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Background Cardiac arrest is one of the leading causes of death with a very high mortality rate. No therapeutic drug that

can be administered during resuscitation has been reported. Mitochondrial dysfunction is believed to play

an important role for the pathogenesis of cardiac arrest. SS-31, a tetra-peptide, has been shown to protect

mitochondria from ischaemia/reperfusion injury. Therefore, we tested whether SS-31 improves rat survival

after prolonged cardiac arrest.

Methods Rats were randomised into two groups. After 25 minutes of asphyxia-induced cardiac arrest, rats were

resuscitated with or without SS-31 using cardiopulmonary bypass resuscitation. Rat survival was followed

for additional 4.5 hours using haemodynamic monitoring. The blood gas was analysed for surviving rats at

multiple time points.

Results and

Conclusions

After 5 hours, 5 of 10 rats survived in the SS-31 group whereas only 1 of 10 rats survived in the control group

(p = 0.026). At 90 minutes after resuscitation, the blood lactate level in the SS-31 treated rats

(4.29 � 2.5 mmol/L) was significantly lower than in control rats (7.36 � 3.1 mmol/L, p = 0.026), suggesting

mitochondrial aerobic respiration was improved with SS-31 treatment. Overall, our data show the potential

of SS-31 as a novel therapeutic in cardiac arrest.

Keywords Mitochondria-targeted therapeutics � Anaerobic metabolism � Haemodynamics � Resuscitation
� Physiology
Introduction
Cardiac arrest (CA) is one of the leading causes of death

worldwide [1]. However, the search for mechanism-driven

drugs is limited. Moreover, drugs that can be tested during

resuscitation have not been reported. Previous studies showed

that mitochondria play important roles for the pathogenesis of

CA [2]. Therefore, drugs directed at mitochondria may serve as

novel therapeutics in CA. SS-31, a tetra-peptide, is a mitochon-

dria targetingdrug currently in clinical trials [3]. The protective

effect of SS-31 has been demonstrated in various tissues using
© 2018 Australian and New Zealand Society of Cardiac and Thoracic Surgeons (A

Published by Elsevier B.V. All rights reserved.

*Corresponding author at: Feinstein Institute for Medical Research, Department of

hasset, NY 11030, USA. Tel.: +1 516 562 0452., Email: jkim46@northwell.edu
several animal models of ischaemia [4–6]. As well as its wide

application, different protective mechanisms were proposed

depending on disease models, such as scavenging ROS [7],

inhibiting cytochrome c peroxidase activity [8], and inhibiting

proinflammaotry cytokines [9]. Regardless of its protective

mechanism, the wide spectrum of protective action makes

SS-31 a promising therapeutic agent in CA, where multiple

organs are affected.

Previously, we developed a rat model of asphyxial CA-car-

diopulmonary bypass (CPB) resuscitation. Because asphyxia

induces highly reproducible CA, it is the most commonly used
NZSCTS) and the Cardiac Society of Australia and New Zealand (CSANZ).
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Figure 1 Kaplan–Meier survival curve following 25 min
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CA model in small rodents [10]. Customised CPB resuscitation,

which models extracorporeal membrane oxygenation, was

used to resuscitate animals. Cardiopulmonary bypass is an

emerging resuscitation method that multiple studies showed

improved outcomes with CPB [11,12], providing support for its

potential as a treatment for CA. For this study, compared to

conventional chest compression resuscitation, blood flow aided

by the CPB pump provides more consistent reperfusion and

delivery of SS-31 to individual organs, allowing careful assess-

ment of the therapeutic potential of SS-31 in CA. Using this

established CA model, we test whether SS-31 is protective in

CA. The data show that SS-31 significantly increasesrat survival

after 25 minutes prolonged CA, supporting the potential of SS-

31 as a novel therapeutic in CA.

Materials and Methods

Asphyxial CA and CPB Resuscitation
The experimental protocol was approved by the Institutional

Animal Care and Use Committee of the University of Penn-

sylvania (#804889). The detailed surgical procedures were

provided in supplementary materials [13]. Male adult

Sprague–Dawley rats were used. Cardiac arrest was induced

by stopping the ventilator. After 25 minutes CA, resuscitation

was started with the initiation of CPB flow and resumption of

ventilation. Cardiopulmonary bypass resuscitation was con-

tinued for 30 minutes. SS-31, dissolved in 0.8% sodium bicar-

bonate, was administered in the CPB fluid during resuscitation

and by IV infusion after resuscitation at 0.05 mg/kg/hour.

Previous studies tested SS-31 using different dosages in vari-

ous diseases [3] and 0.05 mg/kg/h is a commonly used dosage

for continuous administration with consistent effectiveness

[6,14]. Control rats were treated with 0.8% sodium bicarbonate.

There was no difference in the time to reach CA between the

two groups (188 sec for control and 179 sec for SS-31 groups).

Survival was monitored using haemodynamic monitoring for

5 hours. Death was defined by mean arterial pressure (MAP)

below 30 mmHg lasting for 3 minutes.

Haemodynamics and Blood Gas
Analysis
Mean arterial pressure, heart rate, and pulse pressure was

measured using haemodynamic monitoring. Blood samples

(0.15 mL) were drawn from the left femoral catheter at desig-

nated times for blood gas analysis. Urine production was mea-

sured by measuring the volume of urine withdrawn by bladder

puncture. The log-rank test was used to compare survival

between the two groups. Data from haemodynamic monitoring

and blood gas analyses were presented as mean � standard

deviation and the significance determined using student’s t-

test. A p value < 0.05 was considered statistically significant.
of CA and 30 min of CPB resuscitation. The rats treated
with SS-31 have significantly higher survival rates than
animals in the control group (p = 0.026).
Abbreviations: CA, cardiac arrest; CPB, cardiopulmon-
ary bypass.
Results
In the control group, 7 of 10 rats died before 210 minutes after

the initiation of resuscitation and only one rat survived for
5 hours (Figure 1). In the SS-31 group, all rats survived for a

minimum of 3 hours post-CA, and half survived to the exper-

imental endpoint of 5 hours (p = 0.026). This result shows

that SS-31 significantly increased short-term survival of rats

in this model. The average time to achieve return of sponta-

neous circulation (ROSC) was 463 seconds for the control

group and 319 seconds (p = 0.281) for the SS-31 group, show-

ing SS-31 has minial effect on achieving ROSC.

SS-31 treatment also decreased the blood level of lactate in

surviving rats from 90 minutes after resuscitation (Table 1).

Consistent with the decreased lactate level, pH was higher in

rats in the SS-31 group. No significant difference was found

in haemodynamic parameters (Table 1) or urine output

(Table S1) between the two groups. These data suggest SS-

31 treatment has no impact on heart function and kidney

function at this early stage of recovery. In the SS-31 group, 7

of 10 surviving rats developed recurrent seizures, whereas

only two rats in the control group (Table S1). These seizures

were clearly detectable by abrupt increases in MAP accom-

panied with body movements. The average frequency of the

seizures observed in surviving rats was �30 times per hour.

No rats in either group responded to stimuli, such as toe

pinching or corneal irritation, showing these rats have lim-

ited brain function.
Discussion
This study focusses on the survival benefit of SS-31, the most

important outcome in CA. The pathology in CA is compli-

cated due to multi organ involvement. In addition to the

pathological condition, the timing and quality of resuscita-

tion is also important for survival of patients. Because of this

complexity, we used asphyxial CA and CPB resuscitation to

reduce potential variables in the ischaemic time, reperfusion

efficiency, and drug delivery to each organ, by the consistent

induction of asphyxial CA and blood flow of CPB resuscita-

tion. Although involving elaborate surgical techniques and



Table 1 Haemodynamic and blood gas analysis for surviving rats.

baseline after the beginning of resuscitation

30 min 90 min 150 min 210 min

Control Group

number of rats 10 10 10 9 6

MAP1 (mmHg) 78.9 � 4.9 57.0 � 29.8 67.8 � 13.4 52.8 � 18.2 34.8 � 3.8

PP2 (mmHg) 51.0 � 6.8 29.3 � 17.5 51.7 � 9.5 47.8 � 14.3 39.5 � 13.1

HR3 (bpm) 329 � 29.1 282 � 43.2 279 � 71.2 289 � 83.8 256 � 46.4

Haematocrit (%) 38.8 � 1.0 26.3 � 1.5 28.6 � 3.7* 29.6 � 3.8 27.3 � 3.3*

Lactate (mmol/L) 1.61 � 0.4 10.46 � 2.9 7.36 � 3.1* 8.15 � 2.7* 12.34 � 3.8*

Glucose (mg/dL) 210 � 51 165 � 38 143 � 50 153 � 64 156 � 64

pH4 7.44 � 0.04 – – 7.28 � 0.12* 7.26 � 0.05*

SS-31 Group

number of rats 10 10 10 10 9

MAP (mmHg) 81.4 � 1.8 51.5 � 7.7 88.1 � 28.0 58.8 � 19.2 53.6 � 19.4

PP (mmHg) 43.2 � 8.6 22.4 � 7.7 46.4 � 17.4 42.4 � 13.8 43.8 � 10.3

HR (bpm) 316 � 14.8 275 � 19.7 273 � 45.8 278 � 61.0 291 � 48.3

Haematocrit (%) 37.8 � 1.4 27.2 � 1.4 32.2 � 2.4 32.2 � 2.4 31.7 � 10.3

Lactate (mmol/L) 1.69 � 0.8 9.87 � 1.5 4.29 � 2.5 6.05 � 2.7 7.79 � 2.8

Glucose (mg/dL) 228 � 41 194 � 64 154 � 62 144 � 29 163 � 45

pH 7.42 � 0.03 – – 7.42 � 0.07 7.37 � 0.07

Abbreviations: CA, cardiac arrest; CPB, cardiopulmonary bypass; MAP, mean arterial pressure, PP, pulse pressure; HR, heart rate; ROSC, return of spontaneous

circulation.
1mean arterial pressure.
2pulse pressure.
3heart rate.
4sodium bicarbonate added in the resuscitation fluid interferes with blood pH at 30 and 90 min.
*p < 0.03.
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prolonged preparation time, this model provides a compel-

ling platform for this initial test. Here, we clearly showed that

SS-31 increases rat survival after CA, when the pharmaceu-

tical dosage is delivered in a clinically relevant manner,

supporting the potential of SS-31 as a novel drug in CA.

Although this study was not designed to directly address

the mechanism of the protective action of SS-31, our blood

gas analysis data is supportive of the capacity for SS-31 to

protect mitochondrial function against cardiac arrest mito-

chondrial injury and thus contribute to relatively improved

survival. During normal conditions, cells primarily depend

on mitochondrial oxidative phosphorylation for the produc-

tion of ATP. However, during CA, the limited supply of

oxygen causes a shift away from mitochondrial oxidative

phosphorylation to anaerobic glycolysis, resulting in the

accumulation of lactate [15]. Multiple pathways are respon-

sible for lactate clearance and the decreased lactate level may

not be a direct indication of improved mitochondrial activity.

However, improved mitochondria function will restore the

aerobic metabolism, decreasing the generation of lactate.

Therefore, the decreased lactate level found in rats treated

with SS-31 is consistent with the proposed mechanisms that

SS-31 protects mitochondria from reperfusion injury [3,7].
A major limitation of the study remains that no markers of

mitochondrial dysfunction or oxidative modification were

assessed in this specific model. However, we previously

showed CA time-dependent alterations in lipid metabolism

and mitochondria respiration, particularly in the brain and

heart using the same rat model [16,17]. Therefore, we need to

follow how cardiac and brain mitochondria function is spe-

cifically affected by SS-31 treatment in this severe model of

CA. Correlations between mitochondrial function and sur-

vival will provide insight into the role of mitochondria in CA

and help to design more effective therapeutic drugs targeting

mitochondria.

In conclusion, we have demonstrated that SS-31, admins-

tered from the beginning of resuscitation, significantly

improves rat survival following 25 minutes of CA. This result

requires further investigation of SS-31’s underlying protec-

tive mechanisms as well as its effect on long-term survival.
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