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ORIGINAL RESEARCH

Synergistic Effects of Moderate Therapeutic
Hypothermia and Levosimendan on Cardiac
Function and Survival After Asphyxia-
Induced Cardiac Arrest in Rats

Chih-Hung Wang, MD, PhD; Wei-Tien Chang, MD, PhD; Min-Shan Tsai, MD, PhD; Chien-Hua Huang, MD, PhD “;
Wen-Jone Chen, MD, PhD

BACKGROUND: This study investigated whether levosimendan, an inotropic calcium sensitizer, when combined with mod-
erate therapeutic hypothermia, may exert synergistic benefits on post-cardiac arrest myocardial dysfunction and improve
outcomes.

METHODS AND RESULTS: After 9.5-minute asphyxia-induced cardiac arrest and resuscitation, 48 rats were randomized equally
into 4 groups following return of spontaneous circulation (ROSC), including normothermia, hypothermia, normothermia—le-
vosimendan, and hypothermia—levosimendan groups. For the normothermia group, the target temperature was 37°C while
for the hypothermia group, the target temperature was 32°C, both of which were to be maintained for 4 hours after ROSC.
Levosimendan was administered after ROSC with a loading dose of 10 pg/kg and then infused at 0.1 pg/kg per min for
4 hours. In the hypothermia—levosimendan group, left ventricular systolic function and cardiac output increased significantly,
whereas the heart rate and systemic vascular resistance decreased significantly compared with the normothermia group.
Also, the concentrations of interleukin 13 at 4 hours post-ROSC and the production of NO between 1 hour and 4 hours
post-ROSC were reduced significantly in the hypothermia—levosimendan group compared with the normothermia group. The
72-hour post-ROSC survival and neurological recovery were also significantly better in the hypothermia—levosimendan group
compared with the normothermia group (survival, 100% versus 50%, X2 test, P=0.006).

CONCLUSIONS: Compared with normothermia, only combined moderate therapeutic hypothermia and levosimendan treatment
could consistently improve post—cardiac arrest myocardial dysfunction and decrease the release of pro-inflammatory mol-
ecules, thereby improving survival and neurological outcomes. These findings suggest synergistic benefits between moderate
therapeutic hypothermia and levosimendan.
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an estimated 44 people per 100000 annually.!

The prognosis following out-of-hospital CA re-

mains dismal, with only 2.2% to 10.7% of patients' able
to survive to hospital discharge.

Lemiale et al’ indicated that 68% of resuscitated

patients experienced post-CA shock, accounting for

Globally, out-of-hospital cardiac arrest (CA) strikes

35% of the mortality rate, with most occurring during
the initial 3 days following cardiopulmonary resuscita-
tion (CPR). Post-CA myocardial dysfunction can lead
to hemodynamic instability and poor recovery of neu-
rological function.® Post-CA myocardial dysfunction
was reversible so that accelerating its recovery may
improve survival and neurological outcomes.*
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CLINICAL PERSPECTIVE

w

hat Is New?

Combined moderate therapeutic hypothermia
and levosimendan treatments could synergis-
tically improve post—cardiac arrest myocardial
dysfunction, and consequently survival and
neurological outcomes, compared with respec-
tive treatment.

Most hemodynamically adverse effects of re-
spective moderate therapeutic hypothermia or
levosimendan treatment were cancelled out in
the combined treatments with only hemody-
namically beneficial effects left.

The proinflammatory process following cardiac
arrest and cardiopulmonary resuscitation, in-
cluding elevated interleukin-13 concentration
and increased NO production, may be miti-
gated by the combined treatments.

What Are the Clinical Implications?

Combined moderate therapeutic hypothermia
and levosimendan treatments may be appli-
cable to more patients, because most adverse
effects of either treatment alone were not ob-
served with combined treatment.

For patients experiencing post-cardiac arrest
hemodynamic instability, combined moder-
ate therapeutic hypothermia and levosimendan
treatments may prevent hypothermia-induced
hypotension and thus benefit those patients
neurologically.

Nonstandard Abbreviations and Acronyms

Karp channel

CA cardiac arrest

(o]0 cardiac output

CPR cardiopulmonary resuscitation

CVP central venous pressure

dP/dt,, dP/dt at a left ventricular
pressure of 40 mm Hg

HT-Levo hypothermia with levosimendan

adenosine triphosphate-sensitive
potassium channel

LV left ventricle

MAP mean arterial pressure

MTH moderate therapeutic
hypothermia

MW Mann-Whitney

NT-Levo normothermia with levosimendan

ROSC return of spontaneous circulation

SVR systemic vascular resistance
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Cellular energy depletion during CA leads to failure
of the membrane Na/K ATPase pump and subsequent
intracellular sodium overload,® which in turn causes
massive intracellular calcium influx through the Na/Ca
exchanger. This cytosolic calcium overload impairs myo-
cardial contractility by decreasing the calcium sensitivity
of contractile proteins.® As a nonadrenergic inotropic cal-
cium sensitizer,” levosimendan exerts its inotropic effect
principally via binding to the calcium-saturated tropo-
nin C of the myocardial thin filament,” and may improve
post-CA myocardial dysfunction.® Levosimendan also
produces vasodilatory effects mediated by ATP-sensitive
potassium (K,p) channels,® further decreasing the after-
load. Despite these favorable hemodynamic effects, few
studies have investigated the use of levosimendan for
post-CA syndrome.®

Guidelines™ recommend a target temperature of
between 32°C and 36°C for treating post-CA syn-
drome despite the optimal temperature being un-
known.""2 Moderate therapeutic hypothermia (MTH,;
32-33.9°C) reduces the metabolic rate and induces
bradycardia, thereby protecting the post-CA ischemic
myocardium.'® However, MTH has complex and op-
posing effects on the myocardium and myocardial
contractility. Therefore, hypothermia was often con-
sidered a potential cause of hypotension, leading to
the exclusion of patients with hemodynamic instability
from the implementation of MTH "2

In the current study, we investigated whether
combined MTH and levosimendan treatments have
synergistic effects on improving post-CA myocardial
dysfunction and outcomes.

MATERIALS AND METHODS

This animal study was approved by the Institutional
Animal Care and Use Committee (approval number
201508352) and conducted according to the Guide for
the Care and Use of Laboratory Animals by the US
National Institutes of Health. All rats were housed in a
rodent facility with a 12 hour-light/12 hour-dark cycle
and had ad libitum access to food and water before
the experiment. The data that support the findings of
this study are available from the corresponding author
upon reasonable request.

Study Design and Setting

A randomized animal study was designed to in-
vestigate the synergistic effects of MTH and levosi-
mendan treatments in a CA/CPR rat model (Figure 1).
Rats were randomized into the following 4 groups by
drawing lots: normothermia (NT), hypothermia (HT),
normothermia with levosimendan (NT-Levo), or hypo-
thermia with levosimendan (HT-Levo). Targeted tem-
perature management was initiated after the return
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Figure 1. The study design and protocol for inducing cardiac arrest, resuscitation, treatments,

and monitoring.

CA indicates cardiac arrest; CPR, cardiopulmonary resuscitation; and ROSC, return of spontaneous

circulation.

of spontaneous circulation (ROSC) and maintained
for 4 hours: for the HT group, the target temperature
was 32°C while for the NT group, the target tempera-
ture was 37°C. The needed cooling for MTH was pro-
vided by external means. In brief, small electrical fans
were activated, and ice packs were applied to bilateral
sides of the head and body immediately after ROSC.'
The target temperature of 32°C was usually achieved
within 30 minutes.'”® During the rewarming process,
the temperature was kept at the rate of 0.5°C/h when
intubated and rewarmed naturally at room tempera-
ture after extubation. The temperature of rats receiv-
ing MTH usually achieved 37°C at the 10th through
12th hour after initiation of rewarming.'® Levosimendan
(Sigma—Aldrich, St. Louis, MO) was administered in-
travenously after ROSC with a loading dose of 10 pg/
kg and then infused at 0.1 pg/kg per min for 4 hours.
For groups not receiving levosimendan, an equivalent
volume of 0.9% saline was administered.

Animal Preparation

The preparation of the asphyxia-induced CA/CPR
rat model has been detailed previously.'*'® In brief,
13-week-old male Wistar rats were anesthetized
with intraperitoneal pentobarbital (30 mg/kg).'*'®
Anesthetic monitoring, including testing rear foot
reflexes, was performed before any surgical proce-
dure; if required, additional pentobarbital (10 mg/mg)
would be administered intravenously every 30 min-
utes.” After tracheal intubation, mechanical ventila-
tion (Flexivent EC-VF-2; Scireq Scientific Respiratory
Equipment Inc, Montreal, Canada) was initiated with
a tidal volume of 0.8 mL/100 g body weight, a fre-
quency of 90 breaths/min, and an inspired oxygen
fraction of 100%. Arterial blood pressure and central
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venous pressure (CVP) were measured through the
right femoral artery and right jugular vein, respec-
tively. Left ventricle (LV) pressure was measured with
a saline-filled PE-50 tube inserted through the right
carotid artery and advanced to the LV.'*'® Fluids and
medications were administrated through the right
jugular vein. A PC-based data acquisition system
(PowerlLab; ADInstruments, Colorado Springs, CO)
was used to record physiologic data. A thermocathe-
ter for measuring blood temperature was placed into
the left femoral artery and advanced to the thoracic
aorta by a fixed-length method. Rats were excluded
before the induction of CA if they had a mean arterial
pressure (MAP) < 80 mm Hg, experienced surgical
bleeding or underwent surgical instrumentation for
longer than 40 minutes.

Asphyxia-Induced CA

After stabilization of rats, the ventilator was turned
off and the endotracheal tube was clamped to in-
duce CA, which was defined as MAP <10 mm Hg.
CPR was started after asphyxia for 9.5 minute with
1 dose of intravenous epinephrine (0.01 mg/100 g)
followed by manual chest compressions (200 beats/
min). During CPR, the ventilator was switched on
with pre-CA settings. ROSC was defined as a return
of supraventricular rhythm with a MAP 240 mm Hg
for 10 minutes. Rats were excluded if ROSC did not
occur within 6 minutes of CPR. After ROSC, the FiO,
was adjusted to 21%.

Hemodynamic Monitoring

To evaluate post-CA cardiac dysfunction and recov-
ery, hemodynamic parameters were measured 1, 2, 3,
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and 4 hours post-ROSC, which included dP/dt at an LV
pressure of 40 mm Hg (dP/dt,,), LV maximal negative
dP/dt, LV systolic pressure, LV end-diastolic pressure,
cardiac output (CO), heart rate, MAP, systemic vascu-
lar resistance (SVR), and CVP.

Blood Sample Analysis

All available plasma samples collected 4 hours post-
ROSC were used to measure interleukin (IL)-13 and IL-6
concentrations with an enzyme-linked immunosorbent
assay kit (R&D Systems, Inc., Minneapolis, MN) by fol-
lowing the manufacturer’s instructions. To assess the
production of NO, plasma samples available at 1 hour
and 4 hours post-ROSC were used to measure nitrite/
nitrate concentrations with a nitrite/nitrate immunoas-
say kit (R&D Systems) using Griess reagents according
to the manufacturer’s instructions.

Survival and Neurological Outcomes

After intensive monitoring for 4 hours, catheters
were removed, wounds were surgically closed, and
rats were extubated. Rats were intraperitoneally in-
jected with 1 mL pf 0.9% saline 1 hour after extuba-
tion and returned to cages with close monitoring
for 72 hours. Death was confirmed by the loss of a
heartbeat and spontaneous respiratory movement
for 2 minutes. Neurological function was assessed
by neurological functioning scores for rats (Table
S1).'® Rats were euthanized with a lethal dose of
pentobarbital sodium (250 mg/kg) administered
intraperitoneally after completing the evaluation
of survival and neurological outcomes 72 hours
post-ROSC.

Brain Histological Studies

After euthanasia, the harvested left hemispheres of
rats surviving for 72 hours were immediately fixed in
4% formaldehyde and 0.1 mol/L phosphate buffer.
Hematoxylin and eosin staining was used to examine
brain histological injuries. In each sample, 1 field was
randomly selected in the respective cornu ammonis
regions of the hippocampus, including CA1, CA2, and
CAS3, for quantitative comparison by 400x magnifica-
tion, and expressed as a percentage of damaged/total
neurons.

Statistical Analysis

Based on a comparison between NT and HT-Levo
groups, at least 11 rats in each group were neces-
sary to demonstrate a difference in 72-hour survival
(NT group: 35%; HT-Levo group: 90%) with a power of
80% at the 5% level (MedCalc, version 19.0.7; MedCalc
Software, Ostend, Belgium). Therefore, 12 rats were
randomly assigned to each group.
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Categorical data were expressed as counts and
proportions, and continuous data were expressed
as mean+SD. Categorical data were compared using
a x? test. Continuous data were compared using a
Mann-Whitney (MW) test or Kruskal-Wallis test with
post hoc Dunn’s test, depending on the number of
compared groups. Time-based measurements were
compared with generalized estimating equations, with
the NT group used as the reference. The differences
between 1 hour and 4 hours post-ROSC total nitrite
concentrations, calculated as 4-hours concentration
minus the 1-hour concentration of total nitrite, were
compared using simple linear regression, with the NT
group used as the reference. Kaplan—Meier plots were
used to demonstrate survival curves. Logistic regres-
sion analysis was conducted to investigate the interac-
tion between MTH and levosimendan treatment on the
primary outcome of 72-hour survival. A 2-tailed P value
<0.05 was considered significant. All tests were con-
ducted with GraphPad Prism Version 8.2.1 (GraphPad
Software, La Jolla, CA) except that generalized esti-
mating equation, simple linear regression, and logis-
tic regression analysis were conducted using SAS 9.4
software.

RESULTS

Baseline Characteristics of Resuscitated
Rats

After achieving ROSC, a total of 48 rats were equally
randomized into NT, HT, NT-Levo, and HT-Levo
groups (Figure 2). Body weight, and duration of CA
and CPR were not significantly different between the
4 groups (Table S2).

Hemodynamic Parameters

Comprehensive comparisons of hemodynamic pa-
rameters are provided in Table and several representa-
tive parameters are provided in Figure 3. Compared
with the NT group, LV systolic function, represented
by LV dP/dt,,, recovered better in the HT-Levo group
(P=0.002). In contrast, LV diastolic function, repre-
sented by LV maximal negative dP/dt, was not sig-
nificantly different between NT and HT-Levo groups
(P=0.114). In comparison with the NT group, CO im-
proved significantly in the HT-Levo group (P<0.001)
despite the heart rate being significantly slower in the
HT-Levo group (P=0.002). The SVR was significantly
reduced in the HT-Levo group compared with the NT
group (P<0.001), whereas MAP did not significantly dif-
fer between these 2 groups (P=0.199). Significant dif-
ferences were not apparent between NT and HT-Levo
groups with regard to LV systolic pressure, LV end-
diastolic pressure, and CVP.
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n=63
» Failure in animal preparation
n=2
Asphyxia-induced CA
n=61
Failure in achieving ROSC
n=13
Achieving ROSC
and randomization
\n:/
A Y 4 A
NT group HT group NT-Levo group HT-Levo group
n=12 n=12 n=12 n=12
A A A 4 A
Completing 4-h monitoring Completing 4-h monitoring Completing 4-h monitoring Completing 4-h monitoring
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n=6 n=6 n=5 n=12

Figure 2. Flow diagram of experimental group randomization.

CA indicates cardiac arrest; HT, hypothermia; Levo, levosimendan; NT, normothermia; and ROSC, return of spontaneous circulation.

Blood Sample Analysis

As shown in Table S3, significant differences in the
concentrations of 4-hour IL-13 were noted among the
4 groups (Kruskal-Wallis test, £P=0.048), whereas dif-
ferences were not significant in concentrations of 4-
hour IL-6 (Kruskal-Wallis test, P=0.845). In a post hoc
analysis, the concentration of 4-hour IL-13 was signifi-
cantly lower in the HT-Levo group compared with the
NT group (67.4+15.6 pg/mL versus 113.3+31.1 pg/mL,
Dunn’s test, P=0.026). Moreover, in comparison with
the NT group, the difference between 1 h and 4 h post-
ROSC total nitrite concentrations was significantly re-
duced in the HT-Levo group (Table S4, simple linear
regression test, P=0.046).

Survival Outcome and Neurological
Function Assessment

Survival status was observed for up to 72 hours
(Figure 2: flow diagram; Figure 4: Kaplan—Meier plot).
The 72-hour survival was significantly higher in the
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HT-Levo group than in the NT group (100% versus
50%, ¥° test, P=0.006), whereas 72-hour survival of
the HT group (50% versus 50%, ¥ test, P>0.999) or
NT-Levo group (42% versus 50%, ¥° test, P=0.688)
was not significantly different from that of the NT group.
The logistic regression analysis indicated significant in-
teraction between MTH and levosimendan treatment
on 72-hour survival (P=0.045). As shown in Figure 5,
the mean 72-hour neurological functioning score of the
HT-Levo group was significantly higher than that of the
NT group (8.3+5.1 versus 4.3+5.4, MW test, P=0.036),
whereas the mean 72-hour neurological function-
ing scores of the HT group (5.5+5.8 versus 4.3+5.4,
MW test, P=0.446) or NT-Levo group (3.5+5.2 versus
4.3+5.4, MW test, P=0.714) were not significantly dif-
ferent from that of the NT group.

Histological Studies for Brain Damage

Following hematoxylin and eosin staining, post-
CA neuronal damage manifested predominantly
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as nuclear condensation and vacuolar alterations
around the nucleus, termed eosinophilic-like changes
(Figure 6). However, in rats surviving for 72 hours, the
proportions of neurons demonstrating these changes
in the hippocampus were not significantly different be-
tween HT-Levo and NT groups (31.2%+6.9% versus
42.2%+11.4%, MW test, P=0.200).

DISCUSSION

Main Findings

This study demonstrated that combined MTH and le-
vosimendan treatments could improve post-CA myo-
cardial dysfunction, and consequently survival and
neurological outcomes. Furthermore, the lower IL-13
concentration and decreased NO production in the
HT-Levo group suggested that the proinflammatory
process following CA and CPR may be mitigated by
the combined treatment, also contributing to improved
outcomes.

Improving Post-CA Myocardial
Dysfunction and Survival

Asphyxia is one of the major causes of CA in
adults,”® especially among patients with nonshock-
able rhythms."”? Compared with ventricular fibrilla-
tion—induced CA, asphyxia-induced CA leads to
more severe post-CA myocardial dysfunction and
a shorter survival time.?° As a cardiac myofilament
calcium sensitizer,” levosimendan increases myocar-
dial contractility without worsening post-CA intracel-
lular calcium overload,?"?? which was hypothesized
to complement MTH in treating post-CA myocardial
dysfunction.

As shown in Table, compared with the NT group,
LV dP/dt,, increased significantly in both NT-Levo and
HT-Levo groups. Therefore, the augmented LV systolic
function observed in the HT-Levo group may have
been predominantly caused by the administered levo-
simendan. Furthermore, compared with the NT group,
the HR decreased significantly in both HT and HT-Levo
groups. In previous studies, levosimendan was shown
to increase the HR.23 Therefore, the bradycardia noted
in the HT-Levo group was mainly caused by the MTH.
Taken together, the summed effects of levosimendan-
augmented LV systolic function and MTH-induced
bradycardia may lead to more pronounced increases
in CO in the HT-Levo group compared with increases
caused by MTH or levosimendan alone.

As for SVR, the opposing effects of MTH-induced
vasoconstriction' and levosimendan-induced vasodi-
lation®* converged toward vasodilatation, as observed
in the HT-Levo group showing significantly decreased
SVR compared with the NT group. This vasodila-
tory effect may be beneficial for post-CA myocardial
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Figure 3. Hemodynamic parameters of experimental groups from baseline to 4 h after cardiac

arrest and cardiopulmonary resuscitation.

dP/dt,, indicates dP/dt at aleft ventricular pressure of 40 mm Hg; HT, hypothermia; Levo, levosimendan; NT,
normothermia; and ROSC, return of spontaneous circulation. *Asterisks indicate statistical significance.

dysfunction by decreasing afterload, and contrib-
ute to improved organ perfusion along with an aug-
mented CO. Interestingly, in a study by Kelm et al,?®
levosimendan-induced vasodilatation caused a de-
crease in MAP, which was nonetheless not observed
in our HT-Levo group. This unaltered MAP suggested
that the augmented CO may offset the decrease in
SVR in the HT-Levo group. Moreover, LV end-diastolic
pressure and CVP in the HT-Levo group were not sig-
nificantly different from those of the NT group. MTH
was expected to increase venous return because of
peripheral vessel constriction,?® which could have in-
creased LV end-diastolic pressure and CVP. Again,
the unchanged values in LV end-diastolic pressure

J Am Heart Assoc. 2020;9:e016139. DOI: 10.1161/JAHA.120.016139

and CVP may be caused by the opposing effects of
levosimendan-induced vasodilatation in the venous
side.?®

Taken together, such beneficial effects observed in
the HT-Levo group highlighted the synergistic effects
of combined MTH and levosimendan treatments on
post-CA myocardial dysfunction and hemodynamics.

Reduced Post-CA Brain Injuries

Post-CA brain injury features impaired cerebral mi-
crocirculation and compromised cerebral blood
flow.?” Therefore, the accelerated recovery from
post-CA myocardial dysfunction observed in the HT—
Levo group may contribute to a better neurological
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Figure 4. Kaplan-Meier survival curves of randomized
groups.

HT indicates hypothermia; Levo, levosimendan; and NT,
normothermia.

outcome. Moreover, levosimendan may activate K
channels present in both cerebral large arteries and
microvessels to induce cerebral vasodilatation.?®
Kelm et al'® noted post-CA cerebral hypoperfusion
could be recovered by levosimendan in an asphyxia-
induced CA rat model. Also, compared with nor-
mothermia, Gong et al®® indicated that MTH also
preserved cerebral cortex microcirculation and re-
duced the cerebral oxygen extraction ratio after CPR
in a rat model. Therefore, MTH and levosimendan
may synergistically improve cerebral energy homeo-
stasis, leading to a better neurological outcome in
the HT-Levo group. In a brain histological analysis,
because we could only harvest the brain tissue of
rats that survived for 72 hours, the numbers of avail-
able samples for comparisons were limited, resulting
in underpowered comparisons. Nonetheless, a trend
towards neurons being less damaged in the HT-Levo
group was noted (Figure 6).

Decreased Post-CA Inflammatory
Response

Decreased inflammatory responses may also con-
tribute to improved hemodynamics, survival, and
neurological outcomes. After a period of ischemia—
reperfusion, an inflammatory response ensues, with
proinflammatory cytokines, such as those of the IL-1
family,%° released in a large amount.®' Such inflam-
matory and immunologic responses occur especially
during reperfusion and are accompanied by free radi-
cal production. This can result in substantial injuries
via phagocytosis by macrophages, the release of toxic
products, and the continued activation of immune re-
actions in a vicious cycle. Numerous animal experi-
ments and several clinical studies have shown that
MTH suppresses ischemia-induced inflammatory re-
actions and the release of proinflammatory cytokines.®?
Levosimendan also has anti-inflammatory effects.3® In

J Am Heart Assoc. 2020;9:e016139. DOI: 10.1161/JAHA.120.016139

Neurological functioning score

Figure 5. Neurological functioning scores of experimental
groups 72 hours after cardiac arrest and cardiopulmonary
resuscitation.
Data are presented as the mean+SD; P=0.036 by Mann-Whitney
test. HT indicates hypothermia; Levo, levosimendan; and NT,
normothermia.

a rat model of middle cerebral artery occlusion, levo-
simendan reduced postreperfusion cerebral edema,
an inflammatory response and the expression of tumor
necrosis factor-a.3®

Brain inflammation is mainly caused by the ac-
tivation of glial cells, which produce various proin-
flammatory and neurotoxic factors, such as NO. The
production of NO was assessed by measuring total
nitrite concentrations in our study. Excessive NO pro-
duction by NO synthase in activated glia may contrib-
ute to both neurodegeneration and neuroprotection,
depending on the concentration of NO.3* NO may
stimulate soluble guanylyl cyclase, thereby decreasing
the concentration of intracellular calcium and terminat-
ing chain-propagating lipid radical reactions caused by
oxidative stress.®® In contrast, reactive nitrogen spe-
cies can also exert cytotoxic effects, which are mainly
mediated by the highly reactive oxidant peroxynitrite,
a chemical product of NO, and superoxide anions.®®
MTH can decrease NO production.’” Levosimendan
also reduced nitrosative stress markers®® in patients
with heart failure. In summary, both a decreased IL-1[3
concentration and reduced NO production in the HT-
Levo group highlighted the synergistic beneficial ef-
fects of combined MTH and levosimendan treatment.
Nevertheless, in our study, we could not confirm the
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Figure 6. Histological studies of brains in experimental groups.
Hematoxylin and eosin staining of hippocampus from rats surviving 72 hours after cardiac arrest. Microscopic magnification 400x.
Data are presented as the mean+SD. HT indicates hypothermia; Levo, levosimendan; and NT, normothermia.

source of NO, ie, whether or not NO was produced
from constitutively expressed NO synthases (including
neuronal NO synthase and endothelial NO synthase)
or inducible NO synthase. Although from the perspec-
tive of time sequence, most of the early NO produc-
tion may come from the neuronal or endothelial NO
synthase, inducible NO synthase may still contribute to
this increased production through complex cross-talk
among these NO synthases.?® The exact mechanisms
of how combined MTH and levosimendan treatment
leads to reduced NO production should be further
explored.

Study Limitations

First, current guidelines'® recommend a target tem-
perature of between 32°C and 36°C for post-CA pa-
tients. We selected 32°C as the target temperature in
the hope of maximizing the potential benefits of MTH.
However, whether the treatment effects noted in the
HT-Levo group can be generalized to other target
temperatures is unknown. Second, the calculation of
sample size was based on a comparison between NT
and HT-Levo groups, with a focus on investigating the
synergistic effects of MTH and levosimendan. The ani-
mal numbers in the current study may not be powered
enough to detect the effect of a single treatment in
the HT or NT-Levo groups. Finally, our study was per-
formed using healthy animals without any known co-
morbidities. The impact of underlying diseases, such
as heart failure, on the responses to levosimendan
treatment was not clear. Further studies in disease
models are needed to clarify this issue.

J Am Heart Assoc. 2020;9:e016139. DOI: 10.1161/JAHA.120.016139

CONCLUSIONS

Compared with normothermia, only combined MTH
and levosimendan treatment was consistently shown
to improve post-CA myocardial dysfunction and de-
crease the release of pro-inflammatory molecules, in-
cluding IL-18 and NO, thereby improving survival and
neurological outcomes. These findings highlight the
synergistic effects of MTH and levosimendan, which
could potentially be translated into a clinical application
for post-CA myocardial dysfunction.
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Table S1. Definition of neurological functioning scores.

. o N N Movement/ Score
Level of consciousness Corneal reflex Respirations Righting reflex Coordination activity
No reaction to pinching of . . . No spontaneous

. P g No blinking Irregular breathing pattern  No turning attempts ~ No movement P 0
tail movement

- . L Decreased breathing . . . .
Poor response to tail pinch  Sluggish blinking Sluggish turning Moderate ataxia Sluggish movement 1
frequency, normal pattern

Normal r n tail . Normal breathing fr ncy Turns over quickl Normal

ormal response to ta Normal blinking ormal breathing frequency Turns over quickly orma Normal movement )

pinch and pattern and spontaneously coordination




Table S2. Baseline characteristics of resuscitated rats.

NT (n=12) HT (n=12) NT-Levo (n=12)  HT-Levo (n=12)  Kruskal-Wallis test p-value
Bodyweight, g (SD) 468 (39) 454 (34) 444 (29) 446 (29) 0.303
Cardiac arrest time, s (SD) 279 (52) 282 (61) 274 (51) 259 (52) 0.734
CPR time, s (SD) 134 (27) 127 (17) 121 (24) 128 (18) 0.522

CPR: cardiopulmonary resuscitation, HT: hypothermia, Levo: levosimendan, NT: normothermia, SD: standard deviation.



Table S3. Comparisons of pro-inflammatory cytokines.

Group 4-h Interleukin-1p Dunn’s test adjusted p- Kruskal-Wallis test 4-h Interleukin-6 Dunn’s test adjusted p- Kruskal-Wallis test
(pg/mL) value p-value (pg/mL) value p-value
0.048 0.845
NT 113.3£31.1 Reference 741.5%219.5 Reference
HT 91.6+25.4 0.768 688.4+316.1 >0.999
NT-Levo 104.1+21.5 >0.999 1045+734.5 >0.999
HT-Levo 67.4+15.6 0.026* 738.6+234.1 >0.999

HT: hypothermia, Levo:

levosimendan, NT: normothermia. *Asterisk marks indicate statistical significance



Table S4. Comparisons of total nitrite concentrations.

Group 1-h total nitrite (umol/L) 4-h total nitrite (umol/L) /N\ah-1h total nitrite (WMOL/L) Simple linear regression p-value
NT 33.6+4.3 45.8+12.1 12.2+11.2 Reference

HT 32.5+4.7 49.2+10.6 16.7+8.7 0.482

NT-Levo 31.9+6.6 53.9+15.3 22.0+15.1 0.137

HT-Levo 31.4+8.8 30.2+6.5 -1.2+6.9 0.046*

/\an-1n total nitrite: Calculated as 4-h concentration minus the 1-h concentration of total nitrite, HT: hypothermia, Levo:

significance

levosimendan, NT: normothermia.

*Asterisk marks indicate statistical
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