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Abstract The aim of this study was to investigate the
effect of sirtinol, as an inhibitor of sirtuin NAD-dependent
histone deacetylases, on myocardial ischemia reperfusion
injury following early and late ischemia preconditioning
(IPC). Rats underwent sustained ischemia and reperfusion
(IR) alone or proceeded by early or late IPC. Sirtinol
(S) was administered before IPC. Arrhythmias were eval-
uated based on the Lambeth model. Infarct size (IS) was
measured using triphenyltetrazolium chloride staining. The
transcription level of antioxidant-coding genes was asses-
sed by real-time PCR. In early and late IPC groups, IS and
the number of arrhythmia were significantly decreased
(P < 0.05 and P < 0.01 vs IR, respectively). In S + early
IPC, incidences of arrhythmia and IS were not different
compared with the early IPC group. However, in S + late
IPC the IS was different from the late IPC group
(P < 0.05). In late IPC but not early IPC, transcription
levels of catalase (P < 0.01) and Mn-SOD (P < 0.05)
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increased, although this upregulation was not significant in
the S + late IPC group. Our results are consistent with the
notion that different mechanisms are responsible for early
and late IPC. In addition, sirtuin NAD-dependent histone
deacetylases may be implicated in late IPC-induced
cardioprotection.
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Introduction

Ischemia preconditioning (IPC) is an innate protective
phenomenon in which the induction of short sublethal
episodes of ischemia strengthens the heart against sub-
sequent lethal ischemic attacks. IPC is followed by two
cardioprotection phases: (1) the early phase or first
window IPC that protects the heart against infarction for
1-3 h; and (2) the late or delayed phase, also called
second window IPC, which indicates the induction of
cardioprotection starting from 24 h to 3—4 days follow-
ing IPC [1, 2]. The cellular and molecular mechanisms
involved in different phases of IPC are not accurately
known. However, it seems that the mechanisms respon-
sible for the early and late phases of IPC are different;
researchers think that protein post-translational modifi-
cations are responsible in the emergence of early phase
IPC, and that changes in gene expression and protein
synthesis contribute to the appearance of late IPC [3, 4].
Regarding the significance of the issue, in order to
design a totally cardioprotective model, the identification
of mechanisms responsible for IPC phases seems
mandatory. Lysine deacetylation is one of the protein
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modifications in the heart that has recently attracted
attention [5]. Sirtuins (SIRT1-SIRT7) are prominent
among the important lysine deacetylases [6, 7]. SIRT1 is
an important deacetylase of histones and non-histonic
proteins in the heart [8] which affects various functions
of cardiomyocytes by deacetylating proteins such as NF-
Kb [9], endothelial nitric oxide synthase [10], and
transcription factors [11]. Extensive studies have been
conducted on the significance of SIRT1 in protecting the
heart against damage due to ischemia reperfusion,
hypertrophy and cardiac failure [12, 13]. The role of
SIRT2 in programmed necrosis following myocardial
ischemia reperfusion and in diabetic cardiomyopathy has
also been reported previously [14, 15].

Nonetheless, few studies have been carried out on the
significance of sirtuins in IPC most of which have focused
on early IPC. Thus, this study investigated the effect of
sirtinol as the inhibitor of sirtuin NAD-dependent histone
deacetylases SIRT1 and 2 on infarct size (IS), reperfu-
sion-induced arrhythmias and the antioxidant factors
transcription levels in the heart following early and late
IPC.

Experimental groups

Animals, materials and methods
Experimental design

Male Wistar rats (250-300 g) were divided into seven
experimental groups as shown in Fig. 1. The experimental
protocols were approved by the Animal Ethics Care and
Use Committee of Shahid Sadoughi University of Medical
Sciences.

Ischemia reperfusion model

In IR and early IPC groups, the animals were anesthetized
(sodium thiopental 50 mg/kg i.p.) and plugged to ventila-
tors after tracheotomies. Arterial blood pressure was
measured by cannulation of the left carotid artery and an
electrocardiogram was recorded by subcutaneous elec-
trodes. For induction of sustained ischemia reperfusion,
after opening the fifth intercostal spaces, 5-0 silk suture
was passed under the left anterior descending (LAD)
branch of the coronary artery. The artery was occluded for
30 min and reopened for 120 min to reperfuse the

Tissue sampling
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Fig. 1 Schematic diagram depicting the experimental protocol. Rats
underwent 30 min of ischemia followed by 120 min of reperfusion
(IR). In ischemic preconditioning groups (IPC) three episodes of
5-min transient ischemia (I) and reperfusion (R) were induced before
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the onset of sustained ischemia. Sirtinol (S) was administered (IV) 30
min or 24 h before IR (S + IR1 and S + IR2 groups, respectively) or
30 min before IPC induction in IPC groups
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myocardium. In IPC groups, three episodes of transient
ischemia reperfusion were induced. In delayed IPC groups,
the animals were anesthetized with intraperitoneal injection
of ketamine-xylazine and intubated intraorally. Twenty-
four hours after thoracotomy and induction of IPC, the
animals were anesthetized again and subjected to sustained
ischemia reperfusion [16—18].

Infarct size measurement

In all groups, at the end of reperfusion Evans blue (0.5 %)
was injected into the heart through the tail vein so the non-
ischemic area of the heart stained blue. The area that
remained unstained was defined as the area at risk (AAR).
After irrigating with cold PBS, the heart was placed in a rat
heart slicer matrix: 12 h after freezing, the heart was sliced
into 2-mm slices from base to apex. The slices were
incubated for 20-30 min in a solution containing 1 %
tetrazolium chloride at 37 °C. The slices were scanned. IS
was reported as a percentage of the ischemic area.

Evaluation of ischemia-reperfusion induced
arrhythmias

Reperfusion-induced arrhythmias were defined and asses-
sed according to the Lambeth convention. The episode and
prevalence of single premature ventricular complex (PVC),
bigeminy, salvos, ventricular tachycardia (VT), and ven-
tricular fibrillation (VF) were identified and the number of
each was counted.

Gene expression assessment

The total RNA was extracted using an RNeasy fibrous
tissue mini kit (QIAGEN, USA), according to the protocol.
After reading the absorption of mRNA in the NanoDrop
spectrophotometer, a reverse transcription reaction was
done based on instructions given in the cDNA kit (Fer-
mentaz, USA). cDNA of experimental groups underwent
amplification with master mix containing SYBR green and
specific primers in a real-time PCR set (Rotor-Gene, Qia-
gen). B-actin was used as the reference. Comparison of
gene expressions was done by the 24T method. Fol-
lowing are the nucleotide sequences of the PCR primers:
catalase: F: 5-CTGACGTCCACCCTGACT-3, R: 5'-GGC
AGCTATGTGAGAGCC-3’; Mn-SOD: F: 5-GGCCAAG
GGAGATGTTACAA-3', R: 5-GCTTGATAGCCTCCAG
CAAC-3’; B-actin: F: 5~ AACCCTAAGGCCAACCGTGA
AAAGAT-3, R: 5 ACCGCTCGTTGCCAATAGTGAT
G-3' [19].

Statistical analysis

The number of ventricular ectopic beats (VEBs), episodes
of VT and blood pressure were analyzed by the Kruskal—
Wallis test with Dunn’s post-test for multiple compar-
isons. Target gene transcription levels were analyzed by
one-way ANOVA. Post hoc analysis was performed using
the Tukey test. P < 0.05 was considered as statistically
significant. Statistical analysis was performed using Prism
software. Eight samples of each group were examined to
measure the infarct area and five samples were studied to
investigate the changes at the the mRNA level because no
molecular examination was possible on the samples tar-
geted for the measurement of infarct size. As ECGs were
recorded for all samples, there were thirteen samples in
each group for studying arrhythmias of the reperfusion
episode.

Results
Effect of sirtinol on blood pressure

As shown in Fig. 2, the administration of sirtinol had no
effect on animals’ baseline mean arterial pressure.
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Fig. 2 Mean arterial pressure (MAP) (mmHg) in experimental
groups. Blood pressure was measured before LAD occlusion through
a carotid artery cannula connected to the transducer. In ischemic
preconditioning groups (IPC) three episodes of transient ischemia and
reperfusion were induced before the onset of sustained ischemia
reperfusion (IR). Sirtinol (S) was administered before IR or IPC
induction
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Fig. 3 Infarct size evaluation in
experimental groups. In
ischemic preconditioning
groups (IPC) three episodes of
transient ischemia and
reperfusion were induced before
the onset of sustained ischemia
reperfusion (IR). Sirtinol

(S) was administered before IR
or IPC induction. NS not
significant; *P < 0.05,

*#*%P < (0.001 vs IR. Data are
expressed as mean £ SEM

Infarct size (%AAR)

The effect of sirtinol on infarct size following early
and late IPC

As displayed in Fig. 3, IS was 25.8 & 5.5 % in the early
IPC group and 29.7 £ 6.8 % in late IPC group which were
statistically significant compared with the IR group at
P < 0.001 and P < 0.05, respectively. In the S 4+ IR1 and
S + IR2 groups IS did not change significantly. In the next
stage, the effect of sirtinol on changes in infarct size due to
early and late IPC was evaluated. In the S + early the IS
was not significantly different from the early IPC group.
However, in the S 4 late IPC group the IS reached
39.8 £ 2.8 %, which was significantly different from the
late IPC group (P < 0.05).

The effect of sirtinol on reperfusion-induced
arrhythmias following early and late IPC

In the IR model used in this study, a large number of
arrhythmias appeared in ECGs with the onset of reperfu-
sion. As shown in Fig. 4, the number of VEBs was about
171 £ 51 in the early IPC group and 228 + 77 in the late
IPC group, which were significantly different from the IR
group (347 £ 65) at P < 0.001 and P < 0.05, respectively.
Further, the number of VEBs in the S + early IPC group
was 212 + 62 which was not significantly different from
the early IPC group. This number was 335 & 64 beats in
the S + late IPC group, which was significantly different
from the late IPC group (P < 0.01). The number of VT
episodes in the early IPC and S 4 early IPC groups was

@ Springer

X
),
%
',
AO
%,
)

&

decreased significantly (P < 0.001 vs IR) and there was no
significant difference between these two groups. Moreover,
the number of episodes in the late IPC group was not
significantly different from the IR group.

One of the lethal ventricular arrhythmias is fibrillation,
which is often reversible; yet, in some cases it is irre-
versible and causes the death of the animal. In this study,
the percentages of reversible and irreversible VF was not
significantly different among the experimental groups.

The effect of sirtinol on transcriptional levels
of catalase and Mn-SOD following early and late
IPC

In the early IPC group, the transcription level of catalase
and Mn-SOD was not significantly different from the IR
group. However, in late IPC the mRNA levels relating to
catalase and Mn-SOD increased by 67.2 £4 and
52.3 + 3.5 %, respectively, which was significant com-
pared to the IR group (P < 0.001). Interestingly, the
increase in the level of catalase mRNA in the S + late IPC
group was not significant compared to the IR group
(Fig. 5).

Discussion
The results of the first part of our study showed that both

early and late IPC are able to protect the heart against the
ischemia reperfusion damage and reduce the infarct size
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Fig. 4 Evaluation of ischemia
reperfusion-induced
arrhythmias according to the
Lambeth convention. Number
of ventricular ectopic beats
(VEBs), episodes of ventricular
tachycardia (VT) and
ventricular fibrillation (VF) in
experimental groups. In
ischemic preconditioning
groups (IPC) three episodes of
transient ischemia and
reperfusion were induced before
the onset of sustained ischemia
reperfusion (IR). Sirtinol

(S) was administered before IR
or IPC induction. *P < 0.05,
**P < 0.01, #**P < 0.001 vs
IR. Data are presented as
mean = SEM

and the incidence of ventricular arrhythmias. For late IPC,
these cardioprotective effects
increased expression of antioxidant factors. This is fully
consistent with previous studies conducted on the IPC
model [20, 21]. The mechanisms involved in this innate
protection are not fully understood yet, though research
shows that during short episodes of ischemia, the produc-
tion of molecules such as nitric oxide, adenosine, brady-
kinin, and opioids increase in the myocardium and activate
the G-protein coupled receptor leading to activation of
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protein kinase C (PKC) and ultimately, activate the car-
dioprotective paths in the heart [4, 22, 23].

The delay IPC phase would start from 12 to 24 h after
the ischemia episodes and would last for 3—4 days. Late
IPC is a phenomenon with a polygenic nature induced by
numerous signals [24]. The findings of our study revealed
that induction of late IPC but not early IPC increased the
rate of transcription of genes in the ischemic tissue of the
myocardium that code antioxidant factors such as catalase
and Mn-SOD. This confirms that during late IPC, real
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Fig. 5 Catalase and Mn-SOD transcription level in experimental
groups. Rats underwent 30 min of ischemia followed by 120 min of
reperfusion (IR). In ischemic preconditioning groups (IPC) three
episodes of 5-min transient ischemia (I) and reperfusion (R) were
induced before the onset of sustained ischemia. Sirtinol (S) was
administered before IR or IPC induction. ***P < 0.001 vs control
(Ctl). Data are presented as mean £+ SEM

changes in gene expression can be responsible for the
cardioprotective effects in late IPC. The cardioprotective
effects of late IPC observed in this study confirm the pre-
vious studies [25, 26].

In our study, administration of sirtinol before IPC could
weaken the anti-ischemic effects of late IPC and prevent
the late IPC-induced survival factors’ upregulation, though
it had no effect on the anti-ischemic effect of early IPC.
Many in vivo and ex vivo studies have shown that SIRT1
can affect the transcription rate and function of many
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intracellular proteins through deacetylation proteins in the
cardiovascular system, and low to moderate expression of
SIRT1 can strengthen the heart against hypertrophy,
apoptosis, and impairment of cardiac function due to
increasing age [11, 27, 28]. The use of resveratrol as a
SIRT1 activator can induce anti-hypertrophic [29, 30] and
anti-ischemic effects [31, 32]. In other words, resveratrol
mimics the IPC effects in the heart. Our previous study also
showed that administration of this agent combined with
1,25-dihydroxyvitamin D can decrease infarct size and
reinforce survival genes expression in the myocardium
[32].

There has not been much research conducted on the
importance of SIRT1 in IPC. Sergiy et al. showed that early
IPC could protect the heart of normal mice against ische-
mia reperfusion damage, yet IPC could not induce its
protective properties in SIRT1"~ mice. In their study,
splitomicin was used as a SIRT1 inhibitor and it was shown
that the rate of deacetylation and, subsequently, the pro-
tective effects observed in SIRT11" ™ are weakened by this
inhibitor. They found that activation of endothelial nitric
oxide synthase, deacetylation and inhibition of NF-kB, and
autophagy modulation can be among the functioning
mechanisms of SIRT1 in acute IPC. In another study by
this group conducted on mice with isolated hearts, it was
shown that the deacetylated lysine level was higher in the
IPC group though, of course, the protein level of SIRT1 did
not change. The use of splitomicin as a SIRT1 inhibitor
could reverse IPC-mediated cardioprotection [33, 34].

Our finding regarding the ineffectiveness of sirtinol on
early IPC is partly consistent with Adam et al.’s study.
They showed that the use of SIRT1 inhibitor III does not
weaken the IPC cardioprotective effect in young rats [35].
Our study surveyed the inhibition effect of sirtinol on both
phases of IPC to provide a more accurate description with
regard to exact mechanisms of IPC. One interesting finding
of our study was that although the use of sirtinol before IPC
could not attenuate the effects of acute IPC, it could
weaken the IPC cardioprotective effects which manifest
themselves 24 h later. Seeing that the mechanisms
responsible for late IPC often act on the level of gene and
protein, it can be suggested that the required time is pro-
vided for SIRT1 or SIRT?2 performance during late IPC and
the enzymes can increase the rate of expression of down-
stream targets such as catalase, thioredoxin, and Mn-SOD
through deacetylation of FOXO transcription factors, and
these survival factors, in turn, protect the heart against
oxidative damage [11, 12]. In the present study the late IPC
induction increases the mRNA level of catalase and Mn-
SOD in the ischemic myocardial tissue and the use of
sirtinol prevents this increase. This strengthens our group’s
hypothesis that the enzyme SIRT1 is activated by the
induction of IPC, gaining sufficient opportunity for
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deacetylating various factors which leads to an increase in
anti-apoptotic factors in the heart and protecting the heart
against ischemia reperfusion damage. One of the activating
factors of SIRT1 is NAD [8]. NAD availability increases
during preconditioning, so it is possible that in our study
the increased NAD level during preconditioning has acti-
vated the enzyme SIRT1 and, consequently, its down-
stream protective paths. Hence, if this path is also
activated, the role of SIRT1 in late IPC is more obvious.
Regarding the inhibitory effect of sirtinol on SIRT2, it is
possible that SIRT2 was involved in the late IPC-induced
cardioprotection too. Therefore, to obtain better evidence,
it is suggested to use specific inhibitors in future studies.
More research is needed to determine the molecular and
cellular mechanisms involved in early and late IPC.

Conclusion

Our study shows that a dose of sirtinol, which is ineffective
on early IPC, can attenuate the cardioprotective effects of
late IPC. Part of this effect can be attributed to inhibition of
late TPC-induced survival factors upregulation.
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