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Abstract

Objectives: We hypothesized that the organisms and their organs or tissues could adapt them-
selves to the gradual changes of environment for surviving or reducing damage. This study ex-
plored whether gradual clamping (GC) could reduce myocardial ischemia-reperfusion (IR) injury
in rat heart. Methods: Twelve rats were randomized to IR group and GC group, then the hearts
were isolated and perfused with Langendorff apparatus. Before cardioplegia, the perfusion was
stopped abruptly in IR group while slowly with 5-minute in GC group. The hearts were subjected
to 30-minute ischemia and 60-minute reperfusion. The left ventricular develop pressure (LVDP)
and systolic pressure (LVSP), the maximal rate of the increase and decrease of left ventricular
pressure (+dp/dtmax, —dp/dtmax) were measured by polygraph system at different time points. The
recovery of the variables was expressed as the ratio of these values at individual time point after
reperfusion to the baseline respectively. Results: The recovery of LVDP after reperfusion was bet-
ter than that in IR group (P = 0.034). No significant difference in the recovery of LVSP, +dp/dtmax
and -dp/dtmax between groups was observed. Conclusions: Gradual clamping could improve the
recovery of LVDP after IR, suggesting that gradual clamping could reduce myocardial IR injury.
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1. Introduction

Cardiopulmonary bypass (CPB), considered as one of the most important clinical advances in medicine in the
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1950s, has been widely applied in cardiac surgery [1]. However, CPB can cause myocardial ischemia-reperfu-
sion (IR) injury which is closely associated with postoperative complications such as myocardial infarction and
cardiac failure [2] [3]. Although ischemic preconditioning (IPC) and remote ischemic preconditioning (RIPC)
have the potential to attenuate IR injury [4] [5], their protective effects in clinic are still controversial and limited
[6]-[8]. Therefore, more protective strategies need to be explored.

According to our clinical experience, some severe bleeding patients with extremely low hemoglobin could be
rescued successfully and recovered without any clinical complications. Sanging Jin brought up the hypothesis of
gradual adaptation, meaning that the organisms or the human body or their organs and tissues could change their
own innate ongoing normal process to adapt to the gradual changes of environment for surviving or reducing
damage, including the changes from one state to another state, either from physiologic status to pathologic status
or pathologic status to physiologic status. According to the above hypothesis, we further hypothesized that gra-
dual clamping, which means that the perfusion of the heart is blocked gradually at a constant speed till to cessa-
tion of the perfusion, but not ceased abruptly, could induce the myocardial gradual adaptation to ischemia, and
so could reduce the myocardial ischemia-reperfusion injury.

This study aimed to explore whether gradual clamping could reduce myocardial IR injury in isolated Lan-
gendorff-perfused rat heart.

2. Materials and Methods
2.1. Ethics Committee Approval

The study was approved by the Animal Care committee of Sun Yet-sen University (IACUC-2012-0802) and
conformed to the guidelines on animal welfare of the National Committee for Animals Experiments.

2.2. Animals

The experiments were performed on twelve hearts harvested from 12 male Sparage-Dawley rats weighing from
300 g to 350 g (10 weeks to 12 weeks old) obtained from Medical Experimental Animal Center of Guangdong
Province, Guangzhou, China. Rats were randomly assigned to two groups (n = 6 rats for each group): ischemia
reperfusion group (IR group) and gradual champing group (GC group). Animals were fed with normal rat chow
in specific pathogen free (SPF) laboratory. After one week of adaptation, body weight was measured and rec-
orded, rats entered into the experiment according to the grouping.

2.3. Experimental Protocol

The rats were heparinized by heparin 1000 1U/kg intraperitoneally, and 25 minutes later they were anesthetized
with intraperitoneal sodium pentobarbital (60 mg/kg, Shanghai Chemical Reagent Procurement and Supply Sta-
tion, China). After anesthesia, the rats were sacrificed by cervical dislocation, rapid chest opening was performed,
then hearts of the rats were quickly removed, and blood in the hearts was washed away in Krebs-Henseleit bicar-
bonate buffer of 4°C. The aorta of the heart was rapidly cannulated and the heart was fixed to the Langendorff
apparatus (AD Instruments, Australia) and perfused by Krebs-Henseleit bicarbonate buffer [11.0 mmol/l glucose,
118.5 mmol/l NaCl, 4.75 mmol/l KCI, 1.19 mmol/l MgSO,, 1.18 mmol/l KH,PO,4, 25.0 mmol/l NaHCOs;, and
1.4 mmol/l CaCl,] at pH 7.4. The buffer was bubbled with 95% O, and 5% CO, at 37°C. The time from chest
opening to perfusion by Langendorff apparatus was controlled less than 2 minutes. All the reagents mentioned
above and below were purchased from Guangzhou Chemical Reagent Factory (China) unless specially noted.

A latex balloon was introduced into the left ventricle from left atrium after the recovery of heart beat. The
heart was perfused at a constant flow rate of 11 ml/min for 30 minutes for equilibrium. At 10 minutes of equili-
brium, the balloon was expanded with water to achieve a physiological end-diastolic pressure of 4 - 8 mmHg. A
pressure transducer (AD Instruments Ltd, Australia) was connected to the balloon by a rigid thin tube, and the
transducer was attached to a bridge amplifier (AD Instruments Ltd., Australia) before connecting to the Power
Lab biosignal collecting system (AD Instruments Ltd., Australia).

And then two different protocols were performed depending on the grouping. After equilibrium, the perfusion
of IR group was stopped abruptly while the perfusion of the GC group was diminished to cessation by a constant
speed with 5 minutes, and this procedure was achieved by slowly adjusting the flow button in the Langendorff
apparatus manually performed by the skillfully trained doctor. Then 5 ml 4°C St Thomas’ Il cardioplegic solu-
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tion [147 mmol/l NaCl, 20 mmol/l KCI, 16 mmol/l MgCl,, 2 mmol/l CaCl, and 1 mmol/l procaine] was injected
to the hearts of both groups through aortic root immediately after the perfusion was totally stopped. The hearts
were then subjected to global ischemia for 30 minutes at 30°C and reperfusion for 60 minutes at a constant flow
rate of 11 ml/min at 37°C.

2.4. Observed Variables

The Power Lab biosignal collecting system (AD Instruments Ltd, Australia) and the software of Lab Chart 7
(AD Instruments Ltd., Australia) were used to record and calculate the left ventricular systolic pressure (LVSP),
left ventricular develop pressure (LVDP), the maximal rate of the decrease of left ventricular pressure (—dp/dt;ax)
and the maximal rate of the increase of left ventricular pressure (+dp/dt..x) at the end of equilibrium period
(baseline, T1), 5 minutes (T,), 10 minutes (T3), 20 minutes (T,), 30 minutes (Ts), 40 minutes (Tg), 50 minutes
(T7), 60 minutes (Ts) after reperfusion.

2.5. Statistical Analysis

The recovery of LVDP, LVSP, +dp/dt,.x and —dp/dt...x after reperfusion was expressed as the ratio of the value
at time points (T,, Ts, T4, Ts, Tg, T, Tg) after reperfusion to the value at baseline (T;) respectively. Data were
described as mean * standard deviation of the mean (SD) and analyzed by repeated-measures analysis of va-
riance with SPSS 16.0 statistical software package. Statistical significances were evaluated at a two-tailed signi-
ficance level of 0.05.

3. Results
3.1. Recovery of LVDP

The changing trend of LVDP in GC group was different from that in IR group, and recovery of LVDP after re-
perfusion was better than that in IR group (P = 0.034). Besides, LVVDP varied with time (P = 0.000): compared
to the baseline (T,), LVDP decreased after reperfusion and reached significant differences at T, (P = 0.002) and
Ts (P =0.013), and then gradually increased and reached significant differences at T¢ (P = 0.012), T, (P = 0.020)
and Tg (P = 0.043). But there was no interaction between the time factor and the grouping factor (P > 0.05), so
we could compare neither the difference of LVVDP between groups at an individual time point, nor the difference
between the individual time point to baseline in only one group (Figure 1).

3.2. Recovery of LVSP

The changing trends of LVSP in two groups did not achieve statistical significance (P = 0.190). LVSP varied
with time (P = 0.000): compared to the baseline (T1), LVSP decreased after reperfusion and reached significant
differences at T, (P = 0.002) and T3 (P = 0.029). But there was no interaction between the time factor and the
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Figure 1. The recovery of LVDP between GC group and IR group. The recovery of the LVDP was expressed as the ratio of
LVDP at individual time point after reperfusion to the baseline respectively. The letters Ty, Ty, Ta, T4, Ts, T, T7 and Tg on
the abscissa represent the end of equilibrium period (baseline), 5 min, 10 min, 20 min, 30 min, 40 min, 50 min and 60 min
after reperfusion, respectively, same as in Figures 2-4. Mean + SD. n = 6 in each group. "P < 0.05 vs IR group; P < 0.05 vs

baseline (T).
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grouping factor (P > 0.05), so we could not compare the difference between the individual time point to baseline
in only one group (Figure 2).

3.3. Recovery of +dp/dtmax

The changing trends of +dp/dt..x in two groups did not achieve statistical significance (P = 0.116). The +dp/dt..x
varied with time (P = 0.000): compared to the baseline (T;), +dp/dt..x decreased after reperfusion and reached
significant differences at T, (P = 0.002) and T3 (P = 0.009), and then gradually increased and reached significant
differences at T¢ (P = 0.025), T, (P = 0.009) and Tg (P = 0.022). But there was no interaction between the time
factor and the grouping factor (P > 0.05), so we could not compare the difference between the individual time
point to baseline in only one group (Figure 3).

3.4. Recovery of —dp/dtmax

The changing trends of —dp/dt.« in two groups did not achieve statistical significance (P = 0.075). The —dp/dt;«
varied with time (time factor P = 0.000): compared to the baseline (T;), —dp/dt..x decreased after reperfusion
and reached significant differences at T, (P = 0.000), T; (P = 0.000) and T, (P = 0.003). But there was no inte-
raction between the time factor and the grouping factor (P > 0.05), so we could not compare the difference be-
tween the individual time point to baseline in only one group (Figure 4).

4. Discussion

The present study showed that gradual clamping could improve the recovery of LVDP, demonstrating that gra-
dual clamping could improve left ventricular systolic function recovery after myocardial IR. This result initially
verified our novel hypothesis of gradual adaptation in the aspect of myocardial IR injury.
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Figure 2. The recovery of LVSP between GC group and IR group. The recovery of the LVSP was expressed as the ratio of
LVSP at individual time point after reperfusion to the baseline respectively. The recovery of LVSP had no significant dif-
ference between 2 groups (P = 0.190). Mean + SD. n = 6 in each group. *P < 0.05 vs baseline (T,).
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Figure 3. The recovery of +dp/dt,. between GC group and IR group. The recovery of the +dp/dt., was expressed as the ra-
tio of +dp/dt,. at individual time point after reperfusion to the baseline respectively. The recovery of +dp/dt.., had no sig-
nificant difference between the 2 groups (P = 0.116). Mean + SD. n = 6 in each group. *P < 0.05 vs baseline (T,).
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Figure 4. The recovery of —dp/dty.x between GC group and IR group. The recovery of the —dp/dtmq, Was expressed as the ra-
tio of —dp/dtna at individual time point after reperfusion to the baseline respectively. The recovery of —dp/dtma had no sig-
nificant difference between the 2 groups (P = 0.075). Mean + SD. n = 6 in each group. “P < 0.05 vs baseline (Ty).

Myocardial IR impairs systolic and diastolic function of left ventricle and causes a series of hemodynamic
changes, such as decrease of myocardial contractility and compliance, discordance of myocardial contraction,
increase of left ventricular end-diastolic pressure and reduction of stroke volume [5]. LVDP was calculated as
LVSP minus left ventricular end diastolic pressure, and reflected left ventricular contractile function. The higher
LVDP is, the better the left ventricular contractility is. Because it is an important variable of ventricular contrac-
tility, some researchers even selected LVVDP as the only indicator to investigate contractile function in isolated
perfused heart model [9] [10]. This study showed that LVDP significantly decreased after reperfusion, suggest-
ing myocardial IR could indeed impair cardiac systolic function, even under the protection by cardioplegic solu-
tion. Importantly, this study demonstrated that the recovery of LVDP was higher in GC group than in IR group
after reperfusion. This suggested that gradual clamping could reduce systolic dysfunction of left ventricle in-
duced by myocardial IR.

LVSP and +dp/dt.« also reflect left ventricular contractile function, and —dp/dt..x reflects myocardial dias-
tolic function, but in this study the recovery of LVSP, +dp/dt,.« and —dp/dt,.x between GC group and IR group
could not reach statistical significance. However, the recovery curves of LVSP, +dp/dt..x and —dp/dt;.x in GC
group were all above the curves in IR group in Figures 2-4 respectively. Although differences in two groups
could not reach statistical significance, all the P values were relatively small (all the P < 0.20). The relatively
less sensitive of these variables in reflecting cardiac function and the relative small sample size in this study may
contribute to the negative results.

LVDP was even higher than that at baseline in GC group in Figure 1, this may be due to two reasons. The
hearts were excised from the rats and then connected to the Langendorff apparatus, although we controlled this
process not exceeding 2 minutes, there did exist a period of global ischemia. Although the equilibrium time in
some experiments was less than 30 minutes [9] [11], we are still wandering that 30 minutes of equilibrium may
be not enough for the myocardial recovery, this need further investigation. On the other hand, gradual clamping
could improve the recovery of contractile function after reperfusion.

There are few studies look similar like the present study, but actually focal points of these studies were dif-
ferent from us. Abrupt occlusion of coronary artery results in an immediate stop in myocardial perfusion, this is
associated with a rapid change of metabolism such as a rapid fall in tissue levels of phosphocreatine and ATP
[12] [13]. It has been shown that this down-regulation process in metabolism may be time-dependent [14]-[16].
If blood flow of the left anterior descending coronary artery was reduced gradually to the same level for mod-
erate ischemia in the heart, Arai et al. found that the changes in these metabolic variables of ischemia were
blunted compared to abrupt reduction of the blood flow [16]. Earlier studies have shown that graded reperfusion
following ischemia, at flow rates below baseline, improved post-ischemic function compared with immediate
reperfusion at baseline levels [17] [18]. Takeo et al. demonstrated that reperfusion with reduced flow rates fol-
lowing global ischemia could improve post-ischemic function compared to immediate reperfusion with normal
flow rates [18]. Klawitter et al. found a period of low flow perfusion following global ischemia before full re-
perfusion improved post-ischemic myocardial function and energetic recovery [19]. These studies doubtlessly
had important scientific sense. However, all these studies were designed based on a phenomenon and found
another phenomenon, and investigated an isolated procedure for myocardial protection. The present study based
on a novel systemic hypothesis, and it not only found a novel myocardial protection strategy, but more impor-
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tantly it verified the novel hypothesis of gradual adaptation through myocardial protection.

This study was also designed by a concept different from IPC. IPC, which is achieved by short episodes of IR
applied before the lethal ischemia, has been shown to be an effective adjunct to myocardial protection in cardiac
surgery [20]-[22]. However, IPC with repeated clamping of the aorta will never get widespread use [23]. Gra-
dual clamping that we report here does not need repeated clamping with severe complications such as the aorta
rupture, but only need an equipment to control the clamping rate without extra mechanical trauma. Therefore,
gradual clamping has more potential of clinical application.

The isolated perfused mammalian heart model was established in 1897 by Oscar Langendorff. The simplicity
of the isolated mammalian heart preparation makes this model high reproducibility and relatively low cost, and a
broad spectrum of measurements can be done by using this apparatus [24]. Meanwhile, with the absence of
normal humoral influences and neuronal regulation, the isolated perfused mammalian heart model directly re-
flects the impact of the experimental treatment on the heart. In the last decade the method has been widely used
in many areas, especially in researches about myocardial IR injury [25]. This study also used this common mod-
el to explore the protective effects of gradual clamping and obtained reliable results. St Thomas’ Il cardioplegic
solution was widely used in the clinic for cardiac surgery for myocardial protection. This solution was used to
induce cardioplegia during global ischemia in this study, making the result of this study more reliable.

The major limitation of the study was that we did not further investigate the mechanism underlying gradual
clamping. The myocardium rapidly adapted its own innate ongoing normal process to accommodate global
ischemia during the period of gradual clamping. This adaptation resulted in functional improvements compared
with hearts suffered from sudden-onset ischemia. Finding the substances mediating this adaptation is also an
important goal in our future work. Since the protective effect in this study occurred in the absence of prior re-
perfusion, whether the processes known to be stimulated during reperfusion, such as oxygen-derived free radical
release [26], has contribution to the present result need to be further explored.

These findings may provide a new direction for the myocardial protection or other organs’ protection. Because of
its potential clinical value, the in vivo study need to be carried out and the related mechanism need to be explored.

5. Conclusion
This is the first study showing that gradual clamping can improve recovery of systolic function of left ventricle
after myocardial IR. This initially verified our gradual adaptation hypothesis.
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