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Role of Nitric Oxide in the Cardioprotection of Heat
Stress-Induced Delayed Preconditioning in Rats

HE Shang You', TAN Bin’, DENG HanWu’, and LI Yuan Jian'
( Department o Pharmacology, Xiangya School o Medicine, Central South University, Changsha 410078, China)

MeSH Myocardial Reperfusion Injury;

Tumor Necrosis Factor;

Heat Stress Disorders;  Nitric Oxide

Aim To study the role of nitric oxide (NO) in the preconditioning of the heart with hyperthemia in rats.
Methods The isolated rat heart was perfused in a Langendorff model. Hearts for all groups were subjected to 4 h hypothermia

(4C) and 40 min reperfusion. Heat stress was induced by whole-body hyperthermia (rectal 42°C, 15 min) 24 h before the ex-

periment. Heart rate, coronary flow, left ventricular pressure, and its derivative ( idp/ dtn.) were recorded, and tumor necrosis

factor- alpha (TNF-a) immunoreactivity in myocardial tissues and the activity of creatine kinase ( CK) in the coronary effluent were

measured.

Results  Pretreatment with hyperthermia significantly improved the recovery of cardiac protection, reduced the release of CK,
and increased plasma concentrations of NO. Pretreatment with [-NAME, an inhibitor of NOS, abolished the protective effects and

the increased level of TNF-a and NO elicited by hyperthermia.

Conclusion
lated with stimulation of TNF-a production in the rat heart.

( Chin J Arterioscler, 2001, 9 (5): 369-372)

1 INTRODUCTION

Many methods have been used to strengthen the protec
tive effects of St Thomas solution in the storage of heart
transplant and cardiacbypass surgery. Recently, it has
been reported that ischemia-, hypoxia, drug- or hyper
thermia induced preconditioning protects against myocar-
dial damages after prolonged cardioplegic arrest’'' . The
mechanism responsible for preconditioning is not fully un-
derstood. Amounting evidence suggests that endogenous
chemical substances may play a key role in the mediation
of protective effects of preconditioning induced by the
above factor described. It has been shown that nitric ox-
ide (NO) is involved in the mediation of ischemic or

. o [23 L
pharmacological preconditioning' >*'. There is evidence to
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Endogenous NO is involved in the cardioprotection afforded by heat stress, and the beneficial effects of NO are re-

suggest that hyperthermia induces NO production'*' .

It is
not know, however, whether endogenous NO also partici-
pates in the mediation of hyperthermia induced precondi-
tioning.

It has been shown that tumor necrosis factor-alpha
(TNF-a) possesses numerous pathophysiological actions.
Recently, it has been reported that TNF-a may be benefi-
cial to the ischemic myocardium in heat stress ' . In the
present study, therefore, we examined whether NO-medi-
ated delayed preconditioning by hyperthermia is related to
TNF-a production.

2 MATERIALS AND METHODS

2.1 Reagents

L-nitroarginine methyl ester (I-NAME) was purchased
from the Sigma (St louis, MO. USA). Radioimmunoas-
say kits for measurement of TNF-a were obtained from
Dongya Immunity Institute ( Beijing, China). Creatine
kinase assay kits were obtained from Zhongshen Bioengi-
neering Co ( Beijing, China) .
2.2 Preparation of the isolated heart

Male Spragure-Dawley rats weighting 180-220 g were
obtained from Hunan Medical University Animal Center.
Animals were anaesthetized with sodium pentobarbital (60
mg/kg, ip). The heart was excised rapidly into Kreb
Henseleit (K-H) buffer solution at 4 °C, and then per
fused retrogradly in a norrrecirculating system in a Lange
ndorff model, at constant perfusion pressure of 100 em
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H,0. The heart was perfused with K-H buffer (pH 7. 4),
saturated with 95% O, and 5% CO,. The K-H buffer
had the following composition (mmol/L): NaCl 119. 0,
NaHCO; 25. 5, KCI 4. 3, KH,PO, 1.2, MgSO4 1. 2,
CaCl, 2. 5 and glucose 11. 0.

A water-filled latex balloon was inserted into the left
ventricular and adjusted to a left-ventricular (LV) end-di-
astolic pressure of 34 mm Hg. The left ventricular pres-
sure, its derivatives ( Fdp/dt) and heart rate were moni-
tored continously. The resulting electrical signals were
digitized by a Maclab analogue-to-digital converter and
recorded on a Power Macintosh 7200 computer. Coronary
flow was measured by timed collection of the coronary ef-
fluent and samples of coronary effluent at S min of reper-
fusion were collected for measurement of creatine kinase.
2.3 Creatine kinase assay

Myocardial injury was monitored by assaying creatine
kinase ( CK) released from the heart. The activity of CK
in the coronary effluent at 5 min of reperfusion was mea-
sured spectrophotometrically.

2.4 Determination of plasma NO concentration

Blood samples (3 mL) were collected from carotid ar-
tery into tubes containing 10% Na,EDTA 30 HL. The
plasma was obtained by centrifugation at 3 000 r/min for
20 min at 4 C. The plasma level of NO was measured in-
directly by the content of nitrite and nitrate spectropho-
tometrically.

2.5 Measurement of myocardial TNF-a

At the end of the experiment, the left ventricular myo-
cardium of every heart was excised and added to its 10-
fold volume of cold isotonic homogenized buffer (mmol/L,
PMSF 1.0, KH,PO,4 13. 4 and K,HPO, 86.6, pH 7.6).

The individual tissue sample was homogenized with a
vertishear tissue homogenizer at half-maximal speed for 20
s (10 equally spaced bursts) followed by centrifugation at
5000 r/min for 15 min at 4 ‘C. The supernatant was col-
lected to store at — 70 C until assay.

The cardiac content of TNF-a was determined by radio-
immunoassay kits using antisera raised against rat TNF-q,
* Flabelled TNF-a and rat TNF-a standard.

2.6 Experimental protocols

Twenty-four animals were randomly divided to four
groups. For the studies on the effects of hyperthermia on
the preservation with cardioplegia, the control group and
the hyperthermia group were placed. In the hyperthermia
treated group, the rat was pretreated with whole-body hy-
perthermia (rectal 42 C, 15 min) 24 h before the exper-
iment. In the I-NAME group, the rats were administrated
with T-NAME ( 10 mg/kg, ip). And in the I-NAME plus
hyperthermie treated group, for the studies on the effect

of L-NAME on protective effects of heat stress, the rats
were treated with hyperthermia after pretreatment with 1-
NAME for 30 min. All hearts had an initial stabilization
period for 20 min, and then infused with St. Thomas car-
dioplegia solution (4 C) for 2 min through a sidearm of
the cannula. The St Thomas cardioplegia solution had the
following composition ( mmol/L): NaCl 110, KCI 16,
MgCl, 16, CaCl, 1.2, and NaHCO; 10. The isolated he-
arts were immersed in cardioplegic solution, maintained at
4 Cfor 4 h, and then reperfused with K-H solution for
40 min.

2.7 Statistical analysis _

All values are expressed as x Fs. Statistical analysis
was carried out by analysis of variance and the Newmarr
Keuls test. The level of significance was chosen as P <
0. 05.

3 RESULTS

There were no significant differences in the basic values
of left ventricular pressure and Fdp/dt,., coronary flow
and heart rate before hypothermic ischemia. A decline in
cardiac function ( left ventricular pressure, = dp/dty.,
coronary flow and heart rate) and an increase in the re-
lease of CK were shown during reperfusion after 4 h of
ischemia. Pretreatment with hyperthermia caused a signif-
icant improvement of cardiac function and a decrease in
the release of CK. The protective effects of heat stress
were abolished by [-NAME, an inhibitor of inducible NO
synthase (Table 1 and 2).

Heat stress induced by pretreatment with whole body
hyperthermia for 15 min produced a significant increase in
the cardiac content of TNF-a. The increased level of
TNF-a induced by hyperthermia was abolished by pre-
treatment with [-NAME (Table 2).

4 DISSCUSION

The results of the present study confirm our recent ob-
servations that delayed preconditioning induced by hyper
thermia enhances preservation with cardioplegia, as shown
by improvement of the recovery of cardiac function and re-

) . ) . 6
duction of creatine kinase release

Recently, it has
been found that hyperthermia induced early precondition-
ing is also capable of improving preservation with car
dioplegia'” . These results suggest that heat stressin du-
ced preconditioning, early or delayed, improves preserva-
tion with cardioplegia.

As mentioned above, endogenous active mediators in-
cluding NO play a pivotal role in the protective effects of

ischemic preconditioning” . Others have shown that
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Table 1. Effect of heat stress on cardiac function
Reperfusion ( min)
Groups n Preischemia
5 10 20 30 40
Left ventricular pressure (kPa)
Ischemia/ reperfusion 6 15.8%2.9 6.5%1.3 6.8%0.7 7.7%1.6 8.2%1.3 8.2%1.3
+ Heat stress (HS) 6 15.242.1 11.6 £1.2° 12.1%0.9° 12.4%1.3¢ 12.8%1.1° 12.8%1.1°
+ L-NAME 6 16.4%2.9 7.8%1.9° 8.0%1.9 7.6%1.6° 7.3%0. 7* 7.3 %15
+ [-NAME & HS 6 15.4%4.5 7.4%1. 6 7.8 %1. 5 7.8%2.1f 7.4%2.1f 7.4%2.1f
+ dp/ iy (KPa/s)
Ischemia/ reperfusion 6 555 £134 201 t66 204 £79 251 67 259 +47 265 47
+ Heat stress (HS) 6 540 +41 360 £51¢ 381 £47° 399 160¢ 434 £59¢ 425 £59¢
+ I-NAME 6 552192 249 +64° 255 te4? 256 £66° 259 t46° 256 £46°
+ I-NAME & HS 6 533 £148 225 +54! 247 +60! 266 =741 266 86" 260 £82
- dp/ dtme (kPa/'5)
Ischemia/ reperfusion 6 395 +109 154 £57 152162 177 £70 169 136 180 43
+ Heat stress (HS) 6 375 %40 245 £29¢ 264 £23¢ 282 +35¢ 304 £28¢ 298 £27¢
+ L-NAME 6 404 48 190 £71° 156 £34° 177 £39° 172 £31° 170 £34°
+ L-NAME & HS 6 375 +121 152 %28 165 36" 170 £49' 177 262 180 68"
Coronary flow (ml/min)
Ischemia/ reperfusion 6 10.4%1.1 6.710.6 6.6%0.8 6.710.8 6.810.7 6.5%1.0
+ Heat stress (HS) 6 10.9f1.6 10. 4 £1. 6° 10.5£1.7° 10.4 £1. 5¢ 10.5%1.7° 10.5%+1.7¢
+ [NAME 6 11.0%2.3 6.5%1.5 6.4%1.5 6.6L1.6° 6.7%1.6, 6.2%1.5
+ L-NAME & HS 6 1.4%2.4 7.020. 8" 6.8%0.9" 7.1%0.7" 6.9%0. 6 6.7%0.9
Heart rate (beats/min)
Ischemia/ reperfusion 6 287 17 264 £50 258 £57 259 49 272 %51 256 151
+ Heat stress (HS) 6 306 £26 320 £52° 295 £21° 202 +25° 290 £11° 283 £14°
+ [-NAME 6 206 24 262 £20 275 136 296 £25 295 21 204 +22
+ I-NAME & HS 6 326 +41 265 711 262 1681 262 £72¢ 272 178¢ 269 186
Values are expressed as x £s. P> 0.05, °P< 0.0l vs ischemis/reperfusion, ° P> 0.05, 'P< 0.01 vs HS. HS: Heat stress; L-NAME:

L-nrtroarginine methyl ester.

Table 2.  Effect of Heat Stress on the activity of creatine ki-
nase ( CK) in coronary effluent, the serum level of NO, and
the cardiac content of TNF-a.

. CK NO TNF-a
Groups n .

[W(ming) (wet wt)] (mg/L)  (Hg/g)
Ischemia/ reperfusion 6 0.94 0. 18 23%10 120%22
+ Heat stress (HS) 6 0.38 £0. 14° 89 120° 538 £78°
+ I-NAME 6 0. 89 %0. 24° 35k10" 134 £29°
+ I:NAME& HS 6 0.97 £0. 21 39+13" 155 £28f

Values are expressed as : *s5. %P> 0.05, °P< 0.01 vs ischemia/ reperfu-
sion, "P< 0.01 vs HS. HS: Heat stress; 1~ NAME: L nitroarginine methyl

ester.

monophosphoryl lipid A-induced preconditioning is also
related to stimulation of NO production' . Recently, ad-

ministration of nitroglycerin, a donor NO, induces a pre-

conditioning-like preconditioning'” . Based on the produc-
tion of NO stimulated by hyperthermia, we hypothesize
that endogenous NO may be involved in the mediation of
the protection afforded by heat stress. The present results
revealed that a brief period of hyperthermia ( 15 min)
caused a significant increase in the plasma level of NO
concomitantly with an improvement of the recovery of car-
diac function, and pretreatment with [-NAME, a inhibi-
tor of NO synthase, abolished the elevated increase of NO
and protective effects induced by hyperthermia. These re-
sults suggest that NO is a common mediator of precondi-
tioning induced by a variety of factors including ischemia,
drugs, and heat stress.

TNF-a, a cytokine, has complex cardiovascular action-
s'*' . Previous investigations have suggested that TNF-a

may contribute myocardial damages during ischemia rep-
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[9]

afisin

However. in the present study the elevated eririnduced preconditioning are mediated by calcitonin gene related
2

level of TNF-a induced by hyperthennia showred o protec- peptide in isolated rat hearts.  Eur J Pharmacol, 1999, 369 (2):
189-194

tion of the ischemic myocardlum. Recenﬂy’ it has been [3] Parrat JR, Vegh A. Endothelial cells, nitric oxide and ischemic

reported that ischemia-induced apoptosis of myocytes in preconditioning.  Basic Res Cardiol, 1996, 91 (1): 2730

the mice lacking TNF-receptors is exacerbated compared [4] Lagneux C, Godirr Ribuot D, Demenge P, et al.  Nitric oxide and its

role in the induction of kinin B ( 1)-receptors after heat stress in the
rat.  Immunopharmacology, 2000, 48 (1): 4349
[5] Yamashita N, Hoshida S, Otsu K, et al. Involvement of cytokines in

to the wild-type mice (TNF receptors persistent)' ™ .

Others have also found that the cardioprotection induced

by hyperthermia 18 abrogated by TNF-a antibOdyl ’ . These the mechanism of whole-body hyperthermia- induced cardioprotection.

results suggest that TNF-a is beneficial to the ischemic Circulation, 2000, 102 (4): 452457

myocardium in heat stress. [6] Song QJ, Li Y], Deng HW. Early and delayed cardioprotection by
heat stress is mediated by calcitonin gene-related peptide. ~ Naunyn

The biosynthesis of TNF is modulated by multiple fac
Schmiedebergs Arch Pharmacol, 1999, 359 (6): 477-483

tors; and NO’ endogenous (TI]‘]G‘]);OgenOHS, has been shown [7] He SY, Deng HW, LiYJ.  Monophosphoryl lipid A- induced delayed
to induce TNF-a prOdUCtlon *7. In the present StUdY7 preconditioning is mediated by calcitonin gene related peptide.  Eur J
pretreatment with hyperthermia caused a marked increase Pharmacol, 2001, 420 (23): 143149

in the level of NO and TNF-a. However pretreatment [8] Sack MN, Smith RM, Opie LH. Tumor necrosis factor in myocardial
. )
hypertrophy and ischaemia an anttapoptotic perspective.  Cardiovasc

with L-NAME abolished the increased level of TNF-a and Res, 2000, 45 (3): 638695
the protection induced by hyperthermia. These results [9] Per;g I X’m T. ¥eF, & al,

Inhibition of cardiac tumor necrosis

support the hypothesis that NO-mediated delayed precon- factor alpha production by calcitonin gene related peptide-mediated

ditioning by heat stress is related to stimulation of TNF-a ischemic preconditioning in isolated rat hearts.  Ewr J Pharmacol,
. 2000, 407 (3): 303308

production.

[ 10]  Kurrelmeyer KM, Michael LH, Baumgarten G, et al.  Endogenous

In SUrHMary, the present SIUdy suggests that endoge' tumor necrosis factor protects the adult cardiac myocyte against isch-

nous NO is involved in the cardioprotection afforded by emic induced apoptosis in a murine model of acute myocardial infarc
heat stress, and that the beneficial effect of NO is related tion.  Proc Natl Acad Sci USA, 2000, 97 (10): 5 456461

[11] Horton JW, Maass D, White J, et al.  Nitric oxide modulation of

TNF-alpha induced cardiac contractile dysfunction is concentration

dependent.  Am J Physiol Heart Circ Physiol, 2000, 278 (6): H1

to the stimulation of TNF-a production.

References

955965
[1]  Song QJ, Li YJ, Deng HW. Improvement of preservation with car [12] Avontuur JA, Stam TC, JongerrLavrencic M, et al.  Effect of L-
dioplegia induced by heat stress is mediated by calcitonin gene related NAME, an inhibitor of nitric oxide synthesis, on plasma levels of 11~
peptide.  Regul Pept, 1999, 79 (2-3): 141-145 6, II-8, TNF alpha and nitrite/ nitrate in human septic shock.  In-
[2] HuCP, LiYJ, Deng HW.  The cardioprotective effects of nitroglyc tenswe Care Med, 1998, 24 (7): 673679

— SRS K BRI 0S5 3 238 O B PR R B4R H

far EifF, 18 W, PN, FrE
(P RFREEFEAHRFHAE, KiY 410078, + H)

[ E/E] e —FHEERG;, WBIARART; HEHK —AKLR

BE SR — A RE RO R HIR IR TR J53% K A Lengendordf X E Bz HARCIE, S AEIKR(4TC) K
HAhG, BHEEZAOmin (37C). FHRAT24h KA FTHBLEL(ABHBERLC, 5min), BFRSCE ARAZT . LENEAR
RR TR E MR R — R A R(NO) KB Ao B HRIA iR P LBR S B ( CK) B, S ML R 8 A 2 B F (TNF-a) % A .
AR RS HRE R F IR RAG SR AER, AR EEEERE, A SR — AR A SIA LB R T a ik
Joo XEAERRAATAAL T RIS AR FTENE. B2 —ARASEF RACHERZEFFOEREY, LGRS
AT TBIRT R T8 AR K. (32 2001-02- 11 W E, 2001-10-15 14 [E]; 4nke SO, KK 12)





