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Hydrogen sulfide restores cardioprotective effects of remote
ischemic preconditioning in aged rats via HIF-1a/Nrf2 signaling
pathway
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ABSTRACT The present study explored the therapeutic potential of hydrogen sulfide
(H,S) in restoring aging-induced loss of cardioprotective effect of remote ischemic
preconditioning (RIPC) along with the involvement of signaling pathways. The left
hind limb was subjected to four short cycles of ischemia and reperfusion (IR) in
young and aged male rats to induce RIPC. The hearts were subjected to IR injury on
the Langendorff apparatus after 24 h of RIPC. The measurement of lactate dehydro-
genase, creatine kinase and cardiac troponin served to assess the myocardial injury.
The levels of H,S, cystathionine B-synthase (CBS), cystathionine y-lyase (CSE), nuclear
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Key Words factor erythroid 2-related factor 2 (Nrf2), and hypoxia-inducible factor (HIF-1a,) were
é)?sltngine also measured. There was a decrease in cardioprotection in RIPC-subjected old rats
Heart in comparison to young rats along with a reduction in the myocardial levels of H,S,
Hydrogen sulfide CBS, CSE, HIF-1a, and nuclear: cytoplasmic Nrf2 ratio. Supplementation with sodium
Ischemia hydrogen sulfide (NaHS, an H,S donor) and I-cysteine (H,S precursor) restored the

cardioprotective actions of RIPC in old hearts. It increased the levels of H,S, HIF-1q,
and Nrf2 ratio without affecting CBS and CSE. YC-1 (HIF-1a, antagonist) abolished the
effects of NaHS and I-cysteine in RIPC-subjected old rats by decreasing the Nrf2 ratio
and HIF-1a levels, without altering H,S.The late phase of cardioprotection of RIPC
involves an increase in the activity of H,S biosynthetic enzymes, which increases the
levels of H,S to upregulate HIF-1a and Nrf2. H,S has the potential to restore aging-in-
duced loss of cardioprotective effects of RIPC by upregulating HIF-1a/Nrf2 signaling.

Reperfusion injury

and reperfusion to induce cardioprotection. Remote hind limb
preconditioning is very commonly employed in experimental

INTRODUCTION

Remote preconditioning is the phenomenon of inducing pro-
tection to a target organ against sustained ischemia-reperfusion
injury by exposing the remote organ (non-target organ) to short
non-lethal episodes of ischemia-reperfusion injury. Along with
other tissues, remote preconditioning imparts cardioprotection
against the harmful effects of ischemia and reperfusion [1]. In re-
mote hind limb preconditioning, the hind limb is the remote or-
gan, and it is subjected to short interspersed episodes of ischemia

studies to unfold the mechanisms involved in inducing cardio-
protection during remote preconditioning [2]. Remote precon-
ditioning induces protection in two phases, early and late phase.
The early phase of protection is initiated immediately after the
remote preconditioning protocol, and it persists for a relatively
short period. In contrast, the late phase of protection initiates
after about 24 h of remote preconditioning stimulus, and it lasts
for a relatively long period. Moreover, studies have also described
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that the late phase of remote preconditioning confers a higher
magnitude of cardioprotection than the early phase [3,4].

The applications of remote preconditioning have also been
extended in clinics to protect the heart from ischemic injury,
particularly during surgical procedures [5,6]. However, remote
preconditioning is not always effective in imparting cardiopro-
tection, and clinical trials have reported the negative results of
remote preconditioning [7,8]. Certain diseases such as diabetes
mellitus and drugs such as glibenclamide and anesthetics abol-
ish the cardioprotective effects of remote preconditioning [9,10].
Aging is another confounding factor that attenuates the cardio-
protective effects of remote preconditioning [11,12]. However,
the mechanisms involved in attenuating the beneficial effects of
remote preconditioning in aging hearts, particularly during the
late phase, remain unexplored.

Hydrogen sulfide (H,S), a gaseous neurotransmitter, is endog-
enously synthesized by cystathionine y-lyase (CSE) and cystathio-
nine -synthase (CBS) [13]. Recent studies have shown the diverse
biological actions of H,S, including a decrease in ischemia-reper-
fusion injury [14]. Moreover, studies have shown that H,S also in-
duces preconditioning-like effects to confer cardioprotection [15].
Nrf2 and HIF-1q are the transcriptional factors, and their role in
inducing cardioprotection during remote preconditioning is also
documented [16,17]. Furthermore, H,S triggers a signaling path-
way involving the activation of Nrf2 and HIF-1¢.. Indeed, NaHS
has been shown to exert protective effects on balloon injury-
induced restenosis in the form of suppression of the neointimal
hyperplasia and proliferation of human vascular smooth muscle
cells via activation of Nrf2/HIFlq signaling pathway [18]. Accord-
ingly, the present study was employed to explore the influence of
aging on the late phase of cardioprotection triggered in response
to remote hind limb preconditioning stimulus, the role of H,S in
restoring aging-induced decrease in cardioprotective effects of
remote preconditioning along with the possible role of HIF-1g,
and Nrf2 in H,S-triggered signaling in remote preconditioning-
subjected rats.

METHODS
Animals, chemicals, and drugs

Wistar albino male rats of 3 months age (young) and 20
months of age (old) were employed in the study [19-21]. The ex-
perimental protocol was approved by the Institutional Animal
Ethics Committee of Affiliated Zhongshan Hospital of Dalian
University (Ethic Number: ZN-RIB-005-02). All experiments
were conducted as per ethical guidelines. The biochemical analy-
sis was done using assay kits for LDH-1 (Elabscience, Wuhan,
China), CK-MB (Elabscience, Houston, TX, USA) and CBS activ-
ity (BioVision, Inc., Milpitas, CA, USA); ELISA kits for the assay
of cInT (Cloud-Clone Corp., Katy, TX, USA), HIF-1a, (Elab-
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science, Houston), Nrf2 (LifeSpan BioSciences, Seattle, WA, USA)
and CSE (Reddot Biotech, Kelowna, BC, Canada). NaHS (Sigma
Aldrich, St. Louis, MO, USA) and I-cysteine (Sigma Aldrich) were
dissolved in water, while YC-1 (Sigma Aldrich) was dissolved in
10% DMSO. The doses of NaHS [22,23], l-cysteine [24] and YC-1
[25,26] were selected based on previous studies.

Remote hind limb preconditioning protocol

Animals were anesthetized with thiopental sodium (40 mg/
kg, i.p.) and the left hind limb was occluded by a neonatal blood
pressure cuff. The cuff was inflated up to 150 mm of Hg to induce
hind limb ischemia and deflated to zero pressure to induce re-
perfusion to the hind limb. Four such short episodes of ischemia
and reperfusion, each comprising of 5 min, constituted remote
preconditioning. Since four episodes of ischemia (each of 5 min
duration) and reperfusion (each of 5 min duration) were given to
the hind limbs of rats to constitute remote ischemic precondition-
ing (RIPC) protocol, therefore, the total time of RIPC was of forty
minutes. After forty minutes of remote ischemic preconditioning
protocol, animals were kept for 24 h [2] and thereafter, rats were
sacrificed to isolate hearts.

Ischemia-reperfusion injury to isolated heart using
Langendorff system

Twenty four hours after the last episode of remote precondi-
tioning, the rats were sacrificed to remove the hearts. On the Lan-
gendorff apparatus, the isolated hearts were perfused with Kreb’s
Henseleit (KH) solution, pH 7.4 and maintained at 37°C. KH so-
lution was made of 118 mM NaCl, 25 mM NaHCO,, 4.7 mM KCl,
1.2 mM KH,PO,, 1.2 mM MgSO,, 1.25 mM CaCl,, and 7 mM
glucose. The hearts were initially perfused with KH solution for
15 min to allow the stabilization of heart preparation. After stabi-
lization, inflow of KH solution to the heart was stopped to induce
global ischemia for 30 min. Thereafter, the flow of KH was re-
stored to the heart for 120 min, which constituted the reperfusion
phase [27]. In short, the different phases involved stabilization (15
min), global ischemia (30 min) and reperfusion (120 min).

Quantification of myocardial injury (LDH-1, CK-MB,
and cardiac troponins)

Ischemia-reperfusion-induced myocardial injury was quan-
tified by measuring the release of heart-specific biochemical
molecules in the coronary flow. These heart-specific biochemical
molecules included LDH-1, CK-MB and cardiac troponins (cInT).
These were quantified in the coronary effluent before subjecting
the heart to global ischemia and immediately after starting reper-
tusion with the help of commercially available kits.
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Quantification of myocardial infarction

The myocardial cell death in the form of infarction was quanti-
fied using triphenyl tetrazolium chloride (TTC) staining. After
the completion of 120 min of reperfusion, the hearts were re-
moved and kept in the freezer overnight. Thereafter, the frozen
hearts were sliced into thin sections (2-3 mm in thickness) and
these slices were placed in 1% TTC solution in 0.2 M Tris buffer
(pH 7.4) at 37°C for 20 min. Due to the leakage of the reduced
form of nicotinamide adenine dinucleotide (NADH) and dehy-
drogenase enzyme from the dead/non-viable heart portions, the
infarcted portions remained unstained in the presence of TTC.
In contrast, the viable portions were stained red slices due to the
presence of NADH and dehydrogenase enzymes. Thereafter, the
percentage of dead/infarcted area was calculated with respect to
the total area [28,29].

Quantification of H,S

The levels of H,S in the heart were quantified by the colorimet-
ric method. In brief, 20 mM-N,N-dimethyl-p-phenylenediamine-
sulphate was added in the heart homogenate solution, followed
by the addition of 30 mM-FeCl, to obtain the color (after 10 min),
whose absorbance was measured at 670 nm [30-32].

Quantification of Nrf-2, HIF-1¢, and
cystathionine-y-lyase

Nrf2 is a transcriptional factor, which is translocated to the
nucleus; therefore, its levels were quantified in cytoplasm and nu-
cleus using an ELISA kit. The nucleus and cytoplasmic fractions
were separated using a nuclear/cytosol extraction kit (BioVision).
The levels of Nrf2 were estimated in both nuclear and cytoplas-
mic fractions using a commercially available ELISA kit, based
on the Sandwich assay principle, with user manual instructions.
In brief, 100 pl of the sample was added to the microtiter plate,
which was pre-coated with a target-specific capture antibody.
Thereafter, 100 ul of detection reagent A containing a biotin-
conjugated detection antibody was added and incubated for 1
h at 37°C. The unbound detection antibody was washed away.
Thereafter, 100 pl of detection reagent B containing an Avidin-
Horseradish peroxidase (HRP) conjugate was added and incubat-
ed for 30 min at 37°C. The unbound avidin-HRP conjugate was
washed away and a tetramethyl benzidine (TMB) substrate was
added that reacted with the HRP enzyme to yield a color, whose
optical density was measured at a wavelength of 450 nm. The
levels of HIF-1giand cystathionine-y-lyase were also measured in
the heart homogenates using commercially available ELISA Kits,
based on the Sandwich assay principle. The ELISA procedure for
the estimation of HIF-1q. and cystathionine-y-lyase was similar
to as explained for Nrf2 estimation. In these methods, 100 ul of
the sample was added to specific capture antibody pre-coated 96
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welled microtiter plate and thereafter, 100 ul of detection reagent
A (biotin-conjugated detection antibody) and detection reagent
B (avidin-HRP conjugate) were added in a sequence manner. The
color was obtained by adding TMB substrate, whose absorbance
was measured at a wavelength of 450 nm.

Quantification of cystathionine B-synthase

The determination of cystathionine B-synthase activity was
done using a fluorometric assay kit. In this test, 40 ul of substrate
solution containing cysteine and homocysteine (substrates of cys-
tathionine B-synthase) was mixed with 30 pl of the sample (con-
taining cystathionine -synthase) to produce H,S. The latter was
allowed to react with the azido-functional group of the fluores-
cent probe to yield a fluorescent amino group. The fluorescence
was noted at an excitation wavelength of 368 nm and an emission
wavelength of 460 nm.

Experimental groups

Eight animals were used in each group, and a total sixteen
groups were employed. The detailed protocol is explained in the
form of Table 1. Briefly, the groups included normal (group I)
in which rats were not subjected to any intervention and heart
was isolated for biochemical estimations; control group in which
isolated hearts (from young rats) were subjected to 30 min of
ischemia and 120 min of reperfusion (group II); remote precon-
ditioning in young animals (3 months old) in which remote pre-
conditioning stimulus was given to rats and after 24 h later, hearts
were isolated and subjected to 30 min of ischemia and 120 min of
reperfusion (group III); remote preconditioning in aged animals
in which same protocol was performed in older rats with age of
20 months (group IV); remote preconditioning in aged animals
supplemented with two different doses of sodium hydrosulfide (20
and 40 pmol/kg; i.p.) in which hydrogen sulfide donor was given
in aged rats along with remote preconditioning stimulus, twenty
four hours before subjecting to 30 min of ischemia and 120 min
of reperfusion (groups V and VI); remote preconditioning in
aged animals supplemented with two different doses of I-cysteine
(20 and 40 mg/kg i.p.) in which pharmacological agent was given
in aged rats along with remote preconditioning stimulus, twenty
four hours before subjecting to 30 min of ischemia and 120 min
of reperfusion (groups VII and VIII); NaHS preconditioning in
young in which sodium hydrosulfide (20 umol/kg i.p.) was ad-
ministered in young rats, twenty four hours before subjecting to
30 min of ischemia and 120 min of reperfusion (group IX); NaHS
preconditioning in old in which sodium hydrosulfide (20 pmol/
kg i.p.) was administered in old rats, twenty four hours before
subjecting to 30 min of ischemia and 120 min of reperfusion
(group X); remote preconditioning in aged animals treated with
sodium hydrosulfide (20 pmol/kg i.p.) and YC-1 (1 mg/kg i.p.)
(group XI); remote preconditioning in aged animals treated with
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Table 1. Experimental protocol employed in the present study

Interventions

S;uod Groups Name of the group
1 Group | Normal
Group Il Control
3 Group I RIPC in young
4 Group IV RIPC in old
5  GroupV NaHS (20 umol/kg) and RIPC in old
6  Group VI NaHS (40 umol/kg) and RIPC in old
7 Group VIl LC (20 mg/kg) and RIPC in old
8  GroupVlll LC (40 mg/kg) and RIPC in old
9  GroupIX NaHS (20 umol/kg) preconditioning
in young
10 Group X NaHS (20 umol/kg) preconditioning
in old
11 Group XI YC-1 (1 mg/kg) in NaHS (20 umol/kg)
and RIPC in old
12 Group XIl YC-1 (2 mg/kg) in NaHS (20 umol/kg)
and RIPC in old
13 Group XII YC-1 (1 mg/kg) in LC (20 mg/kg)

and RIPC in old

14 Group XIV  YC-1 (2 mg/kg) in LC (20 mg/kg)

and RIPC in old
15 Group XV DMSO in NaHS (20 umol/kg)
and RIPC in old
16 Group XVI DMSO in LC (20 mg/kg)
and RIPC in old

Rats were not subjected to any intervention and heart was isolated
for biochemical estimations

Thirty minutes of ischemia and 120 min of reperfusion

Forty minutes of remote hind preconditioning stimulus in young rats
followed by isolation of heart after 24 h. Thereafter, 30 min of
ischemia and 120 min of reperfusion to the isolated heart

Forty minutes of remote hind preconditioning stimulus in aged rats
followed by isolation of heart after 24 h. Thereafter, 30 min of
ischemia and 120 min of reperfusion to the isolated heart

Administration of sodium hydrosulfide (20 pmol/kg i.p.) thirty
minutes prior to remote hind preconditioning stimulus, followed by
isolation of heart after 24 h. Thereafter, 30 min of ischemia and 120
min of reperfusion to the isolated heart

Administration of sodium hydrosulfide (40 umol/kg i.p.) thirty
minutes prior to remote hind preconditioning stimulus, followed by
isolation of heart after 24 h. Thereafter, 30 min of ischemia and 120
min of reperfusion to isolated heart

Administration of I-cysteine (20 mg/kg i.p.) thirty minutes prior to
remote hind preconditioning stimulus, followed by isolation of
heart after 24 h. Thereafter, 30 min of ischemia and 120 min of
reperfusion to isolated heart

Administration of |-cysteine (40 mg/kg i.p.) thirty minutes prior to
remote hind preconditioning stimulus, followed by isolation of
heart after 24 h. Thereafter, 30 min of ischemia and 120 min of
reperfusion to isolated heart

Administration of sodium hydrosulfide (20 pmol/kg i.p.) in young
rats, followed by isolation of heart after 24 h. Thereafter, 30 min of
ischemia and 120 min of reperfusion to isolated heart

Administration of sodium hydrosulfide (20 pmol/kg i.p.) in old rats,
followed by isolation of heart after 24 h. Thereafter, 30 min of
ischemia and 120 min of reperfusion to isolated heart

Treatment with YC-1 (1 mg/kg i.p.) thirty minutes prior to sodium
hydrosulfide (20 umol/kg i.p.) administration. The rest of protocol
was same as group IV

Treatment with YC-1 (2 mg/kg i.p.) thirty minutes prior to sodium
hydrosulfide (20 pmol/kg i.p.) administration. The rest of protocol
was same as group 1V

Treatment with YC-1 (1 mg/kg i.p.) thirty minutes prior to I-cysteine
(20 mg/kg) administration. The rest of protocol was same as group

Treatment with YC-1 (2 mg/kg i.p.) thirty minutes prior to I-cysteine
(20 mg/kg) administration. The rest of protocol was same as group
\

Treatment with DMSO, a solvent of YC-1, (2 ml/kg) thirty minutes
prior to sodium hydrosulfide (20 umol/kg) administration. The rest
of protocol was same as group IV

Treatment with DMSO, a solvent of YC-1, (2 ml/kg) thirty minutes
prior to I-cysteine (20 mg/kg). The rest of protocol was same as
group VI

RIPC, remote ischemic preconditioning; NaHS, sodium hydrosulfide; LC, I-cysteine.

sodium hydrosulfide (20 umol/kg i.p.) and YC-1 (2 mg/kg i.p.)
(group XII); remote preconditioning in aged animals treated with
l-cysteine (20 mg/kg i.p.) and YC-1 (1 mg/kg i.p.) (group XIII);
remote preconditioning in aged animals treated with I-cysteine (20
mg/kg ip.) and YC-1 (2 mg/kg i.p.) (group XIV); remote precon-
ditioning in aged animals treated with sodium hydrosulfide (20
umol/kg i.p.) and DMSO (solvent of YC-1) (group XV); remote
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preconditioning in aged animals treated with I-cysteine (20 mg/
kg i.p.) and DMSO (solvent of YC-1) (group XVI).

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 7 (GraphPad software Inc., San Diego, CA, USA).

https://doi.org/10.4196/kjpp.2021.25.3.239



H:S restores aging-induced loss of RIPC

243

The data were presented in the form of mean + standard devia-
tion. Two way repeated measure ANOVA was employed to com-
pare the data of LDH-1, CK-MB, and cInT. One-way ANOVA
was employed to compare the data of infarct size, H,S, CBS, CSE,
Nrf-2, and HIF-1a. Tukey’s test was employed for post-hoc analy-
sis. Statistical significance was calculated by fixing p < 0.05.

RESULTS

Myocardial injury in response to global ischemia and
reperfusion and its selective attenuation during the
late phase of remote preconditioning in young, notin
aging rats

There was a marked increase in the release of LDH-1 (Fig. 1A),

A
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CK-MB (Fig. 1B), and c¢InT (Fig. 1C) from the myocardium into
the coronary effluent after 30 min of global ischemia i.e., during
the reperfusion phase in comparison to pre-ischemic state i.e., be-
fore subjecting to ischemia. There was also a significant develop-
ment of myocardial infarction in ischemia-reperfusion subjected
isolated hearts (Fig. 2). Short episodes of ischemia and reperfusion
to the hind limb in the form of remote preconditioning triggered
late cardioprotection in ischemia-reperfusion subjected young
rats as assessed by a significant decrease in the release of LDH-
1, CK-MB, and cInT along with a reduction in the infarct size.
Interestingly, the late cardioprotective effects of remote precon-
ditioning observed after 24 h of its application were significantly
abolished in old or aging rats. In other words, remote precondi-
tioning conferred cardioprotection against ischemia-reperfusion
injury only in young, not in old aging rat hearts.
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Fig. 1. Influence of remote ischemic preconditioning (RIPC), hydrogen sulfide (H,S) donor, H,S precursor and HIF-1¢ inhibitor on ischemia-
reperfusion-induced LDH-1 (A), CK-MB (B) and cTnT (C) release in young and old rats. The levels were measured in the coronary effluent im-
mediately before subjecting to ischemia and immediately after initiating reperfusion. HIF, hypoxia-inducible factor; LDH, lactate dehydrogenase; CK,
creatine kinase; cTnT, cardiac troponin T; NaHS, sodium hydrosulfide; LC, I-cysteine. °p < 0.05 vs. control before ischemia; °p < 0.05 vs. control during
reperfusion; “p < 0.05 vs. RIPC in young; “p < 0.05 vs. RIPC in old; °p < 0.05 vs. NaHS (20 uM/kg) and RIPC in old; ‘p < 0.05 vs. LC (20 mg/kg) and RIPC in

old.
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Failure of remote preconditioning to increase the
levels of H,S in the aging rat hearts and restoration of
its cardioprotection in the presence of H,S donor and
its precursor

There was a significant decrease in the levels of CBS, CSE,
and H,S in rat hearts subjected to ischemia-reperfusion injury.
Remote preconditioning significantly restored the levels of H,S
and its biosynthetic enzymes in young rat hearts. However, the
restorative effects of remote preconditioning were not observed
in aging rat hearts suggesting that the failure to restore the levels
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Fig. 2. Influence of remote ischemic preconditioning (RIPC), hy-
drogen sulfide (H,S) donor, H,S precursor and HIF-1a inhibitor
on ischemia-reperfusion-induced myocardial infarction in young
and old rats. The values represent the percentage of infarcted area
with respect to total area. HIF, hypoxia-inducible factor; NaHS, sodium
hydrosulfide; LC, I-cysteine. °p < 0.05 vs. normal; °p < 0.05 vs. control; ‘p
<0.05 vs. RIPC in young; °p < 0.05 vs. RIPC in old; °p < 0.05 vs. NaHS (20
1M/kg) and RIPC in old; 'p < 0.05 vs. LC (20 mg/kg) and RIPC in old.
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of H,S may be the contributory mechanism in abolishing the
cardioprotective effects of remote preconditioning in old rats.
Nevertheless, the attenuated effects of remote preconditioning in
aging rat hearts were significantly restored on supplementation
with NaHS (20 and 40 umol/kg), an H,S donor, and I-cysteine (20
and 40 mg/kg), an H,S precursor. These pharmacological agents
restored the cardioprotective effects of remote preconditioning
in aged rats in a significant manner without any significant ef-
fect on the levels of CBS (Fig. 3A) and CSE (Fig. 3B) in rat hearts.
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Fig. 4. Influence of remote ischemic preconditioning (RIPC), hydro-
gen sulfide (H,S) donor, H,S precursor and HIF-1¢ inhibitor on isch-
emia-reperfusion-induced changes in the H,S levels in young and
old rat hearts, after 120 min of reperfusion. HIF, hypoxia-inducible
factor; NaHS, sodium hydrosulfide; LC, I-cysteine. °p < 0.05 vs. normal;
®b < 0.05 vs. control; “p < 0.05 vs. RIPC in young; °p < 0.05 vs. RIPC in old;
p < 0.05 vs. NaHS (20 pM/kg) and RIPC in old; fp < 0.05 vs. LC (20 mg/
kg) and RIPC in old.
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Fig. 3. Influence of remote ischemic preconditioning (RIPC), hydrogen sulfide (H,S) donor, H,S precursor and HIF-1¢, inhibitor on ischemia-
reperfusion-induced changes in the expression of cystathionine p-synthase (A) and cystathionine y-lyase (B) in the young and old rat hearts,
after 120 min of reperfusion. The values of normal groups were assigned 100% and values of all other groups were represented in the form of per-
centage of normal group. HIF, hypoxia-inducible factor; NaHS, sodium hydrosulfide; LC, I-cysteine. °p < 0.05 vs. normal; °p < 0.05 vs. control.
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However, there was a significant restoration of the H,S levels (Fig. els of HIF-1o remained low. Supplementation with NaHS (20 and
4). Moreover, per se administration of NaHS (without RIPC) in 40 umol/kg) and I-cysteine (20 and 40 mg/kg) restored the effects
the form of preconditioning also produced cardioprotection in of remote preconditioning and there was a significant upregula-
young and old rats. However, the effects of NaHS preconditioning tion of nuclear: cytosolic ratio of Nrf-2 and HIF-1q. levels in the
were significantly less as compared to a combination of RIPC and aging hearts. Administration of YC-1, a selective inhibitor of HIF-
NaHS. It is important to note that in the present study, no dose- la, (1 and 2 mg/kg) abolished the restorative effects of NaHS and

dependent effects of NaHS (20 and 40 umol/kg) and l-cysteine l-cysteine in remote preconditioning subjected old rats and there
(20 and 40 mg/kg) were observed. The lack of additional effects of was a significant increase in the LDH-1, CK-MB, ¢InT and infarct

these pharmacological agents with higher doses indicates that the size. Moreover, NaHS and I-cysteine-mediated restorative effects
optimal effects were already produced with lower doses. In other of remote preconditioning on Nrf-2 ratio and HIF-1¢ levels were
words, the selected doses may be on the higher side of the dose- abolished in the presence of YC-1. However, it did not affect the

response curve. Therefore, the lower doses of NaHS (20 pmol/kg) levels of H,S, CBS and CSE in remote preconditioning-subjected
and I-cysteine (20 mg/kg) were used in subsequent groups (IX, X, old rats supplemented with NaHS and I-cysteine. Administration
XI, XII, XIII, XIV, XV, XVI) to explore the interrelationship be- of DMSO (solvent of YC-1) did not influence the effects of sodium
tween H,S and HIF-1o in remote preconditioning-subjected old hydrosulfide and l-cysteine in remote preconditioning-subjected
rats. old rats.

Changes in the levels of Nrf-2 and HIF-1¢. along with
the influence of selective blocker of HIF-1¢.in remote DISCUSSION
preconditioning-subjected old rats
In the present investigation, there was a significant increase in

Nrf2 is a transcriptional factor, which is translocated from the the myocardial injury in the control group in response to 30 min
cytoplasm to the nucleus. Remote preconditioning led to an in- of global ischemia and 120 min of reperfusion. The myocardial
crease in the nuclear: cytosolic ratio of Nrf2 in ischemia-reperfu- injury was assessed by measuring the levels of LDH-1, CK-MB
sion-subjected young rat hearts, which was significantly abolished and ¢TnT in the coronary effluent. LDH-1 and CK-MB are the
in old rat hearts (Fig. 5A). Moreover, there was a significant resto- heart-specific enzymes and their release from the myocardium
ration of ischemia-reperfusion-induced decrease in HIF-1a levels is indicative of myocardial injury. cTnT is another specific bio-
(Fig. 5B) in response to remote preconditioning stimulus in young marker of heart injury and its release is directly correlated with
rat hearts. However, there was no such restoration was observed heart injury [33,34]. Moreover, there was a significant increase
in old rat hearts subjected to remote preconditioning and the lev- in myocardial infarction as assessed by TTC stain in control in
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Fig. 5. Influence of remote ischemic preconditioning (RIPC), hydrogen sulfide (H,S) donor, H,S precursor and HIF-1¢. inhibitor on ischemia-
reperfusion-induced changes in the nuclear: cytosolic ratio (in percentage) of Nrf2 (A) and HIF-1q, levels (B) in young and old rat hearts, after
120 min of reperfusion. The values of normal groups were assigned 100% and values of all other groups were represented in the form of percentage
of normal group. HIF, hypoxia-inducible factor; Nrf2, nuclear factor erythroid 2-related factor 2; NaHS, sodium hydrosulfide; LC, I-cysteine. (A) °p < 0.05
vs. control; °p < 0.05 vs. RIPC in young; p < 0.05 vs. RIPC in old; °p < 0.05 vs. NaHS (20 uM/kg) and RIPC in old; °p < 0.05 vs. LC (20 mg/kg) and RIPC in
old. (B) °p < 0.05 vs. normal; °p < 0.05 vs. control; “p < 0.05 vs. RIPC in young; p < 0.05 vs. RIPC in old; °p < 0.05 vs. NaHS (20 uM/kg) and RIPC in old; 'p
< 0.05 vs. LC (20 mg/kg) and RIPCiin old.
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RIPC in Old

RIPC in Young

Fig. 6. Representative pictures of TTC-stained heart slices showing
myocardial infarction in normal, control, RIPC in young and RIPC in
old groups. TTC, triphenyl tetrazolium chloride; RIPC, remote ischemic
preconditioning.

comparison to the normal group (Figs. 2 and 6). Brief episodes of
ischemia and reperfusion (5 min each) to the hind limb conferred
the cardioprotection in the form of remote preconditioning. The
cardioprotective potential of remote preconditioning was assessed
after 24 h of remote preconditioning stimulus i.e., during the
second window of protection. Indeed, remote preconditioning is
shown to confer cardioprotection in two phases i.e. an early phase
(first window) and late phase (second window) [3,35]. These
observations of the present study documenting the myocardial
injury in response to ischemia and reperfusion along with the
cardioprotective effects of the late phase of remote precondition-
ing are in accordance with the previously published studies [4,36].

Moreover, the present study results document that the cardio-
protective effects of the late phase of remote preconditioning were
significantly attenuated in old rats. It suggests that aging has a
negative influence on the cardioprotective effects of remote pre-
conditioning. There have been studies documenting that the car-
dioprotective potential of remote preconditioning is influenced
by various factors, including concurrent medications, anesthetics
or co-morbidities such as angina pectoris and diabetes mellitus
[37,38]. Similarly, aging is another confounding factor that nega-
tively influences the beneficial outcomes of remote precondition-
ing [11,39,40]. Indeed, it has been shown that the cardioprotective
effects of RIPC are abolished in aged rats [39]. However, to the
best of our knowledge, it is the first report documenting that
the cardioprotection offered during the late phase of remote
preconditioning is abolished in aged rat hearts. From the studies
obtained from young and old aged humans volunteers subjected

Korean J Physiol Pharmacol 2021;25(3):239-249

to RIPC, it was shown that the RIPC plasma of aged volunteers
failed to confer cardioprotective effects, which was in contrast to
RIPC plasma of young volunteers. Accordingly, it was proposed
that there may be a decline in the release of cardioprotective hu-
moral factors in response to RIPC due to aging [40].

To explore the mechanisms involved in attenuating the cardio-
protective effects of remote preconditioning in aged hearts, the
levels of H,S along with its biosynthetic enzymes, CBS and CSE,
were measured in the rat hearts. There was a significant decrease
in the levels of H,S, CBS and CSE in rat hearts subjected to isch-
emia-reperfusion injury, which was restored in remote precondi-
tioning-subjected young rats. However, remote preconditioning
failed to restore ischemia-reperfusion-induced decrease in the
levels of H,S, CBS, and CSE in old aged rat hearts. These observa-
tions suggest that the cardioprotective effects of remote precon-
ditioning during the late phase may be dependent on the increase
in the levels of H,S and its biosynthetic enzymes. The protective
effects of H,S preconditioning on the heart and other organs in
ischemia-reperfusion-subjected animals have been documented
[15,38,39,41,42]. However, it is the first study showing that the late
phase of cardioprotective effects of remote preconditioning is me-
diated through an increase in the levels of H,S. Another hypoth-
esis may be postulated on the basis of these observations that the
cardioprotective effects of remote preconditioning in aged rats'
hearts may be weaned off due to their decreased ability to raise
the levels of H,S. This contention is supported by the findings of
the present study showing the restoration of cardioprotective ef-
fects of remote preconditioning along with the levels of H,S in ag-
ing hearts in the presence of H,S donor (NaHS) or H,S precursor
(I-cysteine).

In the present study, the significant role of Nrf2 and HIF-
lo, was also noted in attenuating the cardioprotective effects
of remote preconditioning in aging rats. Remote precondition-
ing failed to restore ischemia-reperfusion-induced decrease
in the HIF-1q levels in old rat hearts in comparison to young
rats. Moreover, remote preconditioning-induced increase in the
nuclear: cytosolic ratio of Nrf2 in ischemia-reperfusion-subjected
young rat hearts was significantly abolished in old rat hearts.
Nrf2 is a transcriptional factor, which exerts antioxidant actions
and its levels are significantly decreased with aging [43]. Further-
more, studies have also documented the age-dependent decrease
in HIF-1q, levels and associated functions [44,45]. However,
exogenous administration of H,S donor (NaHS) and precur-
sor (l-cysteine) increased the nuclear: cytosolic ratio of Nrf2 in
ischemia-reperfusion subjected hearts. Moreover, these interven-
tions restored ischemia-reperfusion-induced decrease in HIF-1a
levels in remote preconditioning-subjected old rat hearts. It sug-
gests that changes in the Nrf2 ratio and HIF-1q, levels in remote
preconditioning rats may be secondary to the decrease in H,S
levels. Accordingly, an increase in the levels of H,S (by NaHS or
l-cysteine) may restore the levels of transcriptional factors. There
have been earlier studies showing that the H,S-triggered signal-
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ing cascade in different tissues, including the heart involves the
upregulation of transcriptional factors including Nrf2 and HIF-
Lo [46,47]. The significant role of HIF-1¢, in H,S-mediated resto-
ration of cardioprotective effects of remote preconditioning in old
rat hearts was further demonstrated in the present study showing
that a selective HIF-1¢, inhibitor abolished the effects of NaHS
and I-cysteine in remote preconditioning-subjected old rats. In
other words, NaHS and I-cysteine failed to restore the cardiopro-
tective effects of remote preconditioning in old rat hearts in the
presence of HIF-1o inhibitor. It is also worth mentioning that
HIF-1o inhibitor abolished the effects of NaHS and I-cysteine
in remote preconditioning-subjected old rats by decreasing the
nuclear: cytoplasmic Nrf2 ration and HIF-1 levels, without any
significant effect on the levels of H,S, CBS and CSE. The pres-
ent study results describing the changes in the Nrf2 ratio in the
presence of HIF-1q, inhibitor suggests the close interrelationship
between HIF-1¢, and Nrf2, which is supported by the results of
previous studies [18,48,49]. Both HIF-1 and Nrf2 are activated
in response to hypoxia and these induce changes in the cell to
combat the deleterious effects of hypoxia. Even in the tumor cells,
there is coordination between HIF-1 and Nrf2, which is critical
for tumor survival and progression [48]. A cross talk has also
been identified between Nrf2 and HIF upon exposure of HEK293
cells to diverse forms of redox therapeutics [49].

Accordingly, it may be proposed that the late phase of car-
dioprotective effects of remote preconditioning may involve an
increase in the activity of H,S biosynthetic enzymes, which may
increase the levels of H,S in the myocardium to up-regulate the
expression of HIF-1o and nuclear: cytoplasmic ration of Nrf2 in
young hearts. However, a decrease in the ability to increase the
CBS, CSE, H,S along with HIF-1o and Nrf2 ratio may decrease
the cardioprotective imparting actions of remote preconditioning
in aging rats.

There is a significant loss of cardioprotective potential of re-
mote preconditioning during the delayed phase in aging rats. The
failure of remote preconditioning to induce cardioprotection may
be possibly due to reduced enzymatic activities of H,S biosynthet-
ic enzymes, which eventually results in decreased H,S-triggered
signaling pathway involving HIF-1o and Nrf2. Supplementation
of H,S may restore aging-induced loss of cardioprotective effects
of remote preconditioning by upregulating the HIF-1¢. and Nrf2
signaling pathway.
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