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Abstract
Background: Adrenaline is routinely administered during cardiac arrest resuscitation. Using a novel murine model of cardiac arrest, this study eval-

uates the effects of adrenaline use on survival and end-organ injury.

Methods: A total of 58 mice, including cardiac arrest (CA) and sham (SHAM) groups received intravenous potassium chloride either as a bolus (CA)

or slow infusion (SHAM), inducing ECG-confirmed asystole (in CA only) for 4-minutes prior to intravenous adrenaline (+ADR;250 ul,32 ug/ml) or

saline (�ADR;250 ul) and manual chest compressions (300 BPM) for 4-minutes. Mice with return of spontaneous circulation (ROSC) were assessed

at 24- or 72-h timepoints.

Results: Among animals that underwent CA, rates of ROSC (n = 21 (95 %) vs n = 14 (82 %), P = 0.18) and survival to the planned endpoint

(n = 11 (50 %) vs n = 12 (71 %), P = 0.19) were similar when comparing those treated with (CA+ADR) and without (CA-ADR) adrenaline. However,

in CA animals that initially achieved ROSC, subsequent mortality was approximately 3-fold greater with adrenaline treatment (48 % vs 14 %,

P = 0.042). Among SHAM animals, adrenaline use had no impact on survival rates or other endpoints. Greater myocardial injury occurred in CA

+ADR vs CA-ADR, with increased Hs-Troponin levels measured at 24- (26.0 ± 0.9 vs 9.4 ± 5.3 ng/mL, P = 0.015) and 72-h (20.9 ± 8.3 vs 5.0 ±

2.4 ng/mL, P = 0.012), associated with increased expression of pro-inflammatory and fibrotic genes within cardiac and renal tissue.

Conclusion: Adrenaline did not improve ROSC or overall survival but following successful ROSC, its use resulted in 3-fold greater mortality rates.

Adrenaline was also associated with increased myocardial injury, end-organ inflammation, and fibrosis. These findings underscore the need for fur-

ther preclinical evaluation of alternate pharmacologic adjuncts for cardiopulmonary resuscitation that improve survival and limit end-organ injury.
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Introduction

Out of hospital cardiac arrest (OHCA) is a major public health chal-

lenge. Despite improvement in the resuscitative care for OHCA, sur-

vival continues to remain poor with approximately 8 % of patients

discharged from hospital alive.1 In patients who achieve return of

spontaneous circulation [ROSC], morbidity and mortality are driven

by whole body ischemia and the resulting post-cardiac arrest syn-
drome that is characterized by myocardial dysfunction, hypoxic brain

injury and systemic inflammation.1

Current resuscitation guidelines support the administration of

intra-arrest bolus adrenaline in cardiac arrest.2 Its use in this context

is underpinned by animal and human studies which have demon-

strated that adrenaline, mediated through a1 adrenoceptor activa-

tion, increases vasomotor tone, improving coronary perfusion

pressure and therefore the likelihood of ROSC.3 However, several

studies have shown that adrenaline use during cardiac arrest
ns.
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resulted in impaired blood flow to vital organs and worse neurological

outcomes compared to placebo or alternate vasopressors.4–6

Beyond the neurological sequelae, the impact of adrenaline use dur-

ing cardiac arrest on end-organ injury remains poorly defined. Using

a novel murine model of asystolic cardiac arrest, due to its moderate

ischemic insult and high rates of survival to endpoint assessment, we

sought to characterize the impact of intra-arrest adrenaline exposure

on end-organ injury, inflammation, and fibrosis.

Methods

Animal Experiments

All animal research was conducted in accordance with Australian

National Health and Medical Research (NHMRC) guidelines, and

Alfred Research Alliance (ARA) Animal Ethics approvals (Approval

P6581). 58 male C57Bl6 mice, sourced from AMREP Animal Ser-

vices, were randomized and coded with investigators blinded from

treatment allocation. Mice were anaesthetised with a ketamine/xy-

lazine/atropine anaesthetic cocktail (K:100 mg/kg, X:20 mg/kg,

A:1.2 mg/kg), electrocardiogram probes were placed in both fore-

arms and the left hind limb, and endotracheal intubation performed.

An intravenous catheter was inserted into the right jugular vein to

administer IV potassium chloride (40 ll,0.5 M) either as bolus to

induce arrest (CA) or slowly infused over 1 minute without causing

arrest (SHAM with humoral equivalence). At the time of this publica-

tion, this approach to SHAM is a novel introduction to cardiac arrest

studies in preclinical models.7 There were therefore four treatment

groups used in the study; SHAM-ADR, SHAM+ADR, CA-ADR and

CA+ADR. The current study was intended to validate a novel model

of cardiac arrest and the impacts of intra-arrest adrenaline use. The

primary outcome was survival to the planned endpoint at 24- or 72-h.

All CA mice immediately entered asystole with ventilation

removed for 4 minutes. Re-ventilation and manual chest compres-

sions (300BPM) were then delivered until sinus rhythm resumed by

surface ECG indicating ROSC (Supplemental Fig. 1). 30-seconds

after resuscitation commenced, mice received an IV infusion of either

saline (�ADR;250 ll) or a single standard-dose of adrenaline (+AD

R;250 ll,32 lg/ml [pH-balanced]).7 All animals that achieved ROSC

and independence from ventilation survived until their planned end-

point (“recovery/survival”), at either 24- or 72-h. Immediately follow-
Fig. 1 – Consort diagram demons
ing euthanasia by cervical dislocation, a sternotomy was performed

and the heart rapidly excised. Tissues and plasma were collected,

snap-frozen in liquid nitrogen and stored at �80 �C for further

analyses.

Tissue gene expression

To examine mRNA expression in cardiac and renal tissue, real-time

polymerase chain reaction was performed (RT-PCR).

Biomarker assessment

Plasma cytokines (Bio-Rad, Bio-Plex Pro Kit) and troponin (Life

Diagnostics CTNI-1-HSP) were measured from plasma collected at

either 24- or 72-h timepoints. Plasma catecholamines (nora-

drenaline, adrenaline, and dihydroxyphenylalanine) were extracted

from alumina absorption and concentration determined by high-

performance liquid chromatography with coulometric detection as

previously described.8

Histological analysis

Histological analysis was performed on 4-mm paraffin sections

stained with Masson’s trichrome to analyze the collagen present in

heart samples.

Statistical analyses

GraphPad Prism (v.9) package was used for statistical analyses.

Two-tail independent sample t-tests (with Welch correction in the

case of different variance), ANOVA (with Tukey adjustment for mul-

tiple comparisons), and Chi Square tests were used as appropriate.

Values are presented as mean ± SEM, and P < 0.05 was considered

significant.

Results

Survival outcomes

A total of 58 animals were included in the study (Fig. 1). At baseline,

there were no differences between groups in anthropometric mea-

surements (Supplemental Table 1). There were 19 animals assigned

to SHAM (SHAM+ADR, n = 11; SHAM-ADR, n = 8) and 39 to CA

(CA+ADR, n = 22; CA-ADR, n = 17). Among animals that underwent

CA, rates of ROSC (n = 21 (95 %) vs n = 14 (82 %), P = 0.18) and
trating the cohort derivation.



Fig. 2 – Survival outcomes in cardiac arrest with

(CA + ADR) and without (CA-ADR) adrenaline for ROSC

and survival to planned endpoint. Presented within the

survival to planned endpoint columns are the

percentage of animals that achieved initial ROSC but

did not survive to their planned endpoint.
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survival to the planned endpoint (n = 11 (50 %) vs n = 12 (71 %),

P = 0.19) were similar between CA+ADR and CA-ADR groups,

respectively. Notably, in mice that achieved ROSC, adrenaline was

associated with a 3-fold greater rate of mortality (n = 10 of

21 (48 %) in CA+ADR vs n = 2 of 14 (14 %) in CA-ADR,

P = 0.041) (Fig. 2). In animals that underwent the SHAM procedure,

adrenaline administration was not associated with any significant

difference in survival to the assigned endpoint (SHAM+ADR,

n = 10 (91 %) vs SHAM-ADR, n = 8 (100 %), P = 0.38), or any other

endpoint assessed.

Myocardial injury

In surviving CA animals, adrenaline resulted in greater myocardial

injury. Plasma troponin levels were significantly higher with CA

+ADR when measured at both 24-h (25.98 ± 0.86 ng/ml vs 9.45 ± 4.

6 ng/ml, P = 0.005) and 72-h (20.94 ± 7.39 ng/ml vs 5.02 ± 2.21 ng/

ml, P = 0.003), compared with CA-ADR (Fig. 3A). Furthermore, CA,

independent of adrenaline status, resulted in a greater degree of rel-

ative myocardial fibrosis determined through Masson trichrome

staining (Fig. 3B).

Serum cytokines and catecholamines

Assessment of plasma cytokines (Supplemental Fig. 2A) revealed no

significant differences in any of IL6, IL17 or RANTES between

groups. However, CA+ADR resulted in significantly increased levels

of the circulating chemokine CXCL1, compared with CA-ADR. Cate-

cholamine levels were measured at 24-h (Supplemental Fig. 2B).

There were no differences between groups in noradrenaline and

dihydroxyphenylalanine levels. However, plasma adrenaline levels

at 24-h were significantly higher in the CA+ADR group, compared

with CA-ADR and SHAM+ADR.

Inflammatory and pro-fibrotic gene expression in cardiac

and renal tissue

RT-PCR was performed on both cardiac and renal tissue. Within car-

diac tissue at 72-h, CA+ADR, compared to CA-ADR, was associated
with significantly increased expression of inflammatory (TNF-a, IL1b,

IL10, F4-80 and CD68; all P < 0.01) and fibrotic (TGFb, Col1 and

Col3; all P < 0.01) genes (Fig. 4). There were no differences between

SHAM-ADR and SHAM+ADR in cardiac tissue at 72-h. There was a

similar pattern of increased relative expression of inflammatory and

fibrotic genes within renal tissue (Supplemental Fig. 3), with the addi-

tion of early upregulation of IL6, TNF-a, CD68, and TGF-b observed

at 24 h (all P < 0.01). These data suggest that this model of 4-min

cardiac arrest results in significant end-organ injury and that adrena-

line exposure appears to exacerbate CA-mediated injury.

Discussion and conclusion

In the current study we investigated the effects of adrenaline on

ROSC, survival and associated end-organ injury in a novel murine

model of cardiac arrest, and report the following key findings: first,

the use of adrenaline did not improve overall rates of survival and

was associated with significantly increased rates of mortality in ani-

mals that initially achieve ROSC; second, adrenaline appears to

potentiate the deleterious effects of the post-cardiac arrest syndrome

with increased cardiac injury, systemic inflammation, and the expres-

sion of pro-inflammatory and fibrotic genes in cardiac and renal tis-

sue. These findings are of particular relevance given the

widespread support of adrenaline in contemporary advanced life-

support guidelines and treatment algorithms for the resuscitation of

cardiac arrest .

Survival from OHCA remains poor despite concerted public

health initiatives and incremental improvements in resuscitative

care.9–11 The use of adrenaline has been well described for its ability

to improve rates of ROSC.3,12–13 Despite improving the likelihood of

achieving ROSC, adrenaline has not been shown to improve func-

tional outcomes and in some studies may result in worse rates of

mortality in the subgroup of patients that initially achieve ROSC.12–

14 The current study’s findings are consistent with these data, with

significantly higher rates of mortality demonstrated in adrenaline-

treated animals that initially achieved ROSC. While outside the

scope of the current study, these findings are hypothesis-

generating and warrant further investigation.

Cardiac arrest is characterized by whole body ischemia and in

those who achieve ROSC, reperfusion can result in secondary

injury.15 The use of adrenaline in this context is underpinned by ani-

mal and human studies which have demonstrated that adrenaline,

mediated through increased vascular vasomotor tone, improves

coronary perfusion pressure and the likelihood of ROSC.16–18 While

adrenaline improves macrocirculatory surrogates of perfusion such

as mean arterial pressure, its impact on oxygen delivery and

exchange, which occurs at the level of the microcirculation in capil-

lary beds, is less well defined.19 In swine models of resuscitated car-

diac arrest, intra-arrest adrenaline has been shown to result in

reduced microcirculatory blood flow, assessed by orthogonal polar-

ization spectral imaging of sublingual mucosa, following ROSC.20–

21 The impact of adrenaline at the level of the microcirculation,

may exacerbate tissue hypoxia and injury and therefore provide a

mechanistic understanding for the increased cardiac injury, pro-

inflammatory and fibrotic state observed in adrenaline-treated mice

in the current study. In this context, our mechanistic data add to an

emerging and broader safety concern with respect to the use of adre-

naline in other cardiac emergencies recently observed in human

studies.22–24



Fig. 3 – Cardiac biomarkers and myocardial fibrosis. A) Plasma high-sensitivity troponin measured in 24 and 72-h

cohorts. B) Relative Myocardial area fibrosis assessed through Masson’s trichrome staining of the 72-h cohort.

*P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 4 – Real time quantitative polymerase chain reaction (RT-PCR) of inflammatory and fibrotic genes of interest in

cardiac tissue. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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While the current study reports an experimental platform for the

investigation of current and potential pharmacologic interventions

in cardiac arrest we acknowledge several limitation. The study was

a pilot aimed at developing and validating the cardiac arrest model

and investigating the influence of adrenaline on cardiac arrest out-

comes. As such, no formal sample size estimates were conducted

in the preparatory phase. Furthermore, the dose of adrenaline used

were higher on a weight basis than that used in humans, although

they were broadly similar to that reported recently in animal models.

Furthermore, in the current study we used potassium chloride to
induce cardiac arrest and it is acknowledged that the majority of car-

diac arrest is the result of ventricular fibrillation or ventricular tachy-

cardia in the setting of ischemia or underlying ventricular

dysfunction. Finally, we acknowledge that the murine inflammatory

response to cardiac arrest might differ to that in humans.

In conclusion, this focused investigation challenges the suitability

of adrenaline use in resuscitation and underscores the need for fur-

ther pre-clinical evaluation of alternate pharmacologic adjuncts for

cardiopulmonary resuscitation that improve rates of survival and limit

end-organ injury.
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