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In previous studies we have demonstrated that
in healthy subjects the ingestion of protein meals
results in large increases in plasma levels of in-
sulin and have concluded that this is an important
physiologic phenomenon (1, 3). In those experi-
ments the magnitude of the increases in plasma in-
sulin exceeded that expected from the small in-
creases in plasma leucine measured (3). In ad-
dition, chlorpropamide pretreatment failed to ac-
centuate the protein-induced changes in blood glu-
cose and plasma free fatty acids (3), although it
greatly augments such leucine-induced changes
(4, 5). These findings suggested that amino acids
other than leucine or amino acids in combination
with leucine stimulate the release of insulin (1, 3,
6).
The studies described below were performed to

assess in healthy subjects the effects upon plasma
levels of insulin of the administration of single
amino acids and combinations of amino acids with
and without leucine. Essential 1 I-amino acids
were administered intravenously individually or
as mixtures. Plasma levels of insulin, amino ni-
trogen, free fatty acids, and blood levels of glu-
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cose were measured. The results of these studies
show (1, 2) that 1) the intravenous administra-
tion of mixtures of essential amino acids induces
the release of insulin, 2) the phenomenon of amino
acid-induced release of insulin does not depend
upon the presence of leucine in the infusion mix-
ture, and 3) the intravenous administration of in-
dividual essential amino acids also induces the re-
lease of insulin. However, there are large dif-
ferences among essential amino acids in their ca-
pacity to stimulate the secretion of insulin.

Methods

Thirty-five healthy males and 3 healthy females be-
tween the ages of 19 and 27 years served as subjects for
this study. The objectives of the study, the nature of
the test materials, and their expected effect upon the
test subject were explained to each participant. Fully
informed consent for the performance of the tests was
thus given by all subjects. Each subject continued his
usual diet but took no food for at least 8 hours before
testing. A subject was tested with as many of the test
materials as possible, and, when feasible, repetitive testing
with the same amino acid solutions was performed. In-
dividual amino acids and mixtures of 2 to 10 amino acids
were administered intravenously in amounts of from
2.5 to 30 g. The composition of the mixture of 10 es-
sential amino acids and of mixtures of 6 to 8 amino acids
(solutions A through G), administered in 30-g amounts,
is given in Table I. Other mixtures were made up of
2, 3, 4, 5, or 8 amino acids in the same amounts in which
they had been present in the 30 g of the mixture of 10
amino acids.
During or after the infusion of some individual amino

acids a few subjects experienced untoward reactions, the
details of which are given in the Results. When reac-
tions occurred, further testing at or beyond that dose
level was not performed and is not recommended.

Essential I-amino acids 2 were obtained in crystalline
form as the pure amino acids except for lysine, which
was the hydrochloride. In some instances histidine and
arginine also were obtained as the hydrochloride. Aque-
ous amino acid solutions were prepared in concentrations

2Amino acids were purchased from Nutritional Bio-
chemicals Corp., Cleveland, Ohio, and the General Bio-
chemical Co., Chagrin Falls, Ohio.
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TABLE I

Compositions of solutions containing 30 g of amino acids

Amino acid 10 AA A B C D E F G

mmoles/
30 g

Arginine 172 g 2.91 3.89 3.86 4.06 4.31 5.20 5.14
mmoles 16.7 22.4 22.2 23.3 24.8 29.9 29.5

Lysine 205 g 4.53 6.05 6.32 6.71 8.09
mmoles 31.0 41.4 43.3 46.0 55.4

Phenylalanine 183 g 3.90 5.21 5.17 5.78 5.17
mmoles 23.6 31.6 31.3 35.0 31.3

Leucine 229 g 4.71 6.25 6.57 8.32 6.25
mmoles 36.0 47.7 50.2 63.5 47.7

Methionine 201 g 2.85 3.81 3.97 4.22 5.09 5.04 3.86
mmoles 19.1 25.6 26.6 28.3 34.2 33.8 25.9

Valine 256 g 3.60 4.81 4.77 5.33 4.77
mmoles 30.8 41.1 40.8 45.6 40.8

Histidine 194 g 1.47 1.95 1.95 2.05 2.18 2.62 2.60 1.95
mmoles 9.5 12.6 12.6 13.2 14.1 16.9 16.8 12.6

Isoleucine 229 g 2.82 3.74 3.93 5.04 4.98 3.75
mmoles 21.5 28.5 30.0 38.5 38.0 28.5

Threonine 252 g 2.22 2.96 2.94 3.10 3.96 3.92 2.94
mmoles 18.7 24.9 24.7 26.1 33.3 33.0 24.7

Tryptophan 147 g 0.99 1.32 1.31 1.47 1.31
mmoles 4.9 6.5 6.4 7.2 6.4

Total amount of g 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0
amino acids per mmoles 211.8 206.1 214.2 212.7 201.0 208.2 214.6 217.9
mixture

of 1 to 10 g per 100 ml, depending upon the solubilities
of the amino acids in water. Sodium chloride was added
to all solutions of less than 5 g of amino acid per 100 ml
to bring the osmolality to about 300 mOsm per kg wa-

ter. Sodium carbonate or hydrochloric acid was added
as appropriate to bring the final pH of the solutions to
7.4. The volume of a solution to be administered de-
pended upon the concentration and the amount of amino
acid to be infused. Thirty g of individual amino acids
was dissolved in from 300 ml (arginine, lysine) to 1,500
ml (leucine, phenylalanine). Solutions were passed
through a Millipore filter, placed in dispensing bottles,
and autoclaved. Solutions containing tryptophan were

not autoclaved, since this procedure discolors such solu-
tions. After bottling, representative bottles were tested
for the presence of bacterial or pyrogenic contamination.

After a 30-minute period of control measurements,
solutions were administered intravenously over the suc-

ceeding 30 minutes. Venous blood was sampled during
the control period (- 30, - 15, - 1, 0 minutes as shown
in Tables), every 10 minutes during the first hour after
the beginning of the infusion, every 15 minutes during
the second hour, and every 30 minutes during the third
hour. On some occasions, either 1 hour before, at 2 to 2A

hours after the beginning of an infusion of amino acids,
or at both times, glucose (2.5 to 10 g) as a 50% solu-
tion or glucagon (6.25 to 50 ,ug) was administered by
rapid iv injection, and blood samples were obtained at
intervals of from 5 to 10 minutes for an additional 30
minutes. Four subjects received an iv infusion of 30 g
of glucose administered as a 10% solution over 30
minutes.

Concentrations of blood glucose were determined with
the Technicon autoanalyzer with frequent verification by
the Somogyi-Nelson technique (8). Levels of plasma in-
sulin were determined by the immunoassay method of
Yalow and Berson (9). The details of the assay as
performed in this laboratory have been given in earlier
publications (5, 10). Increases in plasma insulin were
expressed as maximal increases above control levels (av-
erage of the - 1- and 0-minute values) and also as the
sum of increments in plasma insulin over control levels
during the first hour of the test. Plasma levels of amino
nitrogen were determined by the method of Frame, Rus-
sell, and Wilhelmi (11). Results of measurements made
during and after the administration of lysine are cor-
rected to account for the fact that both amino groups of
lysine appear to react quantitatively with the naptho-
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quinone color reagent (11). Plasma free fatty acid was
measured by the method of Dole (12).

Results

1 ) Ten essential amino acids
Thirty g of a mixture of 10 essential amino

acids (10 AA) was administered intravenously 51
times to 35 subjects.
Plasma insulin. Plasma insulin was measured

in 48 tests and rose in each (Table II). Maximal
increases ranged from 37 to 301 (mean 120) MAU
per ml and occurred at 10 to 30 (mean 26) min-
utes. Mean plasma insulin rose from a control
level of 9 MuU per ml and reached a peak of 120
,uU per ml at 30 minutes. It declined almost to
basal levels (17 uU per ml) at 60 minutes and to
13 MU at 120 minutes (Table II and Figure 1).
Plasma amino nitrogen. Plasma amino nitrogen

was measured in 13 tests and rose in each (Table
II). Maximal increases ranged from 6.1 to 10.5
(mean 8.6) mg per 100 ml and occurred at 20 to
30 (mean 28) minutes. Mean plasma amino ni-
trogen rose from a control level of 4.6 mg per 100
ml, reached a peak of 13.1 mg per 100 ml at 30
minutes, declined rapidly to 8.2 mg per 100 ml at
60 minutes, and to 5.6 and 5.2 mg per 100 ml at
120 and 180 minutes, respectively (Table II,
Figure 1).
Blood glucose. Blood glucose was measured in

all 51 tests (Table II). It increased 5 mg per
100 ml or more from control levels in 48 tests
and decreased 5 mg per 100 ml or more from
control levels in 39 tests. Maximal increases
ranged from 0 to 36 (mean 14) mg per 100 ml
and occurred at 10 to 30 (mean 16) minutes (Ta-
ble II). Maximal decreases from control levels
ranged from 0 to 41 (mean 15) mg per 100 ml
and occurred at 40 to 180 (mean 54) minutes.
Mean blood glucose rose from a control level of
85 mg per 100 ml to a peak of 97 mg per 100 ml
at 10 and 20 minutes. It fell to 72 mg per 100 ml
at 50 minutes and returned to control levels at 90
minutes (Table II, Figure 1).
Plasma free fatty acid. Plasma FFA was meas-

ured in 16 tests and decreased more than 100 IAEq
per L in 13 (Table II). Maximal decreases
ranged from 33 to 641 (mean 262) ptEq per L and
occurred at 10 to 150 (mean 68) minutes. Mean
concentration fell from a control value of 577 to
391 uFq per L at 90 minutes (Table II, Figure 1).
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FIG. 1. EFFECT OF IV ADMINISTRATION OF 30 G OF A

MIXTURE OF 10 ESSENTIAL AMINO ACIDS UPON MEAN

PLASMA INSULIN, AMINO NITROGEN, FREE FATTY ACIDS,
AND BLOOD GLUCOSE IN 35 HEALTHY SUBJECTS TESTED 51
TIMES.

2) Leucine 4.71 g and isoleucine 2.82 g

The amount of leucine plus isoleucine contained
in the 30-g mixture of 10 AA was administered
intravenously to 6 subjects; the results are shown
in Table III. Plasma insulin was measured dur-
ing 4 of these tests. Maximal increases ranged
from 4 to 15 (mean 9) uU per' ml and occurred
at 10 to 30 (mean 20) minutes. The increases,
when expressed as the sum of increments during
the first hour, were one-tenth of those obtained
with the 10 AA mixture administered to the same
subjects. Maximal increases in blood glucose for
the 6 tests ranged from 1 to 8 (mean 3) mg per
100 ml and occurred at from 10 to 180 (mean 70)
minutes. Maximal decreases in blood glucose
ranged from 7 to 15 (mean 10) mg per 100 ml
and occurred at 40 to 75 (mean 52) minutes.

3) Eight essential amino acids

Leucine and isoleucine were excluded from the
30-g mixture of 10 essential amino acids. This
reduced the number of amino acids in the infu-
sion mixture to 8 and the amount of amino
acids infused to 22.5 g. As a control for this
reduction lysine and methionine were excluded
from the 30-g mixture of 10 amino acids. This
reduced the amount of amino acid administered
in this infusion to 22.6 g. These two mixtures
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TABLE II

Levels ofplasma insulin and amino nitrogen, blood glucose, and plasma free fatty

Time in minutes
No.
tests -30 -15 -1 0 10 20 30 40 50

.uU/ml
Plasma 48 Mean 12 9 9 8 59 102 120 46 23

insulin Range (2-19) (3-21) (1-17) (3-17) (22-231) (30-310) (33-300) (18-129) (9-66)
No. samples 15 46 45 48 47 47 48 48 48

mg/100 ml
Plasma amino t3 Mean 4.6 4.5 4.5 4.7 10.8 12.5 13.1 10.5 9.3

nitrogen Range (3.6-5.5) (3.7-5.2) (3.3-5.6) (4.0-5.6) (8.7-13.4) (10.2-14.3) (11.5-15.1) (8.5-12.0) (8.5-10.3)
No. samples 12 13 12 12 13 13 13 13 12

Blood 51 Mean 80 83 84 85 97 97 89 78 72
glucose Range (64-103) (70-102) (73-102) (74-109) (73-112) (75-116) (61-115) (55-104) (46-99)

No. samples 50 51 50 50 50 49 50 50 51

juEq/L
Plasma free 16 Mean 597 655 579 577 499 468 442 405 424

fatty acids Range (299-998) (294-990) (273-871) (260-881) (234-729) (213-641) (261-590) (235-606) (227-689)
No. samples 16 16 16 16 16 15 14 16 16

were administered to 11 and 6 subjects, re-
spectively. A summary of their effects upon
plasma insulin, amino nitrogen, and blood glucose
is given in Table III. When the number and
amount of amino acids infused were reduced,
the 1-hour insulin increment decreased in each
subject. In addition, it is evident that the mix-
ture which did not contain leucine produced al-
most the same mean of maximal increases and
mean sum of increments in plasma insulin as did.
the mixture which contained leucine. Both mix-
tures produced much greater increases than did
the amount of leucine plus isoleucine (infused
separately) contained in the 10 AA mixture.
The upper part of Table IV compares the mean

sums of increments in plasma insulin in subjects
who received either both the 30-g 10 amino acid
mixture (346 JuU per ml) and the 22.5-g solution
lacking leucine and isoleucine (187 ,uU per ml)
or the 30-g mixture of 10AA (353 uU per ml) and
the 22.6-g solution lacking lysine and methionine
(180 ptU per ml). In both circumstances the
mean sums of increments in plasma insulin for the
30-g 10 amino acid solution were significantly
greater than for the solutions containing 22.5 and
22.6 g amino acids.

4) Thirty-g antounts of individual anmiino acids

Arginine, lysine, phenylalanine, leucine, valine,
methionine, and histidine were administered indi-

vidually in 30-g amounts.3 Arginine (172
mmoles) and valine (256 mmoles) varied by
more than 15%o from the millimoles of amino
acids administered in the 10 AA mixture (212
mmoles) (Table I). Details concerning the num-
ber of test subjects, the number of tests, and the
effects of these solutions upon the magnitude and
time of changes in plasma insulin, amino nitro-
gen, and blood glucose are shown in Table V.
The mean of maximal increases in plasma insu-

lin ranged from 81 ptU per ml for arginine to 3 /AU
per ml for histidine. The mean of maximal in-
creases in plasma amino nitrogen was 10.3 mg per

3 Because both subjects when given methionine ex-
perienced untoward effects, only two infusions of this
amino acid were given. One subject developed nausea
and vomiting after completion of the test period. The
other subject experienced a severe reaction that began
soon after the infusion was completed. This was char-
acterized in the first few hours by nausea, vomiting, in-
creased sweating, chill followed by fever, moderate hy-
potension, tachycardia, and intermittent disorientation. At
18 hours there was mild azotemia and biochemical evi-
dence of moderately severe hepatic dysfunction. Ther-
apy consisted of intravenous glucose and electrolyte so-
lutions and oral fluids. The blood pressure remained at
levels of 80 to 90 systolic and 50 to 60 diastolic for about
36 hours, after which it began to return toward normal
and the subject was no longer febrile. After 4 days the
subject was virtually asymptomatic, and at 9 days liver
function tests were normal. They were normal on re-
peat testing 1 and 31- months later,
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TABLE II

acids after the iv administration of a 30-g mixture of 10 essential amino acids

Time in minutes Time of Time of
Maximal maximal Maximal maximal

60 75 90 105 120 150 180 increase increase decrease decrease

pU/mi minutes
17 16 14 13 13 11 9 120 26

(2-45) (11-23) (1-23) (5-18) (5-19) (5-16) (5-13) (37-301) (10-30)
48 10 47 10 11 10 10

mg/100 ml
8.2 7.1 6.6 5.9 5.6 5.3 5.2 8.6 28

(6.0-9.0) (5.4-7.9) (5.8-7.4) (4.5-6.5) (5.0-6.2) (4.4-6.0) (4.2-5.7) (6.1-10.5) (20-30)
13 13 13 12 11 12 7

mg/100 ml minutes

77 82 86 87 88 87 87 14 16 15 54
(45-95) (60-97) (73-104) (76-104) (79-103) (78-100) (75-99) (0-36) (10-30) (0-41) (40-180)

50 51 51 51 51 49 48

Eq1/L
419 407 391 407 454 442 544 262 68

(253-661) (259-656) (196-577) (178-686) (250-861) (273-948) (307-993) (33-641) (10-150)
16 15 16 16 16 15 15

100 ml for arginine and 9.6 mg per 100 ml for mmoles) caused a mean sum of increments in
histidine. plasma insulin of 257 ItU per ml, whereas 30 g of

Table VI gives the mean sums of increments in the 10 AA mixture (212 mmoles) caused a mean
plasma insulin for subjects who received both the sum of increments of 299 ,uU per ml, An analysis
30-g 10 AA solution and one or more of the of paired differences showed these results not to be
various amino acids administered individually in significantly different. This analysis was also ap-
30-g amounts. Infusion of 30 g of arginine (172 plied to the following sets of observations: 10 AA

TABLE III

Changes in plasma insulin, amino nitrogen, and blood glucose after iv
administration of essential amino acids

Plasma insulin Plasma amino
nitrogen Blood glucose

Sum of incre-
No. No. Amount Maximal ments during Maximal Maximal Maximal

Amino acid solution tests subjects infused increase* first hour* increase* increase* decrease*

g AU/ml pU/ml mg/l1OOml mg/100 ml mg/100 ml
10 AA 51 35 30.0 120 312 8.6 14 15

(37-301) 47 (102-822) (6.1-10.5) 13 (0-36) 50 (0-41)
Leucine4.71 g + 6 6 7.53 9 32 3 10

isoleucine 2.82 g (4-15) 4 (14-47) (1-8) 6 (7-15)
10 AA minus leucine and 11 11 22.5 73 187 1S 10

isoleucine (23-213) 10 (56-534) (2-35) 11 (0-31)
10 AA minus lysine and 6 6 22.6 61 180 11 9
methionine (34- 97) 6 (85-262) (7-23) 6 (2-16)

A 10 10 30.0 73 213 10.0 18 12
(46-127) 10 (121-341) (8.9-11.7) 7 (13-29) 10 (0-25)

B 1 1 11 30.0 77 187 9.2 13 7
(13-209) 11 (50-459) (6.8-10.6) 9 (7-22) 11 (0-24)

C 7 7 30.0 80 233 10.5 17 18
(29-140) 7 (86-409) (7.8-12.5) 7 (11-27) 7 (6-30)

D 6 6 30.0 101 287 9.5 29 10
(50-227) 6 (130-599) (8.8-10.3) 6 (18-42) 6 (0-23)

E 7 7 30.0 92 239 11.3 22 14
(32-287) 7 (85-708) (9.4-12.6) 7 (8-37) 7 (2-47)

F 7 7 30.0 58 152 8.1 9 8
(13- 81) 7 (30-252) (6.6- 9.4) 7 (5-15) 7 (0-20)

G 4 4 30.0 37 142 4 14
(28- 49) 4 (112-179) (1-7) 4 (3-21)

* Mean and range. The number of tests on which analysis was performed is given to the right of the figures for the range,
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TABLE IV

Comparison in the same subjects of the increments in plasma insulin after the iv administration of the 10
amino acid mixture and mixtures of 6 to 8 amino acids

Mean sum of incre-
Amount No. subjects ments in plasma insulin

Amino acid solution infused and tests during first hour Analysis of paired differences

10 AA

10 AA minus leucine and
isoleucine-

10 AA

10 AA minus lysine and
methionine

10 AA

A

g
30

22.5

30

10

10

6

6

10

10

22.6

30

30

10 AA

B

10 AA

C

10 AA

D

10 AA

30

30

30

30

30

30

30

30

30

30

30

E

10 AA

F

10 AA

G

11

11

7

7

6

6

7

7

7

7

4

30 4

10 AA vs. A, B, p<0.05; D vs. A, B, p<0.05; 10 AA,

pU/ml
346

(165-791)
187

(56-534)

353
(172-791)

180
(85-262)

291
(133-791)

213
(121-341)

288
(133-791)

187
(50-459)

297
(156-791)

233
(86-409)

315
(134-791)

287
(130-599)

322
(134-791)

239
(85-708)

279
(134-791)

153
(30-252)

301
(179-415)

149
(112-179)

D, each vs. F, p<0.02*

0.001 < p < 0.01

0.01 < p < 0.05

NS

0.001 < p < 0.01

NS

NS

p = 0.02

0.05 < p < 0.1

0.02 < p < 0.05

* Results from seven subjects given 10 AA, A, B, C, D, E, and F were subjected to factorial analysis of variance
by the techniques of Rao for analysis of dispersion for multiple classified data with unequal numbers of cells. Compari-
sons with significant differences are shown.

vs. lysine, 10 AA vs. leucine, 10 AA vs. phenyl-
alanine, 10 AA vs. valine, and 10 AA vs. histidine.
In each case the sum of increments in plasma insu-
lin was significantly greater for the 30-g 10 amino

acid solution (Table VI). Eight subjects received
the 10 AA solution, arginine, lysine, and leucine
(one subject did not receive lysine, another leu-
cine). A factorial analysis of variance showed
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TABLE V

Changes in plasma insulin, amino nitrogen, and blood glucose after iv
administration of essential amino acids

Plasma insulin Plasma amino
nitrogen Blood glucose

Sum of incre-
Amino acid No. No. Amount Maximal ments during Maximal Maximal Maximal
solution tests subjects infused increase* first hour* increase* increase* decrease*

g MU/ml MU/mi mg/100 ml mg/100 ml mg/100 ml
10 AA 51 35 30.0 120 312 8.6 14 15

(37-301) 47 (102-822) (6.1-10.5) 13 (0-36) 50 (0-41)
Arginine 19 13 30.0 81 270 10.3 29 12

(32-311) 19 (91-902) (6.5-12.6) 7 (6-43) 18 (5-39)
Lysine 12 9 30.0 52 202 9.4t 11 20

(21-138) 12 (109-544) (7.1-10.9) 6 (5-21) 12 (9-31)
Phenylalanine 6 6 30.0 28 97 7.2 11 5

(17- 71) 6 (36-232) (5.2-10.2) 5 (4-21) (0-11)
Leucine 15 10 30.0 25 95 9.1 0 20

(4- 72) 15 (9-311) (6.3-13.4) 6 15 (12-28)
Valine 6 6 30.0 8 27 12.7 3 6

(5- 13) 6 (5- 54) (9.9-15.3) 6 (2- 3) 6 (2-11)
Methionine 2 2 30.0 7 19 12.0 9 1

(4- 9) 2 (18- 20) (11.1-12.8) 2 (4-13) 2 (0- 2)
Histidine 7 6 30.0 3 6 9.6 3 7

(0- 8) 7 (0- 18) (8.5-10.2) 6 (0- 6) 7 (4-11)
Threonine 1 1 22.5 31 104 5 20

Threonine 2 2 15.0 10 24 6 9
(2- 18) 2 (3- 45) (5- 6) 2 (7-10)

Threonine 1 1 8.5 15 48 0 2
Threonine 5 5 7.5 8 24 1 6

(3- 14) 4 (6- 50) (1- 5) 5 (2- 9)
Isoleucine 3 3 15.0 7 18 1 12

(2- 12) 2 (6- 30) (1- 3) 3 (5-22)
Isoleucine 3 3 7.5 4 10 0 10

(1- 7) 2 (2- 17) 3 (9-11)
Tryptophan 2 2 7.5 12 36 9 0

(6- 18) 2 (21- 51) (6-12) 2

Tryptophan 2 2 5.0 10 34 8 1
(8- 20) 2 (28- 39) (8- 8) 2

Tryptophan 2 2 2.5 6 17 9 6
(4- 8) 2 (7- 26) (7-11) 2 (4- 7)

* Mean and range. The number of tests on which analysis was performed is given to the right of the figures for the range.
t Values of amino nitrogen corrected; see Methods.

that there were significant differences among the
increases in plasma insulin induced by these solu-
tions [F (variance ratio) = 9.39; df (degrees of
freedom) = 3,19; p < 0.001]. The 10 AA solu-
tion and arginine were equipotent; 10 AA but not
arginine was more potent than lysine; 10 AA, ar-
ginine, and lysine were each more potent than
leucine (Table VI). The 7 amino acids are listed
as follows according to decreasing magnitude of
the insulin responses obtained: arginine, lysine,
leucine, phenylalanine, valine, methionine. and
histidine.

Threonine, isoleucine, and tryptophan were not
administered individually in 30-g amounts,4 but

4 Three subjects received infusions of 15 g of isoleu-
cine. About 30 minutes after the completion of the in-
fusion one subject had mild backache followed at 45 min-
utes by a chill and subsequent fever. After several hours
blood pressure declined to 98 systolic, 30 to 20 diastolic.
After 16 hours the patient became afebrile, and blood

when given individually in amounts from 2.5 to
22.5 g did result in increases in plasma levels of
insulin (Table V).
pressure became normal. There were no abnormal
laboratory findings except for a leukocyte count of 13,200.
There were no sequellae.

Six subjects received infusions of threonine. One sub-
ject experienced headache 3A hours after receiving an
infusion of 7.5 g of threonine. Another subject experi-
enced transient back pain during the infusion, which was
discontinued at 10 minutes when 8.5 g had been given.
A third subj ect experienced severe headache and chill
followed by mild elevation of body temperature. These
symptoms began about 30 to 45 minutes after he had re-
ceived an infusion of 22.5 g of threonine and abated
about 2 hours after they had begun.
Three subjects received 6 infusions of tryptophan.

One subject experienced transient facial flushing, nausea,
and brachycardia beginning 20 minutes after he had re-
ceived an infusion of 7.5 g of tryptophan. This, plus the
similar experience of another investigator (13), indicated
that this dosage of tryptophan probably should not be
exceeded.
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TABLE VI

Comparison in the same subjects of the increments in plasma insulin after the iv administration
of the 10 amino acid mixture and individual amino acids

Mean sum of in-
No. sub- crements in plasma

Amino acid Amount jects and insulin during
solution infused tests first hour Analysis of paired differences

g
3010 AA

Arginine

11

30 11

pU/ml
299

(123-822)

257
(109-572)

NS

30 9 329
(133-822)

30 9 209
(109-544)

30 10 308
(201-670)

30 10 105
(29-311)

30 5 312
(213-517)

30 5 99
(36-232)

30 2

30 2

0.01 < p < 0.05

0.001 < p < 0.01

0.001 < p < 0.01

173
(133-213)

19
(18- 20)

30 6 326
(133-822)

30 6 27
(5- 54)

30 6

30 6

397
(249-822)

6
(0- 18)

0.01 < p < 0.05

0.01 < p < 0.05

10 AA vs. lysine, p < 0.05; 10 AA, arginine, lysine, each vs. leucine, p < 0.001.*

* Results from eight subjects given 10 AA, arginine, lysine, and leucine were subjected to factorial analysis of vari-
ance by the techniques of Rao for analysis of dispersion for multiple classified data with unequal numbers of cells.
Comparisons with significant differences are shown.

5) Thirty-g mixtures of 6 to 8 essential amino

acids
The amino acid compositions of the mixtures

designated solutions A through G are given in
Table I. The number of millimoles of amino
acids administered corresponded very closely to
that contained in the 10 AA mixture. Details
concerning the number of test subjects, the num-

ber of tests performed, and the effects of these in-
fusions upon the magnitude of changes in plasma

insulin, amino nitrogen, and blood glucose are

shown in Table III. Table IV shows the mean

sum of increments in plasma insulin in those sub-
jects who received both the 30-g 10 amino acid
mixture and the 30-g mixtures of 6 to 8 amino
acids. The mean sum of increments was smallest
for solutions B, F, and G when compared to that
obtained with the 10 AA solution given to the
same subjects. Among the amino acids excluded
from solutions B, F. and G were arginine or lysine
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10 AA
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10 AA

Histidine



STIMULATION OF INSULIN SECRETION BY AMINO ACIDS 1495

TABLE VII

Effect in the same subjects of repeated administration of amino acid solutions upon sum of increments in
plasma insulin during first hour after start of infusion

10 amino acids*
Sum of increments (SI)

in plasma insulin Arginine* Lysine 'Leucine Histidine
Subject during first hour SI SI SI SI

.uU/ml ,AU/mI pU/ml pU/mi pU/ml
W.V. 2/18/64 240

8/13/64 102

D.Hi. 2/07/64 311
9/16/64 201

D.S. 9/10/64 134 9/23/64 9
10/14/64 213 10/28/64 29

J.A. 2/07/64 338 9/29/64 173 9/15/64 143 4/10/64 149
9/10/64 293 10/03/64 366 11/24/64 158 9/22/64 79
10/14/64 213 10/27/64 98

G.M. 9/25/64 517 10/02/64 902 11/12/64 5
10/30/64 752 12/04/64 572 11/25/64 18
11/05/64 822

R.D. 9/29/64 337 10/13/64 279 10/06/64 72
10/20/64 252 11/10/64 188 10/27/64 131

J.F. 1/34/64 328
1/24/64 783

D.H. 2/18/64 165 10/01/64 274 9/17/64 222 10/29/64 67
10/08/64 294 11/24/64 204 11/19/64 258 11/05/64 77
12/10/64 242

D.L. 2/22/64 172 11/20/64 183
4/15/64 256 12/04/64 147

M.S. 10/16/64 401 10/09/64 160
10/30/64 423 10/23/64 199

R.M. 2/06/64 119
4/28/64 499

L.B. 6/30/65 212
10/07/65 194

* For 10 amino acids and for arginine, interindividual variability in response was greater than intraindividual vari-
ability (p < 0.05, see text).

or both, each of which ranked high in its ability to (one did not receive D and one E). The results,
cause increases in plasma insulin when given in- which differed significantly from each other, are
dividually. shown in Table IV. Increases in plasma insulin
The increments in plasma insulin obtained with were smallest for solution F (Table IV).

the 10 AA solution and with solutions A through
G were subjected to an analysis of paired differ-
ences. The increments in plasma insulin obtained
with solutions B. E, and G were significantly less
than those for the 10 AA solution. The incre-
ments obtained with solution F were less in each
subject than those with 10 amino acids; however,
the difference in the mean sums of increments was

at the borderline of significance. Seven subjects
received solutions 10 AA, A, B, C, D, E, and F

Table III shows that of solutions A through F
only the infusion of solution F resulted in a mean
of maximal increases in plasma amino nitrogen
which was slightly less than that obtained during
the infusion of the 10 AA solution.

6) Repetitive administration of amino acid solu-
tions to the same individuals
The results shown in Tables II, III, IV, V,

and VI indicate that there was considerable vari-
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FIG. 2. EFFECT OF IV ADMINISTRATION OF 5.0 G GLU-

COSE, BEFORE AND AFTER THE IV ADMINISTRATION OF 30.0 G

OF A MIXTURE OF 10 ESSENTIAL AMINO ACIDS, UPON BLOOD

GLUCOSE AND PLASMA INSULIN IN A HEALTHY SUBJECT.

ability among subjects in their plasma insulin re-

sponse to infusions of any one of the amino acid
solutions. To ascertain the intraindividual vari-
ability in changes in plasma insulin when the same

solution is administered repetitively, we adminis-
tered several of the amino acid solutions to the
same subjects on two or three occasions at inter-
vals of 4 days to 10 months. These results are ex-

pressed as the sum of increments in plasma insu-
lin during the first hour (Table VII). Some
subjects were reasonably consistent in their re-

sponses to a given solution, but considerable vari-
ability is evident in others. In subject G.M. values
in the high range were found consistently for
either the 10 AA solution (517, 752, 822 MU per

ml) or arginine (902, 572 uU per ml).. Neverthe-
less, considerable variability is evident within this
high range. In subject D.H. increments in plasma
insulin were in a more intermediate range and
were more reproducible for a given solution-10
AA: 165, 294, 242 uU per ml; arginine: 274. 204
,uU per ml; lysine: 222, 258 MAU per ml; and leu-
cine: 67 and 77 MU per ml. Between the test giv-
ing 165 MtU per ml with the 10 amino acid solution
and the two tests resulting in increases of 294 and
242 uU per ml there were intervals of 8 and 10
months, respectively.
A two factor analysis of variance was employed

for the results obtained with the 10 amino acid
solution and with arginine. This analysis showed
that the variation in the magnitude of the re-

sponses among individuals was greater than the
variation within individuals, i.e., a response of a
given individual differed more on the average
from the response of another person than it did
from his own second-response (10 AA: F = 3.61,
df = 10, 14, p < 0.05; arginine: F = 6.65, df =
5, 6, p < 0.05).

7) Intravenous administration of glucose awnd glu-
cagon

Glucose or glucagon was administered by rapid
iv injection in an effort to produce increases in
blood levels of glucose of a magnitude similar to
those observed during the infusion of amino acids.
Comparisons were made in the same subjects
of levels of plasma insulin and blood glucose dur-
ing the infusion of amino acid solutions with levels
found after the administration of 2.5 to 10.0 g of
glucose (6 tests in 5 subjects) or of 6.25 to
50.0 Mug of glucagon (11 tests in 7 subjects). The
amino acid solutions employed for these tests were
1) 10.4- to 17.8-g mixtures of 3, 4, or 5 amino
acids each present in the amount in which it was
present in the 10 AA solution, and 2) 30-g
amounts of lysine, 10 AA solution, and solutions
E and F.
The mean of maximal increases in blood glucose

was significantly greater after the administration
of glucose (22 mg per 100 ml) than during the
amino acid infusion (6 mg per 100 ml) (p =
0.025). The mean of maximal increases in plasma
insulin was greater during the infusion of amino
acids (34 MAU per ml) than during the infusion
of glucose (10 MtU per ml) (0.05 < p < 0.10).
When glucagon was administered, the mean of
maximal increases in blood glucose (20 mg per
100 ml) was similar to that obtained during infu-
sion of amino acids (15 mg per 100 ml) (p >
0.40). In addition, the mean sum of increments
in blood glucose above control levels after glucagon
administration was similar to that obtained with
amino acid administration. However, the mean of
maximal increases in plasma insulin was signifi-
cantly greater after administration of amino acids
(90 uU per ml) than after that of glucagon (13
MU per ml) (0.01 < p < 0.025). Figure 2 shows
that a large increase in plasma insulin (102 MtU
per ml) occurred during an infusion of the 30 g of
10 AA solution in subject D.L. without an in-
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TABLE VIII

Comparison in the same subjects of the effect upon plasma insulin and blood glucose of the iv
administration of 30 g of the 10 amino acid mixture and of 30 g of glucose*

Plasma insulin Blood glucose

Maximal Sum of increments Maximal Sum of increments
increases during first hour increases during first hour

Subject 10 AA Glucose 10 AA Glucose 10 AA Glucose 10 AA Glucose

AU/ml mg/l00 ml
G.M. 259 93 752 400 17 149 46 567
G.M. 265 67 822 315 12 143 23 594
T.T. 42 35 123 167 6 172 6 651
M.S. 150 25 423 122 36 160 112 749
J.W. 197 39 533 189 17 138 41 639

Mean 183 52 531 239 18 152 46 640

* Solutions were administered over a period of 30 minutes. Composition of the 10 amino acid solution is given in
Table I. Glucose was administered as a 10% solution in water.

crease in blood glucose. Five g of glucose, given
intravenously to this subject 1 hour before and 2
hours after the administration of the 30 g of the
10 amino acid solution, produced maximal in-
creases in blood glucose of 31 and 25 mg per 100
ml. These increases in blood glucose were ac-
companied by maximal increases in plasma insulin
of only 16 and 21 ,uU per ml, respectively.
On 5 occasions 4 subjects were given 30 g of

glucose intravenously as a 10% solution over a
period of 30 minutes. Table VIII compares the
levels of plasma insulin and blood glucose that
resulted from the glucose infusion with those that
resulted from the infusion of the same number of
grams of amino acids. The mean of maximal in-
creases and the mean sum of increments in blood
glucose were significantly greater during the in-
fusion of glucose than during the infusions of the
amino acids (p < 0.001). In contrast, the mean
of maximal increases and mean sum of increments
in plasma insulin were greater during the infusion
of amino acids than during the infusion of glucose.

Discussion
The intravenous administration of a 30-g mix-

ture of 10 essential amino acids to healthy sub-
jects induces prompt and large increases in levels
of plasma insulin. The mean of maximal increases
in plasma insulin was 120 juU per ml, and the
mean sum of increments in plasma insulin during
the first hour was 312 ,uU per ml. These acute
changes in plasma insulin can be interpreted to
reflect increases in the secretory rate of insulin,

since the fractional rate of degradation of the hor-
mone is independent of hormonal concentration
over wide limits (14, 15). In addition, by simul-
taneous measurement of plasma insulin in portal
and peripheral blood, we have shown that the
intravenous administration of the mixture of
10 AA induces the release of insulin from the
pancreatic beta cells (16). By the same tech-
nique we had demonstrated previously that leu-
cine evokes release of pancreatic insulin (17).
However, the magnitude of the increases in plasma
insulin after administration of the 10 amino acid
mixture suggested that amino acids, other than
leucine, also play an important role as stimuli of
insulin secretion. The results of earlier studies
had shown that an amount of leucine much larger
than that contained in the 10 AA mixture caused
smaller increases in plasma insulin than those ob-
tained with the 10 AA mixture (5). Further-
more, when the amount of leucine and isoleucine
contained in the 10 AA mixture was administered
as such, the mean sum of increments in plasma in-
sulin was only 32 uMU per ml (Table III). Thus,
the stimulation of insulin secretion by the 10 AA
mixture was not induced solely by the leucine con-
tained therein.

Further studies showed a) that the ability of
the 10 AA mixture to stimulate the secretion of
large amounts of insulin was not due to the po-
tentiation by other amino acids of leucine-induced
insulin release, and b) that the phenomenon of
amino acid-induced release of insulin does not de-
pend on the presence of leucine in the infusion
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mixture. When leucine and isoleucine were ex-
cluded from the mixture of 10 AA, the results
were almost the same as when lysine and methio-
nine were excluded, the mean sums of increments
in plasma insulin being 187 and 180 ttU per ml,
respectively (Tables III and IV). \Vhen each of
the 10 amino acids contained in the 10 AA mix-
ture was administered individually, it was found
that all except histidine stimulated the release of
insulin (Tables V, VI). Arginine was the most
effective and valine the least effective of the active
amino acids.
At a level of 30 g, arginine and the 10 AA mix-

ture resulted in mean sums of increments in plasma
insulin that were not significantly different (Ta-
ble VI), even though on a molar basis the amount
of arginine was 19%7o less than that of the 10 AA
mixture. The mean sums of increments were sig-
nificantly greater, however, for the 10 amino acid
mixture than for lysine, leucine, phenylalanine,
valine, and histidine. WNhen comparisons were
made in 8 subjects who each received 10 AA,
arginine, lysine, and leucine, the mean sum of in-
crements in plasma insulin induced by 30-g
amounts of the 10 AA solution was significantly
greater than that induced by 30 g of lysine. The
increments obtained with the 10 AA solution, ar-
ginine, and lysine were each significantly greater
than those obtained with leucine (Table VI).
Since threonine, isoleucine, and tryptophan were
not administered in 30-g amounts, no direct com-
parison of potency with those of the 7 other amino
acids is possible. Even in reduced amounts, how-
ever, they appear to be at least as potent as 30 g
of valine and methionine. The potency of threo-
nine and tryptophan would appear to approach
that of leucine and phenylalanine in causing the
release of insulin (Table V). Thus, these data
indicate that individual essential amino acids in
addition to leucine stimulate the release of insulin,
that there are large differences among them in
this capacity, and that several of the individual
amino acids are more potent than leucine in this
regard. The magnitudes of maximal increases in
plasma amino nitrogen reached during the infusion
of the various amino acids were similar, whereas
the magnitude of increases in plasma insulin va-
ried greatly.
When one attempts to determine the contri-

bution made by individual amino acids to the total

secretion of insulin induced by the mixture of 10
amino acids (Tables I, III, and IV), conclusions
become more tentative, although some seem justi-
fied. Solutions B, F, and G gave the smallest
mean sums of increments in plasma insulin (Ta-
bles III and IV). Amino acids excluded from
these solutions were arginine or lysine or both,
amino acids that ranked high in the capacity to in-
duce release of insulin when given individually.
The mean of maximal increases in plasma insulin
was smallest with solution G, the only solution
to contain neither arginine nor lysine. Plasma
levels of amino nitrogen were similar during the
infusions of the 10 AA mixture and of each of
solutions A through F (Table III). Thus, the
smaller increments of plasma insulin measured
when solutions B and F were infused were not the
result of smaller increases in levels of total plasma
amino acids during their infusion.
A comparison of the effectiveness of various

amino acids and mixtures of amino acids in evok-
ing the release of insulin must be made with cau-
tion. As is evident from Table VII, there is,
among individual subjects, a wide range in mag-
nitude of increases in levels of plasma insulin upon
administration of a particular amino acid solu-
tion. However, when a particular amino acid
solution was administered, the variation in the
response between individuals was significantly
greater than that within a given individual.
Therefore, statistical comparisons among the re-
sponses evoked by different solutions have been
made only when the responses were measured in
the same subjects.

It is likely that the infused amino acids them-
selves provide the stimulus that induces the in-
creased rate of secretion of insulin, although di-
rect evidence is available only for leucine. We
have demonstrated previously that leucine itself,
rather than one of its metabolites, induces the re-
lease of insulin after its administration (10, 18).
In the data of the present studies there is shown
to exist a close temporal relationship between the
rises and falls of plasma amino acids and plasma
insulin for those amino acids that stimulate in-
sulin secretion (Figure 1).
An explanation for the differences among the

various amino acids in their abilities to elicit the
release of insulin is not apparent. No obvious
common physicochemiical property or configuration
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characterizes the more potent or less potent amino
acids. The dibasic amino acids, arginine and ly-
sine, appeared to be the more potent of the amino
acids tested. Yet, histidine, also a dibasic amino
acid, was the least potent. Duplicate determina-
tions of the pH of venous blood of 3 subjects were
made on samples obtained during the control pe-
riods and at the 30-minute point when the infu-
sions of arginine were completed. The respective
mean pH values for the two sampling times were
7.41 and 7.40.
Those individual amino acids and mixtures of

amino acids infusion of which was accompanied
by the largest and most consistent increases in
blood glucose (10 AA, arginine, lysine, solutions
A through E) were the most potent in stimulating
release of insulin. The studies with infusions of
glucose or glucagon made it clear, however, that
the blood glucose elevations observed with the
amino acid infusions could not account solely for
the phenomenon. The rapid injection of glucose
produced increases in blood glucose significantly
greater than those observed during amino acid
infusions, but the resulting increases in plasma
insulin were smaller during the glucose infusions.
The increases in blood glucose after administration
of glucagon or amino acids were similar in magni-
tude, whereas the increases in plasma insulin were
significantly larger during infusions of amino acids.
This was so in spite of the fact that glucagon can
enhance the secretion of insulin by other means in
addition to its ability to increase blood glucose
(19, 20). The intravenous administration of 30
g of glucose over a period of 30 minutes produced
blood levels of glucose that were much higher and
more prolonged than those observed during the
administration of the same amount of 10 AA to
the same subject. Yet, the maximal increases and
sum of increments in plasma insulin were much
greater during the infusion of amino, acids than
during the infusion of glucose. Thus, the large in-
creases in plasma insulin observed during the in-
fusions of amino acids cannot be the result of the
small increases in blood glucose. In addition,
amino acid-induced elevations of blood glucose are
not necessary accompaniments of increased insu-
lin secretion induced by amino acid (see leucine
and Figure 2).
The initial increases in blood glucose (range 0

to 43 mg per 100 ml) observed during the infu-

sion of the various amino acid solutions may be
due to gluconeogenesis from the infused amino
acids. When arginine, a glucogenic amino acid,
was administered, the mean of maximal increases
in blood glucose was large (29 mg per 100 ml).
There were no increases in blood glucose with the
nonglucogenic amino acid leucine. However, the
other 8 individual amino acids produced no ma-
jor differences in increases in blood sugar, and
there was not a good correlation between mean
increases in blood glucose and their usual classi-
fication as to glucogenicity. Arginine, valine, his-
tidine, and threonine are classified as glucogenic;
isoleucine as weakly glucogenic; phenylalanine as
questionably glucogenic; and leucine, lysine,
methionine, and tryptophan as nonglucogenic (7).
This classification of amino acids is based upon
the metabolic fate of amino acids in experimental
animals under conditions of diabetes and starva-
tion (7). The fate of these amino acids when in-
fused into healthy subjects after they have fasted
overnight may not be the same.

Cahill (21) has shown the gluconeogenesis from
amino acids begins virtually instantaneously upon
their perfusion through the liver. In addition, he
has shown that the amount of glucose released
from the liver is related directly to the quantity of
amino acid infused into the liver. Thus, rapid glu-
coneogenesis is a metabolic event that would pro-
vide a plausible explanation for the increases in
blood glucose that occur during the infusion of
certain amino acids and mixtures of amino acids.
However, the presence of accelerated gluconeo-
genesis may not be the only factor contributing to
the observed elevations in blood glucose.
The decreases in blood glucose (range 0 to 47

mg per 100 ml) that were observed after the in-
fusion of amino acids are very likely the result of
the preceding release of insulin. The mean of
maximal decrease in blood glucose occurred 28
minutes after the mean of maximal increases in
plasma insulin that resulted from the administra-
tion of the 10 AA mixture. This temporal rela-
tionship suggests that the hyperinsulinemia plays
an important role in the causation of the decreases
in blood glucose. Additional support for this inter-
pretation comes from the studies of Mellinkoff,
Shibata, Frankland, and Greipel (22). After a
10%o casein hydrolysate solution was administered
to a nondiabetic group (normal volunteers and
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nondiabetic patients), these investigators ob-
served an initial increase in blood glucose above
control levels followed by a decrease in blood
glucose below control levels. When the same

solution was administered to patients with total
pancreatectomy, the increases in blood glucose
were greater and more prolonged, and there were

no decreases in blood glucose below control levels
during the 4-hour period of observation.

In healthy subjects the increases in plasma in-
sulin that result from the infusion of amino acids
would tend to moderate the increases in blood glu-
cose that result from gluconeogenesis. These in-
creases in blood glucose, when they occur, may, in
turn, moderate the magnitude of the decreases in
blood glucose that result from the hyperinsuline-
mia. After the infusion of leucine, which pro-

duced no increases in blood glucose, mean de-
creases in blood glucose were relatively large (20
mg per 100 ml) although the mean of maximal
increases in plasma insulin was modest (25 uU
per ml). In contrast, after the infusion of argi-
nine, which produced large mean maximal in-
creases in blood glucose (29 mg per 100 ml),
mean maximal decreases in blood glucose (12 mg
per 100 ml) were modest in relation to mean of
maximal increases in plasma insulin (81 MuU per

ml). Yet, the latter were more than three times
as large as after the infusion of leucine.
The effect of the hyperinsulinemia is evidenced

not only by the decreases in blood glucose, modest
though they are, but also by the decreases in
plasma FFA. After the infusion of the 10 AA
mixture mean plasma FFA fell from basal levels
of 577 ,uEq per L to a nadir of 391 ,uEq per L at 90
minutes, and maximal decreases were as large
as 641 uEq per L. Subsequently, as plasma in-
sulin continued to fall toward basal levels, plasma
FFA returned towards control levels. An addi-
tional effect of the induced hyperinsulinemia may

be evident. Plasma amino nitrogen remained
higher after the infusion of valine and histidine
than after the infusion of the 10 AA mixture, ar-

ginine, lysine, and leucine. Valine evokes only
modest elevations in plasma insulin; histidine is
virtually without effect in this regard. These
results suggest that the more rapid clearance of
amino nitrogen from the plasma after the infu-
sions of the 10 AA mixture, arginine, lysine, and
leucine is related to the increased amounts of in-

sulin released by these amino acids. In line with
this interpretation are the results of Mellinkoff
and his associates (22) that after intravenously
administered casein hydrolysate normal people
exhibit a smaller rise of amino nitrogen and a
more rapid decline than do patients with a total
pancreatectomy.
From the point of view of normal physiology

we have shown that the ingestion of a protein meal
constitutes a stimulus for the release of insulin
(3). The hyperinsulinemia could facilitate intra-
cellular utilization of amino acids in protein syn-
thesis. Ingestion of a protein meal and intra-
venous administration of arginine, lysine, histi-
dine, phenylalanine, leucine, valine, or methionine
induce also a release into the blood of growth hor-
mone (23, 24), a finding confirmed with respect to
arginine by Merimee, Lillicrap, and Rabinowitz
(25). In this parameter, too, there are differences
among these amino acids in their abilities to stimu-
late the release of growth hormone. Maximal
plasma levels of growth hormone occur at 1 to 2
hours after the beginning of amino acid infusions.
Thus, the endocrine response to protein feeding
or to intravenously administered amino acids in-
cludes release of both insulin and growth hormone
in a timed sequence, the different amino acids
varying in their capabilities to evoke either or
both of these responses. The established roles in
protein biosynthesis of both insulin and "growth"
hormone, and their synergistic activities, empha-
size the importance of our findings with respect to
the daily regulation of amino acid utilization in
man.

Summary

Essential I-amino acids, either as mixtures or
individually, were administered intravenously to
healthy subjects. The various mixtures, whether
they contained leucine or not, and most, but not

all, of the individual amino acids stimulated the
release of insulin. The most effective stimulus for
insulin release was either a mixture of 10 essential
amino acids or arginine given alone; histidine was

the least effective. Administration of the mixture
of 10 amino acids on the one hand, and of argi-
nine on the other, caused means of maximal in-
creases in plasma insulin of 120 (range 37 to 301)
and of 81 (range 32 to 311) ,uU per ml, respec-
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tively. After the infusion of many of the single
amino acids and of the amino acid mixtures, blood
glucose increased above control levels initially
and then decreased below control levels. The in-
creases in blood glucose may be the result of in-
creased gluconeogenesis from the infused amino
acids. However, the large increases in plasma in-
sulin were not the result of the small increases in
blood glucose that occurred during the infusions
of the amino acid solutions. \Vhen greater or
similar increases in blood glucose were produced
by the intravenous administration of glucose or
glucagon, the increases in plasma insulin were
small. Administration of 30 g of amino acid mix-
tures and of certain individual amino acids pro-
duced larger increases in plasma insulin than did
the infusion of 30 g of glucose.
The effects of the hyperinsulinemia that resulted

from amino acid administration were manifested
by decreases in blood glucose and plasma free fatty
acids.
We conclude that 1) intravenous administration

of mixtures of essential I-amino acids induces re-
lease of insulin; 2) the phenomenon of amino acid-
induced release of insulin does not depend upon
the presence of leucine in the infusion mixtures;
3) intravenous administration of individual es-
sential amino acids induces release of insulin;
however, there are large differences among these
amino acids in their capacities to stimulate secre-
tion of insulin; and 4) since it has been demon-
strated that protein feeding induces increases in
plasma insulin, amino acids can now be considered
to be physiologic stimuli for the secretion of
insulin.
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