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Abstract

OBJECTIVE: Oxygen is routinely administered to patients undergoing acute myocardial infarction as well as during revascularization
procedures and cardiac surgery. Because reactive oxygen species are mediators of ischemia/reperfusion injury, increased oxygen avail-
ability might theoretically aggravate myocardial injury during reperfusion. We hypothesized that ventilation with a hyperoxic gas at start
of reperfusion might increase ischemia/reperfusion injury.

METHODS: Rats were anesthetized with isoflurane and ventilated with 40% oxygen. The animals were subjected to 40 min of regional
myocardial ischemia and 120 min of reperfusion. In the test group, rats (n = 11) were ventilated with a normobaric hyperoxic gas
(95% O2) during the last 10 min of ischemia and the first 10 min of reperfusion. Control rats (n = 14) were ventilated with 40% O2

throughout the experiments. Due to irreversible reperfusion arrhythmias, one animal in the hyperoxia group and six animals in the
control group were excluded. Hearts (n = 8 in the control group and n = 10 in the test group) were harvested for measurement of
infarct size.

RESULTS: The incidence of lethal arrhythmias was 1/11 in the test group and 6/14 in the control group (p = 0.06). Reperfusion with
normobaric hyperoxia did not influence infarct size (20 ± 8% of area at risk) compared with the normoxia group (24 ± 8% and of area
at risk), respectively (mean ± SD, p > 0.2).

CONCLUSION: Normobaric hyperoxia during early reperfusion did not increase ischemia/reperfusion injury.
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INTRODUCTION

Revascularization and early reperfusion is the preferred mode
of treatment for patients with acute myocardial infarction [1].
However, reperfusion may be a ‘double-edged sword’ [2]. The
restoration of blood flow causes irreversible cellular damage
in post-ischemic tissue. The mechanisms of reperfusion injury
are multifaceted and complex, but there is abundant evidence
that production of reactive oxygen species (ROS) is an import-
ant pathogenic mechanism [3,4]. ROSs at low concentrations
are byproducts of normal metabolism [5]. ROSs such as
superoxide (O2

−), hydrogen peroxide (H2O2), the hydroxyl
radical (HO•), and singlet oxygen (O2

• ) are involved in cellular
signaling and microbicidal defenses [6]. On the other hand,
excess production of ROS causes lipid peroxidation and oxida-
tive damage to membranes, proteins, and DNA [4]. Zweier
and co-workers showed that there is a burst of superoxide
anions in the first 20–30 s after reperfusion and ROS scaven-
ger administration led to improvement of postischemic
function [7].

In theory, increased availability of oxygen might increase ROS
production and thus aggravate the reperfusion injury.
Furthermore, it has been shown that hyperoxia induces coronary
vasoconstriction and decreases coronary flow in both healthy
volunteers and patients with coronary artery disease [8]. Hypoxic
or controlled reperfusion alleviates post-ischemic injury in skel-
etal muscle [9] and stomach [10]. In principle, oxygen supple-
mentation during reperfusion by thrombolysis or percutaneous
coronary interventions might be harmful. The optimal oxygen-
ation strategy of patients with acute myocardial infarction under-
going reperfusion has not been studied in large randomized
investigations. In a systematic review, Wijesinghe and co-workers
concluded that ‘the limited evidence that does exist suggests that
the routine use of high-flow oxygen in uncomplicated acute
myocardial infarction may result in a greater infarct size and pos-
sibly increase the risk of mortality [11].’ The Cochrane collabor-
ation recently concluded: ‘nonetheless, since the evidence
suggests that oxygen may in fact be harmful, we think it is im-
portant to evaluate this widely used treatment in a large trial, as
soon as possible, to make sure that current practice is not
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causing harm to people who have had a heart attack [12].’ A
recent editorial in the British Medical Journal stated, ‘The poten-
tial dangers of hyperoxia needs to be recognized,’ and that
‘Oxygen therapy remains a cornerstone of modern medical prac-
tice. To further quantify the risks associated with hyperoxia more
trials are needed [13].’

In cardiac surgery using cardiopulmonary bypass and cardio-
plegia, there is a postcardioplegic reperfusion of the ischemic
myocardium. Studies in different models have suggested that
normoxia during reoxygenation of the hypoxic or cardioplegic
heart reduces reperfusion injury [14–16].

We hypothesized that normobaric hyperoxia at the time of
reperfusion might increase ischemia/reperfusion injury. In the
present study, the effect of exposing rats to hyperoxia during
early reperfusion was investigated.

MATERIALS AND METHODS

Animal care

The protocols were approved by the Norwegian Animal Health
Authority, and the animals received humane care in compliance
with the European Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific Purposes.
Male Wistar rats (Scanbur AS, Norway) of 250–320 g weight
were used. All animals had conventional microbiological status.
Environmental conditions regarding food (RM3 from Scanbur BK
AS, Norway), water (ad libitum), humidity (55–60%), light (12 h
light and 12 h dark), and environmental enrichment were the
same for all animals. Animals were acclimatized for at least 4
days before the experiments.

Myocardial ischemia/reperfusion injury

Anesthesia was induced with isoflurane (Abbott Scandinavia,
Solna, Sweden) in a clear plastic induction chamber (VetEquip,
CA, USA) before the animals underwent tracheostomy and can-
nulation of the left common carotid artery for measurement of
blood pressure and heart rate. The animals were fixed on a
water-heated operating table and ventilated at a tidal volume of
3.5 ml at a rate of 30 breaths per min with a small animal venti-
lator (Harvard Apparatus, Massachusetts, USA). Anesthesia was
maintained during the entire procedure with isoflurane. The
major and minor pectoral muscles were cut and the fourth left
rib excised to gain access to the thoracic cavity. The pericardium
was dissected and opened, and a 5/0 silk suture was placed
under the left anterior descending artery approximately 2 mm
distal to its eminence behind the pulmonary trunk. The animals
were allowed 10 min of stabilization before tightening the
ligature.

All animals were subjected to 40 min of regional myocardial
ischemia and 120 min of reperfusion. In the hyperoxia group,
animals were ventilated with >95% oxygen for the last 10 min of
ischemia and the first 10 min of reperfusion. The coronary artery
was occluded with a plastic occluder over a Teflon pledget.
Tissue ischemia was confirmed by visible cyanosis before closing
the chest provisionally with surgical tongs. Reperfusion was also
confirmed visibly. Functional data were recorded with Powerlab
4/30 and Graph 5.2 acquisition software (ADInstruments, UK).
Animals with lethal ventricular fibrillation (VF) during reperfusion

were excluded from infarct evaluation, but the incidence of irre-
versible VF was calculated for each group.

Measurement of infarct size

After reperfusion, the animals were euthanized by excision of
the heart. The ligature was then retightened and the aorta was
perfused retrogradely with 2% Evans Blue dye (Sigma–Aldrich,
USA) to delineate the area at risk. The heart was cut into eight
transverse slices from apex to base, where the four central slices
were 1 mm thick, and the apical and basal slices were 2 mm.
The four central ones were used for determination of infarct
size.
These slices were incubated in 1% triphenyl tetrazolium chlor-

ide (TTC) (Sigma–Aldrich, USA) in a 37 °C water bath for 15 min
and then placed between two glass plates and photographed in
a light chamber using a Nikon Coolpix 5400 digital camera
(Nikon, Japan). The area at risk and infarct size were calculated
using Adobe Photoshop CS3 Extended (Adobe, USA) by a
researcher blinded to the groups.

Arterial blood gas measurements

Partial pressure of oxygen in the blood (PaO2) was measured
using an i-Stat1 (Abbott Laboratories, IL, USA) and CG4+ car-
tridges at baseline and 1, 5, and 10 min after the inspired
oxygen concentration was changed from 21% to >95%. The
inspired oxygen concentration was measured using a PMA 10
Oxygen Analyzer (M&C TechGroup, Rattingen, Germany), cali-
brated with 100% N2, room air, and 95% O2. Partial pressure of
carbon dioxide in the blood (PaCO2) was normally between 4.0
and 5.4.
To demonstrate that hyperoxemia was present before start of

reperfusion, serial arterial blood gases were obtained from the
common carotid artery of four rats with the same model of
ischemia/reperfusion. These rats were not included in infarct size
measurement.

Statistical analyses

Graphpad Prism 5 (Graphpad Software, CA, USA) was used for all
statistical analyses. Student’s t-test was used for comparison of
infarct size. The chi-square test was used for comparison of
lethal VF. Analysis of variance (ANOVA) repeated measurements
were used to evaluate blood pressure and heart rate. Exact
p-values are presented except when p > 0.2.

RESULTS

Increasing inspired O2 concentration to >95% had no effect on
PaCO2, bicarbonate, pH, or lactate (data not shown). However,
the saturation level of oxygen in hemoglobin (SaO2) and PaO2

increased after 1 min of hyperoxia from 98.8% to 100% and
from 100 to >520 mmHg, respectively. SaO2 and PaO2 did not
increase further during the next 5 or 10 min. The time from
induction of anesthesia to stabilization after placement of the
ligature did not differ between the groups. Hyperoxic ventilation
during reperfusion did not influence heart rate or mean arterial
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blood pressure (Fig. 1). It did not affect either area at risk or
infarct size (Fig. 2). The incidence of irreversible lethal arrhyth-
mias was lower in the hyperoxic group (1/10) versus the control
group (6/14) (Fig. 2).

DISCUSSION

The main finding of the present study is that ventilation with
normobaric hyperoxia at the onset of reperfusion neither aug-
mented infarct size nor impaired hemodynamic function in rats.
These results are contrary to our hypothesis, but they are in
agreement with findings from a study in rabbits undergoing
45 min of coronary ligation and 3 h of reperfusion [17]. Shnier
and co-workers [17] found no difference in infarct size between
animals receiving normoxic or hyperoxic ventilation during
reperfusion. Their study, however, is different from ours in
design. Although reporting flushing the ventilation circuit with
oxygen, the investigators began oxygen supplementation ‘just
before coronary artery ligature release,’ possibly delaying the in-
crease in substrate for ROS past the critical first seconds of reper-
fusion [3]. There was no measurement of arterial blood gases at
the start of reperfusion.

To our knowledge, the present study is the first investigation
of the effects of hyperoxic ventilation during early reperfusion
following coronary artery occlusion in an in vivo rat model. In

our study, oxygen was administered 10 min prior to reperfusion
to ensure high availability of oxygen at the onset of reperfusion.
To allow time for oxygen to equilibrate with the extravascular
space and cells is important. Although PaO2 exceeded
500 mmHg after 1 min of hyperoxic ventilation, it may take
longer before hyperoxia has reached an equilibrium in the cardi-
omyocytes. Two hours of reperfusion is normally a sufficient
length of reperfusion for evaluation of infarct size. In the present
study, we had an intervention that we hypothesized would
increase the infarct size by increasing the amount of ROS during
reperfusion. As generation of oxygen species is a phenomenon
primarily during the first seconds and minutes of reperfusion, we
feel that 2 h of reperfusion is safe for detecting any detrimental
effect of hyperoxia. It may also be argued that TTC staining is not
a complete endpoint of ischemia/reperfusion injury. It is possible
to include other markers of ischemia/reperfusion injury, such as
apoptosis, autophagy, and release of biochemical markers.
However, necrosis is the ‘hardest’ end point and the other
markers are usually in parallel with necrosis detected by TTC.
At moderate concentrations, ROSs are important second

messengers, but, at high concentrations, they offset the oxidation–
reduction balance of the cell and may be deleterious [18].
Antioxidants have been shown to reduce infarct size and improve
function after ischemia/reperfusion in several experimental
models [4,19]. Thus, hyperoxygenation during very early

Figure 1: Hemodynamic parameters in rats undergoing 40 min of in vivo
regional myocardial ischemia and 120 min of reperfusion. MAP: mean arterial
blood pressure, HR: heart rate.

Figure 2: (Upper panel) Area-at-risk (AAR) and infarct size (mean ± SD) in rat
hearts undergoing 40 min of regional ischemia and 120 min of reperfusion in
vivo. CON: control group. HYP: animals ventilated with >95% O2 during the
last 10 min of ischemia and the first 10 min of reperfusion (n = 8 and 10 in
CON and HYP, respectively). (Lower panel) Incidence of lethal reperfusion
arrhythmias (VF) in rats (groups as in upper panel), p = 0.06.
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reperfusion might be damaging. Our study showed that oxygen at
the time of reperfusion is not detrimental. If any effect was found,
it was that hyperoxia was preventive against lethal VF. We have no
good explanation for this observation. The positive effects on
arrhythmias seem to be believable, as the threshold of p = 0.05 is
an artificial one, and we do have a statistical error type I because
the study was underpowered to detect this difference.

A group size of about 10 animals is usually sufficient for these
type of studies to find important differences. Small differences in
patient studies may still have a clinical relevance; however, in
animal studies we look for a more ‘hard’ effect. The present dif-
ference in infarct size is very small. A retrospective power calcu-
lation suggests that 25 animals in each group would find a
difference. If we look for ‘hard’ effects in experimental studies, a
group size of 25 to achieve statistical significance may be less
important. In fact, we have never seen an experimental study in
small rodents, where group size is 25 to compare infarct size.

Conceivably, hyperoxemia during late ischemia might supply
oxygenated blood to the risk zone via collateral coronary arter-
ies, masking possibly the detrimental effects of hyperoxic reper-
fusion by limiting the severity of the ischemic insult. However,
rats have negligible collateral coronary blood flow [20], making
this possible pitfall less likely. Collateral blood flow might also
explain the infarct-sparing effect of ventilation with 100% oxygen
following coronary artery occlusion in dogs [21], as canines have
extensive collaterals in the coronary circulation [20]. The border
zone or the area at risk is critical for generation of reperfusion
arrhythmias, and improved oxygenation of this area might be
preventive toward lethal arrhythmias.

We have previously found that pre-treatment with hyperoxic
gas has a precondition-like, cardioprotective effect, possibly by a
nuclear factor-kappa B (NFκB)-dependent mechanism [22,23].
However, oxygen is obviously a double-edged sword because it
may be detrimental in the cardiac surgery setting [15], in particu-
lar in combination with hypoxic, immature hearts [14,16].

It is worthwhile to carefully consider the following: ‘The results
of well conducted trials may lead to refinements in the use of
oxygen. Unfortunately, due to its accepted role in therapeutic
practice and virtually non-existent potential for commercial
development, oxygen therapy has attracted little research
funding in recent years. At present doctors should strive to
ensure that oxygen is prescribed, administered, and monitored
with care. This will enable us to achieve optimal tissue oxygen-
ation for more of our patients [13].’

To date, only one randomized trial has investigated the effect
of oxygen supplementation to patients with myocardial infarc-
tion [24]. The care offered to patients enrolled in this study,
which was published in 1976, differs largely from current treat-
ment with rapid revascularization. Though reporting only
in-hospital outcomes and being seriously underpowered to
evaluate clinical outcomes, the study suggested that oxygen sup-
plementation might even be harmful to patients with acute
myocardial infarction. Oxygen is commonly administered to
patients presenting with chest pain and with verified myocardial
infarction. Evidence for the optimal mode, timing, and dosage,
or even benefit, is absent. Although oxygen supplementation to
hypoxemic patients is intuitively more palatable, optimal oxy-
genation has not been determined for these patients either. The
few experimental studies that exist show conflicting findings
[17,22,23,25], which may be due to species differences and
model heterogeneity. The important message from our study is
that, in the present model with regional ischemia, hyperoxia

during reperfusion is not detrimental. This is in contrast with
studies which have been conducted in animal models on cardio-
pulmonary bypass [14–16]. It might well be that the situation is
different between a regional ischemia with a localized infarct
and a global, but weaker ischemic insult. The limitation of the
present study is that findings from rats cannot be transferred to
patients; hence, large clinical studies are necessary.
In conclusion, in a rat model of in vivo myocardial ischemia

and reperfusion, ventilation with normobaric hyperoxia at onset
of reperfusion tended to reduce lethal arrhythmias and did not
influence infarct size in rats. Consequently, increased availability
of oxygen during early reperfusion is not harmful in this model
in contrast to other studies in other models.
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