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Summaory. Fasting hyperglycaemia occurred in 48 h
starved rats after 30 min of anaesthesia with ether or
halothane. Plasma insulin increased only with ether. Halo-
thane caused basal hyperglycaemia in fed rats, but de-
creased plasma insulin by 509,. Intravenous pentobarbi-
tone (30 mg/kg) did not affect blood glucose in starved
rats, but decreased plasma insulin with a small rise in
blood glucose in fed rats. Following intravenous glucose
(0.5 g/kg), hyperglycaemia and impaired glucose tolerance
with normal insulin/glucose ratios occurred in starved
animals anaesthetised with ether and pentobarbitone. The
latter had no effect on glucose tolerance in fed rats. In
contrast, halothane caused hyperglycaemia without glu-

The effects of anaesthetic agents on carbohydrate
metabolism in man and experimental animals have
been widely studied since the original observation by
Reynoso [1] that glycosuria occurred during ether
anaesthesia. Interpretation of human data is often
complicated by the use of associated drugs for pre-
medication, induction and maintenance of anaesthesia
during surgical procedures [2]. In the rat recent work
has shown that several anaesthetic agents profoundly
affect hepatic carbohydrate metabolism i wvitro [3]
and bave a pronounced influence on blood metabolites
and insulin in wivo, the effects varying with dietary
state [4]. However, few reports have been concerned
with a direct comparison of the metabolic effects of
different anaesthetic agents under carefully controlled
experimental and dietary conditions, following an
exogenous glucose load.

We report below the results of such a comparative
study of the effects of ether, halothane, pentobar-
bitone sodinm, and ketamine hydrochloride, on glucose
tolerance and plasma insulin in starved and fed
rats.
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cose intolerance in starved animals, but decreased the
insulin response by 409, in fed animals. Ketamine (30 mg/
kg) caused only a 159, increase in glucose area in starved
rats and was otherwise without effect. Halothane had no
significant effect on glucose stimulated insulin secretion
in the isolated perfused rat pancreas. — Possible mech-
anisms for these effects are discussed.
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Material and Methods

Special Chemicals

Diethyl ether (Anaesthetic Ether B.P.) was obtained
from MacFarlan Smith Ltd., Wheatfield Road, Edin-
burgh; halothane (*Fluothane”, 2-bromo-2-chloro-I1,1,I-
trifluoroethane) from Imperial Chemical Industries Ltd.,
Pharmaeeuticals Division, Alderley Park, Macclesfield,
Cheshire, England; sodium pentobarbitone (Nembutal)
was obtained as a pure powder from Abbott Laboratories
Litd., Queensborough, Kent, England, and ketamine hy-
drochloride (“Ketalar”, 2-{O-chloro-phenyl)-2-(methyl-
amine) cyclohexanone hydrochloride) was supplied as a
powder by Parke-Davis Laboratories, Hounslow, Middle-
sex, England. Hexokinase and glucose-6-phosphatase
were obtained from Boehringer Corp. (London) Litd.,
London W5.

Anaesthetic Vaporizers

The Abingdon Vaporizer (Longworth Scientific Inst.
Ltd., Abingdon, Berks, England) was used for diethyl
ether, and the Fluotee Mk. 1II (Cyprane Ltd., Keighley,
Yorkshire, England) for halothane.

Analytical Methods

Immunoreactive insulin was assayed by a micro-
modification of the double antibody method of Soeldner
and Slone [5] on plasma derived from blood treated with
ethylenediaminetetra-acetic acid (EDTA) as deseribed
previously [6]. Blood glucose was measured by a hexo-
kinase method [7] using a neutralised perchloric acid ex-
tract of whole blood.

Animals

Male albine Wistar rats (Scientific Products Farm,
Ash, Kent) weighing 250— 300 gm were used throughout.
Free access to water was allowed at all times. Fed rats
were allowed access to food, whilst starved rats had food
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withdrawn 48 h before the intravenous glucose tolerance
test.

Femoral vein and artery cannulae were inserted under
light ether anaesthesia 16—20 h before testing, and kept
patent with 0.1 — 0.2 ml saline containing 100 U/ml he-
parin as previously described [8], the rats being placed in
restraining cages until the experiment. Food consumption
dropped slightly during the period of restraint (12 -4 g
compared with 20 4 4 g for unrestrained animals).

Experimental Design

Inhalation anaesthesia was commenced immediately
after an initial arterial blood sample (0.3 ml) had been
taken (—30 min). Two further samples were taken at
15 min intervals and then glucose (0.5 g/kg) injected
intravenously in 15 sec as a 509, (w/v) solution. Further
arterial samples were taken at 1, 2.5, 5, 10, 20 and 30 min
after the end of the glucose injection, anaesthesia being
maintained throughout.

For intravenous anaesthesia, samples were taken 30

min and 5 min before glucose (—30 and — 5 min) with the
anaesthetic injected immediately after the — 5 min sample.
Control animals received an equivalent volume of saline
at this point. A further blood sample was drawn before
the glucose injection (time 0), with subsequent blood
sampling as with the inhalational anaesthesia experiments.

Blood samples were processed as described previously
[8].

Administration of Anaesthesia to Animals

The inhalational agents (diethyl ether and halothane)
were administered by passing a flow of pure oxygen
(2 L/min} through the precision vaporizer and subsequent-
ly into a small exposure chamber into which the animal
was placed, the rate of flow being sufficient to prevent any
accumulation of CO,.

Sodium pentobarbitone and ketamine hydrochloride
were given intravenously (30 mg/kg,) as 30 mg/ml solu-
tions i 0.99, saline. The animals anaesthetised by the
intravenous route, and the control unanaesthetised ani-
mals were also exposed to two litres of oxygen per minute
in the exposure chamber during the experiments. In
addition to providing identical experimental conditions,
this procedure prevented the fall in rectal temperature
following sodium, pentobarbitone which was noted in pre-
liminary experiments.

Isolated Perfused Rat Pancreas

The organ was isolated from fed rats and perfused
according to the method of Sussman e al. [9], using an
Ambec perfusion unit (Beck Industries Inc. Boulder,
Colo., U.S.A.). The perfusate was a mixture of Krebs-
Ringer bicarbonate solution containing 209, heparinised
rat blood and 2.5%, bovine albumin and was gassed with
959, oxygen and 59, carbon dioxide. Perfusion flow rate
and pressure were kept at 2 ml/min and 40— 60 mmHg
respectively. All the venous effluent was collected at
timed intervals and assayed for immunoreactive insulin
and glucose. Halothane (2.59, v/v) was introduced into
the circuit as described in the text.

Calculations

Glucose and insulin inerement values (AG and AT)
were obtained by subtracting the 0 min value from the
values obtained after glucose. Total 30 min glucose
and insulin areas were derived from the areas under
the glucose and insulin curves. Glucose disappearance
rate (kg) was calculated from the absolute blood glu-
cose values between 2.5 and 20 min [10]. Statistical
significance was assessed with the Student “t” test.
Results are presented as the mean - 8. E.M
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Results

1. Blood Glucose, Plasma Insulin and Glucose Tolerance
during Anaesthesia in 48 h Starved Rats

a) Ether. A significant rise in fasting blood glucose
(8.74+0.2 to 5.24+0.6 mM; p<<0.05) and plasma in-
sulin (941 to 2546 wU/ml; p < 0.05) occurred after
30 min of anaesthesia, compared with unanaesthetised
controls (Fig. 1). All blood glucose and glucose incre-
ment (AG) values after the glucose injection were
significantly increased over control unanaesthetised
values, with a decrease in glucose disappearance rate
(1.84-4+0.08%/min v. 2.80+0.28%/min p<<0.05)
(Table 1).
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Fig. 1. The effects of ether and halothane anaesthesia on,
blood glucose and plasma insulin in 48 h starved rats.
Ether (6.89, v/v), shown by @—® (n:5), or halothane
(.59, v/v), shown by A—A (n:5) were administered
after the —30 min sample had been drawn (indicated
by}). Control animals, shown by o0—o (n:6), were ex-
posed only to oxygen. Glucose (0.5 g/kg) was given intra-
venously after the 0 min sample had been drawn with
subsequent timing from the end of the injection. Each
point represents the mean of the values obtained for each
group. All blood glucose values for sample times 0— 30
min for the ether and halothane groups are significantly
different (p << 0.05) from control values. Plasma insulin
values for sample times 0—30 min (sther) and 20 and 30
min (halothane are significantly different (p << 0.05) from
control values

19
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The changes in blood glucose were accompanied by
significant increases in plasma insulin, particularly in
the latter stages of the test with no significant change
in insulin to glucose ratio. This suggests hyperglycae-
mia secondary to decreased peripheral glucose uptake
rather than decreased pancreatic regponsiveness.

b) Halothane. A significant rise in fasting blood
glucose (3.9 to 4.9mM ; p << 0.01) occurred after 30 min of
anaesthesia without a concurrent rise in plasma insulin
{Iig. 1). The response to glucose wasg, however, gsimilar
to that seen with the ether anaesthetised animals.
Blood glucose values, glucose increment values (AG),
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ratios between the two groups, although insulin values
tended to be higher than in controls. Thus pentobarbi-
tone anaesthesia caused glucose intolerance and hyper-
glycaemia despite appropriate insulin levels, due
possibly to a defect in peripheral glucose assimilation.

d) Ketamine hydrochloride. Ketamine had less effect
on glucose and insulin than the three other anaesthetic
agents tested in starved rats (Table 1). There was a
159, increase in total glucose area with ketamine hy-
drochloride {p < 0.05), although glucose disappearance,
plasma insulin and insulin/glucose ratios were within
normal limits,

Table 1. Blood glucose, plasma insulin ond glucose tolerance during anaesthesia in
48 b starved rais

Time Control Ether - Halothane FPentobarbi- Keta-
tone mine
min (6) (5) (5) (5) (4)
a) kg (%/min)
2.804+0.28 1.841-0.082  2.364-0.25 1.674-0.292 3.084-0.31
b) Pretest blood glucose (mM)
3.74-0.2 5.21-0.6 49403 3.840.2 3.84-0.2

¢) AG (mM)

i 8.34-0.4 10.94-1.6P 12.8-1-2.2P 8.84+0.2 10.34+0.9

2.5 7.140.1 10.4+2.67 10.31+1.9v 7.8-£0.5 8.61+0.8

5 5.840.1 8.6-1-2.1b 8.6--1.6P 6.6-0.4 6.91-0.5
10 4.240.1 7.0-4.21 6.51-4.2p 5.240.5 4.840.2
20 2.564+0.2 5.211.6" 4.94-3.5" 4.8--0.42 2.5+0.2
30 2.34+0.3 491220 3.940.70 2.9404 2.8--0.2
d) Pretest plasma insulin (uU mi-1)

1242 2546 17416 1141 1343

e) AT (pU ml1)

1 145423 140416 177-4-48 1644-10 158423

2.5 1114 8 151+20 1364-28 121412 9017

5 59412 81414 77420 55411 454+ 4
10 244+ 4 43411 494-11 34410 201 4
20 12+ 38 244 7 491128 274 62 84 8
30 84 2 234 6@ 424 78 154 5 6+ 2
) Total 30 min, insulin area (LU m1-130 min-?)

882472 13884241 188744252 12524221 767-1-83

g) Total 30 min glucose area (mM 30 min—)
195.94+11.9° 185.748.0°

113.844.5

152.9+4.1% 130.945.52

Fig. in parentheses are the numbers of experiments for each group. Results 4
S.EM. 2=p<0.05, P=p<0.01 compared with control value. Pretest plasma
insulin and blood glucose values refer to the samples drawn immediately before
intravenous glucose was given but after anaesthesia was commenced. See text for
pre-anaesthetic values. Glucose was infused at time 0 as described in the text.

and total 30 min glucose ares were all significantly in-
creased compared with controls (Table 1). However,
glucose disappearance was not affected (2.36 -1- 0.38%)/
min for the halothane group, 2.80-0.289%/min for
controls). Plasma insulin was higher throughout but
this achieved significance only at 20 and 30 min after
glucose.

¢} Sodium pentobarbifone. No change in fasting
blood glucose or plasma insulin occurred five minutes
after induction of anaesthesia. Intravenous glucose
tolerance was significantly decreased (1.67-40.29%/
min compared with 2.80 -1 0.28%, /min; p < 0.05), with
a marked rise in total 30 min glucose area (Table 1).
There was no significant difference in insulinfglucose

2. Blood Glucose, Plasma Insulin and Glucose Tolerance
during Anaesthesia in Fed Rats

Unanaesthetised control fed animals showed im-
proved glucose tolerance, a greater insulin response
and higher basal blood glucose and plasma insulin than
control 48 h starved animals.

a) Halothane. In contrast to the starved situation
there was a highly significant (509,) fall in plasma
ingulin 30 min after induction of anaesthesia. This was
accompanied by a small rige in blood glucose (Fig. 2)
and was followed, after the glucose injection, by a
blunted insulin response. The ingulin values were com-
parable to those found in starved animals. Total 30
min ingulin area was significantly decreased, (1492 pU
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ml~30 min-t compared with 2496 pU m-'30 min? for
controls; p << 0.05) and total 30 min glucose area in-
creaged. Thus ingulin secretion was markedly sup-
pressed in the fed animal, which must have contributed
to the subsequent hyperglycaemia.
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Fig. 2. The effects of pentobarbitone sodium and halo-
thane anaesthesia on blood glucose and plasma insulin in
fed rats. Pentobarbitone (30 mg/ke), shown by BN
(n:5) was injected intravenously after the — 5 min sample
had been taken (indicated by P}). Halothane (2.5%, v/v),
shown by A—A (n:5) was administered after the —30
min sample had been drawn (indicated by H{). Control
animals shown by 0—0 (n:5) received only oxygen.
Glucose (0.5 g/kg) was given intravenously after the 0 min
sample had been drawn, with subsequent timing from
the end of the injection. Each point represents the mean
of the values obtained for each group. The plasma insulin
values for times —15 to 10 min for the halothane group
and 0 and 1 min for the pentobarbitone group are signifi-
cantly different to control values (p < 0.05). The blood
glucose values for sample times 1—30 min for the halo-
thane group are significantly different to control values
(p < 0.05)
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b) Sedium pentobarbitone. A similar highly signifi-
cant {40%,) decrease in basal plasma insulin occurred
5 min after induction of pentobarbitone anaesthesia,
with a small increase in blood glucose (Fig. 2). How-
ever, in contragt to halothane, intravenous injection of
glucose resulted in an exaggerated peak insulin re-
sponse, although there were no significant changes in
blood glucose, total 30 min glucose area and total in-
sulin area. Glucose tolerance was unaffected in the fed
animals in marked contrast to the glucose intolerance
found in the starved state.

3. The Effect of Halothane on Insulin Secretion by the
Lsolated Perfused Rat Pancreas

Table 3 shows the effects of halothane on ingulin
secretion by the isolated perfused rat pancreas. After
an initial 100 mg glucose pulse halothane (2.5%, v/v) wag
added to the 0,/CO, mixture oxygenating the per-
fusion medium of the test pancreases. The two control
pancreases had no halothane added. After a further
20 min control period glucose was added to the medium
giving a final concentration of 20 mM. Halothane ad-
ministration was stopped 20 min later. There were no
significant difference between control and test per-
fusions except after the end of halothane, suggesting an
“off-effect”’. However, the test perfusions had a higher
response to the glucose pulse and on a percentage
basis the late changes although still present were not
significant. In these experiments 3.3 mM glucose was
present throughout the early part of the perfusion. In
two other perfusions where 3.3 mM glucose was omitted
from the initial perfusion medium absolute insulin re-
sponses were much, smaller. However when halothane
was stopped during a subsequent 20 mM glucose in-
fusion there was again an “off-effect”. The significance
of this is unclear. There was no difference in arterial
pressures between halothane and control perfusions.

Discussion

Glucose intolerance during anaesthesia has been
described in studies in man and experimental animals.
In man, ether [11], halothane [12, 13], and pentobarbi-
tone [14] cause intolerance to intravenous glucose.
Interpretation of data from most human studies is
complicated by the additional influences of drugs used
for premedication, induction and maintenance of
anaesthesia. Studies in the rat have shown intolerance
to oral [15], subcutaneous [15] and intravenous [16]
glucose under barbiturate anaesthesia. However, few
studies have correlated changes in glucose metab-
olism with changes in plasma insulin response and
dietary state, under the influence of different anaesthe-
tic agents. The effects of ketamine hydrochloride on
glucose tolerance and. plasma insulin have also not
been previously reported.

Both ether and halothane caused a rise in fasting
blood glucose after thirty minutes of anaesthesia in the

19%
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starved animal. This was accompanied by a rise in
plasma insulin only in the ether group. In fed animals,
there was a similar rise in basal blood glucose with
halothane, but this time there was a highly significant
decrease in plasma insulin. Bito and Baking [17] have
also shown this hyperglycaemic effect in rabbits. Dif-
ferent effects in fed and starved animals were also seen
five minutes after induction of anaesthesia with pen-
tobarbitone sodium. There was no effect in starved
animals but glucose rose and plasma insulin fell in fed
animals. Others have reported hyperglycaemia in fed

sodium anaesthesia, but were abolished in the fed
group.

In contrast, halothane did not cause glucose in-
tolerance in starved animals despite increasing the
total glucose area. However, plasma insulin although
higher did not rise significantly above control values in
the first ten minutes after glucose despite the hyper-
glycaemia. The decreased plasma insulin response is
greatly accentuated in the fed group exposed to halo-
thane where the total insulin area is only 609, of the
control area.

Table 2. Plasma insulin, blood glucose and glucose tolerance during anaesthesia in fed

anemals
Time Control Halothane Pentobarbitone
min (5) (5) (5)
a) kg (%/min)
5.940.6 2.740.4P 4.54-0.4
b) Proetest plasma glucose (mM)
5.54+0.6 6.2-40.7 6.2--0.3
¢) AG (mM)
1 7.34+0.7 9.6-1-0.82 6.9+0.6
2.5 9.3+1.5 8.441.1 6.74-0.3
5 4.940.8 4.940.5 51412
10 2.24+0.6 4.940.5p 3.140.6
20 0.84+0.3 2.44-0.53 1.04+0.5
30 1.440.1 2.84+0.8
d) Pretest plasma insulin (U ml1)
8414 20--4 4147
e) AT (WU ml1)
1 264440 100+ 21a 4671432
2.5 306452 88102 286427
5 173148 69122 163423
10 112423 5146 111413
20 —15.04+ 4143 3749
30 —25.0+ 2944 1547
Al )
f) AG (uU ml*mM-1)
1 37.9+6.3 10.241.90 74.54-12.82
2.5 35.74-7.3 12.14-2.72 41.4+2.6
5 33.54-4.5 15.81+-4.48 34.147.9
10 58.94+-13.3 10.64-1.5b 32.04-2.62
20 20.4+4.4
30 14.8+4.4
g) Total 30 min insulin area (WU ml-'30 min—*)
2496477 14921+ 932 29754152
h) Total 30 min glucose area (mM 30 min-!)
66.31+4.2 131.6412.70 72.544.1

Fig. in parentheses are the numbers of experiments for each group. & = p < 0.5,
b= p < 0.01 compared with control value. Results £ S.E.M. '

[18] but not in 24 h starved rats with similar doses of
pentobarbitone [19]. Ketamine hydrochloride had no
effect on fasting blood glucose or plasma insulin. Benke
[19] also found no effect of ketamine in 24 h starved
normal rats but interestingly noted a marked rise in
glucose in alloxan diabetic rats.

Following the glucose injection ether, in starved
animals, caused hyperglycaemia and a marked decrease
in glucose disappearance rate despite a normal insulin to
glucose area ratio. Similar, but less pronounced, effects
were seen in the starved group under pentobarbitone

Ketamine hydrochloride had less effect than the
other agents in starved animals, causing only a 159,
increase in glucose area. Glucose disappearance rate
and total insulin area were not affected, the total in-
sulin area being appropriate for the slight rise in blood
glucose.

The manifest effects of anaesthesia in the whole
animal are the result of a complex interaction of
enzymatic, hormonal, cardiovascular and neurological
mechanisms. The effects could be due to at least three
mechanisms: changes in endocrine secretion, in the
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hepatic handling of glucose, and in the peripheral up-
take of glucose.

The hyperglycaemic effect of ether has been said to
be secondary to increased catecholamine release [20].
It is unlikely that the rise in fasting blood glucose seen
in the present study with ether and halothane is due
to this mechanism since hepatic glycogen stores are
almost totally depleted after starvation, and Cori [21]
has shown that glycogen stores must be present for
this effect. It is more likely that these changes are due to
factors affecting glucose utilisation. The fall in plasma
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in fed animals observed five minutes after administra-
tion, although it is not clear why this effect was not
seen in starved animals.

Ether, halothane and pentobarbitone sodium all
increase the blood levels of other hormones which
could in turn affect plasma insulin and blood glucose.
Both ether and halothane increase A.C.T.H. and corti-
sol levels in man [26, 27], whilst pentobarbitone
sodium, but not ether, stimulates growth hormone in
the rat [28]. The importance of these hormones in the
effects reported here is speculative.

Table 3. Effect of halothane on insulin secretion by the isolated perfused rai pancreas

Test (4) Control (2)
Time (min) @wU min-1 %Response pU min~t 9, Response
0 Start of perfusion 221.24-56.2 427 150.0 498
5 87.44-11.0 173 44.8 154
10 51.24+ 7.4 100 29.2 100
15 100 mg glucose pulse 369.64-55.6 721 122.4 419
17 230.84-34.8 469 87.6 301
19 76.04-15.8 151 28.8 99
24 59.44 7.4 123 22.8 77
29 Halothane started 47.44 2.4 102 22.6 77
34 34,4+ 3.8 69 14.0 48
39 304+ 34 61 19.4 65
44 2024+ 7.2 56 11.8 41
49 Glucose infusion 20 mM,
started 83.8114.4 164 52.4 180
51 69.84-14.6 140 50.0 172
53 43.2+ 2.8 91 37.8 130
55 434+ 5.4 89 31.4 131
57 46.24 1.8 97 31.4 103
59 50.24 6.8 126 31.4 107
64 51.0+ 2.2 110 43.2 148
69 Halothane stopped 66.24-17.2 137 47.8 154
72 84.04+17.6 174 46.2 159
75 106.04-23.0 222 48.2 155
78 106.44-20.6 252 48.8 188
81 121.64-23.2 286 60.0 199
84 136.0--22.2 322 52.2 190
87 154.64-23.8 369 51.0 170

Number of perfusions given in parentheses. Results 4+ 8.E.M. For 9, reponses
the baseline sample immediately preceding the glucose pulse was taken as 1009.

insulin in fed animals and the decreased insulin re-
sponse after glucose in both groups with halothane
could be due to increased sympathetic activity since
Porte et al. [22] have demonstrated decreased plasma,
insulin levels after epinephrine infusion. On the other
hand Allison et al. [12] have shown that infusion of
phentolamine in man did not prevent the decreased
insulin response to glucose injected during halothane
anaesthesia, and others have disputed whether halo-
thane in fact elicits a sympathetic response [23, 24].
Our results from the perfused pancreas suggest that
halothane does not have a direct inhibitory effect on
insulin secretion from the pancreas. Other mechanisms
of action must be sought.

Pentobarbitone sodium has been shown not to
affect insulin secretion in witro [25] but with this agent,
catecholamine induced inhibition of insulin release
could be implicated to explain the fall in insulin levels

The influence of anaesthesia on hepatic function
could also be involved. Ether [11], halothane [3] and
barbiturates [29] all affect hepatic enzymes involved
in glucose homeostasis, and further, these enzymes
are profoundly influenced by nutritional state [3]. In
addition, hepatic blood flow has been shown to be
decreased during anaesthesia in man [30, 31] which
could affect clearance of glucose. Brunner [32] has
demonstrated decreased uptake of glucose by skeletal
muscle 7 vitro in the presence of ether whilst Merin [33]
has suggested that halothane interferes with myocardial
uptake of glucose. On the other hand, Davidson [16]
demonstrated increased uptake of glucose by skeletal
muscle ¢» vitro in the presence of pentobarbitone.

In conclusion, the effects of halothane could be due
to alterations in tissue blood flow and blood pressure
although appropriate measurements were not per-
formed in our study. The effects of ether and pento-
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barbitone sodium are probably due to effects on the
hepatic and peripheral handling of glucose, together
with changes in regional blood flow. The decrease in
basal plasma insulin seen in fed animals anaesthetised
with pentobarbitone sodium could be due to increased
sympathetic activity, and the wuse of adrenergic
blocking drugs or the direct measurement of plasma
catecholamines may help resolve this.

The main implications of this study are that ex-
perimental data derived from glucose tolerance tests
performed under anaesthesia should be interpreted in
the light of the effects of the anaesthetic, and that such
effects are dependent on nutritional status.

Similar studies in man may help the selection of the
most suitable anaesthetic for patients in whom the
metabolic effects of anaesthesia could be important.
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