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The influence of intraperitoneal administration of aminophylline
on the rate of hepatic glucose production and peripheral uptake
(Ra and Rd) was studied in normal and in adrenodemedullated and
reserpinized rats by using the primed constant infusion of
Glucose°2-3H. In normal rats, the dose of 100 mg. per kilogram of
aminophylline produced a marked increase of Ra and Rd. Since Ra
rose more rapidly than Rd did initially, hyperglycemia developed.
Thereafter, glucose production and uptake increased to nearly the
same extent, and a new steady state was reached at plasma glucose
levels almost twice those of the baseline. Smaller and transient
modifications were observed after the administration of 20 mg. per
kilogram of aminophylline. With the higher dose, insulin levels
markedly rose (reaching a tenfold peak above the basal value)
while minor increments were observed with the lower dose. In a
group of normal rats which were given glucose (10 mg. per kilogram per minute) in order to achieve a degree of hyperglycemia
comparable to that brought about by the higher dose of aminophyl-

line, an almost identical enhancement of glucose uptake was recorded. However, insulin levels were much higher in
aminophylline-treated rats as compared to normal rats. From
these findings it was concluded that aminophylline induces resistance to insulin effect. When aminophylline was injected into demedullated rats pretreated with reserpine, at the dose of 100 mg.
per kilogram, a marked enhancement of Ra, and consequently of
glycemia, was recorded initially; later, severe hypoglycemia developed depending on both a progressive exhaustion of hepatic
glucose production and a marked increase of glucose utilization.
Insulin levels dramatically increased in these experiments. These
results suggest that aminophylline directly increases glucose production by the liver and insulin secretion. The simultaneous activation of the sympathetic system blunts the insulin response and
counteracts the restraining effect of insulin on the liver and the
stimulatory effect of insulin on overall glucose uptake as well.
DIABETES 24:249-56, March, 1975.

The possibility that methylxanthines influence
blood glucose levels and insulin secretion has long
been recognized. Depending mainly on the dose employed, either an increment or no relevant modification of glycemia were observed after theophylline
administration. 1 " 8 Furthermore, the hyperglycemic
effect has been ascribed to catecholamine release induced by the methylxanthine because it disappeared
after reserpinization in adrenal demedullated rats. 6 It
is also firmly established that theophylline stimulates
the release of insulin in vivo and in vitro. 5 9 In addition, this drug may enhance the insulin response to
glucose infusion in prediabetic subjects. 10 These effects of theophylline are currently referred to as the

intracellular accumulation of cyclic AMP which arises
from the inhibition of phosphodiesterase activity. 11
More recent studies have also suggested that
aminophylline induces glucose intolerance in normal
and hypophysectomized rats in spite of the marked
enhancement of insulin response to glucose loading;
the occurrence of peripheral resistance to insulin effect
has been proposed as a likely explanation for this
phenomenon. 812
In view of these findings, we considered it of great
interest to evaluate quantitatively the influence of different doses of theophylline on hepatic glucose production and peripheral uptake by tissues. The pattern
of insulin secretion in response to theophylline was
also examined and was related to the changes in glucose turnover. Finally, experiments were performed in
sympathectomized animals in order to establish
whether theophylline affects glucose metabolism
through a sympathetic mediation; on the other hand,
the lack of hyperglycemia which was previously found
to occur in sympathectomized rats does not necessarily
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exclude the possibility of alterations in glucose
dynamics.
MATERIALS AND METHODS

•Although the operation is a sympathectomy in a functional
sense only, the animals will be indicated as sympathectomized
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RESULTS
Figure 1 depicts the metabolic changes induced by
the administration of the high dose of aminophylline
(100 mg. per kilogram) to normal rats. Plasma glucose progressively increased during the first hour and
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The experiments were conducted in normal and
demedullated male rats (weighing about 300 gm.)
which were maintained on commercial pellet diet.
Adrenal demedullated rats were purchased from Hormone Assay Laboratories, Chicago, and were used four
to five weeks after operation. After overnight fasting
(eighteen to twenty hours), the animals were anesthetized with sodium thiopental (45 mg. per kilogram), and the trachea was cannulated. A heating
lamp was used to ensure normal body temperature
throughout the experiment.
The glucose turnover was estimated by the primed
constant infusioti technic according to the method of
Steele, with slight modifications.13 Extensive details
of this experimental approach are reported in a previous paper.14 Briefly, a priming dose of radioglucose
(D-Glucose-2-3H, Amersham, S.A. 500 mCi per
mmole) was administered intravenously at zero time,
followed immediately by a constant infusion which
was continued throughout the experimental period.
The ratio of the priming dose to the constant infusion
was 40:1. Blood samples were collected through a
catheter placed in the jugular vein at seventy to ninety
minutes in order to calculate the baseline values of
glucose turnover. At ninety minutes, aminophylline
(theophylline ethylenediamine) was injected intraperitoneally into normal or sympathectomized
animals; two different doses of the drug were
employed—20 or 100 mg. per kilogram. Totally
sympathectomized rats were prepared by adrenal
medullectomy combined with reserpine, which was
injected intraperitoneally twenty-four hours before the
experiments at the dose of 2.5 mg. per kilogram.*
The effectiveness of this treatment was confirmed by
the lack of a hyperglycemic response to coldness (4°
C).
In order to better evaluate the effects of aminophylline on glucose uptake by tissues, in another group of
experiments glucose kinetics and insulin secretion
were measured in normal rats receiving glucose by
constant intravenous infusion at the rate of 10 mg. per
kilogram per minute. This dose of glucose produced
hyperglycemia of comparable degree to that brought

about by the high dose of aminophylline. In two other
experiments glucose was infused at the rate of 20 or 30
mg. per kilogram per minute together with pork insulin (2 or 4 mU. per minute).
In order to determine the specific activity of plasma
glucose, 50 JXL. of plasma for each sample were deproteinized with Ba(OH)2-ZnSO4. An aliquot of the
supernatant was used for glucose assay by the glucose
oxidase method (Boehringer, Mannheim GmbH).
Another aliquot was evaporated to dryness under vacuum at 70° C. to remove the 3 H2O content of the
plasma. This simple procedure permits complete isolation of Glucose-2- 3 H, since most of the tritium is
irreversibly lost as water from position 2 in the
isomerization of the hexose-6-phosphates. 1516 The
dry residue was dissolved in 1 ml. of water and mixed
with 9 ml. of Insta-Gel (Packard Instrument). Glucose specific activity was then expressed as m /xCi per
milligram. Insulin radioimmunoassay was performed
by the method of Herbert et al. using rat insulin as
standard. 17
In the basal state, since negligible fluctuations in
plasma glucose concentrations and specific activity occurred, the glucose turnover rate (milligrams per
kilogram body weight per minute) was calculated by
the general equation applicable to all steady state systems: Rt = Ra = Rd = r/SA, where Rt = the rate of
glucose turnover, Ra = the rate of hepatic glucose
production, Rd = the rate of overall glucose uptake, r
= the rate of infusion of the tracer (m /u.Ci per kilogram per minute), and SA = the specific activity of
glucose at equilibrium (m jiiCi per milligram). In nonsteady states it is possible to calculate with acceptable
approximation Ra and Rd using Steele's equations
(equations 4a and 5a) 13 which give the averaged values
of the rates of glucose turnover for the interval between two consecutive samplings. The metabolic clearance rate of glucose (MCR) (milliliters per kilogram
per minute) was calculated as the ratio Rd/plasma
glucose (milligrams per milliliter).
All data are presented as mean ± S.E. Statistical
significance of the difference among two means was
estimated by the Student/ test. When the variances of
the groups to be compared were unequal, the Cochran
test was employed. 18

L. SACCA, M . D . , A N D ASSOCIATES
AMINOPHYLLINE (tOOmg/Kg)

A

AMINOPHYLLINE

180

f 160

G

140

c

200
100

100

0

60

60

40

5 20

SI-

3-200

60

GSA

"^ 40
O
20

20
25

120

150

120

25

20

150

Ra

c

20

15

minutes

FIG. 1. Effect of the administration of aminophylline (100 mg. per
kilogram) on plasma concentrations of glucose and insulin and on the rates of hepatic glucose production and
overall uptake by tissues in normal rats. One or two asterisks indicate p < 0 . 0 5 and p < 0 . 0 1 , respectively,
(number of rats = 8)

then stabilized (at a plateau) during the second hour of
the experiments. Hyperglycemia was supported by a
more pronounced enhancement of hepatic glucose
production than glucose uptake in the early phase of
the experiments. Thereafter, the pattern of Ra and Rd
change was similar and, therefore, a new steady state
was reached. Furthermore, a spectacular increase of
insulin secretion with a peak of tenfold the basal value
was observed at sixty minutes after the administration
of aminophylline. No important modification of the
metabolic clearance of glucose occurred (table 1). One
representative experiment of this group is shown in
figure 2.
The effects induced by the low dose of aminophylline (20 mg. per kilogram) were transient and of
minor extent as compared to the high dose (figure 3).
In fact, a moderate but significant hyperglycemia and
a simultaneous increment of glucose production occurred only at fifteen minutes; these modifications
were accompanied by a short-lived enhancement of
glucose uptake. Insulin levels also moderately in-
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FIG. 2. A. Effect of the administration of 100 mg. per kilogram of
aminophylline on plasma glucose (G), glucose specific
activity (GSA), hepatic glucose production .(Ra), and
over-all glucose uptake (Rd) in a normal rat weighing 252
gm. At zero time, a priming dose of Glucose-2- 3 H was
given intravenously followed by a constant infusion of
tracer at the rate of 128 m /xCi per minute. B. Effect of the
administration of 100 mg. per kilogram of aminophylline
to a sympathectomized rat weighing 325 gm. G, GSA, Ra,
Rd as in A. The rate of the tracer infusion was 103 m /iCi
per minute.

creased thirty and sixty minutes after aminophylline
and then slowly declined.
In figure 4 are illustrated the metabolic changes
induced by the infusion of glucose at the rate of 10
mg. per kilogram per minute in a group of normal
rats. The plasma glucose levels and the rate of overall
glucose uptake were essentially identical to those ob-

TABLE 1
Metabolic clearance rate (milliliters per kilogram per minute) of glucose in normal rats loaded with glucose at the rate of
10 mg. per kilogram per minute, in normal rats treated with 100 mg. per kilogram of aminophylline,
and in sympathectomized rats treated with the same dose of aminophylline
minutes
Glucose infusion (12)*
Aminophylline in
normal rats
(8)
Aminophylline after
sympathectomy
(6)

0
10.2±0.3

0-15
9.9±0.4

15-30
10.6±0.3

30-45
11.4±0.3

45-60
10.3±0.4

60-90
11.0±0.5

90-120
10.7±0.4

8.8±0.5

7.7±0.9

10.1±l

11.5±1.3

9.6±1.1

11.8±1.2

10.8±0.8

8.4±0.6

9.4±1.6

16.6±2.3

19.5±2.2

14.8±2.1

•Number of rats in parentheses
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was almost completely suppressed, and the metabolic
clearance of glucose gradually rose to a level that was
more than twice the preinfusion value (figures 5 and
6). Interestingly, in the experiment depicted in figure
6, plasma glucose and insulin stabilized at levels very
near to those observed in rats treated with the higher
dose of aminophylline while glucose uptake was much
higher and was accompanied by a parallel increase of
the metabolic clearance rate.
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FIG. 3. Effect of the administration of aminophylline (20 mg. per
kilogram) on plasma concentrations of glucose and insulin and on the rates of hepatic glucose production and
overall uptake by tissues in normal rats. One or two asterisks indicate p < 0 . 0 5 and p < 0 . 0 1 , respectively,
(number of rats = 10)
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served in normal rats treated with 100 mg. per kilogram of aminophylline, while insulin levels were much
higher in aminophylline-treated rats at all time intervals (p<0.005 - p<0.001). Incidentally, it must be
noted that in these experiments glucose infusion only
moderately reduced the rate of appearance of glucose
and did not give rise to appreciable increase of the
metabolic clearance rate (table 1). This unexpected
behavior, which closely resembles that described recently in newborn dogs, 19 could be explained in terms
of low sensitivity of the glucoregulatory system in the
rat. In fact, when exogenous glucose was infused together with a large amount of insulin, glucose output
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Effect of intravenous infusion of glucose plus insulin (20
mg. per kilogram per minute plus 4 mU. per minute) on
plasma glucose (G), glucose specific activity (GSA), insulin (IRI), rate of glucose productfon (Ra), rate of overall
glucose uptake (Rd), and metabolic clearance rate of glucose (MCR) in a normal rat weighing 320 gm. The rate of
the tracer infusion was 154 m /u-Ci per minute.
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10 mg. per kilogram per minute on plasma concentrations
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FIG. 6. Metabolic changes induced by the infusion of glucose
plus insulin (30 mg. per kilogram per minute plus 2 mU.
per minute) in a normal rat weighing 335 gm. The rate of
the tracer infusion was 160 m /u-Ci per minute. Symbols
used are the same as in figure 5.
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significant increase of about sixfold the basal value was
recorded thirty minutes after aminophylline administration (table 3).
DISCUSSION
Although the hyperglycemic action of theophylline
has long been recognized, no attempt has been made
as yet to quantitate it in kinetic terms. Our studies
demonstrate that the hyperglycemia which follows the
administration of a high dose of aminophylline (100
mg. per kilogram) to normal rats is supported by an
enhanced rate of appearance of glucose which under
these experimental conditions is to be assumed to represent the glucose production by the liver. The overall
uptake of glucose increased more slowly than glucose
production in the initial phase; thereafter, both rates
stabilized at the same high levels and a new steady
state was achieved. Conversely, the low dose of
aminophylline (20 mg. per kilogram) did not produce
gross modifications of the parameters under study,
except for a slight increase in the initial phase. The
lack of hyperglycemic response to low doses of
theophylline ( < 7 5 mg. per kilogram) has been reported also by other investigators. 1 " 3 Therefore, it
may be concluded from our studies that normo-

TABLE 2
Changes in plasma glucose (G), hepatic glucose production (Ra), overall glucose uptake (Rd), and insulin levels (IRI)
induced by the administration of 100 mg. per kilogram of aminophylline in sympathectomized rats
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G
Ra
Rd
IRI
G
Ra
Rd
IRI

minutes after aminophylline administration
0-15
15-30
0
194
109
163
8.6
18.8
19.8
8.6
9.8
14.6
18
700
164
133
98
6.3
15.0
19.1
8.1
20.2
6.3

22

30-45
141
21.2
30.0
82
10.1
18.6

368

G
Ra
Rd
IRI

108
8.6
8.6
30

211
31.4
14.4

161
14.7
30.5
460

53
2.1
12.6

G
Ra
Rd
IRI

95
9.7
9.7
19

142
17.5
9.5

100
15.0
22.1
1,040

42
5.9
15.6

G
Ra
Rd
IRI
G
Ra
Rd
IRI

98
9.7

135
17.5
11.3

82
13.4
22.1
368
43
5.8
17.7
1,200

50
9.5
14.9

9.7
18
100
8.0
8.0
20

113
19.4
17.2

45-60
72
5.9
17.3
156
51
7.7
12.9
48

60-75
27
1.5
5.3
28
5.0
6.9

31
3.5
7.2
160
23
0
2.7
240
65
9.9
7.4
48

36
2.7
5.0

26
0
2.8
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In the sympathectomized rats treated with the high
dose of aminophylline, plasma glucose, after an initial
increment, showed a progressive decline until lethal
hypoglycemia developed. Because of the different survival time, the results of these experiments are reported singly in table 2. The occurrence of severe
hypoglycemia in these animals depends on two factors. First, the progressive and marked decrease in the
rate of glucose production which followed the transient increase immediately after the administration of
aminophylline. Second, the strong enhancement of
glucose uptake by tissues which was not counterbalanced by a parallel increase in hepatic production. The
metabolic clearance rate of glucose significantly increased, achieving a level that was more than twice the
basal value (table 1). Plasma insulin concentrations
dramatically increased in all the experiments and in
some cases exceeded the value of 1 mU. per milliliter.
In the sympathectomized animals given the low
dose of aminophylline, plasma glucose, after an initial
enhancement, declined slowly without reaching critical values, however. The rates of glucose turnover
increased in the first times following aminophylline
administration and then stabilized at levels near the
basal value. With respect to insulin levels, a great
variability of the results was observed. However, a

EFFECTS OF THEOPHYLLINE O N GLUCOSE KINETICS IN RATS

TABLE 3
Changes in plasma glucose, hepatic glucose production, overall glucose uptake, and insulin levels induced by the administration of 20 mg. per
kilogram of aminophylline in sympathectomized rats (number of rats = 6)
minutes
Plasma glucose
(mg./lOO ml.)
Glucose production
(mg./kg/min.)
Glucose uptake
(mg./kg./min.)
Insulin
OiU./ml.)

0

91 ±5

0-15
117 ±8*

30-45
75 ±6

15-30
88 ±4

45-60
75 ±6

60-90
72 ±8

90-120
64 ±12

8.2±0.6

13.8±1.6*

9.0±0.7

8.8±0.8

9.0±0.6

8.7±1.0

7.6± 1.6

8.2±0.6

9.4±0.8

13.8±1.6*

11.2±0.4f

9.0±0.8

9.0±0.8

8.2± 1.5

23 ±4

123 ±38*

41 ±10

52 ±14

80 ±29

glycemia which occurs using low doses of theophylline
does really reflect the incapacity of methylxanthine to
modify the rate of glucose turnover.
As far as insulin secretion is concerned, a significant
increase of plasma insulin levels was observed with
both doses of aminophylline. However, such response
was much more marked with the high dose which
produced a tenfold increment. Surprisingly, this increment of plasma insulin was paralleled by a simultaneous enhancement of plasma glucose which
stabilized at high levels in spite of the sustained
hyperinsulinism. In the light of these results, it was
conceivable to hypothesize that insulin resistance
might be engendered by aminophylline, as previous
investigators suggested on the basis of the impairment
of the glucose tolerance test in rats treated with
aminophylline.812 In the present study we tried to
further elucidate this aspect using a kinetic model and
relating the glucose utilization by tissues to the
plasma concentrations of insulin. In this regard, the
experiments summarized in figure 4 suggest that
aminophylline produces resistance of the tissues to
insulin effect. In fact, an almost identical enhancement of glucose uptake required fivefold higher insulin levels in aminophylline-treated rats in comparison
to glucose-loaded animals. However, it could be
thought that the higher insulin levels in
aminophylline-treated rats failed to further increase
the rate of disappearance of glucose since a maximal
value of Rd had been reached already. In this regard,
it must be noted that, in rats loaded with glucose
along with a large amount of exogenous insulin, Rd
and MCR achieved much higher values than those
observed in normal rats receiving aminophylline. In
particular, the experiment depicted in figure 6 lends
further support to the concept of insulin resistance
being engendered by aminophylline since plasma glu254

cose and insulin levels were very near to those recorded
in rats injected with the high dose of aminophylline,
while glucose uptake and MCR displayed a more consistent increase.
It is well known that, in the rat, theophylline increases plasma FFA2"4 which can affect glucose utilization by tissues. Because of the large volume of
plasma required, FFA were not assayed in our experiments. However, very likely they do not play a causal
role in the development of insulin resistance since it
has been reported that aminophylline administration
causes glucose intolerance also in the absence of an
increase of FFA levels.8
Many studies indicate that methylxanthines enhance adrenal medullary release and urinary excretion
of catecholamines.20"23 For this reason we have performed some experiments in sympathectomized rats in
order to further elucidate the mechanism of
aminophylline interaction with glucose metabolism.
Although catecholamines were not assayed in these
experiments, our findings prompt us to speculate that
aminophylline per se is able to accelerate glucose turnover regardless of adrenergic mediation. They also
suggest that sympathetic basal tone is not a prerequisite for the stimulatory action of aminophylline on
hepatic glucose metabolism. In other words, the inhibition of phosphodiesterase induced by aminophylline can lead to cyclic AMP accumulation in an
amount sufficient to activate the release of glucose by
the liver even in the absence of a basal sympathetic
tone. The extreme reduction of glucose production
which occurs after the initial increment can be attributed to the simultaneous spectacular enhancement of
insulin levels. Insulin, in fact, lowers the liver content
of cyclic AMP and thereby suppresses glucose
production. 24 On the other hand, the finalistic
glucose-mobilizing effect of hypoglycemia cannot take
DIABETES, VOL. 24, NO.
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The very marked insulin response observed in sympathectomized animals can be explained by the
insulin-releasing effect of aminophylline not being
blunted by catecholamines which are well known inhibitors of insulin r e l e a s e . 2 6 2 7 In addition,
catecholamines have been reported to inhibit glucose
uptake by tissues in "in vivo" tracer studies 28 and by
rat diaphragm "in vitro". 29 ' 30 On the other hand, an
inhibiting effect on glucose utilization is also exerted
by cyclic AMP "in vivo" 31 and by cyclic AMP and
theophylline on rat diaphragm "in vitro" in the presence of insulin. 3 2 3 3 In line with these observations,
the more marked increase of Rd and MCR in sympathectomized rats as compared to normal rats receiving the same dose of aminophylline could be theoretically ascribed both to the lack of endogenous
catecholamines and to the more pronounced insulin
response. However, we are led to speculate that insulin exerts a more marked effect on Rd and MCR because of the lack of catecholamines since these
parameters consistently increased in all the experiments even when insulin levels were not higher but
rather of the same magnitude as those observed in
normal rats receiving aminophylline.
The following general conclusion can be drawn
from our results: in intact rats, aminophylline stimulates insulin release and enhances glucose turnover.
The simultaneous activation of the sympathetic system prevents the disruption of the metabolic homeostasis by limiting the insulin response and counteracting the "restraining effect" of insulin on the liver and
MARCH,
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the stimulating effect of insulin on overall glucose
uptake as well. In the sympathectomized rat these
compensatory reactions cannot take place, and lethal
hypoglycemia develops.
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