Hyperglycemia Decreases Glucose
Uptake in Type I Diabetes
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SUMMARY

It has recently been postulated that hyperglycemia per
se may contribute to insulin resistance in diabetes. To
examine this possibility directly, we measured glucose
uptake after 24 h of hyperglycemia (281 ± 1 6 mg/dl)
and normoglycemia (99 ± 6 mg/dl) in 10 type I
(insulin-dependent) diabetic patients (age 33 ± 3 yr,
relative body wt 102 ± 3%) treated with continuous
subcutaneous insulin infusion. Hyperglycemia was
induced by an intravenous glucose infusion, whereas
saline was administered during the control day. During
both studies the patient received a similar diet and
insulin dose. After hyper- and normoglycemia, a
primed continuous infusion of insulin (40 mU rrr 2
min~1) was started, and plasma glucose was adjusted
to and maintained at 142 ± 2 and 140 ± 2 mg/dl,
respectively, during 60-160 min of insulin infusion.
The rate of glucose uptake after hyperglycemia
averaged 8.3 ± 1.1 mg • k g 1 • m i n 1 , which was lower
than the rate after the normoglycemic period (10.1 ±
1.2 mg • kg~1 • m i n 1 , P < .001). In conclusion, shortterm hyperglycemia reduces glucose uptake in type I
diabetic patients. Thus, part of the glucose or insulin
resistance in these patients may be caused by
hyperglycemia per se. Diabetes 36:892-96,1987

I

nsulin resistance is commonly observed in type I (insulindependent) diabetes mellitus (1,2). However, the exact
causes of insulin resistance in these patients are still
poorly understood, because various metabolic alterations coexist, making it difficult to prove causalities. Perhaps
the most commonly encountered abnormalities that have
been linked to insulin resistance in type I diabetes include
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insulin deficiency, hyperinsulinemia, and poorglycemic control. Insulin deficiency is associated with insulin resistance,
but a possible causal relationship between insulin deficiency
and insulin resistance is obscured by accompanying poor
glycemic control (3,4). Correction of insulin deficiency by
insulin therapy improves insulin action in type I diabetic patients (4), but again the concomitant improvement in metabolic control also could contribute to the improvement in
insulin action. In long-term diabetes, peripheral hyperinsulinemia has been suggested to decrease insulin action (5).
However, because hyperinsulinemia is combined with hyperglycemia in diabetic patients, the role of hyperinsulinemia
as a cause of insulin resistance is difficult to assess.
In a recent cross-sectional study addressing the relationship between various clinical parameters and insulin action
in type I diabetic patients, we found a significant inverse
relationship between the degree of glycemic control and
insulin action (2,6). This association was independent of
body weight, insulin dose, and residual C-peptide secretion,
suggesting that hyperglycemia or some associated metabolic alteration might be a cause of insulin resistance in these
patients. In this study, we examined directly whether hyperglycemia per se decreases glucose uptake during insulin
stimulation. We studied a group of type I diabetic patients
treated with continuous subcutaneous insulin infusion (CSII).
Glucose uptake was measured twice in each patient: after
24 h of hyperglycemia and after 24 h of normoglycemia. Diet
and insulin dose were kept constant on both occasions.
SUBJECTS AND METHODS

SUBJECTS
Ten type I diabetic men [age 33 ± 3 yr, relative body wt (7)
102 ± 3% (mean ± SE)] were studied. The mean duration
of diabetes was 13 ± 2 yr. Basal C-peptide levels were
undetectable (<0.10 (xg/L, n = 4) or low (0.17 ± 0.03 jxg/
L, n = 6) (normal range 1.0-2.0 |xg/L). All patients had
been treated with CSII therapy for at least 1 mo before the
study. The patients used a portable, battery-driven infusion
pump (model AS6C, Auto-Syringe, Hooksett, NH, or Nordisk
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averaged 34.8 ± 4.5 U/day; of this, 55% was given as a
constant-rate basal infusion, and 14, 13, 14, and 4% were
given before breakfast, lunch, supper, and snacks, respectively.
On the morning of the hyperglycemic study, two catheters
were inserted into forearm veins, one for infusion of 10%
glucose and another for blood sampling. The sampling catheter was kept patent by infusing 0.9% saline. The rate of the
glucose infusion was adjusted to elevate and maintain
plasma glucose at —280 mg/dl. During the normoglycemic
24-h period, the patients received a saline infusion. Blood
samples were taken every 2 h during both studies to determine plasma glucose and free-insulin levels.
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FIG. 1. Plasma glucose and free-insulin levels during hyperglycemic
( • ) and normoglycemic (O) 24-h periods.

Infuser, Gentofte, Denmark) for insulin (Actrapid, Novo, Copenhagen, Denmark) administration. Six of the 10 patients
had insulin antibodies [9-31% (8)], whereas in four patients
the insulin-antibody level was within the normal range
(<2.5%). Preceding both studies, the patients were equally
and well controlled, as reflected by their near-normal fasting
plasma glucose (Fig. 1) and glycosylated hemoglobin (HbA,)
(Table 1) levels. Three patients had background retinopathy,
but none had signs of neuropathy or nephropathy. The purpose, nature, and potential risks of the study were explained
to all subjects before consent to participate was obtained.
The experimental protocol was approved by the Ethical Committee of the Helsinki University Hospital.
EXPERIMENTAL DESIGN
Insulin action was measured twice in each patient: after 24
h of hyper- and normoglycemia, respectively. The studies
were performed in a random order with a 1-wk interval. During the whole study period, the patients had their usual diets,
containing 30 kcal/kg, with 50% carbohydrate, 30-35% fat,
and 15-20% protein, and served as breakfast, lunch, supper, and three snacks. No changes were made in insulin
administration during the study. The mean daily insulin dose
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INSULIN ACTION
After 24 h of either hyper- or normoglycemia, a primed continuous intravenous insulin infusion was started at 0800 h
(9). The rate of the constant-rate insulin infusion was 40 mU •
rrr 2 • min~1. When the patients were studied after the hyperglycemic period, plasma glucose was first allowed to
decline to 140 mg/dl, and thereafter a variable-rate glucose
infusion was started to maintain plasma glucose at this level
until 160 min had elapsed from the start of the insulin infusion.
After the normoglycemic 24-h period, plasma glucose was
kept at - 1 4 0 mg/dl throughout the 160 min. Adjustments in
the glucose infusion rate were made based on plasma glucose values obtained from arterialized venous blood as previously described (2,4,9). Blood was also withdrawn to determine serum free insulin (at 0, 30, 60, 80, 100, 120, 140,
and 160 min), C-peptide, glucagon, cortisol, and growth
hormone (0 and 60 min), as well as serum triglyceride and
HbAi (at 0 min) levels.
ANALYTICAL PROCEDURES
Serum free-insulin concentrations were determined by radioimmunoassay with the Phadeseph insulin radioimmunoassay kit (Pharmacia, Uppsala, Sweden) after precipitation with polyethylene glycol (10). The blood samples for free
insulin were kept on ice and centrifuged within 1-2 h. The
resultant serum was stored at -20°C until assay. After thawing, the serum was immediately extracted with cold 25%
polyethylene glycol (1:1, vokvol) as described by Gennaro
and Van Norman (11). Serum C-peptide was determined
TABLE 1
Individual rates of glucose uptake after 24 h of
normo- and hyperglycemia
Rate of glucose uptake (mg • kg" 1 • min"1)
Patient

After normoglycemia

After hyperglycemia

1
2
3
4
5
6
7
8
9
10
Mean ± SE

15.04
14.24
14.14
13.04
8.72
8.72
7.77
6.79
6.68
5.50
10.06 ± 0.57

11.69
12.97
11.51
12.43
6.85
5.96
5.16
5.44
5.36
5.90
8.32 ± 1.15*

*P < .001 vs. normoglycemia.
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after hyper- and normoglycemia. During insulin infusion, the
plasma free-insulin level rose to significantly higher levels
after hyperglycemia (69 ± 3 jjuU/ml) than after normoglycemia (53 ± 4 |xU/ml, P < .01; Fig. 2). During measurement
of the glucose uptake rate (60-160 min), plasma free-insulin
level reached steady state in both studies (Fig. 2). During
the last 100 min of insulin infusion, plasma glucose levels
averaged 142 ± 2 and 140 ± 2 mg/dl with coefficients of
variation of 6 ± 1 and 6 ± 1% in the hyper- and normoglycemic studies, respectively.
Glucose uptake. After 24 h of normoglycemia, the rate of
glucose uptake during the 60- to 160-min period averaged
10.1 ± 1.2 mg • kg" 1 • min" 1 . After hyperglycemia, the rate
of glucose uptake was lower (P < .001) than during normoglycemia (Fig. 3; Table 1). To compensate for the difference in plasma steady-state free-insulin levels, we divided
the rate of glucose uptake (M) by the ambient plasma
free-insulin level (I). The M/l was 37 ± 6% lower (P < .001)
after hyperglycemia (12.3 ± 1.7 mg • kg" 1 • min" 1 per (xU/
ml x 100) than after normoglycemia (20.6 ± 2.9 mg •
kg" 1 • min" 1 per (xU/ml x 100).
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Basal levels of serum C-peptide, growth hormone, glucagon,
cortisol, and triglyceride were comparable after hyper- and
normoglycemia, or when determined at 1 h from the start of
insulin infusion (Table 2).
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FIG. 2. Plasma glucose and free-insulin levels during measurement
of glucose uptake In morning after hyperglycemia ( • ) and
normoglycemia (O). Rate of glucose uptake was determined during
60-160 min. **P < .01 vs. hyperglycemia.

according to Kuzuya et al. (12). Serum glucagon (13), growth
hormone (14), and cortisol (15) were measured by radioimmunoassay, triglycerides by autoanalyzer (16), and HbA, by
microcolumn chromatography (17). All data are presented
as means ± SE. Statistical comparisons between the hyperand normoglycemic studies were performed by paired t test
analysis.

In type I diabetic patients, both insulin deficiency and peripheral hyperinsulinemia have been implicated as pathogenetic factors in the development of insulin resistance (25). However, an improvement in insulin action has been
observed in these patients during CSII therapy in the face
of both diminished (18) and unchanged (19,20) insulin
requirements, indicating that factors other than insulin
deficiency were responsible for enhanced insulin action. Although during CSII therapy a decrease in the level of insulinantagonistic hormones has been found (21), this was not the
case in the study of Beck-Nielsen et al. (20), who measured
RATE OF GLUCOSE METABOLISM

12 r-

RESULTS
DIURNAL GLUCOSE AND INSULIN LEVELS
Infusion of glucose for 24 h resulted in a mean plasma glucose level of 281 ± 6 mg/dl, which was 2.8-fold higher (Fig.
1) than during the normoglycemic 24-h period (99 ± 6 mg/
dl). Plasma free-insulin levels averaged 16 ± 3 and 12 ± 2
|j,U/ml (NS) during hyper- and normoglycemia, respectively.
Plasma insulin profiles were not significantly different during
the 2 days (Fig. 1), although a slight tendency toward higher
insulin levels was observed during the hyperglycemic night
(P < .1 for hyper- vs. normoglycemic night at midnight and
0400 h).
INSULIN ACTION
Glucose and insulin levels. Fasting plasma free-insulin levels were 8.9 ± 2.3 and 5.7 ± 1.1 [ill/ml (NS) on the morning
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FIG. 3. Rate of glucose metabolism after hyperglycemia ( • ) and
normoglycemia (O). *P < .05, **P < .01, ***P < .001 vs.
normoglycemia.
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In conclusion, short-term hyperglycemia decreases glucose uptake in type I diabetic patients. The clinical implications of this observation are obvious. First, the deleterious
effect of hyperglycemia per se on glucose uptake may contribute to the development of insulin (or glucose) resistance
in various hyperglycemic states and/or aggravate insulin
resistance due to other causes. Second, an improvement in
glycemic control should be considered a contributing factor
to the enhanced glucose uptake observed during therapeutic interventions, e.g., diet (39), oral antidiabetic drugs (4042), and CSII (18-20).
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