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(From the Department of Internal Medicine, Division of Endocrinology and Metabolismn and
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In previous studies we have reported that a)
marked sensitivity to leucine hypoglycemia can be
induced consistently in healthy subjects after the
oral administration of sulfonylureas, compounds
that are known to stimulate islet cell activity (1),
b) a modest but significant hypoglycemic effect
can be produced by administering leucine to
healthy subjects without sulfonylurea pretreat-
ment (1, 2), c) release of additional insulin is the
primary mechanism by which leucine causes hypo-
glycemia in healthy subjects either with or without
sensitization by sulfonylureas (1, 3), and d) leu-
cine itself, rather than one of its metabolites, in-
duces insulin release and hypoglycemia (4). The
last conclusion was reached from a comparison
of the effects of leucine, alpha-ketoisocaproate,
and isovalerate administered in equimolar amounts
to the same chlorpropamide-pretreated healthy
subjects. Alpha-ketoisocaproate, the first metabo-
lite of leucine, had a lesser effect on increasing
plasma levels of insulin and on decreasing blood
levels of glucose than did leucine. Isovalerate, the
second metabolite in the degradation of leucine,
had no hypoglycemic effect (4). Thus neither
isovalerate, nor subsequent metabolites derived
from its catabolism, were deemed to be likely
causes for the hypoglycemia observed after ad-
ministration of leucine.

Mebane and Madison (5) and Madison, Me-
bane, Unger, and Lochner (6) have reported that
administration of ketone bodies to dogs is capable
of inducing hypoglycemia and release of pancre-
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atic insulin. Since acetoacetate is one of the final
metabolites produced in the catabolism of leucine
(7), the findings of Madison and co-workers
could be pertinent to the mechanism of the hypo-
glycemic action of leucine despite our results with
infusion of isovalerate.

The studies described below were undertaken
to compare the effects of equimolar amounts of
intravenously administered leucine, acetoacetate,
and isovalerate on blood levels of glucose, aceto-
acetate, leucine, and insulin in healthy subjects
with and without pretreatment with sulfonylurea
compounds. The results of the studies suggest
that 1) although acetoacetate lowers blood glucose,
leucine itself rather than acetoacetate derived from
its catabolism causes insulin release and resulting
hypoglycemia after its administration and 2) if
acetoacetate induces insulin release in man (not
demonstrated in these studies), it does so by a
mechanism different from that activated by leucine.

Methods

Ten healthy young men served as subj ects for this
study. All subj ects received three infusions bef ore ad-
ministration of chlorpropamide,l and nine subj ects re-
ceived two additional infusions after administration of this
sulfonylurea compound. All infusions were given dur-
ing a period of 30 minutes after an overnight fast. The
following infusions were given before administration of
chlorpropamide: 1) l-leucine, 0.2 g (1.52 mM) per kg
body weight in 0.45% saline, 2) equimolar amounts of
sodium acetoacetate [prepared as described by Krebs and
Eggleston (8)] in 0.45% saline, and 3) isotonic saline in
equal volumes for control tests. In most subjects, the
infusions were given weekly and in random sequence.

The infusions of leucine and acetoacetate were re-
peated in nine subjects after oral administration of chlor-
propamide, 1 g the first day and a g daily thereafter. In
the majority of the experiments the period of pretreat-
ment was 3 days. The tests were performed at weekly
intervals in random sequence. For three leucine and two

1 1-Propyl-3- (p-chloro-benzenesulfonyl) urea.
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acetoacetate tests the period of pretreatment was from
4 to 6 days.

In addition, two of the subj ects received intravenous
infusions of isovalerate (1.52 mmoles per kg) in 0.45%
saline after pretreatment with chlorpropamide for 3
days. The same two subjects received intravenous infu-
sions of a mixture of leucine and acetoacetate (1.52
mmoles per kg, each) in 0.45% saline without pretreat-
ment with chlorpropamide. The subjects remained asymp-
tomatic during all tests except during infusions of iso-
valerate, which produced nausea.

Blood for determination of levels of glucose and
plasma acetoacetate, and in some experiments for plasma
leucine and insulin, was obtained 30 minutes, 15 minutes,
1 minute, and immediately before the beginning of the
infusions, every 10 minutes during the first hour there-
after, and every 15 to 30 minutes for the next 2 hours.

Blood glucose levels were determined with the Tech-
nicon Auto-Analyzer with frequent verification by the
Somogyi-Nelson technique (9). Plasma levels of aceto-
acetate were estimated by the method of Pawan (10)
and those of leucine by a modification of the technique
of Berry (11). Plasma levels of insulin were determined
by the immunoassay of Yalow and Berson (12), as previ-
ously described in detail from this laboratory (3). At
the time that the determinations were performed for the
present study, the assay system showed a sensitivity of
1 FuU per ml plasma in the range of 0 to 20 /LU per ml.
A single specimen run in quintuplicate gave a mean of
18.8, with a range of 17 to 20 /LU per ml.

Calculations for significance were performed by 2-fac-
tor analysis of variance and Duncan's multiple range
test.

Results

Tests without pretreatment with chlorpropa-
mide. Intravenous administration of leucine pro-
duced a significant lowering of mean blood glucose
levels (Figure 1), as previously reported from
this laboratory in a larger series of healthy sub-
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jects (1, 2). Maximal decreases in blood glucose
levels in the present study ranged from 5 to 23
mgper 100 ml, with a mean of 10.6 per 100 ml.

Intravenous administration of acetoacetate like-
wise produced a significant lowering of blood glu-
cose similar to that produced by leucine (Figure
1). Maximal decreases in blood glucose levels
ranged from 5 to 13 mg per 100 ml, with a mean
of 8.6 mg per 100 ml. There was no significant
difference between the blood glucose changes
induced by the infusions of leucine and acetoace-
tate, but these changes differed significantly from
those observed during the control infusions of sa-
line (Figure 1).

Infusion of the mixture of leucine and acetoace-
tate to two subjects produced decreases of blood
glucose (4 and 11 mg per 100 ml, respectively)
that were of similar magnitude to those produced
by intravenous administration of either leucine (10
and 7 mg per 100 ml) or acetoacetate (7 and 10
mg per 100 ml) alone.

Tests after pretreatment with chlorpropamide.
After administration of chlorpropamide, infusion
of acetoacetate produced a similar mild hypogly-
cemic effect as observed before pretreatment with
this sulfonylurea compound (Figure 2). The
mean of the maximal decreases was 7.3 mg per
100 ml, with a range of 3 to 11 mg per 100 ml.
This mean of the maximal decreases did not dif-
fer significantly from that obtained with infusion
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TABLE I

Levels of blood glucose and of plasma acetoacetate and leucine after intravenous administration of
isovalerate to two healthy chlorpropamide-pretreated subjects

Blood or Time in minutes
plasma

Subject level -30 -15 -1 0 10 20 30 40 50 60 75 90 105 120 150 iso

mg/100 ml
G.M. Glucose 76 81 82 82 80 89 92 92 9! 89 87 86 86 89 89 92

Acetoacetate 2.5 4.6 6.6 8.7 9.3 9.1 9.5 8.2 6.8 4.6 3.7 3.0 5.2
Leucine 4.1 3. 7 3.7 3.7 3.5 3.3 3.7 3.5 3.8 3.7 4.1 4.0 4.0 3.8 4.1 4.0

B.F. Glucose 78 82 83 84 81 81 82 82 82 83 82 83 83 85 85 92
Acetoacetate 1.2 2.9 4.3 5.7 7.8 7.1 6.3 5.6 3.6 3.5 4.5 2.2 2.1
Leucine 3.4 3.4 3.2 3.4 3.7 3.4 3.2 3.4 2.6 2.9 3.4 3.0 2.6 2.7 2.9 2.6

of acetoacetate before chlorpropamide administra-
tion. On the other hand, after administration of
chlorpropamide there was a great intensification
of the hypoglycemic effect observed with infusion
of leucine (Figure 2), as previously reported (1).
The mean of the maximal decreases was 43.3 mg
per 100 ml, with a range of 37 to 51 mg per 100
ml.

During or after the infusions of isovalerate,
there were no decreases in blood levels of glucose
(Table I). In one of the subjects there were
slight increases in glucose levels.

Plasma levels of acetoacetate after administra-
tion of acetoacetate, leucine, and isovalerate.
Plasma levels of acetoacetate rose promptly after
the beginning of the infusions of acetoacetate
(Figure 3). Since the mean plasma levels of
acetoacetate at each sampling period after infu-
sion of this metabolite were almost identical
whether the subjects were pretreated with chlor-
propamide or not, the results of the two series are
combined in Figure 3. The mean of the maximal
levels reached was 25.0 mg per 100 ml, with a
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range of 16.3 to 31.9 mg per 100 ml. Maximal
levels were reached 30 minutes after the beginning
of the infusion in 16 of 19 experiments.

On the other hand, during and after the infu-
sions of leucine, plasma levels of acetoacetate rose
very gradually, and the maximal levels reached
were much lower than those after administration
of acetoacetate (Figure 3). Again there was no
difference whether the subjects were pretreated
with chlorpropamide or not. The mean of the
maximal levels reached was 6.2 mg per 100 ml,
with a range of 4.4 to 8.3 mg per 100 ml. Maxi-
mal increases occurred 40 to 150 (mean 84) min-
utes after the beginning of the infusion. The ini-
tial increases in plasma levels of acetoacetate had
not occurred 10 minutes after the beginning of the
leucine infusions in 9 of 13 experiments. In con-
trast, after prior administration of chlorpropa-
mide, decreases in blood glucose had occurred by
10 minutes, and maximal or near-maximal de-
creases occurred within 40 minutes after the be-
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TABLE II

Plasma levels of leucine after intravenous administration of acetoacetate to healthy subjects

Time in minutes

Subject -1 0 10 20 30 40 50 60 75 90 105 120

mg/100 ml

T.T. 5.1 4.7 4.6 4.3 3.9 4.6 3.9 4.3 4.4 3.6
W.B. 4.9 3.9 3.4 3.4 3.2 3.1 3.1 3.3 3.2 3.1 3.1 2.7
B.E. 3.8 3.6 3.0 2.6 2.6 2.7 3.1 2.6 2.7 2.6 2.6 2.9
G.M. 3.5 3.0 2.9 2.8 2.7 3.1 3.1 3.0 2.9 3.0 3.1 3.1
B.E. 3.4 3.4 2.7 2.5 2.7 2.8 3.1 2.9 3.2 3.4 3.3 3.3
G.M. 3.7 3.4 3.0 3.0 3.4 3.7 3.8 3.4 3.3 3.4 3.7 3.5

Mean 4.1 3.7 3.3 3.1 3.1 3.1 3.5 3.0 3.2 3.3 3.4 3.2

ginning of the leucine infusions in all of the ex-

periments of this series (Figure 2).
During and after the infusions of isovalerate,

increments in blood levels of acetoacetate were

greater than after infusion of leucine to the same

two subjects (Figure 4). Maximal increases in
blood levels of acetoacetate were 6.6 and 7.0 mg

per 100 ml after administration of isovalerate
(Table I) and 3.7 and 4.2 mg per 100 ml after
administration of leucine, respectively.

Plasma levels of leucine after administration of
isovalerate and acetoacetate. As seen in Tables I
and II, intravenous administration of isovalerate
or acetoacetate did not cause an increase in plasma
levels of leucine. The slight decreases in plasma
levels of leucine after administration of acetoace-
tate were not statistically significant. We have
previously reported on large increases in plasma
levels of leucine after intravenous administration
of leucine (1).

Plasma levels of insulin. Plasma levels of in-
sulin were determined during and after intrave-
nous administration of acetoacetate to five sub-

jects without prior administration of chlorpropa-
mide and in two subjects after pretreatment with
chlorpropamide. There were no significant
changes in plasma levels of insulin in any of these
experiments (Table III). Previously we have
reported on significant increases in plasma levels
of insulin after intravenous administration of leu-
cine (mean increases of 20 ,uU per ml before and
87 ,uU per ml after pretreatment with chlorpropa-
mide) and a lack of significant changes after in-

fusion of saline (3).

Discussion
Infusion of acetoacetate in healthy subjects

produced a modest but significant lowering of
blood glucose levels. This is in keeping with the
results obtained by Nath and Brahmachari (13),
Tidwell and Axelrod (14), and Mebane and Madi-
son (5), who demonstrated that administration
of ketone bodies may induce a lowering of blood
glucose or hypoglycemia in animals. Madison and
associates (6) also reported that infusion of ke-
tone bodies to dogs results in increases in the

TABLE III

Levels of plasma insulin after intravenous administration of acetoacetate to healthy subjects

Time in minutes

Pretreatment Subject -15 -1 0 10 20 30 40 50 60 75

None B. E. 9 7 9 7 6 8 2 3 6 7
J.C. 8 6 5 10 3 4 4 7
J.B. 18 14 7 14 13 10 7 9 7
J.M. 11 14 14 12 1 1 8 16 7 10
W.B. 8 11 7 15 12 11 7 4 8 8

Chlorpropamide B.E. 9 9 9 9 7 9 1 4 8 7
J.B. 12 10 13 9 10 11 11 9 8 7
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concentration of insulin in their pancreatic venous
blood. In our healthy subjects peripheral plasma
levels of insulin did not increase during acetoace-
tate-induced hypoglycemia. Nevertheless, it is
possible that the mild hypoglycemia induced by
the amounts of acetoacetate infused (1.52 mmoles
per kg per j hour) in our healthy subjects could
have been due to increased release of insulin.
Small amounts of endogenously released insulin
may be removed by the liver and may exert a
hepatic effect without being detectable in periph-
eral blood (15, 16). The amounts of acetoacetate
infused by Madison and co-workers were much
larger [7.5 mmoles per kg per hour (6) ] and pro-
duced more severe hypoglycemia. Furthermore,
increments in plasma levels of insulin were meas-
ured by Madison and associates in pancreatic ve-
nous and not in peripheral venous blood.

Administration of leucine to healthy subjects
(without prior administration of chlorpropamide)
produced a lowering of blood glucose of similar
magnitude to that induced by administration of
isomolar amounts of acetoacetate. A significant
increase in plasma levels of insulin in peripheral
venous blood was previously demonstrated during
leucine-induced hypoglycemia (3).

After prior administration of chlorpropamide
to healthy subjects, the hypoglycemia induced by
leucine was of considerably greater magnitude
(fourfold) than that induced without sulfonyl-
urea pretreatment (Figures 1 and 2). Maximal
increases of plasma levels of insulin during or
after administration of leucine were also four
times greater after administration of chlorpropa-
mide (3).

On the other hand, after administration of
chlorpropamide to the same subjects there was no
intensification of the hypoglycemic effect induced
by acetoacetate, and no increases in plasma levels
of insulin. Thus, if acetoacetate-induced hypo-
glycemia is due to increased release of insulin,
these findings suggest that acetoacetate induces
release of insulin by a mechanism different from
that activated by leucine. They also indicate that
acetoacetate derived from the infusion of leucine
could not be the stimulus for the great increase in
insulin release and hypoglycemia when leucine is
administered to chlorpropamide-pretreated sub-
jects.

After administration of leucine, the initial in-

creases of plasma acetoacetate from control levels
occurred later than 10 minutes after the beginning
of the infusions in 9 of 13 experiments and were
of small magnitude. On the other hand, initial
decreases in blood glucose occurred within 10 min-
utes in all experiments after administration of
chlorpropamide. Thus after administration of
leucine, decreases in blood levels of glucose oc-
curred before the small increases in blood levels
of acetoacetate.

After administration of isovalerate, increases in
blood levels of acetoacetate occurred more rapidly
and were greater than after administration of iso-
molar amounts of leucine. They were not associ-
ated with any decreases in blood levels of glucose.
These temporal as well as quantitative relation-
ships indicate again that acetoacetate derived from
the metabolism of leucine is not an important stim-
ulus to insulin release and hypoglycemia after
administration of leucine.

On the other hand, plasma levels of leucine rose
promptly after intravenous administration of
this amino acid (1). These increases preceded
or were associated with increases in plasma levels
of insulin and with the onset of the hypoglycemia
(1, 3, 4). All these findings in combination, to-
gether with previous evidence obtained with infu-
sions of alpha-ketoisocaproate and isovalerate
(4). would indicate that leucine itself, rather
than one of its metabolites, induces insulin release
and hypoglycemia after its administration.

During administration of acetoacetate plasma
levels of this metabolite increased promptly to
much higher levels than after infusion of leucine.
These large increases preceded or were associated
with the small decreases in blood glucose levels
observed either with or without administration of
chlorpropamide. Plasma levels of leucine did not
increase after administration of acetoacetate. Thus
it seems quite likely that the high plasma levels of
acetoacetate obtained after its infusion are di-
rectly related to the small decreases in blood glu-
cose observed. The mechanism by which aceto-
acetate induces hypoglycemia is not apparent from
these experiments.

Summary

Equimolar amounts of leucine and acetoacetate
were administered intravenously to 10 healthy
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subjects before and after administration of chlor-
propamide. Leucine and acetoacetate induced sim-
ilar mild hypoglycemia before administration of
chlorpropamide. After administration of chlorpro-
pamide to the same subjects, acetoacetate produced
the same degree of hypoglycemia while leucine
now produced intense hypoglycemia. Periph-
eral plasma levels of insulin did not rise after ad-
ministration of acetoacetate. Increases in plasma
levels of acetoacetate after infusions of leucine
were of small magnitude and occurred only after a
decrease in blood levels of glucose had occurred.
In additional experiments two subjects received
infusions of isovalerate after pretreatment with
chlorpropamide. In these studies (isovalerate),
during which there were no decreases in blood
glucose, increases in plasma levels of acetoacetate
occurred more rapidly and were greater than after
administration of leucine. Plasma levels of aceto-
acetate rose sharply after administration of aceto-
acetate.

These findings suggest that 1) although aceto-
acetate lowers blood glucose, leucine itself rather
than acetoacetate derived from its catabolism
causes insulin release and hypoglycemia after its
administration and 2) if acetoacetate induces in-
sulin release in man, it does so by a mechanism
different from that activated by leucine.
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