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Abstract
Background: We determined the effect of diabetes on no reflow and myocardial infarct sizes in both an
experimental rat model of diabetes and a contemporary trial of subjects with STEMI.
Methods: Adult Zucker Diabetic Fatty (ZDF) and Sprague Dawley (SD) rats (n=15 each group) were subjected to
left coronary artery occlusion for 30 min followed by 3 h of reperfusion. In the clinical trial, the myocardial infarct (MI)
size and the zone of microvascular obstruction were assessed in 258 non-diabetic MI patients and 34 diabetic MI
patients.
Results: There was no difference in infarct size (median) in ZDF rats (49.9%) versus SD rats (59.6%; p=0.32);
there was no difference in no-reflow size (mean ± SEM) in ZDF rats (32.5 ± 3.5%) versus SD rats (32.7 ± 4.3%;
p=0.97). In the clinical study, CK-MB and Troponin I area under the curve at 72 h were comparable between the 2
groups. Infarct size by MRI on day 4 was 37.9 ± 1.8 ml in 216 non-diabetic patients and 34.8 ± 4.7 ml in 27 diabetic
patients (p=0.559). The ratio of micro vascular obstruction on day 4 on the MRI was 0.179 ± 0.018 of the left
ventricle in 200 non-diabetic patients and 0.220 ± 0.060 of the left ventricle in 23 diabetic patients.
Conclusions: Both animal and clinical studies demonstrated no evidence for a larger infarct size, or larger area
of no reflow in the diabetic compared to non-diabetic conditions.
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Introduction
Several studies suggest that clinical outcomes after acute myocardial
infarction are worse in diabetics than non-diabetics [1,2]. Patients with
diabetes have higher rates of heart and renal failure, cardiogenic shock
and in hospital mortality compared to non-diabetic patients with acute
coronary syndromes. In one pooled analysis from the TIMI group,
there was nearly a doubling of 30-day mortality among diabetics
compared to non-diabetics who suffered either ST elevation or
unstable angina/non-ST elevation myocardial infarction [3]. The exact
cause of this worse clinical outcome in diabetics remains controversial.
Some studies suggested that diabetes is associated with worse signs of
no reflow [4,5]. Other studies did not show that diabetes was
associated with bigger infarcts or micro vascular damage [6]; but some
studies showed that hyperglycemia on admission was associated with
greater myocardial injury, and that this relationship was actually
strongest in the non-diabetic patients [7]. Ota et al. [8] also showed
that hyperglycemia on admission for ST elevation myocardial
infarction was associated with micro vascular obstruction on cardiac
magnetic resonance imaging. Thus there is remaining controversy
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regarding the effect that diabetes has on myocardial infarct size and
micro vascular obstruction (no reflow phenomenon). We determined
the effect of diabetes on these two parameters in both an experimental
rat model of diabetes as well as in a recent clinical trial in patients with
STEMI. Our hypothesis was that since diabetes is associated with
micro vascular disease that the size of the myocardial infarction and
no-reflow areas in both animal model and in patients would be larger
in the diabetic cohorts.

Methods
Experimental study
All rat studies were done in the Dr. Kloner Laboratory at the
Huntington Medical Research Institutes, Pasadena, and were approved
by the Institutional Animal Care and Use Committees at Huntington
Medical Research Institutes. This investigation was performed in
accordance with the guidelines for the care and use of laboratory
animals (NIH publication No. 85-23, National Academy Press,
Washington DC, revised 2011).
Adult male Zucker diabetic fatty (ZDF) rats (n=15) were obtained
from Charles River Company. ZDF rats were fed a standard Purina
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5008 diet. On the day of surgery, the rats (22.3 ± 1 weeks old) were
anesthetized with intraperitoneal ketamine (75 mg/kg) and xylazine (5
mg/kg) and mechanically ventilated. Their necks were shaved and
cleaned and cut-downs were performed over the jugular vein and
carotid artery. Catheters were inserted into the jugular vein for
sampling of blood and drug delivery and carotid artery for arterial
wave form monitoring. A sample of blood was obtained for blood
glucose levels. Under clean conditions, the chest cavity was opened
through an incision in the 4th left intercostal space to expose the heart.
The pericardium was gently removed exposing the anterior surface of
the left ventricle. A suture was placed under the proximal portion of
the left coronary artery as it ran through the interventricular groove
just under the tip of the left atrial appendage. The ends of the suture
were threaded through a small plastic tube and the tube was clamped
to induce 30 min of coronary artery occlusion. Reperfusion of the
epicardial coronary artery was induced by releasing the clamp and
watching the surface of the heart for reactive hyperemia. The hearts
were reperfused for 3 h.
In order to assess the distribution and size of the anatomic noreflow zone (the zone of micro vascular obstruction) 4% thioflavin S
(0.3 ml) was injected into the jugular vein during the last one minute
of reperfusion. Thioflavin S is a dye that appears yellow green in areas
receiving blood perfusion, when the heart slices are visualize under
ultraviolet light; non-fluorescent perfusion defects represent the
anatomic zones of no reflow that appear black. At the end of
reperfusion, the proximal coronary artery was briefly re-occluded and
the blue dye (Super Imperse Blue) was injected into the jugular vein
with the coronary artery re-occluded. Blue dye circulates only to the
perfused areas and does not reach the ischemic zone (which appears
pink when viewing the heart slices under standard white light). At the
end of this step, IV KCL is injected intravenously while the rats are
under deep anesthesia, in order to stop the heart in a relatively
diastolic state. The heart was excised, excess fat was cleared from the
surface of the heart, the heart was gently washed in clear saline, and
then transected into 4 transverse slices from apex to base. The heart
slices were photographed under white light in order to determine the
ischemic risk zone (pink) in contrast to the nonischemic regions
receiving blue dye. The heart slices were then photographed under
ultraviolet light in order to delineate the areas of perfusion by
thioflavin S (fluorescent areas) versus the no-reflow zones (nonfluorescent perfusion defects). Finally, the heart slices were incubated
in 1% triphenyltetrazolium chloride (TTC) at 37°C for 15 min; TTC is
a chemical that stains viable cells brick red, while dead or necrotic cells
appear white or pale. The heart slices were again photographed under
white light. The photographs were used for planimetry in order to
determine the percentage of each heart slice that was at risk, infarcted
or contained no-reflow. Planimetered photographs were then
corrected for weight of each heart slice and then the percentage of each
left ventricle that was at risk (ischemic), demonstrated no-reflow, and
was necrotic was calculated. Myocardial infarct size was expressed as
the percentage of the left ventricle that went on to develop necrosis; the
no-reflow zone was expressed as a percentage of the left ventricular
risk zone and percentage of the necrotic zone. Heart rate and blood
pressure were monitored throughout the protocol.
We compared the endpoints, including ischemic risk zone, infarct
and no-reflow size, body temperature, heart rate, and blood pressure in
the diabetic male ZDF rats to the same parameters from a recent study
of non-diabetic adult female Sprague Dawley (SD) rats (n=15, 10.7 ±
0.2 weeks old). The SD rats were also subjected to 30 min of left
coronary artery occlusion followed by 3 h of reperfusion. All of the
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surgical procedures and measurements in ZDF and SD rats were
performed by the same investigators. All of the data were collected in a
blinded fashion. Ischemic risk area less than 15% was excluded from
the study.

Clinical study
We then compared infarct size and the extent of reperfusion injury
in a subset of patients from a contemporary study of anterior
myocardial infarction who underwent successful percutaneous
coronary intervention (PCI) (ClinicalTrials.govNCT01572909). The
rationale and methods for the EMBRACE STEMI trial have been
previously reported [9]. This study was approved by the local
institutional review committees, and all subjects provided informed
consent.
The clinical study determined myocardial infarct size by both
biomarkers (creatine kinase-myocardial band, CK-MB area under the
curve over 72 h (258 non-diabetic patients and 34 diabetic patients)
and serum troponin I under the curve over 72 h), and using cardiac
magnetic resonance imaging (MRI) at 4 days. MRI contrast injection
at 4 days was utilized to assess size and the zone of micro vascular
obstruction (MVO), which previously was shown to be similar to the
no reflow zones assessed in experimental studies using thioflavin S
[10]. Here we present the data in MI patients with versus without
diabetes (Type 1 or Type 2), on myocardial infarct size assessed by both
enzymatic and cardiac MRI as well as the zone of micro vascular
obstruction.

Statistical analysis
Statistical analyses for the rat study were performed with Sigma Plot
12 software. Data are reported as mean ± SEM, if the parameter is
normally distributed; median, if the parameter is not normally
distributed. The Shapiro-Wilk test was performed on each measured
parameter in order to evaluate distribution. When the data had a
normal distribution then Student’s T test was used in order to compare
the treated group with the control group. When there was not a normal
distribution then Mann-Whitney Rank Sum Test was used in order to
compare the treated group with the control group. Statistically
significant differences were established at p<0.05. Statistics for the
clinical study were previously described [9].

Results
The blood glucose level was measured before anesthesia and was
452 ± 15 mg/dl in the ZDF at the day of surgery. By Shapiro-Wilk test,
data of ischemic risk area and no-reflow over risk area were normally
distributed and expressed as mean ± SEM; while data of infarct area
and no-reflow were not normally distributed and expressed as median.
As shown in figure 1, the ischemic risk zone, expressed as % of left
ventricle, was comparable in ZDF rats (39.5 ± 2.0%) to SD rats (41.9 ±
2.3%; p=0.43). There was no difference in infarct size, expressed as %
of ischemic risk zone, in ZDF rats (49.9%) versus SD rats (59.6%;
p=0.32); there was no difference in no-reflow size, expressed as % of
ischemic risk zone, in ZDF rats (32.5 ± 3.5%) versus SD rats (32.7 ±
4.3%; p=0.97). Body temperature was maintained at ~37°C during the
procedure in both ZDF and SD rats (Table 1). However, the heart rate
was significantly lower, and the systolic blood pressure was
significantly higher in the ZDF rats compared to in the SD rats during
the procedure, but there was no significant difference in mean arterial
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pressure between the 2 groups during baseline prior to coronary
occlusion, coronary occlusion and reperfusion (Table 1).
In the clinical study, CK-MB area under the curve at 72 h in 258
non-diabetic patients was 5129 ± 221 versus 4503 ± 662 ng h/L in 34
diabetic patients (p=0.34). Troponin I under the curve at 72 h in 254
non-diabetics was 3628 ± 207 versus 3216 ± 504 µg h/L in 34 diabetics
(p=0.49). Infarct size by MRI on day 4 was 37.9 ± 1.8 ml in 216 nondiabetic patients and 34.8 ± 4.7 ml in 27 diabetic patients (p=0.559).
MRI determined infarct size corrected for mass of the left ventricle did
not differ between non-diabetic patients (256.2 ± 8.5) and diabetic
patients (223.6 ± 23.3). The ratio of micro vascular obstruction
determined by contrast (gadolinium) injection on day 4 on the MRI
was 0.179 ± 0.018 of the left ventricle in 200 non-diabetic patients and
0.220 ± 0.060 of the left ventricle in 23 diabetic patients. Similar to the
experimental data there was no evidence that diabetic patients had
larger myocardial infarctions or more no reflow than non-diabetic
patients. In those patients with closed arteries on admission and then
successful reperfusion, there also was no difference in infarct size
between the diabetic and non-diabetic patients by either enzymatic
analysis or MRI.

Systolic blood pressure (mmHg)

98 ± 4

83 ± 1

0.002

Diastolic blood pressure (mm Hg)

59 ± 3

63 ± 1

0.3

Mean blood pressure (mm Hg)

76 ± 4

70 ± 1

0.13

Temperature (°C)

37.2 ± 0.1

37.1 ± 0.07 0.1

Heart rate (beats/min)

220 ± 5

245 ± 6

0.0047

Systolic blood pressure (mmHg)

90 ± 2

79 ± 2

0.0035

Diastolic blood pressure (mmHg)

52 ± 2

58 ± 2

0.09

Mean blood pressure (mmHg)

68 ± 2

65 ± 2

0.37

Temperature (°C)

37.1 ± 0

37.3 ± 0.07 0.18

Heart rate (beats/min)

210 ± 5

250 ± 5

2.1 × 10-5

Systolic blood pressure (mmHg)

77 ± 3

61 ± 1

1.9 × 10-4

Diastolic blood pressure (mmHg)

37 ± 2

38 ± 2

0.66

Mean blood pressure (mmHg)

52 ± 3

46 ± 1

0.09

Prior to coronary artery reperfusion

End of 3 h reperfusion

Table 1: Body temperature, heart rate, and blood pressure (n=15 in
each group).

Discussion

Figure 1: The ischemic risk zone, infarct size and no-reflow zone
were comparable between the ZDF rats and SD rats (n=15 in each
group); A: The ischemic risk zone was expressed as percentage of
left ventricle; B: The infarct size was expressed as percentage of left
ventricle ischemic risk zone; C: The no-reflow zone was expressed
as percentage of left ventricle ischemic risk zone; D: The no-reflow
zone was expressed as percentage of left ventricle necrotic zone. By
Shapiro-Wilk test, data of ischemic risk area and no-reflow over risk
area were normally distributed and expressed as mean ± SEM (bar
graphs in panels A and C); while data of infarct size as percent of
ischemic risk zone and no reflow size as percent of infarcted zone
were not normally distributed and shown as median (bar graphs in
panels B and D).

ZDF rats SD
rats
P value
(n=15)
(n=15)
Prior to coronary artery occlusion
Temperature (°C)

37.1 ± 0.06 37 ± 0.04

0.39

Heart rate (beats/min)

218 ± 6

5.2 × 10-7
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271 ± 4

There is no question that diabetes is a risk factor for atherosclerotic
disease and myocardial infarction. Diabetes has also been associated
with micro vascular disease. As described above, diabetics who have
ST elevation myocardial infarction have worse clinical outcomes
compared to non-diabetics including worse mortality and more heart
failure. The exact mechanism for this worsened outcome is unclear.
The results of the present study suggest that diabetic hearts with
myocardial infarctions do not have larger myocardial infarctions or
larger zones of no reflow compared to non-diabetic hearts. Therefore it
is unlikely that the worse clinical outcomes observed in diabetic
patients with acute ST elevation myocardial infarctions are due to
bigger infarcts or more no reflow (and more micro vascular
obstruction). Other factors may be important. It does appear from
previous studies that having hyperglycemia at the start of the ST
elevation myocardial infarction may be associated with poor outcomes
[7,8].
In ZDF rats fed with Purina 5008, non-insulin-dependent diabetes
mellitus begins to develop with hyperglycemia and insulin resistance at
∼7 weeks of age; and glucose levels typically reach 450-550 mg/100 ml
by 9-11 weeks of age [11,12]. Experimental studies of myocardial
ischemia/reperfusion tolerance in ZDF rats have been performed in
different laboratories, and the effect of diabetes on myocardial injury
after ischemia-reperfusion remains controversial. La Bonte [13]
subjected male ZDF rats (12-16 weeks old) and aged-matched nondiabetic Zucker lean control rats to 30 min of left coronary artery
occlusion followed by 120 min of reperfusion in vivo. The infarct size
was significantly greater in the ZDF rat hearts compared with their
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lean controls. The results demonstrated that there was enhanced
myocardial susceptibility to ischemic insult in ZDF rats. In contrast,
Kristiansen et al. [14] compared the tolerance to ischemia in hearts
from ZDF rats (16 weeks old), and non-obese Zucker. The isolated
hearts were mounted in a Langendorff apparatus and perfused
retrogradely with Krebs-Henseleit solution, were subjected to regional
ischemia by left coronary artery occlusion for 50 min followed by 120
min of reperfusion. The infarct size after a coronary artery occlusion in
ZDF rats was significantly smaller than in non-diabetic control
animals. Their results suggested that the susceptibility of the type 2
diabetic myocardium to ischemic damage is lower than in non-diabetic
hearts. However, Hoshida et al. [15] occluded the left coronary artery
for 30 min followed by 24 h reperfusion in male ZDF rats and nondiabetic Zucker lean control rats (27 weeks old). There was no
difference in ischemic risk size and infarct size between the ZDF rats
and lean control rats. Our present results support the findings of
Hoshida in that diabetes had no effect on myocardial infarct size after
ischemia-reperfusion in both experimental ZDF rats and in the clinical
trial. In addition, our findings extend these studies by showing that in
the experimental model and clinical trials that diabetes did not worsen
the size of the no reflow zone.
There has been controversy in the literature regarding the effect of
diabetes on no reflow. No reflow in our experimental models is due to
micro vascular obstruction and the primary ultrastructural
abnormality observed with no reflow is endothelial swelling and
blebbing that obstructs the lumen of small blood vessels, especially at
the capillary level. It does not appear that even well-established
diabetes as in our experimental model or in humans exacerbates this
phenomenon. The micro vascular damage of diabetes may involve
more proximal disease and not the capillaries within the myocardium
that are more likely to be affected by ischemia/reperfusion injury. No
reflow is now considered an important prognostic marker in patients.
Those ST elevation myocardial infarction patients who demonstrate no
reflow are more likely to die of their infarction. No reflow is also
associated with poor healing of the left ventricle as necrotic debris
cannot easily be removed from the infarct and cytokines and cellular
elements important to the healing phase of myocardial infarction
cannot easily enter the region undergoing healing. As a result, no
reflow in both experimental models [16] and in clinical trials [17] is
associated with adverse left ventricular remodeling including thin,
stretched scars, dilated left ventricles and reduced cardiac function that
can lead to heart failure and death. Our hypothesis, that diabetes
would be associated with worse no reflow, was, however, disproved in
both an animal model and clinical model. The worsened clinical
outcomes of diabetic patients suffering an ST elevation MI are likely
not related to larger infarcts or more no reflow.
There are certain limitations of our studies. The ZDF rats were
studied at one time point during their adulthood, that is about 22
weeks. We cannot rule out the concept that in older rats, diabetes
would have caused more no-reflow. The ZDF rats were not aged
matched to the non-diabetic rats. The SD rats were females from
historical control studies while the ZDF rats were male; however, we
previously showed no difference in infarct size by gender in rodent
studies [18]. The clinical study did not have large numbers of diabetic
patients; however within those patients myocardial infarction size was
measured by several techniques: 2 separate biomarkers and MRI
imaging.
In conclusion, our results in both animal and clinical studies
demonstrated that there was no evidence for larger risk zones, larger
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infarct sizes, or larger areas of no reflow in the diabetic compared to
non-diabetic conditions.
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