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We studied the combined effect of cool (10°C) and warm
(30°C) ambient temperatures and physical exercise on
insulin absorption and postprandial glycemia. Nine type
I (insulin-dependent) diabetic patients were injected
subcutaneously with their usual morning dose of short-
and intermediate-acting human insulin and were given
breakfast. Warm temperature was associated with
3- to 5-fold higher insulin absorption (P < .01) and
significantly lower blood glucose concentration
(P < .001) than cool temperature regardless of exercise.
Exercise was associated with 28% (P < .01) and 22%
(P < .05) increases in plasma insulin and maximally 5.7
mM (P < .025) and 7.1 mM (P < .01) lower blood
glucose at cool and warm temperatures, respectively.
Warm temperature and exercise had an additive effect in
stimulating insulin absorption and in lowering blood
glucose concentrations. However, there was no
evidence of synergism between higher temperature and
exercise in increasing free-insulin concentrations or
decreasing blood glucose concentrations. To avoid
postprandial hyperglycemia at cool temperature or
hypoglycemia after exercise at warm temperature,
appropriate adjustments in diet and insulin dose, or
both, should be made. Diabetes Care 11:769-73, 1988

P
revious studies have demonstrated that the insu-
lin absorption rate from an injection site at rest is
related to ambient temperature: whereas warm
temperature accelerates absorption (1-3), expo-

sure of the injection site to cold delays the rate of insulin
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absorption (3). In addition, physical exercise can mark-
edly stimulate the insulin disappearance rate from an
exercising limb (4-8). These changes in the insulin ab-
sorption rate are clinically important, because they are
reflected in alterations in blood glucose concentrations.
Insulin-treated diabetic patients are involved in various
types of exercise in which ambient temperature varies
greatly, as exemplified by skiing in winter (9) or jogging
in summer. Under these conditions, both ambient tem-
perature and physical exercise may cause changes in
the insulin absorption rate. To what extent these changes
can be additive (by warmth and exercise) or whether
opposing changes (by cold and exercise) can overcome
each other is not known. Moreover, previous studies
regarding the effect of exercise on insulin absorption
was performed mainly with animal insulin, and data on
human insulin is scanty (7). We are not aware of any
data on the influence of ambient temperature on the
absorption of human insulin, which is now commonly
used in clinical practice and has absorption kinetics dif-
ferent from animal insulin (10). Consequently, this study
examined the combined effect of ambient temperature
and physical exercise on the absorption of human in-
sulin in type I (insulin-dependent) diabetic patients. As
a measure of the biological efficacy of insulin, we de-
termined simultaneous changes in blood glucose con-
centration.

MATERIALS AND METHODS

Patients. Nine type I men participated in the study.
Mean ± SE age was 25 ± 2 yr, and duration of diabetes
was 10 ± 1 yr. Mean height, weight, and body mass
index were 179 ± 2 cm, 76 ± 3 kg, and 23.9 ± 0.5
kg/m2, respectively. All had plasma C-peptide concen-
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trations after breakfast <0.20 nM. Two patients had mild
background retinopathy, whereas none had symptoms
or signs of neuropathy or proteinuria, and all had normal
serum creatinine values. None had evidence of lipo-
dystrophy at insulin-injection sites. All patients had used
human soluble and protamine insulin (Velosulin Human
Insulin and Insulatard Human Insulin, Nordisk, Gen-
tofte, Denmark) for at least 1 mo before the study. Five
patients took three daily injections (morning, before din-
ner, and bedtime), and four had two daily injections (2
patients: morning and before dinner; 2 patients: morn-
ing and bedtime). Mean daily dose of insulin was 52 ±
5 or 0.68 ± 0.06 U/kg. Mean morning doses of in-
termediate- and short-acting insulins were 32 ± 3 and
5 ± 1 U, respectively. Mean glycosylated hemoglobin
Alc was 8.5 ± 0.7% (reference range 4.2-6.0%).
Design. Resting and exercise studies at both 10 and
30°C were performed. Each patient participated in all
four studies, which were performed in a randomized
fashion at 1- to 2-wk intervals. After an overnight fast,
an indwelling catheter was inserted into an antecubital
vein for blood sampling. The patients were injected with
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FIG. 1. Mean ± SE plasma free-insulin concentrations
after subcutaneous human insulin injection at 30°C (top)
and 10°C (bottom) with and without exercise. *P < .05,
**P < .025 exercise vs. rest.
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FIG. 2. Mean ± SE of areas under curve (AUC) for plasma
free insulin (mil • L~1 • min"1) after subcutaneous human
insulin injection at 10 and 30°C with and without exercise.
AUC was calculated with values from insulin injection to
end of study.

their normal morning dose of insulin at 0740. Insulin
was injected subcutaneously into the right thigh, simi-
larly in each experiment. The patients had breakfast (400
kcal as 50% carbohydrate, 30% fat, and 20% protein)
at 0800, and exercise started at 0900. At 0955, patients
had a snack (150 kcal, same composition as breakfast).
Exercise was performed on a cycle ergometer in three
15-min periods with 5-min rest intervals between pe-
riods. The absolute exercise intensities were the same
at warm and cool temperatures. Intensity of exercise
during the 1st, 2nd, and 3rd min of each 15-min period
was adjusted to 15, 30, and 45% of the maximum aero-
bic capacity (Vo2max), respectively, whereas in the last
12 min, intensity was 60% of Vo2max. VO2max was esti-
mated with an incremental cycle exercise test (11) per-
formed 2-4 wk before the absorption studies. When not
exercising, patients were seated.

Experiments were performed in specially constructed
cabins (area 2 x 3 m, height 2.5 m) where the tem-
perature was adjusted to the desired level and main-
tained constant. Relative humidity was 40% during each
study. At 30°C, patients wore shorts and sport shoes,
and at 10°C, they added long stockings and a cotton
shirt; thighs were left uncovered.
Measurements. Plasma free insulin and blood glucose
were determined at 0 (0740), 20, 35, 50, 65, 80, 95,
115, 135, 165, and 195 min. Skin temperature was re-
corded at 95, 115, and 135 min, and the mean of the
three measurements is given in the results. Urine was
collected throughout the 195-min period for the mea-
surement of glucose excretion. Plasma free insulin was
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measured by radioimmunoassay (12), and blood and
urinary glucose were measured with the glucose dehy-
drogenase method (13). Skin temperature was recorded
5 cm distal to the injection site by a digital thermometer
(DM-100, Envic OY, Turku, Finland) connected to a
thermocouple probe (type A-H1, Ellab A/S, Copen-
hagen).

Overall comparisons of plasma free-insulin and blood
glucose profiles between the four experimental con-
ditions over different time points were first made with
a three-way repeated-measures analysis of variance
(ANOVA) with the SAS/GLM procedure (14). Compari-
sons of two experimental conditions over different time
points were made with a two-way repeated-measures
ANOVA. Individual time points were compared with
Student's paired t test. Results are given as means ± SE.
Correlations were calculated with the Pearson method
of least squares.
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FIG. 3. Mean ± SE blood glucose concentrations after
subcutaneous human insulin injection at 30°C (top) and
10°C (bottom) with and without exercise. *P < .05,
**P < .025, ***P < .01 exercise vs. rest.
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FIG. 4. Mean ± SE areas under curve (AUC) for blood
glucose (mM * min) after subcutaneous human insulin in-
jection at 10 and 30°C with and without exercise. AUC was
calculated with values from insulin injection to end of study.

RESULTS

The effects of exercise and temperature on plasma in-
sulin levels are shown in Fig. 1. Plasma free-insulin val-
ues rose during exercise more than during rest at both
temperatures. The average difference in the changes in
plasma insulin between the exercise and rest periods
was 2.7 mU/L or 28% (P < .01, ANOVA) at cool and
3.7 mU/L or 22% (P < .05, ANOVA) at warm temper-
atures. Regarding the effect of temperature, plasma free
insulin values from insulin injection to the end of the
study were significantly higher at warm than cool tem-
peratures in both the rest and exercise experiments (Fig.
1). The average difference between warm and cool tem-
peratures (after correction for difference in baseline value)
was 7.6 mU/L or 86% (P < .001, ANOVA) in the resting
experiment and 7.4 mU/L or 63% (P < .001, ANOVA)
in the exercise experiment. Accordingly, the area under
the curve (AUC) for plasma free insulin when calculated
from insulin injection to the end of the experiment was
3- to 5-fold higher (P < .01) at 30°C than at 10°C, re-
gardless of exercise (Fig. 2). The differences in AUC
values for plasma free insulin between experiments per-
formed at 30 and 10°C were similar when calculated
from the start of exercise to the end of the study (data
not shown). Three-way repeated-measures ANOVA
showed that warm temperatures and exercise had no
interaction in raising plasma insulin levels (P = .86).

The effect of exercise on blood glucose concentra-
tions is shown in Fig. 3. Blood glucose values from the
start to the end of exercise at both temperatures were
significantly lower during exercise than at rest. Mean
difference in the changes in blood glucose between
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FIG. 5. Mean ± SE areas under curve (AUC) for blood
glucose (mM • min) after subcutaneous human insulin in-
jection at 10 and 30°C with and without exercise. AUC was
calculated with values from start of exercise to end of
study.

exercise and rest were 3.3 mM or 22% (P < .001,
ANOVA) at cool and 4.8 mM or 36% (P < .001, AN-
OVA) at warm temperatures. Maximal hypoglycemic ef-
fect of exercise was 5.7 mM (P < .025) in cool and 7.1
mM (P < .01) in warm environments. Regarding the
effect of temperature in both the rest and exercise ex-
periments, blood glucose values from insulin injection
to the end of the study were lower at warm than at cool
temperatures. The average difference between warm and
cool temperatures (after correction for the baseline dif-
ference) was 1.1 mM or 8% (P < .001, ANOVA) at rest
and 0.9 mM or 8% (P < .001, ANOVA) during exercise.
Warm temperature and exercise had no interaction
(P = .71) in lowering blood glucose. When calculated
from insulin injection to the end of the study, AUC val-
ues for blood glucose were 55-65% lower (P < .01)
during exercise than at rest (Fig. 4). Temperature had a
smaller nonsignificant effect. When calculated from the
beginning of exercise to the end of the experiment, AUC
values for blood glucose were negative on the exercise
day at both temperatures (P < .001 vs. resting day; Fig.
5). Also, the effect of temperature was significant re-
gardless of exercise (Fig. 5).

Urinary glucose excretion in the four studies varied
from 6.8 ± 3.4 to 17.7 ± 5.9 g with no significant
difference between the experiments.

The AUC values for plasma free insulin and blood
glucose calculated from the beginning of exercise to the

end of the study were inversely related both in the warm
(r = - . 69 , P < .05) and cool (r = - . 74 , P < .025)
environments. At rest, this correlation was seen only in
the warm environment when calculated for the whole
study period (r = - .76 , P < .025).

Skin temperature at rest was higher in warm (35.7 ±
0.2°C) than cool (22.9 ± 0.7°C; P < .001) ambient
temperature. During exercise, skin temperature fell in
the warm environment to 34.2 ± 0.5°C (P < .05) but
rose in the cool environment to 25.8 ± 0.7°C (P <
.025).

DISCUSSION

N
umerous studies have demonstrated a rise in
insulin absorption by an increase in ambient
temperature (1-3,8) or physical exercise (3-
5,7,8). In contrast, exposure to a cold bath re-

duces insulin absorption (3). The combined effects of
exercise and ambient temperature on insulin absorption
are not known nor is the effect of temperature on the
absorption of human insulin. Regarding exercise stud-
ies, with one exception (7), all have employed only an-
imal insulins, most investigating short-acting insulins only
(1,2,4-7). Most insulin in therapeutic use is of the hu-
man rather than animal type. To obtain results appli-
cable to clinical practice, our patients were injected with
their usual dose of short- and intermediate-acting human
insulin. Experimental temperatures were chosen to re-
flect environmental conditions where diabetic patients
may exercise.

At rest at 10°C there was only a modest rise in plasma
free insulin levels, and the postprandial rise in blood
glucose was substantial. Compared with cool tempera-
ture, at 30°C the increase in plasma insulin values from
baseline was 3- to 5-fold greater, and postprandial gly-
cemia was significantly reduced. When exercise was
performed, it raised plasma free-insulin levels signifi-
cantly both in cool and warm environments. Simulta-
neously, exercise induced a rapid decline in blood glu-
cose concentrations, which at most were >7 mM lower
than on the resting day at the same ambient tempera-
ture. The importance of the rise in insulin concentrations
for the decline of blood glucose during exercise is em-
phasized by the inverse correlation between the AUC
for plasma free insulin and blood glucose. Hyperinsu-
linemia during exercise further stimulates peripheral
glucose utilization and prevents an appropriate increase
in hepatic glucose production (15). Augmented glucose
utilization beyond the rate of production results in a
decline in blood glucose, as occurred in our patients.
Note, however, that hypoglycemia during exercise may
also occur in the absence of augmented insulin absorp-
tion, provided serum insulin levels are high, such as
occurs after an injection of short-acting insulin (16).

Three-way repeated-measures ANOVA showed that
warm temperature and exercise had no interaction in
their effects on plasma insulin and blood glucose levels,
indicating that warm temperature and exercise have an
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additive effect in both increasing plasma insulin levels
and reducing postprandial glycemia.

Because both warm temperature and exercise caused
an early rise in plasma insulin concentration, this re-
flects an increase in the absorption rate rather than a
decline in insulin clearance, although the possibility of
changes in clearance are not totally excluded. Skin blood
flow and temperature are correlated and depend on en-
vironmental temperature (17). The absorption of soluble
insulin and insulin suspension are correlated to skin blood
flow when injected subcutaneously (8,18). Therefore,
in our study the greater insulin absorption rate at rest in
warm compared with cool temperature is probably ex-
plained by higher skin temperature and blood flow (8).
However, the greater insulin absorption rate during ex-
ercise in warm temperature compared with the resting
state in the same temperature cannot be explained by
the same mechanism, because skin temperature fell dur-
ing exercise at 30°C. This is consistent with the previous
finding that constriction of skin veins and decrease in
skin blood flow occurs during exercise in warm tem-
perature (19). A likely explanation for the enhanced in-
sulin absorption in warm temperature during exercise is
that repetitious muscle contractions result in a massage-
like effect, which enhances insulin absorption from sub-
cutaneous tissue (3). This view is further supported by
the unchanged insulin absorption from the nonexer-
cised areas during leg exercise (4) and by the fact that in-
sulin absorption during exercise does not correlate with
changes in blood flow (7).

Our results are applicable to clinical routine, where
patients inject a combination of short- and intermediate-
acting insulin. Further studies are needed to relate the
hypoglycemic effect of exercise and high temperature
to the type of insulin administered and to its time of
injection.

Our study has clinical implications for type I diabetic
patients. First, because an exposure to a cool environ-
ment reduced insulin absorption and augmented the
postprandial rise in blood glucose at rest, this has to be
taken into account in the planning of insulin dose and
diet in sedentary patients exposed to cool weather. Sec-
ond, the stimulatory effects of warm environment and
exercise on insulin absorption are additive. Conse-
quently, an appropriate reduction in insulin dose or an
increase in carbohydrate intake, or both, should be con-
sidered for patients exercising in a warm environment.
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