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Contrasting Effects of Etomidate and Propylene Glycol Upon
Enfliurane Metabolism and Adrenal Steroidogenesis
in Fischer 344 Rats

Kevin J. Fish, M.B., Ch.B.,* Susan A. Rice, Ph.D.,t James Margary, M.B., B.S. 1

This study was designed to investigate the effects of ctomidate
and its solubilizing agent (propylene glycol) upon enflurane metab-
olism and adrenal steroidogenesis in Fischer 344 rats. A central
venous catheter was placed using pentobarbital anesthesia, and rats
were randomized to one of four groups for treatment several days
later. Group 1 animals received normal saline, 3 ml/kg, given via
the central venous catheter, The other three groups were adminis-
tered equivalent volumes of either: crystalline etomidate (group 2),
0.4 mg/m], in saline and 1.1% ethanol; propylene glycol (group 3),
7%, in saline; or ctomidate (group 4), 0.4 mg/ml in saline with 7%
propylene glycol. In the first part of this study, after an intravenous
bolus of one of these four solutions, animals were immediately
placed in a 200-liter chamber and received 1 h of 2% enflurane.
Serum and urine were assayed for inorganic fluoride (F”) before
and after anesthesia. Two hours after enflurane anesthesia, groups
1 and 2 had the highest mean peak serum F~ concentrations (13.2
and 13.5 uM, respectively). Groups 3 and 4 had significantly lower
mean peak serum F~ concentrations (4.7 and 4.5 uM, respectively).
In the second part of this study, additional animals were random-
ized into four groups and received the same intravenous medica-
tions as above, Thirty minutes later, they received an intravenous
bolus of ACTH. Blood samples were drawn and serum aldosterone
levels were measured. Animals in groups 1 and 3 had significantly
greater increases in peak serum aldosterone levels 30 minutes after
ACTH (peak levels: 0,80 and 0.77 ng/ml, respectively) than animals
in groups 2 and 4 (peak levels: 0.60 and 0.58 ng/ml, respectively).
This study demonstrated that propylene glycol inhibited the in vivo
metabolism of enflurane. In contrast, propylene glycol did not ap-
pear to play any role in the inhibition of adrenal steroidogenesis
associated with etomidate. (Key words: Anesthetics, intravenous:
Amidate®; etomidate, Anesthetics, volatile: enflurane. Biotransfor-
mation: fluorometabolites; inhibition, Ions: fluoride. Metabolism;
adrenal steroidogencsis; ACTH; aldosterone, Rats: Fischer 344.
Vehicle: propylene glycol.)

ETOMIDATE 1S A short-acting intravenous anesthetic
agent, formulated with 35% (V/V) propylene glycol
(Amidate®). Its use has been associated with inhibition
of adrenal steroidogenesis.'® This side effect has been
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attributed to inhibition of two adrenal cytochrome
P-450-dependent mitochondrial enzymes, cholesterol
side-chain cleavage enzyme and 11-8-hydroxylase.®
Etomidate does not appear to have any inhibitory ef-
fects upon the microsomal cytochrome P-450-depen-
dent enzymes of adrenal steroid synthesis. In contrast,
however, etomidate has been shown to have inhibitory
effects upon hepatic microsomal cytochrome P-450-de-
pendent metabolism in vitro.”

In a clinical study, we observed essentially no metabo-
lism of enflurane to inorganic fluoride (F7) in one pa-
tient who received Amidate®, as well as methohexital,
forinduction. § This observationimplied that etomidate
inhibited hepatic drug metabolizing enzymes in
humans.

This animal study was therefore designed to examine
the effect of Amidate®, etomidate, and its solubilizing
agent, propylene glycol, upon the in vivo metabolism of
enflurane, as measured by the production of inorganic
fluoride (F~) following enflurane anesthesia. The re-
sults of this study led us to a second question. This was,
did propylene glycol play a role in the observed inhibi-
tory effects of etomidate upon adrenal steroidogenesis
in vivo, as measured by the serum aldosterone response
to an ACTH stimulation test?

Methods and Materials

ANIMALS

Seventy, 6-month-old, male Fischer 344 ratsY were
bedded on hardwood bedding,** four to a cage, and
quarantined for a week prior to experimentation.
Room temperature was maintained at 21 * 1° C and
artificial light was provided from 6 A.M. to 7 P.M, each
day. Rat chow} containing 21 mg/kg of F~ and tap
water containing 1 ppm of F~ (52.6 uM) were allowed
ad libitum throughout the experiment, which lasted 14
days.

§ Unpublished observation.

T Simonsen Lab Animals, Gilroy, CA 59020

** Beta-Chips, Northeastern Products, Warrensburg, NY 12885
F1 Wayne Lab-Blox, Allied Mills Inc., Chicago, IL 60951
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ENFLURANE METABOLISM STUDY

Forty rats were anesthetized with pentobarbital (60
mg/kg, i.p.) for insertion of a central venous catheter
via the right external jugular vein. After recovery from
anesthesia, they were housed individually in metabolic
cages until the end of the experiment. The central
venous catheters were flushed daily with a minimal vol-
ume of 0.9% saline with 30 units of heparin/ml to
maintain catheter patency to injection. Two consecutive
days of 24-h urine collections for urine volumes and F~
excretions were made commencing four days prior to
enflurane anesthesia. At the end of the urine collec-
tions, a blood sample for analysis of serum F~ was drawn
from the tail.

Treatment Groups and Enflurane Exposure. Thirty-two
of the above 40 rats were selected for exposure to enflu-
rane based on evaluations of catheter patency (neces-
sary for drug injection), body weights, and urine vol-
umes (indicators of general health following surgery).
Rats were ranked by weight and randomly assigned
(within weight ranges) to one of the treatment groups,
such that groups averaged 323 x 15 g. Each rat re-
ceived 3 ml/kg body weight of one of the following
solutions via the central venous catheter. The four
groups were: 1) saline (9 mg/ml sodium chloride); 2)
crystalline free base etomidate, 0.4 mg/ml, in 1.1%
ethanol (for solubilization) in saline; 3) propylenc gly-
col, 7% (V/V) in saline; and 4) Amidate® diluted in
saline to 0.4 mg/ml etomidate and 7% propylene gly-
col. This dose of etomidate was selected from pilot stud-
ies in other rats because it produced brief anesthesia
(<10 min) equivalent to that seen in humans after an
induction dose of etomidate (0.3 mg/kg). The low solu-
bility of etomidate in saline, even with ethanol, deter-
mined the total volume of injectate for all groups, The
solution for group 4 was diluted such that etomidate
concentrations were equivalent to that of group 2.
Group 3 injectate was prepared with the same final
concentration of propylene glycol as group 4.

Ten rats were assigned to each of groups 1 and 2
because of the greater variability in enflurane defluor-
ination seen in control groups in pilot studies per-
formed in other rats. Six rats were assigned to each of
groups 3 and 4. From pilot work, the use of a saline/
ethanol control group (i.e, no etomidate) in addition to
a saline control group was not indicated.

Following injection, rats were exposed to 2% enflu-
rane for 1 hin a 200-liter plexiglass anesthetic chamber.
Enflurane was vaporized in an Ohio Medical vaporizer
with compressed air and O,. Enflurane concentrations
were continuously monitored by a Puritan Bennett An-
esthesia Agent Monitor® and confirmed at 2-5-min in-
tervals by gas chromatography with a F.I.D. The
chamber O, concentration was monitored with an In-
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strumentation Laboratories #402 Oy monitor, and was
maintained at 25%. Rectal temperatures of representa-
tive rats were monitored with a Yellow Springs Tele-
thermometer®, and body temperatures were main-
tained normothermic with heated water mattresses
under the chamber floor.

Blood samples for analysis of serum F~ were drawn
from the tail at 0, 2, and 4 h following enflurane anes-
thesia. A final blood sample was taken following CO»
administration and decapitation 24 h postanesthesia.
Two 24-h urine samples were collected prior to enflu-
rane anesthesia; a single 24-h urine sample was collected
following anesthesia. Serum and urinary samples were
analyzed for F~ with an Orion® lon Specific F~ elec-
trode and Corning® lon Meter #135.8 Urinary volumes
were measured and F~ excretions were calculated.

At the end of the study, positioning of the central
venous catheters was confirmed by necropsy in group 1
and 3 rats. Necropsies were not performed in rats of
group 2 and 4; all animals in these groups manifested
characteristic signs of etomidate anesthesia immediately
upon injection, and, thus, these catheters were assurned
to be correctly positioned.

STEROID INHIBITION STUDY

The 30 rats in this part of the study were similarly
anesthetized with pentobarbital for insertion of a right
external jugular central venous catheter. After anesthe-
sia, they were placed in individual cages. The central
venous catheters were flushed daily with minimal vol-
umes of a 25% dextrose solution containing heparin,
500 units/ml. Pilot studies demonstrated that. this hy-
groscopic mixture would maintain a higher incidence of
catheter patency and allow free drawback of blood for
several days after cannulation in more rats than our
previously utilized regimen with 30 units of heparin/ml
in saline. Thus, sampling of blood could occur at fre-
quent intervals, while causing the least amount of
stress-induced disturbance to the animal’s hormonal
status,

Three daysafter catheter placement, the 20 rats with
catheters patent to both injection of solution and draw-
back of blood were randomly assigned by weight to the
same four treatment groups (saline, etomidate, propyl-
ene glycol, and Amidate®). A control sample of blood
for aldosterone measurement was drawn and the ap-
propriate solution was then injected intravenously.
Thirty minutes later, 0.2 ug of ACTH (Cortrosyn®,
Organon Pharmaceuticals) was injected intravenously.
This dose of ACTH was selected from pilot studies in
other rats, because it stimulated a measurable aldoste-
rone release, but a release which peaked close to the
upper limit of accuracy of our aldosterone assay. Higher
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ACTH doses in pilot studies both exceeded the upper
limit of the assay and prolonged the period of elevated
aldosterone. Blood samples for aldosterone measure-
ment were then drawn 30, 60, and 90 min later. Serum
aldosterone was measured by a radioimmunoassay
method (Aldosterone RIA, Abbott Laboratories). Sam-
ples from 30 and 60 min were measured in duplicate.

STATISTICS

Serum F~ and aldosterone concentrations and uri-
nary F~ excretion data each were analyzed by repeated
measures analysis of variance (ANOV A) .with treatment
as the grouping factor and times of collection as the
repeated measure. A square-root transformation was
used for urinary F~ data to produce homogenous vari-
ances. Where significant F ratios were observed for
data, post hoc analysis with ANOVA was performed
among groups at specific sample times. For analyses ex-
hibiting a significant F ratio at these specific times, in-
tergroup differences were isolated by Newman-Keuls
contrast test, Paired ¢ test was used to identify within-
group differences in urinary F~ excretions.

Where significant F ratios were observed in serum
aldosterone concentrations in response to ACTH, an
ANOVA of the difference score between serum aldo-
sterone levels pre- and 30 min post-ACTH administra-
tion (equivalent to an analysis of the within-subjects ef-
fects from a repeated measures ANOVA with two mea-
surements on each subject) was performed. Significant
effects were then isolated to specific groups by New-
man-Keuls contrast test. P < 0.05 was considered signif-
icant.

Results

ENFLURANE METABOLISM STUDY

The rise in serum F~ after enflurane anesthesia (fig.
1) peaked within 2 h in rats receiving saline (group 1;
13.2 uM) or etomidate in saline /ethanol (group 2; 13.5
uM). Serum F~ concentrations in rats receiving propyl-
ene glycol (groups 3 and 4) peaked at the end of anes-
thesia (4.7 and 4.5 uM, respectively). Serum F~ levels in
groups 3 and 4 were significantly less than those in
groups 1 and 2 at 0, 2, and 4 h following enflurane
exposure (P < 0.01),

Urinary F~ excretions post-enflurane exposure in
groups 1 and 2 were significantly increased from pre-
anesthetic levels (P < 0.05; table 1). Groups 1 and 2
excreted significantly more F~ than group 3 (P < 0.05).
Propylene glycol-treated rats (group 3) showed no sig-
nificant increase in urinary F~ excretion following en-
flurane exposure.

PROPYLENE GLYCOL, ETOMIDATE, AND METABOLISM 191
207 T
SALINE
15+ ETOMIDATE
E PROP. GLY.
2 AMIDATE
Loo1or
s
2
i
o 9
—\
1 'l 1 1 ,:,‘ ]
PRE 0 2 4 24

HOURS POSTANESTHESIA

FIG. 1. Serum F~ concentrations (mean * $D) of rats prior to and
following 1 h of 2% enflurane. Afier anesthetic exposure(i.e.,, 0,2, and
4 h), serum F~ concentrations in groups 1 (saline) and 2 (ctomidate)
were significantly higher than in groups 3 (propylene glycol) and 4
(Amidate®); P < 0.01 for all comparisons. No differences among
groups were present prior to or 24 h following exposure.

STEROID INHIBITION STUDY

After ACTH administration, serum aldosterone
levels rose and peaked at 30 min (table 2). At 60 min,
mean values were not different among groups (range
0.52-0.57 ng/ml); serum aldosterone levels had re-
turned to control by 90 min, Elevations in serum aldo-
sterone in animals receiving etomidate or Amidate®
were significantly less than those receiving saline or pro-
pylene glycol (P < 0.05)

Discussion

This study demonstrated that metabolism of enflu-
rane, as measured by changes in serum F~, was reduced
following the administration of Amidate®. Surprisingly,
a similar effect was also observed in animals receiving

TABLE 1. Urinary F~ Excretions (Mean + SD)

umoles F~/24 h
Pre Enflurane Post Enflurane
Treament
Group n Sampling Day 1 Sampling Day 2 Day |
Group 1
(saline) 10 2.7+ 1.0 25+0.8 9.7 + 3.9%
Group 2
(etomidate) | 10 26+ 1.1 2.1x1.0 9.7 + 6.3F
Group 3
{propylene
glycol) 6 29+ 04 3.1+08 4.0+ 24
Group 4
(Amidate®) 6 2.8+ 0.6 2.6+ 0.8 4.7+23

* Saline vs. propylene glycol, P < 0.05.
- Etomidate vs. propylene glycol, P < 0.05.
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TABLE 2. Serum Aldosterone Values (Mean & SD)
from ACTH Stimulation Test

ng Aldosterone/m! Serum
Pre 30 min Post Difference
n ACTH ACTH Pre to 30 min
Group |
(saline) 5 41£.17 | 80+.13 | .38 4 .24*
Group 2
(ctomidate) 51 h2+.14 | 60x.09 [ .07 £ .09
Group 3
(propylene glycol) | 5 | 29£.08 | 77x.17 | 48 £ .11}
Group 4
(Amidate®) 5| 40£.17 | 58+.12 [ .18 % .06

* Saline vs. etomidate or Amidate®, P < 0.05.
1 Propylene glycol vs. etomidate or Amidate®, P < 0.05.

propylene glycol alone, the solubilizing agent for eto-
midate, but not in animals receiving etomidate alone.
Thus, the in vivo inhibitory effect of Amidate® upon
enflurane metabolism can be attributed to propylene
glycol, and not to etomidate. Propylene glycol alone did
not appear to have an effect upon adrenal responsive-
ness, as measured by the serum aldosterone response to
ACTH administration. Furthermore, the effects of eto-
midate on adrenal steroidogenesis were not enhanced
by propylene glycol.

The clinical use of etomidate has been questioned
because of its ability to inhibit adrenal steroidogenesis
and the possibility of resultant side effects.® The mecha-
nism for this interaction has been studied extensively
and attributed to inhibition of two cytochrome P-450-
dependent mitochondrial enzymes.® It might be ex-
pected that etomidate would possess inhibitory effects
on other enzyme systems. Indeed, Horai ef al.” demon-
strated that etomidate reversibly inhibited the activity
of several hepatic microsomal enzymes in vitro. Inhibi-
tion of the cytochrome P-450-dependent enzyme sys-
tem is potentially significant because this system is re-
sponsible for metabolism of a great number of drugs,
including the fluorinated volatile anesthetic agents.

Our isolated observation that Amidate® inhibited me-
tabolism of enflurane in a patient appeared to support
this possibility. However, in this in vivo rat study, it was
propylene glycol, not etomidate, which produced signif-
icant effects upon the metabolism of enflurane. The
Fischer 344 rat has repeatedly been demonstrated to be
a useful model of human anesthetic biotransforma-
tion,'®*? and, thus, it is likely that the propylene glycol
in Amidate® prevented metabolism of enflurane to F~
in our patient.

The second part of this study showed that inhibition
of adrenal steroidogenesis by etomidate was not in-
fluenced by either of the two solvents (propylene glycol
or saline/ethanol) studied. In rats, corticosterone is
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both the active glucocorticoid and the precursor to al-
dosterone.'® Thus, changes in plasma aldosterone are
an indirect reflection of the effect of ACTH upon glu-
cocorticoid formation. At the time this study was per-
formed, measurement of serum corticosterone was very
expensive, technically complicated, and time consum-
ing compared to assay of aldosterone. Therefore, serum
aldosterone was assessed as our measure of adrenal re-
sponsiveness to ACTH.

The exact mechanism for our observations of de-
creased enflurane metabolism is not clear. Nelson et
al.'* reported that the concurrent administration of
propylene glycol did not affect antipyrine clearance in
humans. Their study, however, could not exclude the
possibility that propylene glycol might interfere with
cytochrome P-450-mediated drug metabolism. There
have been no reports of a direct toxic effect of propyl-
ene glycol upon drug metabolizing enzyme systems.
Repeated administrations of drug solutions containing
propylene glycol, however, have been associated with
hyperosmolality and CNS depression.!®!® Lactic aci-
dosis has also been reported, apparently resulting from
propylene glycol metabolism to lactic acid via interme-
diates."”

In vitro animal studies have shown that prolonged oral
and intraperitoneal administration of propylene glycol
produced either no change in or variable enhancement
of hepatic cytochrome P-450-dependent metabolism of
several substrates.'®!® In an in vivo study with rats, 3
days of twice daily intraperitoneal injections of 4 ml/kg
of propylene glycol (doses considerably in excess of our
single intravenous injection of 3 ml/kg of a 7% propyl-
ene glycol solution) increased sleeping times following
hexobarbital and zoxazolamine administration.'® These
observed effects might indicate an inhibition of drug
metabolism, but, alternatively, they could suggest an
additive effect of the CNS depressant effects of hexo-
barbital or zoxazolamine and those of propylene glycol.

The mechanism for the observed inhibitory effect of
propylene glycol on enflurane metabolism was not ad-
dressed in the present study. However, it is clear from
this study and previous reports that propylene glycol
cannot be considered a totally innocuous drug solubiliz-
ing agent.

The authors wish to express their thanks to Janssen Pharmaceuticals
for their donation of crystalline etomidate; Organon Pharmaceuticals
for their donation of Cortrosyn®; Dr. Paul White for his review of this
manuscript; and Dr. Helena Kraemer for her assistance with the sta-
tistical analyses.

References

1. Finlay WEI, McKee JI: Serum cortisol levels in severely stressed
patients. Lancet 1:1414-1415, 1982

20z Iudy G0 uo 3sanb Aq ypd°£0000-00020886 1-Z¥S0000/6E¥S | £/681/2/89/4Pd-01011e/AB0|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



Anesthesiology
V 68, No 2, Feb 1988

2.

Ledingham IMcA, Finlay WEI, Watt I, McKee JI: Etomidate and
adrenocortical function. Lancet 1:1434, 1983

. Conner CS: Literature analysis: Etomidate and adrenal suppres-

sion. Drug Intel Clin Pharm 18:393-394, 1984

. Wagner RL, White PF: Etomidate inhibits adrenocortical func-

tion in surgical patients. ANESTHESIOLOGY 61:647-651,
1984

. Fragen RJ, Shanks CA, Molteni A, Avram M]J: Effects of ctomi-

date on hormonal responses to surgical stress. ANESTHESIOL.-
oGY 61:652-656, 1984

. Wagner RL, White PF, Kan PB, Rosenthal MH, Feldman D:

Inhibition of adrenal steroidogenesis by the anesthetic etomi-
date. N Engl ] Med 310:1415-1421, 1984

. Horai Y, White PF, Trevor AJ: The effect of etomidate on rabbit

liver microsomal drug metabolism in vitra. Drug Metab Dispos
13:364-367, 1985

. Fry BW, Taves DR: Serum fluoride analysis with the flueride

electrode. ] Lab Clin Med 75:1020-~1025, 1970

. Longnecker DE: Stress free: To be or not to be? (editorial) ANES.

THESIOLOGY 61:643-644, 1984

. Barr GA, Cousins MJ, Mazze RI, Hiut BA, Kosck JC: A compari-

son of the renal effects and metabolism of enflurane and
methoxyflurane in Fischer 344 rats. ] Pharmacol Exp Ther
188:257-264, 1974

PROPYLENE GLYCOL, ETOMIDATE, AND METABOLISM
11.

12,

13.

14.

15.

16.

193

Fish K], Rice SA: Halothane inhibits metabolism of enflurane in
Fischer 344 rats. ANESTHESIOLOGY 59:417-420, 1983

Fish KJ, Rice SA, Weissman DB: Halothane inhibits metabolism
of enflurane in surgical patients (abstract). ANESTHESIOLOGY
61:A268, 1984

Melby EC Jr, Altman NH: Handbook of Laboratory Animal
Science, Volume 11. Cleveland, CRC Press, 1974, p 421

Nelson EB, Egan JM, Abernethy DR: The effect of propylene
glycol on antipyrine clearance in humans. Clin Pharmacol
Ther 41:571-573, 1987

Demey H, Daclemans R, De Broe ME, Bossacrt L: Propylene
glycol intoxication due to intravenous nitroglycerin. Lancet
1:1360, 1984

Fligner CL, Jack R, Twiggs GA, Raisys VA: Hyperosmolality in-
duced by propylene glycol. A complication of silver sulfadia-
zine therapy. JAMA 253:1606-1609, 1985

. Miller ON, Bazzano G: Propanediol metabolism and its relation to

lactic acid metabolism. Ann NY Acad Sci 119:957-973, 1965

. Dean ME, Stock BH: Propylene glycol as a drug solvent in the

study of hepatic microsomal enzyme metabolism in the rat.
Toxicol Appl Pharmacol 28:44-52, 1974

. Yamamoto T, Adachi Y: Effects of oral administration of propyl-

ene glycol on the induction of enzymes and proteins in micro-
somes and cytosol of the rat liver. Gastroenterol Jpn 13:359-
365, 1978

20z Iudy G0 uo 3sanb Aq ypd°£0000-00020886 1-Z¥S0000/6E¥S | £/681/2/89/4Pd-01011e/AB0|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



