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Effect of Streptozotocin-induced Diabetes in the Rat
on the Metabolism of Fluorinated Volatile Anesthetics

Eugene J. Pantuck, M.D.,* Carol B. Pantuck, B.A., T Allan H. Conney, Ph.D.}

Three weeks after dosing male Fischer 344 rats with streptozotocin
to induce diabetes, enflurane was administered ip, and 1 h later,
fluoride levels were measured in plasma and livers were removed.
Hepatic microsomes were prepared, and the oxidative defluorination
of enflurane, isoflurane, and methoxyflurane and the reductive de-
fluorination of halothane were measured in vitro. In diabetic rats
the defluorination of enflurane was increased 3.4-fold over control
levels in vivo and 2.7-fold in vitro. Insulin treatment prevented these
effects. In vitro metabolism of isoflurane by livers from diabetic rats
was 2.5-fold greater than by livers from control rats, but defluori-
nation of methoxyflurane and of halothane was not altered. The
results show that streptozotocin-induced diabetes in rats enhances
the defluorination of enflurane and of isoflurane but not of me-
thoxyflurane or halothane. (Key words: Anesthetics, volatile: en-
flurane; halothane; isoflurane; methoxyflurane. Biotransformation,
drug: defluorination; metabolites. Diabetes. Ions: fluoride. Metab-
olism: cytochrome P-450; defluorination; enzyme induction; metab-
olites; microsomes.)

OXIDATIVE BIOTRANSFORMATION OF the fluorinated
ether anesthetics, methoxyflurane, enflurane, and isoflu-
rane, by the cytochrome P-450 enzyme system results in
the release of inorganic fluoride.'~® This metabolite is the
cause of the nephrotoxicity that occurs as a dose-related
injury in patients administered methoxyflurane.”™ In rats,
conventional phenobarbital-type or polycyclic hydrocar-
bon-type inducers of cytochrome P-450 produce little or
no enhancement of enflurane or isoflurane metabo-
lism,*'%-18 whereas treatment of rats with isoniazid or with
ethanol enhances the metabolism of methoxyflurane, en-
flurane, and isoflurane.’*-'® Substantially greater than
usual levels of inorganic fluoride have been observed fol-
lowing enflurane anesthesia in some patients who have
been treated with isoniazid.'® Changes in hepatic micro-
somal enflurane metabolizing activity following ethanol
administration to rats has been shown to be paralleled by
changes in the amount of a microsomal protein that elec-
trophoreses in the molecular weight region of the cyto-
chrome P-450 isozymes.'® Treatment of rats with isoniazid
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but not with Aroclor® 1254, a mixed inducer of pheno-
barbital- and polycyclic hydrocarbon-inducible isozymes
of cytochrome P-450, causes the formation of a micro-
somal protein of identical molecular weight.'® Diabetes
has been reported to induce in rats the formation of a
microsomal protein of similar molecular weight to that
induced by ethanol and isoniazid.'®?%-%® Diabetes, eth-
anol, and isoniazid all induce the hydroxylation of
aniline!®2%-21:24-26 3d the demethylation (at low substrate
concentrations) of N-nitrosodimethylamine,?*2%2627 an
activity that is not inducible by phenobarbital or 3-meth-
ylcholanthrene.?® These observations suggest that dia-
betes, ethanol, and isoniazid may induce the same isozyme
of cytochrome P-450.

We have carried out studies in rats to determine
whether diabetes increases the oxidative defluorination
of the fluorinated ether anesthetics. In addition, we have
examined the effects of diabetes on the defluorination of
halothane, a reaction that is catalyzed by cytochrome P-
450 but is reductive rather than oxidative, occurs only
under hypoxic conditions, and is phenobarbital-induc-
ible.29:30

Materials and Methods

Fifty-three male Fischer 344 rats (Charles River Lab-
oratories, Cambridge, MA), 4-5 weeks old, were given
Purina® Rat Chow (Ralston Purina, St. Louis, MO) and
deionized water ad libitum. We elected to carry out our
study in young animals because we found that young an-
imals withstood treatment with streptozotocin better than
did adult animals. The rats were administered strepto-
zotocin (Sigma Chemical Company, St. Louis, MO) (50
mg/kg, in 0.1 M sodium citrate, pH 4.5, ip) or vehicle,
once daily, for 2 days. This drug, which causes pancreatic
beta cell destruction, has been widely used to induce di-
abetes in experimental animals. The concentration of
glucose in urine was monitored with Keto-Diastix® reagent
strips (Ames Company, Elkhart, IN). The development
of diabetes, defined as urine glucose concentration reach-
ing 250 mg/dl, was confirmed in all streptozotocin-treated
animals used in the study. Eight control and eight strep-
tozotocin-treated rats were housed individually in meta-
bolic cages, and their consumption of food and water was
measured. These rats were used only for this purpose.
The remaining rats were housed in wire-mesh cages with-
out bedding in treatment groups as follows: 1—control
(n = 9); 2—treated with streptozotocin (n = 6); 3—treated
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with streptozotocin and, beginning when the development
of diabetes was confirmed (day 3 or 4 after the initial dose
of streptozotocin), injected daily with insulin (protamine
zinc insulin suspension, Eli Lilly and Company, Indianap-
olis, IN) (1.25 units/100 g sc) (n = 12); and 4—treated
as Group 3 but with insulin discontinued on the 19th day
after the initial dose of streptozotocin (n = 10).

On the 21st day after the rats were administered the
initial dose of streptozotocin or the vehicle, enflurane
metabolism in vivo was measured, as described previ-
ously.'® At 7-8 weeks of age, the activities of hepatic mi-
crosomal oxidative drug metabolizing enzymes in rats
have essentially reached adult levels. Following adminis-
tration of enflurane (Anaquest, Madison, WI) (0.6 ul/g
ip), the rats were permitted no further food or water.
One hour after they were dosed with enflurane, the rats
were anesthetized with diethyl ether for 20-30 s to facil-
itate withdrawal by vena caval puncture of the largest
possible volume of blood. The heparinized blood was
centrifuged and the plasma used immediately for mea-
surement of fluoride and glucose content.

As soon as withdrawal of blood was completed, livers
were excised and microsomes prepared from them, as
described by Levin et al.®' The microsomes were stored
at —90° C until used for measurements of protein content,
cytochrome P-450 content, and anesthetic defluorinating
activity. Preliminary experiments established that the en-
zymes measured in microsomes were stable under the
conditions of freezing and storage.

Glucose concentration in plasma was measured
with a Beckman Glucose Analyzer 2® (Beckman, Ful-
lerton, CA).

Fluoride concentration in plasma was determined using
an ion-specific electrode (Orion Research, Inc., Cam-
bridge, MA), as described by Fry and Taves.*? Standard
curves were prepared by adding known amounts of flu-
oride to plasma from rats maintained for 3 weeks on Pur-
ina® Rat Chow and deionized water ad libitum.

The protein concentration in rat liver microsomes was
determined by the method of Lowry et al.,*® using bovine
serum albumin as a standard.

Cytochrome P-450 content in rat liver microsomes was
determined spectrally from the carbon monoxide differ-
ence spectrum of the reduced hemoprotein by the method
of Omura and Sato.**

The rates of enflurane, isoflurane, and methoxyflurane
defluorination by rat liver microsomes were determined
by incubation of 10 ul of anesthetic with 5 mg of micro-
somal protein as described by Rice et al.'*!” The reductive
defluorination of halothane was determined by incubation
of 10 pl of halothane with 5 mg of microsomal protein
under hypoxic conditions as described by Van Dyke and
Gandolfi.”® Inorganic fluoride released during a 30-min
incubation was measured with an ion-specific electrode as
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TABLE 1. Effect of Prior Administration of Enflurane to Rats on the
Defluorination of Fluorinated Volatile Anesthetics
In Vitro by Hepatic Microsomes

In Vitro Defluorination
(nmol F~+mg protein™' « min™")
Anesthetic Administered Saline Administered Enflurane
None NQ NQ
Enflurane 0.062 + 0.005 0.064 +0.007
Isoflurane 0.043 +£0.003 0.043 +0.002
Methoxyflurane 0.090 +0.004 0.101 +0.003
Halothane 0.029 +0.007 0.030 +0.008

Twelve male Fischer 344 rats weighing 120-~130 g were given Pur-
ina® Rat Chow and deionized water ad libitum. Six were administered
enflurane, 0.6 ul/g ip, and six were administered an equivalent volume
of saline, ip. One hour later the rats were killed. Hepatic microsomes
were prepared and were assayed for defluorination activity as described
in “Methods.” Values are mean + SE. Data were analyzed statistically
as described in “*Methods.” There were no statistically significant dif-
ferences between control animals and those administered enflurane.

NQ = values tao low to be quantified.

described earlier. Incubations using heat-inactivated mi-
crosomes were used as blanks. Standard curves were pre-
pared by adding known amounts of fluoride to blanks.
Preliminary experiments established that the administra-
tion of enflurane (0.6 ul/g ip) to rats 1 h prior to prep-
aration of microsomes did not influence either the levels
of fluoride in blanks or the rates of defluorination of the
anesthetics (table 1).

When multiple comparisons were made, results were
analyzed using analysis of variance followed by the Bon-
ferroni Method. All other data were analyzed using the
unpaired Student’s ¢ test. Differences in mean values were
considered significant if P was less than 0.05 using a two-
tailed test.

Results

Food and water consumption were measured in eight
control and eight diabetic rats housed individually in met-
abolic cages and used only for this purpose. Food con-
sumption did not differ significantly between the two
groups. The mean * SE quantity of Purina® Rat Chow
ingested per day was 19.1 = 1 g by the control rats and
21 £ 1 g by the diabetic rats. Water consumption was 2.7
times greater in the diabetic than the control rats. The
mean volume of water consumed per day was 46 + 2 ml
by the control rats and 123 + 2 ml by the diabetic rats (P
< 0.001).

At the time that drug metabolism studies were initiated,
diabetic rats that had not been treated with insulin (Group
2) weighed 49% less than control rats (Group 1) (P < 0.01)
(table 2). There was no significant difference in weight
between diabetic rats treated with insulin until the initi-
ation of drug metabolism studies (Group 3) and control
rats. Diabetic rats in whom insulin treatment was discon-
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TaBLE 2. Effect of Streptozotocin-induced Diabetes and Treatment with Insulin on Hepatic Microsomal Cytochrome P-450 Content
Hepatic Microsomal
Ratio of Liver Cytochrome
Weight Weight to Body Blood Glucose P-450 Content
Treatment Group Number ® Weight (mg/dl) {nmol/mg protein)
1. Control 9 133.1+£29 0.042+0.001 170 + 4 0.54+0.04
2. Diabetic 6 68.2 + 3.5* 0.056 +£0.001* 513 + 33* 0.49+0.04
3. Diabetic treated with insulin
until day 22 12 126.7+ 2.6 0.041 0.001 245 + 35 0.47£0.02
4. Diabetic treated with insulin
until day 19 10 105.8 + 2.6* 0.045 £ 0.000* 450 X 16* 0.47+0.02

Values are mean * SE.

tinued 3 days before the initiation of drug metabolism
studies (Group 4) weighed 20% less than control rats (P
< 0.01). Compared wich the control rats, plasma glucose
was increased three-fold in untreated diabetic rats (P
< 0.01), was not significantly changed in Group 3 insulin-
treated diabetic rats, and was increased 2.6-fold in Group
4 insulin-treated diabetic rats (P < 0.01) (table 2). Com-
pared with control rats, the ratio of liver weight to body
weight was increased 33% in untreated diabetic rats (P
< 0.01), but was not different in either of the groups of
diabetic rats that had been treated with insulin (table 2).
Compared with control rats, hepatic microsomal P-450
content was not significantly different in any of the groups
of diabetic rats (table 2).

In vivo defluorination of enflurane was 3.5 times greater
(P < 0.01) (table 3) and in vitro defluorination was 2.7
times faster (P < 0.01) (tables 3 and 4) in untreated dia-
betic rats than in control rats. The in vivo and in vitro
deluorination of enflurane by Group 3 insulin-treated di-
abetic rats was not significantly different from control rats
(table 3). The defluorination of enflurane was 2.1 times
greater in vivo (P < 0.01) and 1.6 times faster in vitro (P
< 0.01) in Group 4 insulin-treated diabetic rats than in
control rats. Diabetic rats not treated with insulin metab-
olized isoflurane in vitro 2.5 times faster than control rats
(P < 0.01) (table 4). There was no significant difference

TABLE 3. Effect of Streptozotocin-induced Diabetes and Treatment
with Insulin on the Defluorination of Enflurane In Vivo and In Vitro

Enflurane Defluorination

In Vitro
InVivo (nmel F~-mg

Treatment Group (nmel F~/ml plasma) protein™* - min™")
1. Control 8.58+0.45 0.051 +0.005
2. Diabetic 29.56 + 2.44* 0.140+=0.010*
3. Diabetic treated with

insulin until day 22 11.64 +0.67 0.048 +0.002
4. Diabetic treated with

insulin until day 19 17.59+0.86* 0.081 = 0.007*

Values are mean = SE for 6-12 rats.
* Statistically different from control (P < 0.01).

* Significantly different from control (P < 0.01).

between diabetic rats and control rats in the in vitro de-
fluorination of methoxyflurane or in the in vitro reductive
defluorination of halothane.

Discussion

The results of these studies show that streptozotocin-
induced diabetes in the rat produces an increase in hepatic
microsomal enflurane defluorinating enzyme activity and
enhances enflurane defluorination in vivo and that these
effects are prevented by treatment with insulin. The re-
sults further show that in the rat, diabetes produces an
increase in the in vitro hepatic microsomal defluorination
of isoflurane but not of methoxyflurane or of halothane.
In addition, the results show that in the rat, loss of ade-
quate control of diabetes for just a few days prior to an-
esthetic administration, a situation encountered clinically,
results in an appreciable increase in enflurane defluori-
nation.

Our study shows no increase in total microsomal cy-
tochrome P-450 content in diabetic rats. Enhanced me-
tabolism of a substrate can result from induction of an
isozyme of cytochrome P-450 without a measurable in-
crease in total microsomal cytochrome P-450 content if
the enhanced metabolism results from the synthesis of a
small amount, relative to the total quantity of cytochrome
P-450 present, of an isozyme with an extremely high ca-
pacity to metabolize the substrate. This can also happen
if the increase in cytochrome P-450 resulting from the
synthesis of the isozyme is offset by repressed synthesis or
enhanced degradation of one or more other isozymes.
The metabolism of a number of substrates is decreased
in diabetic rats,?""?? suggesting the possibility that diabetes
may repress the synthesis or enhance the degradation of
isozymes of cytochrome P-450. Unlike the metabolism of
enflurane, the metabolism of methoxyflurane is quite
markedly induced by phenobarbital'®!-!* as well as being
induced by ethanol'*!® and by isoniazid.'®'? This suggests
that substantial metabolism of methoxyflurane can occur
by more than one isozyme of cytochrome P-450. The
failure of diabetes to increase significantly the defluori-
nation of methyoxyflurane in the rat could be the result
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TABLE 4. Effect of Streptozotocin-induced Diabetes on the Defluorination of Fluorinated Volatile Anesthetics

In Vitro Defluorination
(nmol F~+ mg protein™ + min™")
Treatment Group Enflurane Isoflurane Methoxyflurane Halothane
1. Control 0.051 +0.005 0.028 £ 0.004 0.059 £0.005 0.019 £ 0.007
2. Diabetic 0.140£0.010* 0.069 + 0.009* 0.065 £ 0.006 0.009 £ 0.001

Values are mean * SE for 6-9 rats.

of increased metabolism of methoxyflurane by a diabetes-
induced isozyme being offset by decreased metabolism by
one or more other isozymes.

Ethanol and isoniazid have been shown to induce in
rat liver an identical isozyme of cytochrome P-450, and
the purified isozyme has been shown to be capable of
hydroxylating aniline and demethylating N-nitrosodi-
methylamine.?® There is no direct evidence that this iso-
zyme is capable of defluorinating fluorinated volatile ether
anesthetics or that it is inducible by diabetes, but the find-
ings of the present study are consistent with these hy-
potheses.

The mechanism by which diabetes induces the defluor-
ination of enflurane and isoflurane is not known. In the
rabbit acetone induces an isozyme homologous to the
ethanol- and isoniazid-inducible isozyme of the rat,*%
suggesting that ketosis may be the causative factor. It is
of interest, in this regard, that the rabbit isozyme has
been shown to hydroxylate acetone to acetol, enabling its
conversion to glucose,* an activity that would serve a
physiologic purpose in diabetes. There is substantial, al-
though indirect, evidence that the isozyme of cytochrome
P-450 in rats that is inducible by ethanol and isoniazid is
inducible by acetone and is capable of hydroxylating ace-
tone to acetol,26:27:36-38

If diabetes-induced changes in inhalation anesthetic
defluorination comparable to those that we observed in
rats occur in humans, they probably do not pose a sub-
stantial increase in the risk of nephrotoxicity following
the administration of these agents. In the rat the defluor-
ination of methoxyflurane is not enhanced by diabetes.
Halothane is not oxidatively defluorinated, and its de-
fluorination is not induced by diabetes. Isoflurane is me-
tabolized to inorganic fluoride to such a small extent that
enzyme induction should be of no significance with respect
to nephrotoxicity. It is possible that an ordinary clinical
exposure to enflurane could result in levels of fluoride in
plasma in some diabetic individuals in the nephrotoxic
range, but plasma levels of fluoride following enflurane
anesthesia decrease at such a rapid rate that renal dys-
function, should it occur, is likely to be transient.'%4°

The authors thank Linda Gregg for her excellent assistance in the
preparation of this manuscript.

* Significantly different from control (P < 0.01).
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