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The mode of action of the hypoglycemic sulfo-
nylureas has remained obscure despite the great
interest and extensive clinical trial of these agents
in the treatment of diabetes mellitus. A thorough
understanding of the mechanism of action is es-

sential in view of their potentially extensive use

in diabetes.
Several modes of action have been suggested: a)

inhibition of the pancreatic alpha cells resulting in
a decreased production of glucagon (1); b) in-
creased insulin production due to stimulation of the
pancreatic beta cells (2); c) inhibition of insuli-
nase resulting in decreased inactivation of insulin
(3); and d) inhibition of one or more enzymes of

the liver resulting in decreased hepatic glucose out-
put (4-6).

It is generally agreed by most investigators that
the sulfonylureas do not affect the alpha cells and
so do not inhibit glucagon secretion (6, 7). Addi-
tional evidence negating this theory is the absence
of hypoglycemic action in completely alloxanized
animals (8, 9).

Vaughan (5) has reported that the hypogly-
cemia may be due to inhibition of one or more of

1 This work was carried out under Research Grant No.
A-505 from the National Institute of Arthritis and Meta-
bolic Diseases of the National Institutes of Health, Pub-
lic Health Service, and was supported in part by a grant
from The Upjohn Co., Kalamazoo, Michigan.

the liver enzymes resulting in diminished glucose
output. If this were so, one would expect hypo-
glycemic action in depancreatized and alloxanized
animals. This does not occur.

The beta cell stimulation (2) and insulin po-
tentiation theories (3, 10, 11) are the two most
generally considered mechanisms of action. We
have sought to clarify this problem by determin-
ing whether or not tolbutamide (Orinase0)2 could
enhance the action of insulin in the absence of all
pancreatic tissue. If this occurred, it would mean

the mode of action (or at least one of the mech-
anisms) was to potentiate insulin activity since the
animals had no beta cells and so lacked a source

of endogenous insulin. This work is a report of
the effect of tolbutamide on the insulin tolerance
tests of depancreatized dogs.

METHODS

Mongrel male and female dogs were pancreatectomized
with utmost care to assure complete removal of all pan-

creatic tissue. They were maintained on milk, canned
dog food, and regular dog meal, and were allowed a one-

week recovery period during which 8 units of NPH in-
sulin were given daily. From then on the animals re-

ceived 5 units of regular insulin once per day. This was

given 18 hours prior to the experiment of the following
day.

After the seven-day recovery period, insulin tolerance
2 Trade name for tolbutamide, The Upjohn Co.

TABLE I

The effect of tolbutamide on the insulin tolerance tests of depancreatized dogs using 0.25 unit per Kg. of insulin

Blood glucose
Total (Hours)

Dog insulin Control(Hus
no. units Tolbutamide period 0 j 1 2 3 4

mg./Kg. mg. % per cent change
1 3.7 0 266 0 -21.0 -41.0 -61.0 -52.5 -40.0

3.7 100 248 0 -30.2 -58.0 -69.0 -60.5 -52.2
2 2.8 0 325 0 -23.0 -38.5 -43.0 -38.5 -37.0*

2.8 100 297 0 -35.0 -49.4 -58.2 -57.0 -48.3*

* Three and one-half hours.
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TABLE II

The efect of tolbutamide on the insuln tolerance tests of dejancreatised dogs using 0.20 unit per Kg. of insulin

Blood glucose
Total --

Dog insulin Control (Hours)
no. units Tolbutamide period 0 i 1 2 3* 4t

mg./Kg. nmg. % per c"xt chaneg
2 2.2 0 358 0 -30.2 -43.8 -52.0 -38.8 -18.7

2.2 0 334 0 -14.4 -31.8 -44.5 -28.8 -11.7
2.2 100 326 0 '-30.0 -47.4 -57.5 -65.7 -67.2

4 2.1 0 368 0; -19.1 -9.0
2.1 0 354 0 -14.4 -30.3 -31.5 -26.6 - 6.5
2.1 100 386 0 -25.4 -44.6 -65.0 -54.5 -44.6

7 1.8 0 365 0 -18.9 -23.9 -32.1 -23.9 -20.0
1.8 0 334 0 -11.4 -20.4 -27.7 -20.4 0.0
1.8 100 400 0 -15.5 -32.0 -46.3 -38.8 -35.8

MeaM I SE 2cnrl 27.7 =L 3. 1.Man i Itest, 53.0 4 7.8 (0.02 > p > 0.01).

tests were performed with varying doses of regular in-
sulin (0.01, 0.025, 0.20, 0.25 units per Kg.). Following
an overnight fast, a blood specimen was obtained from a
limb vein, and the calculated quantity of insulin was ad-
ministered intravenously in a single injection requiring
five to ten seconds. Specimens of venous blood were ob-
tained at zero, one-half, one, two, three and sometimes
four hours. Following completion of the test the ani-
mals were given their maintenance dose of 5 units of regu-
lar insulin and were fed.

On the following day the test was repeated on the same
animal using the same dose of insulin. However, one
hour prior to the administration of insulin, the animal
was given the sodium salt of tolbutamide (100 mg. per
Kg.) intravenously dissolved in 4 ml. normal saline.
Blood samples were then obtained at zero, one-half, one,
two, three and sometimes four hours. In several cases
control insulin tolerance tests were repeated on two
successive days before performing the tolbutamide-insulin
test This was done to make certain of the constancy of

M SEfcontrol, 10.9 =1 3.1I.t Mean :i: S test, 48.1 = 9.4 (0.0l > p > 0.001).

the control curves, thus ruling out any artifact which
might arise from performing the control test first. After
once having received tolbutamide, the dog was not used
again for at least five days to make certain all the sul-
fonylurea had been excreted.

In order to make certain of the completeness of the pan-
createctomy in each dog, tolbutamide was injected in-
travenously (100 mg. per Kg.) 18 hours after the last
dose of regular insulin. Blood glucose was determined at
zero, one-half, one, two and three hours in two annials
and at zero and one hour in all the others. All animals
were fasted overnight. As an additional check on the
completeness of the pancreatectomy, one-third of the ani-
mals were sacrificed and examined post mortem. No
pancreatic tissue was found in any animal eamsined.

The animals were not anesthetized and were secured
with a leash to prevent them from moving about during
the experiment

Blood glucose was determined by the Nelson modifica-
tion of the Somogyi method (12).

TABLE III

The effect of tbiutmi on the insulin tolerance tests of depancreatised dogs using 0.025 unit per Kg. of insuin

Blood glucose
Total

Dog Insuin Control (Hours)
no. units Tolbutamide period 0 i 1* 4 3t

mg./Kg. mg. % per en change
2 0.225 0 296 0 -2.0 -4.7 -9.5 -4.7

0.225 100 277 0 -19.2 -31.4 -29.6 -26.0
7 0.170 0 350 0 0.0 + 2.9 + 7.1 +14.2

0.170 100 372 0 -10.5 - 3.8 - 2.7
8 0.360 0 281 0 - 3.2 - 8.2 -5.4 + 1.8

02360 100 276 0 - 6.9 -13.5 -18.8 -13.8
10 0.250 0 280 0 - 1.9 - 3.5 0.0 + 5.3

0.250 100 276 0 -15.6 -13.8 -13.8
13 0.220 0 296 0 - 1.9 - 5.1 - 3.5 - 2.0

0.220 100 357 0 - 6.5 -14.6 -17.1 -14.6

{*- 1- 2 e7 i 4 Q4-2 A
* Mean -~ SE, I controw,-.1

itest, 17.1 i 3.7 (0.02 > p > 0.01).
Mean SEfcontrol, -2.2 2.8.i test, -16.0 :L 4.2 (0.02 > p > 0.01).

t Mean SEJContrl, 1 3.1(0.0.itest, -14.2 4- 3.7 (0.01 > p > 0.001).
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TABLE IV

The effect of tolbutamide on the insulin tolerance tests of depancreaised dogs using 0.01 unit per Kg. of insulin

Blood glucose
Total

Dog insulin Control (Hours)
no. units Tolbutamide period 0 1 1 2 3

mg./Kg. ma. % brawt change
10 0.10 0 214 0 +5.8 +3.7 +5.8 + 9.2

0.10 100 277 0 -6.9 -3.6 -3.6 - 5.4
11 0.09 0 246 0 -2.0 +9.0 0 +11.4

0.09 100 277 0 -6.9 -5.4 0 0

RESULTS

The data are expressed as per cent change from
the control blood glucose value rather then in ab-
solute figures. This permitted comparison from
animal to animal regardless of the difference in the
control values.

The effect of tolbutamide on the insulin tolerance
tests of depancreatized dogs using 0.25 unit per
Kg. of insulin is shown in Table I. During the
four hours of observation no significant effect was
seen.

When the insulin dosage was reduced to 0.20
unit per Kg., (Table II), a potentiating effect by
tolbutamide became evident during the third and
fourth hours. Whensubmitted to statistical analy-
sis the difference was found to be significant.

When 0.025 unit per Kg. of insulin was used
(Table III), augmented insulin action was ap-
parent in one-half hour, well established by the
end of the first hour, and continued during the

TABLE V

The effed of intravenous tolbutamide (100 mg. per. Kg.) on
blood glucose of totally depancreatized dogs in

the absence of exogenous insulin

Blood glucose
(Hours)

no. 0 1 2 3

ma. Pr 100 ma.
2 277 277
2 326 326
4 350 386
7 380 400
8 272 276
8 278 282 314 292
8 264 284

10 258 277
10 260 260
11 258 277
11 280 310
13 282 314 310 310
13 358 367

three hours of observation. Thus, the smaller
the quantity of insulin used, the earlier the po-
tentiating effect of tolbutamide become evident.

Two dogs were given 0.01 unit per Kg. of in-
sulin (Table IV). The dosage was so small that
no hypoglycemic effect occurred in the control
tests. However, when tolbutamide was adminis-
tered, the same amount of insulin caused a maxi-
mal fall of blood glucose in one-half hour and
a mild depression which persisted for three hours
in Dog 10 and for two hours in Dog 11.

The effect of intravenous tolbutamide on the
blood glucose of depancreatized dogs in the ab-
sence of any insulin is shown in Table V. Tol-
butamide alone did not depress the blood glucose
of any animal used in this work.

DISCUSSION

The data show that tolbutamide potentiated the
action of exogenous insulin in the absence of all
pancreatic tissue. Since the depancreatized ani-
mal no longer possessed beta cells and so lacked
a source of endogenous insulin, one must con-
clude that the enhanced hypoglycemic effect of the
insulin was due to potentiation by tolbutamide.

The inability of intravenous tolbutamide to
lower the blood glucose in each animal when insulin
was not administered showed that there was not
enough endogenous insulin present to lower the
blood glucose.

The apparent absence of insulin potentiation by
tolbutamide during the first two hours when rela-
tively large amounts of insulin were used may
have been due to the fact that there was such an
excess of insulin that its hypoglycemic action con-
cealed or overshadowed the augmenting effect of
the sulfonylurea. However, as more time elapsed
and the concentration of the insulin diminished, the
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augmenting effect of tolbutamide became evident.
Consequently, the smaller the insulin dosage, the
earlier the sulfonylurea effect occurred; and, the
larger the insulin dosage, the longer the time re-
quired to demonstrate the potentiation.

Fritz, Morton, Weinstein, and Levine (13)
were unable to demonstrate potentiation of exoge-
nous insulin activity by carbutamide in depancrea-
tized dogs maintained on constant intravenous in-
fusions of insulin. These were almost the same
experiments that we performed but with one sig-
nificant difference. Insulin was administered in a
continuous infusion during a three- to four-hour
period, whereas we gave the insulin in a single in-
jection requiring only a few seconds. By pro-
viding a constant and continuous source of in-
sulin an excess was always maintained so that the
concentration never fell as in our experiments.
Thus the potentiating effect of the carbutamide
was overshadowed and never observed during the
course of the experiment by these investigators.
Another way of expressing the above is that their
animals were always maintained under the condi-
tions of the first two hours of our higher insulin
dosage experiments. This factor may account for
the conflicting results of different investigators re-
garding potentiation of exogenous insulin by the
sulfonylureas.

This work showed that one of the mechanisms
of tolbutamide action was to enhance both the in-
tensity and duration of insulin action. Prolonging
the duration of action appears to be the more im-
portant of the two. The maximal augmentation
of intensity did not appear to be very large.
However, by prolonging the duration of action,
this agent probably achieves most of its clinical
effect.

Although insulinase inhibition is one way of
accounting for insulin potentiation by the sulfonyl-
ureas, it is not necessarily the only explanation.
Augmented insulin action could occur by some
other unexplained mechanism. For example, it
is conceivable that endogenous and extracted in-
sulin could differ in some unknown manner and
because of this difference the sulfonylureas po-
tentiate the former, and have a much smaller effect
on extracted insulin. This explanation would
best fit all the known facts of sulfonylurea hypo-
glycemic action. Very little is known about in-
sulin differences; therefore, the above is merely

speculation. It does, however, serve to show that
insulin potentiation might be explained without
invoking the inhibition of insulinase.

The facts which have been marshalled in favor
of the beta cell stimulation theory also support the
insulin potentiation theory. Failure to lower blood
glucose in the depancreatized animal can be ex-
plained by the absence of insulin as well as by the
absence of beta cells. Since insulin is not avail-
able in the depancreatized or completely alloxa-
nized animal, no potentiation of insulin activity
can be expected. The supposed inability of the
sulfonylureas to reduce the insulin requirement of
totally depancreatized people (14) and juvenile
diabetics (15) is given as evidence against the in-
sulin potentiation concept. However, various in-
vestigators have reported a lowering of the in-
sulin requirement of juvenile diabetics (16) and
depancreatized dogs (17).

These substances probably have more than one
mechanism of action. Most experimental facts to
date favor the combination of insulin potentiation
(endogenous and/or exogenous) and beta cell
stimulation. Thus, tolbutamide probably exerts
a true insulin effect, although indirectly, despite
conflicting reports regarding peripheral insulin-
like action.

SUMMARY

1. Tolbutamide (Orinase®) was found to poten-
tiate the action of exogenous insulin in the ab-
sence of all pancreatic tissue.

2. One mechanism of tolbutamide action was to
augment both the intensity and duration of insulin
activity. Prolonging the duration appears to be
the more important of the two.
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