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rotective Role of 3-Nitro-N-Methyl-Salicylamide on Isolated Rat
eart During 4 Hours of Cold Storage and Reperfusion
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ABSTRACT

Objective. Cardiac ischemia/reperfusion (I/R) injury, a necessary consequence of trans-
plantation, is probably related to the formation of reactive oxygen species (ROS). The
ROS burst within the first moments of reperfusion is associated with injury, continuously
generate O2

� at about 3% to 5% of total O2 consumption owing to electron leak by
mitochondrial oxidoreductases, especially complexes I and III. 3-nitro-N-methyl-salicyl-
amide (NNMS) displays inhibitory effects on succinate-cytochrome C reductase, but also
reduces effects on creation of O2

� radical and H2O2 by isolated rat mitochondria.
Presumably NNMS inhibits electron leakage from the mitochondrial respiratory chain. We
investigated effect of NNMS on heart protection after hypothermic ischemia.
Methods. A Langendorff-prepared rat heart model was employed after the heart had
been preserved for 4 hours under hypothermic conditions of ischemia with subsequent
reperfusion/rewarming for 60 minutes.
Results. The group of hearts treated with NNMS showed increased recovery of heart
function compared with a group of mEC. The lactate dehydrogenase (LDH) activity in
coronary flow (CF) by hearts treated with NNMS was lower than that with mECs, as was
the content of malonedialdehyde (MDA) and conjugated diene (CD).
Conclusions. NNMS improved heart physiology after reperfusion following 4 hours of

hypothermic ischemia.
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EART TRANSPLANTATION is the treatment of
choice for end-stage disease.1,2 The most adequate

yocardial protection has not been clarified for clinical
ardiac transplantation.3 Currently, heart preservation is
imited to 4 to 6 hours of cold ischemic storage.1,4–6

The inherent logistics of cadaveric organ donation subject
he heart to a period of extracorporeal hypothermic ischemic
reservation. Therefore, cardiac ischemia/reperfusion (I/R)

njury is a necessary consequence of transplantation. Al-
hough, the mechanism of myocardial I/R injury is multi-
actorial, oxygen free radicals are believed to be major
ontributors to the reperfusion injury,7 therefore, possibly
enefitted by anti-oxidants, as suggested by Belzer.8 Diverse
ources of oxidants may be injurious to cardiomyocytes.9–11

onsequently, it has not been possible to engineer a specific
nti-oxidant targeted toward preventing myocyte I/R injury.
irtually all major anti-oxidant classes have been examined

or this purpose, including endogenous enzymes, xanthine
xidase inhibitors, chain-breaking molecules, iron chela-

ors, and inhibitors of granulocyte function.12 C

2006 by Elsevier Inc. All rights reserved.
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Production of reactive oxygen species (ROS) arising
uring reperfusion considerably damage the structural and
unctional integrity of transplanted tissues.13,14 Many stud-
es have used mitochondria as a primary source of ROS in

ammalian cells.15,16 Mitochondria respiration provides
OS as byproducts of electron transfer; about 3% to 5% of

he oxygen consumed by mitochondria ends up in H2O2

roduction under normal physiologic conditions. The
nown precursor of H2O2 is the O2

�, which is generated
hrough a single electron reduction of O2 by electrons
eaking from the substrate side of the respiratory chain.
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omplexes I and III of the respiratory chain are responsible
or leaking electrons, thereby generating O2

�.17–20 O2
� and

2O2 are the primary sources of ROS. They play prominent
oles in diverse pathophysiologic processes, such as aging,
eurodegeneration, as well as heart and lung toxicity. It is
robable that addition of certain substances to classic car-
ioplegic and storage solutions may exert beneficial effects
gainst ROS, thereby preserving the functional capacity of the
yocardium. The substances may reduce leakage of electrons

rom complexes I and III of the respiratory chain.
3-Nitro-N-methyl salicylamide (NNMS), which was syn-

hesized by our laboratory, was previously shown to mitigate
/R injury in the rat brain.21 In this study, we observed that
NMS improved recovery of heart function during 4 hours
f cold storage and reperfusion using an isolated rat heart
odel.

ATERIALS AND METHODS

e employed hypothermic conditions to reduce metabolism and
hereby limit ischemic damage. Theoretically, lowering preserva-
ion temperature by 10°C lowers the cells’ metabolic demand by
pproximately 50%. The generally accepted method of preserving
onor heart integrity is arrest with cold (4°C) cardioplegic solution
ollowed by storage in an electrolyte solution immersed in ice. The
emperatures attained by this technique are believed to reach 4°C.2

odel of Isolated and Perfused Rat Heart

ale Sprague Dawley (SD) rats (weighing 300 to 350 g) were
nesthesized using thiopental sodium and injected IV with heparin
500 IU). After the chest was opened using bilateral sternocostal
ections, the heart was immediately excised and placed into a cold
ath (4°C) containing Krebs-Henseleit buffer (K-HB). It was fixed
hrough the aortic root and left atrium on to perfusion cannulas of a
angendorff apparatus for perfusion at a constant pressure of 60 mm
g. The K-HB solution had the following composition (mmol/L):
aCl 119.0; NaHCO3 25.5; KCl 4.3; KH2PO4 1.2; MgSO4 1.2;
aCl2 2.5; and glucose 11.0. K-HB was used as the perfusion
edium. Saturated with 95% O2 � 5% CO2 at pH 7.4 at stable

emperature of 37°C.
A water-filled latex balloon was inserted into the left ventricle.

he balloon was adjusted to a left ventricular end-diastolic pres-
ure (LVEDP) of 6 to 9 mm Hg. We continuously monitored the
eft ventricle developed pressure (LVDP), its first derivatives
�dp/dtmax), and heart rate (HR). The resultant electrical signals
ere digitized by MacLab analog to digital converter and recorded by
omputer. Coronary flow (CF) was measured by timed collection.

After a 20-minute stabilization period, the heart was arrested
ith 30 mL cardioplegic solution (modified Euro-Collins solution,
ECs) at 4°C using a constant pressure of 60 mm Hg. The mEC

olution had the following composition (mmol/L): K2 HPO4 · 3;
2O 42.5; NaHCO3 10.0; KCl 14.0; KH2PO4 15.0; MgSO4 · 7; H2O

.0; CaCl2 0.025; and glucose 139.0. Then the heart was discon-
ected from the circuit, immersed in storage solution, and stored in
n icebox for 4 hours. Thereafter, the organ was reperfused at 37°C
n Langendorff mode for 60 minutes during which LVEDP, LVDP,

dp/dtmax, and HR were monitored, and CF measured by timed
ollections. The experiment was divided into 3 groups: group C (n

8); (2) group mEC (n � 8); and (3) group N�m (n � 8). The
roup C hearts were not immersed in storage solution. The group

EC hearts were immersed in mEC solution. The group N�m i
earts were treated with NNMS (8 �g/mL) added to the mEC
olution. To observe whether mEC solution had protective actions,
he C group hearts were not immersed in a preservation solution.

yocardial Water Content

o obtain heart wet weight (WW), the hearts were dried to a
onstant weight in a 80°C oven for more than 48 hours and
eweighed to obtain heart dry weight (DW). We calculated percent
yocardial water content (MWC) as follows:

MWC(%) � �(WW � DW) ⁄ WW� * 100%

alonyldialdehyde Levels

he malonyldialdehyde (MDA) assay method has been described
y Askawa.22 MDA was an estimate of the extent of oxidative
amage. In brief, heart biopsy samples (0.3 g) homogenized with
.7 mL of 0.9% NaCl at 4°C were incubated with 2.25 mL of
hiobarbituric acid-reactive substances (TBARS). In 100 mL
BARS were thiobarbituric acid (0.67 g) and trichloroacetic acid

TCA 12 g). Successive procedures included heating to 100°C for
0 minutes followed by cooling and centrifugation (3000 rpm) for
0 minutes. The MDA concentration was determined at 532-nm
xcitation using a spectrophotometer (721 type made in Shanghai).
esults were shown as nanomoles of MDA per mg of protein.
he protein content of myocardial tissue was measured by the
radford23 method.

ssay of Conjugated Diene

yocardial conjugated diene (CD) was measured by the method of
orongiu et al.24 Homogenized heart tissue was extracted; the OD
as determined at 233 nm excitation. The results are shown as
anomoles of CD per mg of protein.

ontents of Coronary Flow

he protein content in coronary flow was measured by the Brad-
ord method; myoglobin, (Mb) by the method of Elz et al,25 lactate
ehydrogenase (LDH), by an automated biochemistry instrument.

ESULTS
ffects of NNMS on Functional Parameters

here was no significant difference in the preischemia
alues of LVEDP. The post-storage values of LVEDP were
ignificantly lower among hearts treated with NNMS than
he group C (P � .05; (Fig 1C). Mean values of recovery (%
restorage values) of LVDP were 23.19%, 16.71%, and
2.51%, respectively, a significant improvement in LVDP,
dp/dtmax and �dp/dtmax among hearts treated with NNMS

ompared with both groups C and mEC both P � .05; Fig. 1
, B, and D). These groups also showed improvements in
R mean value of recovery upon reperfusion compared
ith groups C and mEC, although the result, did not reach

tatistical significance. Although NNMS showed 71.28% of
he values recorded in the pre-ischemic period; C and mEC
roups displayed 65.67% and 59.39%, respectively. There
as no significant difference in the mean value of recovery
f CF. These results suggested a beneficial role of NNMS in
schemia-reperfusion injury.
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PROTECTIVE ROLE OF NNMS 1249
yocardial Water Content Levels Evaluation

here was no significant effect of NNMS treatment on mean
alues of MWC. The MWC in the NNMS group was
1.006% � 1.316%, whereas in the C group it was 80.895% �
.098%, and in the mEC group, 81.676% � 1.189%.

valuation of Mb, Protein Content, and LDH Activity

here was no significant influence of NNMS on the mean
alues of Mb content in coronary flow. A significantly lower
rotein content was in coronary flow of the hearts treated
ith NNMS compared with group C at 5 and 60 minutes;
nd significantly reduced compared with both ‘C’ and mEC
roups at 30 minutes (Fig 2 A). There was significant
mprovement of LDH content in the CF of hearts treated
ith NNMS compared with groups C and mEC (P � .05
nd P � .001, respectively).

LDH activity in CF in hearts treated with NNMS is
hown in Figure 2 B.

valuation of MDA and Conjugated Diene

he formation of MDA as an indicator of oxidative injury
evealed significant differences in both groups, with the

ig 1. Recovery of cardiac function: mean values of recovery (%
N�m group compared with ‘C’ group, P � .05; #N�m group com
NMS was added to mEC solution.
Abbreviations: Pre, prestorage; post, post-storage.

ig 2. Protein content and LDH activity of coronary flow: corona
N�m group compared with ‘C’ group, P � .05, **P � .001; #N�

ith ‘C’ group, P � .05. C, ‘C’ group; m, mEC group; N�m, NNMS
earts treated with NNMS significantly lower than those
tored in only mEC solution: 23.30 � 7.79 nmol/100 mg Pr
n group N�m versus 27.31 � 6.49 nmol/100 mg Pr in mEC
roup (P � .05; Fig 3 A). The formation of CD is also an
ndicator of oxidative injury. The mean values of CD that
he hearts were treated by NNMS was significant lower than
roups C and mEC (P � .05; Fig 3 B).

ISCUSSION

ardiac I/R injury, a necessary consequence of transplan-
ation, is associated with a burst of ROS, which contributes
o tissue damage.26,27 The molecule mechanism of I/R
njury has been explained as due to electrons leakage by the
espiratory chain mitochondria.28 The hypoxia of tissue
schemia places the mitochondrial respiratory chain is a high
educing state, which disposes to easy leakage of electrons.
eoxygenation (Reox) of the respiratory chain in a high

educing state may lead to a burst of leaking electrons,
enerating ROS, which contribute to serious tissue damage.
any studies have demonstrated that mitochondria represent
primary source of ROS in mammalian cells. Two pathways
f oxygen consumption are available in mitochondria: One

torage values) were obtained 45 to 60 minutes after reperfusion.
ed with mEC group, P � .05. C, C’ group; m, mEC group; N�m,

ws were obtained at 5, 10, 30, and 60 minutes after reperfusion.
up compared with mEC group, P � .05. $mEC group compared
pres
par
ry flo
m gro
was added to mEC solution.
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1250 ZHANG, YANG, YU ET AL
s O2 consumption by electrons transferred inside the chain
sed for ATP synthesis. The other is the O2 consumed by
he electrons leaked out of the chain, which are used in the
adical metabolism. The generation of O2

� radical and
2O2 in the substrate side of respiratory chain results from

lectron leakage of the chain. Complexes I and III of the
espiratory chain are responsible for electron leakage and

2
� radical generation (Fig 4). Hence, it may be beneficial

or heart transplantation to use drugs that reduce O2
�

adical generation by electron leakage in the mitochondrial
espiratory chain.

NNMS is a methyl salicylate that has undergone nitrifi-
ation, with addition of salicylamide by methylic acylation
Fig 5). The crystals of NNMS change to yellow raphide.

ith a melting point of 132°C to 133°C.
We devised a method to measure electron leakage of
itochondria respiratory chain complexes I and III,29 show-

ng that NNMS reduced generation of O2
� radical and

2O2 by isolated rat myocardial mitochondria. In addition,
e found that NNMS had an inhibitory effect on succinate-
ytochrome C reductase (Fig 6).

ig 3. After reperfusion for 60 minutes, content of MDA and CD
roup compared with mEC group, P � .05. Control, normal isola
olution; m, mEC group; N�m, NNMS was added to mEC solu

ig 4. The electron leak-linked radical metabolism (upper) and
lectron transfer-coupled energy metabolism (lower) in mito-
hondria. The cycle linked by arrows (middle) is the respiratory
hain enzymes. The upper part shows the generation of O2

� and
ts four reactive pathways. The lower part shows the coupled

TP synthesis.
ffect of NNMS on Heart Function

eperfusion of the heart following an ischemic period
enerates free radicals such as superoxides and hydroxyl
adicals. The generated free radicals may induce peroxida-
ion of the intracellular components, such as phospholipids,
roteins, and DNA, thus provoking cellular damage. Free
adical attack may be one cause of contractile dysfunction
f ischemic reperfused hearts.30,31

Our results demonstrated that NNMS added to a car-
ioplegic and storage solution attenuated contractile dys-
unction of heart. There was reduced diastolic dysfunction
f the heart. Possible mechanisms to explain the effect of
NMS on diastolic dysfunction after reperfusion injury

nclude reduced impairment of calcium homeostasis, spe-
ifically calcium sequestration and release by the sarcoplas-
ic reticulum, a step that is vulnerable to oxygen-derived

ree radical injury. In addition, free radical disruption of
itochondrial membranes may interfere with adenosine

riphosphate production with subsequent ischemic contrac-
ure and loss of distensibility.12

Differences in MWC between mEC hearts and those
reated with NNMS were not significant, although there
as a trend toward greater edema in the mEC hearts.
avid et al12 suggested the possibility that myocardial

dema played a role in diminished distensibility.
Because free radicals generated during I/R periods are

onsidered to peroxidate membrane phospholipids, ex-
essive ROS may cause cell damage by oxidizing DNA,
roteins, carbohydrates, and membrane phospholipids.
e determined MDA and CD content in the ischemic-

eperfused myocardium. There was a reduced myocardial
DA content in hearts treated with NNMS (8 � g/mL)

ompared with mEC (23.30% � 7.79% versus 27.31% �

rt tissue: *N�m group compared with ‘C’ group, P � .05; #N�m
earts; C, group of the hearts were not immersed in preservation
in hea
tion h
Fig 5. Structure of 3-nitro-N-methyl-salicylamide (NNMS).
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PROTECTIVE ROLE OF NNMS 1251
.49%). The mean value of CD among hearts treated
ith NNMS was also significant lower than that with
ECs (P � .05). On the other hand, treated hearts

howed improved release of LDH and protein during
eperfusion. These effects suggested a contribution of
NMS to protect the heart against free radical attack
uring ischemia and reperfusion.
Possible mechanisms of a significant influence of NNMS

n heart preservation included: (1) prevention of mitochon-
rial (m) Ca2� overload by reduced ROS generation. ROS
enerators decrease myofilament Ca2� sensitivity. Al-
hough ROS scavengers given after ischemia improve Ca2�

ensitivity.32 (2) Reduced ROS generation preventing
pening of mitochondrial permeability transition pores
MPTP). Mitochondrial permeability transition causes mi-
ochondrial to become uncoupled and capable of hydrolyz-
ng rather than synthesizing ATP. Unrestrained, this effect
eads to loss of ionic homeostasis and ultimately necrotic
ell death. The functional recovery of the Langendorff-
erfused heart from ischemia inversely correlated with the
xtent of pore opening. Inhibition of MPTP provides pro-
ection against reperfusion injury.33 Recent studies have
emonstrated that generation of intracellular ROS was
nhanced prior to the onset of mitochondrial membrane
ermeability transition (MPT).34 Rajesh et al35 suggested
hat MPTP inhibition by cyclosporine (CsA) enhanced
unctional recovery after long term hypothermic heart
reservation. Experimental evidence strongly suggests that
PTP opening by lonidamine markedly attenuates the

unctional recovery of the heart after long-term hypother-
ic preservation and that lonidamine-treated hearts

ig 6. ‘‘’ Inhibition of succinate-cytochrome c reductase by
ifferent concentration of NNMS. The reaction system contain
.2 mmol of phosphate buffer pH 7.4, 1 mmol of succinate, 0.06
mol of EDTA, 0.05 mmol of cytochrome c. 0.5 mg/mL sub-Mit.

otal vilume is 1 mL. ‘�’ The effect of NNMS on H2O2 generation
n mitochondria. The method is LDCL assay. Reaction condition:
00 mmol luminol, 2.5 U HRP, 50 mmol phosphate buffer, pH
.4, 4 mg/mL sub-Mit, 200 mmol NADH. ‘�’ The effect of NNMS
n O2

� generation in mitochondria. The method is LDCL assay.
eaction condition: 250 �mol lucigenin, 60 mmol phosphate
uffer, pH 7.4, 4 mg/mL sub-Mit, 200 �mol NADH.
howed low myocardial ATP levels.1 O
In conclusion, NNMS seemed to be different from other
ree radical scavengers, since it partially inhibited electron
eakage from complex I and III of the mitochondria respi-
atory chain. If the ROS burst cannot occur at the onset of
eperfusion, tissue damage is significant reduced. The
resent study suggested a new mechanism to eliminate I/R

njury due to mitochondrial generation of ROS.
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