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A Comparison of the Renal Effects of
Isoflurane and Methoxyflurane in Fischer 344 Rats

Michael 1. Cousins, M.B., FF.ARACS.,* Richard I. Mazze, M.D.,;7

Gary A. Barr, MD. i

Isoflurane, although minimally metabolized to
inorganic fluoride, did not cause renal functional
or pathologic abnormalities in Fischer 344 rats.
Mecan peak serum inorganic fluoride levels were
6.5 = 1.2 pM/1 following 4.0 MAC hours of iso-
flurane anesthesia and 7.3 = 0.6 xM/1 following 15
MAC hours. By contrast, methoxyflurane caused
dose-related polyuric nephrotoxicity. This was as-
sociated with mean peak serum inorganic fluoride
levels of 56.0 == 2.6 xM/1 following 1.5 MAC hours
and 79.4 = 2.3 x)M/I following 4.5 MAC hours of
methoxyflurane anesthesia, respectively. In this
animal meodel, an isofluranc exposure ten times
greater than a nep} i ¢ to methoxy-
flurane did not result in sufficient metabolism to
inorganic fluoride to cause nephrotoxicity. (Key
words: Isoflurane; Methoxyfk Nepl icity;
Metabolism; Inorganic fluoride.}

IsorLuraxe (Forane,§ Compound 469, 1-
chloro-2,2,2-triflucroethyl difluoromethyl ether)
must be considered a possible nephrotoxic
agent because it is a fluorinated compound.?- *
The Fischer 344 rat has been employed as a
model for studies of fluoride nephrotoxicity.
43 Therefore, a controlled study was carried
out in this rat strain to determine whether
isoflurane is metabolized to inorganic fluoride
and, if so, whether this metabolism alters renal
function.
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Methods

Thirty 10-month-old, inbred male Fischer
344 rats weighing an average of 369 g were
divided at random into five groups of six rats
each. Group I reccived no treatment. Group
II received 0.23 per cent methoxyflurane for
1.5 hours. Group III received 0.5 per cent
methoxyflurane for 3 hours. Group 1V re-
ceived 2 per cent isoflurane for 4 hours. Group
V received 2 per cent isoflurane for 10 hours.
Otherwise, all animals were treated identically.
Food containing 1.1 pM/g inorganic fluoride
and tap water containing one part per million
inorganic fluoride (52.6 pM/1) were allowed
ad lib. Artificial light was present from 8§ aM
to 6 par each day, and room temperature was
maintained at 22 to 24 C.

The rats were placed in individual metabolic
cages. Four days were allowed for the animals
to adapt to their cages; then four 24-hour urine
samples were collected.  On day 8, anesthesia
was administered as defined above. Each
group of rats was placed in a closed plastic
chamber. Anesthetic vapor was administered
through an inlet port in one side of the cham-
ber and allowed to escape through a vent in
the opposite side. Methoxyflurane was admin-
istered with a Pentec vaporizer. Isoflurane
was administered with a Fluotec vaporizer that
had been caiibrated for isoflurane with a Varian
1440 gas chromatograph. Oxygen at 6 1/min
was employed as the carrier gas. Anesthetic
concentrations in the chambers were checked
at 30-minute intervals by gas chromatography,
and vaporizer adjustments were made when
necessary to keep chamber concentrations con-
stant. Rectal temperature was continuously
monitored with a Yellow Springs telethermom-
eter and maintained between 37 and 39 C with
the aid of a water mattress on the floor of the
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Fic. 1. Serum inor-
ganic fluoride (F~) con-
centrations at the times of
peak response, days 1 and
2 postancsthesia.  Values
are plotted at the anes-
thetic dose, in MAC hours,
measured for each group:
methoxyflurane (MOF) at
1.5 and 4.5 MAC hours:
isoflurane at 4 and 15
MAC hours. Values for
the unancsthetized con-
trol group, for the same
period, are shown for
comparison. Both me-
thoxyflurane- and isoflu-
rane-treated rats had sig-
nificant increases in se-
rum inorganic _fluoride
concentration; however,
the changes were much
areater in the methoxy-
fluranc-treated groups.

0 4
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MAC Hours

chamber. During the last 30 minutes of an-
esthesia, 2 0.3 ml blood specimen was obtained
from the tail of each animal; anesthetic con-
centration was determined using a direct-injec-
tion gas chromatographic method,® and pH,
Po, and Pgo, were measured with an Instru-
mentation Laboratories 113 Blood Gas An-
alyzer. At the termination of anesthesia, rats
received 100 per cent oxygen until awake, then
were retumed to their individual metabolic
cages, where food and water were allowed
ad lib. Twenty-four-hour urine collections
were then resumed.

One ml of blood was obtained from the tail
of each rat four days prior to anesthesia and
on the first and second days after anesthesia.
One rat from each group was sacrificed on the
first and second postanesthetic days and the
remainder were sacrificed on the fourth post-
anesthetic day. At the time of sacrifice a blood
sample was obtained and kidney tissue was
removed and prepared for study with light and

electron microscopy.S Seventy-five microliters
of blood from each sample were anticoagulated
for hematocrit determination, and the re-
mainder allowed to clot. After centrifugation,
the serum was decanted and frozen at —10 C.
Urinary volume was measured at the end of
each 24-hour collection and a sample was
frozen for subsequent analysis.

Serum and urine specimens were analyzed
for: sodium and potassium concentrations with
an Instrumentation Laboratories #143 Flame
Photometer; urea nitrogen concentration with
a Technicon AutoAnalyzer; fluoride activity
with an Orion jon-specific fluoride electrode
and £801 Ionalyzer; osmolality with a Fiske
Model G-S2 Osmometer. Tswenty-four-hour so-
dium, potassium, inorganic fluoride and osmolal
excretions were calculated, as were urea nitro-
gen and fluoride clearances. Hematocrit was
determined by micromethod. Animals were
weighed daily.
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inorganic fluoride excre-
tion (Us-V) at the times 50
of k response, days 1 2
and 2 postanesthesia. 2
Values for the unanes- 2
thetized control group, for N 40
the same period, are >
shown for comparison. &

Both methoxyflurane- and
isoflurane-treated rats had 30
significant increases in in-
organic fluoride excretion;
however the changes
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were much greater in the 20
methoxyflurane-treated
groups.
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ANALYSIS OF DaTa

The mean preanesthetic value of cach vari-
able for each rat was calculated and means
were determined for each group. The effect
of anesthetic treatment was determined by sub-
tracting the preanesthetic mean from the mean
of determinations on the first two postanesthetic
days, and by comparing differences in treated
groups with differences in control animals.
The first two postanesthetic days were selected
for analysis because the greatest changes in
serum fluoride occurred during this period.
An expression for anesthetic dosage was de-
rived as follows: Blood anesthetic concentration
was converted to MAC, assuming values rang-
ing from 10 to 13 mg/100 ml in the blood were
equivalent to one MAC for both isoflurane and
methoxyflurane. The resulting MAC value, 1.0
or 1.5, was multiplied by duration of anes-
thesia, yielding a value the dimension of which
was MAC hours.  Student’s t test was used for
statistical analysis.

T i 17 T TTT1
5 6 789110 15

2 3 4
MAC Hours
Results

Prior to anesthesia all variables for all groups
were within normal limits and there was no
significant difference between groups except
those which might be attributed to chance
alone (tables 1 and 2). There was no signifi-
cant change in the variables measured in con-
trol animals throughout the study. Following
methoxyflurane anesthesia there were dose-
related increases in 24-hour urine volume and
reciprocal decreases in urinary osmolality; se-
rum inorganic fluoride level and 24-hour uri-
nary fluoride excretion also showed dose-re-
lated increases (figs. 1 and 2, tables 1 and 2).
Isoflurane anesthesia resulted in no change in
urinary volume or osmolality. There was an
increase in mean serum inorganic fluoride con-
centration; however, the mean peak values
were less than 8 /1 in both isoflurane-treated
groups, with no single value greater than 13.9
/L. Urinary fluoride excretion was increased
in both isoflurane-treated groups, but was still
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TanLE 3. Blood Gases and Anesthetic Doses, Mean = SE
Dura-
Aneathetic Equive X tion = Doe
" Po: Pen: Concen- slent of
» (torr) (torr) tration AlAC Anes-
(ng/100 ml) thesia (MAC
(Hours) THoury)
Group 11, 0.25 per cent w55 BT 1.9 1.0 X 1.5 = 1.5
methoxyflurane =0.01 =4 =1 +0.3
Group 11T, 0.5 per cent 749 sy* 31 20.4 15 X 30 = 45
methoxyflurane =0.01 =1 =2
Group IV, 2.0 per cent 753 374 34 10 X 10 = 1.0
isoflurane =0.01 =6 =1
Group Y, 2.07per cent, 7.51 25 32 15 X W0 = 150
isoflurane =0.01 +=15 =1 :

* Sampled outside the anesthetic chamber.

only a third that seen following low-dose
methoxyflurane anesthesia, or less (figs. 1 and 2,
table 2). Changes in other variables following
anesthesia with either methoxyflurane or iso-
flurane followed no discemible pattern and oc-
curred with no greater frequency than would
be due to chance alone.

One rat exposed to isoflurane for 10 hours
had gross hematuria and only 2.5 ml of urinc
during the 24 hours following anesthesia. This
was not accompanied by an increase in BUN
or any abnormality in other variables.

There was no evidence of intra-anesthetic
acidosis, hypoxia, or hypercarbia. Blood pH,
Py.. Peo, anesthetic concentration, the equiv-
alent MAC, and anesthetic dose are shown in
table 3.

PatnoLoGy

No renal abnormality was demonstrable with
light or electron microscopy in rats anesthetized
with isoflurane in cither dose. The rat anes-
thetized with isoflurane which had gross hema-
turia had hemorrhagic cystitis but no other
urinary-tract abnormalities. Renal histologic
changes following methoxyflurane were essen-
tially the same as those reported earlier %
dose-related, mitochondrial swelling of prox-
imal convoluted tubule cells was visible with
electron microscopy, while proximal convoluted
tubule dilatation was visible with light micros-
copy at the higher methoxyflurane dose only.

Discussion

Isoflurane and methoxyflurane are both fluo-
rinated methylethy] ethers. Since metabolism

of methoxvflurane to inorganic fluoride is re-
sponsible for its dose-related nephrotoxicity,**
it is important to determine whether isoflurane
is metabolized to inorganic fuoride and, if so,
whether this metabolism results in nephrotoxic-
ity. Initial animal and human studies of iso-
flurane have failed to reveal any significant
metabolism or organ toxicity.”® In studies of
miniature swine receiving a subanesthetic con-
centration of isoflurane, Halsey et al.7 found
negligible hepatic extraction; their results imply
that catabolism of isoflurane did not occur in
the liver of this species. Serum and urinary
inorganic fluoride concentrations were not mea-
sured. Byles et al.® obscrved no abnormality
in urine, blood, or kidney sections of rhesus
monkeys exposed to 1.5 to 2.5 per cent iso-
flurane for 4 to 16 hours. That renal abnor-
malities were also absent following administra-
tion of enflurane, halothane, and methoxyflu-
rane suggests that the rhesus monkey is not a
suitable animal species for renal toxicity stud-
ies of anesthetic agents.t In the only human
studies in which renal status has been evalu-
ated, Dobkin et al.? found no increase in blood
urea nitrogen or creatinine concentration fol-
Jowing 204 clinical isoflurane anesthetics lasting
an average of 178 minutes.

In the present study, isoflurane was adminis-
tered to Fischer 344 rats to assess its metab-
olism to inorganic fluoride and its effects on
renal function. In previous reports we have
shown that the Fischer 344 rat strain develops
nephrotoxicity from metabolism of methoxy-
flurane to inorganic fluoride or from parenteral
administration of sodium fluoride.3-*> To as-
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sure that the sensitivity of the strain had not
changed, two groups of Fischer 344 rats receiv-
ing methoxyflurane acted as internal standards
for this experiment. These rats developed es-
sentially the same renal functional and patho-
logic lesions as Fischer 344 rats previously
studied,?-3 indicating the strain was still suit-
able for studies of nephrotoxicity of inorganie
fluoride. In comparison, there were no renal
functional or pathologic lesions in Fischer 344
rats receiving isoflurane.  Halothane anesthesia
has also been shown not to cause renal abnor-
malities in this rat strain.® Metabolism of iso-
flurane to inorganic fluoride did occur, but even
after ten hours of anesthesia at a blood con-
centration equivalent to 1.5 MAC (15 MAC
hours), inorganic fluoride levels remained well
below those associated with nephrotoxicity. In
other experiments, Fischer 344 rats pretreated
with 50 mg/kg/day of phenobarbital prior to
isoflurane anesthesia had no renal functional or
pathologic changes. This dose of phenobar-
bital induced the metabolism and exacerbated
the nephrotoxicity of methoxyflurane in this
rat strain (Cousins and Mazze, unpublished
data).

The only genitourinary abnormality follow-
ing isoflurane was hemorrhagic cystitis in one
rat anesthetized for ten hours. In a previous
study,® this complication occurred in four of
six Fischer 344 rats anesthetized with 0.75 per
cent methoxyflurane for six hours. Hemor-
rhagic cystitis has not been reported in humans
anesthetized with isoflurane or methoxyflurane.
This may represent organ-specific sensitivity of
the bladder mucosa of Fischer 344 rats to inor-
ganic fluoride; however, it is possible that a
similar lesion could occur in man.

In summary, we have demonstrated that iso-
flurane, although minimally defluorinated, does
not cause adverse renal effects in an animal
model sensitive to the nephrotoxic effects of in-
organic fluoride. If this pattern of response
can be extrapolated to humans, it is likely that
the extent of isoflurane metabolism will be
slight and its renal effects will not be clinically
significant.

ADDENDUM

Additional studies were carried out in 16
Fischer 344 rats exposed to 2.0 per cent iso-
flurane for ten hours to better define the
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changes in serum inorganic fluoride in the 24
hours following anesthesia. There was an in-
crease in serum inorganic fluoride level im-
mediately after anesthesia, with the peak con-
centration, 19.5 = 0.8 x/], occurring 12 hours
postanesthesia.  Twenty-four and 48 hours
postanesthesia, serum inorganic fluoride levels
were similar to those reported in the present
studv. The occurrence of peak serum inor-
ganic fluoride levels 12 hours after isoflurane
administration, compared with 24—48 hours
following methoxyflurane anesthesia,® is prob-
ably related to the latter’s greater solubility in
fat and higher blood-gas partition coefficient.

The authors thank B, Hitt, Ph.D. for helpful dis-
cussion and support. Messrs G. Hemandez, L.
Mosconi, M. Rendes, J. Scoggins and Mrs. S.
Scoggins provided skillful technical assistance.
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