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Cardioprotective effect
of combination therapy by mild
hypothermia and local or remote
ischemic preconditioning
in isolated rat hearts
Marie V. Hjortbak 1*, Nichlas R. Jespersen1, Rebekka V. Jensen1, Thomas R. Lassen1,
Johanne Hjort1, Jonas A. Povlsen1, Nicolaj B. Støttrup1, Jakob Hansen2,
Derek J. Hausenloy3,4,5,6,7 & Hans Erik Bøtker1
A multitargeted strategy to treat the consequences of ischemia and reperfusion (IR) injury in acute
myocardial infarction may add cardioprotection beyond reperfusion therapy alone. We investigated
the cardioprotective effect of mild hypothermia combined with local ischemic preconditioning
(IPC) or remote ischemic conditioning (RIC) on IR injury in isolated rat hearts. Moreover, we aimed
to define the optimum timing of initiating hypothermia and evaluate underlying cardioprotective
mechanisms. Compared to infarct size in normothermic controls (56 ± 4%), mild hypothermia during
the entire or final 20 min of the ischemic period reduced infarct size (34 ± 2%, p < 0.01; 35 ± 5%, p < 0.01,
respectively), while no reduction was seen when hypothermia was initiated at reperfusion (51 ± 4%,
p = 0.90). In all groups with effect of mild hypothermia, IPC further reduced infarct size. In contrast, we
found no additive effect on infarct size between hypothermic controls (20 ± 3%) and the combination
of mild hypothermia and RIC (33 ± 4%, p = 0.09). Differences in temporal lactate dehydrogenase release
patterns suggested an anti-ischemic effect by mild hypothermia, while IPC and RIC preferentially
targeted reperfusion injury. In conclusion, additive underlying mechanisms seem to provide an
additive effect of mild hypothermia and IPC, whereas the more clinically applicable RIC does not add
cardioprotection beyond mild hypothermia.
Major advances in the treatment of acute myocardial infarction (MI) have reduced immediate mortality rates1.
Among the growing number of patients surviving the acute phase of acute MI, post-MI congestive heart failure
remains a significant cause of morbidity and mortality.
Myocardial infarct size is a main predictor of survival and clinical outcome in patients with acute MI. While
the key treatment of MI is rapid reperfusion by primary percutaneous coronary intervention (PCI)2, reperfusion
per se may itself cause myocardial injury by the paradoxical phenomenon known as reperfusion injury3. Hence,
both ischemia and reperfusion injury determine final myocardial infarct size. Targeting ischemia/reperfusion
(IR) injury beyond rapid revascularisation appears to be an important step towards improving outcomes in
patients with acute MI. Pharmacological and mechanical conditioning and mild therapeutic hypothermia have
been applied to attenuate IR-injury, but none of the approaches have individually translated into convincing
clinical efficacy and reduced m
 ortality4. A multitargeted approach may therefore be more effective as a cardioprotective strategy5.
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Figure 1.  Study design. CONTROL control, IPC ischemic preconditioning, RIC remote ischemic
preconditioning, MH-Ischemia mild hypothermia during ischemia, MH-Ischemia + Reperfusion mild
hypothermia during last 20 min of ischemia and throughout reperfusion, MH-Reperfusion mild hypothermia
during reperfusion only, MH-Total mild hypothermia through the total protocol.

Two cardioprotective modalities that have been shown to reduce infarct size as an adjunct to primary PCI
include remote ischemic conditioning (RIC)6 and mild hypothermia7–10, but as distinct procedures the translation
of these modalities into clinical efficacy also seems c hallenging11,12. A multitargeted approach by combining these
clinically applicable methods is attractive in patients undergoing primary PCI, not only because the combination
of methods may have an additive cardioprotective effect13,14, but also because patients with cardiac arrest due
to acute MI are exposed to universal hypothermia of 33–36 °C prior to or following primary PCI. Hence, the
optimal timing and underlying mechanisms of ischemic conditioning and mild hypothermia need to be defined.
The aims of the present study were to investigate whether mechanical conditioning by ischemic preconditioning (IPC) yield additive cardioprotection during mild hypothermia, to define the optimum timing for hypothermia, and identify underlying cardioprotective mechanisms. Finally, we elaborated the study with a separate
series aiming to investigate a treatment strategy of RIC and mild hypothermia, which is a clinically more feasible
add-on treatment to primary PCI.

Results

Experimental protocols. The study was designed with two separate experimental series. First, an IPC
experimental series investigated the effect of IPC in combination with mild hypothermia, and the timing of mild
hypothermia. Second, a RIC experimental series investigated the combination of RIC and mild hypothermia
(Fig. 1). All hearts were isolated and subjected to global ischemia and reperfusion in an isolated perfused heart
model.
Infarct size. In the IPC experimental series infarct size was 56 ± 4% of the area-at-risk in the control group.
Hypothermia applied during ischemia reduced infarct size independent of hypothermia duration, i.e. during
the entire ischemic phase (34 ± 2%, p < 0.01), during the final 20 min of the ischemic phase plus reperfusion
(35 ± 5%, p < 0.01), or during the total experimental period including stabilization, ischemia and reperfusion
(33 ± 4%, p < 0.01) (Fig. 2a). In contrast, there was no infarct size reduction, when hypothermia was applied during reperfusion alone (51 ± 4%, p > 0.90) (Fig. 2a).
IPC reduced infarct size during normothermia (27 ± 2%, p < 0.01). IPC added further infarct size reduction
beyond hypothermia, regardless of the timing of hypothermia (Fig. 2a) (MH-Ischemia: 18 ± 3%, p = 0.02; MHIschemia + Reperfusion: 16 ± 1%, p < 0.01; MH-Reperfusion: 33 ± 5%, p < 0.01 and MH-Total: 15 ± 2%, p < 0.01).
In the RIC experimental series infarct size was 75 ± 4% in the control group (Fig. 2b). RIC reduced infarct
size during normothermia (50 ± 5%, p < 0.01), but not when given in combination with hypothermia during the
final 20 min of ischemia and reperfusion (33 ± 4% vs. 20 ± 3% with hypothermia alone, p = 0.09).
Cardiac function.

Baseline. Hemodynamic variables are presented in Table 1a,b. In the IPC experimental
series, normothermic IPC treated animals had significantly higher heart rate (HR) and rate pressure product
(RPP) than normothermic controls at baseline. We found no other differences in HR, LVDP, or RPP between the
experimental groups at baseline (Table 1a).
In the RIC experimental series (Table 1b), we found no hemodynamic differences between any of the experimental groups of the combination therapy of RIC and mild hypothermia at baseline.
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Figure 2.  Infarct size. (a) IPC experimental series, (b) RIC experimental series. IS/AARInfarct size/area at
risk, CON control, IPC ischemic preconditioning, RIC remote ischemic preconditioning, MH-Ischemia mild
hypothermia during ischemia, MH-Ischemia + Reperfusion mild hypothermia during last 20 min of ischemia and
throughout reperfusion, MH-Reperfusion mild hypothermia during reperfusion, MH-Total mild hypothermia
through the total protocol. *p < 0.05, **p < 0.01.
Reperfusion. Hypothermia during the entire protocol improved hemodynamic recovery with increased LVDP
compared to normothermic controls. Hypothermia during ischemia alone or final 20 min of ischemia including
reperfusion also increased LVDP, but not statistically significantly. HR and RPP were lowered slightly by mild
hypothermia, but not statistically significantly. Hypothermia had no effect on LVDP or RPP, when hypothermia
was given only during reperfusion.
IPC improved hemodynamic recovery significantly in normothermic animals by increasing LVDP during
reperfusion, and IPC had additive effect with increased LVDP in hypothermic animals. While IPC did not
change RPP significantly in normothermic animals, IPC increased RPP in all cooling protocols compared to
their respective hypothermic control groups.
In the RIC experimental series, mild hypothermia increased LVDP and RPP compared to normothermia.
RIC also improved hemodynamic recovery in normothermic animals with increased LVDP and RPP but not
during mild hypothermia (Table 1b).

Biochemical markers of myocardial ischemia (temporal LDH release). Continuous sampling of

effluent during reperfusion showed that lactate dehydrogenase (LDH) was released in a biphasic pattern with
two distinct peaks (Fig. 3). The initial peak was observed during the first 30 min of reperfusion, and included
samples from 3, 5, 10, and 30 min of reperfusion. The second peak was observed during last part of the reperfusion, and included sample points from 45, 75, and 120 min of reperfusion.
Mild hypothermia during the last 20 min of ischemia and the entire reperfusion reduced the first peak in
LDH release compared to normothermic controls (p = 0.01), while this was not the case for mild hypothermia
during either ischemia, reperfusion, or during the total protocol (p = 0.9, p > 0.9 and p = 0.2, respectively) (Fig. 3a).
Although addition of IPC resulted in slightly lower first peaks during normo- and hypothermia, neither reduction was statistically significant (Normorthermia: p = 0.9, MH-Ischemia: p = 0.6, MH-Ischemia + Reperfusion:
p > 0.9, MH-Reperfusiom: p > 0.9 and MH-Total: p = 0.4). RIC did not change the magnitude of the first peak
(p > 0.9) (Fig. 3b).
IPC reduced the second peak during normothermia (p = 0.02), and during all hypothermic protocols applied
during ischemia, although only with statistical significance in the group with hypothermia during the last 20 min
of ischemia plus reperfusion (p < 0.01) (Fig. 3a). RIC did not reduce the second peak during normothermia
significantly (p = 0.60) (Fig. 3b).

Microdialysis. Lactate. Mild hypothermia attenuated the increase in lactate release during ischemia when
mild hypothermia was applied during the whole ischemic period (p = 0.03) and the total experiment (p = 0.09)
(Fig. 4a). Mild hypothermia had no impact on lactate release when given during the last 20 min of ischemia plus
reperfusion or during reperfusion only.
IPC reduced lactate release during ischemia under normothermic conditions (p < 0.01). Lactate release during
ischemia was reduced by IPC in the MH-Reperfusion group (p = 0.02). In MH-Total group, IPC had no additional
effect on the lactate release, which was pronouncedly suppressed during the entire experiment.
During normothermia RIC tended to enhance the decrement during reperfusion (p = 0.07), but RIC did not
affect lactate release during ischemia (p = 0.83) (Fig. 4b). In combination with mild hypothermia, RIC did not
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Baseline

Reperfusion
p-values

N

20 min

Control vs.
intervention

p-values
Control-MH vs
IPC-MH

Ischemia

10 min

30 min

120 min

2±1

17 ± 6

25 ± 4

5±1

31 ± 5

35 ± 3

10 ± 2

35 ± 7

33 ± 3

35 ± 4

83 ± 4

48 ± 3

5±1

27 ± 7

45 ± 5

15 ± 4

72 ± 6

65 ± 3

1±0

11 ± 3

34 ± 4

6±3

52 ± 7

51 ± 5

6±2

50 ± 9

49 ± 5

27 ± 7

92 ± 4

71 ± 2

Control vs.
intervention

Control-MH vs
IPC-MH

a. IPC experimental series
LVDP

ANOVA: 0.02

CON

7

151 ± 7

IPC

8

145 ± 4

CON MHischemia

8

145 ± 4

IPC MHischemia

8

148 ± 3

CON MH
ischemia + reperfusion

8

148 ± 7

IPC MHischemia + reperfusion

8

154 ± 4

CON MHreperfusion

7

159 ± 6

IPC MH-reperfusion

8

158 ± 2

CON MH-total

7

157 ± 4

IPC MH-total

8

165 ± 5

Heart rate (BPM)

ANOVA: < 0.01
0.99

0.80
0.97
> 0.99
0.97
0.94
> 0.99
0.98
0.94
ANOVA: < 0.01

CON

7

196 ± 22

IPC

8

264 ± 15

CON MHischemia

8

235 ± 17

IPC MHischemia

8

210 ± 13

CON MH
ischemia + reperfusion

8

237 ± 17

IPC MHischemia + reperfusion

8

234 ± 10

CON MHreperfusion

7

196 ± 12

IPC MH-reperfusion

8

192 ± 14

CON MH-total

7

175 ± 15

IPC MH-total

8

156 ± 11

Rate pressure product (BPM×mmHg)
CON

7

29,127 ± 2586

IPC

8

38,004 ± 1594

CON MHischemia

8

33,843 ± 2417

IPC MHischemia

8

31,019 ± 1926

CON MH
ischemia + reperfusion

8

35,213 ± 3125

IPC MHischemia + reperfusion

8

35,976 ± 1578

CON MHreperfusion

7

30,960 ± 1434

IPC MH-reperfusion

8

30,345 ± 2242

CON MH-total

7

27,483 ± 2131

IPC MH-total

8

25,587 ± 1643

Coronary flow
7

11 ± 0

IPC

8

14 ± 1

0.06
< 0.01
0.06
< 0.01
0.84
0.02
0.04
< 0.01
ANOVA: < 0.01

0.02
0.49
0.90
0.45
> 0.99
> 0.99
> 0.99
0.98

199 ± 18

226 ± 24

239 ± 20

238 ± 11

227 ± 19

244 ± 12

178 ± 19

227 ± 18

224 ± 14

229 ± 22

219 ± 18

217 ± 15

215 ± 16

202 ± 14

174 ± 11

244 ± 10

208 ± 10

202 ± 4

231 ± 27

186 ± 25

176 ± 19

223 ± 29

156 ± 19

160 ± 13

191 ± 15

163 ± 15

183 ± 10

175 ± 22

165 ± 13

184 ± 13

ANOVA: < 0.01

0.46
0.61
0.55
0.21
0.04
0.33
0.41
0.06
0.80
ANOVA: < 0.01

0.05
0.72
0.98
0.39
> 0.99
> 0.99
> 0.99
> 0.99
> 0.99

506 ± 117

3738 ± 1307

5928 ± 1064

1267 ± 279

6946 ± 1305

8559 ± 905

1611 ± 453

7786 ± 1684

7304 ± 917

7708 ± 881

17,977 ± 1605

10,137 ± 633

972 ± 146

5103 ± 1292

7980 ± 1162

3620 ± 787

14,621 ± 1117

13,209 ± 627

295 ± 77

1863 ± 534

5918 ± 738

1403 ± 810

5730 ± 1147

7954 ± 856

1214 ± 397

5318 ± 1636

8848 ± 991

3673 ± 534

15,301 ± 1428

12,969 ± 951

ANOVA: < 0.01

CON

0.04

0.06
0.10
< 0.01
0.26
< 0.01
0.43
0.03
0.19
< 0.01
ANOVA: 0.01

0.23

11 ± 1

10 ± 0

9±0

15 ± 1

13 ± 1

12 ± 1

0.04

Continued
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Baseline

Reperfusion
p-values

N

20 min

Control vs.
intervention

CON MHischemia

8

11 ± 1

> 0.99

IPC MHischemia

8

10 ± 1

CON MH
ischemia + reperfusion

8

12 ± 1

IPC MHischemia + reperfusion

8

12 ± 1

CON MHreperfusion

7

12 ± 1

IPC MH-reperfusion

8

10 ± 1

CON MH-total

7

10 ± 1

IPC MH-total

8

9±1

p-values
Control-MH vs
IPC-MH

> 0.99
0.96
> 0.99
0.99
0.48
0.82
> 0.99

Ischemia

10 min

30 min

120 min

Control vs.
intervention

10 ± 1

9±1

9±1

0.11

13 ± 1

11 ± 1

8±1

13 ± 1

12 ± 1

8±1

13 ± 1

11 ± 1

8±1

10 ± 1

10 ± 1

10 ± 1

12 ± 1

10 ± 1

11 ± 1

10 ± 1

9±1

8±1

±1

10 ± 0

9±0

Control-MH vs
IPC-MH

< 0.01
0.18
< 0.01
0.45
< 0.01
0.16
< 0.01

b. RIC experimental series
LVDP

ANOVA: 0.09

ANOVA: < 0.01

CON

7

145 ± 6

4±1

18 ± 5

15 ± 1

RIC

8

121 ± 20

7±2

34 ± 2

25 ± 2

CON MHischemia + reperfusion

8

158 ± 3

14 ± 4

62 ± 4

52 ± 5

RIC MHischemia + reperfusion

8

155 ± 3

14 ± 4

51 ± 5

41 ± 4

CON

7

244 ± 13

224 ± 29

251 ± 16

259 ± 10

RIC

Heart rate (BPM)

ANOVA: 0.98
8

246 ± 18

235 ± 15

263 ± 11

259 ± 11

252 ± 15

179 ± 27

176 ± 12

180 ± 15

RIC MHIschemia + Reper- 8
fusion

242 ± 24

174 ± 24

196 ± 17

202 ± 12

ANOVA: 0.23

0.2

0.39
0.02
0.75
ANOVA: < 0.01

CON

7

35,231 ± 2282

747 ± 217

5516 ± 724

3825 ± 365

RIC

8

29,450 ± 5257

1768 ± 576

8923 ± 448

6495 ± 611

CON MHischemia + reperfusion

8

39,871 ± 2693

2577 ± 895

10,599 ± 896

9229 ± 1182

RIC MHischemia + reperfusion

8

37,124 ± 3219

1930 ± 525

9792 ± 877

8143 ± 831

CON

7

13 ± 1

10 ± 1

8±1

7±1

RIC

8

11 ± 1

9±1

7±1

6±1

CON MHischemia + reperfusion

8

14 ± 1

12 ± 1

9±1

7±1

Coronary flow

< 0.01

ANOVA: < 0.01

CON MHIschemia + Reper- 8
fusion

Rate pressure product (BPM × mmHg)

0.02

ANOVA: 0.14

0.01
< 0.01
0.15
ANOVA: 0.25

Table 1.  Cardiac function. (a) IPC experimental series, (b) RIC experimental series. CON control, IPC
ischemic preconditioning, RIC remote ischemic preconditioning, MH-Ischemia mild hypothermia during
ischemia, MH-Ischemia + Reperfusion mild hypothermia during half of the ischemia and throughout
reperfusion, MH-Reperfusion mild hypothermia during reperfusion, MH-Total mild hypothermia through the
total protocol.
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Figure 3.  LDH release. (a) IPC experimental series, (b) RIC experimental series. LDH Lactate dehydrogenase,
AUCarea under the curve, CON control, IPC ischemic preconditioning, RIC remote ischemic preconditioning,
MH-Ischemia mild hypothermia during ischemia, MH-Ischemia + Reperfusion mild hypothermia during last
20 min of ischemia and throughout reperfusion, MH-Reperfusion mild hypothermia during reperfusion,
MH-Total mild hypothermia through the total protocol. *p < 0.05, **p < 0.01.
change lactate release during ischemia (p = 0.15) but further reduced lactate release compared to hypothermia
alone during reperfusion (p = 0.04).
Succinate. Succinate release increased during global ischemia with a subsequent decrease during reperfusion
(Fig. 4). None of the mild hypothermia protocols changed succinate release during ischemia, but the succinate
release was extended to the reperfusion period in CON MH-Ischemia group (Fig. 4a). IPC abrogate this extension (p < 0.01). IPC did not affect succinate release during ischemia or reperfusion, even though succinate was
statistically non-significantly higher during the last part of ischemia in the normothermic group compared to
the IPC group.
RIC accelerated the decrement in succinate release reperfusion during normothermia (p = 0.04). RIC in combination with hypothermia reduced succinate levels to the same extent as hypothermia alone (p = 0.03) (Fig. 4b).

Glucose oxidation. Pre-ischemic glucose oxidation was slightly lower after IPC than in controls, but only

statistically significantly in the MH-Reperfusion group (Fig. 5). In the RIC series, glucose oxidation during stabilisation was similar in all groups (see Supplementary Information).
Compared to normothermia, mild hypothermia modified post-ischemic glucose oxidation only when applied
during ischemia alone (p < 0.01) (Fig. 5). IPC increased glucose oxidation during reperfusion in the normothermic group (p = 0.05) (Fig. 5), but not when combined with mild hypothermia.
RIC did not change glucose oxidation during reperfusion (p = 0.30) (Supplementary Fig. S1).

Intracellular signalling pathways. Compared to normothermia, mild hypothermia increased the pAkt/
Akt ratio more than threefold (p = 0.02) when applied during the final 20 min of ischemia and throughout reperfusion (Fig. 6a). IPC increased pAkt/Akt ratio almost fourfold during normothermia compared to controls
(p = 0.01) but had no additive effect to MH (Fig. 6a).
In the RIC experimental series, no significant differences in phosphorylation of Akt was found (ANOVA
p = 0.30) (Fig. 6b).
Representative blots for both experimental series are shown in Fig. 6c,d.
We detected no statistically significant differences in phosphorylation of ERK by hypothermia, IPC or RIC
(Supplementary Fig. S2).
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Figure 4.  Microdialysis. (a) IPC experimental series, (b) RIC experimental series. CON control, IPC ischemic
preconditioning, RIC remote ischemic preconditioning, MH-Ischemia mild hypothermia during ischemia,
MH-Ischemia + Reperfusion mild hypothermia for last 20 min of ischemia and throughout reperfusion,
MH-Reperfusion mild hypothermia during reperfusion, MH-Total mild hypothermia through the total protocol.
†
P represents comparison between normothermic CON and CON MH-groups. *p represents comparison of
CON and IPC according to MH-protocol. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Discussion

The main findings of the present study are that IPC had a preserved and even additive cardioprotective effect
when combined with mild hypothermia during ischemia, while RIC did not. If these findings can be translated
to the clinical scenario, our findings indicate that IPC may yield additional cardioprotection during e.g. cardiac
surgery with hypothermic cardioplegia. A multitargeted strategy including RIC and mild hypothermia does not
seem to yield additional cardioprotective effect beyond either intervention alone.
We extend previous findings that the cardioprotective effect of hypothermia is only operative when applied
during ischemia15–20, and not when applied during r eperfusion16,19,21 by demonstrating that hypothermia is
efficient, when applied during a final period of the ischemic event. While in our setting this period was 20 min,
Götberg et al. demonstrated that protection was achieved by mild hypothermia during only the final 5 min of
ischemia in a model of LAD occlusion in pigs22.
The hemodynamic measurements reflected the final infarct size as hemodynamic performance improved with
reduced infarct size. At baseline, the hearts performed similarly in the corresponding control and intervention
groups. However, normothermic IPC-treated hearts showed a higher baseline HR than their normothermic controls. We did not observe any similar response in the other IPC groups and believe that our finding is incidental.
We used frequent analyses of LDH release during reperfusion to clarify whether the cardioprotective effect of
mild hypothermia was mainly associated with the ischemic-injury or the reperfusion-injury. We have previously
shown that LDH is released in two distinct peaks during reperfusion in the isolated heart m
 odel23. The first peak
is associated with ischemic-injury, while the second peak is associated mainly with reperfusion-injury. Mild hypothermia involving the ischemic period generally reduced the release of LDH during reperfusion, but the peaks
were affected differently depending on the protocol: when the whole ischemic period was hypothermic followed
by normothermic reperfusion, the second peak was reduced, while hypothermia during only the final 20 min of
the ischemic period followed by hypothermic reperfusion reduced the first peak. Moreover, hypothermia during reperfusion alone did not affect LDH release during reperfusion. We interpret these results to demonstrate
that mild hypothermia has a cardioprotective effect during ischemia and that ischemic and reperfusion-injury
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Figure 5.  Glucose oxidation. CON control, IPC ischemic preconditioning, MH-Ischemia mild hypothermia
during ischemia, MH-Reperfusion mild hypothermia during reperfusion, MH-Total mild hypothermia through
the total protocol.
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Figure 6.  Phosphorylation of Akt. The ratio of pAkt/total Akt (60 kDa). (a) IPC experimental series, (b) RIC
experimental series, (c) representative blots from IPC experimental series, data represents two separate blots.
(d) Representative blots from RIC experimental series. CON control, IPC ischemic preconditioning, RIC remote
ischemic preconditioning, MH-Ischemia mild hypothermia during ischemia, MH-Ischemia + Reperfusion mild
hypothermia for last 20 min of ischemia and throughout reperfusion, MH-Reperfusion mild hypothermia
during reperfusion, MH-Total mild hypothermia through the total protocol. Data are presented as a ratio with
normothermic CON as reference group. N = 4 in all groups.
are tightly connected such that a cardioprotective effect during ischemia also results in diminished reperfusioninjury. Both IPC and RIC reduced mainly the second peak during normothermia, reflecting a predominant
protection against reperfusion-injury. During mild hypothermia, however, only IPC had additive cardioprotective effect. The additive effect of mild hypothermia and IPC is consistent with findings by others13–15. Dote et al.
showed that an increased IPC stimulus was needed during profound hypothermia of 25 °C24. In our study, we
used a hypothermic target temperature of 34 °C because this was within the range used clinically for patients
with cardiac arrest25 and acute myocardial infarction26. We found no need for a stronger IPC stimulus at 34 °C.
LDH release patterns also suggest that the additional cardioprotective effect of IPC is associated with a modulation of reperfusion-injury. Herajarvi et al. demonstrated that RIC adds cardioprotective effect to hypothermia
in a porcine model of hypothermic circulatory arrest that differed substantially from our model27. The effect of
mild hypothermia in our rat hearts was powerful, challenging any demonstration of an additive effect of RIC.
We studied underlying mechanisms through metabolite release by microdialysis, glucose oxidation and
phosphorylation of AKT and ERK. Animals subjected to mild hypothermia throughout the ischemic period
(MH-Ischemia and MH-Total) had reduced interstitial lactate concentrations during ischemia and had smaller
infarcts than normothermic controls. In the animals subjected to mild hypothermia during only the final 20 min
of the ischemic period and during reperfusion, we found no reduction in lactate concentration despite a profound
reduction in infarct size. Hence, lactate production measured by microdialysis may not be sufficiently sensitive
to reflect cardioprotection. IPC, but not RIC, reduced the concentration of lactate during ischemia in normothermic animals. The lactate-reducing effect of IPC during ischemia may reflect an anti-ischemic component
of IPC that is not mirrored by the LDH release. When combining IPC and mild hypothermia during ischemia,
the concentration of lactate was low with no further significant reduction by IPC. In animals exposed to mild
hypothermia during reperfusion, IPC significantly reduced interstitial lactate analogously to the normothermic
groups. Considering the additive effect of IPC and mild hypothermia during ischemia, a further reduction in
lactate does not seem to reflect the additional effect. The decrease in lactate concentrations during reperfusion
was observed in all groups, with the exception of controls with hypothermia during ischemia only in the IPC
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experimental series. The result may reflect a shut down in metabolism, but we saw no similar effect in the corresponding IPC group.
Levels of succinate during ischemia and reperfusion have received significant interest since Chouchani et al.
suggested that succinate is a universal metabolic signature of IR-injury28. The theory of reducing IR injury by
inhibiting succinate accumulation during ischemia to moderate the reverse electron transport during early
reperfusion has been discussed in recent studies. Andrienko et al. have queried the underlying mechanisms29.
Our results show an increase in succinate during ischemia. However, the increase was not attenuated by either
ischemic conditioning or mild hypothermia. Kohlhauer et al. investigated the combined effect of dimethyl
malonate and mild hypothermia and demonstrated that mild hypothermia neither attenuated the succinate
accumulation during ischemia nor modified the oxidation of succinate during r eperfusion30. These findings are
in accordance with our results. Pell et al. investigated the effect of IPC on levels of succinate, and demonstrated
no impact of IPC on either accumulation during ischemia or metabolism during r eperfusion31.
The effect of mild hypothermia on glucose oxidation during reperfusion differed depending on the timing of
mild hypothermia in the protocol. Mild hypothermia during ischemia only increased glucose oxidation during
reperfusion, whereas mild hypothermia in the other MH-protocols had no effect on glucose oxidation, even
though some of the protocols were associated with infarct size reduction. IPC increased the oxidation of glucose
during reperfusion in normothermic hearts confirming results by Støttrup et al.32. During mild hypothermic
conditions IPC had no effect on glucose oxidation although the cardioprotective effect of IPC remained operative
under these conditions. Our findings suggest that the cardioprotective effect of IPC and mild hypothermia are
not crucially dependent on an effect on glucose oxidation. RIC did not affect glucose oxidation during reperfusion either during normothermia or hypothermia. The protective mechanism underlying RIC must be sought
in other pathways.
Mild hypothermia may involve some of the same cardioprotective signalling pathways as ischemic conditioning, i.e. the reperfusion injury salvage (RISK) pathway and the survivor activating factor enhancement (SAFE)
pathway33. In the present study we found that mild hypothermia activated the RISK pathway by increased
phosphorylation of Akt to a similar level as IPC, but only when hypothermia was initiated during the last part of
ischemia. None of the other hypothermic protocols increased phosphorylation of Akt, despite the same reduction in infarct size. Further, IPC did not activate phosphorylation of Akt during hypothermia. These differences
in activation of Akt may suggest that activation of the RISK pathway is not prerequisite for the effect of IPC.
Preserved ERK activity in the RISK pathway has been associated with mild hypothermia34, but in the present
study we found no correlation between phosphorylated ERK, mild hypothermia, IPC, or RIC.
Our study has limitations. We used an isolated, non-working animal model of cardiac ischemia and reperfusion with glucose as the only substrate, which limits transferability to in-vivo physiology, because systemic
responses to IPC, RIC, or mild hypothermia cannot be assessed in this model. Changes in metabolism and
signalling pathways may be transient such that we may have missed the window of opportunity to detect every
effect of the interventions. Mild hypothermia may induce hemodynamic and metabolic changes to a varying
degree, depending on the timing of induction. We did not evaluate model dependent physiological responses to
mild hypothermia in sham animals without ischemia and reperfusion and this should be considered a limitation.
However, it does not detract from the validity of the differences that we observed between the study groups. We
documented a cardioprotective effect using a conditioning protocol of three cycles of ischemia and reperfusion.
We cannot rule out that a more intense RIC stimulus may have resulted in different outcome when added to mild
hypothermia. Finally, we were forced to use two different rat strains and two underlying protocols. Rat strains are
known to be affected differently by IR i njury35, in this study illustrated by larger infarct size in Sprague Dawley
(RIC series) rats compared to Wistar rats (IPC series), and we therefore chose to adjust the protocols to optimize
the outcome and ensured a relevant control group for each series.

Clinical perspective. We found a clear cardioprotective effect of mild hypothermia, and that the effect is
crucially dependent on induction of cooling during ischemia—most likely well before reperfusion. While it may
be achievable in elective surgical interventions, the premise may be difficult to obtain in unpredictable ischemia
such as in acute MI patients. To achieve a sufficient cardioprotective effect to translate into a beneficial effect on
mortality and morbidity in patients, a multi-target approach seems necessary and applicable in some settings.
According to our results a combination of mild hypothermia and IPC may be attractive, but in combination with
mild hypothermia, RIC may not be effective.

Conclusion

In an isolated rat heart model, we found preserved and even additive cardioprotective effect of mild hypothermia
and IPC, but not with RIC. The underlying mechanisms seem to differ between mild hypothermia and IPC,
with mild hypothermia targeting the ischemic injury and IPC predominantly modulating reperfusion injury.

Methods and materials

Animals. As our supplier terminated the production of Wister rats, we used two different strains in our
experiments. Male Wistar rats (300 g, M&B Taconic, Eiby, Denmark) were used for investigation of IPC, and
male Sprague Dawley rats (300 g, M&B Taconic, Eiby, Denmark) were used for investigation of RIC. All animals
were kept at a constant temperature of 23 °C with a 12-h light–dark cycle and allowed unlimited access to food
and water. The study is in agreement with the Danish law for animal research and approved by the Danish Animal Experimental Inspectorate (Authorization No. 2012-15-2934-00623).
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Experimental protocols. Sensitivity to IR injury differed between our two rat strains. Accordingly, we

chose different ischemia time in Sprague Dawley (30 min) and Wistar rats (40 min) as specified below in an
attempt to equalize infarct size in our experiments. In addition, the differences between IPC and RIC approach
required different preischemic handling.
In the IPC experimental series, the hearts from Wistar rats were isolated and subjected to Langendorff perfusion consisting of 40 min of pre-ischemic stabilisation, 40 min of global ischemia, and 120 min of reperfusion.
IPC was induced before ischemia by 2 cycles of 5 min of global ischemia and 5 min of reperfusion23. Hypothermia
was induced by perfusing the heart with Krebs–Henseleit buffer with a temperature of 34 °C instead of 37 °C
and changing the temperature of the buffer surrounding the hearts to 34 °C13,34. Hypothermia was induced at
different time points in the perfusion protocols: during ischemia only (MH-Ischemia), during the last 20 min
of the ischemic period and throughout reperfusion (MH-Ischemia + Reperfusion), during reperfusion only
(MH-Reperfusion), or through the total protocol (MH-Total). The hypothermia protocols were performed on
control and IPC hearts.
In the RIC experimental series Sprague Dawley rats underwent either sham-procedure or RIC prior to isolation of the heart. RIC was induced using a tourniquet around the right hind leg, with three cycles of 5 min of
ischemia and 5 min of r eperfusion36. Ischemia was verified by paling of the foot, reperfusion was visualized by
hyperaemia and a complete block of blood flow was verified by Doppler in selected animals. The hearts were
then isolated and subjected to Langendorff perfusion consisting of 20 min of pre-ischemic stabilisation, 30 min
of global ischemia and 120 min of reperfusion. Mild hypothermia was induced by the same method as in the IPC
experimental series. In a clinical STEMI setting hypothermia can only be combined with RIC during ongoing
ischemia, and therefore a protocol with hypothermia during the last half of the ischemic period and throughout
reperfusion was used (MH-Ischemia + Reperfusion) with and without prior RIC (Fig. 1).

Isolated perfused heart model. Rats from the IPC experimental series were anesthetized with a subcutaneous injection with 0.15 mL Dormicum (midazolam 5 mg/mL; Roche, Basel, Schwizerland) and 0.15 mL
Hypnorm (fentanyl citrate 0,315 mg/mL, Fluanison 10 mg/mL: Janssen, Birkerød, Denmark). Tracheotomy was
performed and the rats were connected to a rodent ventilator (Ugo Basile 7025 rodent ventilator, Comerio, Italy).
Rats from the RIC experimental series were anesthetized with pentobabiturate [65 mg/kg body weight
(Skanderborg Pharmacy, Skanderborg, Denmark)]. Rats were then intubated and connected to a ventilator
similar to that used in the IPC experimental series. The animals were ventilated with room air during the entire
sham or RIC procedure, as well as during isolation of the heart.
Isolation of the heart was done according to standard procedure in our laboratory37. To isolate the heart a
ligature with a tourniquet was placed around the aorta. The animals were heparinized by injection of 1,000 IU/kg
heparin. Retrograde perfusion was established in situ with Krebs–Henseleit buffer [containing (in mmol/l) NaCl
(118.5), KCl (4.7), NaHCO3 (25.0), glucosemonohydrate (11.1) MgSO4.7H2O (1.2), CaCl2 (2.4), and KH2PO4
(1.2)]. The hearts were rapidly excised and mounted in a Langendorff apparatus and perfused at a constant pressure of 80 mmHg. The perfusion buffer was oxygenated with 95% O
 2 and 5% CO2 to maintain a pH of 7.35–7.45.
The temperature was kept constant at 37 ± 0.5 °C during normothermia and 34 ± 0.5 °C during hypothermia.
To induce rapid changes in myocardial temperature, we switched both the perfusion buffer and the buffer in
the organ bath surrounding the heart. This allowed us to change target temperature within approximately 30 s.
Intramyocardial temperature was kept at the same levels and monitored with a temperature probe placed in the
free wall of right ventricle (Harvard Apparatus, Natick, MA). A balloon-catheter (size 7, Hugo Sachs Electronics,
March-Hugstetten, Germany) connected to a pressure transducer, was inserted into the left ventricular cavity,
for continuous hemodynamic measurements. The balloon volume was adjusted to obtain a left ventricular enddiastolic pressure of 7–10 mmHg. The coronary flow was continuously measured by an in-line flow probe (Hugo
Sachs Electronics, March-Hugstetten, Germany). All data was acquired and digitally analysed using a dedicated
core software platform (Notocord Hem evolution, Croissy sur Seine, France).
Exclusion criteria were LVDP below 110 mmHg at the end of stabilisation, coronary flow of more than 20 mL/
min, failure to reach target temperature according to protocol, or continuous ventricular fibrillation during
stabilisation or reperfusion.
Infarct size. At the end of reperfusion hearts were immediately frozen at − 80 °C and subsequently cut into

≈ 1.5 mm slices according to standard p
 rocedure38. Slices were immersed in 1% 2,3,5-triphenyltetrazolium chloride (Sigma, St. Louis, Mo, USA) at 37 °C. Hearts were stored in 4% formaldehyde (Lillies Solution, VWR—Bie
& Berntsen, Herlev, Denmark) for 20–28 h to enhance the contrast between vital and infarcted tissue. Each
heart slice was weighed and scanned on a flatbed scanner (Epson Perfection V600 Photo Scanner, Epson America Inc.). The area of left ventricle (LV), which corresponds to the AAR, and area of infarction were assessed
manually by observer delineation using computer assisted planimetry (ImageJ 1.46r, Wayne Rasband, National
Institutes of Health, USA). Infarct size was expressed as a percentage infarct size of AAR. Measurements were
weighted with the weight of each individual slice. All analyses were performed in a blinded manner.

Biochemical markers of myocardial ischemia (temporal LDH release). Effluent samples for measuring LDH release were collected throughout the protocol. The samples were immediately cooled on ice and
stored at − 80 °C until analysis. LDH content in the effluent was measured using a LDH activity kit (K726-500,
BioVision Inc., Milpitas, CA, USA) according to the manufacturer’s instructions. The measured concentrations
were corrected for coronary flow and heart weight and expressed as mU × g−1 × min−1.
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Microdialysis. Myocardial microdialysis was performed to assess interstitial concentrations of citric
acid cycle intermediates and glycolytic end products. A microdialysis probe (membrane length 4 mm cut-off
6 kDa;AgnTho’s AB, Sweden) was inserted into the free wall of the left ventricular in the isolated heart enabling sampling with a perfusion rate of 1 μL/min over 10 min with deoxygenated Krebs–Henseleit buffer. Perfusion rate was controlled by using a Univenter 801 syringe pump (AgnTho’s AB, Sweden). TCA metabolites in
microdialysis samples were quantified by ultraperformance liquid chromatography and tandem mass spectrometry (Waters UPLC and Xevo TQ-S mass spectrometer, Waters Corp., Manchester, UK), as described in detail
elsewhere39. Results were corrected for previously determined relative recovery rates (lactate: 37%, succinate:
26%)39.
Tracer.

Rates of glucose oxidation were measured using statically tritium labelled glucose isotopes (D-[6-3H]glucose)40. Pre-experimental buffer samples were drawn to assess baseline specific activity per μmol glucose in
the buffer. Glucose oxidation was quantified by 3H2O production by oxidation of D-[6-3H]-glucose in the citric
acid cycle. To determine the production of 3H2O during the protocol, buffer samples of coronary effluent were
collected at several timepoints. The specific activity was analysed by separation of labelled glucose from 3H2O
by anion exchange chromatography on AG 1-X8 resin columns (Bio-Rad, Hercules; CA; USA) according to
the manufacturer’s instructions. The purified 3H2O was suspended in 10 mL Ultima Gold scintillation solution
(Perkin-Elmer, Shelton, CT, USA) and quantified by beta-scintillation on a TriCarb 2900TR liquid scintillation
analyser (Packard, Perkin, IL, USA) in detection per minute (dpm). Rates of glucose utilization were corrected
for heart weight and coronary flow.

Intracellular signalling pathways (Western blotting).

In separate series of animals, the hearts were
freeze clamped and left ventricular biopsies were collected after 10 min of reperfusion and stored at − 80 °C until
use. Left ventricular biopsies were processed and western blot was performed as previously d
 escribed41.
Western blot was performed with primary antibodies against phosphorylated and non-phosphorylated Akt
and Erk (Akt (pan) (C67E7) Rabbit mAb #4691, Phospho-Akt (Ser473) (D9E) XP Rabbit mAb #4060, p44/42
MAPK (Erk1/2) (137F5) Rabbit mAb #4695, Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP
Rabbit mAb #4370.) The primary antibodies used in this study were all purchased from Cell Signaling Technology (Danvers, MA, USA).
The membrane was analyzed using the ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA).
Western blots were normalized to total protein measured by the Stain-Free t echnology42.

Statistical analysis. Data are presented as mean ± SEM, unless otherwise indicated. Data were compared
using ANOVA with a post hoc test when appropriate (Sidak’s multiple comparisons test) and ANOVA with
repeated measurements (or equivalent non-parametric test). All statistical calculations were performed using
GraphPad Prism (GraphPad Software, CA, USA). P < 0.05 was considered significant. The required sample size
was estimated from previously published work using the isolated heart model37.

Received: 16 June 2020; Accepted: 30 November 2020

References

1. Schmidt, M., Jacobsen, J. B., Lash, T. L., Botker, H. E. & Sorensen, H. T. 25 year trends in first time hospitalisation for acute
myocardial infarction, subsequent short and long term mortality, and the prognostic impact of sex and comorbidity: A Danish
nationwide cohort study. BMJ 344, e356. https://doi.org/10.1136/bmj.e356 (2012).
2. Ibanez, B. et al. 2017 ESC Guidelines for the management of acute myocardial infarction in patients presenting with ST-segment
elevation: The Task Force for the management of acute myocardial infarction in patients presenting with ST-segment elevation of
the European Society of Cardiology (ESC). Eur. Heart J. 39, 119–177. https://doi.org/10.1093/eurheartj/ehx393 (2018).
3. Yellon, D. M. & Hausenloy, D. J. Myocardial reperfusion injury. N. Engl. J. Med. 357, 1121–1135. https://doi.org/10.1056/NEJMr
a071667 (2007).
4. Botker, H. E., Lassen, T. R. & Jespersen, N. R. Clinical translation of myocardial conditioning. Am. J. Physiol. Heart Circ. Physiol.
314, H1225–H1252. https://doi.org/10.1152/ajpheart.00027.2018 (2018).
5. Davidson, S. M. et al. Multitarget strategies to reduce myocardial ischemia/reperfusion injury: JACC review topic of the week. J.
Am. Coll. Cardiol. 73, 89–99. https://doi.org/10.1016/j.jacc.2018.09.086 (2019).
6. Botker, H. E. et al. Remote ischaemic conditioning before hospital admission, as a complement to angioplasty, and effect on myocardial salvage in patients with acute myocardial infarction: A randomised trial. Lancet 375, 727–734. https://doi.org/10.1016/
S0140-6736(09)62001-8 (2010).
7. Testori, C. et al. Out-of-hospital initiation of hypothermia in ST-segment elevation myocardial infarction: A randomised trial.
Heart 105, 531–537. https://doi.org/10.1136/heartjnl-2018-313705 (2019).
8. Wang, Y. S. et al. A pilot clinical study of adjunctive therapy with selective intracoronary hypothermia in patients with ST-segment
elevation myocardial infarction. Catheter. Cardiovasc. Interv. 92, E433–E440. https://doi.org/10.1002/ccd.27864 (2018).
9. Gotberg, M. et al. A pilot study of rapid cooling by cold saline and endovascular cooling before reperfusion in patients with STelevation myocardial infarction. Circ. Cardiovasc. Interv. 3, 400–407. https://doi.org/10.1161/CIRCINTERVENTIONS.110.95790
2 (2010).
10. Noc, M. et al. COOL AMI EU pilot trial: A multicentre, prospective, randomised controlled trial to assess cooling as an adjunctive
therapy to percutaneous intervention in patients with acute myocardial infarction. EuroIntervention 13, e531–e539. https://doi.
org/10.4244/EIJ-D-17-00279(2017).
11. Hausenloy, D. J. et al. Effect of remote ischaemic conditioning on clinical outcomes in patients with acute myocardial infarction (CONDI-2/ERIC-PPCI): A single-blind randomised controlled trial. Lancet 394, 1415–1424. https://doi.org/10.1016/S0140
-6736(19)32039-2 (2019).

Scientific Reports |
Vol:.(1234567890)

(2021) 11:265 |

https://doi.org/10.1038/s41598-020-79449-x

12

www.nature.com/scientificreports/
12. Erlinge, D. et al. Therapeutic hypothermia for the treatment of acute myocardial infarction-combined analysis of the RAPID MIICE and the CHILL-MI trials. Ther. Hypother. Temp. Manag. 5, 77–84. https://doi.org/10.1089/ther.2015.0009 (2015).
13. Yang, X. M., Cui, L., Alhammouri, A., Downey, J. M. & Cohen, M. V. Triple therapy greatly increases myocardial salvage during
ischemia/reperfusion in the in situ rat heart. Cardiovasc. Drugs Ther. 27, 403–412. https://doi.org/10.1007/s10557-013-6474-9
(2013).
14. Hale, S. L. & Kloner, R. A. Combination therapy for maximal myocardial infarct size reduction. Heart Dis. 3, 351–356 (2001).
15. Miki, T., Liu, G. S., Cohen, M. V. & Downey, J. M. Mild hypothermia reduces infarct size in the beating rabbit heart: A practical
intervention for acute myocardial infarction?. Basic Res. Cardiol. 93, 372–383 (1998).
16. Hale, S. L. & Kloner, R. A. Myocardial temperature in acute myocardial infarction: Protection with mild regional hypothermia.
Am. J. Physiol. 273, H220-227. https://doi.org/10.1152/ajpheart.1997.273.1.H220 (1997).
17. Dae, M. W., Gao, D. W., Sessler, D. I., Chair, K. & Stillson, C. A. Effect of endovascular cooling on myocardial temperature, infarct
size, and cardiac output in human-sized pigs. Am. J. Physiol. Heart Circ. Physiol. 282, H1584-1591. https://doi.org/10.1152/ajphe
art.00980.2001 (2002).
18. Gotberg, M. et al. Rapid short-duration hypothermia with cold saline and endovascular cooling before reperfusion reduces microvascular obstruction and myocardial infarct size. BMC Cardiovasc. Disord. 8, 7. https://doi.org/10.1186/1471-2261-8-7 (2008).
19. Maeng, M., Mortensen, U. M., Kristensen, J., Kristiansen, S. B. & Andersen, H. R. Hypothermia during reperfusion does not reduce
myocardial infarct size in pigs. Basic Res. Cardiol. 101, 61–68. https://doi.org/10.1007/s00395-005-0550-7 (2006).
20. Shi, J. et al. Myocardial hypothermia induced after reperfusion does not prevent adverse left ventricular remodeling nor improve
cardiac function. Life Sci. 229, 98–103. https://doi.org/10.1016/j.lfs.2019.04.026 (2019).
21. Schwiebert, C. et al. Postconditioning by xenon and hypothermia in the rat heart in vivo. Eur. J. Anaesthesiol. 27, 734–739. https
://doi.org/10.1097/EJA.0b013e328335fc4c (2010).
22. Gotberg, M. et al. Optimal timing of hypothermia in relation to myocardial reperfusion. Basic Res. Cardiol. 106, 697–708. https
://doi.org/10.1007/s00395-011-0195-7 (2011).
23. Povlsen, J. A. et al. Frequent biomarker analysis in the isolated perfused heart reveals two distinct phases of reperfusion injury.
Int. J. Cardiol. 171, 9–14. https://doi.org/10.1016/j.ijcard.2013.11.035 (2014).
24. Dote, K., Wolff, R. A. & Van Winkle, D. M. Hypothermia increases the threshold for ischemic preconditioning. J. Thorac. Cardiovasc. Surg. 116, 319–326 (1998).
25. Nolan, J. P. et al. European Resuscitation Council and European Society of Intensive Care Medicine 2015 guidelines for postresuscitation care. Intensive Care Med. 41, 2039–2056. https://doi.org/10.1007/s00134-015-4051-3 (2015).
26. Erlinge, D. et al. Rapid endovascular catheter core cooling combined with cold saline as an adjunct to percutaneous coronary
intervention for the treatment of acute myocardial infarction. The CHILL-MI trial: a randomized controlled study of the use of
central venous catheter core cooling combined with cold saline as an adjunct to percutaneous coronary intervention for the treatment of acute myocardial infarction. J. Am. Coll. Cardiol. 63, 1857–1865. https://doi.org/10.1016/j.jacc.2013.12.027 (2014).
27. Herajarvi, J. et al. Exploring effects of remote ischemic preconditioning in a pig model of hypothermic circulatory arrest. Scand.
Cardiovasc. J. 51, 233–241. https://doi.org/10.1080/14017431.2017.1319574 (2017).
28. Chouchani, E. T. et al. Ischaemic accumulation of succinate controls reperfusion injury through mitochondrial ROS. Nature 515,
431–435. https://doi.org/10.1038/nature13909 (2014).
29. Andrienko, T. N., Pasdois, P., Pereira, G. C., Ovens, M. J. & Halestrap, A. P. The role of succinate and ROS in reperfusion injury—A
critical appraisal. J. Mol. Cell Cardiol. 110, 1–14. https://doi.org/10.1016/j.yjmcc.2017.06.016 (2017).
30. Kohlhauer, M. et al. Protection against cardiac ischemia-reperfusion injury by hypothermia and by inhibition of succinate accumulation and oxidation is additive. Basic Res. Cardiol. 114, 18. https://doi.org/10.1007/s00395-019-0727-0 (2019).
31. Pell, V. R. et al. Ischemic preconditioning protects against cardiac ischemia reperfusion injury without affecting succinate accumulation or oxidation. J. Mol. Cell Cardiol. 123, 88–91. https://doi.org/10.1016/j.yjmcc.2018.08.010 (2018).
32. Stottrup, N. B. et al. Inhibition of the malate-aspartate shuttle by pre-ischaemic aminooxyacetate loading of the heart induces
cardioprotection. Cardiovasc. Res. 88, 257–266. https://doi.org/10.1093/cvr/cvq205 (2010).
33. Hale, S. L. & Kloner, R. A. Mild hypothermia as a cardioprotective approach for acute myocardial infarction: Laboratory to clinical
application. J. Cardiovasc. Pharmacol. Ther. 16, 131–139. https://doi.org/10.1177/1074248410387280 (2011).
34. Yang, X. et al. Cardioprotection by mild hypothermia during ischemia involves preservation of ERK activity. Basic Res. Cardiol.
106, 421–430. https://doi.org/10.1007/s00395-011-0165-0 (2011).
35. Baker, J. E., Konorev, E. A., Gross, G. J., Chilian, W. M. & Jacob, H. J. Resistance to myocardial ischemia in five rat strains: Is there
a genetic component of cardioprotection?. Am. J. Physiol. Heart Circ. Physiol. 278, H1395-1400. https://doi.org/10.1152/ajphe
art.2000.278.4.H1395(2000).
36. Hauerslev, M. et al. Influence of long-term treatment with glyceryl trinitrate on remote ischemic conditioning. Am. J. Physiol.
Heart Circ. Physiol. 315, H150–H158. https://doi.org/10.1152/ajpheart.00114.2018 (2018).
37. Hjortbak, M. V. et al. Influence of diabetes mellitus duration on the efficacy of ischemic preconditioning in a Zucker diabetic fatty
rat model. PLoS ONE 13, e0192981. https://doi.org/10.1371/journal.pone.0192981 (2018).
38. Jespersen, N. R. et al. Pre-ischaemic mitochondrial substrate constraint by inhibition of malate-aspartate shuttle preserves mitochondrial function after ischaemia-reperfusion. J. Physiol. 595, 3765–3780. https://doi.org/10.1113/JP273408 (2017).
39. Birkler, R. I. et al. A UPLC-MS/MS application for profiling of intermediary energy metabolites in microdialysis samples—A
method for high-throughput. J. Pharm. Biomed. Anal. 53, 983–990. https://doi.org/10.1016/j.jpba.2010.06.005 (2010).
40. Bolukoglu, H. et al. Metabolic fate of glucose in reversible low-flow ischemia of the isolated working rat heart. Am. J. Physiol. 270,
H817-826. https://doi.org/10.1152/ajpheart.1996.270.3.H817 (1996).
41. Hansen, J. et al. Impact of administration time and Kv7 subchannels on the cardioprotective efficacy of Kv7 channel inhibition.
Drug Des. Dev. Ther. 14, 2549–2560. https://doi.org/10.2147/DDDT.S226406 (2020).
42. Gurtler, A. et al. Stain-Free technology as a normalization tool in Western blot analysis. Anal. Biochem. 433, 105–111. https://doi.
org/10.1016/j.ab.2012.10.010 (2013).

Acknowledgements

We thank Casper Carlsen Elkjær and Anja Helveg Larsen for excellent technical assistance.

Author contributions

Conception and design of the work was done by M.V.H., R.V.J., N.B.S., D.J.H. and H.E.B. All authors were
involved in parts of acquisition, analysis and interpretation of data. M.V.H., N.R.J., J.H. and T.R.L. performed
Langendorff perfusions and collected samples. M.V.H. and N.B.S. performed glucose oxidation analyses. M.V.H.
and J.H. performed with microdialysis analyses. M.V.H., D.J.H. and J.A.P. performed western blot analyses.
M.V.H., R.V.J. and H.E.B. wrote the manuscript. All authors have revised and approved the manuscript.

Scientific Reports |

(2021) 11:265 |

https://doi.org/10.1038/s41598-020-79449-x

13
Vol.:(0123456789)

www.nature.com/scientificreports/

Funding

The Independent Research Fund Denmark (11-115818), Aarhus University Graduate School, The Danish Council for Strategic Research (11-108354), Novo Nordisk Foundation (Conditioning Based Intervention Strategies—ConBis) and Trygfonden. This article is based on the work of COST Action EU‐CARDIOPROTECTION
(CA16225) and supported by COST (European Cooperation in Science and Technology). DJH was supported
by the British Heart Foundation (CS/14/3/31002), the National Institute for Health Research University College
London Hospitals Biomedical Research Centre, Duke-National University Singapore Medical School, Singapore
Ministry of Health’s National Medical Research Council under its Clinician Scientist-Senior Investigator scheme
(NMRC/CSA-SI/0011/2017) and Collaborative Centre Grant scheme (NMRC/CGAug16C006), and the Singapore Ministry of Education Academic Research Fund Tier 2 (MOE2016-T2-2-021).

Competing interests

The authors declare no competing interests.

Additional information

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-020-79449-x.
Correspondence and requests for materials should be addressed to M.V.H.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2021

Scientific Reports |
Vol:.(1234567890)

(2021) 11:265 |

https://doi.org/10.1038/s41598-020-79449-x

14

