
STUDIES ON THE INTERDEPENDENTEFFECTSOF STRESS
ANDTHE ADRENALCORTEXONCARBOHYDRATE

METABOLISMIN MAN'

By THOMASW. BURNS,2 FRANKL. ENGEL, ALBERTOVIAU,2 JAMES L.
SCOTT, JR.,2 DOROTHYR. HOLLINGSWORTH2 ANDEMILE WERKS

WITH THE TECHNICAL ASSISTANCE OF EVANGELINEROBERTSON

(From the Departments of Medicine and Physiology, Duke University, Durham, N. C.)

(Submitted for publication March 20, 1953; accepted April 26, 1953)

It is now well established that the adrenal cortex
is involved in some fundamental manner in the
metabolic response to injury and illness, but the
precise mechanism by which this gland exerts its
influence remains clouded. Originally, based on
the observations that certain of the metabolic re-
sponses to injury do not occur in the absence of
the adrenal cortex, and on the evidence of in-
creased secretion of adrenal steroids during stress,
it seemed reasonable to interpret the metabolic
changes which occur after stress as direct mani-
festations of hypersecretion of adrenocortico-
trophic hormone (ACTH) and adrenocortical
steroids (1, 2, 3). The demonstration that over-
dosage with ACTHor cortisone produced meta-
bolic changes comparable to those after stress made
such an interpretation even more attractive.
However, as investigation in this area has been
pursued, it has become increasingly apparent that
the concept described above is an oversimplifica-
tion and needs modification. Ingle, in a brilliant
series of studies, beginning in 1943, has been
chiefly responsible for demonstrating, in animals
at least, that the adrenal cortex is not directly re-
sponsible for the changes under consideration, al-
though adrenocortical hormone must be present
for certain of the changes to take place (4, 5, 6, 7,
8). Thus, the adrenalectomized animal exhibits a
normal metabolic response to injury if maintained
with an amount of adrenocortical hormone which
itself does not produce overdosage effects. Un-
der such circumstances, no increase in adrenal ac-
tivity is possible, and hence adrenocortical hor-
mone may be considered as necessary but not re-
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sponsible for certain of the observed metabolic
and morphologic alterations after stress. Although
the original interpretation of a direct participation
of the adrenal cortex in the metabolic response to
injury is still widely held, most investigators in
this field, including Selye and others who were
responsible for the concept, are now in agreement
that the role of the adrenal is an indirect one (9,
10).

In this laboratory, attention has been directed
for some years to the problem of the nature of the
interrelationship between the adrenal cortex and
stress in metabolism (11, 12, 13). Ingle's obser-
vations have been confirmed, using different tech-
niques. Evidence has been adduced in the rat to
indicate that hypersecretion of adrenal steroids is
not necessary to initiate the metabolic response to
injury, although a high level of secretion may be
necessary to sustain it. Thus, it was found that
even large doses of ACTH, infused intravenously
into the fasted intact rat, produced only delayed
effects on nitrogen metabolism, whereas stressful
stimuli were followed by immediate changes. It
was further shown that if adrenocortical extract
is administered to rats subjected to a subthreshold
stress, i.e., one which induced either no or only
a delayed increase in protein catabolism, the ani-
mal responds with an immediate increase in ni-
trogen metabolism, as if it had been subjected to
a more severe stressful stimulus. These studies
have led to the concept that the adrenal hormone
in some manner permits the organism to respond
metabolically to stressful stimuli, the magnitude of
the response being dependent primarily on the
stress stimulus unless an excess of adrenal hor-
mone is present. In these terms, the so-called
"overdosage effects" of exogenous adrenal steroids
conceivably could be interpreted as over-responses
to minor stressful stimuli, which under ordinary
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circumstances, would have no measurable impact
on metabolic processes. At the moment, of course,

there is no positive proof for such a concept. The
present study was designed to extend these obser-
vations to one parameter of metabolism in man,

namely carbohydrate tolerance. For this purpose,

studies were made of the influence of cortisone
acetate on the carbohydrate tolerance of normal
healthy medical students as compared with ill pa-

tients in the hospital. It was found, in confirma-
tion of the views developed from the animal stud-
ies, that subjects under the acute or chronic stress
of organic illness exhibited a greater change from
normal in glucose and insulin tolerance after a

given dose of cortisone acetate than did healthy
medical students similarly treated.

MATERIALS ANDMETHODS

The subjects for these studies were 143 normal medical
and graduate students and 53 patients. Most of the latter
group suffered from organic disease, although a few with
severe neuroses were included. With the exception of
the special diet control noted below, the students all ate
ad libitum at the university dining halls. A dietary survey
of a representative group of students indicated that the
range of diet consumed by them ranged from 1900 to
3000 calories a day with from 200 to 300 grams of carbo-
hydrate, the majority of students consuming diets con-

taining between 2,500 and 3,000 calories. The composi-
tion of the dining hall diets was thus not notably different
from the ward diet offered the patients, i.e., 2,900 calories,
with 110 grams protein, 290 grams of carbohydrate and
140 grams of fat. The tolerance tests were performed on

the students during the morning, after they had been sit-
ting through the hour lecture period. Activity during
the two to three hours required for the tolerance tests
consisted of the walking about necessary to perform rou-

tine experiments in Physiology.
The ill subjects were selected as a cross-section of the

ward population with organic diseases with the excep-
tion of four subjects with anxiety states or hysteria. The
latter did not respond differently from those with organic
disease and hence were included. No patient with a dis-
ease known specifically to modify carbohydrate tolerance,
such as diabetes, liver disease or an endocrine disorder,
was included. Patients with a family history of diabetes
were excluded. Most patients were ambulatory to vary-
ing degrees and where possible were not kept strictly in
bed during the tests so that their activity would be com-

parable to the student subjects.
The tolerance tests employed were a standard oral glu-

cose tolerance test, using 1 gram of glucose per kilo-
gram body weight, a glucose-insulin tolerance test modi-
fied from Fraser, Albright, and Smith (14), in which 0.1
unit of regular insulin per kilogram body weight was

administered intravenously simultaneously with the glu-

cose by mouth (1 gram per kilogram body weight), and
insulin tolerance tests, using 3Ao, Y4o, 160, and 'o unit of
regular insulin per kilogram body weight intravenously.
All subjects received 50 grams of glucose by mouth ten
hours prior to the test in order to make the period of
fast constant and to attempt to approximate an intake
of carbohydrate of 300 grams or more on the day prior
to the test. The insulin used was free of hyperglycemic
factor. In order to minimize error in dosage, the insulin
was diluted 1: 20 with normal saline to increase the vol-
ume of the injected solution. When cortisone was given,
it was taken by mouth as the crystalline suspension to as-

sure rapid absorption four hours prior to tolerance tests
in the acute experiments and every six hours around the
clock in the chronic experiments. In general, the dosage
used in the acute experiments was 200 mg. as a single
dose and in the chronic experiments a total dose of 200
mg. per day was given, 50 mg. every six hours.

Blood was -drawn at appropriate intervals into hepari-
nized syringes, and placed in tubes containing potassium
fluoride. Protein-free filtrates were prepared within a

few minutes, using a copper-tungstate filtrate. Blood for
glucose was analyzed by the Somogyi method (15). In
the statistical analyses, comparisons were made between
increments and decrements in blood sugar levels from
zero time as well as between the absolute values for the
points on the curves. A probability of <.05 was con-

sidered probably significant, one of < .02 or less definitely
significant.

RESULTS

Control studies

To assess the effects of acute administration of
cortisone acetate by mouth, three groups of ten
normal subjects served as controls. One group

received no hormone and the other two received
by mouth 200 and 400 mg. of cortisone acetate, re-

spectively, four hours prior to withdrawal of the
initial blood samples. Blood was collected for glu-
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cose determination at 0, 30, 60, 120, and 180 min-
utes. Figure 1 illustrates that ingestion of corti-
sone was followed by a significant (p < .01) and
sustained increase in the fasting blood sugar dur-
ing the period of four to seven hours after hormone
treatment. The blood sugar levels of the untreated
subjects showed a small, but statistically invalid,
fall during the three hours observation, while those
of the cortisone treated subjects exhibited a simi-
larly insignificant tendency to rise. There was no

significant difference between the response to 200
and to 400 mg. of cortisone.

When compared with the mean of the two pre-
treatment days, the fasting blood sugar. levels of
seven normal subjects receiving 50 mg. of corti-
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EFFECT OF 200 mgm. ORAL CORTISONEON GLUCOSE
TOLERANCETEST IN NORMALSUBJECTS

0 30 60 120 ISO
MINUTES

FIG. 2. SIGNIFICANT ALTERATION IN THE ORAL GLU-
COSETOLERANCETEST OF NORMALSUBJECTS FOURHOURS
AFTER INGESTION OF 200 MG. OF CORTISONEACETATE

sone acetate every six hours for eight days were

significantly elevated as measured on the third and
sixth day of treatment but had fallen to normal
again the eighth day. The mean values and stand-
ard errors were as follows: Day - 2, pretreatment,
88 2.5; day 0, 84 + 4.3 (mean pretreatment
86±1.6); day 3 of treatment, 96+4.1; day 6
of treatment, 99 + 3.2; day 8 of treatment, 89
3.9; day 1 after treatment, 83 + 2.1; day 4 after
treatment, 83 22.

Glucose tolerance tests

Glucose tolerance tests were performed on

two groups of ten subjects each, one untreated
and the other pretreated with 200 mgm. of corti-
sone acetate orally four hours prior to the test.
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EFFECT OF ILLNESS ONGLUCOSETOLERANCE

30 60
MINUTES

120 180

FIG. 3. COMPARISON OF THE IMPAIRMENT IN GLU-
COSETOLERANCEOF NORMALSUBJECTSRECEIVING 200 MG.
OF CORTISONEWITH THAT OF ILL SUBJECTS.

Note that the 0 and 180 minute blood sugar levels are

normal in the ill subjects but elevated in the cortisone
treated normal individuals compared with the untreated
controls.

The results exhibited in Figure 2 demonstrate
clearly that blood sugar levels are significantly
higher at all points in the tolerance curve of the
treated subjects with the exception of the thirty
minute point.

When glucose tolerance tests on thirteen ill pa-
tients were compared with those on ten untreated
normal subjects and ten cortisone treated normal
subjects (Figure 3), a clear difference between
the effects of cortisone and illness is apparent.
Ill subjects showed a definite impairment of glu-
cose tolerance at the 60 and 120 minute points but
not at 0, 30, and 180 minutes. This contrasts with
the effect of cortisone on the healthy subjects
where, as indicated in Figure 2, significant differ-
ences from normal are detectable at all times ex-

cept 30 minutes after glucose.
When cortisone is administered to ill subjects,

the impairment of glucose tolerance is strikingly
greater than that resulting from illness alone (Fig-
ure 4) or from the administration of cortisone to
healthy subjects (Figure 2). In this experiment,
thirteen ill subjects had glucose tolerance tests per-

formed before and eight of the same group after
a single dose of cortisone by mouth. The data of
Figures 3 and 4 demonstrate a clear difference be-
tween the response of normal and ill subjects to
cortisone. Not only is the tolerance curve of the
ill group receiving cortisone significantly higher
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EFFECT OF ORALCORTISONE ON GLUCOSE
TOLERANCEIN ILL SUBJECTS

30 60 120 ISO
MINUTES

FIG. 4. MARKEDIMPAIRMENT OF GLUCOSETOLERANCE
IN ILL SUBJECTS PRETREATED WITH CORTISONE FOUR
HOURSBEFORETHE TEST

Compare with Figures 2 and 3.

throughout than that of the ill group not receiv-
ing cortisone, but it is also significantly higher at
all but the first and last points than that of the
healthy subjects receiving cortisone.

Although the patients were offered a diet ade-
quate in calories and carbohydrate, there was no
assurance or check that they consumed their en-
tire ration. Since it is well known that impair-
ment of carbohydrate tolerance occurs during
carbohydrate restriction in the diet (16, 17), a
control study was done to eliminate the possibility
that dietary deficiency might account for the dif-
ferent response to cortisone noted above. Ac-
cordingly, seven normal students were given trays
on the ward containing one half portions of the
regular ward diet, i.e., 1,400 calories and 150 grams
of carbohydrate per day. It was felt that this
would correspond reasonably well with the diets
consumed by the ill patients with poor appetites.
At the end of seven days, a glucose tolerance test
was performed on each subject, preceded by 50
gratns of glucose the night before, as in the previ-
ous tests. Three subjects were pretreated with
cortisone (200 mg., four hours before the toler-
ance test) and four were not. The diets were con-
tinued and at the end of the second week the toler-
ance tests were repeated, four subjects receiving
cortisone and three not. The tolerance curves ob-
tained were then compared with those obtained
from normal subjects eating ad libitum (Figure
5). Restriction in diet alone caused slight impair-
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ment in glucose tolerance, apparent at 30 minutes
(p < .05). Impairment of carbohydrate toler-
ance after cortisone pretreatment was approxi-
mately equivalent in the group with regulated diet
as compared with the group whose diet was not
rigidly controlled. The curve of the diet-restricted
group was not at all comparable to the curve found
in the ill patients receiving cortisone (Figure 4).
These results make it seem unlikely that the previ-
ous findings are explicable on the basis of dietary
variations alone.

Glucose-insulin tolerance tests

In order to explore further the relationship be-
tween the effects of cortisone and illness on carbo-

EFFECT OF DIET ON GLUCOSETOLERANCE
NORMALSUBJECTS

0 30 60 120 180
MINUTES

FIG. 5. EFFECTS OF DIETARY RESTRICTION ON CAo-
HYDRATzTOLERANCEWITH ANDWITHOUTCORTISONEPRE-
TREATMENTIN NORMALSUBJECTS

hydrate tolerance, studies comparable with those
just described were done with the glucose-insulin
tolerance test. This test was done in order to de-
termine whether insulin would modify the altered
response to glucose noted after cortisone pre-
treatment or illness.

As is apparent in Figure 6, curves A, B, and C,
four hours pretreatment of normal subjects with
either 200 or 400 mg. of cortisone acetate by mouth
did not prevent the normal fall in blood sugar fol-
lowing simultaneous administration of insulin and
glucose. As in previous experiments, fasting blood
sugar levels were significantly higher after corti-
sone (p < .01) and reached higher levels at two
and three hours but the latter were not significant
statistically. On the other hand, when the nor-
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mal subjects were treated with 200 mg. of corti-
sone daily for six days prior to testing, no fall in
blood sugar occurred after insulin and glucose, and
except for the 3 hour point, all points on the cor-

tisone curve were significantly higher than those
of the untreated controls.

When this same test was performed in ill sub-
jects, with and without cortisone pretreatment
(Figure 7), the response was strikingly different
from that obtained in normal subjects, untreated
or treated acutely or chronically with cortisone.
No hypoglycemia developed in either of the ill
groups, and significantly higher levels were

achieved at 1, 2, and 3 hours than in healthy sub-
jects untreated or receiving a single dose of corti-
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EFFECT OF CORTISONEON THE GLUCOSE-INSULIN
TOLERANCETEST tN NORMALSUJECTS

140-

E

O-̂ <; D. Day6-2000mCgCsoeMoyi
30 60 120 180

MENUES

FIG. 7. COMPARISONOF RESPONSEIN NORMALAND
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OUT ACUTEOR CHRONICCORTISONEPRETREATMENT

Insulin tolerance tests

u. Insulin/ k In the past, much emphasis ha been placed on

lO0gmn. glucose/ kg.
120- the possibility that the impairment of carbohydrate

_Dw tolerance, which has been reported during stress
00 & and in animals which have been treated with

A 8,,.S A s adrenal steroids, is due to a peripheral blocking of

80 & A insulin action by adrenal steroids. This concept
A

a Untreated-Normal (10) is supported by the experiments of Ingle in which

608'- 200 mg Cortison INrmal 00) it was found that force-fed rats which were made
Ca 400m%Cortisone-Normal (8) diabetic by the administration of very large doses
D* WYX6 - 2.00 m%Cortisone/doy (6)

0 of adrenal steroids were particularly resistant to
t 30 60 120 180 insulin, requiring very large doses of this hormone

MINUTES to overcome glycosuria (18). The altered glu-

6N THEKGOSE-INSULIN
2

ToLRANCE OFCOUR cose and insulin tolerance of patients with Cush-
LATER AS COMPAREDWITH IMPAIREDTOLAERNCE ing s syndrome has also been interpreted in this

E SIXTH DAYOF TREATMENTWITH 200 MG. OF COR- fashion (14). Additional evidence that stressed
IN NORMALSUBJECTS individuals may exhibit insulin resistance was re-

cently presented by Olsen and Nuetzel who re-
At two and three hours, blood sugar levels ported that there was a good negative correlation

e two ill groups were significantly higher between the severity of illness and the fall in blood
normals on the sixth day of cortisone treat- sugar after insulin exhibited by patients during

Although the cortisone treated ill group insulin tolerance tests (19). In the experiments
ilood sugar levels at all but thirty minutes described in the previous section, the possibility
rthan the untreated ill subjects, only the dif- of relative insulin resistance was considered in
.e at fasting met the test of statistical signifi- ill patients and in normal subjects who were

Samples drawn at 1, 2, and 3 hours treated chronically with cortisone. In all these
,d a greater variation and, hence, larger groups, no fall in blood sugar was noted after the
ard error than in the previously described administration of insulin and glucose in contrast
se tolerance tests. It is possible that if a to the control normal group and the normals re-

group of subjects had been tested, the same ceiving cortisone acutely. In these latter groups,
ences between the two ill groups might have there was a prompt fall in the blood sugar. The
significantly different, as was the case with following experiments were performed in order
lucose tolerance tests. to make quantitative measurements of the inhibi-
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FIG. 8. EFFECT OF 200 MG. OF CORTISONE ON SUBSE-
QUENTTOLERANCETO MOAND1/40 OF A UNIT OF INSULIN
PER KILOGRAM INTRAVENOUSLYFOUR HOURSLATER IN
NORMALSUBJECTS

There were ten subjects each in the 1/80 unit group and
six controls and four treated subjects in the 4o unit
group.

tory effects of cortisone on the response to insulin
of normal and ill individuals.

For this purpose, tolerance tests were performed
with four dose levels of insulin: Y/80, 60,%0, and
%4o unit per kilogram intravenously. Figure 8 il-
lustrates the responses of normal subjects to two
dose levels of insulin, %0 and Y80 of a unit per

kilogram. In neither case, did pretreatment with
cortisone modify the magnitude of the fall in blood
sugar level. However, with the smallest dose of
insulin all blood sugar levels were significantly
higher in the cortisone treated group. This might
be interpreted as evidence for some degree of
insulin resistance following cortisone.

The relative ineffectiveness of cortisone in pre-

venting the fall in blood sugar after insulin, even

when the latter substance was administered in

EFFECT OF ORALCORTISONEFOR ONE WEEKON INSULIN
TOLERANCE(1/60u/kg.) OF 7 NORMAL SUBJECTS-

w,, 100_

n70\ ,P e~~~~--_200 mg. cortisone doily-2 days
/ _-in2 Omg.c ortisone da lI:-?days

o \i/ _~~~~~h----24 hours post cortisone

J 60

MINUTES

FIG. 9. EFFECTS OF CHRONICTREATMENTWITH CORTI-

SONE ACETATE ON THE INSULIN TOLERANCETEST (1/60

UN¢IT PER KILOGRAM INTRAVENOUSLY) IN NORMAL

HEALTHYSUBJECTS

relatively small quantities, was surprising, espe-

cially in view of the earlier acute experiments
which showed that cortisone was capable of alter-
ing the response to glucose. To assess the pos-

sibility that chronic cortisone treatment might in-
terfere more definitely with the response to in-
sulin in normal subjects, a group of seven sub-
jects was treated with 50 mg. of cortisone every
six hours around the clock for seven days. Figure
9 illustrates the results. Insulin tolerance tests,
using %o of a unit per kilogram intravenously,
were done the day before treatment was initiated,
on the second and seventh day of treatment and 24
hours after cortisone was discontinued. Although
cortisone treatment was associated with a marked
alteration of the response to simultaneously ad-
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EFFECT OF ILLNESS ON INSULIN TOLERANCE
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ministered glucose and insulin (Figures 6 and 7)
in the same subjects on the sixth day of treatment,
the response to insulin alone was very little modi-
fied by cortisone treatment. The absolute fall in
blood sugar was greater in the cortisone treated
subjects and the level to which the blood sugar

fell was the same as in the untreated group. In
the tolerance tests done 24 hours after cortisone
had been discontinued, during a period when one

might expect relative adrenal insufficiency, the
total fall in blood sugar after insulin was not sig-
nificantly altered. However, the fasting level was

lower and consequently the level reached after in-
sulin was significantly lower than in the control or

cortisone treated groups, a response which may be
interpreted as indicating an increased sensitivity
to insulin.
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FIG. 11. INSULIN RESISTANCE (AO UNIT PER KILo-
GRAM INTRAVENOUSLY) IN ILL SUBJECTS PRETREATED
WITH 200 MG. OF CORTISONE FOUR HOURSPREVIOUSLY
AS COMPAREDWITH NORMALINSULIN SENSITIVITY IN

UNTREATEDILL SUBJECTS AND NORMALSUBJECTS PRE-
TREATEDWITH CORTISONE

To determine if illness would alter the response

to small doses of insulin, as has been reported (19),
a group of ten patients with organic illness was

tested. The dose of insulin used was '%0 unit per

kilogram. The results are demonstrated in Fig-
ure 10, where the effect of illness on insulin toler-
ance is compared with the response of seven nor-

mal subjects. As can be seen, the response to
insulin was the same in the ill group as in the un-

treated normal subjects. Illness, thus, was not
associated with any alteration in the response to
insulin under the conditions of this experiment.

It was only when cortisone treatment was super-

imposed on illness that any really appreciable in-
sulin insensitivity was demonstrable (Figure 11).
Insulin tolerance tests were performed on seven

ill subjects, using in this instance Mo unit per

kilogram of insulin. This same group of seven

patients was pretreated with 200 mg. of cortisone
and the insulin tolerance test repeated in the same

fashion a few days later. Hypoglycemia developed
each time, but the fall noted in the subjects after
cortisone was significantly less than that noted
when cortisone had not been given. Thus, for
the first time in this series of insulin tolerance
tests, an impressive degree of insulin intolerance
was noted. This result was particularly striking
since it occurred in response to a comparatively
large dose of insulin.

DISCUSSION

The salient features of this investigation which
require comment are as follows: (1) Treatment
with cortisone acetate by mouth is followed by an
elevation of the fasting blood sugar within four
hours which is equally significant in healthy and
ill subjects. In normal subjects this is sustained
for at least three hours and is not modified by
doubling the dose of cortisone. (2) Chronic ad-
ministration of cortisone is associated with a simi-
lar elevation of the fasting blood sugar in normal
subjects, but this effect seems to wear off after
about seven days. (3) In normal persons, glu-
cose tolerance is impaired by acute cortisone treat-
ment, but insulin tolerance is not notably modified
by cortisone treatment when tested with doses of
insulin ranging from Y80 to %o unit per kilogram
body weight intravenously, even when cortisone
treatment is continued for eight days. When glu-
cose is given simultaneously with insulin to healthy
individuals, no abnormality in carbohydrate toler-
ance is discernible after a single dose of cortisone,
but a definite abnormality is apparent after six
days of cortisone treatment. (4) The glucose and
glucose-insulin tolerance tests yield significantly
different results in ill subjects compared with
healthy subjects, regardless of whether the normal
subjects had been untreated or treated acutely or
chronically with cortisone. The response to in-
sulin in the ill subjects in this study, however, was
not notably different from that of normal persons.
(5) Pretreatment of ill subjects with a single dose
of cortisone resulted in a markedly lesser blood
sugar fall in the insulin tolerance test than it did
in the healthy subjects. Thus, only in the corti-
sone treated ill subjects was any notable degree of
insulin resistance noted.

The finding, that following a single oral dose of
cortisone acetate there is an elevated fasting blood
sugar and an impairment of glucose tolerance in
healthy and ill subjects, is in keeping with well
documented observations on the effects of ACTH
and cortisone on carbohydrate metabolism in many
subjects (20, 21, 22, 23). By itself, it contributes
nothing to the understanding of the mechanism by
which this response is brought about, i.e., whether
by an actual impairment of glucose utilization as
in pancreatic diabetes, or by an overproduction of
carbohydrate from protein or possibly fat (24);
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or finally, whether the higher blood sugar levels
simply reflect higher liver glycogen levels such
as are known to develop in adrenal hormone
treated animals (25). Forsham and Thorn (26)
have favored the latter interpretation since they
find serum phosphate levels to decrease to a nor-
mal degree in ACTHor cortisone treated subjects
during the glucose tolerance test. The failure of
the fasting sugar levels to remain elevated after
seven days of cortisone ingestion is of note. It
probably represents an adaptation to the meta-
bolic effect of cortisone, perhaps through the
mediation of other hormones, such as insulin.

The abnormality in glucose tolerance in ill sub-
jects likewise is indicative of an alteration in car-
bohydrate metabolism well-known to occur in re-
sponse to stressful stimuli (9, 27, 28, 29). Hayes
and Brandt (27) have shown that despite the im-
paired glucose tolerance curves seen in postopera-
tive patients, the fall in serum phosphate is normal,
a response which is comparable to that reported by
Forsham and Thorn in subjects receiving ACTH
or cortisone (26). In our experiments, the shape
of the glucose tolerance curve of ill subjects dif-
fered in one important respect from that in re-
sponse to cortisone. In the former, the fasting
and three hour blood sugar levels were always nor-
mal while in the latter, they were significantly
elevated. This difference by itself cannot be ac-
cepted as definite evidence that the changes in
carbohydrate tolerance after stress and cortisone
treatment are dependent on different mechanisms,
although it suggests that such might be the case.

The observation that neither illness nor acute
or chronic treatment of normal subjects with
cortisone modified insulin tolerance to any notable
degree was unexpected. Only with the smallest
dose of insulin tested, i.e., /80 unit per kilogram,
was any degree of insulin resistance noted in
healthy subjects receiving cortisone. This was
apparent only in the fact that while the absolute
fall in blood sugar was identical in the treated and
untreated groups, the level to which the blood
sugar fell in the cortisone treated group was sig-
nificantly higher than in the untreated group.
Since the observations of Fraser, Albright, and
Smith (14) on glucose and insulin tolerance in
adrenal disorders and of Ingle, Sheppard, Evans,
and Kuizenga (18) on the production with ACTH
or cortisone of an insulin resistant type of diabetes
in the rat, it has been accepted without question

that insulin insensitivity is a characteristic feature
of the response to adrenal hormone overdosage.
During illness, insulin resistance has also been de-
scribed (19), but this depends to some extent on
the severity of illness and has not been universally
confirmed (30).

In the present study, a notable degree of insulin
insensitivity was elicited only under certain special
circumstances. Firstly, it was noted when glucose
was administered simultaneously with the insulin
to normal controls given cortisone for six days
(but not after a single dose of cortisone) or to
ill subjects, with or without a previous dose of
cortisone. These experimental conditions cor-
respond roughly to those in the report of Fraser,
Albright, and Smith (14) in which insulin in-
sensitivity in Cushing's syndrome was brought
out by the glucose-insulin tolerance test, and to
Ingle's work in which the amount of insulin nec-
essary to overcome glycosuria in force-fed rats
was used as the criterion of insulin resistance ( 18).
In neither case was insulin sensitivity tested in the
fasted state. Similarly, in Conn's report of dia-
betes in normal subjects receiving ACTH, the
interpretation of insulin insensitivity was based on
the occurrence of glycosuria and impaired glucose
tolerance in a single subject who received pro-
tamine zinc insulin and ACTH daily, no test of
insulin sensitivity being made during fasting.

The second circumstance under which insulin
insensitivity was elicited directly was following a
single dose of cortisone in ill subjects. This finding
has special significance with regard to the inter-
relationship between stress and the adrenal cortex
which will be discussed below. It makes the in-
terpretation of insulin insensitivity in Cushing's
syndrome or in animals receiving large doses of
cortisone more complex since both these situations
are associated with a high incidence of infection
and other complications which superimpose a
stress factor on the adrenocortical hormone over-
dosage effect. The results of the present experi-
ments suggest that the mildest degrees of insulin
insensitivity may only be readily apparent in the
presence of a glucose load, and that in this re-
spect the glucose-insulin tolerance may be a more
sensitive indicator of insulin sensitivity than the
insulin tolerance test.

Further evidence that the hypoglycemic re-
sponse to insulin in the fasting state may not nec-
essarily be greatly modified by ACTH or corti-
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sone was found in studies on two patients with
panhypopituitarism. In these patients, continuous
intravenous ACTH or intramuscular cortisone
therapy had comparatively little effect on the blood
sugar fall after insulin, but caused a marked im-
provement in blood sugar rise after oral glucose
at 30 minutes in the insulin-glucose tolerance test
(31, 32).

Taken as a whole, these observations in man
may be considered as complementary to those
previously described in animals which indicated
an interdependent relationship in metabolism be-
tween stress or injury and adrenal hormone se-
cretion. In the animal experiments of Ingle (4, 5,
6, 7, 8) and Engel (11, 12, 13), the adrenal fac-
tor was made a constant and the stress a variable.
It was found that a constant dose of adrenal hor-
mone enabled the adrenalectomized animals to
exhibit the characteristic metabolic response to
stress, although there was evidence that an in-
creased amount of hormone might be necessary to
sustain it. The present experiments were de-
signed so that the stress (illness) and the level
of adrenocortical hormone were varied independ-
ently. The data show that in the presence of the
stress of illness the organism responds to an in-
crease in circulating adrenal hormone by an im-
pairment in carbohydrate and insulin tolerance
which is out of proportion to that seen in ill sub-
jects not treated with cortisone as well as to that
exhibited by the normal, cortisone treated subject.

One cannot rule out with absolute certainty the
possibility that the difference in response of the
healthy and ill subjects is due to the fact that the
latter are reflecting the additive effects of the in-
gested cortisone and a high level of endogenous
adrenocortical hormone. Against this interpre-
tation, however, are the facts that neither doubling
the dose of cortisone nor chronic administration
of comparatively large doses of cortisone for eight
days reproduced the pattern of carbohydrate and
insulin intolerance of illness, with or without cor-
tisone treatment. As shown in the experiment
with dietary restriction in normal subjects, inade-
quate food intake likewise cannot account for ob-
served differences in response to cortisone.

There are, at the moment, relatively few data
in the literature concerning man which give direct
support to the concept derived from these studies
as well as previous observations in the rat (12)
that adrenal hormone overdosage may both "sen-

sitize" the organism to respond metabolically to
stressful stimuli as well as magnify the metabolic
stress response. This is largely because few at-
tempts have been made to isolate the variables in-
volved in the metabolic response to stress. How-
ever, certain observations may be considered to
be cogent. Thus, for example, among those who
have had extensive experience with the therapeu-
tic use of ACTHand cortisone, it is well recog-
nized that the incidence of "hormone overdosage"
effects is much greater when these substances are
administered to patients who are quite ill than
when they are given to subjects who have minor or
localized disease, such as that involving the eye
alone (33).

During the course of balance studies on pa-
tients with lymphomata receiving hydrocortisone
or ACTH, Pearson and Eliel (34) observed a pa-
tient who developed an intercurrent infection.
Prior to this complication, the balance of nitrogen,
phosphate, potassium, sodium and chloride had
become relatively stable while receiving hydro-
cortisone. Immediately on developing the infec-
tion, with the dose of hormone kept constant,
there occurred a prompt and striking loss of ni-
trogen, phosphorus and potassium and a reten-
tion of sodium and chloride, with no significant in-
crease in steroid excretion in the urine (35). Al-
though such data must be interpreted with cau-
tion, they are consistent with the concept that in
the presence of an adequate and presumably con-
stant amount of adrenal hormone the full range
of metabolic and hematologic response to stress
may be exhibited.

A number of reports exist which also suggest
a greater disturbance in carbohydrate metabolism
after ACTH or cortisone under conditions of
"stress" as compared with normals, notably in
schizophrenia (36), liver disease (37) and preg-
nancy (38), although in none of these reports are
there really adequate control studies. Appel and
associates (39) described impaired insulin toler-
ance after four hours intravenous infusion of
ACTH in patients who previously had normal
insulin and glucose tolerance tests. Presumably,
these were ill subjects. In our own experience, a
single dose of ACTH, intramuscularly, four hours
before tolerance tests, had approximately the same
effect on carbohydrate tolerance in a limited num-
ber of ill subjects as did cortisone.

The results of this investigation, as well as the
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experimental work of Ingle and others, are diffi-
cult to reconcile with the concept that the meta-
bolic abnormalities during stress and illness are
direct consequences of hypersecretion of adrenal
hormone. Rather, it would appear that the ad-
renal cortex facilitates, in some way, certain meta-
bolic reactions which are peculiar to the tissue
response to injury itself. The mechanism by which
the metabolic response to injury is initiated and
sustained and the precise role of the adrenal and
other hormones in it, however, still remain to be
elucidated.

SUMMARY

1. A series of 280 glucose, insulin and glucose-
insulin tolerance tests were performed on 150 nor-
mal subjects and 53 ill patients in order to com-
pare the effects of cortisone on carbohydrate
metabolism in the presence and absence of the
stress of illness.

2. In normal subjects, a single oral dose of 200
or 400 mg. of cortisone acetate was followed by a
significant elevation of the blood sugar four hours
later and impairment of the glucose tolerance test.
No significant changes following the same treat-
ment could be detected in the glucose-insulin or
insulin tolerance tests with doses of insulin, rang-
ing from %Oto Mo of a unit per kilogram intra-
venously. With V8o of a unit of insulin per kilo-
gram,- the total fall in blood sugar was not modi-
fied by cortisone treatment, but the level to which
it fell was slightly higher than in the untreated
group, indicating slight insulin insensitivity.

3. Chronic treatment of normal subjects with
200 mg. of cortisone daily for eight days did not
modify the response to %Oof a unit of insulin per
kilogram intravenously, but did abolish the blood
sugar fall previously seen when glucose was ad-
ministered simultaneously with %Ounit of insulin
per kilogram intravenously.

4. Ill subjects exhibited impaired glucose and
glucose-insulin tolerance tests, but normal insulin
tolerance at all dose levels of insulin tested. The
shapes of the curves of the impaired glucose and
glucose-insulin tolerance tests in the ill subjects
were significantly different from those of the nor-
mal individuals receiving cortisone.

5. Ill subjects pretreated for four hours with
200 mg. of cortisone-acetate showed significantly
greater impairment of glucose tolerance and

greater resistance to insulin than did normal sub-
jects acutely or chronically treated with cortisone.
Cortisone treated patients exhibited only slightly
greater insulin resistance in the glucose-insulin
tolerance test than did untreated patients, but
markedly greater resistance than did normal sub-
jects receiving cortisone acutely or chronically.

6. These observations are considered to be com-
patible with the concept that there is an interaction
between stress and adrenal hormone in modifying
carbohydrate metabolism. They are not reconcil-
able with the view that the metabolic alterations
during stress are direct consequences of adrenal
cortical hypersecretion.
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