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Beneficial Effects of Myocardial Postconditioning are
Associated With Reduced Oxidative Stress in a
Senescent Mouse Model

Benjamin Lauzier,"* Stéphanie Delemasure,’ Régine Debin,” Bertrand Collin,’ Pierre Sicard,’
Niyazi Acar,” Lionel Bretillon,” Corinne Joffre,” Alain Bron,”’ Catherine Creuzot-Garcher,”’
Catherine Vergely,! and Luc Rochette'

Background. There is at present a tragic lack of organs available for transplantation. This has led to the harvesting of
hearts from older donors. Unfortunately, hearts from such donors are much more sensitive to ischemic insult. Models such
as “Senescence Accelerated Mouse” Prone 8 (SAM-P8) can help understand this sensitivity. New cardioprotective
techniques such as postconditioning (PostC) could be of interest in this context. We studied (1) senescence in vessels
and hearts and (2) the ability of the senescent heart to adapt to an ischemia-reperfusion (I/R) sequence in the context
of PostC.

Methods. Isolated working mouse hearts (8 months) were subjected to total ischemia, followed by 36 min of reperfu-
sion; PostC was performed in the first minutes of reperfusion as three 10-sec sequences of I/R. Superoxide anion (O, )
production was evaluated on heart and aorta cryosections with the dihydroethidium staining method. The collagen
content in aortas was quantified.

Results. The aortas of SAM-P8 mice showed a higher production of O, and a higher collagen content than did those
of SAM-R1 mice (P<<0.05). During reperfusion, SAM-P8 hearts showed the worst recovery of cardiac output. PostC
significantly reduced reperfusion dysfunction (P<<0.05) and was associated with a reduction in heart O, staining.
Conclusions. These results indicate that SAM-P8 presents a high degree of cardiovascular oxidative stress and a higher
susceptibility to I/R injury, which confirms the senescence of the cardiovascular system in these animals. However, they
remain sensitive to cardioprotection afforded by in vitro PostC.
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(Transplantation 2008;85: 1802-1808)

t is well documented that age is one of the most important

prognostic indicators for cardiovascular disease and that
senescent hearts present greater susceptibility to ischemic in-
sult (I). Currently, there is a tragic lack of heart donors, which
has led to the harvesting of hearts from older donors. However,
hearts from such donors are much more sensitive to ischemic
insult. Age is associated with a reduction in vascular elasticity (2),
areduction in the ability of the heart to adapt to stress (3), and
with an increase in sensitivity to oxidative stress (4). With the
aging of the population, it is of great importance to identify
and to understand the mechanisms that lead to such intoler-
ance to treat and protect the hearts of aged patients.

In recent years, animal models have been used more and
more to delineate the pathophysiology of various diseases thanks
to the development of genetically modified mice. Because mice
are easy to breed and to handle, the use of the mouse model is
increasing. The Senescence Accelerated Mouse Prone 8 (SAM-
P8) strain is an experimental murine model of spontaneous ac-
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celerated aging (5). It has alifespan of 10 months, compared with
20 months for its control the SAM-RI strain (6). SAM-PS8 is
known to have an age-related deterioration in learning ability,
neuronal dysfunction, insulin impaired sensitivity (7), and mi-
tochondrial dysfunction (8). This strain shows a high level of
oxidative stress in the brain (9) associated with lower neuropro-
tection. One theory hypothesizes that accelerated senescence in
the brain could stem from oxidative stress because of excess pro-
duction of reactive oxygen and nitrogen species. However, little
is known about the cardiovascular status of this senescence-
accelerated mouse.

The postconditioning (PostC) protocol has been de-
scribed in standard conditions as a way to reduce infarct size
(10) and reperfusion arrhythmias (11), and to improve myocar-
dial performance (12). Experimental studies on the restoration
of myocardial function during the reperfusion of ischemic
hearts have suggested that the beneficial effects of precondi-
tioning (PreC) may be reduced by aging (13). Human data
also report that PreC has a limited cardioprotective effect in
the elderly (14). However, these conclusions are not univer-
sally accepted and it has been reported that PostC phenomena
do not seem to decrease with aging (15). The effect of aging on
the PostC response may thus be related to factors such as
genetic strain and diseased myocardium. Recently, Iliodro-
mitis et al. (16) showed that PostC was ineffective in limiting
the infarct size in rabbits fed with a high cholesterol diet. It is
now important to explore the physiopathological conditions
(17, 18) to determine whether PostC is a good way to protect
the heart in the field of cardiac transplantation in the elderly,
in particular, from the deleterious consequences of reactive
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oxygen species produced during reperfusion. The present
study has been designed to evaluate (1) the overall cardiovas-
cular aging status of these senescence-accelerated mice, (2)
the ability of the heart to adapt to an ischemia-reperfusion
(I/R) sequence, and (3) the putative beneficial effects of PostC
in this context. And here, we report that the benefits of PostC
do not seem to be lost with aging in this strain of mice.

MATERIALS AND METHODS

Animals

The local ethics committee approved the experimental
protocol and the investigators complied with authorization
5605 from the French government, which agrees with the
Guide of the Care and use of Laboratory Animals published
by US National Institutes for Health. The investigation
conforms with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996). Progenitors of
the SAM-P8 and SAM-RI strains, initially provided by the
SAM Council (Kyoto University, Japan), were mated and bred at
INRA Research Center (Dijon, France). Eight-month-old
mice were anesthetized with sodium thiopental (60 mg/kg),
and heparin (500 Ul/kg) was injected intraperitoneally. The
hearts were isolated and perfused, and abdominal aorta were
excised and immediately frozen in optimum cutting temper-
ature Tissue-Tek (Labonord, France) embedding medium
and stored at —80°C.

Functional Parameters

Working Heart Model

The excised hearts were placed in a cold (4°C) perfusion
buffer bath until contractions ceased. They were cannulated
using an 18 G cannula and retrograde perfusion (Langendorft
mode) was immediately initiated with warmed perfusion
buffer at a constant hydrostatic pressure of 55 mm Hg. The
hearts resumed beating almost immediately on rewarming.
The total time from excision of the hearts to initiation of
Langendorff perfusion did not exceed 3 min. While in the
Langendorff mode, a pulmonary vein was carefully dissected
free and a cannula (PE-50) was passed through it into the left
ventricle and pulled through the ventricular wall. It was then
connected to a pressure transducer by a fluid-filled line. The
left atrium was then cannulated with an 18 G cannula through
the same pulmonary vein, and then the pulmonary veins were
collectively ligated around the cannula.

Perfusion Medium

The perfusion buffer consisted of a modified Krebs-
Henseleit bicarbonate buffer (millimolar concentrations:
NaCl 118, NaHCO; 25, KH,PO, 1.2, MgSO, 1.2, KCI 4.5,
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glucose 11, CaCl, 2). The perfusion fluid was filtered through
a0.45 uM Millipore to remove any particulate contaminants
and gassed with 95% oxygen and 5% carbon dioxide (pH
7.3-7.4 at 37°C). Software developed in the laboratory was
used to assess left ventricular end-diastolic pressure and left
ventricular end-systolic pressure. The left ventricular devel-
oped pressure (left ventricular end-systolic pressure—left
ventricular end-diastolic pressure) and heart rate (HR) were
then calculated by the software. Coronary flow (CF) and aortic
flow (AF) were measured by the timed collection of the effluent;
cardiac output (CO) was calculated as (CO=AF+CF).

Perfusion Protocols

As shown in Figure 1, after a stabilization period of 10
min, the isolated hearts from SAM-P8 (n=17) and SAM-R1
(n=15) mice were perfused for 5 min in the Langendorff
mode before 10 min of the working heart mode at 38°C; car-
diac parameters were recorded and used as preischemic val-
ues. After 20 min of total warm ischemia (38°C) the SAM-P8
hearts and the SAM-R1 hearts were each randomized into
two groups, one control and one PostC. PostC was applied to
SAM-P8 (n=8) and SAM-R1 (n=7) mice at the onset of the
aforementioned reperfusion sequence, it consisted of three
cycles of 10 sec of ischemia and 10 sec of reperfusion. At the
end of the protocol, the hearts were freeze clamped and stored
at —80°C for further analysis.

Biochemical Parameters

In Situ Detection of Superoxide in Hearts After the
Ischemia-Reperfusion Sequence and in Aortas

Dihydroethidium (DHE), an oxidative fluorescent probe,
was used to localize O, according to the method modified
in our laboratory (19).

In Situ Detection of Collagen and Lipid Infiltration in Aortas

As described previously (20), collagen content was as-
sessed on cryosections using two different methods. In the
first method, all sections were stained with hematoxylin, eo-
sin, and Masson trichrome, the presence of collagen was
scored at X400 magnification (0, absence; 1, mild; 2, moder-
ate; and 3, marked). Three entire sectional areas were evalu-
ated per artery, by two blinded investigators. For the second
method, Picrosirius stained sections were observed under po-
larized light and captured with the same threshold for all
specimens. Automatic computer-based analysis was per-
formed with the same threshold for all specimens (Nikon
Eclipse 600, Japan). The results are expressed as the percent-
age of collagen content per unit area.

Oil Red O (Sigma, France) staining was performed on
cryosections that were incubated in 60% isopropanol (Pro-

Pre-ischemic perdiod Reperfusion
Ischemia
20 min at 38°C
L: 5 min| W: 10 min 7 ' 6 min W' 30 min
PostC

FIGURE 1.

Perfusion protocols: after 15 min of baseline perfusion, the hearts were subjected to 20 min of warm ischemia

(38°C) followed by 36 min of reperfusion. L and L’ are the Langendorff perfusion periods, W and W' are the working heart
perfusion periods, PostC: postconditioning applied as 3 sequences of 10 sec reperfusion and 10 sec ischemia.
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labo, France) for 2 min and then in Oil Red O solution for 20
min and rinsed in H,O. The presence of intracellular lipid
droplets was scored at X400 magnification (yes/no score).
Three entire sections were evaluated per artery, by two
blinded investigators.

Statistical Analysis

All data are expressed as means*SEM. Statistical anal-
yses were performed with the two-factor analysis of variance
test (SigmaStat). Analysis of variance was followed by inter-
group pair wise comparisons with Tukey HSD multiple
comparisons. For histology, statistical analyses were per-
formed with a nonparametric Mann-Whitney rank sum test
(SigmaStat). Significance was established at a value of P less
than 0.05.

RESULTS
Vascular ageing status of SAM-P8

In Situ Detection of Superoxide in Aortas

Dihydroethidium reacts with superoxide radicals to
form ethidium bromide that intercalates with DNA to pro-
vide nuclear fluorescence. As illustrated in Figure 2(B and C),
DHE staining in the vascular cells of SAM-P8 aortas was far
more intense than that in the SAM-R1 group (20 times higher
in SAM-P8 vs. SAM-R1; P<<0.001, Fig. 2A).

Collagen Content and Lipid Infiltration in Aortas
The collagen content was evaluated on abdominal aorta

cryosections by two methods; Figure 3(A), Masson trichrome

staining, and Figure 3(B), picrosirius coloration. The results

Transplantation * Volume 85, Number 12, June 27, 2008

of both methods were comparable and showed a higher col-
lagen content in SAM-P8 aortas than in SAM-R1; 1.13%+0.05
versus 1.41%0.07 AU; P less than 0.05 with de Masson
trichrome staining; and 3.44+0.58 versus 7.83*1.59 AU; P
less than 0.05 for the picrosirius coloration.

Oil red O staining made it possible to evaluate lipid
infiltration into the media of abdominal aortas, the yes/no
score attributed to the aorta slices showed greater lipid infil-
tration into SAM-P8 aortas (3 times higher in SAM-P8 vs.
SAM-R1; P<0.05) (Fig. 4).

Evolution of Functional Parameters in SAM-P8
and SAM-R1 Mice During Preischemia and
Reperfusion Periods

Preischemic Period

During the initial period, the HRs of the senescent
hearts (SAM-P8) were significantly lower than those of the
SAM-R1 group (375%13 vs. 333+12 bpm; P<<0.05). How-
ever, the other parameters were similar (Table 1).

Reperfusion Period and Postconditioning Effects

To compare SAM-P8 and SAM-R1 groups, the results
during the postischemic period are expressed as percentages
of the preischemic values.

Left Ventricular Developed Pressure

Figure 5(A) shows results for the left ventricular de-
veloped pressure at the end of reperfusion. All hearts of the
different groups recovered more than 60% of their preisch-
emic value. SAM-P8 tended to develop lower values:
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FIGURE 2. OQuantification of superoxide-
dependent DHE fluorescence in frozen slices
of aorta. Values are means*SEM *Pless than
0.05; ***Pless than 0.001. Fluorescence pho-
tomicrographs (magnification X400) with
dihydroethidium (DHE) showing in situ de-
tection of superoxide in the B: SAM-R1 and C:
SAM-P8 aorta. Ethidium nuclear staining was
considerably less intense in the SAM-RI1
group than that observed in the SAM-P8
group. Figures are representative of at least
six experiments in each group.
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FIGURE 3. Evaluation of collagen content in aorta (A) Masson trichrome staining, the presence of collagen was scored at
X400 magnification (0, absence; 1, mild; 2, moderate; and 3, marked). Three entire sectional areas were evaluated per
artery, by two blinded investigators; (B) evaluation of collagen content in frozen slices of SAM aorta. Percentage of detection
of collagen per unit area was assessed with picrosirius red coloration under polarized light. All values represent
mean+SEM, *P less than 0.05 versus SAM-R1.

65 1 * more, hearts from PostC groups presented significantly fewer
507 episodes of arrhythmia than did their controls (2.37%0.27
7 min vs. 0.59+0.12 min in the SAM-R1 groups P<<0.05; and
j: 2.59%0.49 min vs. 1.17*+0.07 in the SAM-P8 groups;
N P<0.05).

%7 Cardiac Output

Previous studies performed in our laboratory showed
that CO was maintained at a value of 90% of the initial period
after 90 min of continuous working perfusion. In this study,
recovery of CO at the end of reperfusion in SAM-R1 hearts
was low (27.27%=*+10.72%), but that of SAM-P8 hearts was

0il Red O
(% of stained slices)

o : even lower (8.53% *4.59%; P<<0.05).
SAM-R1 SAM-P8 As shown in Figure 5(B), both PostC groups were able
FIGURE 4. Evaluation of lipid infiltration in SAM aortas. to work within 3 min after the switch to the working mode,
The presence of intracellular lipid droplets was scored at  whereas in control groups, the hearts took longer to recover
X400 magnification (yes or no score). Three entire sec- CO (13 min; P<<0.05). Here, at the end of the reperfusion

tional areas were evaluated per artery, by two*blinded in- period, PostC led to better recovery compared with controls
vestigators. Al yalies xepresent mean=SEM, TPless than  (42.699%=6.12% for SAM-R1 PostC vs. 27.27%10.729% for
’ ’ SAM-R1; P<<0.05; and 39.35%+9.58% for SAM-P8 PostC vs.
8.53% *+4.59% for SAM-P8; P<<0.05).
67.53%*+11.79%, SAM-P8 PostC: 94.69% *=3.15%, SAM-R1:

86.53%%4.77%, and SAM-R1 PostC: 84.38%+8.37%. In Situ Detection of Superoxide in Hearts After the
Ischemia-Reperfusion Sequence
Heart Rate Both SAM-R1 and SAM-P8 heart slices showed a high
During the first 3 min of the reperfusion period, the degree of DHE staining; PostC led to a reduction in the oxi-
hearts recovered at least 50% of their preischemic HR values dative stress index. In the SAM-R1 group, oxidative stress was

in all groups, but the SAM-P8 group showed lower HRs 3.24X107°*2.10X10"* emissions per nucleus compared
throughout the reperfusion period. However, the differences with 2.62X107°+2.09X 10~ * emissions per nucleus for the
between the groups were not significant (Fig. 5C). Further- SAM-R1 PostC group; P less than 0.05 (Fig. 6). In the

TABLE 1. Initial cardiovascular functional parameters during isolated working heart perfusion of SAM-R1 and SAM-P8

Coronary flow Cardiac output Heart rate Left ventricular developed Rate pressure product
(mL/min) (mL/min) (bpm) pressure (mm Hg) (mm Hg/beat/min)
SAM-P8 (n=17) 2.74%0.20 7.90%x0.61 333+127 51.05*4.15 17792£1041
SAM-RI1 (n=15) 2.80%0.17 8.18%0.62 375*13 53.94*1.80 20280%790

These parameters were measured at the 15th minute of preischemic period. Values are means*=SEM.
“ P<0.05.
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FIGURE 6. OQuantification of superoxide-dependent
DHE fluorescence in frozen slices of hearts subjected to 20
min of warm total ischemia and 36 min of reperfusion. Val-

ues are means+SEM. *Pless than 0.05.

SAM-P8 group we found similar results with a decrease from
3.20X107°*2.41X 10" * emissions per nucleus for SAM-P8
compared with 2.18 X107 °*+1.64X10~* emissions per nu-
cleus for the PostC group; P less than 0.001.

DISCUSSION

The SAM-P8 strain has been described for brain and
immunologic aging (5). In addition, these animals present
mitochondrial dysfunction with advanced age (21). We here
designed a study to (1) confirm global cardiovascular aging
status of these senescence-accelerated mice, (2) assess the
ability of the heart to adapt to an I/R sequence, and (3) eval-
uate the putative beneficial effect of PostC in this context. In
this study, we demonstrate, for the first time, that endoge-

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Time (min)

nous cardioprotective mechanisms are still present in
SAM-PS8 hearts and can be activated by a PostC protocol.

To evaluate whether SAM-P8 mice can be considered
a good model of cardiovascular aging, we compared the
phenotypes and biochemical parameters of SAM-R1 and
SAM-PS8 aortas. These analyses confirmed that SAM-P8 ar-
teries presented an aged phenotype characterized by an in-
crease in collagen content in the aorta. Many studies have
reported that this biochemical parameter was associated with
senescence (22). Furthermore, aortas of SAM-P8 mice pre-
sented an increase in lipid infiltration linked to arterial poros-
ity that is related to the aging process (23) and increases the
risk of atherosclerosis. In addition, it seems that SAM-P8 aor-
tas presented increased production of O, ", again associated
with the aging process. In fact, cells subjected to a long period
of oxidative stress present functional deterioration (24) asso-
ciated with an accumulation of subcellular damage, func-
tional deterioration, apoptosis processes, and accelerated
aging (25). Recently, we presented evidence that NAPDH
oxidases are in part responsible for cardiovascular super-
oxide product during aging (26) and lead to increased ox-
idative stress.

Preischemic functional values (CF, AF, and cardiac pa-
rameters) of isolated working SAM-P8 hearts were similar to
their control, SAM-R1. However, we observed a significantly
lower HR in the SAM-P8 group during the preischemic pe-
riod. This reduction can be attributed to the modification of
adrenergic sensitivity in SAM-P8 hearts as previously de-
scribed by Ferrara et al. (27) inisolated cardiac myocytes from
aging guinea-pigs. In our conditions, SAM-P8 hearts were
more sensitive to I/R sequences. In fact, during reperfusion,
the recovery of SAM-R1 hearts was poor, but for SAM-PS,
cardiac recovery was even worse. These results are in accor-
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dance with previous studies reporting that the greater sensi-
tivity of senescent cells to ischemic insult was associated
with reduced efficiency in energy production and impaired
calcium flux control (28). Nitahara et al. (29) showed that
isolated myocytes presented an increase in diastolic Ca**
content with age, and an accumulation of calcium in the mi-
tochondrial matrix accompanied by an opening of the per-
meability transition pore (30); these effects participate in the
initiation of cell death.

The SAM-P8 strain is a murine model of spontaneous
accelerated aging (5) with a lifespan of 10 months compared
with 20 months for its control. Takeda et al. (31) reported that
at 8 months aged SAM-P8 mice presented a higher score of
senescence grading. In our study, we therefore selected
8-month-old mice. SAM-P8 is known to have an age-related
deterioration of neuronal function, but little was known
about the cardiovascular system (31). A large body of correl-
ative data demonstrates a link between aging and the accu-
mulation of reactive oxygen species, which induces oxidative
damage to macromolecules such as lipids, proteins, and nu-
cleic acids. In our experimental conditions, the myocardial
oxidative stress status was similar in both strains of mice. This
finding does not support the prediction of the oxidative stress
hypothesis in the aging heart. Rebrin and Sohal (32) studied
the differences in the redox state between SAM-P8 and
C57bl/6 mice (13 months of age) and their results support the
view that there were considerable variations in the reduced
glutathione-to-glutathione disulfide ratio in different tissues;
the ratio in the heart was similar in the two strains of mice.
Concerning the putative protective effect of PostC in “senes-
cent” hearts, our present study demonstrates that PostC, in
the form of multiple brief episodes of global ischemia applied
during the early minutes of reperfusion, can effectively re-
duce the incidence of arrhythmias and increase cardiac per-
formance. In fact, the hearts of SAM-P8 and SAM-R1 groups
presented long periods of arrhythmia during reperfusion,
whereas PostC allowed the hearts to beat regularly. To our
knowledge, this is the first time that a PostC protocol has been
tested on senescent isolated hearts, and our results suggest
that PostC is still effective on aged hearts.

Experimental studies on the restoration of myocardial
function during reperfusion of ischemic hearts have sug-
gested that the beneficial effects of PreC may be reduced by
aging (33, 34). Human data also show that PreC has a limited
cardioprotective effect in the elderly (14). However, these
conclusions are not universally accepted and it has been re-
ported that the PostC phenomenon does not seem to be pro-
gressively lost with aging (15). The effect of aging on the
PostC response may thus be related to factors such as genetic
strain and diseased myocardium. The PreC response was
found to be conserved in aging sheep (35). The loss of the
beneficial effects of PreC in aging rats was partially restored
by caloric restriction or exercise training (36). This finding
may be important in forthcoming investigations and com-
ments concerning the different results.

The application of a PostC protocol in both senescent
SAM-P8, and senescence-resistant SAM-R1 mice was associ-
ated with a significant reduction in superoxide production.
Among the potential key players of pre- and PostC, the role of
signaling reactive oxygen species has been clearly established
(18, 37). Involvement of the mitochondrial permeability

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

1807

Lauzier et al.

transition pore has also been supported by recent studies
(38); acidosis during the first minutes of reperfusion is also an
important process (39). Ischemia-reperfusion is associated
with an increase in the production of free radical species (40),
and the severity of the cardiac dysfunction is linked to the
production of ascorbyl free radical (41). In fact, oxidative
stress has been described as a major trigger of myocardial
dysfunction (42).

“In contrast to PreC, PostC may have widespread clin-
ical applications, because it can be applied during reperfu-
sion. PostC seems to be another promising and effective tool
that will provide additional opportunities for he transplanta-
tion of human hearts and overcome some of the challenges of
cold ischemia and reperfusion” (17).

In conclusion, our results demonstrate, for the first
time, that SAM-P8 mice present a greater degree of vascular
oxidative stress and a higher susceptibility to I/R, and that this
model is relevant in the study of myocardial protection in
aged hearts. These animals, however, despite aging, remain
sensitive to cardioprotection afforded by PostC; this pro-
tective process reduces O, production in the heart. Un-
derstanding the intimate mechanisms responsible for the
activation of inner protection pathways in the SAM strain
should be helpful in finding new clinical tools in the context
of ischemic diseases in the elderly.
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