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Abstract

Postconditioning (PostC), or relief of myocardial ischemia in a stuttered manner, has been shown to reduce
infarct size, due in part to upregulation of survival kinase signaling. Virtually all of these data have, however,
been obtained in healthy adult cohorts; the question of whether PostC-induced cardioprotection is maintained in
the setting of clinically relevant comorbidities has remained largely unexplored. Accordingly, our aim was to
assess the consequences of a major risk factor—diabetes—on the infarct-sparing effect of stuttered reflow.
Isolated buffer-perfused hearts were obtained from normoglycemic C57BL/6] mice, BKS.Cg-m+/+Lepr™/]
(db/db) mice (model of type-2 diabetes), C57BL/6] mice injected with streptozotocin (model of type-1 diabetes),
and streptozotocin-injected mice in which normoglycemia was re-established by islet cell transplantation. All
hearts underwent 30min of ischemia and, within each cohort, hearts received either standard (control)
reperfusion or three to six 10-s cycles of stuttered reflow. PostC reduced infarct size via upregulation of extra-
cellular signal-regulated kinase 1/2 in normoglycemic mice. In contrast, diabetic hearts were refractory to PostC-
induced cardioprotection—an effect that, in the type-1 model, was reversed by restoration of normoglycemia.
We provide novel evidence for a profound—but potentially reversible—diabetes-induced defect in the cardio-

protective efficacy of PostC. Antioxid. Redox Signal. 14, 781-790.

Introduction

POSTCONDITIONING (PostC) is the phenomenon, first re-
ported by Zhao et al. (50), whereby relief of sustained
myocardial ischemia in a stuttered manner attenuates lethal
ischemia-reperfusion injury and significantly reduces infarct
size. Subsequent studies have documented PostC-induced
cardioprotection in multiple models and species (1, 6, 20, 30,
34,43, 45,48, 49), and have identified upregulation of survival
kinase signaling (i.e., extracellular signal-regulated kinase
[ERK]1/2 and/or phosphatidylinositol-3-kinase/Akt) during
the early minutes of reflow as playing a role in initiating this
protective phenotype (6, 30, 43, 48, 49). However, the majority
of these data have been obtained in healthy adult cohorts
devoid of clinically relevant comorbidities (10, 44). Among the
host of established independent risk factors for cardiovascular
disease and acute myocardial infarction (MI), diabetes, be-
cause of its dramatic increase in prevalence over the past

decade, is of particular relevance (25, 35). However, despite
the escalating incidence of diabetes as a comorbid condition in
patients with acute MI, there is currently no insight into the
consequences of concomitant diabetes on the infarct-sparing
effect of stuttered reflow.

To address this issue, we assessed the efficacy of infarct size
reduction with PostC in isolated buffer-perfused hearts from
healthy adult C57BL/6] mice (Protocol 1), hearts from
BKS.Cg-m+/+Lepr™/] (db/db) mice (an established, genetic
model of type-2 diabetes [3]; Protocol 2), and hearts from
C57BL/6] mice rendered diabetic by injection of streptozoto-
cin (STZ, a standard model of type-1 diabetes [3]; Protocol 3).
We report that hearts from diabetic mice are refractory to
PostC-induced cardioprotection, possibly due to failed upre-
gulation of ERK signaling. Finally, using the type-1 diabetes
model, we investigated whether restoration of normoglyce-
mia can re-establish the infarct-sparing effect of PostC (Pro-
tocol 4). Our results revealed that the inability of stuttered
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reflow to limit infarct size does not reflect a permanent dia-
betes-associated defect in cardioprotective signaling; rather,
normalization of blood glucose levels re-established the pro-
tective PostC phenotype.

Methods

This study was approved by the Institutional Animal Care
and Use Committee of the University of Massachusetts
Medical School, and was performed in accordance with the
Guide for the Care and Use of Laboratory Animals from the
Institute of Laboratory Animals Resources (NIH Publication
Vol. 25 No. 28, revised 1996).

General methods

Isolated buffer-perfused heart model. For all protocols,
mice were anesthetized with sodium pentobarbital (60 mg/kg
intraperitoneal) and the hearts were rapidly excised and
mounted on an aortic cannula for retrograde perfusion
(nonrecirculating) at a constant pressure of 55 mm Hg. Stan-
dard buffer was composed of (in mM) NaCl (118), KCl (4.7),
NaHCOj; (24), KH,PO4 (1.2), MgSO,4-7H,0 (1.2), glucose (11),
and CaCl, anhydrous (2.5) in distilled water at a pH of 7.4,
and was continuously oxygenated with 95% O,/5% CO,.
Care was taken to maintain both buffer temperature and
heart temperature at 37°C. A balloon constructed of poly-
vinyl chloride plastic film was inserted into the left ventricle
(LV), inflated to an end-diastolic pressure of 5mm Hg, and
used to assess cardiodynamic function throughout the ex-
periment (30, 31). Coronary perfusion was monitored
throughout each experiment using an in-line Doppler flow
probe (Transonic Systems Inc.).

Blood glucose, plasma insulin levels, and plasma fatty acid
concentration. Upon harvesting the hearts, blood samples
were obtained for measurement of nonfasting blood glucose
concentration (AccuCheck® meter and test strips; Roche
Diagnostics Inc). In addition, plasma insulin levels and
plasma fatty acid concentration were measured using com-
mercially available ELISA kits according to the manufac-
turer’s instructions (Utrasensitive Mouse Insulin ELISA kit;
Crystal Chem, Inc.; Free Fatty Acid Quantification Kit; Bio-
Vision, Inc.).

Protocol 1: Efficacy of PostC in normoglycemic
C57BL/6J mice

Infarct size. Infarct size was assessed in isolated buffer-
perfused hearts from healthy 12-14-week-old normoglycemic
C57BL /6] mice using standard methods described previously
(31). After stabilization, all hearts underwent 30 min of sus-
tained global ischemia, and were randomly assigned to re-
ceive (i) abrupt and complete reperfusion (controls); (ii) PostC
with three cycles of [10s reperfusion +10s reocclusion] fol-
lowed by sustained restoration of flow; or (iii) PostC with six
cycles of [10 s reflow 4 10 s reocclusion] followed by sustained
reperfusion (n=6-10 per group). At 2h after the onset of re-
perfusion, each heart was cut into 4-6 transverse slices and the
extent of necrosis was delineated by triphenyltetrazolium
staining. All hearts were digitally photographed, and infarct
size was quantified in a blinded manner (without knowledge
of the treatment group) using image analysis software (30, 31).
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Kinase expression. Buffer-perfused hearts were obtained
from additional C57 mice (n = 12) as described for the infarct
size protocol and assigned to undergo 30min of global is-
chemia followed by abrupt, complete reperfusion (controls),
30 min of ischemia followed by three 10-s cycles of stuttered
reflow (PostC), or time-matched uninterrupted perfusion
(nonischemic shams). At 10 min post-reflow, all hearts were
frozen in liquid nitrogen and stored at —80°C until processed.

Hearts were prepared and, using methods described in
detail previously (6, 30, 31), were probed for expression of
phospho-Akt, phospho-ERK1/2, phospho-p70S6 kinase, and
phospho-glycogen synthase kinase (GSK)-3f, and then
stripped and re-probed for expression of total Akt, ERK1/2,
p70S6 kinase, and GSK-3p (all antibodies from Cell Signaling
Technology, Inc.). Bands of interest were quantified without
knowledge of the group assignment using gel analysis soft-
ware, and densitometry values for phospho-Akt, phospho-
ERK1/2, phospho-p70S6 kinase, and phospho-GSK-3
were normalized to the corresponding total kinase values
(i.e., phospho-Akt/total Akt, phospho-ERK/total ERK1/2,
phospho-p70S6 kinase/total p70S6 kinase, and phospho-
GSK-3f/total GSK-3f was calculated for each sample). In
addition, phospho-ERK content (in pg/ug protein) was
quantified in heart lysates from all groups using a commer-
cially available EIA kit (Assay Designs, Inc.).

Protocol 2: Efficacy of PostC in a model
of type-2 diabetes

Infarct size. To investigate the consequences of type-2
diabetes on the infarct-sparing effect of PostC, hearts were
isolated from 12- to 14-week-old BKS.Cg-m+/+Lepr™ /]
(db/db) mice (JAX® Mice; The Jackson Laboratory Inc.) and
buffer-perfused as detailed in Protocol 1. The db/db model is
characterized by the spontaneous development of hypergly-
cemia at 4-6 weeks of age, and severe, fully developed dia-
betes by 8 weeks of age (3). All hearts underwent 30 min of
global ischemia, and were randomized to receive either con-
trol (abrupt) reflow or PostC with three or six 10-s cycles of
reperfusion-reocclusion (1 = 6-10 per group). Infarct size was
delineated and quantified as in Protocol 1.

Kinase expression. Buffer-perfused hearts from db/db
mice were assigned to sham, control, and 3-cycle PostC
groups (n =3—4 per group). Hearts were frozen at 10 min after
relief of ischemia for analysis of kinase expression (immuno-
blot and enzyme immunometric assay) using the same
methods described in Protocol 1.

Protocol 3: Efficacy of PostC in a model
of type-1 diabetes

To assess the effect of type-1 diabetes on the efficacy of
PostC, 10-12-week-old normoglycemic C57BL/6] mice re-
ceived a single dose of STZ (150 mg/kg intraperitoneal) dis-
solved in 0.1 M citrate buffer (3, 14). Injection of STZ causes
pancreatic fi-cell toxicity and necrosis, and, as a result, rapidly
leads to a deficiency in insulin production (3). Two weeks
later, after confirming that the mice were diabetic [using the
standard definition of blood glucose concentration >250
mg/dl (36)], STZ-injected mice were enrolled into either the
infarct size or kinase expression components of Protocol 3,
with group assignments identical to those described for
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Protocols 1 and 2 (1 =5-6 per group for the infarct size ex-
periments; n =3-4 per group for kinase expression).

Protocol 4: Restoration of normoglycemia
in type-1 diabetes

A final series of experiments was conducted to determine
whether restoration of normoglycemia would re-establish the
infarct-sparing effect of PostC in diabetic mice. Accordingly,
10-week-old C57BL/6] mice were rendered diabetic by injec-
tion of STZ (150 mg/kg) as described in Protocol 3. At 2 weeks
postinjection, mice were assigned to undergo either syngenic
islet cell transplantation into the renal subcapsular space to
restore endogenous insulin production (36) or sham surgery.
Two weeks thereafter (i.e., 4 weeks after administration of STZ
and 2 weeks after treatment), mice were enrolled for as-
sessment of infarct size (control and 3-cycle PostC groups;
n=>5 per group) and analysis of kinase expression (1 =3 per

group).

Statistics

To confirm that our murine models displayed the hall-
marks of type-2 and type-1 diabetes, values of blood glucose,
plasma insulin, and plasma free fatty acid concentrations
were compared among C57BL/6], db/db, and STZ-injected
cohorts enrolled in Protocols 1-3 by analysis of variance; if
significant F-values were obtained, post-hoc pair-wise com-
parisons were made using the Newman-Keuls test. To es-
tablish that islet cell transplantation restored endogenous
insulin synthesis (Protocol 4), blood glucose, insulin, and fatty
acid levels were compared between STZ + transplant versus
STZ + sham surgery groups by t-test. For the primary study
endpoints (infarct size and kinase expression): as Protocols 1-
4 were conducted consecutively rather than concurrently,
separate statistical analyses were performed for each com-
ponent of the study. Within each protocol, data were com-
pared among groups by analysis of variance followed by the
Newman-Keuls test. Data are reported as mean + standard
error of the mean, and p-values <0.05 were accepted as sig-
nificant.

Results

Protocol 1

Values of nonfasting blood glucose concentration,
plasma insulin levels, and plasma free fatty acid content in
normoglycemic C57BL/6] mice averaged 178+7mg/dl,
1.40 £0.20ng/ml, and 3.0 + 0.2 nM/ i, respectively (Table 1).
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As expected (30), in hearts from healthy normoglycemic
C57 mice, PostC with either 3 or 6 cycles of stuttered reflow
was profoundly cardioprotective: mean infarct sizes averaged
30% £ 5% and 32% % 3% of the total LV in the PostC groups
versus 54% + 3% in controls (p < 0.05; Figs. 1 and 2).

There were no differences in expression of total ERK, Akt,
p70S6 kinase, or GSK-3f among sham hearts, control hearts, or
hearts that received three cycles of stuttered reflow (data not
shown). Moreover, as reported previously by our group (6, 30),
no change in phospho/total Akt was seen in response to PostC
(data not shown). In contrast, hearts that received interrupted
reperfusion displayed significant, greater than twofold in-
creases in expression of phospho-ERK and its downstream
targets phospho-p7056 kinase and phospho-GSK-3f, and a
comparable twofold increase in phospho-ERK content as
quantified by enzyme immunometric assay versus control
(Fig. 2). These data corroborate the infarct-sparing effect of
PostC in the murine model (1, 30) and are consistent with our
previous studies identifying ERK signaling as playing a req-
uisite role in PostC-induced cardioprotection (6, 30).

Protocol 2

As anticipated (3), db/db mice exhibited the hallmarks of
type-2 diabetes: blood glucose concentration was increased to
480 +23 mg/dl despite augmented insulin production (plas-
ma levels elevated at 8.5+1.5ng/ml). In addition, plasma
fatty acid content was increased to 5.4 4 0.4 nM/pl (all values
p<0.01 when compared with normoglycemic C57 mice;
Table 1).

In contrast to results obtained in the normoglycemic cohort,
PostC failed to initiate a cardioprotective phenotype in hearts
from db/db mice. Rather, infarct size was comparable in hearts
that received three cycles of stuttered reflow versus controls
(61% =+ 3% vs. 57% =+ 3% of the LV), and exacerbated in hearts
treated with the amplified, six-cycle PostC stimulus
(74% +4% of the LV; p<0.05 vs. controls; Figs. 1 and 3).
Moreover, there was no evidence of an upregulation in ERK
signaling in response to stuttered reflow; rather, both ex-
pression and content of phospho-ERK were attenuated, rather
than augmented, in all hearts that received ischemia (both
control and PostC groups) versus shams (Fig. 3).

Protocol 3

C57BL/6] mice injected 2 weeks previously with STZ de-
veloped type-1 diabetes (3), characterized by increased blood
glucose concentrations (556 + 15 mg/dl) together with near-
total failure to produce insulin (mean plasma levels of

TaBLE 1. BLooD GLUCOSE, PLaAsMA INSULIN, AND PLaAsSMA-FREE FATTY AciD CONCENTRATIONS

Blood glucose (nonfasting), mg/dl

Plasma insulin, ng/ml  Plasma FFA, nM/ul

Protocol 1: C57BL/6] mice 178 +7 1.40+£0.20 3.0+0.2
Protocol 2: db/db mice 4804237 8.50 +£1.50% 54+047
Protocol 3: STZ-injected C57 mice 556 + 157 0.18+0.08% 52+0.7°
Protocol 4: STZ + Sham surgery 558 £11 0.07+0.03 54402
Protocol 4: STZ +Islet cell transplantation 206+ 7° 1.33+0.09° 2.7403°

ap <0.01 versus values in C57BL/6] mice.

P <0.01 versus values in STZ-treated rats that received sham surgery.

FFA, free fatty acid; STZ, streptozotocin.
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Normoglycemic C57BL/6J mice

Control

PostC

Type-2 diabetes:
db/db mice

Control

PostC

Type-1 diabetes:
STZ-injected C57BL/6J mice

FIG. 1. Original images of mouse hearts assigned to re-
ceive either standard, abrupt reperfusion (Control) or
postconditioning (PostC) with three 10-s cycles of stuttered
reflow. Hearts were cut into transverse slices and stained
with triphenyltetrazolium chloride; using this method, viable
tissue stained red, whereas necrotic myocardium remains
unstained and so appears pale. Infarct size was reduced with
PostC in normoglycemic C57BL/6] mice (Protocol 1). In
contrast, in models of type-2 and type-1 diabetes (Protocols 2
and 3, respectively), infarct sizes were comparable in Control
and PostC groups. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article at www liebertonline.com/ars).

0.18 £ 0.08 ng/ml) and increased plasma free fatty acid con-
centration (5.2 + 0.7 nM/pul: all values p < 0.01 versus healthy
normoglycemic C57 mice; Table 1).

The response of hearts from type-1 diabetic mice to stut-
tered reflow was comparable to that observed in the type-2
model; that is, there was no evidence of a reduction in infarct
size or upregulation of ERK signaling in PostC groups versus
controls (Figs. 1 and 4).

Protocol 4

STZ-injected mice assigned to receive sham-transplant
surgery continued to exhibit symptoms of type-1 diabetes 2
weeks postoperatively (total of 4 weeks after STZ injection),
with plasma glucose, insulin and free fatty acid levels aver-
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aging 558 = 11 mg/dl, 0.07 + 0.03ng/ml, and 5.4 + 0.20 nM/ul
(Table 1). In addition, as in Protocol 2, hearts from STZ-
injected mice were refractory to PostC-induced cardiopro-
tection (Fig. 5).

In STZ-injected mice that received islet cell transplantation,
endogenous insulin production was successfully restored
(plasma concentration of 1.33 +0.09 ng/ml); this was accom-
panied by a normalization of blood glucose and free fatty acid
levels to 206+7mg/dl and 2.7+0.3 nM/ul, respectively
(Table 1). Most notably, islet cell transplantation re-established
the infarct-sparing effect of PostC and restored the upregu-
lation of ERK signaling seen with stuttered reflow in healthy
normoglycemic C57BL/6] mice (Fig. 5).

Discussion

In this study, we demonstrate a loss in efficacy of PostC in
murine models of type-2 and type-1 diabetes, characterized
by both an apparent inability to reduce infarct size and failed
upregulation of ERK phosphorylation. Moreover, we provide
novel evidence that the loss in efficacy of PostC does not re-
flect a permanent diabetes-associated defect in cardioprotec-
tive signaling; rather, in the type-1 model, therapeutic control
of insulin and blood glucose levels re-established the infarct-
sparing effect of stuttered reflow.

PostC in normoglycemic C57BL/6J mice

Our observation of infarct size reduction with PostC in
hearts from adult normoglycemic C57BL/6] mice is consistent
with evidence of PostC-induced cardioprotection reported in
multiple species (1, 6, 20, 30, 34, 43, 45, 48, 49), including the
mouse (1, 30). Our specific choice of algorithm—10-s cycles of
stuttered reflow—was based on pilot experiments conducted
in our laboratory and previously published studies from our
group and others (1, 20, 30), and, in our hands, showed greater
benefit when compared with repeated 20- or 30-s episodes of
brief ischemia-reperfusion [i.e., algorithms that have success-
fully been applied in rabbit, dog, and pig models (6, 34, 49,
50)]. With regard to our primary endpoint, we focused on
infarct size, rather than acute recovery of left ventricular
contractile function during the initial minutes-hours after re-
lief of ischemia, as our index of cardioprotection. This is based
on reports by our laboratory and others that reduction of in-
farct size with PostC is not accompanied consistent and sus-
tained improvements in left ventricular developed pressure or
rate-pressure product versus controls (6, 20, 29, 30, 48). Similar
results were obtained in the current study: left ventricular
developed pressure recovered to 30%—40% of baseline values
during the reperfusion period, with no significant differences
among control and PostC groups. Finally, with regard to
cellular mechanisms, the data obtained in Protocol 1 corrob-
orates our previous findings that in healthy adult mouse
hearts, ERK signaling is upregulated (30). Moreover, the
infarct-sparing effect of PostC was abrogated by administra-
tion of PD98059 (30), thereby suggesting that ERK signaling
plays a requisite role in PostC-induced cardioprotection.

Cardioprotection in models of diabetes
and metabolic syndrome

Postconditoning. Results of Protocols 2 and 3 revealed
that in isolated buffer-perfused hearts obtained from mouse
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FIG. 2. Protocol 1—Normoglycemic C57BL/6] mice. (A) Infarct size (expressed as a percentage of the total LV). *p < 0.05
versus Control. (B) Original immunoblots of phospho-ERK, p70S6 kinase, and glycogen synthase kinase-3f in sham, control,
and PostC hearts. (C) Cardiac expression of phospho-ERK, assessed by immunoblotting. *p < 0.05 versus Control; 'p < 0.05
versus Sham. (D) Cardiac concentration of phospho-ERK, quantified by EIA. EIA, enzyme immunometric assay; ERK,
extracellular-signal regulated kinase; LV, left ventricle; PostC, postconditioned.

models of type-2 and type-1 diabetes, PostC with 3 or 6 cycles
of stuttered reflow failed to evoke a cardioprotective pheno-
type. It could be argued that PostC had not been rendered
ineffective in these models but, rather, that alterations in the
stimulus might be required to achieve benefit. To investigate
this potentially confounding issue, ancillary experiments
were conducted using multiple permutations of the PostC
algorithm in which we modified the number of cycles of
stuttered reperfusion (ranging from 3 to 6) and duration of the
episodes of brief ischemia and/or intervening reflow (in-
cluding 10, 20, and 305s). None of the algorithms yielded any
evidence of a trend toward cardioprotection. It could also be
argued that the inability of PostC to limit infarct size in our
buffer-perfused models may reflect a mismatch between the
well-documented, enhanced fatty acid utilization of diabetic
hearts (3, 5) versus the absence of fatty acid in the perfusate.
Accordingly, additional infarct size experiments were per-
formed in hearts from C57BL/6] and db/db mice using buffer
enriched with palmitate (final concentration: 1.5mM) and
dialyzed before perfusion (11). Comparable outcomes were
obtained irrespective of the presence of fatty acid: PostC with
3 10-s cycles of stuttered reflow reduced infarct size in hearts
from C57BL/6] mice (39% +£4% vs. 57% +£5% in matched
controls; p <0.05), whereas in hearts from db/db mice, no
benefit was observed (mean infarct sizes of 59% +5% uvs.
60% % 3% in the PostC group vs. controls). These data strongly
suggest that our observation of failed cardioprotection in di-
abetic models is not caused by the use of sub-optimal PostC
algorithms or inappropriate perfusate composition.
Although the current study is, to our knowledge, the first to
interrogate the efficacy of PostC in animals displaying the

hallmarks of fully developed type-2 and type-1 diabetes,
two previous reports have concluded that PostC fails to limit
lethal myocardial ischemia reperfusion injury in models of
metabolic syndrome (2, 46). Specifically, in the prediabetic
leptin-deficient obese (ob/ob) mouse, and in the Wistar-
Ottawa-Karlsburg W rat, infarct sizes were comparable in
PostC cohorts versus controls. Moreover, as in the current
protocol, the inability of PostC to evoke a protective pheno-
type was attributed to ineffective phosphorylation of ERK (46)
or failed phosphorylation of both ERK and Akt (2). Analogous
results have been obtained using postconditioning mimetics
(rather than stuttered reflow) in obese Zucker rats: cyclo-
sporine A- and helium-induced cardioprotection was abol-
ished in this prediabetic model (15, 17). Taken together, these
studies provide compelling evidence that the infarct-sparing
effect of PostC is undermined in the setting of diabetes as well
as prediabetes/metabolic syndrome.

Preconditioning. While our current protocols focused on
the ability of PostC to limit infarct size in diabetic models,
similar results have been obtained when ischemic pre-
conditioning or preconditioning mimetic agents were used as
the protective stimulus [reviewed in (10)]. With the exception
of one study showing persistent preconditioning-induced
cardioprotection in STZ-injected rats (24), there is general
agreement that the response of the diabetic heart to pre-
conditioning stimuli is impaired (10), that is, either absent (13,
18, 19, 21), or markedly attenuated such that an augmented
stimulus is required to trigger protection (42). These differ-
ences in outcomes have been attributed to both the specific
model that was used (type-1 vs. type-2 diabetes), as well as the
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FIG. 3. Protocol 2—type-2 diabetes model. (A) Infarct size
(expressed as a percentage of the total LV). *p < 0.05 versus
Control. (B) Cardiac expression of phospho-ERK, assessed
by immunoblotting. *p < 0.05 versus Sham. (C) Cardiac con-
centration of phospho-ERK, quantified by EIA. *p <0.05
versus Sham.

severity and duration of diabetes and hyperglycemia. In this
regard, in the study documenting persistent infarct size re-
duction with preconditioning, the cohort of rats considered to
be diabetic displayed normal fasting values of blood glucose
and normal plasma insulin concentrations despite injection
with STZ (24). While the mechanisms responsible for the loss
in efficacy of preconditioning remain poorly defined, defects
in survival kinase signaling have—as in the case of PostC—
been implicated to play a role (13, 42).

Is diabetes per se cardioprotective? It is well recognized
that diabetes is an independent risk factor for cardiovascular
disease and, moreover, that outcome post-MI is worsened in
diabetic patients (10). Nonetheless, data obtained from animal
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FIG. 4. Protocol 3—type-1 diabetes model. (A) Infarct size
(expressed as a percentage of the total LV). *p < 0.05 versus
Control. (B) Cardiac expression of phospho-ERK, assessed
by immunoblotting. (C) Cardiac concentration of phospho-
ERK, quantified by EIA.

models—in particular, STZ-induced models of type-1
diabetes—suggest that diabetes may paradoxically decrease
the susceptibility of the heart to infarction. Specifically, it has
been proposed that, in the early stages of diabetes (within 1-2
weeks after STZ injection), hearts from diabetic animals de-
velop significantly smaller infarcts following sustained is-
chemia-reperfusion compared with healthy normoglycemic
control cohorts, while, in contrast, no benefit is seen in late-
stage diabetes accompanied by the development of diabetic
cardiomyopathy (33, 41). Evidence in support of this concept
is, however, equivocal: other studies have reported no dif-
ference, or exacerbation (rather than reduction) of infarct
size, as early as 2 weeks after administration of STZ (8, 26)
[reviewed in (10)]. Comparison of Protocols 1, 3, and 4
indicates that our results are consistent with these latter
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FIG. 5. Protocol 4—type-1 diabetes model; restoration of normoglycemia with islet cell transplantation. (A) Infarct size
(expressed as a percentage of the total LV). *p < 0.05 versus matched Control cohort. (B) Cardiac expression of phospho-ERK,
assessed by immunoblotting for STZ-injected mice that received sham surgery (left panel) and islet cell transplantation (right
panel). *p < 0.05 versus Control; p < 0.05 versus Sham. (C) Cardiac concentration of phospho-ERK, quantlfled by EIA for STZ-
m]ected mice that received sham surgery (left panel) and islet cell transplantation (right panel). *p <0.05 versus Control;

'p <0.05 versus Sham. STZ, streptozotocin.

observations: although STZ-injected mice did not appear to
develop cardiomyopathy within the timeframe of our study,
infarct size was not reduced in control-STZ-treated mice ver-
sus the control C57BL/6] cohort.

Mechanism(s) for loss of in efficacy
of PostC-induced protection?

The obvious question to arise from these data is: what
factors contribute to the failed upregulation of ERK and loss in
efficacy of PostC in these diabetic (and prediabetic) models?
The fact that the inability of PostC to limit infarct size was
observed in isolated, buffer-perfused hearts strongly suggests
that this loss in efficacy is not due to an acute, blood-borne and

humorally mediated downregulation in cardioprotective
signaling. Rather, the loss of responsiveness to stuttered re-
flow appears to reflect a diabetes-induced defect in the car-
diomocytes per se.

One potential hypothesis is that the derangement in car-
dioprotective signaling is triggered by previous exposure
of the cardiomyocytes to increased concentrations of
blood glucose. Indeed, even acute hyperglycemia, induced by
short-term IV infusion of glucose or dextrose to healthy nor-
moglycemic animals, reportedly abrogated the protective ef-
fect of pharmacologic PostC achieved by administration
of anesthetics at the time of reperfusion (16, 32). This sim-
plistic explanation is, however, unlikely, as several of the
models of prediabetes/metabolic syndrome in which PostC
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was ineffective were normoglycemic (15, 17, 46). Rather, a
constellation of factors reflecting the complex alterations in
metabolic phenotype that characterize these models (3) in all
likelihood triggers the apparent signaling defect.

A second, as-yet unresolved question is: what is the precise
nature of the diabetes-induced defect that presumably pre-
cludes the phosphorylation of ERK? Two previous studies
conducted in models that were refractory to PostC-induced
protection—the ob/ob mouse (2), and, from our laboratory,
hearts from elderly 2-year old C57BL/6] mice (30)—
concluded that the deficit in ERK phosphorylation was asso-
ciated with [and possibly due to (30)] increased cardiac ex-
pression of one or more phosphatases. Although negative
regulation of ERK can involve multiple phosphatases, mem-
bers of the mitogen-activated protein kinase phosphatase
(MKP) family, most notably MKP-1 and MKP-3, reportedly
play a primary role (4, 9, 28, 39). Indeed, initial pilot experi-
ments have revealed that hearts from db/db mice display a
robust increase in expression of MKP-1 when compared with
hearts from normoglycemic adult C57 mice (Fig. 6). However,
further prospective studies are required to confirm this ap-
parent increase in phosphatase expression in diabetic hearts,
identify whether the increase in expression is seen in multiple
phosphatases, determine whether the increased expression is
associated with increased activity, and, most importantly,
establish cause-and-effect and ascertain whether increased
phosphatase activity is responsible for the loss in efficacy of
PostC in these models.

A third issue is: does the diabetes-associated defect in car-
dioprotective signaling extend beyond the phosophorylation
of ERK and its downstream targets? Although we have fo-
cused our analysis on ERK signaling, there is evidence that, in
some models, upregulation of survival kinases is not essential
for PostC-induced protection (37). Indeed, even in the murine
model, alternative signaling molecules—including signal
transducer and activator of transcription 3—have been iden-
tified to play a pivotal role (1, 22, 23). The consequences of
type-2 and type-1 diabetes on these alternative pathways are,
at present, unknown.

Restoration of normoglycemia
in the type-1 diabetes model

A final, novel, and potentially important contribution of the
current study is the observation that in STZ-induced type-1
diabetes, restoration of endogenous insulin production and
normalization of blood glucose (and plasma fatty acid) con-
centrations to normal values re-established the protective
phenotype of PostC; that is, in the type-1 diabetes model, the
defect in ERK signaling can be reversed with appropriate
therapeutic management. It must, however, be empha-
sized that this re-establishment of PostC-induced cardiopro-
tection was achieved when islet cell transplantation was

C57BL/6J db/db
_— —

-« gy |

FIG. 6. Pilot experiments. Cardiac expression of mitogen-
activated protein kinase phosphatase (MKP)-1: original
immunoblots from one C57BL/6] mouse and 3 db/db mice.

MKP-1
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implemented at 2 weeks after STZ injection; the outcome may
not be as favorable if the duration of diabetes and hypergly-
cemia is prolonged. In addition, it remains to be determined
whether similar restoration of the infarct-sparing effect of
PostC can be evoked by clinically relevant management of
hyperglycemia in the setting of type-2 diabetes.

Clinical implications

An emerging body of evidence indicates that relief of is-
chemia in a stuttered manner can successfully be translated to
the cardiac catheterization laboratory and can significantly
limit infarct size in patients undergoing primary angioplasty
for the treatment of acute MI (7, 12, 27, 38, 40, 44, 47). As
expected (25, 35), patients enrolled in these trials displayed
the typical profile of attendant comorbidities, with the inci-
dence of diabetes ranging from 10% to 25% (7, 38, 40, 47).
Thus, the outcome of the current study raises the question: can
results obtained in these relatively short-term murine models
of diabetes (and, in particular, the db/db model of type-2 di-
abetes) be extrapolated to the clinical setting, or would the use
of chronic models with attendant diabetic cardiomyopathy
provide greater clinical relevance? Insight into this issue
could, in theory, be gained by post-hoc subgroup analysis of
infarct size in cohorts of diabetic patients. However, for the
small PostC trials conducted to date [total enrollments of 30—
115 patients (7, 38, 40, 47)], the n-values are too small to permit
meaningful, exclusive analysis of diabetic subsets. Larger
studies, with planned subgroup analyses of diabetic patients
and adequate statistical power, will therefore be required to
resolve this issue. In addition, if our results in Protocol 4
showing restoration of the infarct-sparing effect of PostC with
appropriate therapeutic control of blood glucose are appli-
cable to patient with type-2 diabetes, the more pertinent issue
will be to discern whether stuttered reflow can initiate car-
dioprotection in diabetic patients who are well-managed us-
ing standard pharmacologic therapies. These important
issues warrant future, prospective investigation.
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