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BACKGROUND

SUMMARY

Background

We have previously demonstrated that hypovolemia induced by acute bleeding is accompa-
nied by a dynamic, heterogenous and time-dependent activation of the cardiac nitric oxide
synthase (NOS). This system might be involved in the hemodynamic anomalies observed
after blood volume depletion.

Objective

To assess the role of the mitochondrial nitric oxide (NO) system in the adaptive response of
the cardiovascular system in anesthetized and non anesthetized rats under hypovolemic
shock.

Material and Methods

Animals were divided in four groups (n="7 animals per group): Group A, anesthetized con-
trol rats; group C, non anesthetized control rats; group AB, anesthetized rats subjected to
bleeding (20% of blood volume), and group CB, non anesthetized rats subjected to bleeding.
Oxygen consumption, functional activity of mitochondrial NOS (mtNOS) and mitochon-
drial production of NO were assessed.

Results

There were no significant differences in the values of respiratory parameters among the
different study groups. Group AB had less functional activity of mtNOS compared to group
A (12+2 and 19=1, respectively). This effect was even lower in non anesthetized animals
subjected to bleeding (171 and 201, respectively). Mitochondrial production of NO de-
creased in anesthetized and non anesthetized animals with acute bleeding compared to
controls.

Conclusions
Mitochondrial NO system might be involved in the adaptive response of the cardiovascular
system under acute volume depletion, depending on the animal’s degree of anesthesia.
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ANOVA Analysis of variance NO  Nitric oxide
HR Heart rate

L-NAME N¢-Nitro-L-Arginine Methyl Ester
mtNOS Mitochondrial nitric oxide synthase

NOS Nitric oxide synthase

MAP Mean arterial pressure

acute hypovolemia depends not only on the control of
the autonomic nervous system but also on the magni-

Hemorrhagic shock frequently leads to dysfunction
of different vital organs with subsequent high mor-
bidity and mortality rates. (1) The heart is one of the
affected organs and also plays a key role in the adap-
tive response of the body in hypotension induced by
acute bleeding. Cardiovascular adaptation during

tude and the velocity of bleeding and on the species
studied. (2) Among other alterations, acute blood vol-
ume loss induces hemodynamic instability, reduced
tissue perfusion and cellular hypoxia. (3) There is
evidence that the production of nitric oxide (NO) in-
creases during decompensated bleeding, contributing
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to vascular hyporeactivity and, probably, to abnormali-
ties in the autonomic regulation of the heart. (4, 5)
We have previously demonstrated that hypovolemic
state induced by acute hemorrhage triggers a dynamic,
heterogeneous and time-dependent activation of the
cardiac nitric oxide synthase (NOS). The production
of endothelial NO increases in the early phases (60
minutes) after blood loss. However, in the delayed
phases (120 minutes) the inducible isoform predomi-
nates and constitutes the main source of production
of NO in this phase. (6) In our laboratory, the inhibi-
tion of the NO system with L-NAME attenuates the
acceleration of heart rate induced by acute
hypovolemic state. (6) It is well-known that the ef-
fects of NO on the cardiovascular system are medi-
ated by the reaction of NO with different targets that
include hemoproteins, thiols and superoxide anions.
Mitochondria possess several hemoproteins (cyto-
chrome c oxidase), thiols (glutathione) and cysteine-
containing proteins, and they are major cellular
sources of superoxide anion. Consequently, mitochon-
dria contribute to several of the biological functions
of NO. (7) Mitochondrial NOS (mtNOS) activity may
present abnormalities under different situations, such
as adaptation to low oxygen bioavailability and hy-
poxia, adaptation to cold environments, and processes
related to cell life and death. (8, 9) Yet, little is known
about the role of mitochondrial NO in the adaptation
to hemorrhagic shock. We wanted to evaluate if the
production of mitochondrial NO modulates the effi-
ciency of the cardiovascular adaptation to the
hemodynamic imbalance induced by an acute
hypovolemic state and if this response depends on the
state of consciousness of the subject studied. In steady
state, NO concentration might modulate mitochon-
drial bioenergetics and functional mitochondrial activ-
ity, regulating the cellular activity in the hypovolemic
state. Taking this hypothesis into account, the goal of
the present study was to evaluate the participation of
mitochondrial NO in the adaptive response of the car-
diovascular system in anesthetized and non
anesthetized rats under hemorrhagic shock.

MATERIAL AND METHODS

The experiments were performed on male Sprague-Dawley
rats (230 - 250 g). Animals were housed in humidity and
temperature controlled environment, illuminated with a
12:12 hours light-dark cycle. They were fed with rat chow
provided by Nutrimentos Purina, Argentina and water ad
libitum until the day of the experiments. Animal care was
in accordance with the 6344/96 regulation of the
Administracién Nacional de Medicamentos Alimentos y
Tecnologia Médica (ANMAT, National Drug Food and Medi-
cal Technology Administration), Ministerio de Salud y
Ambiente de la Nacion.

Non anesthetized animals during hemorrhage.

The animals were anesthetized with ether and kept under
anesthesia throughout the surgery. The right and the left
femoral arteries were cannulated to measure mean arterial

pressure (MAP) and heart rate (HR), and for blood with-
drawal, respectively. Animals were housed in metabolic cages
24 hours before initiating the experiment.

Anesthetized animals during hemorrhage

All rats were anesthetized with urethane (1.0 g/kg, ip). Body
temperature was monitored with a rectal thermometer and
maintained between 36 and 38 °C throughout the experi-
ment. A tracheotomy was performed using a polyethylene
(PE-240) tubing to ensure appropriate pulmonary ventila-
tion. Then, the right and the left femoral arteries were can-
nulated to measure MAP and HR, and for blood withdrawal,
respectively. Mean arterial pressure was measured with a
pressure transducer (Statham P23 ID, Gould Inst. Cleve-
land, OH) and recorded with a polygraph (Physiograph E&M
Co, Houston, TX). Heart rate was determined from the pulse
pressure signal by beat-to-beat conversion with a tachograph
preamplifier (S77-26 tachometer, Coulbourn Inst.,
Allentown, PA). The Labtech Notebook program (Labora-
tory Tech., Wilmington, MD) was used for data acquisition.
Mean arterial pressure and HR were continuously recorded.
Hemorrhagic shock was induced by withdrawing 20% of total
blood volume in 2 min period; the total amount of blood
withdrawn was kept constant. Blood withdrawl (20% of blood
volume) was calculated for each animal from the total blood
volume corresponding to the body weight of each animal.

Experimental protocol.

Four experimental groups were used:

1. Anesthetized control rats (A): after a 15-minute
stabilization period, basal values of MAP and HR were
measured for 5 minutes. Thereafter, MAP and HR were
continuously recorded for 120 minutes (n = 7).

2. Non anesthetized control rats (C): after a 15-minute
stabilization period, basal values of MAP and HR were
measured for 5 minutes. Thereafter, MAP and HR were
continuously recorded for 120 minutes (n = 7).

3. Anesthetized rats subjected to bleeding (AB): After a
15-minute stabilization period, basal values of MAP and
HR were measured for 5 minutes, and thereafter the
animals were subjected to bleeding (withdrawal of 20%
of blood volume). Then, MAP and HR were continuously
recorded for 120 minutes (n = 7).

4. Non anesthetized rats subjected to bleeding (CB): after
a 15-minute stabilization period, basal values of MAP
and HR were measured for 5 minutes, and thereafter
the animals were subjected to bleeding (20% of blood
volume). Then, MAP and HR were continuously recorded
for 120 minutes (n = 7).

Isolation of cardiac mitochondrial fraction: after the
experimental time, the animals were killed by decapitation
and the hearts were immediately removed and placed in a
solution containing 0.23 M mannitol, 0.07 M sucrose, 1 mM
EDTA and 10 mM Tris-HCI (pH 7.4) (MSTE). Tissues were
homogenized in MSTE with a Teflon Potter-Elvehjem
homogenizer (9 ml/g of heart). The homogenate was centri-
fuged at 700 g for 10 min; the supernatant was separated
and centrifuged at 8000 g for 10 min. The mitochondrial
fraction was washed and suspended in MSTE buffer. All the
procedures were performed at a temperature of 0-2°C. Pro-
tein concentration in the mitochondrial fractions was de-
termined using the Lowry assay. (10)

Mitochondrial respiration and functional activity of
mtNOS: oxygen consumption was determined polarographi-
cally using a Clark-type oxygen electrode connected to a 1.5-
ml chamber at 30°C in the following reaction medium 0.23
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M mannitol, 0.07 M sucrose, 20 mM Tris-HCI1,5 mM phos-
phate buffer , 1 mM EDTA (pH 7.4), with air-saturated oxy-
gen (225 mM O,), and 0.5-1.0 mg of mitochondrial protein/
ml. Mitochondria were supplemented with 7mM succinate
as substrate, in the absence (state 4) or in the presence (state
3) of 0.5 mM of 5 mM ADP. Oxygen uptake was expressed in
ng-at O/min.mg protein. Respiratory control index was cal-
culated as the ratio of the state 3 to state 4 mitochondrial
oxygen consumption rates, described by Boveris et al. in
1999. (10) The mtNOS-regulated state 3 respiration, also
termed mtNOS functional activity, was calculated as the
difference in state 3 mitochondrial respiration between a
condition of maximal intramitochondrial NO levels, with mi-
tochondria added with 1 mM arginine and 0.5 uM CuZn-
superoxide dismutase (SOD), and a condition of minimal
intramitochondrial NO levels, with mitochondria added with
2 mM L-NAME and 10 uM oxyhemoglobin (HbO,) (8)

Nitric oxide production: NO production was measured
by spectrophotometric (model DU 7400 diode array spec-
trophotometer, Beckman) monitoring (at 577-591 nm) of the
oxidation of HbO, to methemoglobin at 37°C. The reaction
medium used to determine NO production consisted of 50
mM KZHPO4/KHZPO4 (pH 7.4), 1 mM L-arginine, 1mM
CaCl,, 0.1 mM NADPH, 10 mM dithiotreitol, 2 mM SOD,
0.1 mM catalase and 30 mM oxyhemoglobin. Control experi-
ments adding 1 mM NG-methyl - L-arginine (L-NMMA) were
performed and L-NMMA-sensitive hemoglobin oxidation was
considered due to NO formation that was expressed as nmol
NO/min.mg protein.

Statistical Analysis

Results are expressed as mean values + standard error of
the means (SEM). Analysis of variance (ANOVA) followed
by Bonferroni test was used for multiple comparisons. A
Student’s ¢ -test was used to compare matched and un-
matched pairs between the two groups. A p value < 0.05
was considered statistically significant. The software
GraphPad Prism 3.02 (Graph Pad Software, San Diego, CA,
USA) was used for statistical analysis.

RESULTS

Changes in mean blood pressure and heart rate
Figure 1 (graph A and B) Illustrates the time course
of MBP in groups AB and CB. Hemorrhage induced a
decrease in MAP in anesthetized animals; with sub-
sequent stabilization at about 50 + 5 mm Hg (*p <
0.01 versus basal values) at 15 min. Hypotension was
maintained throughout the whole experimental pe-
riod. Pretreatment with L-NAME did not attenuate
the immediate hypotension induced by hemorrhage
in these animals, yet at 30 minutes MAP was not sig-
nificantly different from basal values. In non
anesthetized animals, the magnitude of immediate
hypotension induced by bleeding was similar to that
observed in anesthetized rats (25 + 4 mm Hg at 2
min), and stabilized at about 100 mm Hg 5 minutes
after hemorrhage. This value of MAP was maintained
throughout the whole experimental period.

The time course of HR is illustrated in Figure 1,
graphs C and D. In group AB, bleeding firstly pro-
duced the expected reflex tachycardia, and subse-
quently induced a decrease in HR followed by a

gradual increase in the later phases (basal HR = 322
+ 6; HR at 60 min = 352 = 7%; HR at 120 min = 382
+ 6% *p < 0.01 versus basal values). Pretreatment
with L-NAME neutralized the changes in HR induced
by bleeding (basal HR = 328 + 10, HR at 60 min =
334 + 15, HR at 120 min = 335 = 17). This reduction
in HR was not observed in non anesthetized animals.
In theses rats a progressive increase in HR was seen
after hemorrhage with subsequent stabilization (45
min) until the end of the experimental period (basal
HR = 353 = 7, HR at 60 min = 396 + 6%; HR at 120
min = 392 + 4% *p < 0.01 versus basal values).

Mitochondrial respiration: Table 1 shows that res-
piratory control index was similar among groups A,
AB, C, and CB. Oxygen uptake in state 4 respiration
was greater in group AB compared to group A and
similar between groups CB and C. Oxygen uptake in
state 3 respiration after hemorrhage showed a simi-
lar pattern of response to state 4 both in anesthetized
and non anesthetized animals. Mitochondrial respi-
ration and functional activity of mtNOS was lower in
group AB compared to group A (12 = 2y 19 + 1, re-
spectively). This effect was even lower in non
anesthetized animals compared to group C (17 = 1
and 20 * 1, respectively) (Table 1).

Biochemical activity of mtNOS: the production
of NO by cardiac mitochondria was evaluated by de-
termining mtNOS activity of the mitochondrial frac-
tion in presence of the corresponding substrates and
cofactors. Our results showed that the mitochondrial
production of NO decreased in groups AB and CB
(48% and 59%, respectively) compared to controls
(Figure 2).

DISCUSSION

The cardiovascular adaptation to volume depletion
induced by acute bleeding involves the mitochondrial
nitric oxide system, and its effect on the energetic
metabolism is different in anesthetized and non
anesthetized animals.

Blood loss of 20% of blood volume induced a rapid
and significant reduction in arterial pressure, both in
anesthetized and non anesthetized animals (70% and
76%, respectively). However, only anesthetized ani-
mals maintained hypotension throughout the whole
experimental time. These observations suggest that
immediate hypotension does not depend on the state
of consciousness. Nitric oxide system, neurohormo-
nal factors (catecholamines, endothelins, vasopresin,
renin-angiotensin system) and blood volume deple-
tion would be responsible of the systemic cardiovas-
cular response observed in this experimental model.
Increased circulating levels of these factors have been
reported associated with hemorrhagic shock (12-15)

Hypovolemic state produced different patterns of
heart rate response in anesthetized and non
anesthetized animals. After the expected immediate
reflex tachycardia, acute hemorrhage induced a brief
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Fig. 1. Time course of mean arterial pressure (MAP) (A and B) heart rate (HR) (C and D). Anesthetized rats subjected to bleeding (AB)
and non anesthetized rats subjected to bleeding (CB); *p < 0.01 versus basal values (n = 7 per group).

Succinate

(ng-at 0/min.mg protein)

Origin Group A Group AH
State 3 223+ 10 251 + 8*
State 4 111 +£8 144 + 8*#
Respiratory control index 2.03 1.75

L-arginine (a) 205 + 14 232+ 14
L-NMMA (b) 249 + 26 263 £ 22
mtNOS activity (b —a /a x 100) 19 12

Control animals (anesthetized: group A; non anesthetized: group C) and animals subjected to bleeding
(anesthetized: group AB; non anesthetized: groups CB). Values corresponding to mean + SEM *p < 0.05 versus C;

#p< 0.05 versus A (n = 7 per group).

bradycardia followed by a gradual and progressive
increase at 60 and 120 minutes (14% and 18%, re-
spectively) in anesthetized animals. However, in non
anesthetized animals, the duration of bradycardia was
shorter and was followed by a gradual increase in heart
rate. The identification that NO is a messenger mol-
ecule that controls arterial pressure and heart rate
constitutes a milestone in the comprehension of the
action mechanism of NO in diverse physiological sce-
narios. The hypothesis that a toxic gas might exert

Mitochondrial respiration

Tabla 1. Mitochondrial oxygen
uptake and mtNOS functional

activity

Group C Group CH
225+ 10 2119
109 + 8 95+ 5

2.06 2.22
202 + 16 213+ 14
248 + 31 250 + 12

20 17

important functions in cellular metabolism would
have been difficult to accept 20 years ago. Nowadays,
the role of NO as paracrine or endocrine regulator of
myocardial function has raised interest. (16, 17) The
evidence available shows that NO might modulate beta
adrenergic responses by inhibiting the release of nore-
pinephrine in the sympathetic nerves and facilitating
the vagal tone. (18) Thus, NO would contribute to
the autonomic control of heart rate and contractility
in the early stages of hemorrhagic shock. Neverthe-
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Fig. 2. Mitochondrial production of NO. Control animals
(anesthetized: group A; non anesthetized: group C) and animals
subjected to bleeding (anesthetized: group AB; non anesthetized:
groups CB). Values expressed as mean = SEM *p < 0.05 versus A or
C (n =7 per group).

less, this effect might be partially attenuated in non
anesthetized animals by increased basal sympathetic
tone.

The heart plays a key role in the adaptive response
in hypotension induced by hypovolemic state.
Hemorrhage is a stress stimulus for the cardiovascu-
lar system that decreases both preload and perfusion
at the tissue level. (19) Table 1 shows high values of
respiratory control index in the mitochondria of the
isolated hearts in groups A, AB, C and CB, indicating
that oxidative phosphorylation was correctly accom-
plished by the organelles. In addition, we have dem-
onstrated that acute bleeding induced a reduction in
the functional activity of mtNOS evaluated by O, up-
take in both groups of animals. Yet, the magnitude of
these changes was lower in non anesthetized animals.
Our results also showed that the hypovolemic state
induced by hemorrhage is accompanied by decreased
production of mitochondrial NO in anesthetized and
non anesthetized animals. Again, the magnitude of
the changes observed in non anesthetized animals was
smaller. These animals present higher concentrations
of NO which might be related to greater activity of
the sympathetic nervous system. This fact might ex-
plain the rapid recovery of blood pressure and the
tachycardia seen in these animals after blood with-
drawal.

RESUMEN

Shock hemorragico: 6xido nitrico en ratas
anestesiadas y no anestesiadas

Antecedentes
En un trabajo previo mostramos que el estado hipovolémico
inducido por una pérdida aguda de sangre se acompana de

una activacion dinamica, heterogénea y dependiente del
tiempo de la 6xido nitrico sintetasa (NOS) cardiaca. Este
sistema estaria involucrado en las alteraciones hemodi-
namicas que se observan luego de la deplecion de volumen
sanguineo.

Objetivo

El objetivo del presente trabajo fue evaluar la participacién
del sistema del 6xido nitrico (NO) mitocondrial en la
respuesta adaptativa del sistema cardiovascular ante un
shock hipovolémico en ratas anestesiadas y no anestesiadas.

Material y métodos

El estudio se llev6 a cabo con cuatro grupos de animales (n
= 7 por grupo): grupo A, ratas control anestesiadas; grupo
C, ratas control no anestesiadas; grupo AH, ratas aneste-
siadas sometidas a una hemorragia (20% de la volemia) y
grupo CH, ratas no anestesiadas sometidas a una hemo-
rragia. Se evaluaron el consumo de oxigeno, la actividad
funcional de la NOS mitocondrial (mtNOS) y la produccién
mitocondrial de NO.

Resultados

No se observaron diferencias significativas entre los valores
de control respiratorio en los distintos grupos estudiados.
La actividad funcional de la mtNOS fue menor en el grupo
AH respecto del grupo A (12 = 2y 19 = 1, respectivamente).
Este efecto fue de menor magnitud cuando la hemorragia
se provoc6 en animales no anestesiados (17 = 1y 20 = 1,
respectivamente). La producciéon mitocondrial de NO
disminuy6 en los grupos sometidos a una pérdida aguda de
sangre, tanto no anestesiados como anestesiados, respecto
de los animales controles.

Conclusiones

El sistema del NO mitocondrial estaria involucrado en la
respuesta de adaptacion del sistema cardiovascular frente a
la deplecién aguda de volumen. Esta participacion depen-
deria del grado de anestesia del animal.

Palabras clave > Hemorragia - Oxido nitrico - Mitocondria -
Hipotension

BIBLIOGRAPHY

1. Cooke WH, Ryan KL, Convertino VA. Lower body negative pres-
sure as a model to study progression to acute hemorrhagic shock in
humans. J Appl Physiol 2004;96:1249-61.

2. Schadt JC, Ludbrook J. Hemodynamic and neurohumoral responses
to acute hypovolemia in conscious mammals. Am J Physiol Heart
Circ Physiol 1991;260:H305-18.

3. Landry DW, Oliver JA. The pathogenesis of vasodilatory shock. N
Engl J Med 2001;345:588-95.

4. Thiemermann C, Wu CC, Szabo C, Perretti M, Vane JR. Role of
tumour necrosis factor in the induction of nitric oxide synthase in a
rat model of endotoxin shock. Br J Pharmacol 1993;110:177-82.

5. Gardiner SM, Kemp PA, March JE, Bennett T. Cardiac and re-
gional haemodynamics, inducible nitric oxide synthase (NOS) activ-
ity, and the effects of NOS inhibitors in conscious, endotoxaemic rats.
Br J Pharmacol 1995;116:2005-16.

6. Balaszczuk AM, Arreche ND, Mc Laughlin M, Arranz C, Fellet AL.
Nitric oxide synthases are involved in the modulation of cardiovascular
adaptation in hemorrhaged rats. Vascul Pharmacol 2006; 44:417-26.

7. Brown GC, Bal-Price A. Inflammatory neurodegeneration medi-
ated by nitric oxide, glutamate, and mitochondria. Mol Neurobiol
2003;27:325-55.



186 REVISTA ARGENTINA DE CARDIOLOGIA / VOL 77 N° 3 / MAY-JUNE 2009

8. Valdez LB, Zaobornyj T, Boveris A. Functional activity of mito-
chondrial nitric oxide synthase. Methods Enzymol 2005;396:444-55.
9. Franco MC, Antico Arciuch VG, Peralta JG, Galli S, Levisman D,
Lopez LM, et al. Hypothyroid phenotype is contributed by mitochon-
drial complex I inactivation due to translocated neuronal nitric-ox-
ide synthase. J Biol Chem 2006;281:4779-86.

10. Boveris A, Costa LE, Cadenas E, Poderoso JJ. Regulation of mi-
tochondrial respiration by adenosine diphosphate, oxygen, and ni-
tric oxide. Methods Enzymol 1999;301:188-98.

11. Boveris A, Alvarez S, Navarro A. The role of mitochondrial nitric
oxide synthase in inflammation and septic shock. Free Radic Biol
Med 2002;33:1186-93.

12. Fujisawa Y, Mori N, Yube K, Miyanaka H, Miyatake A, Abe Y.
Role of nitric oxide in regulation of renal sympathetic nerve activity
during hemorrhage in conscious rats. Am J Physiol 1999;277:8-14.
13. Moreno C, Lopez A, Llinas MT, Rodriguez F, Lopez-Farre A, Nava
E. Changes in NOS activity and protein expression during acute and
prolonged Ang IT administration. Am J Physiol 2002;282:31-7.

14. Sharma JR, Setlur R. Vasopressin in hemorrhagic shock. Anesth
Analg 2005;101:833-4.

15. Bitterman H, Phillips GR 3rd, Dragon G, Lefer AM. Potentiation
of the protective effects of a converting enzyme inhibitor and a
thromboxane synthetase inhibitor in hemorrhagic shock. J Pharmacol
Exp Ther 1987;242:8-14.

16. Musialek P, Lei M, Brown HF, Paterson DdJ, Casadei B. Nitric
oxide can increase heart rate by stimulating the hyperpolarization-
activated inward current, I(f). Circ Res 1997;81:60-8.

17. Cotton JM, Kearney MT, MacCarthy PA, Grocott-Mason RM,
McClean DR, Heymes C, et al. Effects of nitric oxide synthase in-
hibition on basal function and the force-frequency relationship in
the normal and failing human heart in vivo. Circulation 2001,
104:2318-23.

18. Yoshihide F, Naoko M, Kouichi Y, Hiroshi M, Aikira M, Youichi
A. Role of nitric oxide in regulation of renal sympathetic nerve ac-
tivity during hemorrhage in conscious rats. Am J Physiol 1999;
2177:8-14.

19. Zaobornyj T, Valdez LB, La Padula P, Costa LE, Boveris A.
Effect of sustained hypobaric hypoxia during maturation and ag-
ing on rat myocardium. IT. mtNOS activity. J Appl Physiol 2005,
98:2370-5.



