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Abstract

Ž .In these experiments rats were exposed to hyperbaric oxygen 100% oxygen; 2.5 atmospheres absolute pressure for 1, 3 or 6 h. At the
Žend of these periods the hearts were removed and subjected to low flow ischemia perfusion rate from 12 mlrmin to 2 mlrmin for 40

.min and reperfusion. Hearts excised from control rats were subjected to the same procedure of ischemia and reperfusion. The data
obtained from these experiments clearly indicate that the ischemic picture observed in control hearts is worsened in hearts obtained from
hyperbaric oxygen-exposed animals. In fact, after ventricular standstill of the ischemic phase, the left ventricular end-diastolic pressure
increased significantly and proportionally according to the time of hyperbaric oxygen exposure. The vasopressor activity of angiotensin II
on coronary perfusion pressure was significantly changed, as compared to that in the control preparation: these alterations, well correlated
to the time of hyperbaric oxygen exposure, seem to suggest impairment of the vascular endothelium-dependent relaxant function.
Futhermore N-acetylcysteine and defibrotide, given orally to the rats before hyperbaric oxygen exposure, prevented the aggravation of the
ischemic damage induced in ex vivo hearts.
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1. Introduction

Experience has provided evidence for the strong benefit
of hyperbaric oxygen therapy in the treatment of many
severe human illnesses which have hypoxia as common

Žfeature Heyman et al., 1966; Neubauer and End, 1980;
.Takahashi et al., 1992 . This is particularly true during

carbon monoxide poisoning, when a cascade of microvas-
cular events leads to injury of endothelial cells. Under
these circumstances the beneficial effects of hyperbaric
oxygen application appear to involve the impairment of
leukocyte binding, activation and subsequent lipid per-

Ž .oxidation Thom, 1993 . However, in spite of these advan-
tageous findings, it has been reported that when the tissue
oxygen tension is augmented, there may ensue marked
hemodynamic alterations, such as a rise in peripheral
resistance and a decrease of cardiac output and blood flow
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Žto various organs Bergofsky and Bertum, 1966; Torbati et
.al., 1979 . It has also been shown that hyperbaric condi-

tions cause a variety of changes in the electrical activity of
the mammalian heart; pacemaker automaticity, conduction
velocity and repolarization are all affected in some way by

Ž .hyperbaric oxygen exposure Eckenhoff and Knight, 1984 .
Furthermore, there are indications from the literature that
hyperbaric oxygen treatment may produce a tendency to

Ž .coagulation Flook, 1987; Harabin et al., 1990 . This phe-
nomenon has been explained by the capacity of hyperbaric
oxygen to enhance the generation of oxygen free radicals
which in turn may damage directly the vascular endothelial
cells, thus damaging the homeostatic mechanism for regu-

Žlation of platelet aggregability Halliwell and Gutteridge,
.1989 . All these observations prompted us to investigate

the course of an ischemic reperfusion event induced in
isolated hearts obtained from rats subjected to various
times of hyperbaric oxygen exposure. Even if oxygen
therapy may be administered under hyperbaric conditions
and is used in the management of several types of is-
chemic tissue injury, we provide evidence that, at least in
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the rat heart, this treatment may be detrimental for myocar-
dial function particularly in the presence of moderate
ischemic insult.

2. Materials and methods

2.1. Hyperbaric oxygen treatment

Ž .Sprague-Dawley male rats Charles-River, Calco, Italy ,
weighing 170–180 g were fed a standard diet and water ad
libitum. Groups of 5 rats, placed in a Plexiglas box, were

Ž .introduced into a small 25 cm diameter, 50 cm long
Žhyperbaric chamber with one compartment Sistemi Iper-

.barici Integrati, Rome, Italy and exposed for a period of 1,
Ž3 or 6 h to hyperbaric oxygen 100% O ; 2.5 atm absolute2

.pressure . In order to eliminate CO accumulation, the2

chamber was flushed with 100% O for 1 min every 202

min during exposure. A group of 8 animals was considered
as controls not exposed to hyperbaric oxygen.

2.2. Ischemia-reperfusion in isolated rat hearts

All the animals, not exposed and exposed to hyperbaric
oxygen, were killed under anesthesia by cervical disloca-
tion. The hearts were rapidly removed and perfused retro-

Ž .gradely through the aorta with gassed 95% O r5% CO2 2
Ž .Krebs-Henseleit solution 378C of the following composi-

Fig. 1. Isovolumic left heart preparations submitted to 40-min low flow ischemia and reperfusion. Hearts were obtained from rats exposed to a hyperbaric
Ž . Ž .oxygen HBO regimen. Each point represents the mean value"S.E.M. for at least 5 hearts. Differences in left ventricular end-diatolic pressure LVEDP

increase are given as area under the curve as given in Table 1. CPP, coronary perfusion pressure.
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Ž .tion mM : NaCl 118, KCl 1.2, KH PO 1.2, CaCl 2.5,2 4 2

MgSO 1.2, NaHCO 25 and glucose 5.5. After 30 min of4 3

equilibration, the pH of the heart perfusate was 7.4. Ac-
cording to the method described for rabbit heart prepara-

Ž .tions Berti et al., 1988 , left ventricular pressure was
Žmeasured with a polyethylene catheter with a small latex

.balloon on the top inserted in the left ventricle cavity. The
balloon was filled slowly with saline using a micrometer
syringe until left ventricular end-diastolic pressure stabi-
lized in the range of 5 mmHg. Coronary perfusion pressure
and left ventricular pressure were monitored with a Stath-

Ž .man transducer HP-1280C connected with a Hewlett-
Ž . Ž .Packard Waltham, MA, USA dynograph HP-7754A .

The hearts were electrically paced at a frequency of 300
Žbeatsrmin with rectangular pulses 1-ms duration, voltage

. Ž10% above threshold by a Grass stimulator mod S-88;
.Grass, Quincy, MA, USA . The perfusion rate of each

heart was adjusted to yield a coronary perfusion pressure
of 58–62 mmHg with a flow rate of 12 mlrmin.

Ischemia was induced by reducing the coronary flow to
Ž .2 mlrmin coronary perfusion pressure, 4–6 mmHg for a

period of 40 min. At the end of this period, reperfusion at
Ž .the initial flow rate 12 mlrmin was resumed for 20 min.

ŽThe vasopressor activity of angiotensin II 1 mg as a
.bolus in the perfusion system was routinely recorded at

the beginning of each experiment.
Hearts obtained from rats that had been exposed to

hyperbaric oxygen for 6 h were subjected to ischemia-re-
perfusion experiments after 1, 3 or 6 days.

2.3. Animal treatment

Groups of rats were treated with N-acetylcysteine given
Žorally 1 grkg once a day for 2 days and immediately

. Žbefore hyperbaric oxygene exposure and defibrotide 100
.mgrkg twice a day for 2 days and exposed to hyperbaric

oxygen for 6 h. Control rats received a corresponding
amount of saline.

Defibrotide is known for its ability to protect from
Ž .ischemic myocardial insults Berti et al., 1986 , whereas

N-acetylcysteine has been shown to protect the heart by
Ž .scavenging reactive oxygen species Brunet et al., 1995 .

2.4. Statistical analysis

Differences between groups in individual experiments
were analyzed for statistical significance by one-way anal-

Ž . Ž .ysis of variance ANOVA and Student’s t-test two-tailed
for unpaired samples. A value of P-0.05 was considered
significant. Results are expressed as means"S.E.M.

2.5. Drugs

The following drugs were used: N-acetylcysteine
Ž . ŽZambon, Milan, Italy , defibrotide Crinos, Villa Guardia,

. Ž .Italy , angiotensin II Sigma, St. Louis, MO, USA .

3. Results

3.1. Ischemia-reperfusion in isolated rat hearts

Ž .When the rate of perfusion 12 mlrmin of isovolumic
left heart preparations paced at 300 beatsrmin was re-
duced to 2 mlrmin, the left ventricular developed pressure
Žpeak left ventricular systolic pressure minus left ventricu-

.lar end-diastolic pressure and left ventricular d Prd tmax

declined rapidly. At the same time, the phasic contractility
of the hearts slowed until complete ventricular arrest
Ž .standstill was achieved. Afterwards, only a minimal ele-
vation of left ventricular end-diastolic pressure was

Žrecorded at the end of 40-min ischemia. Reperfusion 12
.mlrmin caused a substantial recovery of cardiac contrac-

Ž .tility 75%; P-0.01 with prompt return of the electrical
pacing. Coronary perfusion pressure was only minimally
affected, indicating a modest increase in coronary resis-

Žtance as well as a lower degree of ischemic damage Fig.
.1 . In these control preparations, the pressor effect of

Ž .angiotensin II 1 mg as a bolus was consistent with an
increase in coronary resistance which was in the range of

Ž .20 mmHg Fig. 2 . When the ischemia-reperfusion experi-
ments were repeated with hearts excised from rats sub-
jected to hyperbaric oxygen for 1, 3 or 6 h, worsening of
the ischemic picture, depending on the time of exposure in

Ž .the hyperbaric chamber, was observed Fig. 1 . Aggrava-
tion of the ischemic damage was particularly significant in
the hearts from rats subjected to hyperbaric oxygen for 6 h.
In these cases, the ventricular contracture at the end of the

Ž .ischemic period was 6 times higher P-0.001 than that

ŽFig. 2. Vasopressor activity of angiotensin II 1 mg as a bolus in the
.perfusion system in isovolumic left heart preparations before reduction

Žof the flow rate. N-Acetylcysteine NAC, 1 grkg p.o.; once a day for 2
.days and immediately before hyperbaric oxygen exposure and defi-

Ž .brotide DEF, 100 mgrkg p.o.; twice a day for 2 days were given orally
Ž .before exposure of the rats to hyperbaric oxygen HBO for 6 h. Columns

represent the mean values and vertical bars the S.E.M., of at least 5
a b Ž .experiments. P -0.05; P -0.01 versus control no HBO .
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Žobserved in the corresponding control preparations Fig.
.1 . During reperfusion, there was poor recovery of me-

chanical activity, associated with persistent rhythm distur-
bances due to a marked elevation of left ventricular end-di-
astolic pressure. Moreover, at the end of 20-min reperfu-
sion, coronary perfusion pressure was still significantly

Ž .increased 153% of that of controls; P-0.01 , possibly
Ž .due to a certain degree of heart stiffness Fig. 1 . Chal-

lenge of these preparations with a bolus injection of an-
giotensin II in the pre-ischemic period brought about a
remarkable increase in coronary perfusion pressure values,
which was particularly significant in the heart from ani-

Ž .mals exposed to hyperbaric oxygen for 1, 3 or 6 h Fig. 2 .
In this last group of rats, the activity of angiotensin II on

Žcoronary perfusion pressure was increased 2.9 times P-

. Ž0.01 in comparison to that of control not exposed to
.hyperbaric oxygen preparations. These results seem to

reflect impaired function of the endothelial cells lining the
coronary vasculature.

The negative influence exerted over the ischemic dam-
age by hyperbaric oxygen treatment in the rat involves a
reversible process, since the aggravation reported above
was reduced with time. In fact, when the hearts were used
for ischemia reperfusion experiments 3 or 6 days after the

Fig. 3. Isovolumic left heart preparations submitted to 40-min low flow ischemia and reperfusion. Hearts were obtained from rats exposed to hyperbaric
Ž . Ž . Ž .oxygen HBO for 6 h 6 h HBO . N-Acetylcysteine NAC, 1 grkg p.o.; once a day for 2 days and immediately before hyperbaric oxygen exposure and

Ž .defibrotide DEF, 100 mgrkg p.o.; twice a day for 2 days were given orally before exposure to 6 h HBO. The trend to a left ventricular end-diastolic
Ž . Ž . Ž .pressure LVEDP increase is shown as area under the curve evaluated according to the trapezoid method see Table 1 . Control no HBO : 147"16

Ž . c Ž . b Ž . b Ž . Žns8 ; 6 h HBO: 1092"88 ns6 ; NACq6 h HBO: 381"48 ns6 ; DEFq6 h HBO: 213"32 ns6 . Differences versus control no
. c bHBO : P-0.001; P-0.01.
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animals had been exposed for 6 h to hyperbaric oxygen,
there was a progressive improvement of the hearts resis-
tance to the effect of a global reduction of perfusion rate
Ž .Table 1 . At the same time, the response of the coronary
vasculature to angiotensin II regressed gradually to the

Ž .range of the control hearts response data not shown .

3.2. N-Acetylcysteine and defibrotide actiÕity

ŽTreatment of the rats with N-acetylcysteine 1 grkg
p.o.; once a day for 2 days and immediately before hyper-

.baric oxygen exposure before 6-h hyperbaric oxygen ex-
posure resulted in a beneficial effect on the isolated hearts
in ischemia-reperfusion experiments. In fact, in this se-
quence of experiments, after the perfusion rate through the

Ž .hearts was reduced 2 mlrmin , the increase of left ven-

Table 1
Ž .Trend of left ventricular end-diastolic pressure LVEDP increase in

Žisovolumic left heart preparations obtained from rats exposed to hyper-
Ž ..baric oxygen HBO submitted to 40-min low flow ischemia and reperfu-

sion

Experimental groups No. of AUC of LVEDP % Increase
experiments

No HBO 8 147"16 –
a1 h HBO 5 249"27 69.4
b3 h HBO 5 490"60 233.2
c6 h HBO 6 1092"88 642.5
b6 h HBO after 3 days 5 537"57 265.0

6 h HBO after 6 days 6 181"20 23.5

Data are mean values"S.E.M. AUC: area under the curve of LVEDP
Ž . Žsee Fig. 1 evaluated according to the trapezoid method in ordinate,

. aLVEDP in mmHg; in abscissa, time from 0 to 60 min . P -0.05;
b c Ž .P -0.01; P -0.001 vs. control no HBO .

Ž .Fig. 4. Mechanograms related to isovolumic left heart preparations from rats not exposed to hyperbaric oxygen no HBO and exposed to hyperbaric
Ž . Ž .oxygen for 6 h 6 h HBO . N-Acetylcysteine NAC, 1 grkg p.o.; once a day for 2 days and immediately before hyperbaric oxygen exposure was given

Ž .orally before exposure of the rat to 6-h hyperbaric oxygen. At the arrow, angiotensin II AII, 1 mg as a bolus in the perfusion system .
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tricular end-diastolic pressure, reflecting ventricular con-
Ž .tracture, was diminished by 64% P-0.01 of that

recorded in hearts from saline-treated animals. Moreover,
on reperfusion, the appearance of electrical pacing favored
an almost complete recovery of heart contractility. At the
same time, coronary perfusion pressure was very little

Ž .affected, being 21"3 mmHg P-0.01 over the values
Ž .for the pre-ischemic phase Figs. 3 and 4 .

A similar trend of protecting activity was obtained with
Ž .defibrotide 100 mgrkg p.o.; twice a day for 2 days . In

this case, the ventricular contracture during ischemia was
modest and, on reperfusion, the cardiac mechanical activ-
ity regained its strength following the regular pacing and
coronary perfusion pressure was preserved to near basal

Ž .values Fig. 3 .
As shown in Fig. 2, pretreatment of the rats with

N-acetylcysteine or defibrotide maintained the vasopressor
activity of angiotensin II at the same potency as that
recorded in hearts from saline-treated animals not exposed
to hyperbaric oxygen.

4. Discussion

The present findings clearly demonstrated that the acute
exposure of rats to a hyperbaric oxygen regimen is respon-
sible for the aggravation of the ischemic picture monitored
in ex vivo hearts submitted to 40-min low flow ischemia
and reperfusion.

This phenomenon, paralleled by impairment of the en-
dothelium-dependent relaxing function of the coronary
vasculature, appears to involve a reversible process, since
the worsening of the ischemic damage had almost van-
ished within a few days. The marked elevation of resting

Ž .tension left ventricular end-diastolic pressure , reflecting a
certain degree of stiffness, and the related depression of
cardiac mechanics on reperfusion, recorded in hearts from
rat exposed to hyperbaric oxygen for 6 h, may be the
results of a chain of biochemical events, triggered by the
rise in tissue oxygen tension particularly in the intracardiac
tissues. Such an increase of oxygen tension, secondary to
the high concentration of oxygen inspired by the animals
at ambient pressure, has been shown to be the cause of
relevant hemodynamic alterations, including an increase of
peripheral vascular resistance and a decrease of blood flow

Žthrough the heart Bergofsky and Bertum, 1966; Torbati et
.al., 1979 . Moreover, experimental studies have shown that

hyperoxia causes deleterious effects such as an oxygen
Žfree radical production increase Halliwell and Gutteridge,

.1989 , compromised organ perfusion and an increase in
Ž .myocardial ischemia Neill, 1969 . Furthermore, studies in

open-chest dogs demonstrated that the decrease of isomet-
ric systolic tension and coronary flow alterations observed

Ž .with a high oxygen tension 100% are manifestations of
Ž .early oxygen toxicity Daniell and Bagwell, 1968 . On this

basis, it is reasonable to speculate that, during exposure to

hyperbaric oxygen, the rat may undergo hemodynamic
changes, such as pulmonary hypertension, and other patho-

Žlogical alterations proton accumulation, acidosis, in-
Ž y.creased production of superoxide anion O and the more2

Ž .toxic hydroxyl radicals –OH and perhaps neutrophil
.activation predisposing the heart to a greater sensitivity to

superimposed driving by low flow ischemia. Therefore, the
relevant increase in left ventricular end-diastolic pressure
with depression of contractility noted in these ex vivo
studies could ensue from the interactions, already initiated
in vivo, between free radicals with the unsatured fatty
acids of phospholipid membranes, leading to the genera-
tion of new radicals which, in turn, could have affected the
integrity of the sarcolemma, sarcoplasmic reticulum and
mitochondria. Similar damage has been documented dur-

Žing the course of myocardial ischemia Hess et al., 1982;
.Henry et al., 1977 . The beneficial results of the present

experiment with rats treated with N-acetylcysteine or defi-
brotide favor the above hypothesis. Both these compounds,
given to the animals before their exposure to hyperbaric
oxygen, were able to keep the myocardial ischemic dam-
age to the same degree of severity as that observed in
hearts of animals not exposed to hyperbaric oxygen. In this

Ž .regard, it has been reported Brunet et al., 1995 that
N-acetylcysteine could directly scavenge –OH produced
by the isolated rat hearts reperfused after 90 min of low

Ž .flow ischemia, whereas others Pelaia et al., 1995 showed
that this compound inhibits hyperbaric oxygen lipid per-
oxidation in man. Regarding defibrotide, its protecting
activity may lie in its well known capacity to enhance the
generation of prostacyclin and its likely constituent, nitric

Žoxide, from vascular endothelial cells Berti et al., 1987;
.Lefer et al., 1990; Hohlfeld et al., 1993 . This natural

polydeoxyribonucleotide of mammalian origin has been
shown to be very effective in vitro and in vivo to preserve
myocardial integrity following myocardial ischemia and

Ž .reperfusion Berti et al., 1986; Palmer and Goa, 1993 .
Therefore, under our experimental conditions, defi-

brotide, without directly scavenging free signals, may have
inhibited the possible adhesion and activation of polymor-
phonuclear leukocytes which are thought to be involved in

Žthe pathogenesis of ischemia and reperfusion Di Perri and
.Pasini, 1988 .

Another point of interest emerging from the present
studies concerns the remarkable vascular hyperreactivity to
angiotensin II in perfused hearts from hyperbaric oxygen-
exposed rats, indicating that the regulatory function of

Žcoronary endothelium prostacyclin and nitric oxide re-
.lease against vasopressor stimuli, was impaired. This

would imply that the vascular endothelium damage, which
took place during exposure of the animals to high pressure
oxygen, could again have involved the direct generation of
free radicals by the endothelial cells, caused by the in-
crease in oxygen tension in these cells via xanthine oxi-

Ž .dase Downey et al., 1988 , and consequent activation of
neutrophils. These proinflammatory cells are known to be
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involved in the pathogenesis of the ischemia reperfusion
Ž .injury Mullane, 1988 by adhering to vascular endothe-

Žlium and releasing cytotoxic materials oxygen-derived
.free radicals, tumor necrosis factor and leukotrienes that

Ž .damage the endothelial cells Rossoni et al., 1996 .
Therefore, it is tempting to speculate that protecting the

rats with N-acetylcysteine or defibrotide before hyperbaric
oxygen exposure, which attenuates the formation of a toxic
mediator, creates conditions that lead to preservation of
endothelial cell integrity. This could be the reason why the
potency of angiotensin II to increase coronary perfusion
pressure in the isolated hearts of rats pretreated with
N-acetylcysteine and defibrotide and exposed to hyperbaric
oxygen, was similar to that recorded in the hearts from
control animals not exposed to hyperbaric oxygen. In
conclusion, even if oxygen therapy may be regularly ad-
ministered under hyperbaric conditions and is used in
several types of ischemic organ injury, evidence has been
provided that, at least in the normal rat without any
preexisting hypoxic condition, it may be harmful for the
myocardium in the presence of moderate ischemic injury.

Ž .In this respect, Neill 1969 showed that in patients with
coronary heart disease, and chronic hypoxia of the my-
ocardium at rest, arterial hyperoxia did not change the
blood lactate-pyruvate concentration ratio.
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