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Abstract
Objective—Acute hyperglycemia is independently associated with larger myocardial infarct size
(IF) in both diabetic and non-diabetic patients. We hypothesized that the oxidative stress imposed
by acute hyperglycemia contributes to the exacerbation of IF during reperfusion.

Methods—C57BL/6 mice underwent 30 min of LAD occlusion followed by 60 min of reperfusion.
Acute hyperglycemia was induced with an i.p. injection of dextrose (2g/kg body weight) 30 min prior
to LAD occlusion. An antioxidant, N-2-mercaptopropionyl glycine (MPG), was injected i.v. 2 min
before the onset of reperfusion at a dose of 20 mg/kg. A NADPH oxidase inhibitor, apocynin (50
mg/kg), was applied either before or after the induction of hyperglycemia.

Results—Blood glucose level before LAD occlusion was 153±19 mg/dl in control mice and 444
±26 mg/dl in hyperglycemic (HG) mice (p<0.05). Plasma lipid peroxidation product
(malondialdehyde, MDA) was significantly increased in both control and HG mice at 1 hour post-
reperfusion, and levels of MDA in HG mice were higher than that in control mice (3.38±0.21 versus
2.33±0.12 μM, p<0.05). MPG administered just before reperfusion significantly reduced MDA levels
in both control and HG mice (1.21±0.06 and 1.03±0.24 μM). Acute hyperglycemia increased IF (%
of risk region) from 34.0±2.7% to 49.4±1.6% (p<0.05). MPG reduced IF to 19.5±2.3 in control mice,
and to 26.2±2.9 in HG mice. Apocynin also reduced MDA levels and IF in HG mice if administered
5 minutes before injection of dextrose, but not before reperfusion.

Conclusion—Acute hyperglycemia enhances oxidative stress and exacerbates myocardial
infarction in mice through activation of NADPH oxidase.

Introduction
Reperfusion injury following cardioplegic arrest exists even with optimal cardioprotective
strategy. Hyperglycemia is commonly present in the perioperative period in patients
undergoing cardiac surgery1–3. Hyperglycemia during cardiopulmonary bypass is an
independent risk factor for mortality and morbidity in both diabetic (DM) and non-diabetic
patients3. However, the significance of hyperglycemia in the nondiabetic cardiac surgical
patient and the potential benefits of glucose-insulin-potassium infusion are still the subject of
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intense debate1. An increasing body of clinical evidence has shown that acute hyperglycemia
(or stress hyperglycemia) is independently associated with larger myocardial infarct size and
impaired left ventricular function in both DM and non-diabetic patients4, 5. Acute
hyperglycemia is common in patients with myocardial infarction (MI), even in the absence of
a history of DM. In one recent study of 1664 patients with acute MI, over 25% had acute
hyperglycemia upon admission but over 30% of these patients had no previous history of
DM6. Moreover, animal studies have shown that the size of MI increases in response to
elevations in blood glucose levels7, and that acute hyperglycemia counteracts the
cardioprotective effects of ischemic and pharmacological preconditioning8, 9. While the
hyperglycemic exacerbation of MI has become the subject of increasing research, little is
known about the mechanisms underlying this phenomenon.

Acute hyperglycemia is known to decrease endothelial nitric oxide production thus impairing
normal vascular function10–12, adversely impacting coronary microcirculation13, and
markedly attenuating signal transduction pathways critical to endogenous cardioprotective
responses8. A recent study shows that pharmacologic preconditioning against MI in the setting
of acute hyperglycemia can be restored by N-acetylcysteine (a potent antioxidant)14,
suggesting a possible role for oxidative stress in the acute hyperglycemic exacerbation of MI.

In the current study, acute hyperglycemia was created in mice by intra-peritoneal (i.p.) injection
of concentrated dextrose prior to the scheduled ischemia/reperfusion injury. We hypothesized
that the exacerbation of myocardial infarction by acute hyperglycemia is due to oxidative stress
resulting from the activation of NADPH oxidase.

Materials and Methods
This study conformed to the Guide for the Care and Use of Laboratory Animals published by
the National Institutes of Health (NIH publication No. 85–23, revised 1985) and was conducted
under protocols approved by the University of Virginia’s Institutional Animal Care and Use
Committee.

Agents and chemicals
Triphenyl tetrazolium chloride (TTC), N-2-mercaptopropionyl glycine (MPG) and apocynin
(APO) were purchased from Sigma-Aldrich (St. Louis, MO). Phthalo blue was purchased from
Heucotech Ltd. (Fairless Hills, PA).

Animals and experimental protocol
Sixty-three C57BL/6 mice (8–12 weeks old, purchased from Jackson Laboratories) were used
in this study. Of these mice, 5 were used for dextrose dosing study in order to create acute
hyperglycemia. Another 3 mice underwent left thoracotomy as sham controls. The rest of the
mice were assigned to 6 different groups and underwent 30 minutes of ischemia and 60 minutes
of reperfusion as shown in Figure 1. Acute hyperglycemia was induced by i.p. injection of 20%
dextrose 30 minutes prior to LAD occlusion at a dose of 10 μl/g body weight. In control mice,
normal saline was given by i.p. injection 30 min prior to LAD occlusion at a dose of 10 μl/g
body weight. In MPG-treated mice, MPG (10 mg/ml in PBS) was administered 2 minutes
before reperfusion by i.v. injection at a dose of 2 μl/g. In apocynin-treated mice, apocynin (5
mg/ml in 5% ethanol) was administered at a dose of 2 μl/g either i.v. 5 minutes before
reperfusion in HG+APO mice or i.p. 5 min before induction of hyperglycemia in APO+HG
mice (Figure 1).
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Myocardial ischemia/reperfusion injury and measurement of infarct size
Mice were subjected to 30 minutes of coronary occlusion followed by 60 minutes of reperfusion
and then euthanized to evaluate myocardial infarct by TTC-Phthalo blue staining. A standard
protocol was used as detailed previously15, 16. Briefly, mice were anesthetized with sodium
pentobarbital (100 mg/kg i.p.) and orally intubated. Artificial respiration was maintained with
a FiO2 of 0.80, 100 strokes per minute, and a 2- to 3-mL stroke volume. The heart was exposed
through a left thoracotomy, and coronary artery occlusion was achieved by passing a suture
beneath the left anterior descending coronary artery (LAD) and tightening over a piece of PE-60
tubing for 30 minutes. Reperfusion was induced by removal of the PE-60 tubing. ECG was
monitored perioperatively using PowerLab instrumentation (ADInstruments, Colorado
Springs, CO). The mice were euthanized 60 minutes after reperfusion, and the hearts were
cannulated through the ascending aorta for perfusion with 3 to 4 ml of 1.0% TTC. The LAD
was then re-occluded with the same suture used for coronary occlusion prior to 10% Phthalo
blue perfusion to determine risk region (RR). The left ventricle was then cut into 5 to 7
transverse slices that were weighed and digitally photographed to determine infarct size as a
percent of RR. Reperfusion for 60 min is selected because the infarct size appears homogeneous
at that time and does not become larger with longer reperfusion periods17.

Measurement of plasma malondialdehyde (MDA)
At the end of 1-hour reperfusion, blood was collected by puncturing then right ventricle and
plasma was obtained after centrifuging the blood at 500 g for 8 minutes. MDA was measured
with a commercial assay kit (Cayman Chemical Company, Ann Arbor, MI).

Statistical analysis
All data are presented as the mean ± SEM (standard error of the mean). Peri-ischemic heart
rate changes were analyzed using a repeated measures ANOVA followed by Bonferroni
pairwise comparisons. All other data were compared using one-way ANOVA followed by t-
test for unpaired data with Bonferroni correction.

Results
Perioperative heart rate changes

Table 1 shows changes in heart rate before, during and after LAD occlusion. Heart rate was
increased significantly after LAD occlusion and remained tachycardiac until early reperfusion.
There was no significant difference in heart rate between control and treated mice.

Acute hyperglycemia in mice
A preliminary dose range study conducted with a conventional glucose meter (iTest, Auto
Control Med. Inc., Canada) indicated that a single bolus injection of 20% dextrose (10 μl/g or
2 g dextrose/kg body weight) sufficed to achieve transient blood glucose levels between 400–
500 mg/dl. A time course of blood glucose levels was then evaluated at this dose in a group of
5 C57Bl/6J mice. Before injection, blood glucose in unfasted mice ranged from 117–150 mg/
dl (mean=129±8 mg/dl). After injection, blood glucose increased rapidly to a peak at 20 min
post-injection of 442±48 mg/dl, and then gradually declined while retaining mean levels of
over 400 mg/dl for a period of 20 min (Fig. 2). Blood glucose returned to baseline 2 hrs after
dextrose injection. Table 1 shows the blood glucose levels before LAD occlusion in all of the
experimental groups, demonstrating that the hyperglycemic mice had significantly higher
blood glucose levels than the other groups.
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Acute hyperglycemia enhances oxidative stress and exacerbates myocardial infarction
Four groups of mice (Fig 1, top 4 groups) underwent 30 min of LAD occlusion followed by
60 min of reperfusion, and an additional sham group underwent thoracotomy without LAD
occlusion. A potent antioxidant, MPG, was administered in MPG-treated groups at a dose of
20 mg/kg 2 min before reperfusion. The mean blood glucose levels before LAD occlusion were
135±11 mg/dl in control or 124±13 in MPG-treated (MPG group) and 444±26 mg/dl in
untreated hyperglycemic mice (p<0.05, Table 1). In control mice, plasma MDA was
significantly increased during reperfusion compared to sham-operated mice (2.33±0.12 versus
0.71±0.05 μM, p<0.05). Acute HG further increased plasma MDA to 3.38±0.21 μM (p<0.05
versus Control or Sham). Treatment with MPG significantly reduced plasma MDA in both
control and HG mice to 1.21±0.24 μM and 1.03±0.06 μM, respectively (p<0.05 versus either
MPG or HG groups, Fig 3). Correspondingly, myocardial infarct size was enhanced by acute
hyperglycemia. There were no statistical differences in risk region size (RR, % of LV) among
the 4 groups (Control: 42.7±1.7, HG: 41.6±1.3, MPG: 37.9±1.8, HG+MPG: 38.9±1.5). In
control mice, infarct size (% of RR) was 34.0±2.7%. Infarct size in HG mice increased by 45%
to 49.4±1.6% (p<0.05 versus control). Administration of MPG (MPG group) reduced infarct
size to 19.5±2.3, (43% reduction from control). Administration of MPG to HG+MPG mice
reduced IF to 30.0±4.3%, a 39% reduction (p<0.05 versus HG mice, Fig. 4 & 5).

NADPH oxidase contributes to acute hyperglycemic exacerbation of MI
Apocynin, a specific NADPH oxidase inhibitor, was administered at a bolus dose of 50 mg/
kg body weight either shortly before the onset of reperfusion intravenously (HG+APO) or
before induction of hyperglycemia intra-peritoneally (APO+HG, Fig 1). LAD ligation caused
comparable risk regions in apocynin-treated mice as with other groups (APO+HG: 37.2±1.4,
HG+APO: 39.3±2.5; p=NS versus control or HG group). Administration of apocynin before
reperfusion (HG+APO) had no effect on plasma MDA levels (3.32±0.18 μM, p=NS versus
HG group); and correspondingly had no effect on infarct size of hyperglycemic mice (45.9
±2.8%, p=NS versus HG group, p<0.05 vs. control, Figs 3 to 5). However, administration of
apocynin before the induction of hyperglycemia (APO+HG) significantly reduced MDA levels
to 1.25±0.46 μM (p<0.05 vs. HG or HG+APO) and abrogated the hyperglycemia-induced
infarct expansion and significantly reduced infarct size to 26.2±2.9% (p<0.05 vs. HG, p=NS
vs. control, Figs 3 to 5).

Correlation between plasma MDA level and myocardial infarct size
By pooling the data from all six groups of mice, a strong correlation was found between MDA
levels and myocardial infarct size at 1 hour post-reperfusion, R2=0.62 (Fig. 6).

Discussion
Through administration of concentrated dextrose, acute hyperglycemia was created in non-
diabetic mice. Acute hyperglycemia significantly increases the production of reactive oxygen
species (ROS) during reperfusion as characterized by lipid peroxidation products (MDA) in
plasma and thereby exacerbates myocardial infarct size in mice. The efficacy of MPG in
reducing infarct size in hyperglycemic mice when administered only minutes prior to
reperfusion demonstrates that oxidative stress contributes importantly to the hyperglycemic
exacerbation of infarct size. MPG is a potent ROS scavenger and thus acts on the end products
(ROS) of oxidative stress. Apocynin, a selective NADPH oxidase inhibitor, similarly inhibited
oxidative stress and protected the heart against the hyperglycemic exacerbation of infarct size,
but only when it was applied before the hyperglycemic insults, indicating that the
hyperglycemic oxidative stress involves NADPH oxidase. Taken together, the results indicate
that acute hyperglycemia induced in non-diabetic mice shortly before myocardial ischemia
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significantly increases oxidative stress and exacerbates myocardial infarction in mice through
the activation of NADPH oxidase.

Compelling evidence has shown that acute (or stress) hyperglycemia is an independent
predictor of cardiovascular morbidity and mortality, independent of diabetes3,18–20. Stress
hyperglycemia shares many properties with hyperglycemia associated with type 2 diabetes,
including increased oxidative stress21–24, inflammation25–28, and activation of stress-
responsive kinase20,26. Infarcts are usually larger in patients with stress or diabetes-related
hyperglycemia4,5,20,29, and animals with acute hyperglycemia sustain dramatically larger
infarcts following experimental ischemia-reperfusion than do euglycemic controls7–9.
Increased sensitivity to ischemia-reperfusion injury and more severe myocardial damage is
one reason for the poor prognosis of acute MI patients with stress hyperglycemia.

Although the mechanisms underlying acute or stress hyperglycemia may differ between
patients and animal models8,29, hyperglycemia has proven to be an independent risk factor
for larger infarct size4,5,7,8 and this hyperglycemic infarct exacerbation is not related to
increased osmolality7. In order to simulate the stress hyperglycemia seen in human patients,
acute hyperglycemia was similarly induced in mice in the current study by i.p. injection of
concentrated dextrose. Sustained hyperglycemia ensued lasting over 30 minutes. LAD
occlusion and reperfusion were performed during this period of the hyperglycemia. Blood
glucose levels were 3-fold greater in hyperglycemic mice than in non-hyperglycemic mice.
There was no difference in preoperative heart rate between hyperglycemic and non-
hyperglycemic mice (Table). Myocardial ischemia and reperfusion induced oxidative stress
that was documented after reperfusion. Acute hyperglycemia exacerbated this oxidative stress.
Correspondingly, a significantly larger infarct size was found in hyperglycemic mice. This
oxidative stress is positively correlated with myocardial infarct size (R2=0.62, Fig 6). A ROS
scavenger, MPG, significantly reduced oxidative stress in both control and hyperglycemic mice
and completely abrogated the hyperglycemic exacerbation of infarct size (Figure 3–5). In order
to further define the source of the ROS responsible for the hyperglycemic exacerbation of
infarct size, a selective inhibitor of NADPH oxidase30 (apocynin) was applied to
hyperglycemic mice. Apocynin proved to be as effective as MPG in completely abrogating the
hyperglycemic oxidative stress and abolishing the hyperglycemic exacerbation of infarct size,
provided it was administered prior to the induction of hyperglycemia. However, the
cardioprotective effect of apocynin was lost when its application was delayed until after the
induction of hyperglycemia (Fig 4 & 5).

Myocardial ischemia/reperfusion injury is also associated with oxidative stress in the non-
diabetic subjects as shown in the current study (Fig 3) and others31,32. However, the role of
ROS scavenger or NADPH inhibition in reducing myocardial infarction remains
controversial33. Acute hyperglycemic exacerbation of myocardial ischemia/reperfusion injury
has been documented in both clinical and animal studies, but the role of antioxidant therapy in
this setting is lacking.

It is well known that acute or stress hyperglycemia is associated with oxidative stress and
inflammatory responses10,21,23,24,26–28. The degree of oxidative stress correlates most
closely with acute, not chronic, glucose fluctuations24. Oxidative stress is defined in general
as excess formation and/or insufficient removal of highly reactive molecules such as reactive
oxygen species (ROS) and reactive nitrogen species (RNS). There are multiple potential
sources of oxidative stress during hyperglycemia; including nonenzymatic, enzymatic and
mitochondrial sources34. Nonenzymatic sources of oxidative stress originate from auto-
oxidation of glucose or formation of advanced glycation end products. Enzymatic sources for
the augmented generation of oxidative stress during hyperglycemia include nitric oxide
synthase (NOS), NADPH oxidase and xanthine oxidase. The mitochondrial respiratory chain
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is another potential source of oxidative stress in this setting. Although not fully understood,
evidence is mounting to suggest that NADPH oxidase plays an important role in mediating
acute hyperglycemic oxidative stress23,27,34.

In the current study, acute hyperglycemia-induced oxidative stress was clearly defined during
reperfusion and this oxidative stress, as well as the exacerbation in infarct size, was completely
abolished with using a potent ROS scavenger or NADPH oxidase inhibitor. Interestingly,
neither MPG nor apocynin could reduce infarct size in hyperglycemic mice back to the size
found in MPG-treated euglycemic mice (Fig 4). This may reflect the deleterious effects of
hyperglycemia on the endogenous defense system of cardiomyocytes, which makes them
sensitive to ischemic injury7,8,20. Thus antioxidant therapy appears to abrogate the
exacerbation of reperfusion injury, but not ischemic injury.

Apocynin inhibits NADPH oxidase by acting as an irreversible inhibitor of the p47phox subunit.
Apocynin prevents the translocation of cytosolic p47phox to Nox2 in the membrane of
leukocytes, monocytes and endothelial cells35–38. However, the compound requires activation
by myeloperoxidase and/or H2O2

38 to be effective. For this reason, the inhibitory action of
the compound appears to be most effective in leukocytes and then only after a lag period37,
38. Although the current experiment did not explore the possible cellular sources of oxidative
stress, an increasing body of evidence indicates that acute or stress hyperglycemia activates
leukocytes which mediate the oxidative stress and inflammatory responses5,23,26. The
cardioprotective effect of apocynin against the hyperglycemic exacerbation of infarct size is
thus probably due to its action on the NADPH oxidases in leukocytes.

In the current experiments, the anti-oxidant and cardioprotective effects of apocynin against
the hyperglycemic exacerbation of infarct size disappeared when it was administered just prior
to reperfusion. The reason for this may be two-folds: 1) acute hyperglycemia caused the
translocation of p47phox and activation of NADPH oxidase prior to the administration of
apocynin, and 2) the lag time required for activation of the compound made it less effective
against hyperglycemia-induced p47phox translocation. Treatment with apocynin prior to the
induction of hyperglycemia in the “APO+HG” protocol provides adequate lag time for the
activation of apocynin, thus enabling it to be effective in the inhibition of NADPH oxidase.

Significance and limitation of the study
The present study clearly shows that acute hyperglycemia enhances oxidative stress and
exacerbates myocardial infarction. The cardioprotective effect of MPG is manifest even when
the compound is given at the time of reperfusion. This has important clinical implications
because it demonstrates that it may be possible to intervene with antioxidants to reduce infarct
size in cardiac patients undergoing cardiopulmonary bypass or in medical patients with acute
myocardial infarction undergoing percutaneous coronary intervention or thrombolysis by the
simple administration of a potent antioxidant. Although NADPH oxidase plays a critical role
in hyperglycemia-induced oxidative stress, the clinical application of inhibitor of NADPH
oxidase is not practical since it has to be used before the onset of hyperglycemia. However,
further experiments are needed to define its role when it is administered before or early during
ischemia.

Conclusion
The current study indicates that acute hyperglycemia enhances oxidative stress during
reperfusion, which in turn exacerbates myocardial infarct size in non-diabetic mice. Potent
antioxidants can protect the heart against the hyperglycemic exacerbation of infarct size. The
efficacy of apocynin indicates that hyperglycemia-induced oxidative stress is mediated by the
activation of NADPH oxidase. Finally, this study provides direct evidence showing that the
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deleterious effects of hyperglycemia on infarct size can be completely reversed in a practical
and clinically relevant manner.
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Figure 1.
Study groups and experiment protocols.
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Figure 2.
Time course of blood glucose levels after single i.p. injection of 20% dextrose (10 μl/g body
weight). *p<0.05 vs. baseline (time 0).
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Figure 3.
Plasma levels of malondialdehyde (MDA) after 60 minutes of reperfusion following 30 minutes
of LAD occlusion. *p<0.05 vs. Control, HG or HG+APO; #p<0.05 vs. Sham or HG
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Figure 4.
Myocardial infarct size after 30 minutes of LAD occlusion and 60 minutes of reperfusion.
Acute hyperglycemia exacerbates infarct size. The hyperglycemic exacerbation of infarct size
was completely abrogated by MPG administered at reperfusion or apocynin administered prior
to hyperglycemia. *p<0.05 vs. HG or HG+APO; #p<0.05 vs. Control
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Figure 5.
TTC- and phthalo blue–stained, short-axis tissue sections of left ventricles from representative
mice from the six groups summarized in Figures 1 and 4. Blue areas are nonischemic tissue,
yellowish-white areas are infarcted tissue, and red areas represent salvaged (viable) tissue
within the previously ischemic myocardium (risk region).
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Figure 6.
Correaltion between plasma MDA levels and myocardial infarct size by pooling the data from
different groups. R2=0.62.
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Table 1
Blood glucose levels before LAD occlusion and perioperative heart rates.

Groups Blood glucose
(mg/dl)

Heart Rate (beats per minutes)

Before occlusion During occlusion Reperfusion

Control 153±19 406±14 443±9# 445±10#

HG 444±26 * 407±15 466±18# 448±20

MPG 124±13 408±12 458±11# 428±10

HG+MPG 480±21* 404±6 453±16# 445±13

HG+APO 422±24 * 393±9 451±12# 472±15#

APO+HG 496±16 * 395±12 439±7# 430±7#

HG: hyperglycemia, MPG: N-2-mercaptopropionyl glycine, APO: apocynin.

*
p<0.05 vs. Control

#
p<0.05 vs. before occlusion.
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