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Carboetomidate

A Pyrrole Analog of Etomidate Designed Not to Suppress Adrenocortical Function
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ABSTRACT
Background: Etomidate is a sedative hypnotic that is often used in
critically ill patients because it provides superior hemodynamic stability.
However, it also binds with high affinity to 11�-hydroxylase, potently
suppressing the synthesis of steroids by the adrenal gland that are
necessary for survival. The authors report the results of studies to define
the pharmacology of (R)-ethyl 1-(1-phenylethyl)-1H-pyrrole-2-carboxy-
late (carboetomidate), a pyrrole analog of etomidate specifically de-
signed not to bind with high affinity to 11�-hydroxylase.

Methods: The hypnotic potency of carboetomidate was defined in
tadpoles and rats using loss of righting reflex assays. Its ability to
enhance wild-type �1�2�2l and etomidate-insensitive mutant
�1�2M286W�2l human �-aminobutyric acid type A receptor activi-
ties was assessed using electrophysiologic techniques. Its potency
for inhibiting in vitro cortisol synthesis was defined using a human
adrenocortical cell assay. Its effects on in vivo hemodynamic and
adrenocortical function were defined in rats.
Results: Carboetomidate was a potent hypnotic in tadpoles and
rats. It increased currents mediated by wild-type but not etomi-
date-insensitive mutant �-aminobutyric acid type A receptors.
Carboetomidate was a three orders of magnitude less-potent
inhibitor of in vitro cortisol synthesis by adrenocortical cells than
was etomidate. In rats, carboetomidate caused minimal hemody-
namic changes and did not suppress adrenocortical function at
hypnotic doses.
Conclusions: Carboetomidate is an etomidate analog that retains
many beneficial properties of etomidate, but it is dramatically less potent
as an inhibitor of adrenocortical steroid synthesis. Carboetomidate is a
promising new sedative hypnotic for potential use in critically ill patients
in whom adrenocortical suppression is undesirable.

ETOMIDATE is an intravenous (IV) sedative hypnotic that is
used to induce general anesthesia and is distinguished from
other agents by its minimal effects on cardiovascular func-
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What We Already Know about This Topic

❖ Etomidate produces less cardiovascular depression than any
other anesthetic induction agent, but interferes with steroid
biosynthesis

What This Article Tells Us That Is New

❖ Carboetomidate was synthesized to affect �-aminobutyric
acid (GABA) receptors, but not the steroid synthetic enzyme
affected by etomidate

❖ Carboetomidate produced hypnosis in tadpoles and rats, was
much less potent than etomidate to inhibit steroid synthesis,
and produced minimal cardiovascular depression in rats
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tion.1–4 Consequently, it is often used in patients who are el-
derly or critically ill. Etomidate contains an imidazole ring and,
in common with many other imidazole-containing drugs, it
suppresses the synthesis of adrenocortical steroids.5–11 This sup-
pression occurs even with administration of subhypnotic etomi-
date doses and is extremely long lasting.12,13 Such “chemical
adrenalectomy” precludes etomidate administration by contin-
uous infusion to maintain anesthesia in the operating room (or
sedation in the intensive care unit) and has raised serious con-
cerns regarding the administration of even a single bolus for
anesthetic induction in critically ill patients.14–19

This led us to search for solutions to the problem of
etomidate-induced adrenocortical suppression. In a pre-
vious study, we tested a pharmacokinetic strategy for re-
ducing the duration of adrenocortical suppression after
bolus administration. We synthesized an analog of etomi-
date (methoxycarbonyl-etomidate) designed to be rapidly
metabolized by esterases and demonstrated that it does
not produce prolonged adrenocortical suppression in rats
after bolus administration.20

We have also considered pharmacodynamic strategies
for reducing etomidate-induced adrenocortical suppres-
sion. Etomidate suppresses adrenocortical steroid synthe-
sis by inhibiting 11�-hydroxylase, a cytochrome P450
enzyme, that is required for the synthesis of cortisol, cor-
ticosterone, and aldosterone.21 X-ray crystallographic
studies of other imidazole-containing drugs to cyto-
chrome P450 enzymes indicate that high-affinity binding
occurs because the basic nitrogen in the imidazole ring of
drug coordinates with the heme iron in the active site of
enzyme; cytochrome P450 enzymes (including 11�-hy-
droxylase) contain heme prosthetic groups at their active
sites.22–24 Although 11�-hydroxylase has not yet been
crystallized nor its interaction with etomidate precisely
defined, homology modeling studies suggest that high af-
finity binding of etomidate to 11�-hydroxylase also in-
volves coordination between the basic nitrogen of the
drug and the heme iron of the enzyme (fig. 1A).25 This led
us to hypothesize that high affinity binding to 11�-hy-
droxylase (and thus adrenolytic activity) could be “de-
signed out” of etomidate without disrupting potent anes-
thetic and �-aminobutyric acid type A (GABAA) receptor

activities by replacing this nitrogen with other chemical
groups that cannot coordinate with heme iron. On the
basis of this hypothesis, we have designed and synthesized
(Appendix) (R)-ethyl 1-(1-phenylethyl)-1H-pyrrole-2-
carboxylate (carboetomidate) as the lead compound in a
new class of pyrrole-based sedative hypnotic analogs of
etomidate, which was designed not to inhibit adren-
ocortical function at pharmacologically relevant doses
(fig. 1B).

Materials and Methods

Animals
All animal studies were conducted in accordance with rules
and regulations of the Subcommittee on Research Animal
Care at the Massachusetts General Hospital, Boston, Massa-
chusetts. Early prelimb-bud stage Xenopus laevis tadpoles and
adult female Xenopus laevis frogs were purchased from Xeno-
pus 1 (Ann Arbor, MI). Tadpoles were maintained in our
laboratory, and frogs were maintained in the Massachusetts
General Hospital Center for Comparative Medicine animal
care facility. Adult male Sprague-Dawley rats (300–500 g)
were purchased from Charles River Laboratories (Wilming-
ton, MA) and housed in the Massachusetts General Hospital
Center for Comparative Medicine animal care facility.

Blood draws and IV drug administrations used a lateral
tail vein IV catheter (24 gauge, 19 mm) placed under brief
(approximately 1–5 min) sevoflurane or isoflurane anesthesia
delivered using an agent specific variable bypass vaporizer
with continuous gas monitoring. Animals were weighed im-
mediately before IV catheter placement and were allowed to
fully recover from inhaled anesthetic exposure before study.
In all studies, rats were placed on a warming stage (Kent
Scientific, Torrington, CT) that was shown in our previous
studies to maintain rectal temperatures between 36° and
38°C in anesthetized rats.20

Loss of Righting Reflex
Tadpoles. Groups of five early prelimb-bud stage Xenopus
laevis tadpoles were placed in 100 ml of oxygenated water
buffered with 2.5 mM Tris HCl buffer (pH � 7.4) and con-
taining a concentration of carboetomidate ranging from 1 to
40 �M. Tadpoles were tipped manually every 5 min with a
flame-polished pipette until the response stabilized. Tadpoles
were judged to have loss of righting reflex (LORR) if they failed
to right themselves within 5 s after being turned supine. At the
end of each study, tadpoles were returned to fresh water to
ensure reversibility of hypnotic action. The EC50 for LORR was
determined from the carboetomidate concentration depen-
dence of LORR using the method of Waud.26

Rats. Rats were briefly restrained in a 3-inch diameter, 9-inch
long acrylic chamber with a tail exit port. The desired dose of
carboetomidate in dimethyl sulfoxide (DMSO; typically at 40
mg/ml) was injected through a lateral tail vein catheter followed
by an approximately 1-ml normal saline flush. After injection,
rats were removed from the restraint device and turned supine.

Fig. 1. (A) Hypothesized attractive interaction between the basic
nitrogen in the imidazole ring of etomidate and the heme iron at the
active site of 11�-hydroxylase. (B) Structure of carboetomidate.
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A rat was judged to have LORR if it failed to right itself (onto all
four paws) after drug administration. A stopwatch was used to
measure the duration of LORR, which was defined as the time
from carboetomidate injection until the animal spontaneously
righted itself. The ED50 for LORR on bolus administration was
determined from the dose dependence of LORR using the
method of Waud.26

Onset time for LORR was determined separately by in-
jecting rats with 28 mg/kg of carboetomidate (40 mg/ml in
DMSO) or 4 mg/kg of etomidate (5.7 mg/ml in DMSO)
through a lateral tail vein catheter followed by an approxi-
mately 1-ml normal saline flush. After injection, rats were
immediately removed from the restraint device and repeat-
edly turned supine until they no longer spontaneously
righted. The onset time was defined as the time from injec-
tion until LORR occurred.

GABAA Receptor Electrophysiology
Adult female Xenopus laevis frogs were anesthetized with
0.2% tricaine (ethyl-m-aminobenzoate) and hypothermia.
Ovary lobes were then excised through a small laparotomy
incision and placed in OR-2 solution (82 mM NaCl, 2 mM

KCl, 2 mM MgCl2, 5 mM HEPES, pH 7.5) containing col-
lagenase 1A (1 mg/ml) for 3 h to separate oocytes from con-
nective tissue.

Stage 4 and 5 oocytes were injected with messenger RNA
encoding the �1, �2 (or �2M286W), and �2l subunits of the
human GABAA receptor (�40 ng of messenger RNA total at
a subunit ratio of 1:1:2). This messenger RNA was tran-
scribed from complementary DNA encoding for GABAA

receptor �1, �2 (or �2M286W), and �2l subunits using the
mMESSAGE mMACHINE High Yield Capped RNA
Transcription Kit (Ambion, Austin, TX). Injected oocytes
were incubated in ND-96 buffer solution (96 mM NaCl, 2
mM KCl, 1 mM CaCl2, 0.8 mM MgCl2, 10 mM HEPES, pH
7.5) containing 50 U/ml of penicillin and 50 �g/ml of strep-
tomycin at 17°C for at least 18 h before electrophysiologic
experiments.

All electrophysiologic recordings were performed using
the whole cell two-electrode voltage-clamp technique. Oo-
cytes were placed in a 0.04-ml recording chamber and im-
paled with capillary glass electrodes filled with 3 M KCl and
possessing open tip resistances less than 5 M�. Oocytes
were then voltage clamped at �50 mV using a Gene-
Clamp 500B amplifier (Axon Instruments, Union City, CA)
and perfused with ND-96 buffer at a rate of 4–6 ml/min.
Buffer perfusion was controlled using a six-channel valve
controller (Warner Instruments, Hamden, CT) interfaced
with a Digidata 1322A data acquisition system (Axon Instru-
ments) and driven by a Dell personal computer (Round
Rock, TX). Current responses were recorded using Clampex
9.2 software (Axon Instruments) and processed using a
Bessel (8-pole) low-pass filter with a cutoff at 50 Hz using
Clampfit 9.2 software (Axon Instruments).

For each oocyte, the concentration of GABA that pro-
duces 5–10% of the maximal current response (EC5–10

GABA) was determined by measuring the peak current re-
sponses evoked by a range of GABA concentrations (in
ND-96 buffer) and comparing them with the maximal peak
current response evoked by 1 mM GABA. The effect of car-
boetomidate on EC5–10 GABA-evoked currents was then
assessed by first perfusing the oocyte with EC5–10 GABA for
90 s and then measuring the control peak evoked current.
After a 5-min recovery period, the oocyte was perfused with
carboetomidate for 90 s and then with EC5–10 GABA plus
carboetomidate for 90 s, and the peak evoked current was
measured again. After a 15-min recovery period, the control
experiment (i.e., no carboetomidate) was repeated to test for
reversibility. A longer recovery period after carboetomidate
exposure was used to facilitate washout of the drug. The peak
current response in the presence of carboetomidate was then
normalized to the average peak current response of the two
control experiments. Carboetomidate-induced potentiation
was quantified from the normalized current responses in the
presence versus absence of carboetomidate.

Rat Hemodynamics
The effects of hypnotics on rat hemodynamics were defined
as described previously.20 Femoral arterial catheters, tun-
neled between the scapulas, were preimplanted by the vendor
(Charles River Laboratories). Animals were fully recovered
from the placement procedure on arrival. During housing
and between studies, catheter patency was maintained with a
heparin (500 U/ml) and hypertonic (25%) dextrose locking
solution, which was withdrawn before each use and replaced
just after.

On the day of study, after weighing and lateral tail vein IV
catheter placement, rats were restrained in the acrylic tube
with a tail exit port and allowed to acclimate for approxi-
mately 10 to 20 min before data collection. The signal from
the pressure transducer (TruWave, Edwards Lifesciences, Ir-
vine, CA) was amplified using a custom-built amplifier
(AD620 operational amplifier, Jameco Electronics, Bel-
mont, CA) and digitized (1 kHz) using a USB-6009 data
acquisition board (National Instruments, Austin, TX) with-
out additional filtering. All data were acquired and analyzed
using LabView Software (version 8.5 for Macintosh OS X;
National Instruments).

Data used for blood pressure analysis were recorded for 5
min immediately before hypnotic administration and for 15
min thereafter. Carboetomidate (40 mg/ml) dissolved in
DMSO, etomidate (5.7 mg/ml) dissolved in DMSO, or
DMSO vehicle alone as a control was administered through
the tail vein catheter followed by approximately 1-ml normal
saline flush.

Inhibition of In Vitro Cortisol Synthesis
In vitro cortisol synthesis was measured using the human
adrenocortical cell line H295R (NCI-H295R; ATCC CRL-
2128). Aliquots of 105 cells per well were grown in 12-well
culture plates with 2 ml of growth medium (Dulbecco’s
Modified Eagle Medium/F12 supplemented with 1% insu-
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lin, transferrin, selenium, and linoleic acid, 2.5% NuSerum,
and Pen/Strep). When cells reached near confluence (typi-
cally 48–72 h), the growth medium was replaced with assay
medium (Dulbecco’s Modified Eagle Medium/F12 supple-
mented with 0.1% insulin, transferring, selenium containing
antibiotics and 20 �M forskolin) that contained etomidate or
carboetomdiate. After 48 h, 1.2 ml of assay medium was
collected from each well, centrifuged to pellet any cells or
debris, and the cortisol concentration in the supernatant was
quantified by enzyme-linked immunosorbent assay using
commercially available 96-well kits based on horseradish per-
oxidase-conjugated cortisol in a competitive antibody bind-
ing assay (R&D Systems, Minneapolis, MN, KGE008).

Rat Adrenocortical Suppression
Immediately after weighing and IV catheter placement,
dexamethasone (0.2 mg/kg IV; American Regent, Shirley,
NY) was administered to each rat to inhibit endogenous
adrenocorticotropic hormone (ACTH) release, to sup-
press baseline corticosterone production, and to inhibit
the variable stress response to restraint and handling. Two
hours after dexamethasone treatment, blood was drawn
(for baseline measurement of serum corticosterone con-
centration), and a second dose of dexamethasone (0.2
mg/kg) was administered along with IV carboetomidate,
etomidate, or DMSO vehicle as a control. The concentra-
tions of carboetomidate and etomidate in DMSO were 40
and 5.7 mg/ml, respectively. Immediately after hypnotic
or vehicle administration, ACTH1–24 (25 �g/kg; Sigma-
Aldrich Chemical Co, St. Louis, MO) was given intrave-
nously to stimulate corticosterone production. Fifteen
minutes later, a second blood sample was drawn to mea-
sure the ACTH1–24-stimulated serum corticosterone con-
centration. ACTH1–24 was dissolved in 1 mg/ml of deox-
ygenated water as stock, aliquoted, and frozen (�20°C); a
fresh aliquot was thawed just before each use. Rats in all
three groups (carboetomidate, etomidate, and vehicle) re-
ceived the same volume of DMSO (350 �l/kg).

Corticosterone concentrations in blood serum were deter-
mined as reported previously.20 Blood samples were allowed
to clot at room temperature (10–60 min) before centrifuga-
tion at 3,500g for 5 min. Serum was carefully expressed from
any resulting superficial fibrin clot using a clean pipette tip
before a second centrifugation at 3,500g for 5 min. After the
second centrifugation, the resultant clot-free serum layer was
transferred to a fresh vial for a final, high-speed centrifuga-
tion (16,000g, for 5 min) to pellet any contaminating red
blood cells or particulates. The serum was transferred to a
clean vial and promptly frozen (�20°C) pending corticoste-
rone measurement. After thawing and heat inactivation of
corticosterone-binding globulins (65°C for 20 min), serum
baseline and ACTH1–24-stimulated corticosterone concen-
trations were quantified using an enzyme-linked immu-
nosorbent assay (Diagnostic Systems Laboratories, Webster,
TX) and a 96-well plate reader (Molecular Devices, Sunny-
vale, CA).

Statistical Analysis
All data are reported as mean � SD. Statistical analysis and
curve fitting (using linear or nonlinear least squares regres-
sion) were performed using either Prism v4.0 for the Macin-
tosh (GraphPad Software, Inc., LaJolla, CA) or Igor Pro 4.01
(Wavemetrics, Lake Oswego, OR). P � 0.05 indicates sta-
tistical significance unless otherwise indicated. For multiple
comparisons of physiologic data derived from rats, we per-
formed a one-way or two-way ANOVA followed by a Bon-
ferroni posttest (which relies on an unpaired t test with a
Bonferroni correction).

Results

Loss of Righting Reflexes in Tadpoles and Rats by
Carboetomidate
Figure 2A shows the carboetomidate concentration-response
relationship for LORR in Xenopus laevis tadpoles. The frac-
tion of tadpoles that had LORR increased with carboetomi-
date concentration, and at the highest concentrations studied
(10–40 �M), all tadpoles had LORR. All tadpoles that had
LORR recovered their righting reflexes when removed from
carboetomidate and returned to fresh water. From the con-
centration-response data, anesthetic EC50 of carboetomidate
was determined to be 5.4 � 0.5 �M.

IV administration of carboetomidate also produced
LORR in Sprague-Dawley rats. Figure 2B shows the car-
boetomidate dose-response relationship for LORR in rats
after IV bolus administration. The fraction of rats that
had LORR increased with the dose. At the highest doses,
all rats had LORR, and there was no obvious toxicity.
From these data, the ED50 for LORR was determined to
be 7 � 2 mg/kg. We noted that the onset time for LORR
with carboetomidate was slower than the time we had
previously observed with etomidate.20 We quantified this
difference using equihypnotic doses of carboetomidate
and etomidate (28 and 4 mg/kg, respectively; 4 � ED50

for LORR).20 The onset time for LORR with carboeto-

Fig. 2. (A) Carboetomidate concentration-response curve for loss
of righting reflex (LORR) in tadpoles. Each data point represents
the result from a single tadpole. The curve is a fit of the data set
using the method of Waud,26 yielding an EC50 of 5.4 � 0.5 �M.
(B) Carboetomidate dose–response curve for LORR in rats. Each
data point represents the results from a single rat. The curve is a
fit of the data set using the method of Waud,26 yielding an ED50 of
7 � 2 mg/kg.
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midate was 33 � 22 s (n � 10; range 10 – 63 s) when
compared with 4.5 � 0.6 s (n � 4; range 4 –5 s) with
etomidate.

Figure 3 shows the relationship between the carboetomi-
date dose and the duration of LORR after IV bolus admin-
istration to Sprague-Dawley rats. The duration of LORR
increased approximately linearly with the logarithm of the
dose with a slope of 16 � 4 min/(log mg/kg).

Modulation by Carboetomidate of Wild-type �1�2�2l

and Etomidate-insensitive �1�2M286W�2l GABAA

Receptors
Figure 4 shows representative electrophysiologic traces
elicited by EC5–10 GABA in the absence or presence of 10
�M carboetomidate. Figure 4A shows traces that were me-
diated by wild-type �1�2�2l GABAA receptors, whereas
Figure 4B shows traces that were mediated by etomidate-

insensitive mutant �1�2M286W�2l GABAA receptors.
Carboetomidate significantly enhanced currents medi-
ated by wild-type receptors (390 � 80%) but did not
enhance currents mediated by etomidate-insensitive mu-
tant receptors (�9 � 16%).

Hemodynamic Actions of Carboetomidate Versus
Etomidate in Rats
Figure 5 shows the effects of 14 mg/kg of carboetomidate (n �
7), 2 mg/kg of etomidate (n � 6), and DMSO vehicle (n � 4)
on mean arterial blood pressure in rats. For carboetomdiate and
etomidate, these are equihypnotic doses. During the study pe-
riod, the effect of carboetomidate on mean blood pressure was
not significantly greater than that of DMSO vehicle alone (P �
0.05 by two-way ANOVA). However, at times from 30 to 210 s
after administration, etomidate significantly reduced mean
blood pressure relative to vehicle. Baseline mean blood pressures
for vehicle, carboetomidate, and etomidate groups were similar
(P � 0.15 by ANOVA) at 114 � 5, 116 � 9, and 127 � 17
mmHg, respectively.

Inhibition by Carboetomidate and Etomidate of Human
Adrenocortical Carcinoma Cell Cortisol Synthesis
Figure 6 shows the carboetomidate and etomidate concen-
tration-response curves for the inhibition of cortisol synthesis
by human adrenocortical cells. Although both hypnotics in-
hibited cortisol synthesis in a concentration-dependent man-
ner, the concentration ranges over which this inhibition oc-
curred differed by three orders of magnitude. The half
maximal inhibitory concentration for carboetomidate and
etomidate were calculated from these data sets to be 2.6 �
1.5 �M and1.3 � 0.2 nM, respectively.

Adrenocortical Suppression in Rats on Administration of
Carboetomidate versus Etomidate
Serum corticosterone concentrations were measured in dexa-
methasone-pretreated rats before (baseline) and 15 min after

Fig. 3. The duration of loss of righting reflex in rats increased with the
logarithm of the carboetomidate dose. The slope of this relationship
was 16 � 4 min/(log mg/kg) (r2 � 0.64).

Fig. 4. Carboetomidate modulation of human �-aminobutyric acid
(GABA) type A receptor function. (A) Representative traces showing
reversible enhancement by 10 �M carboetomidate of currents me-
diated by wild-type receptors when evoked by EC5–10 �-aminobu-
tyric acid. (B) Representative traces showing minimal enhancement
by 10 �M carboetomidate of currents mediated by etomidate-insen-
sitive mutant receptors when evoked by EC5–10 �-aminobutyric acid.

Fig. 5. The effects of 14 mg/kg of carboetomidate (n � 7), 2 mg/kg
of etomidate (n � 6), and dimethyl sulfoxide (DMSO) vehicle alone
(n � 4) on mean blood pressure in rats. Hypnotics were given at
doses equal to twice their respective ED50s for loss of righting reflex
in DMSO vehicle. All rats received the same quantity of DMSO vehi-
cle (350 �l/kg). Hypnotic in DMSO vehicle or DMSO vehicle alone
was injected at time 0. Each data point represents the average (�SD)
change in mean blood pressure during each 30-s epoch. * P � 0.05
versus DMSO vehicle alone.

641PERIOPERATIVE MEDICINE

Cotten et al. Anesthesiology, V 112 • No 3 • March 2010

D
ow

nloaded from
 http://pubs.asahq.org/anesthesiology/article-pdf/112/3/637/249442/0000542-201003000-00024.pdf by guest on 16 August 2022



they received ACTH1–24 and carboetomidate, etomidate, or
DMSO vehicle control. Baseline serum corticosterone concen-
trations in rats (n � 12) averaged 39 � 49 ng/ml and were not
significantly different among the three groups (carboetomidate,
etomidate, and control). Administration of ACTH1–24 stimu-
lated adrenocortical steroid production in all three groups.
However, figure 7 shows that serum corticosterone concentra-
tions varied among the three groups 15 min after ACTH1–24

administration. Rats given carboetomidate had serum cortico-
sterone concentrations that were significantly higher than those
given an equihypnotic dose of etomidate and not significantly
different from those given vehicle.

Discussion
Carboetomidate is a pyrrole analog of etomidate that retains the
hypnotic action of etomidate, GABAA receptor modulatory ac-
tivity, and hemodynamic stability. However, it is a three orders
of magnitude less-potent inhibitor of adrenocortical cortisol
synthesis than etomidate, and unlike etomidate, it does not sup-
press adrenocortical function in rats at hypnotic doses.

Etomidate suppresses adrenocortical function primarily
by inhibiting 11�-hydroxylase (CYP11B1), a member of the
cytochrome P450 superfamily of enzymes. 11�-Hydroxylase
is required for the synthesis of cortisol, corticosterone, and
aldosterone. This suppression occurs at very low etomidate
concentrations, which is thought to reflect a very high affin-
ity of etomidate to the active site of the enzyme.11,25 We
designed carboetomidate based on the hypothesis that etomi-
date binds with high affinity to 11�-hydroxylase because the
basic nitrogen in its imidazole ring coordinates with the heme
iron of the active site. This interaction has been observed in the
binding of other imidazole-containing drugs to various cyto-
chrome P450 enzymes using crystallographic techniques. For
example, the inhibitor 4-(4-chlorophenyl)imidazole binds to
the active site of enzyme 2B4 in a single orientation with the
basic nitrogen of its imidazole ring coordinated to the enzyme’s
heme iron at a bond distance of 2.14 Å.22 This binding triggers
a conformational transition in which the enzyme closes tightly
around the bound ligand. Similarly, imidazole-containing anti-
fungal agents bind within the active sites of CYP130 and
CYP121 where they form a coordination bond between basic
nitrogen and the heme iron of the enzyme.23,24 Evidence of
such coordination has also been found using spectroscopic tech-
niques, as the heme group serves as a chromophore that under-
goes a characteristic spectral shift when a coordination bond is
formed with an imidazole-containing inhibitor.23,27–29 Al-
though the interactions of etomidate with 11�-hydroxylase
have not been defined experimentally using crystallographic
or spectroscopic techniques, in silico homology modeling
suggests that coordination between the basic nitrogen of
hypnotic and the heme iron of enzyme also contributes to
high-affinity binding.25

We used an adrenocortical carcinoma cell assay to com-
pare the inhibitory potencies of carboetomidate and etomi-
date. This assay has been used previously to compare the
potencies with which drugs inhibit the synthesis of adreno-
cortical steroids.30–32 Our studies showed that carboetomi-
date is a three orders of magnitude less-potent inhibitor of
cortisol synthesis than etomidate. This is consistent with an
important role of the basic nitrogen of hypnotic in stabilizing
binding to the enzyme and provides strong evidence that
high-affinity binding of etomidate to 11�-hydroxylase can
be designed out of etomidate by replacing this nitrogen with
other chemical groups (in this case, CH) that cannot coordi-
nate with heme iron. As a consequence of its low adrenocor-
tical inhibitory potency, carboetomidate failed to inhibit
ACTH1–24-stimulated production of corticosterone in rats
when given as a bolus at a hypnotic dose.

Although carboetomidate is a three orders of magnitude less-
potent inhibitor of in vitro cortisol synthesis than etomidate, it is
only modestly less potent as a hypnotic. It has one-third and
one-seventh the hypnotic potency of etomidate in tadpoles33

and rats,20 respectively. These results provide proof-of-principle
that one may alter anesthetic structure to dramatically reduce
the potency for producing an undesirable side effect without
greatly impacting hypnotic potency.

Fig. 6. The effects of carboetomidate and etomidate on cortisol
synthesis by human adrenocortical carcinoma cells. The curves are
fits of each data set to a Hill equation yielding half maximal inhibitory
concentrations of 2.6 � 1.5 �M and 1.3 � 0.2 nM for carboetomidate
and etomidate, respectively. Each data point is the average (�SD) of
three measurements. The control cortisol concentration was 0.86 �
0.20 ng/ml.

Fig. 7. Adrenocorticotropic hormone1–24-stimulated serum cortico-
sterone concentrations in rats 15 min after administration of vehicle,
2 mg/kg of etomidate, or 14 mg/kg of carboetomidate. Hypnotics
were given at doses equal to twice their respective ED50s for loss of
righting reflex. Four rats were studied in each group. Average serum
corticosterone concentrations (�SD) were 390 � 50 ng/ml, 120 �
80 ng/ml, and 330 � 70 ng/ml after administration of dimethyl sul-
foxide vehicle (control), etomidate, and carboetomidate, respec-
tively. * P � 0.05. N.S. � no significant difference.
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In common with etomidate, carboetomidate significantly
enhances the function of wild-type �1�2�2l GABAA recep-
tors.34 Thus, it seems likely that carboetomidate also pro-
duces hypnosis via actions on the GABAA receptor. Previous
electrophysiologic studies of the GABAA receptor have
shown that a mutation in the � subunit at the putative eto-
midate binding site (M286W) nearly completely abolishes
etomidate enhancement.35 Our studies show that this muta-
tion also abolishes enhancement by carboetomidate, suggest-
ing that carboetomidate modulates GABAA receptor func-
tion by binding to the same site on the GABAA receptor as
etomidate.

The magnitude of potentiation that we observed with 10
�M carboetomidate (390 � 80%) in the current study is no
greater than that observed in our previous study with 4 �M

etomidate (660 � 240%). This implies that carboetomidate
is less potent and/or efficacious at the GABAA receptor than
is etomidate. This may explain why a higher concentration
(in our tadpole assay) and dose (in our rat assay) of carboe-
tomidate than etomidate is needed to produce LORR. It also
indicates that the basic nitrogen in the imidazole ring of
etomidate contributes modestly to etomidate’s action on
GABAA receptors.

The onset of LORR was slower with carboetomidate than
with etomidate. The reason for this is unclear. However, as
both hypnotics potentiate the GABAA receptor, it seems
likely that onset is delayed because carboetomidate reaches its
site of action in the brain more slowly than etomidate.

Carboetomidate was conceived as a pharmacodynamic
solution to the problem of etomidate-induced adrenocortical
suppression because it was designed not to bind to 11�-
hydroxylase with high affinity. We recently described the
results of studies on methoxycarbonyl etomidate, an etomi-
date analog developed as a pharmacokinetic solution to this
same problem.20 Methoxycarbonyl etomidate is very rapidly
metabolized by esterases and, therefore, produces hypnosis of
extremely short duration and does not cause prolonged sup-
pression of adrenocortical function after administration. In
contrast, carboetomidate produces hypnosis that is similar in
duration to etomidate and propofol (when given at equiva-
lent multiples of their respective ED50 values for LORR)
without inhibiting the steroid synthesis at a hypnotic dose.

Appendix

Synthesis of (R)-Ethyl 1-(1-phenylethyl)-1H-pyrrole-2-
carboxylate (Carboetomidate)
Following a procedure described for Mitsunobu alkylation of imidazoles,11

a solution of (S)-1-phenylethanol (135 mg, 1.10 mmol, �99% entanio-
meric ratio) in dry tetrahydrofuran (2 ml) was added dropwise to a stirred
solution of ethyl 1H-pyrrole-2-carboxylate (140 mg, 1.00 mmol) and triph-
enylphosphine (340 mg, 1.30 mmol) in dry tetrahydrofuran (THF) (3 ml) in an
argon atmosphere at room temperature (fig. 8). Then a solution of di-tert-butyl
azodicarboxylate (304 mg, 1.32 mmol) in dry THF (2 ml) was added, and the
reaction mixture was allowed to stir at room temperature overnight. The reac-
tion mixture was concentrated under reduced pressure. The residue was mixed
with diethyl ether (5 ml) and stirred for 2 h. The residue (Ph3PO and hydrazo
ester) was collected and washed with diethyl ether (3 � 2 ml). The filtrate was
evaporated under reduced pressure to yield a residue, which was purified by
flash chromatography (hexanes/CH2Cl2 � 7:3) on silica gel to give a color-
less viscous liquid (71 mg, 29% yield): IR (KBr, cm�1): 737, 1106, 1231,
1700, 2980, 3328; 1H NMR (500 MHz, CDCl3): � 1.30 (t, J � 7.5 Hz,
3H), 1.80 (d, J � 7.0 Hz, 3H), 4.17–4.28 (m, 2H), 6.17 (dd, J � 4.0, 3.0
Hz, 1H), 6.60 (q, J � 7.0 Hz, 1H), 6.98–7.01 (m, 2H), 7.12–7.14 (m, 2H),
7.20–7.25 (m, 1H), 7.28–7.32 (m, 2H); 13C NMR (500 MHz, CDCl3): �

14.6, 22.3, 55.5, 60.0, 108.5, 118.5, 122.6, 125.5, 126.4, 127.5, 128.7,
143.3, 161.4; LC-MS observed 244.10, calculated 244.10 for C15H18NO2

(M 	 H); Analytical calculation for C, 74.05; H, 7.04; N, 5.76. Found: C,
74.25; H, 6.94; N, 5.66. The final product was determined to be essentially
enantiomerically pure (�99% ee) by chiral high-pressure liquid chromatog-
raphy analysis using a AD-H column, isocratic eluent of hexane and isopro-
panol (97:3), a flow rate of 1 ml/min and detection at l � 220 nm. See figure,
Supplemental Digital Content 1, which shows the analysis of enantiomerically
pure carboetomidate produced as described above using (S)-1-phenylethanol,
http://links.lww.com/ALN/A570. For comparison, the figure also shows the
analysis of racemic carboetomidate produced in a similar manner using racemic
1-phenylethanol.

References

1. Gooding JM, Weng JT, Smith RA, Berninger GT, Kirby RR:
Cardiovascular and pulmonary responses following etomi-
date induction of anesthesia in patients with demonstrated
cardiac disease. Anesth Analg 1979; 58:40 –1

2. Criado A, Maseda J, Navarro E, Escarpa A, Avello F: Induc-
tion of anaesthesia with etomidate: Haemodynamic study
of 36 patients. Br J Anaesth 1980; 52:803– 6

3. Ebert TJ, Muzi M, Berens R, Goff D, Kampine JP: Sympa-
thetic responses to induction of anesthesia in humans with
propofol or etomidate. ANESTHESIOLOGY 1992; 76:725–33

4. Sarkar M, Laussen PC, Zurakowski D, Shukla A, Kussman B,
Odegard KC: Hemodynamic responses to etomidate on
induction of anesthesia in pediatric patients. Anesth Analg
2005; 101:645–50

5. Fragen RJ, Shanks CA, Molteni A, Avram MJ: Effects of

Fig. 8. Synthesis of carboetomidate.

643PERIOPERATIVE MEDICINE

Cotten et al. Anesthesiology, V 112 • No 3 • March 2010

D
ow

nloaded from
 http://pubs.asahq.org/anesthesiology/article-pdf/112/3/637/249442/0000542-201003000-00024.pdf by guest on 16 August 2022



etomidate on hormonal responses to surgical stress. ANES-
THESIOLOGY 1984; 61:652– 6

6. Ayub M, Levell MJ: Inhibition of human adrenal steroido-
genic enzymes in vitro by imidazole drugs including keto-
conazole. J Steroid Biochem 1989; 32:515–24

7. Lamberts SW, Bons EG, Bruining HA, de Jong FH: Differ-
ential effects of the imidazole derivatives etomidate, keto-
conazole and miconazole and of metyrapone on the secre-
tion of cortisol and its precursors by human adrenocortical
cells. J Pharmacol Exp Ther 1987; 240:259 – 64

8. Wagner RL, White PF, Kan PB, Rosenthal MH, Feldman D:
Inhibition of adrenal steroidogenesis by the anesthetic
etomidate. N Engl J Med 1984; 310:1415–21

9. Absalom A, Pledger D, Kong A: Adrenocortical function in
critically ill patients 24 h after a single dose of etomidate.
Anaesthesia 1999; 54:861–7

10. Vinclair M, Broux C, Faure P, Brun J, Genty C, Jacquot C,
Chabre O, Payen JF: Duration of adrenal inhibition follow-
ing a single dose of etomidate in critically ill patients.
Intensive Care Med 2007; 34:714 –9

11. Zolle IM, Berger ML, Hammerschmidt F, Hahner S, Schirbel
A, Peric-Simov B: New selective inhibitors of steroid 11be-
ta-hydroxylation in the adrenal cortex. Synthesis and struc-
ture-activity relationship of potent etomidate analogues.
J Med Chem 2008; 51:2244 –53

12. Allolio B, Schulte HM, Kaulen D, Reincke M, Jaursch-
Hancke C, Winkelmann W: Nonhypnotic low-dose etomi-
date for rapid correction of hypercortisolaemia in Cush-
ing’s syndrome. Klin Wochenschr 1988; 66:361– 4

13. Diago MC, Amado JA, Otero M, Lopez-Cordovilla JJ: Anti-adrenal
action of a subanaesthetic dose of etomidate. Anaesthesia 1988;
43:644–5

14. Ledingham IM, Watt I: Influence of sedation on mortality
in critically ill multiple trauma patients. Lancet 1983;
1:1270

15. Bloomfield R, Noble DW: Etomidate and fatal outcome—
even a single bolus dose may be detrimental for some
patients. Br J Anaesth 2006; 97:116 –7

16. Jackson WL Jr: Should we use etomidate as an induction
agent for endotracheal intubation in patients with septic
shock?: A critical appraisal. Chest 2005; 127:1031– 8

17. Annane D: ICU physicians should abandon the use of
etomidate! Intensive Care Med 2005; 31:325– 6

18. Hildreth AN, Mejia VA, Maxwell RA, Smith PW, Dart BW,
Barker DE: Adrenal suppression following a single dose of
etomidate for rapid sequence induction: A prospective
randomized study. J Trauma 2008; 65:573–9

19. Cuthbertson BH, Sprung CL, Annane D, Chevret S, Garfield
M, Goodman S, Laterre PF, Vincent JL, Freivogel K, Rein-
hart K, Singer M, Payen D, Weiss YG: The effects of
etomidate on adrenal responsiveness and mortality in pa-
tients with septic shock. Intensive Care Med 2009; 35:
1868 –76

20. Cotten JF, Husain SS, Forman SA, Miller KW, Kelly EW,
Nguyen HH, Raines DE: Methoxycarbonyl-etomidate: A
novel rapidly metabolized and ultra-short-acting etomidate
analogue that does not produce prolonged adrenocortical
suppression. ANESTHESIOLOGY 2009; 111:240 –9

21. de Jong FH, Mallios C, Jansen C, Scheck PA, Lamberts SW:
Etomidate suppresses adrenocortical function by inhibi-
tion of 11 beta-hydroxylation. J Clin Endocrinol Metab
1984; 59:1143–7

22. Scott EE, White MA, He YA, Johnson EF, Stout CD, Halpert
JR: Structure of mammalian cytochrome P450 2B4 com-
plexed with 4-(4-chlorophenyl)imidazole at 1.9-A resolu-
tion: Insight into the range of P450 conformations and the
coordination of redox partner binding. J Biol Chem 2004;
279:27294 –301

23. Ouellet H, Podust LM, de Montellano PR: Mycobacterium
tuberculosis CYP130: Crystal structure, biophysical char-
acterization, and interactions with antifungal azole drugs.
J Biol Chem 2008; 283:5069 – 80

24. Seward HE, Roujeinikova A, McLean KJ, Munro AW, Leys
D: Crystal structure of the Mycobacterium tuberculosis
P450 CYP121-fluconazole complex reveals new azole
drug-P450 binding mode. J Biol Chem 2006; 281:39437– 43

25. Roumen L, Sanders MP, Pieterse K, Hilbers PA, Plate R,
Custers E, de Gooyer M, Smits JF, Beugels I, Emmen J,
Ottenheijm HC, Leysen D, Hermans JJ: Construction of 3D
models of the CYP11B family as a tool to predict ligand
binding characteristics. J Comput Aided Mol Des 2007;
21:455–71

26. Waud DR: On biological assays involving quantal re-
sponses. J Pharmacol Exp Ther 1972; 183:577– 607

27. Yano JK, Denton TT, Cerny MA, Zhang X, Johnson EF,
Cashman JR: Synthetic inhibitors of cytochrome P-450
2A6: Inhibitory activity, difference spectra, mechanism of
inhibition, and protein cocrystallization. J Med Chem
2006; 49:6987–7001

28. Locuson CW, Hutzler JM, Tracy TS: Visible spectra of type
II cytochrome P450-drug complexes: Evidence that “in-
complete” heme coordination is common. Drug Metab
Dispos 2007; 35:614 –22

29. Hutzler JM, Melton RJ, Rumsey JM, Schnute ME, Locuson
CW, Wienkers LC: Inhibition of cytochrome P450 3A4 by
a pyrimidineimidazole: Evidence for complex heme inter-
actions. Chem Res Toxicol 2006; 19:1650 –9

30. Fallo F, Pilon C, Barzon L, Pistorello M, Pagotto U, Altavilla
G, Boscaro M, Sonino N: Effects of taxol on the human
NCI-H295 adrenocortical carcinoma cell line. Endocr Res
1996; 22:709 –15

31. Fallo F, Pilon C, Barzon L, Pistorello M, Pagotto U, Altavilla
G, Boscaro M, Sonino N: Paclitaxel is an effective antipro-
liferative agent on the human NCI-H295 adrenocortical
carcinoma cell line. Chemotherapy 1998; 44:129 –34

32. Fassnacht M, Hahner S, Beuschlein F, Klink A, Reincke M,
Allolio B: New mechanisms of adrenostatic compounds in
a human adrenocortical cancer cell line. Eur J Clin Invest
2000; 30(suppl 3):76 – 82

33. Husain SS, Ziebell MR, Ruesch D, Hong F, Arevalo E,
Kosterlitz JA, Olsen RW, Forman SA, Cohen JB, Miller KW:
2-(3-Methyl-3H-diaziren-3-yl)ethyl 1-(1-phenylethyl)-1H-im-
idazole-5-carboxylate: A derivative of the stereoselective
general anesthetic etomidate for photolabeling ligand-
gated ion channels. J Med Chem 2003; 46:1257– 65

34. Rusch D, Zhong H, Forman SA: Gating allosterism at a
single class of etomidate sites on alpha1beta2gamma2L
GABA A receptors accounts for both direct activation and
agonist modulation. J Biol Chem 2004; 279:20982–92

35. Siegwart R, Jurd R, Rudolph U: Molecular determinants for
the action of general anesthetics at recombinant
alpha(2)beta(3)gamma(2)gamma-aminobutyric acid(A) re-
ceptors. J Neurochem 2002; 80:140 – 8

644 Carboetomidate: A Pyrrole Etomidate Analog

Anesthesiology, V 112 • No 3 • March 2010 Cotten et al.

D
ow

nloaded from
 http://pubs.asahq.org/anesthesiology/article-pdf/112/3/637/249442/0000542-201003000-00024.pdf by guest on 16 August 2022


