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Abstract

In vivo exposure to chronic hypoxia (CH) depresses myocardial performance and tolerance to ischemia, but daily reoxyenation
during CH (CHR) confers cardioprotection. To elucidate the underlying mechanism, we tested the role of phosphatidylinositol-
3-kinase-protein kinase B (Akt) and p42/p44 extracellular signal-regulated kinases (ERK1/2), which are known to be
associated with protection against ischemia/reperfusion (I/R). Male Sprague-Dawley rats were maintained for two weeks
under CH (10% O,) or CHR (as CH but with one-hour daily exposure to room air). Then, hearts were either frozen for
biochemical analyses or Langendorff-perfused to determine performance (intraventricular balloon) and tolerance to 30-min
global ischemia and 45-min reperfusion, assessed as recovery of performance after I/R and infarct size (tetrazolium
staining). Additional hearts were perfused in the presence of 15 umol/L LY-294002 (inhibitor of Akt), 10 umol/L UO-126
(inhibitor of ERK1/2) or 10 umol/L PD-98059 (less-specific inhibitor of ERK1/2) given 15 min before ischemia and
throughout the first 20 min of reperfusion. Whereas total Akt and ERK1/2 were unaffected by CH and CHR in vivo, in CHR
hearts the phosphorylation of both proteins was higher than in CH hearts. This was accompanied by better performance
after I/R (heart rate x developed pressure), lower end-diastolic pressure and reduced infarct size. Whereas the treatment
with LY-294002 decreased the phosphorylation of Akt only, the treatment with UO-126 decreased ERK1/2, and that with
PD-98059 decreased both Akt and ERK1/2. In all cases, the cardioprotective effect led by CHR was lost. In conclusion,
in vivo daily reoxygenation during CH enhances Akt and ERK1/2 signaling. This response was accompanied by a complex
phenotype consisting in improved resistance to stress, better myocardial performance and lower infarct size after I/R.
Selective inhibition of Akt and ERK1/2 phosphorylation abolishes the beneficial effects of the reoxygenation. Therefore,
Akt and ERK1/2 have an important role to mediate cardioprotection by reoxygenation during CH in vivo.
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Introduction although differing only for daily one-hour reoxygenation

A pathophysiological feature in several diseases, chronic  episodes, CHand CHR elicit opposed responses in terms of car-

hypoxia (CH) represents a major challenge for myocardial per-
formance and resistance to ischemia and reperfusion (I/R).
When rats are exposed to 15-day CH, their hearts exhibit
impaired tolerance to oxygenation as compared with normoxic
animals (N)." However, if hypoxic animals are exposed to room
air for one hour/day, or CH with animal aeration (CHR), opera-
tions that reoxygenate the heart, both myocardial performance
and tolerance to oxygenation improve markedly." Thus,
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dioprotection. These responses are accompanied by differential
regulation of sarcKxrp and mitoKirp channels,? mitogen-
activated protein kinases (MAPK),®> hypoxia-inducible
factor-1a (HIF),* apoptosis* and nitric oxide (NO),! but not
myocardial morphology.”

The molecular mechanisms leading to CHR-induced car-
dioprotection are unknown, but it is tempting to speculate
that they share some common signaling paths with the
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processes underlying ischemic preconditioning (IP). The IP
paradigm originates from the observation that repetitive
sublethal ischemic insults finally make hearts more resistant
to severe ischemia. IP might explicate its effect through an
early (minutes) and a late (hours to days) window. The
latter window of protection likely involves persisting
protein and/or structural changes. Two cell survival signal-
ing pathways, phosphatidylinositol-3-OH kinase-protein
kinase B (Akt) and p42/p44 extracellular signal-regulated
kinases (ERK1/2) are known to play a crucial role.” In the
perspective of clarifying the relationship of CHR with cardi-
oprotection, in this study we examine the impact of Akt and
ERK1/2 activation as protective factors in a protocol
whereby hearts from CHR animals are exposed to I/R. As
CHR is applied throughout a two-week period, such proto-
col closely resembles that elicited by late IP, or the so-called
second window of protection.

Materials and methods
Animals

The experimental design of this study is shown in Figure 1.
Male Sprague-Dawley rats (n = 82), weighting 245 + 1 g at
entry into the study, were exposed to either CH (breathing a
normobaric gas at 10% O,, 90% N, for 15 days, n =19) or
CHR (as CH, but exposed to room air for 1h/day, n=
47); N (n=16) were the control. Rats had free access to
water and a laboratory diet until 24 h before sacrifice. CH
and CHR rats were anesthetized (10 mg Na-thiopental/
100 g and 1500 IU heparin, intraperitoneally) in a compen-
sation chamber kept at 10% O,. CHR rats were anesthetized
24 h after the 15th daily reoxygenation event. The investi-
gation conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised
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1996) and with Swiss law and local ethical committee guide-
lines for animal research.

After anesthesia, some animals (1 = 6, 6 and 5, for N, CH
and CHR, respectively) were sacrificed immediately, blood
was withdrawn and hearts quickly removed, rinsed in
ice-cold phosphate-buffered saline (PBS) (pH 7.4),
clamped between steel tongs precooled with liquid nitrogen
and stored at —80°C for biochemical analyses. The other
hearts (n =10, 13 and 42, respectively) were used for the
Langendorff perfusion.

Biochemical tests

Blood

Immediately after heart removal, a blood sample was
withdrawn into a heparinized tube and divided into two
aliquots. One was used for hemoglobin concentration,
hematocrit and red blood cell count (Abbott Cell-dyn 3500
R System, Baar, Switzerland). The other was centrifuged
(2500 rpm for 10 min); the plasma was frozen and used to
measure nitrates 4 nitrites by the Griess reaction.” After
conversion of nitrates into nitrites by nitrate reductase,
nitrites were reacted with 0.1% naphthyl ethylene diamine
that yields a colored dye monitored by spectrophotometry
at A =540 nm. The concentration of nitrates + nitrites was
calculated against a calibration curve.

Extracellular signal-regulated kinases 1/2,
phosphatidylinositol-3-kinase-protein kinase B

and p38 mitogen-activated protein kinase

Frozen tissue was homogenized in ice with a Polytron in
1 mL radioimmunoprecipitation assay (RIPA) buffer (1 mL
RIPA buffer 1 x, 0.1% phenylmethanesulphonylfluoride
(PMSF), 0.15% protease inhibitor cocktail solution and
0.1% sodium orthovanadate). Subsequently, samples were
centrifuged at 12,000 rpm for 15min at 4°C. The
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Figure 1

Scheme of the experimental protocol used in this study. Animals were exposed for 15 days to normoxia (control), chronic hypoxia or chronic hypoxia

with daily reoxygenation. Then, hearts were either used for biochemical analyses or for Langendorff perfusion to assess performance and biochemistry after
global ischemia and reperfusion. Some hearts from animals exposed to chronic hypoxia with reoxygenation were perfused in the presence of various inhibitors
of the phosphorylation of phosphatidylinositol-3-kinase-protein kinase B or extracellular signal-regulated kinases 1/2 to assess the role of these proteins in

cardioprotection (A color version of this figure is available in the online journal)



supernatant was transferred to precooled microcentrifuge
tubes, frozen in liquid nitrogen and stored at —80°C. Total
protein concentration was measured by bicinchoninic acid
protein assay kit (Pierce, Rockford, IL, USA). To perform
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Western blot, proteins (80 ug) were heated at 95°C for five
minutes, electrophoresed on a 12% denaturating gel and
electroblotted on to polyvinylidene fluoride membranes.
Membranes were incubated with 5% non-fat dry milk in
Tris-buffered saline-Tween buffer (1h), followed by
primary antibody (1/1000, 4°C, overnight) and horseradish
peroxidase-conjugated secondary antibody (1/4000, room
temperature, 1h). Phosphorylated ERK1/2 (P-ERK1/2),
Akt (P-Akt) and p38MAPK (P-p38) protein levels were
determined with phosphospecific antibodies against
P-ERK1/2 (Thr*®/Tyr*®*), P-Akt (Ser’’®) and P-p38MAPK
(Thr'®®/Tyr'®%) (Cell Signaling Technologies, Allschwil,
Switzerland). Loading of equal amount of proteins was ver-
ified by examining the intensity of the bands obtained with
non-phosphospecific antibodies for ERK1/2, Akt and
P38MAPK. Immunoblots were developed using a chemilu-
minescent system (LumiGlo reagent/peroxide; Cell
Signaling Technologies). Band intensity was quantified by
NIH AutoExtractor-1.51 software. The same extract from a
normoxic heart was loaded on all blots for quantitative com-
parisons between blots.

HIF-1a immunohistochemistry

Biopsies from frozen myocardium were processed by
embedding them in optimum cutting temperature com-
pound (Leica Instruments, Nussloch, Germany) and serial
5-um-thick sections were obtained using a cryomicrotome
(Leica CM1510) and were placed on silanized glass slides.
The sections were dried at room temperature for three
minutes, fixed in 4% buffered formalin for 45 min at 4°C,
rinsed two times for five minutes in PBS, postfixed with
ethanol-acetic acid 2:1 (volivol) at —20°C for five
minutes, rinsed twice for five minutes in PBS, boiled in
10 mmol/L citrate buffer at pH 6.0 for 10 min, washed
once in distilled water and three times in PBS, and finally
used for immunofluorescence. The sections were immersed
in 10% normal goat serum for one hour with gentle agita-
tion, incubated overnight at 4°C with the primary mouse
anti-HIF-1a monoclonal antibody (Chemicon International,
Temecula, CA, USA; diluted 1:400 in 1.5% normal goat
serum), washed in PBS and incubated at room temperature
for 45 min with the secondary goat antimouse IgG fluor-
escein-conjugated antibody (Santa Cruz Biotechnology,
Nunningen, Switzerland; diluted 1:200 in 1.5% normal
goat serum). A negative control was prepared for each
section by substituting the primary antibody with 1.5%
normal goat serum. The slides were examined at x40 mag-
nification in an inverted fluorescence microscope (Axiovert
25 CFL; Carl Zeiss, Gottingen, Germany), equipped with a
filter for the detection of fluorescein (filter set 09, excitation
band pass 450-490 nm, emission low pass 515 nm). The
images were acquired by a Digital Camera System for
Microscopy (DS-2Mv; Nikon Corporation, Tokyo, Japan),
and stored in a personal computer. For the quantification
of the signals, the images were analyzed by IPlab
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Software (Scanalytics Inc, Billerica, MA, USA) and split
into RGB channels. The green channel was used to calculate
the color intensity as the sum of the pixel intensity values.
At least five random fields per each section were selected,
the total color intensity was measured and subtracted of
the signal detected using the negative controls. The color
intensity in the image is expressed as the sum of pixel
intensity x 10°/0.037 mm?.

Langendorff heart perfusion

The freshly removed heart was immersed in a beaker con-
taining de-aerated isotonic saline at 25°C; the beaker was
taken out of the chamber, the aorta immediately cannulated
on the perfusion system and the heart perfused at 37°C with
the hypoxic medium. The time interval between heart exci-
sion and mounting on the perfusion system was <90 s. The
fixed-flow (15 mL/min) Langendorff perfusion apparatus is
described elsewhere." The gas (Carbagas, Lausanne,
Switzerland) flowing through the membrane micro-
oxygenator (Dideco, Mirandola, Italy) contained O,, CO,
and N, in the proportion 10/6/84 or 94/6/0 for the
hypoxic perfusion, or reoxygenation and reperfusion,
respectively. The temperature of the medium (Krebs-
Henseleit buffer with 2.0 mmol/L free Ca*" and 11 mmol/L
glucose, pH 7.40 + 0.01) and heart chamber was 37°C.
A latex balloon in the left ventricle was connected to a
pressure transducer (MPC-500; Millar Instruments Inc,
Houston, TX, USA) to monitor performance. An additional
transducer above the aortic cannula monitored the coronary
perfusion pressure (CPP).

Experimental protocol

Hearts were stabilized for 30 min at PO, = 67 mmHg, corre-
sponding to 10% O,. During this period, the balloon volume
was set to diastolic pressure (DP) = 10 mmHg and kept con-
stant afterwards. At the end of the hypoxic stabilization,
hearts were subjected to 30 min reoxygenation (CHR)
or oxygenation (CH) at PO, =670 mmHg, followed
by 30 min global ischemia (switching off the pump) and
45 min reperfusion under the same conditions of reoxygena-
tion. Myocardial performance was monitored continuously,
but for clarity we report data every five minutes. We
measured DP, heart rate (HR), peak systolic pressure
(PSP), left ventricle developed pressure (LVDP, or PSP-DP)
and the developed pressure x heart rate product
(LVDPxHR).

To test the involvement of Akt and ERK1/2, part of CHR
hearts were perfused with 15 wmol/L LY-294002 (n = 10),
10 wmol/L UO-126 (n=10) or 10 wmol/L PD-98059 (n =
9). LY-294002 and PD-98059 are considered selective inhibi-
tors of the phosphorylation of Akt and ERK1/2, respect-
ively,® with UO-126 showing greater specificity for ERK1/2
than PD-98059 because it acts directly on MAP kinase
kinase and ERK1/2° The infusion of the substances
started 15 min before global ischemia and ended 20 min
after the beginning of reperfusion. LY-294002, PD-98059
(Alexis Corporation, Lausen, Switzerland) and UO-126
(LC Laboratories, Boston, MA, USA) were initially dissolved
in a small volume of dimethyl sulfoxide (DMSO) and
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diluted in the medium immediately before administration
(final DMSO concentration in the perfusion medium
<0.01% (v/v)).

At the end of the perfusion, hearts were either used to
determine the level of ERK1/2, P-ERK1/2, Akt, P-Akt,
p38MAPK and P-p38MAPK as described above (n = 27),
or the infarct size (n = 38). For the latter measurement, the
ventricles were cut into one-mm transverse sections from
apex to base (5-6 slices/heart). Once thawed, the slices
were incubated at 37°C with 1% triphenyltetrazolium chlor-
ide in phosphate buffer (pH 7.4) for 20 min and fixed in 10%
formalin for four days to enhance the contrast between
stained (viable) and unstained (damaged) areas. The
infarct size was determined from imaging the slices (NIH
Image AutoExtractor 1.51) and expressed as percentage of
ventricular size.

Statistics

Data are expressed as mean + standard error of mean.
Significance level was P = 0.05 (two tailed). To detect differ-
ences among the groups, we performed one-way analysis
of variance. If this test resulted significant, the differences
between selected pairs of data were tested using the
Bonferroni procedure. When comparing two groups, this
test reduces to the Student’s t-test for unpaired data.

Results

In agreement with previous studies,” whereas CH rats had
a negative weight balance, CHR rats gained weight during
the 15-day observation period, although less than N rats
(Table 1). The heart/body weight ratio was higher for CH
and CHR rats than for N rats, which indicates greater
degree of myocardial hypertrophy independently of the
mode of hypoxia. Both hypoxia conditions led to the same
degree of polycythemia. Plasma nitrates + nitrites, a
marker of NO production, was higher in CHR than CH rats.

Daily reoxygenation ameliorates post-I/R
performance and tolerance to injury

In isolated hearts perfused by the Langendorff method at
constant volume of the intraventricular balloon and con-
stant flow, the increase in DP and CPP, with depression in
LVDPxHR marks the onset of diastolic stiffness, vasocon-
striction and the deterioration of myocardial performance,

respectively. After I/R, when performance was stable, DP
was less and LVDPxHR was higher in CHR than CH
hearts, whereas CPP was essentially maintained in the
three groups (Figure 2). The right panels in Figure 2 show
the variation of the considered parameters at the end
of the reperfusion with respect to the values monitored at
the end of either the baseline or the reoxygenation. Thus,
daily reoxygenation enabled hearts to perform at a better
level after I/R. However, whereas the protection afforded
to DP was effective for the full duration of the protocol,
the protection of LVDPxHR was almost completely
exhausted at the end of the reoxygenation. No protection
was observed for CPP/heart weight.

At the end of the reperfusion, hearts were harvested and
the size of the infarct measured to obtain an index of myo-
cardial injury. The size of the infarct was less in CHR than
CH hearts (25 4+ 2% versus 40 + 3%, P = 0.003). Therefore,
daily reoxygenation not only enabled better myocardial per-
formance, but also reduced markedly the injury led by I/R.

Daily reoxygenation increases the in vivo
phosphorylation rates of Akt and ERK1/2 and
blunts the hypoxia-induced increase in HIF-1«

Next, we determined whether CH and CHR influence dif-
ferentially the expression level and the phosphorylation
rate of Akt and ERK1/2 in the in vivo heart. To this
purpose, CH rats were sacrificed in the compensation
chamber under 10% O,. Thus, CH data refer to hypoxic
tissue that was never subjected to the reoxygenation. CHR
rats were sacrificed in the same way 24 h after the 15th
daily reoxygenation event. Thus, CHR data also refer to
hypoxic tissue and can thus be compared with CH, but
were obtained in rats that have been repeatedly reoxyge-
nated. N rats were sacrificed in normoxia.

Total expression of Akt and ERK1/2 remained unaffected
by either CH or CHR (Figure 3). By contrast, both P-Akt and
P-ERK1/2 were higher in CHR than CH hearts. Therefore,
the P-Akt/Akt ratio changed from 0.9 £ 0.1 in N hearts
to 0.6 £ 0.1 and to 1.3+ 0.1 (P=0.02) in CH and CHR
hearts, respectively. The P-ERK1/2/ERK1/2 was 0.6 + 0.1
in N hearts, and 0.6 + 0.1 and 0.9 + 0.1 (P = 0.0005) in CH
and CHR hearts, respectively. Thus, daily reoxygenation
increased the in vivo phosphorylation rate of both Akt and
ERK1/2. By contrast, the phosphorylation of p38MAPK
was influenced by CH but not by CHR. As expected,* CH
induces HIF-la overexpression in the myocardium, and

Table 1 Weight and blood values in normoxia, chronic hypoxia and chronic hypoxic with daily reoxygenation

Normoxia Chronic hypoxia Chronic hypoxia with daily reoxygenation
Body weight gain (g) 89 +4 -2+ 6* 39 + 6**
Heart weight (g) 1.18 + 0.02 1.30 + 0.04* 1.54 + 0.05***
Heart/body weight (mg/g) 3.6 +£ 0.1 55 +0.2" 53 +0.1"
Hematocrit (%) 48 +2 70 + 3* 68 + 2*
Hemoglobin (g/L) 145 +3 200 + 4* 204 + 4*
Red blood cell count (RBC/ulL/1000) 7.7+03 9.8 + 0.2 9.3 +£0.3"
Nitrates + nitrites (umol/L) 42+0.3 8.7 + 0.9* 13.3 + 1.6%**

Data are mean + standard error of mean
*P < 0.05 versus normoxia
**P < 0.05 versus chronic hypoxia (Fischer’s post-test)
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Figure 2 Daily reoxygenation improves myocardial tolerance to ischemia/reperfusion. The left panels show the time courses for diastolic pressure (upper panel),
coronary perfusion pressure as its ratio with heart weight (middle panel) and the product (left ventricle developed pressure) x (heart rate) (lower panel) during the
ischemia/reperfusion protocol. Data are expressed as mean + standard error of mean; n = 7/group. For the sake of clarity, the statistical analysis refers only to
the values measured at the end of the various phases. P < 0.05 versus chronic hypoxia with reoxygenation, Student’s t-test. The right panels show the changes
of the respective parameters calculated either as end reperfusion minus baseline (filled bars) or endreperfusion minus reoxygenation (gray bars). The inset
represents the one-way analysis of variance test. #P < 0.05 versus chronic hypoxia with reoxygenation, Bonferroni post-test

Figure 3 shows representative immunohistochemistry
images taken from hearts in the three groups under study.
However, in CHR hearts HIF-1a overexpression was mark-
edly blunted by returning near normoxic values.

LY-29002, PD-98059 and UO-126 inhibit differentially
the phosphorylation rate of Akt and ERK1/2

To examine the specific roles of P-Akt and P-ERK1/2 on car-
dioprotection, we tested whether inhibiting the phosphoryl-
ation of these proteins during I/R in isolated hearts blunts
the protective effect of CHR. We first examined the selec-
tivity of LY-29002, UO-126 and PD-98059 when given to
perfused hearts starting 15 min before global ischemia and
ending 20 min after the beginning of reperfusion. To this
purpose, we determined the phosphorylation rate of Akt

and ERK1/2 in biopsies taken from perfused hearts at the
end of the reperfusion (Figure 4). Whereas the adminis-
tration of 10 wmol/L PD-98059 decreased the phosphoryl-
ation of both Akt and ERK1/2 compared with untreated
CHR, the administration of 15 umol/L LY-294002 decreased
the phosphorylation of Akt without effects on ERK1/2. By
contrast, administration of UO-126 decreased the phos-
phorylation of ERK1/2 without effects on Akt. All the
tested inhibitors did not have any effect on the phosphoryl-
ation of p38MAPK.

LY-29002, PD-98059 and UO-126 antagonize the
protective effect of daily reoxygenation

CHR hearts were exposed to I/R in the presence of these
inhibitors at the reported times and concentrations, while
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Figure 3 Daily reoxygenation increases the phosphorylated forms of phosphatidylinositol-3-kinase-protein kinase B (Akt) and extracellular signal-regulated
kinases (ERK1/2) in vivo, and blunts hypoxia-inducible factor-1a (HIF-1a) and the phosphorylation of p38 mitogen-activated protein kinase (MAPK). (a)
Representative Western blots for the phosphorylated and total isoforms of Akt, ERK1/2 and p38MAPK from rats exposed to normoxia, chronic hypoxia or
chronic hypoxia with daily reoxygenation for 15 days. The intensity of the blots from five hearts for each group was measured by densitometry, averaged and
the phosphorylated/total protein ratio expressed as fold increase over normoxia, reported in panel c. (b) Representative HIF-1« immunofluorescence staining
images taken from left ventricle biopsies in hearts from the three groups. The white bar represents 20 um. (c) The quantification of the immunofluorescence stain-
ing, expressed as intensity of green pixels measured in all animals (mean + standard error) (same statistics as above). Data in panel c are expressed as mean +
standard error of mean; n = 5/group. The inset reports the analysis of variance P < 0.05 for all. #P < 0.05 versus chronic hypoxia, Bonferroni post-test

monitoring performance and tolerance to I/R. Figure 5
shows that LY-29002, PD-98059 and UO-126 increased DI
from 31.7 + 3.1 mmHg in untreated CHR to 67.5 + 9.4,
509 + 2.3 and 48.9 + 6.4 mmHg, respectively. Thus, all
inhibitors markedly reversed the protective effect of CHR
on the development of diastolic stiffness. However, the
increase in DP was less in the presence of both PD-98059
and UO-126. The inhibitors also reduced LVDPxHR from
12.8 + 1.6 mmHgx10®/min in untreated CHR to 8.0 + 0.8,
7.9+ 0.7 and 8.3 + 0.4 mmHgx10*/min versus CHR + LY-
29002, CHR + PD-98059 and CHR + UO-126, respectively.
Thus all inhibitors reversed the protection of myocardial
performance afforded by CHR by the same extent. CPP
markedly elevated, a sign of greater vascular damage, in
the hearts treated with LY-29002. In hearts treated with
PD-98059, there was no significant exacerbation of the per-
fusion pressure. Hearts treated with UO-126 displayed an

intermediate pattern between the two. Finally, the infarct
size increased from 25 + 2% in untreated CHR to 41 + 4%,
40 + 4% and 39 + 5%, respectively, indicative of loss of
the protection given by CHR.

Discussion

In vivo daily reoxygenation during CH enhances myocardial
Akt and ERK1/2 signaling. This biochemical response was
accompanied by a complex phenotype consisting in
improved resistance to stress, better myocardial perform-
ance and lower infarct size after I/R. In fact, essentially all
the parameters observed to evaluate cardioprotection were
impaired in CH, but returned to near normoxic levels in
CHR hearts. Selective inhibition of the phosphorylation of
Akt and ERK1/2, however, abolished the beneficial effects
of daily reoxygenation. Therefore, Akt and ERK1/2 have
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Figure 4 Inhibition with LY-294002, PD-98059 or UO-126 selectively
decreases the phosphorylation rate of phosphatidylinositol-3-kinase-protein
kinase B (Akt) and extracellular signal-regulated kinases (ERK1/2) at the
end of the reperfusion. Western blots for total and phosphorylated Akt and
ERK1/2 were performed in the left ventricle at the end of the ischemia/
reperfusion protocol (representative blots shown in the upper panel);
the intensity of the blots was measured by densitometry, averaged and
reported in the bottom panel as phosphorylated/total protein ratio. Data are
expressed as mean + standard error of mean; n=4-5/group. The inset
reports the analysis of variance P. P < 0.05 versus chronic hypoxia; SP <
0.05 versus chronic hypoxia with daily reoxygenation; and $P < 0.05 versus
chronic hypoxia with daily reoxygenation treated with LY-294002, Bonferroni
post-test
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an important role in determining the cardioprotection eli-
cited by daily reoxygenation during CH in vivo.

We previously demonstrated the cardioprotective effect of
daily one-hour aeration of the animals during CH, which is
independent of blood gases, hemoglobin concentration."
Furthermore, we showed that ventricular hypertrophy,
although higher in CH with respect to normoxia, was unaf-
fected by the reoxygenation.” Thus, the main factor that may
account for the differential effects of CH and CHR appears
to be related to the ox-redox balance, because the plasma
level of a-tocopherol supports increased oxidative stress
with animal aeration." The association of CHR with
greater oxidative stress than CH is confirmed, in part, by
the observation that intermittent hypoxic training augments
blood lipid hydroperoxides and malondialdehyde, and that
this increase is attenuated in humans exercising regularly
under hypoxic conditions.” In rat plasma, a-tocopherol
concentration is less in CHR than CH, as a consequence of
the greater oxidative stress induced by daily reoxygenation.
The level of a-tocopheryl phosphate is probably linked to
cardioprotection via Akt activation.'’ Here, we show that
the phosphorylation of Akt and ERK1/2 is functional to
activate this link.

The characteristics of the Langendorff-perfused heart
model were discussed elsewhere.'” Although limited by
low mitochondrial oxygen tension as compared with in
vivo hearts,® as well as by premature phosphorylation of
ERK1/2 (but not Akt) during heart handling operations,'*
the ex vivo Langendorff model allows identification of the
specific roles of signaling paths in myocardial tissue
without potentially confounding factors correlated with
the circulation. In the selected configuration, total coronary
flow has been maintained constant throughout. As CHR
hearts (and to a minor extent CH hearts) were hypertrophic
with respect to N, this necessarily implies lower specific cor-
onary flow in CHR, which may affect I/R tolerance per se.
However, despite the possible occurrence of this confound-
ing variable, the coronary pressure/heart weight did not
display significant differences in the various groups.
However, we cannot rule out the possibility that hyper-
trophic CHR hearts have been perfused throughout at a
lower O, supply/g tissue ratio than N and CH. This might
have affected the final ischemia tolerance. However, as
there is no effect of I/R on perfusion pressure/heart weight,
it is likely that the effect of varying specific coronary flows
would not be too critical with respect to ischemia tolerance.

The employed protocol (hypoxic baseline, reoxygenation,
global I/R) was selected for the following reasons. First, for
consistency with the previous studies by our group that
reported greater tolerance in CHR hearts, but without clar-
ifying the underlying mechanisms.>'? Second, this protocol
enables separating the effects due to (re)oxygenation from
those due to I/R. Indeed, the protection afforded by the
(re)oxygenation to the diastolic function appeared effective
for the whole duration of the Langendorff perfusion. By
contrast, the protection afforded to myocardial performance
(or LVDPxHR) was effective only until the end of the reox-
ygenation phase. It remains to be established if this was a
consequence of the reoxygenation injury or of excessively
elapsed time. In any case, this implies that the molecular



Experimental Biology and Medicine Volume 235 March 2010

End-reperfusion

ANOVA P<0.0002

-
b=
o

o

-~
W

3§

(mmHg)
3

Diastolic pressure
X
L]

il

o

ANOVA P<0.02

N
o

-
o
T
1

(3.

Developed pressure x rate
(mmHg/min) x 102
-
(=]

o

Normoxia
Chronic hypoxia

+ Reoxygenation
+ Reoxygenation + LY-294002 }-{vn

+ Reoxygenation + PD-98059 H B
+ Reoxygenation + UO-126

ANOVA P<0.005
50

40
30

- n
20
10
0

100-ANOVA P<0.03 =1

Infarct area
% of risk area

|_|
|_|
R

75

50

25

Normoxia
Chronic hypoxia
+ Reoxygenation

Perfusion pressure/heart weight
(mmHg/qg)
o

— H

»

+ Reoxygenation + PD-98059 |-{w

+ Reoxygenation + U0-126_—|
|

+ Reoxygenation + LY-294002
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treated with LY-294002, Bonferroni post-test

mechanisms underlying protection may have different phe-
notypes depending on which myocardial function is being
examined. Such analysis would not have been possible for
CH hearts, which were continuously hypoxic for 15 days,
if the hypoxic baseline step were avoided. In these hearts,
exposure to hyperoxic perfusion just after removal from
the animals would have caused abrupt oxygenation with
severe premature injury that would zero such differences.
Third, despite the fact that it is likely that 20-min hypoxic
perfusion might stimulate protective pathways, the persist-
ence of the protective effects throughout Langendorff
perfusion with respect to DP suggests that hypoxic
preconditioning-like signaling might not be a critical factor
during the in vitro protocol.

Hypoxia in vivo is known to up-regulate HIF-1a, which
transactivates an array of genes involved in many cell path-
ways, including anaerobic metabolism, angiogenesis and
apoptosis.'”” Remarkably, we found that HIF-la protein
overexpression was quenched in CHR hearts, in agreement
with previous in vivo data from our group showing fast nor-
malization of HIF-1« signal upon reoxygenation,'® as well

as recent work in vitro."” This suggests that HIF-1a signaling
is unnecessary for Akt and ERK1/2 phosphorylation in vivo.
As neither Akt nor ERK1/2 are under the control of HIF-1«,
the lack of effect of CH and CHR on the expression level of
Akt and ERK1/2 total protein is not surprising. The phos-
phorylation of both Akt and ERK1/2 was increased in
CHR, much similar to as reported in human vascular endo-
thelial cells exposed to cyclic hypoxia.'” By contrast, the
phosphorylation of Akt was decreased in CH while
ERK1/2 did not change. Thus, it is likely that the oxidative
stress associated with CHR increased the phosphorylation
state of those proteins. Existing literature is controversial.
On one hand, rats exposed to long-term intermittent
hypoxia (12% O,, 8 h/day for 4 and 8 weeks) exhibited
decreased Akt phosphorylation and increased apoptosis,
with  possible involvement of both mitochondrial-
dependent and Fas death receptor-dependent apoptotic
paths.’® Also, in cultured cardiomyocytes subjected to
hypoxia and reoxygenation, induction of gene 33 mRNA
and gene 33 protein reduces Akt and ERK1/2 signaling."
By contrast, hypoxia/reoxygenation in renal epithelial cells



activates both ERK1/2 and Akt survival signaling paths
through reactive oxygen species (ROS) signaling and the
Ras/Raf cascade.”’ Essentially similar features were found
in human vascular endothelial cells exposed to cyclic
hypoxia.'” Another intriguing report suggests that hypoxia
might activate ERK1/2 through stimulation of erythropoie-
tin receptors and two synergic signaling paths, one of
which bypasses Akt, whereas the other involves down-
stream dependency of ERK1/2 on Akt.?! At present, it is dif-
ficult to understand the reason(s) for this discrepancy, but it
has been demonstrated that, in endothelial cells subjected to
oxidative stress, the Akt and ERK1/2 pathways serve as sig-
naling mediators to alleviate H,O, cytotoxic effects and
function in parallel to mediate prosurvival signaling path-
ways.”* Increased phosphorylation of Akt and ERK1/2 in
CHR animals is associated with improved tolerance to
I/R, in agreement with observations on the role of Akt in
mitochondrial survival pathways triggered by hypoxic pre-
conditioning.”® ROS may act as trigger for Akt and ERK
phosphorylation.’”?**%  Reactivation of Akt has also
been recognized as a critical determinant of survival in
posthypoxic cardiomyocytes in culture.” Finally, ERK1/2
and Akt are required for -erythropoietin-induced
neuroprotection.”’”

The protective effect of CHR was blunted by blockade of
either Akt with LY-294002 or ERK1/2 with PD98059. This
supports a direct role for Akt and ERK1/2 in mediating
cardioprotection. The observed beneficial effects of Akt
activation on cardioprotection agree with a study on the
involvement of this pathway in the cardioprotective effect
of chronic intermittent hypobaric hypoxia (8 h/day, 25-30
exposures).”® That study showed that Akt inhibition com-
pletely abolished anti-infarct effect of IP and exacerbated
injury in rats adapted to intermittent hypobaric hypoxia,
suggesting that activation of this cascade might represent
a potential common route in eliciting preconditioning, for
example, by activating the endothelial isoform of NO
synthase” and the NO/cGMP pathway, as it was found in
the brain.’® In this study, the administration of PD-98059,
a putative antagonist of ERK1/2, blocked CHR-induced
phosphorylation of both ERK1/2 and Akt, whereas
LY-294002, an antagonist of Akt, blocked phosphorylation
of Akt only. This apparently contradictory trend can be
explained on the basis of the downstream dependency of
Akt on ERK1/2 that was observed in a model of IP in
mice knocked out for mitogen-activated protein kinase acti-
vated protein kinase 231 Furthermore, it was shown that
LY-294002 might inhibit KAtp channels, thereby providing
an extra way to protect hearts.’” The same authors neverthe-
less warn that the use of LY294002 is limited by its non-
specific effects, and this limitation is therefore valid in the
present study too. However, it is not clarified how exactly
Kirp channels blockade exert their protective effect,
because it was also shown that these channels are activated
upstream of ERK1/2 in a model of preconditioning acti-
vated by hydrogen sulfide.>® Thus, translating ERK1/2
and/or Akt phosphorylation into a cardioprotective effect
needs a word of caution, but our data clearly show that
the ventricular function and the injury after I/R is chal-
lenged by both inhibitors by the same extent, whereas
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LY-294002 appears more challenging than PD-98059 as far
as the diastolic (DP) and vascular (CPP) components of
the reperfusion injury are considered, suggesting that the
protective mechanisms elicited by inhibiting Akt and
ERK1/2 are different.

P38MAPK activity down-regulation after CHR with
respect to CH in vivo (Figure 3) is consistent with previous
observations under similar conditions.” Because such down-
regulation persisted in hearts that were removed from
the animal, Langendorff-perfused and exposed to I/R
(Figure 4), it is tempting to speculate that this down-
regulation causes protection in CHR hearts, because
p38MAPK during ischemia has been shown to reduce
infarct by mediating IP.>* However, the employed inhibitors
did not affect p38MAPK activity, yet they blunted the
protection afforded by CHR, ruling out p38MAPK
down-regulation in the cardioprotection afforded by CHR.

Timing of kinases inhibition is critical to assess their roles
as trigger or mediator of protection. Previous studies, sum-
marized in reference,** distinguished these two roles of the
various kinases by modifying the time of application of the
respective inhibitors: during the trigger phase (in our case,
in in vivo animals) or during the mediator phase (in our
case, in the perfused hearts before I/R). As in the present
study, the infusion of the inhibitors started 15 min before
ischemia and ended 20 min after the beginning of reperfu-
sion; this resembles the paradigm whereby ERK1/2 and
Akt act as mediators rather than triggers of protection,
which fits with the current ideas on the signal cascade of IP.

Conclusions

While CH depresses myocardial tolerance to I/R, daily reoxy-
genation alleviates the derangement induced by hypoxia.
Such mechanism resembles that elicited during the so-called
‘second window of protection” as it recruits a variety of cell
mechanisms synergistic in mediating, and not triggering,
the protection. The pathways elicited by Akt and, presum-
ably to a lesser extent, by ERK1/2 appear to be critically
involved in the preconditioning effect induced by daily
reoxygenation during CH. Possibly, some events associated
with the reoxygenation, for example the oxidative stress or
ROS, increase the phosphorylation of Akt and ERK1/2,
thereby creating the basis for the cardioprotection induced
by daily reoxygenation during CH.
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