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The phenomenon of starvation diabetes or the
induction of impaired carbohydrate tolerance by
the restriction of dietary carbohydrate has been
recognized for almost a century. Peters (1) re-
viewed the subject comprehensively in 1945. The
effect of carbohydrate deprivation upon the
changes in the total blood sugar concentration
following fructose administration has been in-
vestigated previously in animals (2-4) and in a
human subject (5). Since the blood levels of
glucose and fructose were not determined sepa-
rately, it is not possible to ascertain from the re-
sults of these studies the effect of carbohydrate
deprivation upon the fructose tolerance curve.

Potick (6) measured both the total blood sugar
and blood fructose concentrations in the dog fol-
lowing fructose administration; decreasing the
carbohydrate content of the diet did not produce a

significant alteration in either the fructose or total
sugar curves. However, most workers in the field
have been concerned with the effect of dietary al-
terations on glucose tolerance alone, and the phe-
nomenon of starvation diabetes has usually been
considered only in terms of altered glucose
metabolism.

It has been demonstrated that the metabolic
pathways of glucose and fructose are different
(7-9) and that administered fructose may be re-

moved from the blood at a normal rate in certain
clinical conditions in which glucose tolerance is
impaired, such as diabetes mellitus (10), cortisone
administration (11), and the stresses of surgery
(12), anesthesia (13), and infection (14). These
considerations and the results of Potick (6) men-

' These studies were supported in part by a grant
(A376) from the United States Public Health Service,
National Institute of Arthritis and Metabolic Diseases.

2A preliminary report of this work was presented to

the Midwestern Section of the American Federation for
Clinical Research, Chicago, Illinois, October 29, 1953.

tioned above suggested that a similar discrepancy
between glucose and fructose metabolism might
exist in otherwise normal subjects who were de-
prived of dietary carbohydrate.

Accordingly, the present studies were designed
to compare the effect of dietary carbohydrate
deprivation upon intravenous glucose and fruc-
tose tolerance in normal human subjects. The
results of such a study might yield information
regarding the site of the metabolic defect in star-
vation diabetes.

EXPERIMENTALPROCEDURES

Six healthy male physicians or medical students, whose
ages ranged from 24 to 27 years, were the subj ects for
these experiments.

Control intravenous glucose tolerance tests were per-
formed on each subject at a time when he had been eating
a normal unrestricted diet and had been receiving an oral
multivitamin preparation.8 Four of the subjects then
fasted from the evening of one day until the morning of
the third subsequent day, when the glucose tolerance
test was repeated in a comparable manner. The period
of fasting preceding the second test varied from 55 to 60
hours. The intake of water was not restricted and all of
the subjects except F.P. received oral multivitamin sup-
plements during this period. Instead of fasting, sub-
jects A.M. and W.C. ate a carbohydrate-free diet con-
sisting of only meat and butter for two days; the glu-
cose tolerance test was repeated on the morning of the
third day. Subject A.M. consumed 268 grams of protein
and 80 grams of fat each day, while W.C. ate 149 grams
of protein and 35 grams of fat daily. They also received
oral multivitamin supplements.

At another time control intravenous fructose tolerance
tests were performed in the same subjects. After each
individual had been subjected to the same form of dietary
carbohydrate deprivation, either fasting or a meat diet,
for the same period of time as described above, the fruc-
tose tolerance test was repeated. In two cases the fruc-

3Avicap@ capsules furnished by Burroughs Wellcome
& Company and Stuart Formula( tablets supplied by the
Stuart Company were used in this study.
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tose tolerance tests were performed before the glucose
tests.

The hexose tolerance tests were performed in the post-
absorptive state with the subject resting in the recum-
bent position. One gram of glucose or fructose 4per Kg.
of body weight was administered intravenously in one
hour. A 10 per cent solution of the hexose in water was
used and an infusion pump was employed to insure a
uniform rate of administration. Blood samples were ob-
tained through an indwelling needle in an antecubital
vein before and at 30 minute intervals after the start of
hexose infusion for a total of three hours. The blood
samples were analyzed for the following substances by
the methods listed:

Glucose or total
hexose Somogyi-Nelson (15)

Fructose Roe, as modified by Higashi and
Peters (16)

Pyruvic acid Friedemann and Haugen (17)
Citric acid Natelson, Pincus, and Lugovoy (18)

and Taussky and Shorr (19)
Malic acid Hummel (20)
Inorganic

phosphorus
Ketone bodies

Fiske and Subbarow (21)
Eichler and Hindemith (22), modi-

fied.

Blood for fructose determination was treated with glucose
oxidase before precipitation in order to reduce the con-

centration of blood glucose to a level at which it did not
interfere with the measurement of fructose. In the fruc-
tose experiments, the blood glucose level was computed
by subtracting the fructose concentration from the total
hexose concentration as measured by the Somogyi-Nel-
son method.

An additional experiment was performed to aid in the
assessment of the significance of changes in the concen-

trations of blood glucose, pyruvic acid, citric acid, malic
acid, and plasma inorganic phosphorus. The subjects for
this experiment were four male patients whose ages

ranged from 52 to 63 years. All four were convalescent
from myocardial infarctions which had occurred from 6
to 23 days previously and all were receiving dicumarol
anticoagulant therapy. One of these patients had a dia-
betic-type glucose tolerance curve, but his fasting blood
glucose concentration varied from 82 to 89 mg. per 100
ml. With the subject at rest following an overnight fast,
peripheral venous blood samples were obtained through
an indwelling needle at 30 minute intervals for three
hours. No procedure other than the drawing of the
blood samples was performed during this period. The
samples were analyzed for the substances listed above,
and the results are shown in Table I. The mean con-

centration represents the average of all 28 determinations
of a substance in the four patients, and the pooled stand-
ard deviation was calculated from the sum of the squared

4The fructose solutions used in this study were sup-

plied by Mead Johnson & Company.

TABLE I

Variations in concentrations of substances in peripheral venous
blood specimens obtained at thirty minute intervals for

three hours from four subjects in the basal state

Pooled
Mean standard

Substance concentration* deviation

(mg. per 100 ml.)
Blood glucose 79 42.9
Blood pyruvic acid 0.86 :1:0.15
Blood citric acid 2.1 140.14
Blood malic acid 0.20 :0.017
Plasma inorganic phosphorus 3.3 :+:0.43

* Average of 28 determinations.

deviations from the mean of each of the four cases. In
a similar experiment which has been reported previously
(10), the following mean concentrations and pooled
standard deviations were obtained in four normal male
subjects: glucose, 86 ± 3.3; pyruvic acid, 0.74 + 0.16; and
citric acid, 1.8 ± 0.16 mg. per 100 ml. These results cor-
respond closely to those obtained in the current experi-
ment. When fructose was added to human blood to final
concentrations varying between 1.9 and 78 mg. per 100
ml., recoveries within ± 2 per cent of the amount added
were obtained by the fructose method described above.
In a previous study the mean fasting blood fructose
concentration in 17 non-diabetic subjects was found to be
1.7 ± 1.6 mg. per 100 ml. The blood ketone body con-
centration in normal subjects after an overnight fast is
usually less than 1 mg. per 100 ml. by the method used
in this study.

The "t" test of Fisher was used to assess the statistical
significance of differences between mean values obtained
in tests performed after the subjects had been eating a
mixed diet and corresponding values after carbohydrate
deprivation.

RESULTS

Weight loss

The fasting subjects lost from four to eight
pounds during the two day period without food.
One of the subjects on the meat diet lost one and
one-half pounds, but the weight of the second sub-
ject was not altered.

Ketosis

The fasting subjects showed a strongly positive
qualitative test for ketone bodies in the urine at the
end of the fasting period. In subject R.B., blood
ketones were 41 mg. per 100 ml. after the first
two day period of fasting and 31 mg. per 100 ml.
after his second fast; blood ketones were not
measured in the other fasting subjects. After the
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TABLE II

Influence of dietary carbohydrate deprivation on blood glucose and fructose concentrations following
intravenous administration of hexoses in normal subjects

Blood glucose (mg./100 ml.) Blood fructose (mg./100 ml.)

Change from initial concentration Change from initial concentration

Initial Minutes after start of infusion Initial Minutes after start of infusion
Sub- Previous concen- concen-
ject Wt. Date diet tration 30 60 90 120 150 180 tration 30 60 90 120 150 180

Kg.
After glucose (1 Gm./Kg. in 1 hr.)

F. P. 94 11/21/52 Mixed 98 +193 +302 +150 + 55 - 2 -26
R. B. 87 12/ 9/52 Mixed 125 +193 +192 + 37 - 7 - 48 -64
J.W. 75 11/18/53 Mixed 95 +162 +224 + 77 + 8 - 42 -33
R.W. 92 12/14/53 Mixed 93 +216 +225 - 27 - 68 - 36 -31
A. M. 64 12/13/52 Mixed 99 +145 +234 + 70 - 12 - 42 -27
W. C. 86 1/10/53 Mixed 91 +171 +247 + 81 - 8 - 42 -34

Mean 100 +180 +237 + 65 - 5 - 35 -36

F. P. 11/24/52 Fasting 68 +200 +353 +294 +214 +126 +65
R. B. 12/12/52 Fasting 74 +245 +413 +241 +164 +107 +62
J.W. 12/ 1/53 Fasting 68 +208 +320 +244 +167 +110 +73
R. W. 12/17/53 Fasting 71 +217 +300 +152 + 77 + 25 + 4
A.M. 12/16/52 NoCHO 75 +208 +278 +156 + 58 + 24 -11
W. C. 1/14/53 No CHO 68 +206 +330 +252 +174 +119 +25

Mean 71 +214 +332 +223 +142 + 85 +36

After fructose (1 Gm./Kg. in 1 hr.)

F. P. 12/ 3/52 Mixed 89 +11 +10 + 2 + 2 -10 + 1 7 +72 +81 +14 + 3 0 -3
R. B. 12/27/52 Mixed 100 -22 - 1 -13 - 8 -15 -10 <1 +64 +78 +28 +12 +7 +4
J.W. 12/15/53 Mixed 78 .+ 1 +34 - 3 -24 -19 - 6 1 +73 +76 +24 + 9 +3 +4
R. W. 1/26/54 Mixed 86 +19 +33 -16 -40 -30 -14 3 +96 +99 +38 +10 +4 +2
A. M. 11/28/52 Mixed 75 -11 + 8 -18 -15 -12 - 8 2 +86 +94 +28 +13 +8 +3
W. C. 12/17/52 Mixed 66 +14 +53 +21 - 5 + 2 - 2 2 +89 +88 +31 +13 +3 +3

Mean 82 + 2 +23 - 4 -15 -14 -6 3 +80 +86 +27 +10 +4 +2

F. P. 12/ 6/52 Fasting 72 +17 +29 +22 +24 +25 +17 <1 +90 +86 +25 +12 +4 +3
R. B. 12/31/52 Fasting 60 +34 +46 +45 +27 +19 +23 3 +98 +83 +27 +12 +4 +2
J.W. 12/18/53 Fasting 68 + 8 +38 +32 +18 + 6 + 2 1 +59 +76 +27 +10 +5 +2
R. W. 1/29/54 Fasting 76 + 3 +26 +23 + 9 + 9 - 1 2 +73 +87 +26 +14 +4 +3
A. M. 12/ 1/52 No CHO 70 +44 +38 +35 +29 + 5 + 9 2 +71 +86 +31 +12 +6 +2
W. C. 12/20/52 No CHO 58 +24 +41 +24 +18 +16 +12 3 +95 +78 +27 +10 +4 +3

Mean 67 +21 +36 +30 +21 +13 +10 2 +81 +83 +27 +12 +4 +2

meat diet, one subject had a blood ketone level
of 8 mg., and the other had a concentration of
26 mg. per 100 ml. on one occasion and 10 mg. per
100 ml. after the second dietary period.

Concentrations of metabolites in blood or plasma
in postabsorptive state

These data are included in Tables II, III, and
IV. In every instance carbohydrate deprivation for

two days resulted in a decrease in the fasting blood

glucose concentration; the average control value

plus or minus one standard deviation was 91 15

mg. per 100 ml., as compared to 69 + 6 mg. per 100

ml. after dietary restriction (p < 0.01). In 9 out

of 12 instances, the fasting blood pyruvic acid con-

centration was higher after carbohydrate depriva-
tion; the average control value was 1.0 + 0.2 mg.

per 100 ml. and the average after dietary restric-
tion was 1.2 + 0.2 mg. per 100 ml. (p < 0.05).
Similarly, the average fasting plasma citric acid
level was higher (2.2 + 0.3 mg. per 100 ml.)
after dietary restriction than before (1.8 ± 0.4 mg.
per 100 ml.); such a difference was seen in 10 of
11 instances, p < 0.02. Reduction of the quan-
tity of dietary carbohydrate did not produce a con-
sistent alteration in the fasting concentration of
blood malic acid or plasma inorganic phosphorus.

Since the results of the hexose tolerance tests
in the subjects who fasted were similar to those
obtained in subjects on the meat diet, they will
not be described separately but will be considered
as one group. The data are contained in Tables
II, III, and IV, and the tolerance curves are shown
in Figure 1.
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Glucose tolerance tests

During the control tests the blood glucose con-

centration rose to an average of 237 + 36 mg. per

100 ml. above the initial level and returned to or

below the initial level in 120 minutes, except in the
cases of F.P. and J.W., in which the initial con-

centration was not attained until 150 minutes. In
the tests performed in the same subjects after two

days of dietary carbohydrate deprivation, the max-

imum glucose rise exceeded (p < 0.01) that of the
control test in all six cases. The maximum rises
exceeded those of the control tests by 44 to 221
mg. per 100 ml. and the average maximum rise
above the initial level was 332 + 47 mg. per 100
ml. From 60 through 180 minutes the blood glu-
cose concentrations were consistently higher than
in the control tests, and in only two cases had the

blood glucose concentration returned to the initial
level in 180 minutes.

During the control tests all the subjects showed
a rise in blood pyruvic acid concentration which
varied from 0.2 to 1.5 mg. per 100 ml. and aver-

aged 0.5 0.5 mg. per 100 ml. After dietary re-

striction the average increase in blood pyruvic acid
was only 0.2 + 0.2 mg. per 100 ml. with a varia-
tion from 0 to 0.6 mg. per 100 ml. The difference
between the mean blood pyruvic acid rises before
and after dietary carbohydrate restriction did not

prove to be statistically significant (p > 0.2).
When glucose was given, the concentration of

the blood citric acid decreased slightly in five of

the six subjects. Carbohydrate deprivation did
not alter this response significantly; when the
mean changes in blood citric acid concentration

LE III

Influence of carbohydrate deprivation on blood pyruvic acid and citric acid concentrations following
intravenous administration of hexoses in normal subjects

Blood pyruvic acid (mg./100 ml.) Blood citric acid (mg./100 mi.)

Change from initial concentration Change from initial concentration

Initial Minutes after start of infusion Initial Minutes after start of infusion

Sub- Previous concen- concen-
ject diet tration 30 60 90 120 150 180 tration 30 60 90 120 150 180

After glucose (1 Gm./Kg. in 1 hr.)

F. P. Mixed 0.8 0 +0.2 +0.6 +0.5 +0.1 1.6 +0.3 +0.2 +0.2 +0.1 -0.1

R. B. Mixed 0.9 +1.1 +1.5 +1.0 +0.3 0 -0.2 2.2 0 -0.1 -0.1 -0.1 -0.5 -0.5

J. W. Mixed 1.1 +0.2 +0.1 +0.1 -0.1 -0.2 +0.1 2.6 -0.2 -0.2 0

R. W. Mixed 0.9 -0.4 +0.4 -0.3 0 +0.3 +0.5 2.0 -0.2 -0.1 0 -1.0 -0.1

A. M. Mixed 0.9 -0.1 +0.3 +0.3 0 -0.1 -0.3 2.1 -0.1 -0.1 -0.1 -0.1 -0.5

W. C. Mixed 1.2 +0.2 0 +0.2 +0.1 -0.5 -0.5 1.5 -0.1 0 +0.2 0 -0.2 -0.2

Mean 1.0 +0.2 +0.4 +0.3 +0.1 -0.1 -0.1 2.0 0 -0.1 0 0 -0.6 -0.3

F. P. Fasting 1.2 +0.4 +0.3 +0.1 0 +0.2 +0.4 2.0 +0.1 +0.2 0 +0.2 -0.1

R. B. Fasting 1.2 -0.1 +0.1 +0.2 0 0 -0.3 2.6 0 -0.2 +0.2 -0.2 -0.2 -0.4

J. W. Fasting 1.2 +0.1 +0.2 -0.4 +0.5 +0.5 +0.6 2.8 -0.4 -0.3 -0.4 -0.4 -0.7 -0.3

R. W. Fasting 1.3 -0.2 -0.1 0 +0.3 +0.4 0 2.6 -0.3 -0.2 -0.2 -0.1 -0.5 -0.1

A. M. No CHO 1.5 -0.2 0 0 -0.1 0 -0.3 2.1 -0.1 -0.4 -0.2 -0.6 -0.6 -0.7

W. C. No CHO 0.9 +0.6 +0.4 +0.3 +0.3 +0.3 1.8 -0.1 -0.1 -0.5 -0.5 -0.6 -0.5

Mean 1.2 +0.1 +0.2 0 +0.2 +0.2 +0.1 2.3 -0.1 -0.2 -0.2 -0.3 -0.4 -0.4

After fructose (1 Gm./Kg. in 1 hr.)

F. P. Mixed 1.0 +1.8 +2.6 +0.9 +0.3 +0.6 +0.4 1.4 +0.2 +0.5 +0.4 +0.2 -0.2

R. B. Mixed 1.5 -0.1 +1.3 +0.5 +0.5 +0.3 -0.2 1.6 +1.0 +0.6 +0.8 +0.5 +0.4 +0.4

J. W. Mixed 0.9 +0.9 +1.3 +0.5 +0.1 -0.1 -0.1

R. W. Mixed 0.8 +1.2 +1.1 +0.4 -0.1 -0.2 -0.2 2.0 +0.1 +0.1 +0.4 0 -0.2 -0.4

A. M. Mixed 1.0 +1.1 +0.9 +0.1 +0.4 +0.4 -0.1 1.6 +0.2 +0.3 +0.4 +0.3 -0.2

W. C. Mixed 1.4 +1.0 +1.3 +0.5 -0.4 -0.8 -0.3 1.6 +0.1 +0.4 +0.3 +0.2 -0.3 -0.3

Mean 1.1 +1.0 +1.4 +0.5 +0.1 0 -0.1 1.6 +0.3 +0.4 +0.5 +0.2 0 -0.1

F. P. Fasting 1.2 +0.5 +1.7 +0.7 +0.2 0 -0.1 1.8 0 -0.2 +0.1 +0.4 0

R. B. Fasting 1.1 +1.7 +2.7 +1.9 +0.7 +0.4 +0.1 2.1 0 +0.5 +0.4 +0.3 -0.2 +0. 1

J. W. Fasting 1.4 +0.5 +2.0 +1.0 +1.1 +0.4 +0.1

R. W. Fasting 1.2 +0.7 +2.1 +1.8 +0.6 +0.4 +0.1 2.5 +0.2 +0.4 +0.6 +0.3 +0.1

A. M. NoCHO 1.3 +1.0 +1.6 +0.3 0 +0.2 -0.5 2.3 +0.1 -0.1 -0.1 -0.2 -0.6

W. C. NoCHO 1.2 +1.2 +1.7 +1.1 +0.2 -0.1 -0.4 2.1 0 +0.2 +0.2 +0.2 -0.2 -0.4

Mean 1.2 +0.9 +2.0 +1.1 +0.5 +0.2 -0.1 2.2 +0.1 +0.1 +0.2 +0.3 0 -0.2
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TABLE IV

Influence of carbohydrate deprivation on blood malic acid and plasma inorganic phosphorus concentrations following
intravenous administration of hexoses in normal subjects

Blood malic acid (mg./100 ml.) Plasma inorganic phosphorus (mg./100 ml.)

Change from initial concentration Change from initial concentration

Initial Minutes after start of infusion Initial Minutes after start of infusion
Sub. Previous concen- concen-
ject diet tration 30 60 90 120 150 180 tration 30 60 90 120 150 180

After glucose (1 Gm./Kg. in 1 hr.)

F. P. Mixed 0.15 +0.01 -0.01 +0.02 +0.02 -0.01 3.6 -0.4 -0.8 -1.1 -1.1 -1.6
R. -B. Mixed 0.17 +0.02 -0.01 -0.03 0 +0.01 -0.02 4.0 -0.7 -0.2 -1.8 -2.4 -1.9 -2.0
J. W. Mixed 3.8 -0.6 -1.2 -1.4 -1.4 -1.3 -1.6
R. W. Mixed 4.0 -0.6 -0.7 -0.9 -0.8 -1.4 -0.9
A. M. Mixed 0.14 +0.04 +0.04 +0.02 0 0 4.5 -0.6 -0.8 -1.4 -1.3 -1.3 -1.1
W. C. Mixed 0.13 +0.03 +0.02 +0.04 +0.03 +0.01 +0.02 4.2 -0.4 -0.9 -1.4 -1.6 -1.3 -1.3

Mean 0.15 +0.02 +0.01 +0.01 +0.01 +0.01 0 4.0 -0.6 -1.1 -1.3 -1.4 -1.4 -1.4

F. P. Fasting 0.17 0 0 0 +0.02 0 4.1 -0.3 -0.9 -1.3 -1.7 -1.7
R. B. Fasting 0.15 0 0 +0.04 0 -0.01 +0.03 3.2 -0.7 -1.3 - 1.5 -1.4 -0.9 -1.4

J. W. Fasting 3.8 -0.6 -0.8 -1.3 -1.1 -1.4 -1.3

R. W. Fasting 4.5 -0.6 -1.3 -1.7 -1.3 -1.0 -0.7

A. M. NoFCHO 0.16 +0.03 +0.02 +0.05 +0.04 +0.04 +0.06 3.8 -1.0 -1.4 -2.0 -1.6 -1.7 -1.5
W. C. No CHO 0.17 -0.01 +0.02 -0.01 +0.01 +0.02 +0.03 3.4 -0.1 -0.6 -1.0 -1.0 -1.5 -1.4

Mean 0.16 +0.01 +0.01 +0.02 +0.01 +0.02 +0.03 3.8 -0.6 -1.0 -1.5 -1.3 -1.4 -1.3

After fructose (1 Gm./Kg. in 1 hr.)

F. P. Mixed 0.21 +0.01 0 -0.02 -0.06 -0.06 4.5 -0.8 -0.7 -1.1 -1.1 -1.3

R. B. Mixed 0.17 +0.04 +0.06 +0.02 -0.02 0 -0.01 4.0 -0.6 -0.6 -0.7 -0.7 -1.0 -1.1

J. W. Mixed 3.8 -1.1 -0.9 -0.4 -0.6 -0.5

R. W. Mixed 5.0 -1.7 -1.2 -0.9 -1.2 -1.1 -0.7

A. M. Mixed 0.14 +0.01 +0.04 +0.01 +0.02 -0.01 3.7 -0.5 -0.4 -0.4 -0.9 -0.5
W. C. Mixed 0.16 +0.04 +0.04 +0.04 +0.01 -0.01 +0.03 4.4 -0.7 -1.1 -0.4 -0.9 -1.2 -1.0

Mean 0.17 +0.02 +0.04 +0.01 -0.02 0 -0.01 4.2 -0.9 -0.8 -0.6 -0.9 -1.1 -0.8

F. P. Fasting 0.14 +0.01 +0.03 +0.02 +0.01 0 4.3 -0.8 - 1.0 -0.6 +0.1 - 1.0

R. B. Fasting 0.11 +0.07 +0.08 +0.07 +0.06 +0.04 +0.04 2.7 -0.5 -0.5 -0.1 +0.2 -0.2 -0.2
J. W. Fasting 3.9 -0.6 -0.8 -0.6 -0.7 -0.7 - 1.0

R. W. Fasting 4.2 -0.5 -0.6 -0.4 -0.4 -0.4 -0.3

A. M. No CH0 0.17 0 +0.05 -0.02 +0.01 +0.01 3.7 -0.2 -0.6 -0.5 -1.1 -0.8

W. C. No CHO 0.15 +0.03 +0.07 +0.02 +0.01 -0.01 -0.02 3.7 -0.7 -0.9 -0.6 -0.5 -0.8 -0.6

Mean 0.14 +0.03 +0.06 +0.02 +0.02 +0.01 +0.01 3.8 -0.6 -0.7 -0.5 -0.4 -0.5 -0.6

were compared to the mean changes at corre-

sponding time intervals in the control tests, p was

consistently greater than 0.05. Glucose adminis-

tration was associated with minimal increases in

the blood malic acid concentration both before and

after carbohydrate deprivation. In every instance

glucose produced a fall in the level of plasma in-

organic phosphorus; the average maximum de-

crease was 1.7 0.4 mg. per 100 ml. in the con-

trol tests and 1.6 0.2 mg. per 100 ml. after

dietary carbohydrate restriction (p > 0.5).

Fructose tolerance tests

In the control tests the blood fructose concen-

tration reached an average maximum value of

89 10 mg. per 100 ml. and returned to the ini-

tial level by 150 or 180 minutes. In tests per-

formed after two days of carbohydrate deprivation
the fructose concentration reached an average
maximum value of 91 + 8 mg. per 100 ml. (p >
0.5). In one case the rise was 20 mg. per 100 ml.
greater than in the control test, and in another
case it was 12 mg. per 100 ml. less; in the remain-
ing cases the maximum values attained in the
two tests varied by less than 10 mg. per 100 ml.
The rate of decline of the blood fructose concen-

tration was similar to that observed in the control
tests.

In three of the six cases, the blood glucose rise
associated with fructose administration was

greater after carbohydrate restriction than in the
well-fed state, in one case it was similar, and in
two cases it was less after carbohydrate depriva-
tion. In all instances the return of the blood glu-
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EFFECT OF CARBOHYDRATEDEPRIVATION
ON HEXOSE TOLERANCE

AVERAGE OF 6 NORMAL SUBJECTS
GLUCOSE FRUCTOSE

0
I \ CHO DEPRIVATION 0O

I \ NO CHO DEPRIVATION *

I .

I ' t

0 60 120 160 0 60 120 ISO

TIME - MINUTES

FIG. 1. AVERAGE INTRAVENOUS GLUCOSE AND FRUCTOSE TOLERANCE
CURVES OF SIX NORMALSUBJECTS FOLLOWING A NORMALDIET (SOLID
LINES) AND FOLLOWINGTwo DAYS OF FASTING OR A CARBOHYDRATE-FREE
DIET (INTERRUPTED LINES)

Blood hexose concentrations are plotted in terms of variation from the
fasting level.

cose to the initial level was delayed after dietary
restriction. The mean blood glucose changes were

significantly different (p < 0.01) in the control
and postrestriction tests at 90, 120, 150, and 180
minutes.

Five of the six subjects showed a greater in-
crease in blood pyruvic acid concentration after
carbohydrate deprivation. The average maxi-
mumrise was 1.4 + 0.6 mg. per 100 ml. in the
control test and 2.0 0.4 per 100 ml. after dietary
restriction (0.05 < p < 0.1).

During the fructose tolerance tests there was a

small increase in the concentration of blood citric
acid in each instance in contrast to the decrease
produced by glucose administration; the magni-
tude of the increase was not altered in a consistent
manner by dietary restriction, although the mean

rise at 90 minutes was less (0.05 > p > 0.02).
There were small increases in the blood malic
acid level during the tests performed both before
and after carbohydrate deprivation; however, the

mean changes from the initial level were not sig-
nificantly different at any point in the control and
postdeprivation tests. Fructose administration
was accompanied by a fall in the concentration of
plasma inorganic phosphorus in each instance.
The average maximum phosphorus decrease was

1.2 + 0.3 mg. per 100 ml. in the control tests and
0.8 0.2 mg. per 100 ml. after dietary restriction
(0.02 > p > 0.01).

DISCUSSION

The results of these studies confirm previous
observations that dietary carbohydrate deprivation
decreases the rate of removal of administered glu-
cose from the blood. Under the same circum-
stances, the rate of removal of administered fruc-
tose is not measurably altered. These findings
afford further evidence that in man the predomi-
nant pathway for glucose metabolism differs from
the pathway for fructose metabolism. They sug-
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gest that the metabolic defect induced by carbo-
hydrate deprivation involves the pathway for glu-
cose utilization without impairing fructose metab-
olism. Certain metabolic derangements have been
demonstrated in -liver slices from fasted rats.
Wyshak and Chaikoff (23) reported that the
conversion of glucose to CO2, glycogen, and fatty
acids was depressed in liver slices from fasted
rats; CO2 and glycogen were formed from fruc-
tose at a normal rate, although lipogenesis from
this hexose was impaired. These investigators
suggested that the defect in glucose utilization
probably occurred at the glucokinase reaction,
while the phosphorylation of fructose was under
the influence of a separate enzyme (fructokinase)
and was not altered by fasting. Our results are
consistent with this hypothesis, although a defect
in glucose metabolism at any step between glu-
cose transport and the triose phosphate level could
account for the observed difference in the effect
of carbohydrate deprivation on the disappearance
of glucose and fructose from the blood. Kuyper
(24) found that the fructokinase activity was di-
minished in liver slices from fasted rats; how-
ever, our studies do not indicate a significant al-
teration in the overall rate of fructose removal
such as might be observed if the phosphorylation
of fructose were impaired by carbohydrate depri-
vation in man.

The fact that results similar to those of the
present study were obtained when glucose and
fructose were administered to diabetic subjects
(10) suggests the possibility that a lack of insu-
lin effect may be involved in the changes induced
by carbohydrate deprivation. The available data
regarding the role of insulin in starvation dia-
betes are conflicting. A diminished insulin effect
might be due to a decreased supply of endogenous
insulin or to the presence of insulin antagonists.
Best, Haist, and Ridout (25) observed a decrease
in the insulin content of the pancreas of fasted
rats. However, Bergman and Drury (26) found
that rabbits which had been fasted prior to evis-
ceration exhibited a diminished rate of glucose
utilization in comparison to non-fasted eviscerated
rabbits; since both groups of animals were de-
pancreatized, this phenomenon apparently did not
depend upon differences in the amount of avail-
able insulin at the time that glucose utilization
was measured. Himsworth (27) reported that

the insulin sensitivity of normal human subjects
was reduced by a decrease in dietary carbohydrate,
and Mirsky and Perisutti (28) found that the in-
sulin-inactivating capacity of rat liver slices was
increased by fasting. However, the importance of
insulin in the production of the metabolic defects
associated with carbohydrate deprivation remains
unsettled.

There is also the possibility that the metabolic
changes associated with carbohydrate deprivation
are related to increased adrenal cortical activity.
An impairment of glucose tolerance with no al-
teration in the rate of fructose removal has been
described in normal men following a single dose
of cortisone (11). Engel's observation (29) that
glucose tolerance is unimpaired by a 48 hour pe-
riod of fasting or low carbohydrate intake in pa-
tients with adrenal insufficiency also suggests that
the adrenal cortex may be involved. In experi-
mental animals, complete inanition (30) or a high
protein diet (31) produce adrenal cortical hyper-
trophy, but the effect of a low carbohydrate diet
per se has not been studied adequately. In Cush-
ing's syndrome (32-34) and in patients receiving
adrenocorticotropic hormone (ACTH) or adrenal
cortical steroids (33-36) the concentration of
blood pyruvic acid is frequently elevated in the
postabsorptive state. It is of interest in this re-
gard that in 9 of our 12 paired experiments the
concentration of blood pyruvic acid in the post-
absorptive state was higher after carbohydrate
deprivation than in the control test. In Cushing's
syndrome an abnormally high rise in blood pyruvic
acid has been observed after fructose infusion
(37); fructose administration produced a greater
rise in the blood pyruvic acid concentration after
carbohydrate deprivation than in the control test
in five of our six subjects. Abnormally great and
prolonged elevations of the blood pyruvic acid
concentration have been reported after glucose
administration in Cushing's syndrome (32, 33),
and the same phenomenon has been observed in
patients receiving ACTH or adrenal cortical
steroids (33, 34). However, in the present ex-
periments such a pyruvic acid change was re-
corded in only one of six subjects when glucose
was administered after carbohydrate depriva-
tion. Because more direct measurements of
adrenal cortical function in man during a rela-
tively brief period of carbohydrate deprivation
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are not available, the relationship of the adrenal
cortex to the observed metabolic changes cannot
be evaluated accurately.

Engel (29) has reported that the glucose toler-
ance test is not altered by fasting in the patient
with pituitary insufficiency, and Himsworth and
Scott (38) found that glucose tolerance was not
impaired by a low carbohydrate diet in the hy-
pophysectomized rabbit. Recant (39) investi-
gated a respiratory quotient (R.Q.) depressing
factor of anterior pituitary origin. This substance
inhibited the rise in R.Q. which occurred when
glucose or hexose diphosphate were added to a
rat diaphragm preparation but did not inhibit the
R.Q. rise produced by 3-phosphoglyceric acid.
A similar R.Q. depressing factor was demon-
strated in the serum of fasted normal rats but was
absent from the serum of fasted hypophysecto-
mized rats and normal rats on an adequate diet.
Although these observations suggest that the an-
terior pituitary may be involved in the production
of the metabolic changes associated with dietary
carbohydrate deprivation, the results of other in-
vestigators are not in agreement. For example,
two groups of workers (40, 41) have altered the
glucose tolerance curves of hypophysectomized
dogs by reducing the carbohydrate content of the
diet. As in the case of the other endocrine glands,
sufficient information is not available to assess the
role of the anterior pituitary in the production of
the metabolic changes of starvation diabetes.

From a teleological viewpoint, it is of interest
that the metabolism of the most important carbo-
hydrate fuel of the body, glucose, is impaired in so
many conditions, including starvation, diabetes
mellitus, and stress; while the utilization of fruc-
tose, which apparently plays a relatively minor role
quantitatively in the normal body economy, pro-
ceeds at an unchanged rate under the same cir-
cumstances. In starvation, the net impairment of
glucose utilization may represent a mechanism for
the maintenance of an adequate supply of glucose
for the central nervous system which is depend-
ent upon this particular hexose.

SUMMARY

1. Intravenous glucose and fructose tolerance
tests were performed in six normal subjects be-
fore and after two days of dietary carbohydrate
deprivation.

2. The rate of removal of administered glucose
from the blood was diminished after carbohydrate
deprivation, while fructose disappeared at a nor-
mal rate.

3. These results afford further evidence that
the metabolism of fructose differs from the me-
tabolism of glucose in man.
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