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Effect of the Ligation and Reperfusion Timeframe
on Maximal Ischemia-Reperfusion Injury in
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Background: Little is known about the effect that different time sequences for coronary ligation and reperfusion
have on ischemic-reperfusion (IR) injury.

Objective: To investigate the relationship between the extent of IR injury and the timeframe for coronary ligation/
reperfusion in three animal models.

Methods: Three rat models were used: normal Sprague-Dawley rats, diabetes mellitus (DM) rats, and fat rats. The
rats in each model were divided into four groups based on the coronary ligation period (L): 30, 60, 120, and 180
min, and then divided into seven sub-groups based on the reperfusion period (R): 0, 30, 60, 120, 180, 270, and 360
min. RO was the IR injury baseline for each sub-group. The hearts were harvested and stained with Evans blue and
2,3,5-triphenyl tetrazolium chloride dye to distinguish the different myocardial injury areas: area at risk (AAR) and
myocardial necrosis. The difference between each subgroup and baseline (R0O) for the necrotic area/AAR was
calculated.

Results: In the normal rats, the highest IR injury differences compared with the baseline group occurred at L120,
with a reperfusion time of > 180 min. The highest IR injury difference compared to the baseline group occurred at
L30, with a reperfusion time of > 180 min in the DM rats and at L60R270, L120R180 in the fat rats.

Conclusions: IR injury, as induced by different coronary ligation and reperfusion time intervals, had diverse expression
profiles in the different animal models. Optimal animal models with optimal coronary ligation/reperfusion protocols

to achieve maximal IR injury will affect the results and interpretation of future studies.
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INTRODUCTION

Re-establishing blocked coronary blood flow using
thrombolysis or primary coronary intervention (PCl) is
essential to reduce myocardial damage and necrosis in
patients with acute myocardial infarction (AMI). How-
ever, coronary reperfusion can result in advanced myo-
cardial injury and life-threatening arrhythmia, which
clinically means ischemic-reperfusion (IR) injury. After
decades of investigation, the exact mechanism of myo-
cardial IR injury remains unclear.

Therapies to lessen the degree of IR injury have pro-
ven elusive and disappointing. Many experimental trials
for IR injury have shown mixed results and conclusions
even when the same pharmacological therapy was used.”®
One possible explanation for these controversial conclu-
sions may be the lack of a specific animal model with an
optimal coronary ligation/reperfusion period protocol
designed for the study of IR injury. Although Reimer et
al. reported the wavefront phenomenon of ischemic
death in dogs, no follow-up study has explored the rela-
tionship between IR injury and the time sequence for
coronary ligation/reperfusion intervals in different ani-
mal models.” In experimental animal studies used to ex-
plore the benefits of pharmacological therapy, the opti-
mal setting for the coronary ligation/reperfusion period
might affect the interpretation of the same drug be-
cause of diverse differences in IR injury. In addition, dia-
betes mellitus (DM) and obesity are thought to be po-
tential risk factors for coronary artery disease (CAD).
However, little attention has been paid to DM and obese
groups in IR injury studies.

In this study, we investigated the relationship between
the extent of IR injury and the timeframe of coronary li-
gation/reperfusion in three animal models. An optimized
animal model may be needed for future clinical experi-
ments to accurately assess the benefits of IR injury ther-
apies. In addition, we also analyzed the optimal coronary
ligation and reperfusion time intervals, which could affect
the extent of IR injury in these three animal models.

METHODS

Animal preparation
The Institutional Animal Care and Use Committee of
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Chang Gung Memorial Hospital reviewed and approved
the animal protocol (Institutional Review Board number:
2015121703). Institutional guidelines for the care and
use of laboratory animals were followed according to
the “ARRIVE Guidelines for Reporting Animal Research”.?
Three kinds of rats (obtained commercially from Bio-
LASCO Taiwan Co., Ltd) were used in this study: (1) Nor-
mal Sprague-Dawley rats (8 weeks old, body weight:
about 250-300 g) fed with a standard diet (normal rat
group); (2) Sprague-Dawley rats with diet-induced obe-
sity (DIO) (8 weeks old, body weight: about 300-400 g)
fed with a diet containing 45% fructose and 40% fat for
4 weeks before the experiments were performed (fat rat
group); and (3) Sprague-Dawley rats with STZ-induced
diabetes (8 weeks old, body weight: about 250-300 g)
fed with a standard diet (DM rat group). The rats were
acclimated in a quarantine room for 7 to 10 days before
the experiments were performed. RO was the IR injury
baseline for each sub-group. A mixture of Rumpon (6
ug/g body weight) and Zoletil (50 ug/g body weight)
was used to anesthetize the rats via intramuscular injec-
tion. If the rats showed a response to pain or appeared
to have an irritable status during the experimental pe-
riod, an additional dose of anesthetic was given. The
rats were then placed in a supine position with their
paws taped and fixed to the table. A PE-70 endotracheal
tube was placed into the trachea for airway maintenance.
The rats were placed on a ventilator and oxygen satura-
tion was maintained at > 95% throughout the experi-
ment. The rodent ventilator was set at a rate of 66-120
beats/min with a tidal volume of 0.7-1.25 ml/min (SAR-
830/AP, CWE Inc., USA). A heparinized central catheter
was implanted to monitor hemodynamic status by punc-
turing through the right femoral artery. All rats received
heparinization with a loading dose of 200 units/kg be-
fore the experimental protocol progressed.

Induction of ischemia

The rats received a left vertical thoracotomy and
pericardiectomy to expose the heart. The thoracotomy
was implemented 2 mm to the left of the midline of the
chest. Regional ischemia was induced by tying the left
anterior descending (LAD) coronary artery with a 6-0 silk
suture. The LAD snaring position was lower than the bot-
tom of the left atrium to avoid a large ventricular infarct,
which would increase the mortality of the rats during



Time Sequence and Ischemia-Reperfusion Injury

the experimental procedure. A grossly visual evaluation
and assessment of myocardial infarction and dyskinesis
was considered to indicate myocardial ischemia. Due to
the high number of lethal complications that occurred
before and after LAD ligation and reperfusion, 100% oxy-
genation was given to the rats for 5 min, and a drop of
0.5% xylocaine was dripped onto the heart, just before
LAD ligation and reperfusion. During the experimental
period of heart exposure, the open wound was kept mo-
ist, and a parafilm covering was used to avoid dehydra-
tion. Additionally, 1 ml normal saline was infused th-
rough a suitable femoral artery catheter every 30 min to
prevent hypotension caused by dehydration. No cardio-
version was performed, and the rats were taken out of the
study if their systolic blood pressure was < 50 mmHg.

Animal groups

Based on the ligation period, the animals were di-
vided into four groups: 30 min (L30), 60 min (L60), 120
min (L120), and 180 min (L180). Every ligation group was
then divided into seven reperfusion sub-groups: 0 min
(RO, baseline group), 30 min (R30), 60 min (R60), 120 min
(R120), 180 min (R180), 270 min (R270), and 360 min
(R360). In this study, every sub-group contained five rats.

Assessment of infarction size and area at risk (AAR)
of the left ventricle

The LAD ligature was retightened when the study
protocol was accomplished in each sub-group. Then 1
ml of Evans blue dye (2% solution) was administered
into the beating left atrium to stain the myocardium,
which was perfused by the patent coronary arteries for
5 to 10 mins, and the unstained myocardium was con-
firmed as the AAR of the left ventricle. The heart was
then harvested and subsequently removed from the
atria, right ventricle, and major blood vessels. The ga-
thered left ventricle was then sliced into 4 to 5 myocar-
dial slices of around 1 mm thickness, parallel to the at-
rioventricular groove. The AAR was separated from the
stained parts of the myocardium in each myocardial
slice and then incubated in 1.0% 2,3,5-triphenyl tetra-
zolium chloride (TTC) for 5 min at 37 °C and fixed in 10%
formalin. After this procedure, the TTC unstained por-
tion was defined as the myocardial necrotic area. These
serial slices were scanned using an Epson AL-CX11 flat-
bed scanner (Epson, Long Beach, CA). The general area

of the left ventricle, necrotic portion, and the AAR of each
slice were measured using National Institutes of Health
(NIH) Image J software (computer-assisted planimetry
with Imagel-1.37 software). The necrotic area/AAR per-
centages were then averaged to calculate a summation
910 The difference in IR injury from
baseline was defined as the necrotic area/AAR difference
between each reperfusion sub-group and baseline (RO).

value for each heart.

Euthanasia/sacrifice methods

All rats were euthanized through immediate decapi-
tation after deep anesthesia, and their bodies were in-
cinerated after freezing.

Statistical analysis

All data are presented as the mean =+ standard error
of the mean. The upper and lower limits were the 95%
confidence intervals. The Kruskal-Wallis test and post hoc
tests with Bonferroni correction were used to analyze sta-
tistical differences. Significance was set at p < 0.05.

RESULTS

Time effects of IR injury on ligation and reperfusion

Table 1 shows the impact of different ligation/reper-
fusion timeframes on myocardial infarct size for the left
ventricle in the three different rat models. The extent of
IR injury varied according to the different ligation and
reperfusion time periods. Figure 1 shows images of the
left ventricular cross-section in different ligation/reper-
fusion timeframes for the three animal models. The time-
frames for L120 are representative of normal (Figure 1A)
and fat rats (Figure 1C). The timeframe for L30 is repre-
sentative of DM rats (Figure 1B).

Figure 2 shows the relative IR injury percentage
change compared to RO depending on the different liga-
tion time points. There was a significant difference in
the relative IR injury percentage change across the 30
min, 60 min, 120 min, and 180 min ligation groups in the
normal rats (relative IR injury 10.4 + 1.1%, 8.4 + 2.6%,
19.2 + 7.4%, and 2.9 + 3.0%, respectively; p < 0.001, Fig-
ure 2A), while the peak elevation was in the L120 group.
In the DM rats, there was also a significant difference in
the relative IR injury percentage change among the dif-
ferent ligation groups (relative IR injury 6.4 + 3.1%, 2.4 +
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Table 1. Effects of different ligation/reperfusion timeframe on myocardial infarct size with respect to the left ventricle in different

models
RO R30 R60 R120 R180 R270 R360

Normal rat model

L30 37.1+16 413121 41.2+1.6 39.7+0.7 40.0+1.2 42.0+1.3 42.0+1.5

L60 41.1+13 416+1.3 418+1.2 47.4+2.3 46.7+1.9 46.7£2.3 435+1.6

L120 438+1.4 42.4+1.7 445+1.6 50.1+3.3 63.1+1.2 55.8+2.5 57.5+1.9

L180 542124 50.0+1.1 55.5+6.3 55.3+3.8 60.6+1.1 59.8+1.4 53.4+238
DM rat model

L30 48.6+1.3 458+ 2.0 49.7+3.0 50.9+1.7 54.7+25 545+2.1 55.2+4.1

L60 54.8+0.5 57.7+2.4 54.5+1.8 56.3+1.4 55.7+3.5 58.6+0.4 53.8+3.0

L120 57.2+1.2 53.3+1.7 59.9+2.4 59.4+1.7 61.3+1.3 60.0+2.7 53.9+15

L180 60.5+ 1.0 59.2+1.1 65.5+1.2 59.5+1.5 56.9+25 60.7+1.4 60.3+1.5
Fat rat model

L30 51.7+5.4 56.9+1.8 64.9+23 57.8+3.4 51.9+4.6 47.2+2.9 51.9+2.7

L60 47.2+4.4 52.9+0.6 57.5+1.8 59.7+2.1 60.3+3.6 62.0+1.8 57.1+3.0

L120 53.6+5.0 53.5+6.4 65.4+3.9 64.1+1.7 71.4+19 67.2+3.6 66.7+2.4

L180 575+ 1.7 63.9+3.0 48.6+£5.9 60.5+2.8 62.8+4.1 629+ 1.6 61.5+2.3

The data presented as mean + standard error of the ratio of myocardial infarct size to the left ventricle (%).
N =5 in each subgroup, total were 28 (4 x 7) subgroups. DM, diabetes mellitus; L, ligation; R, reperfusion.

RO R30 R60

R120

R180 R270 R360

9200 00 o
Po0eboe
Do %egep

Figure 1.

Gross picture of myocardial infarct size with respect to the left ventricle in different ligation/reperfusion time courses. Blue color repre-

sented as Evans blue-stained myocardium (survival myocardium) and the other unstained myocardium was defined as the area at risk (AAR). White
color represented the area not stained with 2,3,5-triphenyl tetrazolium chloride (TTC) dye and was defined as the myocardial necrotic area. (A) Nor-
mal rats at L120; (B) DM rats at L30; (C) Fat rats at L120. DM, diabetes mellitus; L, ligation; R, reperfusion.

1.4%, 1.4 £ 2.4%, and -0.2 £ 1.9%, respectively; p <
0.001, Figure 2B). The maximal IR injury percentage
change was observed in the 30 min group, and then the
IR injury percentage change decreased as the ligation
period increased. In the fat rats, there was also a signifi-
cant difference in relative IR injury percentage change
among the groups (relative IR injury 6.5 + 4.9%, 22.9 +
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2.9%, 20.7 £ 4.6%, and 4.4 + 4.0%, respectively; p =
0.002, Figure 2C); the highest IR injury percentage change
occurred in the L60 and L120 groups.

Figure 3 shows the IR injury relative percentage
change compared with RO and the different reperfusion
time groups. In the normal rats, the relative IR injury
percentage change showed a significant difference ac-
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ross the different time periods (30 min, 60 min, 120
min, 180 min, 270 min, and 360 min; relative IR injury
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3.8%, and 12.1 + 7.0% respectively; p = 0.001, Figure
3A). The IR injury percentage change showed a gradual
increase until R180, and then a decrease at R270 and
R360. In the DM rats, there was no significant difference
among the different reperfusion time groups (relative IR
injury -2.4 + 2.8%, 3.7 + 1.9%, 2.4 + 1.4%, 3.8 + 4.0%,
6.1 + 2.4%, and 1.4 + 4.2% respectively; p = 0.242, Fig-
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then a decrease at R270 and R360.

Effects of different time courses on IR injury
Figure 4 shows the effects of different ligation/re-
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Figure 3. Time effects in reperfusion for reperfusion injury in 3 animal
models. (A) Normal rats; (B) DM rats; (C) Fat rats. DM, diabetes mellitus.
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perfusion timeframes on IR injury percentage changes in
the different animal models. In the normal rats, the
L120R180, L120R270, and L120R360 groups had high
mean IR injury differences compared with baseline (RO)
(Figure 4A). In the DM rats, the maximal IR injury change
was observed at L30R180, L30R270, and L30R360 (Fig-
ure 4B). In the fat rats, the L60R270 and L120R180 groups
had high mean IR injury differences compared with ba-
seline (Figure 4C).

DISCUSSION

High rates of life-threatening complications or car-
diac disability occur if CAD progresses to myocardial in-
farction. Furthermore, IR injury may exacerbate and
limit the prognosis of patients who survive an AMI event.
In some cases, it may cause acute or chronic heart fail-
ure, life-threatening cardiac arrhythmia, or even death.
Our study showed the differences in maximal IR injury

Acta Cardiol Sin 2023;39:135-143
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Figure 4. Impacts of different ligation/reperfusion time courses on

reperfusion injury in 3 animal models. (A) Normal rats; (B) DM rats; (C)
Fat rats. DM, diabetes mellitus; L, ligation; R, reperfusion.

in different animal models with diverse ligation-reper-
fusion timeframes. We used a shorter ligation time in
the DM rat model to achieve the maximal effect of IR
injury compared with the normal and fat rat models.
Many previous reports have applied different coro-
nary ligation and reperfusion periods in animal models.
For example, Viehman et al. completed a coronary liga-
tion trial in a cat model, but no reperfusion was allowed.
They found that significant myocardial necrosis did not
occur until 360 min of coronary ligation.™ The degree of
myocardial necrosis was only 18 + 4% of the AAR with
this long period of myocardial ischemia. Tsao et al. also
conducted an IR injury trial with 90 min of coronary liga-
tion in a cat model. The found that myocardial necrosis
occurred after 180 min of coronary reperfusion, and
that the necrosis increased from 10% to 18% when the
reperfusion period was prolonged to 270 min.>** Mulch
et al. reported that, in an isolated heart model, a lack of
recovery ability in heart function was observed after
ischemic periods extending beyond 30 min, despite re-

Acta Cardiol Sin 2023;39:135-143

perfusion periods.'? Furthermore, two studies on dogs
demonstrated that nearly 50% of the myocardial infarct

13,14

size may be attributable to IR injury. Previous stud-

ies have even shown contrary and opposite conclusions
in the same pharmacological trials.*®1>%°

There were some drawbacks in the previous studies
that investigated IR injury therapy. First, the use of dif-
ferent animal models could result in diverse conclusions.
Second, variations in the coronary ligation and reperfu-
sion time intervals could also affect the study results.
Third, whether experimental medications were used or
whether interventional therapy was performed at the
time point as maximal IR injury will also impact the ther-
apeutic effectson IR injury. Our findings showed that dif-
ferent degrees of IR injury can occur in the same animal
model (rat) with different health statuses (normal, DM
or fat), ligation and reperfusion times.

In this study, we found that relative IR injury change
was significantly elevated at L120 in the normal rats (Fig-
ure 2A). Moreover, the IR injury percentage change
showed a gradual increase at different reperfusion pe-
riods until R180, and then a decrease at R270 and R360
(Figure 3A). This result may be due to cardiac myocyte
death at R180. To explore the timeframe for ligation and
reperfusion intervals, and to establish the maximal IR
injury extent, multivariate ANOVA tests were performed
between groups for the time effects of ligation and re-
perfusion. We found that the L120R180, L120R270, and
L120R360 groups had significantly higher mean IR injury
differences compared with baseline (RO) (Figure 4A).
However, a longer reperfusion time led to more animal
deaths due to vital cardiac arrhythmia and heart failure.
The animal death rate was around 20% at R180, but rose
to 30% to 50% at R270 and R360. Based on these results,
we suggest that L120R180 seems to be a reasonable
choice as the optimal IR injury therapy experimental
model for normal rats.

DM is thought to be equivalent to CAD in clinical
practice, and many studies have reported that CAD se-
verity is higher in diabetic patients compared with non-
diabetic patients.zL22 DM has also been associated with
increased premature atherosclerosis, subsequently lead-
ing to an increase in heart failure and cardiac death at a
younger age.B'24 In the Framingham population, a 16-
year follow-up study showed that DM patients had a
2.5-fold greater risk of developing cardiovascular dis-
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ease and a 2 to 4-fold increased risk of mortality com-
pared with non-diabetic patients.25 Similarly, in DM pa-
tients, obesity has also been associated with premature
death, and it has been shown to be a potential risk fac-
tor for myocardial infarction. In obese patients who have
a myocardial infarction, a higher risk of cardiac arrhyth-
mia and sudden death has also been reported.”®*’ In ad-
dition, many previous studies have reported that phar-
macological interventions could limit the extent of IR in-
jury in obese-insulin-resistant models.”®?° Therefore,
even though DM and obesity are prominent risk factors
for CAD and act as significant prognostic factors for CAD,
a lack of attention has been paid to IR injury experimen-
tal study design in humans and animals. In this study,
we used the same protocol to survey IR injury percent-
age differences in normal, DM and fat rat models, with
diverse phenotypes and clinical impact.

We found that the maximal IR injury percentage
change occurred at L30, and then decreased as the liga-
tion period was extended in the DM rat model. How-
ever, there was no significant difference in IR injury
among the different reperfusion groups in the DM rat
model, and it showed a different IR injury expression
profile compared with the normal rat model. The effect
of ligation time interval appeared to be more critical
than reperfusion time interval on the extent of IR injury
in the DM rats. In different ligation and reperfusion in-
tervals (Figure 4B), the highest IR injury was obtained in
the L30R180, L30R270, and L30R360 groups. Therefore,
a shorter ligation interval of L30 may be sufficient to achi-
eve the maximal IR injury extent in DM rats. Peak changes
persisted with a prolonged reperfusion time (180-360
min), which indicates extensive infarction of IR injury in
the DM model, and long-term observation (prolonged
reperfusion time) might be needed in such high-risk IR
injury models. Other assessment tools (echocardiogra-
phy and cardiac magnetic resonance imaging) or bio-
markers should be considered for late IR injury.

In the fat rat model, the extent of IR injury appeared
to be significantly different among the different ligation
and reperfusion groups. Maximal IR injury occurred in
the L60R270 and L120R180 groups (Figure 4C). Given
the lower reperfusion time, which can reduce the time
cost and animal death rate, L120R180 may be the best
choice for an IR injury therapy experimental model in fat
rats. This finding is similar to the normal rat model.

Reimer et al. previously found that myocyte necro-
sis was restricted in the subendocardial region after 40
min of myocardial ischemia in a dog model.” They dem-
onstrated that irreversible injury progressed as a wave-
front towards the subepicardial layer during a prolonged
ischemic insult period. However, to the best of our know-
ledge, no timeframe for different ligation and reperfu-
sion periods in IR injury for different animal models has
been explored in previous investigations. In addition,
previous IR injury studies have reported controversial
conclusions. Apaijai et al. concluded that the timing of
pharmacological interventions might play a vital role in
the inconsistent experimental results.>® Our previously
published study established and confirmed that the time
sequence of coronary ligation (120 min) and reperfusion
(180 min) achieved maximal IR injury in a normal adult
rat model.**
experimental studies have used DM and fat rat models
and the associated optimal time intervals for coronary
ligation and reperfusion necessary to achieve maximal
IR injury. Although the coronary anatomy of the rat is
relatively easy to manipulate, it is different to human
coronary anatomy; we could therefore establish more
exact experimental results by using the most appropri-
ate animal model settings for IR injury treatment stu-
dies. Our preliminary study results may then be more
representative of the clinical efficacy of different thera-
pies for IR injury.in humans in the future.

To the best of our knowledge, no previous

Limitations

There were some limitations to this animal model
study. The ligation level of the coronary artery could
vary due to differences in the anatomy between rats. A
longer interval of reperfusion, 60 min, could affect the
extent of maximal IR injury. Hemodynamic status with-
out significant shock was controlled throughout the ex-
periment; however, we could not maintain the same
blood pressure and saturation for all rats.

CONCLUSION

This study demonstrated maximal differences in IR
injury to define the optimal time point for ligation and
reperfusion intervals in three animal models. DM rats
seemed to have a more significant change in the extent

Acta Cardiol Sin 2023;39:135-143
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of IR injury under shorter ligation (30 min) compared
with normal and fat rats. These results could provide a
reference for the design of future IR animal models in
clinical research.
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