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Abstract

Objective

(R)-2-methoxyethyl1-(1-phenylethyl)-1H-imidazole-5-carboxylate hydrochloride (ET-26

HCl) is a novel etomidate analogue. The purpose of this study was to characterize whether

ET-26 HCl could retain the superior myocardial performance of etomidate in vivo and in

vitro.

Methods

In vivo, the influence of ET-26 HCl and etomidate on the cardiac function of dogs was con-

firmed using echocardiography and electrocardiogram. In vitro, a Langendorff preparation

was used to examine direct myocardial performance in isolated rat hearts, and a whole-cell

patch-clamp technique was used to study effects on the human ether-a-go-go-related gene

(hERG) channel.

Results

In vivo, after a single bolus administration of ET-26 HCl or etomidate, no significant differ-

ence in echocardiography and electrocardiogram parameters was observed. No arrhythmia

occurred and no QT interval prolongation happened during the study period. In the in vitro

Langendorff preparation, none of the cardiac parameters were abnormal, and the hERG

recordings showed that ET-26 HCl and etomidate inhibited the tail current of the hERG in a

concentration-dependent manner with an IC50 of 742.51 μM and 263.60 μM, respectively.

Conclusions

In conclusion, through an in vivo experiment and a whole organ preparation, the current

study found that ET-26 HCl can maintain a myocardial performance that is similar to that of
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etomidate. In addition, the electrophysiology study indicated that ET-26 HCl and etomidate

inhibited the hERG at a supra-therapeutic concentration.

Introduction

Etomidate [R-1-(1-ethylphenyl) imidazole-5-ethyl ester] (Fig 1) is an imidazole-based intrave-

nous hypnotic agent. It was synthesized by Janssen Pharmaceuticals (a division of Ortho-

McNeil-Janssen Pharmaceuticals, Titusville, New Jersey, USA) in 1965 [1]and particularly

because of its favourable myocardial performance, it emerged in the clinical literature and

gained popularity soon afterward. Unfortunately, etomidate remains controversial because it

inhibits the activity of adrenal mitochondrial 11-β-hydroxylase, inducing adrenal suppression,

which leads to limitation of its clinical application [2–6].

In recent years, researchers from Massachusetts General Hospital (Boston, Massachusetts,

USA) have developed a series of etomidate analogues, from methoxycarbonyl-etomidate, car-

boetomidate, and methoxycarbonyl-carboetomidate to cyclopropyl-methoxycarbonyl meto-

midate, which are designed not to suppress adrenocortical function [7–10].Our laboratory has

also been working on developing rational and optimal analogues of etomidate based on the

hypothesis that the analogues should retain the superior myocardial performance of etomidate,

but alleviate its adrenocortical suppression. Among these analogues, (R)-2-methoxyethyl1-

(1-phenylethyl)-1H-imidazole-5-carboxylate hydrochloride (ET-26 HCl) (Fig 1) has been

shown in our previous studies to possess many outstanding characteristics and to exert

reduced corticosteroid suppression [11–15]. However, few studies have investigated the effects

of etomidate analogues on myocardial performance, including echocardiography, ventricular

repolarization, proarrhythmic risk and electrophysiology assessments.

Fig 1. Chemical structures of etomidate and ET-26 HCl.

https://doi.org/10.1371/journal.pone.0190994.g001
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When QT (time from the beginning of the QRS complex to the end of the T wave of the

electrocardiogram, which represents the duration of the depolarization and repolarization of

the ventricles) prolongation occurs, there is an increased risk of lethal ventricular tachyar-

rhythmia known as “torsades de pointes (TdP)” [16]. In 2005, the International Conference on

Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human

Use issued a guideline, S7B, which recommends that new chemical entities should be assessed

for the potential of delayed ventricular repolarization in animal models [17]. In recent years,

in drug development, more emphasis has been placed on the potential arrhythmias that are

associated with QT interval prolongation. It is generally accepted that the majority of com-

pounds that prolong the QT interval block the cardiac rapid delayed rectifier potassium cur-

rent (IKr), encoded by the human-ether-a-go-go-related gene (hERG), which plays a critical

role in defining ventricular repolarization [18–19].

We hypothesized that ET-26 HCl may retain the superior myocardial performance of eto-

midate, and in the present study, we evaluated the effect of ET-26 HCl on myocardial perfor-

mance in vivo and in vitro.

Materials and methods

Ethics statement

All animal studies were conducted with the approval of the Committee of Scientific Research

and the Institutional Animal Experimental Ethics Committee of the West China Hospital

(Sichuan University, Chengdu, China) and all ethical approval decisions were based on the

recommendations in their guidelines (publication number 2015015A).

Animals

Adult Sprague-Dawley rats weighing 250–350 g and Beagle dogs weighting 8–10 kg were pur-

chased from DOSSY Experimental Animals Co. Ltd. (Sichuan, China). They were housed with

a 12/12 h light cycle, a controlled temperature of 21 ± 5˚C, and a relative humidity of 55 ± 15%

in the Animal Experimental Centre of the West China Hospital of Sichuan University (Sich-

uan, China). At the conclusion of these experiments, dogs were euthanized with an overdose

of sodium pentobarbital (i.v; 100 mg/kg).

Sources and formulation of hypnotic drugs

(R)-2-methoxyethyl1-(1-phenylethyl)-1H-imidazole-5-carboxylate hydrochloride (ET-26

HCl) (Publication Patent Number: CN103739553 B) was synthesized (> 99% purity) in our lab-

oratory, as previously described [11]. Etomidate (Etomidate Lipuro1, B.Braun, 2 mg/mL) was

purchased from Melsungen AG.

In vivo studies

In our previous experiment, the anesthetic potencies of ET-26 HCl (ED50 = 1.44 mg/kg) and

etomidate (ED50 = 0.43 mg/kg) were determined using the up and down method.11

In vivo cardiac function in dogs. For the in vivo experiments, a total of 18 (9 male and 9

female) Beagle dogs, were randomly assigned to ET-26 HCl treatment (ET-26 HCl group; 1×,

2×, 4× ED50 i.v; n = 3) or etomidate treatment (etomidate group; 1×, 2×, 4× ED50 i.v; n = 3).

The influence of the treatments on cardiac function was confirmed using echocardiography

and an electrocardiogram. After baseline, the cardiac parameters were recorded at 1, 3, 5 and

10 min following the administration of ET-26 HCl or etomidate. The detailed experimental

protocol is shown in Fig 2.

ET-26 HCl can retain superior myocardial performance
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Echocardiography. Transthoracic echocardiography (TTE) was continuously performed

during the in vivo experiment. Beagle dogs were placed in the left lateral decubitus position

under light sedation through inhalation of the lowest possible dose of isoflurane (initially 5%,

then 2% to 3%) mixed with oxygen. Images were acquired using a 2–4 MHz transducer con-

nected to the Mindray echocardiography machine (TTE, M7 series, Mindray Bio-medical

Electronics Co, Ltd., Shenzhen, China). For continuous recording and to reduce experimental

variability, the transducer was fixed using an angle-adjustable pedestal (Publication Patent
Number: CN102824192 B), which can be pasted and prevents transducer dislodgement.

For the recording of the left ventricle (LV) parameters, the LV internal diameter in diastole

and systole (LVIDd and LVIDs) was measured using M-mode echocardiography at the level of

papillary muscle, following the recommendations of Bonagurra [20]. End-diastolic/systolic

volume (EDV/ESV) was calculated using the Teicholz formula [21]: V = 7D3/ (2.4 + D), with

D = LVIDd or LVIDs, respectively. LV ejection fraction (EF) was calculated as EDV − ESV/

EDV.

Electrocardiography. A lead II electrocardiogram (ECG) was recorded using electrocar-

diography (MAC3500, General Care International, Shanghai, China) continuously in the in
vivo experiment. The measurements focused on the PR interval, QRS complex, QT interval

(time from the beginning of the QRS complex to the end of the T wave), QTcB (Bazett’s heart

rate corrected QT interval [22], QTcB = QT/(HR)½) and the incidence of pharmaceutical-

induced arrhythmia. The judgment of the presence of arrhythmia was in accordance with the

Lambeth Conventions and Lambeth Conventions (II), and the quantification of the arrhyth-

mias used the modified scoring system of Cuertis and Walker (Table 1)[23–24].

In vitro studies

Langendorff preparation with rat hearts. A Langendorff heart preparation (ML176-220,

AD instruments, Ltd, Shanghai, China) was used to evaluate the effects of ET-26 HCl and eto-

midate on cardiac performance. A total of 36 (18 male and 18 female rats) isolated rat hearts

were randomly assigned to an ET-26 HCl group (n = 6 for each concentration of 5, 10 and

30 μM) or etomidate group (n = 6 for each concentration of 5, 10 and 30 μM). After anesthetis-

ing the rats using sodium pentobarbital (40 mg/kg; i.p.), the rat hearts were quickly removed

and mounted on a Langendorff perfusion system via the aorta at a constant pressure of 70

Fig 2. Schematic diagrams depicting the in vivo and in vitro cardiac function experimental protocol. ED50: 50%

effective dose; TTE: echocardiography; ECG: electrocardiogram; HR: heart rate; LVSP: left ventricular systolic

pressure; ± dP/dtmax: maximal rate for left ventricular pressure rising and declining. SD: Sprague-Dawley.

https://doi.org/10.1371/journal.pone.0190994.g002
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mmHg using Krebs-Henseleit buffer containing (in mM): NaCl 118.0, NaHCO3 25.0, KCl 4.7,

KH2PO4 1.2, CaCl2 2.5, MgSO4 1.2, glucose 11.0, EDTA-Na2 0.125 and the pH was maintained

at 7.40 ± 0.05. The solution was continuously oxygenated using a mixture of oxygen (95%) and

carbon dioxide (5%) in a 37˚C water bath (LE 13026 thermostat, Harvard Apparatus, Ltd,

Shanghai, China).

After a 30-min stabilization period, ET-26 HCl or etomidate was administered into the

inflow perfusate at a concentration of 5, 10 or 30 μM. Cardiac parameters, as follows: (1) heart

rate (HR); (2) left ventricular systolic pressure (LVSP), and (3) maximal rate for left ventricular

pressure rise and decline (± dP/dtmax), were measured before treatment (baseline) and at 1, 3,

5, and 10 min after hypnotic treatment. The experimental protocol is shown in Fig 2.

hERG recordings. The in vitro IKr assay, using a whole-cell patch-clamp technique [25],

was designed to examine the effects of ET-26 HCl and etomidate on the hERG ion channel

currents. Whole-cell recordings were obtained at room temperature using 3 to 5 MO patch

pipettes and an Axopatch 200B amplifier in a HEPES-buffered bath solution composed of 145

mM NaCl, 4 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 10 mM glucose, pH

7.4. An internal solution contained 140 mM KCl, 1 mM MgCl2, 10 mM HEPES, 5 mM EGTA,

4 mM Na2-ATP, pH 7.2.

Whole-cell hERG currents expressed in human embryonic kidney (HEK-293) cells were

elicited by a 2 s depolarizing pulse to +50 mV from a holding potential of −80 mV and repolar-

ization to −50 mV for 3 s to measure the tail currents in an interval of 30 s. In the absence and

presence of ET-26 HCl and etomidate, their effect on the hERG tail current was recorded.

Based on a preliminary experiment, the used concentrations were 30, 100, 300, 1000, and

3000 μM for ET-26 HCl and 10, 30, 100, 300, and 1000 μM for etomidate. The inhibition per-

centage (%) of the hERG tail current was calculated using the following equation: inhibition

percentage (%) = {1 − (remaining current amplitude)/ (control current amplitude)} × 100. The

results are presented as mean ± standard deviation (SD). The IC50, the concentration at which

a compound inhibits 50% of IKr activity, was fitted using a logistic equation.

Statistical analysis

Data concerning the cardiac parameters in vivo are presented as mean ± SD. The differences

among groups were compared using independent-samples t-tests. Repeated-measures

ANOVA was performed to analyse the changes in several variables over time, such as LVEF,

LV internal dimension and end-diastolic/systolic volume. For the in vitro Langendorff prepa-

ration, data are presented as mean ± SD relative to baseline values (percentage) and analysed

using independent-samples t-tests. P< 0.05 is considered statistically significant. The statisti-

cal analysis was performed using the Statistical Package for Social Sciences (SPSS™), Windows

version 16.0 (SPSS Inc, Chicago, IL).

Table 1. The arrhythmia scoring system.

Arrhythmia Scores Type of Arrhythmia

0 No arrhythmia

1 occasional (1–2 episodes within 60 s) PVC

2 Frequent (�3 episodes within 60 s) PVC

3 1–2 episodes of VT

4 �3 episodes of VT or occasional VF

5 Frequent VF or death

PVC: premature ventricular contraction; VT: ventricular tachycardia; VF: ventricular fibrillation.

https://doi.org/10.1371/journal.pone.0190994.t001

ET-26 HCl can retain superior myocardial performance
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Results

In vivo studies

In vivo cardiac function in dogs. For the in vivo hemodynamic study, a total of 18 Beagle

dogs, with a mean weight of 9 kg (range 7–10.5 kg) and age of 8–10 months, were used to eval-

uate the influence of ET-26 HCl and etomidate on cardiac function using echocardiography

and ECG. Table 2 shows the basal cardiac parameters before treatment.

After treatment using different doses of ET-26 HCl and etomidate, no significant change

was found in TTE parameters (Table 3). Fig 3 displays a representative M-mode echocardio-

gram tracing of Beagle dogs treated using 2× ED50 of ET-26 HCl and etomidate, showing that

the echocardiographic parameters at 1, 3, 5, and 10 min after hypnotic administration are simi-

lar to the pre-dose recording. Table 4 shows that none of the ECG parameters during the

observing time revealed any abnormal results. No arrhythmia occurred and no prolongation

of QT interval prolongation was observed (Table 5).

Table 2. General and in vivo baseline cardiac parameters.

Variables etomidate

(n = 9)

ET-26 HCl

(n = 9)

Body weight, kg 8.9 ± 1.4 9.3 ± 0.7

TTE parameters
LVIDd, mm 32.8 ± 2.3 33.8 ± 3.2

EDV, ml 36.0 ± 8.1 39.7 ± 11.9

LVIDs, mm 23.0 ± 3.4 23.2 ± 3.5

ESV, ml 12.9 ± 5.7 13.3 ± 6.1

EF, % 65.0 ± 9.8 67.6 ± 6.9

ECG parameters
HR, bpm 164 ± 9.8 159 ± 12.6

PR, ms 86 ± 4.4 85 ± 5.1

QRS, ms 35 ± 4.1 37 ± 4.0

QT, ms 246 ± 14.6 233 ± 17.4

QTc, ms 404 ± 20.4 378 ± 28.2

Data are presented as mean ± standard deviation. LVIDd and LVIDs: LV internal diameter in diastole and systole;

EDV/ESV: End-diastolic/ systolic volume; EF: Ejection fraction; HR: heart rate; PR: PR interval; QRS: QRS complex;

QT: QT interval; QTc: heart rate corrected QT interval. Nine beagle dogs were studied in each group.

https://doi.org/10.1371/journal.pone.0190994.t002

Table 3. TTE parameters before and after bolus administration of etomidate and ET-26 HCl.

Group LVIDd (mm) EDV (ml) LVIDs (mm) ESV (ml) EF (%)

Before After Before After Before After Before After Before After

Etomidate
1 ED50 33±3.9 34±4.6 37±13.7 41±17.1 24±5.1 24±6.8 14±8.8 16±11.5 63±13.0 63±18.2

2 ED50 33±2.3 33±2.7 37±7.8 36±8.9 23±3.2 23±4.1 12±5.3 13±7.0 67±9.0 65±11.0

4 ED50 32±0.8 33±1.0 34±2.5 37±3.5 23±3.0 24±2.6 12±4.6 13±4.3 65±11.8 63±11.0

ET-26 HCl
1 ED50 34±2.5 34±3.2 39±8.5 41±11.9 23±3.4 24±3.6 14±5.4 15±6.3 69±6.0 64±8.1

2 ED50 33±3.2 32±2.6 36±10.9 36±8.1 21±2.4 21±2.2 10±3.6 10±3.0 71±2.0 73±1.9

4 ED50 32±0.9 30±2.4 34±2.6 28±7.0 22±2.6 22±3.3 12±4.1 11±5.1 65±9.6 63±8.3

Data are presented as mean ± standard deviation. ED50: median effective dose. TTE: echocardiography; LVIDd and LVIDs: LV internal diameter in diastole and systole;

EDV/ESV: End-diastolic/systolic volume; EF: Ejection fraction. n = 3 for each sub-group.

https://doi.org/10.1371/journal.pone.0190994.t003
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In vitro studies

In vitro cardiac function in rat hearts. In the Langendorff preparation, isolated hearts,

from a total of 36 rats with a mean weight of 288 g (range, 264–337g) and age of 8–10 weeks,

were used. Before treatment, the basal cardiac parameters were recorded. After treatment

using ET-26 HCl or etomidate at 5, 10, or 30 μM, no significant change in in vitro cardiac func-

tion (HR, LVDP, ±dp/dtmax) was found between the two groups (Fig 4).

In vitro electrophysiology study. Fig 5 shows the effects of etomidate and its analogue,

ET-26 HCl on the hERG currents expressed in HEK-293 cells. Fig 5 demonstrates that etomi-

date inhibited the tail current of the hERG in a concentration-dependent manner, i.e., etomi-

date at concentrations of 10, 30, 100, 300, and 1000 μM reduced the tail current by 3.83 ±
2.36%, 14.13 ± 5.09%, 27.03 ± 4.24%, 51.72 ± 4.12% and 80.06 ± 3.26% (n = 3), respectively.

The IC50 value was 263.60 μM.

The etomidate analogue, ET-26 HCl, inhibited the hERG current in a similar concentra-

tion-dependent manner (Fig 5B). ET-26 HCl at concentrations of 30, 100, 300, 1000, and

3000 μM reduced the tail current by 0.75 ± 0.35%, 6.16 ± 3.2%, 19.27 ± 3.62%, 52.63 ± 4.35%,

91.95 ± 0.24% (n = 3), respectively. The IC50 value was 742.51 μM.

Discussion

The purpose of this study was to evaluate the effect of a single administration of ET-26 HCl on

cardiac function when compared with etomidate in vivo and in vitro. The major finding of the

present study was that ET-26 HCl retains the superior myocardial performance of etomidate.

Fig 3. Representative M-mode echocardiogram tracing of Beagle dogs treated using 2× ED50 of ET-26 HCl and

etomidate. Baseline = before treatment; 1, 3, 5, and 10 min represent the time after ET-26 HCl or etomidate

administration. After treatment, echocardiographic parameters are similar to the pre-dose recording in both groups.

https://doi.org/10.1371/journal.pone.0190994.g003

Table 4. ECG parameters before and after bolus administration.

Group HR (bpm) PR (ms) QRS (ms) QT (ms) QTc (ms)

Before After Before After Before After Before After Before After

Etomidate
1 ED50 161± 6 159±9 87±5.8 89±7.0 36±3.5 33±1.2 253±3 241±21 413±3 392±36

2 ED50 167±16 163±23 85±4.2 88±6.0 32±5.3 32±5.3 245±15 251±16 407±8 410±8

4 ED50 169±13 155±16 82±4.6 84±5.3 36±3.5 33±6.1 244±13 255±8 409±9 409±8

ET-26 HCl
1 ED50 154±16 156±14 88±8.1 87± 6.1 39±4.6 37±4.2 238±10 237±9 380±30 382±31

2 ED50 157±8 175±15 84±2.0 84± 5.3 39±3.1 37±3.1 234±14 236±16 396±20 402±14

4 ED50 167±13 145±18 83±3.1 82± 2.8 33±1.2 39±1.2 227±29 256±25 376±36 396±17

Data are presented as mean ± standard deviation. ED50: median effective dose. ECG: electrocardiogram; HR: heart rate; PR: PR interval; QRS: QRS complex; QT: QT

interval; QTc: heart rate corrected QT interval. n = 3 for each sub-group.

https://doi.org/10.1371/journal.pone.0190994.t004
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To the best of our knowledge, this is the first investigation to define the effect of this etomidate

analogue on cardiac performance using echocardiography, combined with assessments of ven-

tricular repolarization and proarrhythmic risk, and an electrophysiology study, to provide new

experimental evidence for cardiac safety.

After a single bolus administration of 1×, 2×, 4× ED50, the in vivo hemodynamics study

demonstrated no significant differences in echocardiography and ECG parameters. LV inter-

nal diameter, LV volume in diastole and systole and LVEF remained in the normal range.

It is still unclear whether prolongation of the QT interval is associated with the occurrence

of drug-induced TdP [26–27], but during the drug development process and cardiac safety

evaluation, standard ventricular assays and proarrhythmic assessment of new chemical entities

are essential and irreplaceable. During the in vivo study, no arrhythmia occurred, and no pro-

longation of the QT interval was found.

The in vitro hemodynamics study was also designed to compare the direct cardiac effects of

ET-26 HCl and etomidate by analysing responses at equimolar concentrations. Cardiac func-

tion was assessed by measuring LVSP and ±dp/dtmax. The results demonstrated that etomidate,

and its analogue, ET-26 HCl had similar effects on the isolated rat hearts perfused at constant

pressure.

The in vitro concentrations of etomidate were chosen to correspond with peak plasma con-

centrations reported in vivo in humans. The recommended intravenous dose for induction of

anesthesia is approximately 0.3 mg/kg for etomidate, and the peak plasma concentration

(Cmax) during induction has been reported to be approximately 3 μM, and researchers have

shown that the concentration of etomidate which causes sinus arrest in all hearts is 1000 μM

[28–29]. Therefore, we used relatively low concentrations of 5, 10, and 30 μM for the in vitro
rat hemodynamics study, and 10–3000 μM for the in vitro electrophysiology study.

Correspondingly, we designed the in vitro IKr assay and the whole-cell patch-clamp tech-

nique to study the effects of ET-26 HCl and etomidate on the hERG channel. The results suggest

that etomidate and ET-26 HCl inhibited the tail current of the hERG in a concentration-depen-

dent manner, but the concentrations decreased the channel protein expression at a supra-thera-

peutic concentration or overdose, with an IC50 of 263.60 μM and 742.51 μM, respectively.

While a general relationship between hERG blockade and proarrhythmic risk is generally

accepted, an isolated IC50 value in vitro may be misleading, as multiple factors, such as hypoka-

laemia, structural heart disease or other cardiac ion channels can mitigate or worsen the risk of

QT prolongation [30–31]. Therefore, the IKr IC50 measurements must be interpreted in the

Table 5. Arrhythmia scores and QT-prolongation.

Group Observed samples Abnormal samples QT prolongation Arrhythmia scores Incidence of

Arrhythmia (%)0 1 2 3 4 5

Baseline 18 0/ 18 ─ 0 0

Etomidate
1 ED50 3 0/ 3 ─ 0 0

2 ED50 3 0/ 3 ─ 0 0

4 ED50 3 0/ 3 ─ 0 0

ET-26 HCl
1 ED50 3 0/ 3 ─ 0 0

2 ED50 3 0/ 3 ─ 0 0

4 ED50 3 0/ 3 ─ 0 0

Total 18 0/ 18 ─ 0 0

Data are presented as mean ± standard deviation. ED50: median effective dose. n = 3 for each sub-group.

https://doi.org/10.1371/journal.pone.0190994.t005
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Fig 4. Cardiac parameters change in vitro after the administration of ET-26 HCl and etomidate. T = baseline is the time

of hypnotic bolus administration. HR: heart rate; LVSP: left ventricular systolic pressure; ± dP/dtmax: maximal rate for left

ventricular pressure rising and declining. (A) Time-dependent % change in HR from baseline after administering ET-26 HCl

and etomidate at the increasing concentrations of 5, 10, and 30 μM. (B) Time-dependent % change in LVSP from baseline

after administering ET-26 HCl and etomidate at the increasing concentrations of 5, 10, and 30 μM. (C) Time-dependent %

change in dp/dtmax from baseline after administering ET-26 HCl and etomidate at the increasing concentrations of 5, 10, and

30 μM. (D) Time-dependent % change in dp/dtmin from baseline after administering ET-26 HCl and etomidate at the

increasing concentrations of 5, 10, and 30 μM. Data are presented as mean ± standard deviation (n = 6).

https://doi.org/10.1371/journal.pone.0190994.g004
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context of Cmax. If the safety margin (safety margin = IC50/Cmax) is 30 or greater, the incidence

of TdP is low [32–33]. Although we have not yet characterized the pharmacokinetic behaviour

of ET-26 HCl, we can speculate that the safety margin of ET-26 HCl might be as wide as that

of etomidate from the current results.

There are also several potential limitations in the current study. Firstly, in order to rule out

the possible influence of drug interactions, isolated rat hearts and dogs were selected at ran-

dom for each sub-group, and each rat or dog was used only for one concentration or dose of

one drug, and not for rising concentrations or dosages at intervals of several minutes; there-

fore, the curves might not reflect a good dose-dependent relationship. Secondly, in the in vitro
Ikr assay, we did not further elucidate cellular mechanisms affecting repolarization and com-

pound activity at other cardiac ion channels. Therefore, future investigations should proceed

on the basis of the present study.

In conclusion, using an in vivo experiment and a whole organ preparation, we found that

ET-26 HCl can retain the superior myocardial performance of etomidate. In addition, the

electrophysiology study indicated that ET-26 HCl and etomidate inhibited the hERG at a

supra-therapeutic concentration.
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HCl. Whole-cell hERG currents were elicited using a 2 s depolarizing pulse to +50 mV from a holding potential of −80
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https://doi.org/10.1371/journal.pone.0190994.g005

ET-26 HCl can retain superior myocardial performance

PLOS ONE | https://doi.org/10.1371/journal.pone.0190994 January 11, 2018 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190994.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190994.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190994.s003
https://doi.org/10.1371/journal.pone.0190994.g005
https://doi.org/10.1371/journal.pone.0190994


S4 Table. The % change of LVDP from baseline in vitro after the administration of ET-

26-HCl and etomidate at the increasing concentrations of 5, 10, 30μM.

(PDF)

S5 Table. The % change of dp/dtmax from baseline in vitro after the administration of ET-

26-HCl and etomidate at the increasing concentrations of 5, 10, 30μM.

(PDF)

S6 Table. The % change of dp/dtmin from baseline in vitro after the administration of ET-

26-HCl and etomidate at the increasing concentrations of 5, 10, 30μM.

(PDF)

S7 Table. TTE parameters after bolus administration of etomidate and ET-26 HCl of 1

ED50.

(PDF)

S8 Table. TTE parameters after bolus administration of etomidate and ET-26 HCl of 2

ED50.

(PDF)

S9 Table. TTE parameters after bolus administration of etomidate and ET-26 HCl of 4

ED50.

(PDF)

S10 Table. ECG parameters after bolus administration of etomidate and ET-26 HCl of 1

ED50.

(PDF)

S11 Table. ECG parameters after bolus administration of etomidate and ET-26 HCl of 2

ED50.

(PDF)

S12 Table. ECG parameters after bolus administration of etomidate and ET-26 HCl of 4

ED50.

(PDF)

Author Contributions

Conceptualization: Jin Liu.

Data curation: Haibo Song, Yi Kang.

Formal analysis: Haibo Song.

Methodology: Cheng Zhou, Wensheng Zhang.

Supervision: Jun Yang, Linghui Yang, Jin Liu, Wensheng Zhang.

Writing – original draft: Xingxing Liu.

Writing – review & editing: Wensheng Zhang.

References
1. Godefroi EF, Janssen PA, VanderEycken CA, Vanheertum AH, Niemegeers CJ. DL-1-(1-arylalkyl)

imidazole-5-carboxylate esters. A novel type of hypnotic agents. J Med Chem 1965; 8: 220–223.

PMID: 14332665

ET-26 HCl can retain superior myocardial performance

PLOS ONE | https://doi.org/10.1371/journal.pone.0190994 January 11, 2018 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190994.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190994.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190994.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190994.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190994.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190994.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190994.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190994.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190994.s012
http://www.ncbi.nlm.nih.gov/pubmed/14332665
https://doi.org/10.1371/journal.pone.0190994


2. Vinclair M, Broux C, Faure P, Brun J, Genty C, Jacquot C, et al. Duration of adrenal inhibition following

a single dose of etomidate in critically ill patients. Intensive Care Med 2008; 34:714–719. https://doi.

org/10.1007/s00134-007-0970-y PMID: 18092151

3. Albert SG, Ariyan S, Rather A. The effect of etomidate on adrenal function in critical illness: a systematic

review. Intensive Care Med 2011; 37: 901–910. https://doi.org/10.1007/s00134-011-2160-1 PMID:

21373823

4. Chan CM, Mitchell AL, Shorr AF. Etomidate is associated with mortality and adrenal insufficiency in sep-

sis: a meta-analysis*. Crit Care Med 2012; 40:2945–2953. https://doi.org/10.1097/CCM.

0b013e31825fec26 PMID: 22971586

5. Legrand M, Plaud B. Etomidate and general anesthesia: the butterfly effect? Anesth Analg 2013; 117:

1267–1269. https://doi.org/10.1213/ANE.0000000000000003 PMID: 24257373

6. Hinkewith C, Green R. The impact of etomidate on mortality in trauma patients. Can J Anaesth 2014;

61:650–655. https://doi.org/10.1007/s12630-014-0161-6 PMID: 24723214

7. Cotten JF, Husain SS, Forman SA, Miller KW, Kelly EW, Nguyen HH, et al. Methoxycarbonyl-etomi-

date. A novel rapidly metabolized and ultra-short acting etomidate analogue that does not produce pro-

longed adrenocortical suppression. Anesthesiology 2009; 111: 240–249. https://doi.org/10.1097/ALN.

0b013e3181ae63d1 PMID: 19625798

8. Cotten JF, Forman SA, Laha JK, Cuny GD, Husain SS, Miller KW, et al. Carboetomidate: A pyrrole ana-

logue of etomidate designed not to suppress adrenocortical function. Anesthesiology 2010; 112: 637–

644. https://doi.org/10.1097/ALN.0b013e3181cf40ed PMID: 20179500

9. Pejo E, Cotten JF, Kelly EW, Le Ge R, Cuny GD, Laha JK, et al. In vivo and in vitro pharmacological

studies of methoxycarbonyl-carboetomidate. Anesth Analg 2012; 115: 297–304. https://doi.org/10.

1213/ANE.0b013e3182320559 PMID: 21965364

10. Ge R, Pejo E, Cotten JF, Raines DE. Adrenocortical suppression and recovery after continuous hyp-

notic infusion: etomidate versus its soft analogue cyclopropyl-methoxycarbonyl metomidate. Critical

Care 2013; 17: R20. https://doi.org/10.1186/cc12494 PMID: 23363638

11. Yang J, Kang Y, Wang B, Yang L, Liu J, Zhang W. Metabolite-inactive etomidate analogues alleviating

suppression on adrenal function in Beagle dogs. Eur J Pharm Sci. 2017; 99:343–349. https://doi.org/

10.1016/j.ejps.2016.12.041 PMID: 28057551

12. Wang B, Yang J, Chen J, Kang Y, Yang LH, Liu J., et al. An Etomidate Analogue with Less Adrenocorti-

cal Suppression, Stable Hemodynamics, and Improved Behavioral Recovery in Rats. Anesth Analg.

2017; 125: 442–450. https://doi.org/10.1213/ANE.0000000000002063 PMID: 28514325

13. Wang B, Jiang J, Yang J, Chen J, Zhu Z, Liu J, et al. Pharmacologic studies on ET-26 hydrochloride in a

rat model of lipopolysaccharide-induced sepsis. Eur J Pharm Sci. 2017; 109: 441–445. https://doi.org/

10.1016/j.ejps.2017.09.005 PMID: 28882766

14. Wang B, Chen S, Yang J, Yang L, Liu J, Zhang W. ET-26 hydrochloride (ET-26 HCl) has similar hemo-

dynamic stability to that of etomidate in normal and uncontrolled hemorrhagic shock (UHS) rats. PLoS

One. 2017 Aug 15.

15. L Jiang J., Wang B, Zhu Z.Q, Yang J, Liu J., Zhang W.S. Minimum infusion rate and adrenocortical func-

tion after continuous infusion of the novel etomidate analog ET-26-HCl in rats. PeerJ. 2017 Sep 4.

16. Sauer AJ, Newton-Cheh C. Clinical and genetic determinants of torsade de pointes risk. Circulation

2012; 125:1684–1694. https://doi.org/10.1161/CIRCULATIONAHA.111.080887 PMID: 22474311

17. Guideline ICH. The non-clinical evaluation of the potential for delayed ventricular repolarization (QT

Interval Prolongation) by human pharmaceuticals.S7B 2005.Available from: http://www.ich.org/

products/guidelines/safety/safety-single/article/the-non-clinical-evaluation-of-the-potential-for-delayed-

ventricular-repolarization-qt-interval-pro.html

18. Sanguinetti MC, Jiang C., Curran ME, Keating MT. A mechanistic link between an inherited and an

acquired cardiac arrhythmia: HERG encodes the IKr potassium channel. Cell 1995; 81:299–307.

PMID: 7736582

19. Trudeau MC, Warmke JW, Ganetzky B, Robertson GA. HERG, a human inward rectifier in the voltage-

gated potassium channel family. Science 1995; 269:92–95. PMID: 7604285

20. Bonagura JD. M-mode echocardiography: Basic principles. Vet Clin North Am Small Anim Pract 1983;

13:229–319.

21. Teicholz LE, Cohen MV, Sonnenblick EH, Gorlin R. Study of left ventricular geometry and function by B

scan ultrasonography in patients with and without asynergy. N Engl J Med 1974; 291: 1220–1226.

https://doi.org/10.1056/NEJM197412052912304 PMID: 4473184

22. Bazett HC: An analysis of the time relationships or time-relations of electrocardiograms. Heart 1920;

7:353–380.

ET-26 HCl can retain superior myocardial performance

PLOS ONE | https://doi.org/10.1371/journal.pone.0190994 January 11, 2018 12 / 13

https://doi.org/10.1007/s00134-007-0970-y
https://doi.org/10.1007/s00134-007-0970-y
http://www.ncbi.nlm.nih.gov/pubmed/18092151
https://doi.org/10.1007/s00134-011-2160-1
http://www.ncbi.nlm.nih.gov/pubmed/21373823
https://doi.org/10.1097/CCM.0b013e31825fec26
https://doi.org/10.1097/CCM.0b013e31825fec26
http://www.ncbi.nlm.nih.gov/pubmed/22971586
https://doi.org/10.1213/ANE.0000000000000003
http://www.ncbi.nlm.nih.gov/pubmed/24257373
https://doi.org/10.1007/s12630-014-0161-6
http://www.ncbi.nlm.nih.gov/pubmed/24723214
https://doi.org/10.1097/ALN.0b013e3181ae63d1
https://doi.org/10.1097/ALN.0b013e3181ae63d1
http://www.ncbi.nlm.nih.gov/pubmed/19625798
https://doi.org/10.1097/ALN.0b013e3181cf40ed
http://www.ncbi.nlm.nih.gov/pubmed/20179500
https://doi.org/10.1213/ANE.0b013e3182320559
https://doi.org/10.1213/ANE.0b013e3182320559
http://www.ncbi.nlm.nih.gov/pubmed/21965364
https://doi.org/10.1186/cc12494
http://www.ncbi.nlm.nih.gov/pubmed/23363638
https://doi.org/10.1016/j.ejps.2016.12.041
https://doi.org/10.1016/j.ejps.2016.12.041
http://www.ncbi.nlm.nih.gov/pubmed/28057551
https://doi.org/10.1213/ANE.0000000000002063
http://www.ncbi.nlm.nih.gov/pubmed/28514325
https://doi.org/10.1016/j.ejps.2017.09.005
https://doi.org/10.1016/j.ejps.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/28882766
https://doi.org/10.1161/CIRCULATIONAHA.111.080887
http://www.ncbi.nlm.nih.gov/pubmed/22474311
http://www.ich.org/products/guidelines/safety/safety-single/article/the-non-clinical-evaluation-of-the-potential-for-delayed-ventricular-repolarization-qt-interval-pro.html
http://www.ich.org/products/guidelines/safety/safety-single/article/the-non-clinical-evaluation-of-the-potential-for-delayed-ventricular-repolarization-qt-interval-pro.html
http://www.ich.org/products/guidelines/safety/safety-single/article/the-non-clinical-evaluation-of-the-potential-for-delayed-ventricular-repolarization-qt-interval-pro.html
http://www.ncbi.nlm.nih.gov/pubmed/7736582
http://www.ncbi.nlm.nih.gov/pubmed/7604285
https://doi.org/10.1056/NEJM197412052912304
http://www.ncbi.nlm.nih.gov/pubmed/4473184
https://doi.org/10.1371/journal.pone.0190994


23. Curtis MJ, Hancox JC, Farkas A, Wainwright CL, Stables CL, Saint DA, et al. The Lambeth Conventions

(II): guidelines for the study of animal and human ventricular and supraventricular arrhythmias. Pharma-

col Ther 2013; 139:213–248. https://doi.org/10.1016/j.pharmthera.2013.04.008 PMID: 23588158

24. Curtis MJ, Walker MJ. Quantification of arrhythmias using scoring systems: an examination of seven

scores in an in vivo model of regional myocardial ischaemia. Cardiovasc Res 1988; 22: 656–665.

PMID: 3242835

25. Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ. Improved patch-clamp techniques for high-res-

olution current recording from cells and cell-free membrane patches. Pflugers Arch 1981; 391:85–100.

PMID: 6270629

26. Haverkamp W, Breithardt G, Camm AJ, Janse MJ, Rosen MR, Antzelevitch C, et al. The potential for

QT prolongation and pro-arrhythmia by non-anti-arrhythmic drugs: Clinical and regulatory implications.

Report on a Policy Conference of the European Society of Cardiology. Cardiovasc Res 2000; 47: 219–

233. PMID: 10947683

27. Abi-Gerges N, Philp K, Pollard C, Wakefield I, Hammond TG, Valentin JP. Sex differences in ventricular

repolarization: from cardiac electrophysiology to torsades de pointes. Fundam Clin Pharmacol 2004;

18:139–151. https://doi.org/10.1111/j.1472-8206.2004.00230.x PMID: 15066127

28. Van Hamme MJ, Ghoneim MM, Ambre JJ. Pharmacokinetics of etomidate, a new intravenous anes-

thetic. Anesthesiology 1978; 49:274–277. PMID: 697083

29. Stowe DF, Bosnjak ZJ, Kampine JP. Comparison of etomidate, ketamine, midazolam, propofol, and

thiopental on function and metabolism of isolated hearts. Anesth Analg 1992; 74: 547–558. PMID:

1554122

30. Gintant GA1, Su Z, Martin RL, Cox BF. Utility of hERG assays as surrogate markers of delayed cardiac

repolarization and QT safety. http://www.ncbi.nlm.nih.gov/pubmed/16507548Toxicol Pathol 2006;

34:81–90. https://doi.org/10.1080/01926230500431376 PMID: 16507548

31. Zeltser D, Justo D, Halkin A, Prokhorov V, Heller K, Viskin S. Torsade de Pointes due to noncardiac

drugs: most patients have easily identifiable risk factors. Medicine (Baltimore) 2003; 82: 282–290.

32. Redfern WS, Carlsson L, Davis AS, Lynch WG, MacKenzie I, Palethorpe S, et al. Relationships

between preclinical cardiac electrophysiology, clinical QT interval prolongation and torsade de pointes

for a broad range of drugs: Evidence for a provisional safety margin in drug development. Cardiovasc

Res 2003; 58: 32–45. PMID: 12667944

33. Webster R1, Leishman D, Walker D. Towards a drug concentration effect relationship for QT prolonga-

tion and torsades de pointes. Curr Opin Drug Discov Devel 2002; 5:116–126. PMID: 11865665

ET-26 HCl can retain superior myocardial performance

PLOS ONE | https://doi.org/10.1371/journal.pone.0190994 January 11, 2018 13 / 13

https://doi.org/10.1016/j.pharmthera.2013.04.008
http://www.ncbi.nlm.nih.gov/pubmed/23588158
http://www.ncbi.nlm.nih.gov/pubmed/3242835
http://www.ncbi.nlm.nih.gov/pubmed/6270629
http://www.ncbi.nlm.nih.gov/pubmed/10947683
https://doi.org/10.1111/j.1472-8206.2004.00230.x
http://www.ncbi.nlm.nih.gov/pubmed/15066127
http://www.ncbi.nlm.nih.gov/pubmed/697083
http://www.ncbi.nlm.nih.gov/pubmed/1554122
http://www.ncbi.nlm.nih.gov/pubmed/16507548
https://doi.org/10.1080/01926230500431376
http://www.ncbi.nlm.nih.gov/pubmed/16507548
http://www.ncbi.nlm.nih.gov/pubmed/12667944
http://www.ncbi.nlm.nih.gov/pubmed/11865665
https://doi.org/10.1371/journal.pone.0190994

