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Objective(s): Reperfusion of ischaemic myocardium results in reduced nitric oxide (NO)
biosynthesis by endothelial nitric oxide synthase (eNOS) leading to endothelial dysfunction and
subsequent tissue damage. Impaired NO biosynthesis may be partly due to increased levels of
asymmetrical dimethylarginine (ADMA), an endogenous inhibitor of eNOS. As dimethylarginine
dimethylaminohydrolase (DDAH) is a key enzyme responsible for degradation of ADMA, the present
study was designed to explore the role of DDAH/ADMA/NO pathway in cardio-protective mechanism

Article history:
Received: Dec 5, 2018
Accepted: May 18, 2019

Keywords: of ischaemic postconditioning.

ADMA Materials and Methods: Isolated rat hearts were subjected to myocardial ischaemia for 30 min
DDAH followed by reperfusion for 2 hours in control group. Myocardial injury was assessed by measurement
Nitric oxide of infarct size, left ventricular developed pressure (LVDP), lactate dehydrogenase (LDH) and creatine

Postconditioning
Myocardial ischaemia-
reperfusion injury

kinase (CK) enzymes in coronary effluents. The reperfused hearts were homogenised and tissue
concentration of nitrite, ADMA level and DDAH enzyme activity was determined.

Results: A significant increase in infarct size, LDH, CK release in coronary effluents and ADMA
level in myocardial tissue was observed in control group. The increase in tissue ADMA coincided
with reductions of NO tissue concentrations and DDAH activity. Ischaemic postconditioning
significantly attenuated ischaemia-reperfusion induced myocardial injury manifested in the terms of
decreased infarct size, LDH, CK, tissue ADMA along with increase in NO levels and DDAH enzyme
activity. Pretreatment with L-Homocysteine (300 puM), a competitive inhibitor of DDAH, and L-NG-
nitroarginine methyl ester (L-NAME; 100 uM), an inhibitor of eNOS, completely abolished ischaemic
postconditioning-induced myocardial protection.

Conclusion: Enhancing DDAH activity by postconditioning may be a novel target to reduce ADMA level
and increase NO bioavailability to prevent myocardial ischaemia-reperfusion injury.
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Introduction

Myocardial Infarction is the leading cause of death
throughout the world (1). Myocardial infarction (MI)
occursduetoischemiaresultingfromocclusioncaused by
thrombus superimposed over atherosclerotic coronary
artery. Early Reperfusion therapy with percutaneous
trans-luminal coronary intervention or thrombolysis
(2) remains the most effective treatment strategy for
reducing myocardial infarct (MI) size, preserving left
ventricular (LV) ejection fraction, and preventing the
onset of heart failure. However, reperfusion initiates a
series of harmful events including release of reactive free
oxygen species and calcium overload that contributes to
further cardiomyocyte necrosis and apoptosis, termed
as ‘Reperfusion injury’ (3).

Ischaemic  preconditioning  (PC)(4), is a
cardioprotective strategy in which repetitive brief
periods of coronary artery occlusion and reperfusion
applied before the prolonged lethal ischaemia confers
cardioprotection against tissue damageinduced by
prolonged ischaemia.Although preconditioning has
been clinically successful in attenuating the pathological
consequences of reperfusion during percutaneous

transluminal coronary angioplasty (5), its use as a
clinical cardioprotective strategy is limited by the
inability to predict the onset of ischaemia. Moreover, in
a multicenter, randomized trial, involving 970 patients
with an acute STEMI, administration of cyclosporine (2.5
mg/kg IV) before percutaneous coronary intervention
(PCI) did not reduce the incidence of the clinical
outcomes and did not prevent adverse left ventricular
remodeling at 1 year (6).

In patients presenting with an acute myocardial
infarction (AMI), ischaemic postconditioning (PostC)
(7), comprising of brief episodes of ischaemia and
reperfusion at the onset of reperfusion just after
ischaemic event, represents a promising treatment
strategy that confer protection against ischaemia
reperfusion injury. In several clinical studies, ‘ischaemic
postconditioning’ is applied during PCI (angioplasty)
(8) and ‘pharmacological postconditioning’is achieved
by infusion of pharmacological agents that mimic
ischaemic postconditioning at the time of reperfusion
such as intravenous administration of adenosine as an
adjuvant to thrombolytic therapy in (AMISTAD) trials
(9) as well as intracoronary administration during
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CABG (10). Similarly, adjunctive exenatide therapy (11)
and intracoronary administration of lactated ringer
solution with percutaneous coronary intervention
prevented reperfusion injury in patients with STEMI
(12). However, mechanisms of cardio-protective effect
of post-conditioning is still not clear and there is need
to find out molecular mechanisms of protective effect
of post-conditioning so that more specific ways can be
adapted to expand clinical utility of post-conditioning in
cardiovascular diseases.

Endothelial dysfunction characterized by the loss
of endothelium derived nitric oxide (NO) is one of the
most critical events occurring after reperfusion (13).
The decrease in NO bioavailability triggers a cascade of
early pathophysiological events of reperfusion injury,
such as up-regulation of adhesion molecules, leukocyte
adherence to endothelial cells, transmigration of
polymorphonuclear cells and subsequent tissue damage
due to apoptosis (14). Impaired NO biosynthesis may
be partly due to increased levels of asymmetrical
dimethylarginine (ADMA), an endogenous competitive
inhibitor of eNOS (15). ADMA level in plasma and left
ventricle are increased following myocardial infarction
(16, 17). A large number of studies have reported that
elevated ADMA level is an independent risk marker for
total mortality in critically ill patient and cardiovascular
outcomes in all populations (18). Further, high plasma
ADMA level may limit therapeutic efficacy of statins in
patients with coronary artery disease (19).

Dimethylarginine dimethylaminohydrolase-1 (DDAH1)
is a key enzyme responsible for degradation of
asymmetric dimethylarginine (ADMA). Recently, it is
reported that in DDAH-I deficient mice subjected to
ischaemia reperfusion, elevated tissue concentration of
ADMA was associated with reduction in bioavailability
of NO (20). In another study, reduction in DDAH activity
resulting in increase in ADMA level in myocardial tissue
was reported during early phase of reperfusion for 2 to 4
hours. Further, overexpression of DDAH was associated
with decrease in tissue ADMA level as well as reperfusion
injury (14). Moreover, in non-reperfused rat hearts,
inhibition of DDAH activity associated with leakage of
DDAH in infarct zone has been reported following two
days of Myocardial infarction (21). Thus, increase in
DDAH activity or expression may be a cardioprotective
strategy against reperfusion injury, but no study has
explored whether ischaemic post-conditioning could
confer cardioprotection through modulation of DDAH
activity mediated reduction of myocardial ADMA level.

Homocysteineisasulfur-containingaminoacid thatarises
during methionine metabolism. Hyperhomocytenemia
is associated with endothelial dysfunction and is one
of the risk factor for ischaemic heart disease (22).
L-Homocyteine has been reported as competitive
inhibitor of DDAH In vitro (23). Thus, the present study
was designed to investigate the role of DDAH/ADMA/NO
pathway in cardioprotective mechanism of ischaemic
postconditioning by employing L-Homocysteine as
selective DDAH inhibitor.

Materials and Methods

Drugs and chemicals

L-NG-nitroarginine  methyl ester (L-NAME),
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L-Homocysteine, asymmetric dimethylarginine (ADMA)
were purchased from Sigma-Aldrich (St Louis, MO,
USA). ELISA kit for ADMA was purchased from Cayman
Chemicals, USA.

Animals

Wistar albino rats of either sex weighing 200-300 g
maintained on rat feed and tap water ad libitum, were
housed in the departmental animal house and were
provided 12 hr cycle of light and dark. The experimental
protocol was approved by the Institutional Animal Ethics
Committee (IAEC/KCP/2015/004) and care of the animals
was carried out as per the guidelines of Committee for
the Purpose of control and supervision of experiments
on Animals (1753/PO/E/S/14/CPCSEA) and Ministry of
Environment and Forest, Government of India.

Perfusion of isolated rat heart and measurement of
haemodynamic parameters

Rats were heparinised about 20 min before
sacrificing the animal. Briefly, rats were anesthetized
by an intraperitoneal (ip) injection of 50 mg/kg
Thiopental sodium. Left thoracotomy was carried out
to expose the hearts and hearts rapidly excised and
mounted immediately on Langendorff’s apparatus (24).
The heart was enclosed in a double walled jacket and
the temperature of which was maintained at 37 °C by
circulating hot water. Isolated heart were retrogradely
perfused at constant pressure of 70 mm Hg with
Kreb’sHenseleit buffer, pH 7.4, maintained at 37 °C,
bubbled with 95% 0, and 5% CO,. Global ischemia was
produced for 30 min by blocking the inflow of Kreb’s
Henseleit solution, followed by reperfusion for 120 min
and coronary effluent was collected at different time
intervals ie, basal (immediately after stabilization), 0
min, 5 min and 30 min after reperfusion for carrying
out biochemical estimations. Coronary flow rate was
also measured at different time intervals to assess the
degree of injury to coronary vasculature. Two thin
silver electrodes fixed at the ventricular apex and origin
of aorta were employed to record ECG (BPL, MK 801,
Banglore, India) for monitoring heart rate.

Assessment of infarct size

After 120 min reperfusion, heart was removed and
kept overnight at 0 °C. Frozen heart was sliced into
uniform sections of 2-3 mm thickness. The slices were
incubated in 1% triphenyltetrazolium chloride (TTC) at
37 °C in 0.2 M Tris buffer (pH 7.4) for 20 min and the
extent of myocardial infarct size was assessed (25).

Haemodynamic parameters

Heart rate, coronary flow rate, Left ventricular
developed pressure (LVDP) and dp/dt__ and -dp/dt
were assessed using data aquistation system along with
Langendorff apparatus (AD instruments)

Biochemical parameters

Lactate dehydrogenase (LDH) (26) and Creatine
kinase (CK) (27) were measuredin coronary effluent
as per previously established methods soto assess the
degree of myocardial injury.

Nitric oxide level (NO) was assessed by Griess reagent
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(28). Nitrite concentrations were determined from the
linear standard curve established using 0-100 uM sodium
nitrate. Tissue NO levels were expressed as pmol/1 (29).

Determination of DDAH enzyme activity

DDAH activity was measured spectrophotometrically
according to the method of Tain and Baylis 2007. The
method is based on the rate of L-citrulline production.
Heart tissue were homogenised in 100 mM sodium
phosphate buffer, pH 6.5 at 4 °Cas 10 % w/v homogenate.
Then, homogenized tissues were centrifuged at 14,000
rpm for 25 min at 4 °C and supernatants were collected.
Tissue homogenate was adjusted to the concentration
of 20 mg/ml.100 pl supernatant was mixed with 400
ul of 1 mM ADMA in sodium phosphate buffer, pH 6.5.
The mixture was incubated in water bath at 37 °C for
45 minutes. After the reaction was stopped with 0.5
ml 4% sulfosalicylic acid, samples were centrifuged at
3000 g for 10 min. Then 100 pl oxime reagent (diacetyl
monoxime (0.08% wt/vol) in 5% acetic acid) mixed
with antipyrine/ H,SO, (antipyrine (0.5% wt/vol) in
50% sulphuric acid) was added to 100 pl supernatant
(samples). Samples were thereafter incubated in 60 °C
for 110 min and cooled in ice bath for 10 min. L-citrulline
formation was measured at 466 nm and values were
subtracted of respective blanks (without ADMA).

Standard plot was prepared as serial dilutions of
L-citrulline (3.25 pM - 100 puM). Protein concentration
was determined by Lowery method. DDAH activity was
represented as pM L-citrulline formation/g protein/min
at37°C (30).

Asymmetric dimethylarginine (ADMA) estimation

ADMA level was estimated in heart homogenates
using ELISA kit (Bioassay Technology Lab, Cayman
Chemicals, USA). Heart tissue was rinsed in PBS (pH
6.5) to remove excess blood thoroughly and weighed
before homogenization. The tissue was homogenized
in PBS (pH 6.5) with a glass homogenizer on ice and
freezed at -20 °C. Then, centrifuged at 2000-3000 RPM
for approximately 20 minutes at 4 °C.

Assay procedure

50ul standard was added to standard well and 40pl
sample to sample wells and then 10ul anti-ADMA
antibody to sample wells, then 50pl streptavidin-HRP
to sample wells and standard wells (Not blank control
well. Then plate was covered with a sealer and shaken
gently and incubated for 60 minutes at 37 °C. Then the
sealer was removed and the plate was washed 5 times
with wash buffer. Soak wells inwash buffer for 30 sec to
1 min for each wash. Blot the plate onto paper towels or
other absorbent material.

Then 50ul substrate solution A and 50ul substrate
solutionB was added to each well. The plate covered
with a new sealer was incubated for 10 min at 37 °C at
room temperature in the dark. After addition of 50 pl
Stop Solution to each well,the blue color changed into
yellow immediately. The optical density (OD value)
of each well was determined immediately using a
microplate rearder at 450 nm within 30 min.

Haematoxylin and eosin staining
Heart tissues preserved in 10% formalin were
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dehydrated in graded concentration of ethanol,
immersed in xylene and the embedded in paraffin.
Section of 4 pm thickness were cut and placed on slide
using Baker’s mounting fluid. Paraffin wax was removed
by warming the slide gently, until the wax melted and
then was washed with xylene. This was followed by
washing with absolute alcohol and water to hydrate
the sections and stained with haematoxylin for 15 min.
Stained sections were washed with water and treated
with 1% acid alcohol mixture for 20 sec. Acid alcohol
mixture was washed off with water and sections were
counterstained with 1% aqueous solution of eosin for 2
minutes. After washing with water to remove excess of
eosin, sections were dehydrated using absolute alcohol,
mounted using Canada balsam were observed under
microscope for histological changes.

Preparation of haematoxylin solution

2 g of haematoxylin was dissolved in a mixture of
absolute alcohol,distilled water and glycerin 100 ml
each,followed by addition of 10 ml glacial acetic acid
and in excess addition of potassium sulphate.

Preparation of 1% eosin solution
One g of eosin was weighed and dissolved in 100 ml
of distilled water.

Preparation of acid alcohol mixture
Acid alcohol mixture was mixed by adding 1 ml of
HCL in 99 ml of 70% alcohol.

Statistical Analysis

Values of infarct size and nitrite level are expressed
as mean#SD Statistical significance is calculated by
one way analysis of variance. Student-Newman-Keul's
test and Tukey-Kramer test have been used as Post hoc
tests for multiple comparision between groups and for
comparision with control group, respectively. A value of
P<0.005 was considered to be statistically significant.

Experimental Protocol

Separate groups of animals were employed as per
following protocol (Figure 1):
Normal group: Hearts were subjected to 20 min of
equilibration 160 min of reperfusion.
Control (I/R Injury): Hearts were subjected to 20
min of equilibration, followed by 30 min of global
normothermic ischaemia, and 120 min of reperfusion.
Ischaemic Postconditioning: After 20 min of equilibration
and 30 min of global normothermic ischaemia, just at
the onset of reperfusion, postconditioning was induced
by 6 episodes of 10 sec ischemia and 10 sec reperfusion.
Ischaemic Postconditioning+L- Homocysteine (300 uM):
After 20 min of equilibration and 30 min ischaemia,
perfusion with L-Homocyteine for 15 minutes before
ischemic postconditioning.
Ischaemic  Postconditioning+L-NAME (100 pM):
After 20 min of equilibration and 30 min ischaemia,
perfusion with L-NAME for 15 min before ischemic
postconditioning.

Effect on infarct size
Global ischaemia for 30 min followed by reperfusion
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Figure 1. Diagrammatic representation of experimental protocol
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Figure 2. Effect of postconditioning on infarct size
Values are expressed as mean+SD. a=P<0.05 vs Normal; b=P<0.05 vs
Control; c=P<0.05 vs Isch. PostC

for 120 min produced significant increase in myocardial
infarct size calculated by volume (44.32+2.1%) and
weight method (42.98+1.77%) in control group
as compared to normal group (9.01+0.77% and
9.38+£0.97%). Ischaemic postconditioining attenuated
the increase in infarct size as compared to control group.
Pretreatment with LHomocysteine (300 uM), a selective
inhibitor of DDAH enzyme and LNAME (100 pM)
completely abolished the ischemic postconditioning
induced reduction in infarct size (Figure 2).

Table 1. Effect of postconditioning on coronary flow rate (ml/min) of rats

Effect on Haemodynamic parameters

Among haemodynamic parameters, there was
significant decrease in heart rate (200.80+8.02 to
76.00+11.26) and coronary flow rate (8.92+0.23 to
2.90+£0.34) in control group as compared to normal
group. Ischaemic postconditioning significantly
increased heart rate and coronary flow rate as compared
to control group. Pretreatment with LHomocysteine
(300 uM), a selective inhibitor of DDAH enzyme and
LNAME (100 pM) completely abolished the ischaemic
postconditioning induced increase in heart rate,
coronary flow rate (Table 1 and 2).

No significant differences were detected in the LVDP,
+dp/dtmax between groups at the end of equilibration
(P>0.05).At the end of reperfusion, LVDP in the control
group recovered to 29.0+3.9% of baseline value,
whereas ischaemic postconditioned hearts showed
a significantly increased recovery (LVDP 77.4+5.7%,
P<0.05).Pretreatment with LHomocysteine (300 puM),
a selective inhibitor of DDAH enzyme and LNAME (100
uM) completely abolished the ischemic postconditioning
induced increase in LVDP and +dp/dtmax (Table 3 and 4).

Effect on LDH and CK relaese
Global ischaemia for 30 min. followed by reperfusion
for 120 min. produced significant increase in release of

Group Basal 5RP 30RP 120RP
Normal 892+0.23 8.6 %036 8.42 + 0.32 8.08 023
Control 8.00 +0.25 432+.42% 4.04+0.27% 2.90 +0.34"
Isch. PostC 8.34 + 035 8.00 +0.12 8.14 + 0.195b 7.88 + 0.23b
Isch. PostC + L-Homocysteine ¢ o, 46 3.68+0.48" 392+ 0.42° 3.56+0.42°
(300 uM)

Isch. PostC + L-NAME 8.86+0.35 492 +0.58"% 5.62 +0.71°% 454 +057
(100 puM)

Values are expressed as mean min'+SD (n=6). Basal denotes coronary flow rate (C.ER) measured before global ischaemia. 5RP, 30RP and 120 RP
denotes C.ER measured 5, 30 and 120 min. after reperfusion following global ischaemia.*P<0.001 vs Basal; a= P<0.05 vs Normal; b=P<0.05 vs Control;
¢=P<0.05 vs Isch PostC
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Table 2. Effect of postconditioning heart rate (beats/ min) of rat

Group Basal S5RP 30RP 60RP 120RP
Normal 220+ 4.87 220+5.81 218+837 218+837 214+5.48
Control (I/R Injury) 200.8 +8.02 126 +14.87" 160 +11.4% 142+ 1.8% 106.00 + 7.66%
Isch. PostC 2162 6.49 200+ 7.91° 204 + 4.24 206+ 4.55b 200 * 6.24°
Isch. PostC +L-Homocysteine

(300 uM) 20842+7.14 105.6 + 4.56 110.62 + 5,94 100.24 +5.40% 92.06 + 5.42'
Isch. PostC +L-NAME 2202+5.24 110 £ 4.84" 120 £ 3.46 150 £ 3.26 105  5.24°

(100 pM)

Values are expressed as mean+SD (n=6). Basal denotes heart rate measured before global ischaemia. 5RP, 30RP, 60RP and 120RP denotes heart rate
measured 5, 30, 60 and 120 min after reperfusion following sustained global ischaemia. *P<0.001 vs Basal; a= P<0.05 vs Normal; b =P<0.05 vs Control;

¢=P<0.05 vs Isch. PostC

Table 3. Effect of postconditioning on left ventricular developed
pressure (mm Hg) of rats

Group LVDP

Basal 30 RP
Sham (Normal) 86.5 + 4.06 86.68 + 6.70
Control (I/R Injury) 82.67 + 3.46 48.58 + 3.2%a
Isch. PostC 85.34 +3.86 66.18 + 3.46*
Isch. PostC + L-Homocysteine 84.34 £ 5.26 45.62 £ 3.8%
(300 uM)
Isch. PostC +L-NAME 85.34 +5.86 44.64 £ 3.2%
(100 uM)

Data is represented as mean+SD. *P<0.05 vs Basal; a= P<0.05 vs Normal;
b= P<0.05 vs Control; c=P<0.05 vs Isch. PostC

LDH in coronary effluent noted 0 min,(277.00£16.71),
5 min (184.12+12.19) and 30 min. (165.00+10.05)
after reperfusion. Moreover, there was significant
increase in release of CK noted 5 min. after reperfusion
(127.82%2.03). Ischaemic postconditioning significantly
attenuated the ischaemia- reperfusion induced increase
in LDH and CK. Pretreatment with LHomocysteine
(300 puM), a selective inhibitor of DDAH enzyme and
LNAME (100 pM) completely abolished the ischemic
postconditioning induced increase in LDH and CK
(Figure 3 and Figure 4).

Effect of postconditioning on nitrite concentration
A significant decrease in NO (Nitrite) level was

Table 4. Effect of postconditioning on dp/dt max and dp/dt min

300 *a

250
Normal
I Control
" Isch PostC

200

150
TPostC + Homocys

C IpostC+ L-NAME
100 [

50 -

s = = T T

Basal ORP SRP 30 RP

Figure 3. Effect of postconditioning on lactate dehydrogenase release
(IU/L) of coronary effluent

Values are expressed as mean#SD. *P<0.05 vs Basal; a=P<0.05 vs
Normal; b=P<0.05 vs Control; c=P<0.05 vs Isch. PostC

observed in tissue homogenates of hearts subjected to
global ischaemia for 30 min. followed by reperfusion
for 120 min. (14.44+3.85 uM/1) as compared to normal
group (33.58+0.52 pM/L). Ischaemic postconditioning
significantly increased the ischaemia-reperfusion
induced decrease in nitrite levels.Pretreatment with
L-Homocysteine (300 uM), a competitive inhibitor of
DDAH and LNAME (100 uM) completely abolished the
pharmacological postconditioning induced increase in
nitrite concentration (Figure 5).

Effect of postconditioning on DDAH enzyme activity
Asignificant decrease in DDAH enzyme activity
(0.18 uM L-citruline/g protein /min) was observed in

Group +dp/dt max (mmHg/sec) - dp/dt min (mmHg/sec)
Basal 120 RP Basal 120 RP
Sham (Normal) 3105120 2957+148 -2560£210 -2270+142
Control (I/R Injury) 3093+164 1876+167 -3250+ 145 -1076+140
Isch. PostC 32244125 3310+ 204 -2983+216 -2745+178
Isch. PostC+L-Homocysteine 3062+154 2057+164 -2015+216 -1776+140
(300 uM)
Isch. PostC +L-NAME 3073+168 2057+164 -2017+226 -1876+160
(100 uM)

Data is represented as mean+SD. a= P<0.05 vs Normal; b= P<0.05 vs Control; c= P<0.05 vs Isch. PostC
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Figure 4. Effect of postconditioning on creatine kinase (IU/L)
Values are expressed as mean*SD. *P<0.05 vs Basal; a=P<0.05 vs
Normal; b=P<0.05 vs Control; c= P<0.05 vs Isch. PostC

tissue homogenates of control group heartssubjected
to I/R injury as compared to normal hearts (0.45 pM
L-citruline/g protein /min). [schaemic postconditioning
significantly increased the ischaemia-reperfusion
induced decrease in DDAH enzyme activityPretreatment
with L-Homocysteine (300 uM), a competitive inhibitor
of DDAH and LNAME (100 uM) completely abolished the
pharmacological postconditioning induced increase in
DDAH enzyme activity (Figure 6).

Effect of postconditioning on ADMA level

In our study, ADMA concentrations in normal heart
was 0.56 uM/L or 0.016+0.001 nm/mg. A significant
increase in ADMA level (1.9+.15 uM/1) was observed in
heart tissue homogenates in animals subjected to global
ischemia for 30 min followed by reperfusion for 120

40 -
35 -
30 -
25 -
20 -
15 -
10 -

Normal
= Control
= [PostC

IPostC + Homocyst
= [PostC + L-NAME

Figure 5. Effect of postconditioning on nitrite level (uM/L)

Nitrite level was estimated in heart homogenate. Values are expressed
as meanzSD. a=P<0.05 vs Normal; b=P<0.05 vs Control; c=P<0.05 vs
Isch. PostC

2.5 4

ujoad Sw ;/ wu
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Figure 6. Effect of postconditioning on dimethylarginine
dimethylaminohydrolase

Dimethylarginine dimethylaminohydrolase (DDAH) activity was
estimated in heart homogenate. Values are expressed as mean#SD.
a=P<0.05 vs Normal; b=P<0.05 vs Control; c=P<0.05 vs Isch. PostC

min. Ischaemic postconditioning significantly reduced
the ischemia-reperfusion induced increase in ADMA
level. Pretreatment with LHomocysteine (300 pM), a
selective inhibitor of DDAH enzyme and LNAME (100
uM) completely abolished the ischemic postconditioning
induced reduction in ADMA level (Figure 7).

Effect of postconditioning on histopathological
changes in myocardium

The morphological changes are evaluated
histopathologicaly by haematoxylin and eosin staining.
The microphotographs of myocardium of rats subjected
to global ischaemia and reperfusion revealed the
myocardial membrane damage, extensive myofibrillar
degeneration and infiltration of inflammatory cells
as compared to those of normal group. On the other
hand, in the postconditioning group, with marked
improvement evidenced by the normal architecture
of myofibers, reduced degree of myonecrosis,
infiltration of inflammatory cells, and lesser vacuolar
changes compared to the I/R group. Further these
protective effects are abolishd by pretereatment with
L-Homocysteine (a competitive DDAH inhibitor) and
L-NAME (an e-NOS inhibitor) (Figure 8)

Discussion

Isolated rat heart preparation perfused in retrograde
manneron Langendorff apparatus‘has been employed
in the present study because it permits the use of
pharmacological interventions without any interference

0.16 - a Normal
0.14 - ® Control
c ¢
[
012 - I [PostC
[PostC + Homocyst

0.1 1 mIPostC + L -NAME
0.08 -+
0.06 -
0.04 + b
002 4 .

0 .

Figure 7. Effect of postconditioning on asymmetrical dimethylarginine level
Values are expressed as mean+SD. a=P<0.05 vs Normal; b=P<0.05 vs Control; c=P<0.05 vs Isch. PostC
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Figure 8. Histopathological changes in the myocardium (H & E
staining)

a. Microphotographs of normal group showing normal architecture
of myocardial fibers with no infiltration of inflammatory cells;
b. Microphotograph of control group showing cytoplasmic
vaculation, infiltration of inflammatory cells and disarrangement in
myocardial cell; c. Microphotographs of Ischaemic postconditioning
showing normal architecture of myocardial fibers with no infiltration
of inflammatory cells; d. Microphotographs of PostC + L-Homocysteine
(DDAH inhibitor) (d)and PostC + L-NAME; e. showing infiltration of
inflammatory cells and disarrangement in myocardial cells

due to changes in systemic circulation (32).Moreover,
studies on isolated heart preparations have led to
important discoveries in field of cardiac physiology,
pharmacology and surgery (33, 34).

Infarct size was assessed macroscopically because
a good correlation has been demonstrated between
macroscopic and microscopic measurement of infarct
size (35). Lactate dehydrogenase (LDH) and creatine
kinase (CK), localized in myocytes, are released during
ischemia-reperfusion induced irreversible myocardial
injury. In CABG patients, it has found that CK-MB/
troponin elevations in the initial 24 hr were associated
with increased mortality (36). Therefore, release of
these enzymes in coronary effluent is documented as
an index of myocardial injury. Earlier reports from our
laboratory have demonstrated that the peak release
of LDH occur immediately or 5 min. and 30 min. after
reperfusion, whilst peak release of CK is seen after 5
min of reperfusion during myocardial injury (37, 38).
Therefore, samples of coronary effluent were collected
atthese time intervals to estimate the release of LDH and
CK. In the present study, 30 min of ischemia followed by
120 min of reperfusion produced myocardial injury, as
assessed in terms of increased infarct size in the heart and
elevated release of LDH and CK in the coronary effluent.

Previous studies by Zhao et al (39) reported that
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in a canine model of coronary artery occlusion and
reperfusion, postconditioning reduced multiple
manifestations ofischemia-reperfusioninjury,including
infarct size and endothelial dysfunction. Similarly, in the
present study, an attempt has been made to examine
the effect of postconditioning on ischemia reperfusion
induced myocardial injury. In the present study, six
cycles of postconditioning applied over the first minute
of reperfusion significantly reduced infarct size, release
of LDH and CK in coronary effluent as well as protected
the heart against IR injury through the recovery of LVDP
and +dp/dt.

Asignificantdecrease innitritelevel (14.4+3.80 uM/1),
the stable end product of nitric oxide (NO), in heart
homogenate of control group (I/R injury) as compared
to normal group (33.58+0.52 pM/1) was observed. The
decrease in NO generation may be due to altered eNOS
activity by an endogenous NOS inhibitor, ADMA, since
ADMA concentration was found to be increased in heart
tissue homogenates in the animals subjected to ischemia
and reperfusion injury. This increased concentration
of ADMA in IR injury group can be responsible for
the low bioavailability of NO. Physiologically, ADMA
mediated inhibition of eNOS activity is only 10%. Under
pathological conditions such as blood vessel injury, the
concentration of ADMA is 3-9 times higher and eNOS
activity inhibition reaches 30-70% (40).

Normally, ADMA concentration is regulated by an
enzyme DDAH, which metabolizes ADMA. Many factors
are able to modulate DDAH activity or change the gene
expression of the enzyme. Sulfhydryl group of cysteine
in its active site predisposes the enzyme for easy
oxidation or nitrosation with subsequent loss of its
activity (41). Various cardiovascular risk factors such
as hypertension, hypercholesterolemia, hyperglycemia,
and hyperhomocysteinemia and oxidative stress are
the main factors affecting DDAH activity leading to the
increased ADMA concentration (42, 43). It has been
reported that DDAH-activity is inhibited In vitro by
oxidative stress induced by hyperhomocysteinemia
(44). Oxidative stress is also generated during first few
minutes of post-ischemic reperfusion which may result in
inhibition of DDAH leading to ADMA accumulation (45).

In our study, DDAH enzyme activity is inhibited after
2 hr of reperfusion which is accompanied with increase
in level of ADMA and reduced NO concentration. Further,
ischaemic postconditioning significantly increased the
nitrite level, DDAH enzyme activity and reduced ADMA level.

Several studies have reported that fasting serum
homocysteine levels are increased in coronary artery
disease (CAD) patients and positively correlated with
severity of CAD (46). Hyperhomocysteinemia can arise
from nutritional deficiencies of folate, vitamin B6, and
vitamin B12 (47, 48). A case study of a young patient
with an acute myocardial infarction due to a thrombotic
occlusion of the left anterior descending coronary artery
who also developed pulmonary emboli in the setting of
severe hyperhomocysteinemia secondary to pernicious
anemia (49).

Homocysteine induced oxidative stress mediated
inhibition of e-NOS supports the role of homocysteine
in endothelial dysfunction (50). A study by Stulingher
et al. has demonstrated that DDAH activity was reduced
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by L-Homocysteine in primary bovine aortic endothelial
cells, Ex vivo aortic segments, as well as the activity of
recombinant human DDAH in a cell free system.

In our study, we employed L-Homocysteine as
competitive DDAH inhibitor to explore the role of
DDAH enzyme activity in cardioprotection mediated
by ischaemic postconditioning. L-Homocyteine
abolished ischaemic postconditioning induced increase
in nitrite level, DDAH enzyme activity and reduced
ADMA level. Thus, cardioprotective effects of ischemic
postconditioning may be attributed to increased DDAH
activity which is associated with reduced levels of ADMA
in hearts. Further reduction in ADMA level may lead to
increase in activity of eNOS as demonstrated by increase
in concentration of Nitric oxide (NO) or nitrite level.

Conclusion

Therefore it may be concluded that ischaemic
postconditioning inducedenhancement of DDAH
activity provides a novel target to reduce ADMA
level and increase NO bioavailability so as to deliver
cardioprotection in myocardial ischemia-reperfusion
injury. However, further studies are required to
substantiate the findings of this study.

Acknowledgment
The results described in this paper were part of
student thesis.

Conflicts of Interest
The authors declare that there are no conflicts of
interest.

References

1. Benjamin EJ, Virani SS, Callaway CW, Chang AR, Cheng S,
Chiuve SE et al. Heart Disease and Stroke Statistics 2018
update: a report from the American Heart Association.
Circulation 2018; 137 (e67-e492).

2. Kristensen SD, Laut KG, Fajadet ], Kaifoszova Z, Kala P, Mario
CD et al. Reperfusion therapy for ST elevation acute myocardial
infarction 2010/2011: current status in 37 ESC countries. Eur
Heart] 2014; 35:1957-1970.

3. Yellon DM and Hausenloy DJ. Myocardial reperfusion injury.
N Engl ] Med 2007; 357: 1121-1135.

4. Murry CE, Jennings RB, Reimer KA. Preconditioning with
ischemia: a delay of lethal cell injury in ischemic myocardium.
Circulation 1986; 74:1124-36.

5. Laskey WK and Beach Dana. Frequency and clinical
significance of ischemic preconditioning during percutaneous
coronary intervention.] Am Coll Cardiol 2003; 42: 998-1003.
6. Cung TT, Morel O, Cayla G, Rioufol G, Garcia-Dorado D,
Angoulvant, Moulin F et al. Cyclosporine before PCI in
patients with acute myocardial infarction. N Engl ] Med 2015;
373:1021-1031.

7.Zhao ZQ, Corvera JS, Halkos ME, Kerendi F Wang NP, Guyton
RA, Vinten- Johansen ]. Inhibition of myocardial injury by
ischemic postconditioning during reperfusion: comparison
with ischemic preconditioning. Am ] Physiol Heart Circ Physiol
2003; 285:579-588.

8. Sorensson P, Saleh N, Bouvier F Bohm E Settergren M,
Caidahl K, Tornvall P et al. Effect of postconditioning on infarct
size in patients with ST elevation myocardial infarction. Heart
2010;96:1710-1715.

9. Ross AM, Gibbons R], Stone GW, Kloner RA, Alexander RW. A
randomized, double-blinded, placebo-controlled multicenter
trial of adenosine as an adjunct to reperfusion in the treatment

1422

of acute myocardial infarction (AMISTAD-II). ] Am Coll Cardiol
2005; 45:1775-1780.

10. Garcia-Dorado D, Otaegui I, Rodri'guez Palomares JE
Evangelista E, Pineda V, Ruiz Salmero’n R et al. Primary
results of the PROMISE trial: myocardial protection with
intracoronary adenosine given before reperfusion in patients
with STEMI. Eur Heart ] 2014; 34:669.

11. Woo JS, Kim W, Ha SJ, Kim JB, Kim SJ, Kim WS, Seon HJ, Kim
KS. Cardioprotective effects of exenatide in patients with ST-
segment-elevation myocardial infarction undergoing primary
percutaneous coronary intervention: results of exenatide
myocardial protection in revascularization study. Arterioscler
Thromb Vasc Biol 2013; 33: 2252-2260.

12. Koyama T, Munakata M, Akima T, et al. Impact of
postconditioning with lactate enriched blood on in-hospital
outcomes in patients with with ST-segment elevation
myocardial infarction. Int ] Cardiol 2016; 220:146-148.

13. Tsao PS, and Lefer AM. Time course and mechanism of
endothelial dysfunction in isolated ischemic and hypoxic
perfused rat hearts. Am ] Physiol 1996; 259: H1660-H1666.
14. Stihlinger MC, Conci E, Haubner BJ, Stocker E-M,
Schwaighofer ], Cooke JP, Tsao PS, et al. Asymmetric Dimethyl
L-Arginine (ADMA) is a critical regulator of myocardial
reperfusion injury. Cardiovas Res 2007; 75: 417-425.

15. Tsikas D, Bo"ger RH, Sandmann ], et al. Endogenous nitric
oxide synthase inhibitors areresponsible for the L-arginine
paradox. FEBS Lett 2000; 478:1-3.

16. Bae SW, Stuhlinger MC, Yoo HS, Yu KH, Park HK, Choi BY,
et al. Plasma asymmetric dimethylarginine concentrations in
newly diagnosed patients with acute myocardial infarction
or unstable angina pectoris during two weeks of medical
treatment. Am ] Cardiol 2005; 95:729-733.

17. Gray GA, Patrizio M, Sherry L, Miller LA, Malak M, Alison
F. Wallace AF, Leiper JM, Vallance P. Immunolocalisation and
activity of DDAH I and II in the heart and modification post-
myocardial infarction. Acta histochemica 2010; 112: 413-423.
18. Schlesinger S, Sonntag SR, Lieb W, Maa R. Asymmetric and
symmetric dimethylarginine as risk markers for total mortality
and cardiovascular outcomes: a systematic reviewand meta-
analysis of prospective studies. PLoS ONE2016; 11: e0165811.
19. Hsu C-P, Zhao J-F, Lin S-J, Shyue S-K, Guo B-C, MS; Lu T,
Lee T-S. Asymmetric dimethylarginine limits the efficacy of
simvastatin activating endothelial nitric oxide synthase. ] Am
Heart Assoc 2016; 5:e003327.

20. Blokhin 10, Stevens JW, Murry D], Galagudza MM, Shlyakhto
EV, Leiper ]JM, Lentz SR Deficiency of dimethylarginine
dimethylaminotransferase-1 exacerbates myocardial ischemia-
reperfusion injury in mice. Circulation 2009; 120:5784.

21. He H, Li X, Wang H, Zhang W, Jiang H, Wang S, Yuan L, Liu
Y, Liu X. Effects of salvianolic acid A on plasma and tissue
dimethylarginine levels in a rat model of myocardial infarction.
] Cardiovasc Pharmacol 2013; 61: 482-488.

22. Stithlinger MC, Tsao PS, Her J-H, Kimoto M, Balint RE, Cooke
JP. Homocysteine impairs the nitric oxide synthase pathway
role of asymmetric dimethylarginine. Circulation 2001; 104:
2569-2575.

23. Hong L and Fast W. Inhibition of human dimethylarginine
dimethylaminohydrolase-1 by S-Nitroso-L-homocysteine and
hydrogen peroxide analysis, quantification, and implications for
hyperhomocysteinemia. ] Biol Chem 2007; 282:34684-34692.
24. Langendorff O. Investigations on the surviving mammalian
heart. Pflugers Arch fur die Gesante Physiologie des Menschen
und der Tiere 1895; 61: 291-332

25.FishbeinM C,Meerbaum S, Rit].Early phaseacute myocardial
infarct size quantification, validation of triphenyltetrazolium
chloride tissue enzyme staining technique. Am Heart ] 1981;
101: 593-600.

26. King ]J. A routine method for the estimation of lactic
dehydrogenase activity. ] Med Lab Tech1959; 16: 265-272.
27. Huges BP. A method for the estimation of serum creatine

Iran ] Basic Med Sci, Vol. 22, No. 12, Dec 2019


https://www.ncbi.nlm.nih.gov/m/pubmed/?term=He%20H%5BAuthor%5D&sort=ac&from=/23429591/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Li%20X%5BAuthor%5D&sort=ac&from=/23429591/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Wang%20H%5BAuthor%5D&sort=ac&from=/23429591/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Zhang%20W%5BAuthor%5D&sort=ac&from=/23429591/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Jiang%20H%5BAuthor%5D&sort=ac&from=/23429591/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Wang%20S%5BAuthor%5D&sort=ac&from=/23429591/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Yuan%20L%5BAuthor%5D&sort=ac&from=/23429591/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Liu%20Y%5BAuthor%5D&sort=ac&from=/23429591/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Liu%20Y%5BAuthor%5D&sort=ac&from=/23429591/ac
https://www.ncbi.nlm.nih.gov/m/pubmed/?term=Liu%20X%5BAuthor%5D&sort=ac&from=/23429591/ac

Studying cardioprotection by ischemic postconditioning

1J7"MS

Kaur et al.

kinase and its use in comparing creatine kinase and aldolase
activity in normal and pathological sera. Clinica Chimica Acta
1962; 7 Suppl 5: 597-603.

28. Green LC, Wagner DA, GodowsKy ], Skipper PL, Wishnok JS,
Tannenbaum SR. Analysis of nitrate, nitrite and [15N] nitrate
in biological fluids. Anal. Biochem1982; 126:131-138.

29. Jeddi S, Zaman ], Ghasemi A. Effects of ischemic
postconditioning on the hemodynamic parameters and heart
nitric oxide levels of hypothyroid rats. Arq Bras Cardiol 2015;
104:136-143.

30. Trocha M, Merwid-L A, Sozaiiski T, Chlebda-Sieragowska
E, Szuba A, Dziégiel P et al. Influence of ezetimibe on ADMA-
DDAH-NO pathway in rat liver subjected to partial ischemia
followed by global reperfusion. Pharmacological Reports
2013; 65:122-133.

31. Bell RM, Mocanu MM, Yellon DM. Retrograde heart
perfusion: the Langendorff technique of isolated heart
perfusion. ] Mol Cell Cardiol 2011; 50:940-950.

32. Sigg DC and laizzo PA. In vivo versus In vitro comparison
of swine cardiac performance: induction of cardiodepression
with halothane. Eur ] Pharmacol 2006; 543:97-107.

33. Sutherland FJ, Hearse DJ. The isolated blood and perfusion
fluid perfused heart. Pharmacol Res 2000; 41:613-627

34. Hill AJ, Coles JA Jr, Sigg DC, Laske TG, laizzo PA. Images
of the human coronary sinus ostium obtained from isolated
working hearts. Ann Thorac Surg 2003; 76:2108.

35. Banka N, Anand IS, Sharma PL, Wahi PL. Bull. PG.I. 1981;
15: 147-150.

36. Domanski M], Mahaffey K, Hasselblad V. et al. Association of
myocardial enzyme elevation and survival following coronary
artery bypass graft surgery.] Am Med Ass 2011; 305: 585-591.
37. Jaggi AS, Singh M, Sharma A, Singh D, Singh N.
Cardioprotective effects of mast cell modulators in ischemia-
reperfusion-induced injury in rats. Methods Find Exp Clin
Pharmacol 2007; 29: 593-600.

38. Kaur K, Singh M, Singh N, Jaggi AS. Possible mechanism of
rottlerin induced modulation of ischemia reperfusion injury in
isolated rat hearts. Biol Pharm Bull 2008; 31:1745-1748.

39. Zhao ZQ, Corvera ]S, Halkos ME, Kerendi F, Wang NP,
Guyton RA, Vinten- Johansen ] Inhibition of myocardial injury
by ischemic postconditioning during reperfusion: comparison
with ischemic preconditioning. Am ] Physiol Heart Circ Physiol
2003; 285:579-588.

40. Cardounel AJ, Cui H, Samouilov A, Johnson W, Kearn P, Tsai
AL, Berka V, Zweier JL Evidence for the pathophysiological role

Iran ] Basic Med Sci, Vol. 22, No. 12, Dec 2019

of endogenous methylarginines in regulation of endothelial
NO production and vascular function. ] Biol Chem 2007; 282:
879-887.

41. Leiper ], Murray-Rust ], McDonald N, Vallance P.
S-nitrosylation of dimethylarginine dimethylaminohydrolase
regulates enzyme activity: further interactions between nitric
oxide synthase and dimethylarginine dimethylaminohydrolase.
Proc Natl Acad Sci 2002; USA 99, 13527-13532.

42. Lin KY, Ito A, Asagami T, Tsao PS, Adimoolam S, Kimoto
M, Tsuji H et al. Impaired nitric oxide synthase pathway in
diabetes mellitus: role of asymmetric dimethylarginine and
dimethylarginine dimethylaminohydrolase. Circulation 2002;
106:987-992.

43.Xiong Y, Fu YF, Fu SH, Zhou HH Elevated levels of the serum
endogenous inhibitor of nitric oxide synthase and metabolic
control in rats with streptozotocin-induced diabetes. ]
Cardiovasc Pharmacol 2003; 42:191-196.

44. Stuhlinger MC, Tsao PS, Her JH, Kimoto M, Balint RE, Cooke
JP. Homocysteine impairs the nitric oxide synthase pathway:
role of asymmetric dimethylarginine. Circulation. 2001; 104:
2569-2575.

45. Trocha M, Merwid-Lad A, Szuba A, Sozanski T, Magdalan
], Szelag A, Kopacz A et al. Effect of Quercetin-5"-sulfonic Acid
Sodium Salt on SOD Activity and ADMA/DDAH Pathway in
Extracorporeal Liver Perfusion in Rats. Adv Clin Exp Med.
2012; 21: 423-431.

46. Shenoy V, Veena Mehendale V, Prabhu K, Shetty R, and Rao
P. Correlation of Serum Homocysteine Levels with the Severity
of Coronary Artery Disease. Indian ] Clin Biochem. 2014; 29:
339-344.

47. Mahalle N, Kulkarni MV, Garg M K, Naik S S. Vitamin
B12 deficiency and hyperhomocysteinemia as correlates of
cardiovascular risk factors in Indian subjects with coronary
artery disease. ] Cardiol. 2013; 61: 289-294.

48. Patel |D, Chakrabarti C. Homocysteine, folate and vitamin
B12 status in patients with coronary artery disease in young
age. Int] Clin Biochem and Res. 2017; 4:129-135

49. Melhem A, Desai A and Hofmann MA. Case report:
Acute myocardial infarction and pulmonary embolism
in a young man with pernicious anemia-induced severe
hyperhomocysteinemia. Thromb J. 2009, 7:5.

50. Jiang X, Yang E Tan H, et al. Hyperhomocystinemia
impairs endothelial function and eNOS activity via PKC
activation. Arterioscler Thromb Vasc Biol. 2005; 25: 2515-2521.

1423


https://www.sciencedirect.com/science/journal/00098981
https://www.sciencedirect.com/science/journal/00098981/7/5
https://www.sciencedirect.com/science/journal/00098981/7/5
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shenoy%20V%5BAuthor%5D&cauthor=true&cauthor_uid=24966483
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mehendale%20V%5BAuthor%5D&cauthor=true&cauthor_uid=24966483
https://www.ncbi.nlm.nih.gov/pubmed/?term=Prabhu%20K%5BAuthor%5D&cauthor=true&cauthor_uid=24966483
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shetty%20R%5BAuthor%5D&cauthor=true&cauthor_uid=24966483
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rao%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24966483
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4062675/

	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	Acknowledgment
	Conflicts of Interest
	References

