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We recently reported that hyperthyroidism affects the 
heart response to ischemia/reperfusion. A significant 
tachycardia during reperfusion was associated with an 
increase in the oxidative stress of hearts from T3-treated 
animals. In the present study we checked the possible 
role of nitric oxide (NO) in this major stress induced by 
the hyperthyroid state. We compared the functional 
recovery from ischemia/reperfusion of Langendorff 
preparations from euthyroid (E) and hyperthyroid (H, 
ten daily intraperitoneal injections of T3, 10 ~tg/100g 
body weight) rats, in the presence and in the absence 
of 0.2 mM N~-nitro-L-arginine (L-NNA). At the end of 
the ischemia/reperfusion protocol (10 min preischemic 
perfusion, 20 min global ischemia, 30 min reperfusion) 
lipid peroxidation, antioxidant capacity (CA) and sus- 
ceptibility to in vitro oxidative stress were determined 
on heart homogenates. The main effect of hyper- 
thyroidism on the reperfusion functional response 
was confirmed to be a strong tachycardic response 
(154% recovery at 25 min reperfusion) accompanied by 
a low recovery in both left ventricular diastolic pressure 
(LVDP) and left ventricular dP/dtmax. This functional 
response was associated with a reduction in CA and 
an increase in both lipid peroxidation and susceptibility 
to oxidative stress. Perfusion of hearts with L-NNA 
per se had small but significant negative chronotropic 
and positive inotropic effects on preischemic perfor- 
mance of euthyroid rat hearts only. More importantly, 
L-NNA perfusion completely blocked the reperfu- 
sion tachycardic response in the hyperthyroid rats. 

Concomitantly, myocardium oxidative state (lipid per- 
oxidation, CA and in vitro susceptibility to oxidative 
stress) of L-NNA perfused hearts was similar to that of 
E animals. These results suggest that the higher 
reperfusion-induced injury occurring in hyperthyroid 
animals is associated with overproduction of nitric 
oxide. 

Keywords: Nitric oxide, hyperthyroidism, 
ischemia/reperfusion, heart injury, oxidative stress, 
nitric oxide synthase 

Nitric oxide (NO) has been  repor ted  to funct ion as 
both  protect ive-  and  in jury-producing  factor in 
t issue i schemia / reper fus ion .  Evidence of an 
in vivo protect ive effect has been  suppl ied  by  
inhibit ion of leukocyte  accumula t ion  by  NO-  
genera t ing agents.  [1"2] Mechan i sms  of a direct  role 

of N O  in protect ing f rom i schemia / repe r fus ion  
injury are less clear. [21 A role of N O  in the injury 

product ion ,  instead,  has been  sugges ted  to result  
f rom the format ion  of reactive N O  species, 
par t icular ly  peroxinitrite.  [2"3] It is likely that  the 
levels of both  reactive oxygen  species (ROS) and  
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NO, combined with the antioxidant defence sys- 
tems, have a major role in determining if NO 
would have defensive or harmful effects. In this 
respect, any condition that would induce an 
increase in both oxidative stress and NO produc- 
tion would favor NO-induced injury. Reperfusion 
combined with hyperthyroidism would be one 
such condition. 

Hyperthyroid state in mammals is character- 
ized by an increase of oxygen consumption 
associated with higher electron flux in mitochon- 
drial respiratory chain, ~4j a condition that may 
increase generation of ROS, such as superoxide 
radical (Oy) and/or  hydrogen peroxide. ESI Hyper- 
thyroidism accelerates free radical production, I6~ 
and alters the antioxidant defence system in 
skeletal and heart muscle. L71 Lipid peroxidation 
increases in the heart of hyperthyroid rats ~8'9~ and 
we have shown that this increase is associated 
with a decrease in the heart antioxidant capacity 
and a higher susceptibility to in vitro oxidative 
stress. L91 Overproduction of nitric oxide during 
reperfusion has been implicated in myocardial 
ischemia/reperfusion injury. Regional ischemia 
in an in vivo model significantly stimulated both 
superoxide and NO production, the last asso- 
ciated with an increase in both total nitric oxide 
synthase (NOS) and iNOS activity. ~1°1 Protective 
effects of NOS inhibitors on lipid peroxidation 
following ischemia/reperfusion Ll1~ and post- 
hypoxia reoxygenation injury f12~ have also been 
reported. Cooperative effects of overproduction 
of free radicals and nitric oxide have been 
implicated in atherosclerosis, E131 hypoxia/reoxy- 
genation of cultured neurons, [14] lipid peroxida- 
tion and reperfusion injury in the heart. I3~ 

Previously, we have shown that the heart from 
hyperthyroid rats displays a significant tachycar- 
dic response, associated with an impaired ino- 
tropic recovery. Ilsl This increased myocardial 
contractile dysfunction during reperfusion was 
imputed to an increase of myocardial oxidative 
stress, as indicated by the protective effect of 
vitamin E. ~15j In the present study we tested the 
possibility of involvement of NO in such 

hyperthyroidism-related tachycardic response 
during reperfusion of Langendorff preparations, 
by perfusing hearts from both euthyroid and 
hyperthyroid animals with N~-nitro-L-arginine 
(L-NNA), a specific NOS inhibitor. 

MATERIALS AND METHODS 

Animals, Preparation Setup and 
Equipment 

Male Wistar rats (60 days old) were used in the 
experiments. The animals, purchased at weaning 
from Nossan (Correzzana, Italy), were housed in 
separate cages at 24 -4- 1°C, with an artificial light- 
ing cycle (LD 8-20 h). All animals were provided 
with water ad libitum and a commercial rat chow 
diet (Nossan). From day 50, animals were ran- 
domly assigned to one of two groups: E, euthyroid 
rats (N = 12, mean weight -4- SEM, 239 ± 6 g); H, 
rats made hyperthyroid by treatment with daily 
intraperitoneal injections of T3 (10 ~tg/100 g body 
weight) for 10 days (N = 13, mean weight + SEM, 
214 i 3 g). Hearts from each of the animal groups 
were randomly assigned to two subgroups, 
according to their in vitro perfusion with basal 
saline or with L-NNA, as described below. The 
resulting four heart groups were Ec (controls from 
euthyroid rats, N = 6), Hc (controls from hyper- 
thyroid rats, N = 7), EL_NN A (L-NNA treated from 
euthyroid rats, N = 6 )  and HL-NNA (L-NNA 
treated from hyperthyroid rats, N = 6). 

Animals were anesthetized by intraperitoneal 
injection of chloral hydrate (40mg/100g body 
weight) combined with ether and subjected to 
electrocardiographic registration. After heparini- 
zation, a rapid thoracotomy was performed and 
the aorta cannulated retrogradely. The hearts 
were excised and flushed to get rid of blood for 
I min with Krebs-Henseleit (KH) buffer contain- 
ing (mmol/1): NaC1118, KC14.7, CaC12 2.5, MgSO4 
1.2, KH2PO4 1.2, NaHCO3 25, EDTA 0.5, glucose 
11, pH 7.4, and gassed with 5% CO2 in 02. The 
hearts were then perfused with the same buffer at 
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37°C under a pressure of 70 mmHg according to 
Langendorff. After stabilization and 15 min per- 
fusion, hearts were subjected to global normo- 
thermic ischemia for 20 min and then reperfused 
for 25 min with KH oxygenated buffer. EL_NN A 
and HL-NNA heart perfusion was shifted from KH 
to KH containing 0.2 mM L-NNA 5 min before 
ischemia. Functional performance was deter- 
mined just before ischemia and during reperfu- 
sion at 5 min intervals. In the EL-NNA and HL_NN A 
hearts the performance was also determined 
immediately before shifting to L-NNA perfusion. 
As functional performance during reperfusion 
usually reached its maximum between 15 and 
20 rain after the onset of reperfusion, the hemo- 
dynamic parameter values measured at 25 rain 
reperfusion were considered as a measure of the 
functional recovery during reperfusion, f151 

Aortic pressure was recorded via a sidearm 
connected with a pressure transducer. Left ven- 
tricular pressure was measured using a Latex 
intraventricular balloon connected with a pres- 
sure transducer. Signals were acquired via an 
analogical-digital device and computer analyzed 
to get mean aortic pressure, left ventricular 
developed pressure (LVDP), left ventricular 
dP/dtmax and heart rate. Coronary effluent was 
collected and weighed for determination of cor- 
onary flow. 

At the end of the perfusion protocol heart 
great vessels, valves, and atria were trimmed 
away and the ventricles were cut open, rinsed 
free of liquid, and weighed. Homogenates 
(20% w/v) were prepared with a Potter-Elvehjem 
homogenizer set at a standard velocity (500 rpm) 
for 2 rain in 125 mmol/1 KC1, 15 mmol/1 Tris, pH 
7.4. Tissue homogenates were used for analytical 
procedures. 

Analytical Procedure 

All chemicals used (Sigma Chimica, Milano, Italy) 
were of the highest grade available. The extent 
of peroxidative reactions was determined mea- 
suring thiobarbituric acid reactive substances 

(TBARS) f161 and the hydroperoxides (HP) accord- 
ing to Heath and Tappel. L171 The vitamin E content 
was determined using a high-performance liquid 
chromatography procedure. ~181 Heart homoge- 
nate antioxidant capacity and response to oxida- 
tive stress were determined by using reagents 
and instruments of the commercially available 
Amerlite System (Johnson & Johnson, Cinisello 
Balsamo, Italy). Response to oxidative stress was 
determined as previously described. ~191 In short, 
samples of 10% (w/v) homogenates were 
obtained by diluting the 20% homogenates with 
an equal volume of 0.2% Lubrol in 15 mmol/1 Tris, 
pH 8.5. Further dilutions of samples up to a tissue 
concentration of 0.002% were prepared with 
15mmol/1 Tris, pH 8.5. The assays were per- 
formed in microtiter plates. Enhanced chemilu- 
minescent reactions were initiated by addition 
of 250 gl of the reaction mixture to 25 gl of the 
samples. To obtain the reagent mixture, an 
Amerlite Signal Reagent Tablet, containing excess 
of substrate (sodium perborate) and signal gen- 
erating reagents (sodium benzoate, indophenol 
and luminol) was dissolved just before the reac- 
tion in the Amerlite Signal Reagent Buffer 
(pH 8.6). The plates were incubated at 37°C for 
30s under continuous shaking and then trans- 
ferred to a luminescence analyser (Amerlite 
Analiser). The emission values were expressed 
as percent of the emission of a standard (25 gl 
of 22ng/ml horseradish peroxidase) and were 
fitted to dose-response curves using the statistical 
facilities of a graphic program (FigP, Biosoft, 
Cambridge, UK). 

The determination of the overall antioxidant 
capacity (CA) was performed according to 
Venditti et at. [2°1 Briefly, the ability of the 10% 
homogenates (w/v) in 0.1% Lubrol to quench the 
light emission from a peroxidase-induced lumi- 
nescent reaction was compared with that of 
solutions of a known antioxidant. Because the 
highest reproducibility in the results was demon- 
strated to occur with desferrioxamine as antioxi- 
dant, I2°1 this substance was used to determine the 
activity scale and CA of tissue homogenate was 
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expressed as an equivalent concentration of 
desferrioxamine. 

Effect of L-NNA on Preischemic 
Performance 

Statistical Analysis 

The results are presented as mean values + SEM. 
Effects of L-NNA on preischemic performance 
were tested with paired Student's t-test. The 
effects of animal treatment and L-NNA perfusion 
on functional recovery and oxidative stress 
indexes were analyzed by two way ANOVA 
followed by the Scheff6 multiple comparison 
post hoc test to determine the statistical signifi- 
cance of differences between group means. Only 
the comparisons between Tg-treated vs. TB-Un- 
treated or between L-NNA-perfused vs. controls 
perfused groups were taken into consideration. 
The comparisons HL_NN A VS. E and H vs. EL_NN A 

were not considered for their scarce relevance 
to the aims of this study. Probability values 
(P) < 0.05 were considered significant. 

RESULTS 

The hyperthyroid state of T3-treated animals was 
reflected in their higher heart/body weight ratios 
(E =- 2.86 ± 0.06 mg/g; H = 3.81 ± 0.07 mg/g, p < 
0.05, unpaired Student's t-test) and in vivo 
heart rate (E =442 ± 7 beats/min, H =543 ± 
8 beats/min). 

Basal preischemic coronary flow was signifi- 
cantly higher in the hearts from T3-treated ani- 
mals (E = 11.9 ± 1.3 ml/min; H = 8.98 ± 0.6 ml/  
min), while coronary flow expressed per g of 
tissue was not significantly different (E = 13.3 ± 
1.0 ml/min/g;  H = 14.4 ± 1.3 ml/min/g).  Preis- 
chemic ventricular performance was also signif- 
icantly affected by T3 treatment of animals. 
Hyperthyroid animals displayed a higher intrin- 
sic heart rate (E = 269 ± 15 beats/rain; H = 326 ± 
21 beats/min) and lower LVDP (E=88.3+ 
4.6 torr; H = 61.3 i 5.3 torr) and dP/dtmax (E = 
1086 ± 59 torr/s; H = 789 i 94 torr/s) values than 
euthyroid animals. 

Figure I displays the effects of 0.2 mM L-NNA on 
preischemic coronary flow and cardiac perfor- 
mance. A slight but significant vasoconstriction 
was observed in both euthyroid and hyperthyroid 
animals. The NOS inhibitor significantly affected 
ventricular performance of hearts from euthyroid 
animals. L-NNA induced a slight bradycardia 
accompanied by an increase in both LVDP and 
dP/dt~ax. Interestingly, these inotropic and 
chronotropic effects of L-NNA were absent in 
the hearts from the hyperthyroid animals. 

Functional Recovery from 
Ischemia/Reperfusion 

Percent recovery values from 20 min ischemia of 
coronary flow and ventricular performance are 
reported in Figure 2. The main effect of T 3 
treatment was a significant, strong tachycardia 
during reperfusion, with a heart rate, which was 
154% than the preischemic value at 25min 
reperfusion (Figure 2, control- dashed bars). This 
tachycardia was accompanied by a recovery in 
ventricular contractility (LVDP and dP/dtma×) 
significantly lower than in the euthyroid hearts. 
Control hyperthyroid hearts also displayed a 
significant low recovery of coronary flow: as 
shown in left-upper panel of Figure 2, less than 
50% recovery was observed after 25 rain reperfu- 
sion, against a 75% recovery for euthyroid hearts. 

Perfusion with L-NNA did not affect recovery 
of coronary flow and heart rate in the euthyroid 
rat hearts, whilst it affected heart inotropism 
during reperfusion, as shown by the significant 
higher dP/dt~ax recovery (Figure 2, +L-NNA, 
open bars). The tachycardic response to reperfu- 
sion of T3-treated animals was abolished by L- 
NNA perfusion (Figure 2, +L-NNA, dashed 
bars). As a consequence, LVDP and dP/d t  . . . .  in 
the  HL_NN A hearts were close to that of euthyroid 
hearts. The perfusion with L-NNA also increased 
significantly coronary flow recovery of hyper- 
thyroid hearts up to the euthyroid level. 
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FIGURE 1 Effects of L-NNA on the preischemic coronary flow and left ventricular performance of Langendorff prepara- 
tions from euthyroid (E L N N A )  and hyperthyroid (HL_NN A) animals. Coronary flow, heart rate, LVDP and LVdP/dtma× were 
measured before (open bars: control perfusion) and 5 min after (dashed bars: L-NNA perfusion) switching of perfusion from 
basal saline (KH) to KH containing 0.2 mM L-NNA. Data are mean + SEM of 6 (E) and 6 (H). Asterisks indicate a significant 
effect of L-NNA (paired t-test, P < 0.05). Control values were not significantly different from the preischemic values mea- 
sured in the E and H groups (see Figure 2 legend). 

Myocardia l  Ant iox idant  State and 
Lipid Perox idat ion  

While T3 treatment did not affect tissue Vitamin E 

content, as measured at the end of the ische- 

mia / reperfus ion protocol, it significantly affected 

both total CA and lipid peroxidation. CAWaS lower 
in the H hearts than in the E hearts, while both 

TBARS and hydroperoxides  were significantly 
higher (Table I). 

L -NNA perfusion significantly reduced oxi- 

dative damage  of myoca rd ium following 

ischemia/reperfusion in both euthyroid  and 

hyper thyro id  rats. As shown in Table I, CA was 

higher and lipid peroxidation was lower in the 

L-NNA perfused hearts than in the control 

perfused hearts. 

R e s p o n s e  of  Tissue  H o m o g e n a t e  to 
Oxidat ive  Stress In Vitro 

The response to in vitro oxidative stress of myo-  

cardium homogenates  obtained from the hearts at 

the end of the ischemia/reperfusion protocol was 
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FIGURE 2 Reperfusion percent recovery of coronary flow, heart rate, LVDP and LVdP/dtmax following 20 rain ischemia in 
the experimental heart groups. Recovery was measured at 25 min reperfusion. Data are mean ± SEM. Preischemic values for 
L-NNA untreated hearts were: (E, open) coronary flow (9.26±0.607ml/rnin); heart rate (292±16 beats/min); LVDP 
(92.37±7.12torr); dP/dt .... (1224± 112torr/s); (H, dashed) coronary flow (10.38 ± 1.7ml/min); heart rate (333 ± 18beats/ 
rain); LVDP (65.02 ±8.4torr); dP/dtma× (714.93± 101 torr/s). Preischemic values for L-NNA treated hearts are in Figure 1, 
dashed bars. Asterisks indicate a significant effect of T3 treatment of animals; # indicate a significant effect of L-NNA 
perfusion of hearts (two way ANOVA plus Sheff6 post hoc, P < 0.05). 

tested in order to evaluate the effect of ische- 
mia / reper fus ion  on the myoca rd ium ability to 

face further oxidative stress. Table II reports the 

parameters  describing the relationship between 

light emission (E) and homogenate  concentration 

(C, g/100ml)  in a batch where  the tissue was 
stressed with sod ium perborate and in presence of 

a luminescent system sensitive to "OH produc-  
tion. [21"221 Such relationship is biphasic (Figure 3), 

and fits to the following equation: E = a  x C~ 
exp(b x C). The coefficient a depends  from tissue 

concentrations of iron ligands, catalyzing "OH 

production,  while b from tissue ant±oxidants, so 

that the maximal  light emission ( E m a  x - -  a/e x b) is 

an index of tissue susceptibility to oxidative 
stress.[21'22] AS shown by the Ema x values reported 

in Table II, hyper thyro id ism significantly reduced 

the ability of tissue homogena te  f rom hearts 
submit ted to ischemia/reperfusion to face in vitro 
oxidative stress. The higher Emax of the H groups  

was consequent  to an increase in the a value, and 

a decrease in the b value. Interestingly, the 
perfusion of both euthyroid  and hyper thyroid  

hearts with 0.2 mM L - N N A  significantly reduced 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
1/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NO IN HYPERTHYROID HEART REPERFUSION 417 

TABLE I Effect of ischemia/reperfusion on Vitamin E 
(nmol/g wet mass), ant±oxidant capacity (CA, expressed as 
equivalent concentration of desferrioxamine, mmol/1) and 
lipid peroxidation (malondialdehyde, MDA, nmol /g  wet 
mass, and hydroperoxide, HP, nmol NADPH/g wet mass) 
in the isolated rat heart 

Group Vitamin E C A Lipid peroxidation 

MDA HP 

E 57.42 ± 2.53 0.57± 0.03 33.57± 3.27 0.82 ± 0.02 
H 64.25±3.89 0.44±0.09 a 50.82±3.28 a 0.96--0.07 a 
EL NNA 56.70 ±0.76 0.73 4-0.05 b 23.15 ±0.84 0.80±0.06 
HL_NNA55.08±5.17 0.79±0.10 b 28.004-0.75 0.843_0.07 

Values are the mean ±SEM. aSignificant difference for T3- 
treated animals vs. T3-untreated animals (P < 0.05). bSignifi- 
cant difference for L-NNA-treated vs. L-NNA-untreated 
animals (P < 0.05). 

TABLE II Effect of ischemia-reperfusion on the param- 
eters characterizing light emission from homogenates of rat 
heart stressed with sodium perborate 

Group Parameters 

a b Emax 

E 5.42 + 0.52 0.42 4- 0.05 4.94 + 0.82 
H 7.81 ±0.50 a 0.32±0.02 8.87 ± 0.23 ~ 
EL_NN A 3.35 ± 0.36 b 0.32 4- 0.03 3.99 4- 0.45 b 
HL_NN A 3.49 A_ 0.47 b 0.33 ± 0.02 3.81 ± 0.50 b 

Values are the mean+SEM. The relation between light 
emission and heart homogenate is described by the equation: 
E = a x C / e x p ( b  x C). Emission maximum (Emax) is given by 
a / e  x b. aSignificant difference for T3-treated animals vs. 
T3-untreated animals (P <0.05). bSignificant difference for 
L-NNA-treated vs. L-NNA-untreated hearts (P K 0.05). 

lO 
Euthyroid 

lo  
Hyperthyroid 

o 

0 5 10 
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FIGURE 3 Effect of ischemia/reperfusion on in vitro response to oxidative stress of heart from euthyroid and hyperthyroid 
rats, perfused with control Ringer (solid lines) or with 0.2 mM L-NNA (dashed line). The tissue susceptibility to the stress 
was evaluated by determining the variations, with concentration of homogenates, of light emission from a luminescent 
reaction. Emission values are given as percentages of an arbitrary standard (44ng/ml peroxidase). Curves are computed 
from the experimental data according to the equation: E = a x C / e x p ( b  x C). Representative curves are drawn. See Table II for 
mean values of a, b and E . . . .  . 

t h e  o x i d a t i v e  s t r e s s  s e n s i t i v i t y  of  h e a r t  h o m o g e -  

n a t e s  b y  r e d u c i n g  t h e  a v a l u e .  

D I S C U S S I O N  

I n  a r e c e n t  s t u d y  L151 w e  h a v e  r e p o r t e d  t h a t  h e a r t s  

f r o m  h y p e r t h y r o i d  a n i m a l s  d i s p l a y e d  a s i g n i f i c a n t  

t a c h y c a r d i a  d u r i n g  r e p e r f u s i o n  f o l l o w i n g  20  m i n  

g l o b a l  n o r m o t h e r m i c  i s c h e m i a .  T h i s  a r r h y t h m i c  

d y s f u n c t i o n  i n d u c e d  b y  r e p e r f u s i o n  w a s  a s s o -  

c i a t e d  w i t h  a s i g n i f i c a n t  r e d u c t i o n  o f  o v e r a l l  

a n t ± o x i d a n t  c a p a c i t y  a n d  v i t a m i n  E l e v e l ,  a n d  a n  

i n c r e a s e  o f  l i p i d  p e r o x i d a t i o n ,  w h i c h  s t a t e s  a 

T 3 - i n d u c e d  o x i d a t i v e  s t r e s s .  T h e  f ac t  t h a t  t h e  

t a c h y c a r d i c  r e s p o n s e  d u r i n g  r e p e r f u s i o n  o f  

h y p e r t h y r o i d  h e a r t s  w a s  d u e  to  a m a j o r  o x i d a t i v e  

s t r e s s  w a s  c o n f i r m e d  b y  t h e  p r o t e c t i v e  e f f e c t  

o b t a i n e d  b y  t r e a t m e n t  o f  h y p e r t h y r o i d  a n i m a l s  

w i t h  v i t a m i n  E. 
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In the present study we present strong evidence 
that the higher oxidative stress inducing tachy- 
cardia during reperfusion in the hyperthyroid 
rats was associated with NOS activity with pos- 
sible overproduction of nitric oxide. The perfu- 
sion of hearts with the NOS inhibitor L-NNA 
allowed to prevent the tachycardic response, as 
well as all the changes in the oxidative stress 
indexes tested, and associated with reperfusion in 
hyperthyroid rat hearts. 

Preischemic Effects of L-NNA 

L-NNA per se induced vasoconstriction in both 
euthyroid and hyperthyroid hearts. This was in 
agreement with the widely described effects of 
NOS inhibitors on coronary resistance, E23-251 and 
indicates the presence of tonic release of nitric 
oxide in the preparation. Ventricular performance 
of euthyroid animals was affected by L-NNA 
perfusion (both LVDP and dP/dtmax were 
increased by the inhibitor) according to the known 
depressing effects of NO on heart contractility. ~26~ 
L-NNA also induced a slight bradycardia in the 
euthyroid rat hearts. Although in vivo NO donors 
induce tachycardia E271 and NOS inhibitors brady- 
cardia, I281 these effects are considered the conse- 
quence of a baroreceptor reflex secondary to 
systemic pressure changes. [29"3°1 However, slight 
direct effects of NO on the heart, as suggested by 
our result, cannot be ruled out. Interestingly, these 
effects on myocardium were absent in the hyper- 
thyroid animals. At the moment there is no 
straightforward explanation for this result. As 
the depressive inotropic effect of NO has been 
reported to be mediated by alteration in myofila- 
ment Ca 2+ sensitivity, [26] it is possible that this 
effect is counteracted in the hyperthyroid state by 
the induction of a high ATPase activity myosin. [311 

NO and Reperfusion Injury 

Our results show that L-NNA perfusion im- 
proves recovery of ventricular inotropism during 

reperfusion in the euthyroid rat hearts, adding to 
the increasing experimental evidence which has 
implicated nitric oxide overproduction in reper- 
fusion injury. ~1°q2"321 This role of NO may involve 
its effects on myocardial mitochondria. NO 
decreases myocardial oxygen consumption and 
reduces ATP synthesis by reversible binding to 
cytochrome oxidase. I331 The inhibition of respira- 
tory chain results in a greater superoxide anion 
production [341 and NO-derived species cause 
further damage of various mitochondrial pro- 
teins, such as the complexes I and II of the 
respiratory chain. I351 Furthermore, the oxidative 
stress induced by increased production of oxygen 
reactive species enhances the products of peroxi- 
dative reaction, such as 4-hydroxy-2-nonenal, 
that is involved in deactivation of functional 
proteins. [361 

The main result of the present study is the 
protective effect of L-NNA perfusion from the 
reperfusion-induced tachycardia of hyperthyroid 
rat hearts. This protective effect of L-NNA 
suggests that a main role is played by nitric oxide 
in such tachycardic response. This role may 
involve a direct effect of NO overproduction or 
NO interaction with free radicals, overproduced 
under hyperthyroidism. 

A direct induction of tachycardia by NO dur- 
ing reperfusion implies stimulation of NOS in 
the hyperthyroid animals. Although Fernandez 
eta/. [37] have recently reported that hyperthyroid- 
ism induces a significant increase in rat liver NOS, 
there is no evidence of NOS activity enhancement 
in the heart of hyperthyroid animals. On the other 
hand, ischemia/reperfusion per se seems to be a 
sufficient stimulus for NOS activity, both consti- 
tutive and inducible. El°l Moreover, it seems 
unlikely that NO displays substantial tachycar- 
dic effects, considering that in the present study 
L-NNA did not display chronotropic effects 
on the spontaneous preischemic heart rate of 
Langendorff preparations from the H group, and 
only slight bradycardic effects on preparations 
from the E group. In agreement with this conclu- 
sion, NO does not evoke chronotropic effect in 
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rat atrial preparations, [381 and is known to have 
cardioprotectant antiarrhythmic effects during 
reperfusion. 139] 

In contrast, a mechanism involving NO inter- 
action with free radicals appears more likely to 
occur. NO is a relatively unreactive free radical 
that may react with superoxide, producing the 
more dangerous peroxynitrite. ]21 Hyperthyroid- 
ism induces free radicals overproduction com- 
bined with depletion of antioxidant defences. I5'91 
Moreover, free radicals have a well-known role 
in the reperfusion-induced ventricular arrhyth- 
mias. t4°l The potentially synergistic effects of 
simultaneous overproduction of NO and super- 
oxide is suggested by the fact that half-life of 
NO and the relaxation of aorta rings by NO are 
enhanced by reduction in the concentration of 
superoxide radicals with SOD or SOD mimics.[41] 
The interaction between free radicals and nitric 
oxide has been reported to enhance both lipid 
peroxidation and reperfusion injury. TM 

Another mechanism, implying NOS activation 
but not NO overproduction, may involve an 
increased depletion of BH4 (biopterin, a NOS 
cofactor) consequent to ROS overproduction in 
the hyperthyroid animals. Free radical dependent 
depletion of BH4 has been reported to occur 
during ischemia/reperfusion. I42] It is known 
that when L-arginine or BH4 are limiting, NOS 
utilizes oxygen as a terminal electron acceptor, 
consuming NADPH in a way which is uncoupled 
with NO production, and resulting in super- 
oxide anion, t21 The combination of NOS stimu- 
lation by I/R, ROS overproduction by both I/R 
and hyperthyroidism and BH4 inactivation 
by ROS, could amplify superoxide production 
with consequent major functional injury. Uncou- 
pling of L-arginine metabolism from NO syn- 
thesis, with superoxide production, has been 
involved also in the low density lipopro- 
tein induced dysfunction of endothelium, a 
primary defect in the premature development of 
atherosclerosis. [13] 

The hypothesis of a major oxidative stress 
consequent to concomitant hyperthyroidism and 

I/R is supported by the effects of L-NNA perfu- 
sion on the oxidative state of hearts determined at 
the end of the ischemia/reperfusion protocol. 
L-NNA perfusion significantly protected from 
the higher lipid peroxidation in the hyperthyroid 
rat hearts following I/R, and this result was 
associated with a higher CA and lower sensitivity 
to in vitro oxidative stress. In particular, the 
high value of the parameter a found in absence 
of L-NNA, indicates that the high susceptibility 
of heart homogenates to oxidative challenge 
depends mainly on a greater capacity to produce 
"OH radicals. [91 It is unlikely that in the presence 
of NO the tissue content of substances catalyzing 
Fenton reaction is modified. The above higher 
susceptibility may depend, instead, on the lower 
capacity of such substances to cage the "OH 
radicals formed at the point of metal binding. [43,44] 

Therefore, we can envisage that in the presence of 
NO overproduction, and particularly under 
hyperthyroidism, there is a relatively lower 
amount of cellular system effective in trapping 
the produced free radicals. This view is supported 
by the fact that hemoprotein oxidation associated 
with increased oxidative stress can lead to heme 
ring disruption and iron release, t22] 

In conclusion, the results presented in the pre- 
sent study indicate that the concomitance of phe- 
nomena or conditions that increase the potential 
for oxidative stress may have synergistic effects 
and enhance the probability of heart dysfunction 
and injury. In particular, the concurrence of a 
higher oxidative stress associated with hyperthy- 
roidism and ischemia/reperfusion seems to 
increase the potential for an injury producing role 
of nitric oxide. 
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