and demon-
strate the novel and dual nature of protection provided by melatonin to
antioxidant enzymes from oxidant molecules, like ISO, thereby pre-
venting oxidative stress induced injury to cardiac tissue as well as
mitochondria. The important findings of the study have been summa-
rized in a graphical abstract as depicted in Figure 15. This unique nature
of melatonin warrants further investigation and analysis to truly under-
stand and appreciate this extraordinary attribute of this ubiquitous
indole.
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