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This study evaluated the effects of chronic hypoxia from birth on the resistance of rat hearts to global
ischemia, with special emphasis on the duration of hypoxia. Male Wistar rats were housed from birth
for 4 weeks or 8 weeks either in a hypoxic environment (FiO; = 0.12) or in ambient air (8 animals for
each group). Isolated rat hearts were perfused for 40 min with oxygenated Krebs-Henseleit buffer,
subjected to 20 min global no-flow ischemia at 37°C, and then underwent 40 min of reperfusion. A non-
elastic balloon was inserted into the left ventricle and inflated until the pre-ischemic LVEDP rose to
8mmHg. Cardiac function was measured before and after ischemia. The post-ischemic percent recov-
ery of LVDP in hypoxic hearts was worse than in normoxic hearts (4 weeks: 55 =7 vs. 96 +3%, p <
0.01; 8 weeks: 40 =5 vs. 92+4%, p<0.01), and was worst in the 8week-hypoxic hearts. Similarly, the
percent recovery of +dP/dt in the hypoxic hearts was lower than in the normoxic hearts (4 weeks: 51
+5vs. 96+7%, p<0.01; 8 weeks: 31 +6 vs. 92+7%, p<0.01), and was lowest in the 8week-
hypoxic hearts. In conclusion, cyanotic myocardium revealed an age-dependent vulnerability to isch-
emia-reperfusion injury in a chronic hypoxic rat model.
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he hospital mortality rate associated with the
repair of cyanotic congenital heart disease has
decreased with recent advances in myocardial protec-
tion, surgical techniques, and postoperative intensive
care [1, 2]. However, prolonged and/or complicated
postoperative treatment is still extremely common for
children treated for such a disease [3, 4].
Patients with adult congenital cyanotic heart dis-
ease often suffer from myocardial dysfunction after
cardiac repair [5]. These patients frequently show
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ultrastructural changes of the sort that are associated
with severe degeneration and that are thought to cor-
relate with clinical cardiac dysfunction [6].

Despite this clinical evidence, some experimental
studies have concluded that chronic hypoxia has some
cardioprotective effects [7]. Other studies have
shown the opposite results. Throughout the debate,
however, there has been little discussion of the dura-
tion of exposure to hypoxia [8]. We feel that experi-
mental studies correlating the clinical evidence with
the age of the patients could be useful.

To assist in laying the groundwork for such stud-
ies, this study was designed to evaluate the effects of
chronic hypoxia from birth on the resistance of hearts
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to global ischemia, with a special emphasis on the
duration of the hypoxia.

Materials and Methods

Animals. Male Wistar rats were used in the
current study. They were treated in compliance with
the “Principles of Laboratory Animal Care” estab-
lished by the National Society for Medical Research,
and according to the principles contained in the
“Guide for the Care and Use of Laboratory Animals”
prepared by the Institute of Laboratory Animal
Resources and published by the National Institutes of
Health (NIH publication No. 86-23, revised 1985).

Newborn litters of Wistar rats and their mothers
were placed within 2 days of birth into either a
hypoxic, normobaric chamber (FiO,=0.12) as
described previously [9], or in a normoxic chamber.
They were allowed free access to water and a chow
diet until the start of the experiments. The rats were
housed in their chambers either for 4 weeks or for 8
weeks, and 4 groups of animals were prepared.

Assessment of ventricular function.
experimental protocol is illustrated in Fig. 1.

All the rats were anesthetized with diethyl ether,
and 1 unit- /BW (g) of heparin was injected. While
under anesthesia, the animals were kept in an environ-
ment of the same oxygen concentration as that in
which they had lived prior to surgery. Arterial blood
samples were obtained from the exposed abdominal
aorta. After a thoracotomy, the heart was rapidly
excised and was arrested in cold Krebs-Henseleit
bicarbonate buffer solution (4°C). The aorta was can-
nulated and Langendorff perfusion was initiated at a
pressure of 100cm H;O with Krebs-Henseleit bicar-
bonate buffer solution, which contained 118 mmol/L
NaCl, 4.7mmol/LL KCl, 1.25mmol/L. CaCl,,
25mmol/L. NaHCO;, 1.2mmol/L MgS0O,, 1.2mmol/
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L KH;PO,, and 11 mmol/L glucose, and was equili-
brated with 95% oxygen and 5% carbon dioxide gas.
The temperature of the perfusate was continuously
monitored to assure that it was maintained at 37.0 +
0.1°C. The perfusate was filtered through 5um
pores. The pulmonary artery was incised in order to
permit drainage of the coronary sinus effluent. A non-
elastic balloon filled with saline was inserted into the
left ventricle through the atrium and connected by a
catheter to a pressure transducer. Ten min after
Langendorff perfusion was started, the balloon was
inflated until the pre-ischemic LVEDP rose to
8mmHg. The transducer was connected to a computer,
and data were acquired with a PowerLab system
(AD-Instruments, Grand Junction, CO, USA).
Cardiac function was recorded, including the left
ventricular developed pressure (LVDP), heart rate
(HR), and the first derivatives of maximal rate of
pressure over time (+dP/dt). Coronary flow was
measured by timed volumetric collection from the right
side of the heart.

After allowing the contractile parameters to stabi-
lize for 30 min, the pre-ischemic hemodynamic param-
eters were measured. Then, global warm ischemia
(37°C) was induced for 20 min by clamping the aortic
cannula. After the ischemic period, the heart was
reperfused for 40 min at 37°C with the K-H buffer
solution. The various indexes of cardiac function were
measured again at this point.

At the end of this experiment, the hearts were
removed from the apparatus, fixed in 10% buffered
formalin for 24h, and then embedded in paraffin.
Paraffin-embedded sections were cut and stained with
hematoxylin and eosin stain for histopathological
examination.

The heart was rejected when ventricular fibrilla-
tion continued over 20 min after reperfusion, or when
the heart rate was less than 300 beats- /minute in

Pre-ischemia Ischemia
Perfuison mode . Reperfusion
L Inflation (@7C)
Time (min) 10 30 20 40

Fig. 1
LVEDP rose to 8mmHg.

Hemodynamic measurement

Experimental protocol for ischemia-reperfusion study. L, Langendorff perfusion; Inflation, balloon inflation until pre-ischemic
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4-week-old rats or less than 250 beats- /minute in
8-week-old rats.

Statistical analysis.  All data were expressed
as the mean + standard deviation. Differences between
groups were first determined by a one-way-analysis of
variance (ANOVA). Intergroup analysis was per-
formed by using Fisher's PLLSD test. A p value of
less than 0.05 was considered to be statistically sig-
nificant.

Results

Basal characteristics. Table 1 shows the
basal characteristics. The body weight of chronic
hypoxic animals was lower than that of normoxic ani-
mals (p<0.01) in the groups of the same age.
Arterial oxygen tension and oxygen saturation were
lower in the hypoxic animals than in the normoxic
animals (p <0.01), regardless of the age. Hypoxia
resulted in a significant increase in the serum hemo-
globin concentration and hematocrit (p < 0.01).

Pre-ischemic myocardial function.  Table 2
shows the pre-ischemic hemodynamic parameters. In
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4-week-old rats, there was no difference in any of the
parameters between the normoxic and hypoxic animals.
In the 8-week-old rats, the LVDP and +dP/dt were
significantly higher in the hypoxic animals (p <
0.01); however, there was no difference in the heart
rate between the normoxic and hypoxic animals.

Post-ischemic myocardial function.  Table 3
shows the post-ischemic hemodynamic parameters.
The percent recovery of LVDP in the hypoxic hearts
was worse than in the normoxic hearts (p < 0.01), and
was worst in the 8-week-hypoxic hearts. Similarly,
the percent recovery of +dP/dt in the hypoxic hearts
was lower than in the normoxic hearts (p < 0.01), and
was lowest in the 8-week-hypoxic hearts. No differ-
ence was observed in the percent recovery of HR
among the groups.

Post-ischemic myocardial changes on light
microscope. Fig. 2 shows the post-ischemic changes
on light microscope. Interstitial edema could be seen
in all hearts; this change was more severe in the
hypoxic hearts than in the normoxic hearts, and was
worst in the 8-week-hypoxic rats. Little disruption of
the myocardial cells was seen in the normoxic hearts,

Table 1 Basal characteristics

Group
Variable 4N 8N 4H 8H
Body weight (g) 104.3 +6.0 2824 +11.2* 63.4+59* 159.6 - 19.3"%
Hemoglobin (g/dL) 13.9+0.6 146+ 0.8 183 +1.1* 203+ 0.8
Hematocrit (%) 457 +34 474+ 4.1 56.0 +5.6* 69.3+ 56°F
Pa0, (mmHg) 1176 +1.5 1162+ 1.1 37.0+3.4% 365+ 4.3°
0, sat (%) 97.5+1.0 96.7+ 0.7 68.9+8.7* 672+ 9.2

Data are expressed as the mean + standard deviation. N, normoxia;
gen tension; O, sat, oxygen saturation.
*n<0.01 4N vs. 8N, 4H, "p<0.01 8N vs. 8H, *p <0.01 4H vs. 8H.

H, hypoxia; 4 or 8, 4-week-old or 8-week-old; Pa0,, arterial oxy-

Table 2  Baseline measurements

Group
Variable 4N 8N 4H 8H
LVDP (mmHg) 121+5 138 +3* 123 +3 149 + 4%
+dP/dt (mmHg/s) 3,909 + 368 3,708 + 169 4,113 + 433 4,306 + 487"
Coronary flow (mL/min) 7.9=+0.6 141 +2.6" 10.5+£0.6 21.3+46"%
Heart rate (beats/min) 328 +25 299+10* 329+ 20 282 + 18*

Data are expressed as the mean + standard deviation. N, normoxia; H, hypoxia; 4 or 8, 4-week-old or 8-week-old; LVDP, left ventricu-
lar developed pressure; +dP/dt, the first derivatives of the maximal rate of pressure over time.

*0<0.014N vs. 8N, 4H, "p<0.01 8N vs. 8H, *p <0.01 4H vs. 8H.
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but damage was observed in the hypoxic hearts, and
particularly in the 8-week-hypoxic rats.

Table 3  Post-ischemic hemodynamic parameters
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Discussion

The present study demonstrated that chronic

Group
Variable 4N 8N 4H 8H
LVDP (mmHg) 110+8 127 + 4% 68 +8* 64 +19°
% recovery of LVDP 96 +3 92 +4 55+ 7% 40 +5'%
+dP/dt (mmHg/s) 3,733 + 457 3,406 + 266 2,098 + 343* 1,336 =173
% recovery of +dP/dt 95+7 92+7 51+5* 31+6°F
Coronary flow (mL/min) 6.8 +0.6 11.2+25* 6.8 0.7 12.3 £2.3%
% recovery of coronary flow 86+ 3 79+6* 65+4* 58 4%
Heart rate (beats/min) 313+19 283 +18* 300+ 18 258 + 22
% recovery of HR 95+3 95+6 91+3 92+9

Data are expressed as the mean + standard deviation. N, normoxia; H, hypoxia; 4 or 8, 4-week-old or 8-week-old; LVDP, left ventricu-
lar developed pressure; +dP/dt, the first derivatives of the maximal rate of pressure over time; HR, heart rate.

*p <0.01 4N vs. 8N, 4H, "p<0.01 8N vs. 8H, "p <0.01 4H vs. 8H.

Fig. 2  Post-ischemic myocardial changes observed by light microscopy. Interstitial edema could be seen in all hearts. The change was
worse in hypoxic hearts than in normoxic hearts, and was worst in 8-week-hypoxic rats. Little disruption of the myocardial cells was seen
in normoxic hearts, but damage was observed in hypoxic hearts, particularly in 8-week-hypoxic rats (hematoxylin and eosin stain; scale
bar, 100um). N, normoxia; H, hypoxia; 4 or 8, 4-week-old or 8-week-old.
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hypoxia from birth impaired the post-ischemic recov-
ery of cardiac function in hearts that were subjected
to 20 min of warm global ischemia. The impairment
was worse when the duration of the exposure to
chronic hypoxia was longer. The duration of hypoxia
exposure also affected the degree of interstitial edema
and the degree of disruption of the myocardial cells
after ischemia-reperfusion.

Some reports suggest that developing mammalian
hearts are more resistant to the effects of cardiac
insults than adult hearts [10-13]. Imura et al.
reported that the extent of myocardial protection with
cold-crystalloid in pediatric open heart surgery was
dependent on the patient’s age and degree of cyanosis
[14]. However, there are few experimental studies
that address the effects of the duration of exposure to
chronic hypoxia upon ischemia-reperfusion injury. It
is our hope that the current study may have demon-
strated clinically-relevant results about the effects of
the duration of exposure to hypoxia.

The test group in the current study was exposed to
normobaric chronic hypoxia from birth. The method
used to create chronic hypoxia was simple and nonin-
vasive, and by it we were able to avoid the mixture of
outside air with the air in the chamber. The selected
FiO; was 0.12, and the hemoglobin, hematocrit, arte-
rial oxygen tension, and oxygen saturation observed in
the hypoxic rats were similar to those observed in
patients with congenital cyanotic heart diseases [15].
The increase of hemoglobin and hematocrit are due to
increased hypoxia-induced erythropoietin production
[16].

We found no difference between the pre-ischemic
left ventricular functioning of the 4-week-old hearts,
whether normoxic or hypoxic, but the functioning was
significantly higher in the 8-week-hypoxic hearts than
in the 8-week-normoxic hearts. In contrast, Najm et
al. reported that children with congenital cyanotic
heart diseases show a lower ejection fraction than
acyanotic children, and that this was because the
hearts of children with cyanosis have lower ATP lev-
els than those of acyanotic children [3]. This discrep-
ancy might be explained by the fact that children with
cyanosis have never been exposed to normoxia, even
when they are anesthetized, until surgical correction
is performed, but the rats in this study were exposed
to a higher oxygen environment during the pre-isch-
emic state, and this could have increased the ATP
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content of their hearts. Samanek et al. reported that
the levels of energy-supplying enzymes, such as
hexokinase, triosephosphate dehydrogenase, lactate
dehydrogenase, and so on in the right ventricles of
children with cyanotic heart diseases were no different
from those of acyanotic children, with the exception
of citrate synthase, which was decreased in cyanotic
children [17]. This result suggests that, in the cur-
rent experiment, exposure to a higher oxygen concen-
tration may have increased the ATP content of the
hypoxic hearts more greatly than it increased the ATP
content of the normoxic hearts.

The post-ischemic recovery of cardiac function was
impaired in the hypoxic hearts, especially in the older
hearts. Both severe interstitial edema and destruction
of myocardial cells were more common in the hypoxic
hearts than in the normoxic hearts, and these charac-
teristics of course contributed to the impairment of
cardiac function. As mentioned, the edema and the cell
destruction were even more severe in the older
hypoxic hearts than in the younger hypoxic hearts.
These results suggest that the hearts from hypoxic
animals appear more vulnerable than normoxic hearts
to ischemia-reperfusion injury, and that the longer the
exposure to hypoxia, the lower the functional recov-
ery of the hearts after ischemia-reperfusion. The
cause of these results could not be determined in the
current experiment, but a hypothesis may be consid-
ered. In a previous study, after 8-week-old rats were
housed either in a hypoxic or in a normoxic environ-
ment for 2 weeks, mitochondrial superoxide dis-
mutase, cytosolic reduced glutathione, and mitochon-
drial and cytosolic glutathione reductase activity were
significantly lower in the hypoxic animals than in the
normoxic animals at end-ischemia [9]. These results
suggest that chronic hypoxia may inhibit or delay the
metabolic maturation of antioxidant systems. This
inhibition may be serious for immature hearts. The
hypothesis, therefore, is that chronic hypoxia from
birth may inhibit the metabolic maturation of antioxi-
dant systems and that the antioxidant reserve may be
more reduced as the duration of exposure to hypoxia
increases. Further studies, such as the direct detec-
tion of free radicals or the administration of free radi-
cal scavengers, are required to prove this hypothesis.

The current results are not consistent with results
obtained with chronically hypoxic rabbit hearts, which
were found to be more tolerant of ischemia-reperfu-
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sion injury than normoxic hearts [7]. This discrep-
ancy may simply result from the difference in the
species. Clinical reports have shown that cyanotic
children have poor outcomes, such as postoperative
cardiac dysfunction, and more reperfusion injury in
comparison to acyanotic children [3, 4]. Therefore,
the current study may be more clinically-relevant than
the models used in other studies.

The current results also differ from those observed
with chronically hypoxic rat hearts that were exposed
to low air pressure or intermittent hypoxia [18, 19].
However, these methods can never avoid reoxygen-
ation, even if it is for the very short periods neces-
sary for maintenance of the cages. Children with
congenital cyanotic heart diseases are never exposed
to normoxia until surgical corrections are performed,
and the effects of short-time reoxygenation on heart
development in such children is not known. The rats
in the current study were not exposed to normoxia
until the experiment after they were housed in a
hypoxic environment, and might be similar to cyanotic
children.

The model used in this study has several limita-
tions. First, the experiments used an isolated per-
fused preparation. The preparation is denervated
[20]. However, an advantage is that direct cardiac
responses can be studied independent of various fac-
tors. Second, we chose to use a crystalloid solution
in the perfusion circuit because, with blood perfusion,
each blood component serves different roles during
ischemia and reperfusion and could have confused the
results. Nonethelsess, blood perfusion may have
induced different results from those of the crystalloid
perfusion [21].

References

1. Cohen DM: Surgical management of congenital heart disease in
the 1990s. Am J Dis Child (1992) 146: 1447-1452.

2. Corno AF: Surgery for congenital heart disease. Curr Opin Cardiol
(2000) 15: 238-243.

3. Najm HK, Wallen WJ, Belanger MP, Williams WG, Coles JG,
Van Arsdell GS, Black MD, Boutin C and Wittnich C: Does the
degree of cyanosis affect myocardial adenosine triphosphate levels
and function in children undergoing surgical procedures for con-
genital heart disease? J Thorac Cardiovasc Surg (2000) 119: 515-
524,

4. Young JN, Choy 10, Silva NK, Obayashi DY and Barkan HE:
Antegrade cold blood cardioplegia is not demonstrably advanta-
geous over crystalloid cardioplegia in surgery for congenital heart
disease. J Thorac Cardiovasc Surg (1997) 114: 1002-1009.

20.

21.

Acta Med. Okayama Vol. 63, No. 5

Atik FA, Atik E, Cunha CR, Caneo LF, Assad RS, Jatene MB,
Riso A and Barbero-Marcial M: Long-term results of correction of
tetralogy of Fallot in adulthood. Euro J Cardio thorac Surg (2004)
25: 250-255.

Jones M and Ferrans VJ: Myocardial degeneration in congenital
heart disease. Comparison of morphologic findings in young and
old patients with congenital heart disease associated with muscu-
lar obstruction to right ventricular outflow. Am J Cardiol (1977)
39: 1051-1063.

Baker EJ, Boerboom LE, Olinger GN and Baker JE: Tolerance of
the developing heart to ischemia: impact of hypoxemia from birth.
Am J Physiol (1995) 268: H1165-H1173.

Como AF, Milano G, Samaja M, Tozzi P and Segesser LK:
Chronic hypoxia: a model for cyanotic congenital heart defects. J
Thorac Cardiovasc Surg (2002) 124: 105-112.

Nakanishi K, Inoue M, Sugawara E and Sano S: Ischemic and
reperfusion injury of cyanotic myocardium in chronic hypoxic rat
model: changes in cyanotic myocardial antioxidant system. J
Thorac Cardiovasc Surg (1997) 114: 1088-1096.

Hammon JW: Myocardial protection in the immature heart. Ann
Thorac Surg (1995) 60: 839-842.

Abete P, Napoli C, Santoro G, Ferrara N, Tritto I, Chiariello M,
Rengo F and Ambrosio G: Age-related decrease in cardiac toler-
ance to oxidative stress. J Mol Cell Cardiol (1999) 31: 227-236.
Starnes JW, Bowles DK and Seiler KS: Myocardial injury after
hypoxia in immature adult and aged rats. Aging (Milano) (1997)
9: 268-276.

Murashita T, Borgers M and Hearse DJ: Developmental changes
in tolerance to ischemia in the rabbit heart: disparity between
interpretations of structural, enzymatic and functional indices of
injury. J Mol Cell Cardiol (1992) 24: 1143-1154.

Imura H, Caputo M, Parry A, Pawade A, Angelini GD and
Suleiman MS: Age-dependent and hypoxia-related differences in
myocardial protection during pediatric open heart surgery.
Circulation (2001) 103: 1551-1556.

del Nido PJ, Mickle DA, Wilson GJ, Benson LN, Weisel RD,
Coles JG, Trusler GA and Williams WG: Inadequate myocardial
protection with cold cardioplegic arrest during repair of tetralogy of
Fallot. J Thorac Cardiovasc Surg (1988) 95: 223-229.

Endoh H, Kaneko T, Nakamura H, Doi K and Takahashi E: Improved
cardiac contractile functions in hypoxia-reoxygenation treated with
low concentration Co (2+). Am J Physiol Heart Circ Physiol (2000)
279: H2713-H2719.

Samanek M, Bass A, Ostadal B, Hucin B and Stejskalova M:
Effect of hypoxaemia on enzymes supplying myocardial energy in
children with congenital heart disease. Int J Cardiol (1989)
25: 265-269.

Karck M, Ziemer G, Zoeller M, Schulte S, Juergens K, Weisser
H and Haverich A: Protection of the chronic hypoxic immature rat
heart during global ischemia. Ann Thorac Surg (1995) 59: 699-
706.

Ostadalova |, Ostadal B, Jarkovska D and Kolar F: Ischemic pre-
conditioning in chronically hypoxic neonatal rat heart. Pediatr Res
(2002) 52: 561-567.

Buckberg GD: Studies of hypoxemic/reoxygenation injury. |I.
Linkage between cardiac function and oxidant damage. J Thorac
Cardiovasc Surg (1995) 110: 1164-1170.

Walters HL Ill, Digermess SB, Naftel DC, Waggoner JR Il
Blackstone EH and Kirklin JW: The response to ischemia in blood
perfused vs. crystalloid perfused isolated rat heart preparations. J
Mol Cell Cardiol (1992) 24: 1063-1077.



