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Two months of a better glycemic control improve carbohydrate oxidation in type 2 diabetes. However, this benefit is

uncertain for a shorter duration. We tested the effect of 3 days of normoglycemia induced by an insulin infusion. Ten type 2

diabetic subjects (body mass index [BMI], 30.0 � 1.1; glycosylated hemoglobin [HbA1C], 10.1 � 0.5) were studied twice, before

and after normal glucose levels were maintained by a 72-hour intravenous insulin infusion. Indirect calorimetry was

performed 1 hour before (basal) and during the 3 hours after (postprandial) the ingestion of a standard meal (carbohydrates,

72 g; fat, 21 g; protein, 32 g), at noon. Carbohydrate storage was calculated as ingested carbohydrate – (postprandial

glycosuria � suprabasal postprandial carbohydrate oxidation). After normoglycemia, glucose and triglyceride levels were

decreased (basal glucose, 13.8 � 1.1 mmol/L to 8.8 � 0.5; postprandial, 14.9 � 0.9 to 11.0 � 0.5; basal triglycerides, 2.2 � 0.1

mmol/L to 1.6 � 0.2; postprandial, 2.7 � 0.2 to 1.9 � 0.2; all P < .01), C peptides were unchanged. Glycosuria (before, 0.30

mg/kg/min) was abolished after normoglycemia. Basal carbohydrate, lipid, protein oxidation, and energy production rates

were unchanged. Postprandial carbohydrate oxidation was increased after normoglycemia (before, 1.33 � 0.38 mg/kg/min;

after, 1.77 � 0.42; P < .05). Lipid oxidation and plasma free fatty acids (FFA) tended to be more suppressed by the meal after

normoglycemia (not significant [NS]). Carbohydrate storage (before, 67,5 � 4.6 g; after, 65.7 � 3.6; NS) and diet-induced

thermogenesis did not change after normoglycemia. Short-term insulin-induced normoglycemia improves the postprandial

oxidation of carbohydrates, but not their storage.

Copyright 2002, Elsevier Science (USA). All rights reserved.

CHRONIC HYPERGLYCEMIA deteriorates insulin secre-
tion and the peripheral effects of insulin.1 The improve-

ment of plasma glucose, by any means (insulin, diet) may
therefore help to treat type 2 diabetes. This glucotoxicity con-
cept leads to propose short-term intensive insulin therapy to
type 2 diabetic subjects with secondary failure of oral antidia-
betic agents, which is widely performed in France.2-4

Improvement of insulin secretion, peripheral glucose uptake,
and endogenous glucose production have been reported in type
2 diabetics after 2 to 4 weeks of subcutaneous insulin-induced
normoglycemia.5-7 Although it seems attractive to reduce these
delays, this may be limited because hyperglycemia has an
immediate positive effect on glucose uptake, which partly
compensates for the insulin resistance of type 2 diabetes.8,9

Beneficial effects of 3-day interventions based on fasting10

have, however, been reported.
In 10 obese, poorly controlled, type 2 diabetic subjects, we

have studied the effect of a 3-day normoglycemia induced by
an intravenous insulin infusion on carbohydrate oxidation and
storage after a mixed meal.

MATERIALS AND METHODS

Subjects

A total of 10 type 2 diabetic subjects participated in the study. Their
age was 56 � 3 years. They were overweight (body mass index [BMI],
30.0 � 1.1) and poorly controlled (postabsorptive glycemia, 13.8 � 1.1
mmol/L; glycosylated hemoglobin [HbA1C], 10.1% � 0.5%, measured

by high-performance liquid chromatography [HPLC]) despite maximal
doses of oral antidiabetic medications: all subjects were on gliben-
clamide, 15 mg/d, 8 were on metformin, 2,550 mg/d (2 did not take
medication because of digestive intolerance). They were on these
treatments for at least 3 months before admission, and they continued
throughout the study. In all subjects, the absence of intercurrent disease
that could have influenced glucose control was verified by a medical
interview, physical examination, and a biologic check-up (hemogram,
erythrocyte sedimentation rate, urine bacteriology, and electrocardio-
gram). All subjects gave written informed consent for the study, which
was approved by an ethical comittee.

Experimental Protocol

Lunch tests were performed from 11 AM to 3:30 PM before and after
72 hours of normoglycemia. Respiratory exchanges were monitored
from 11 AM to noon and from 12:30 to 3:30 PM. From noon to 12:30 PM,
the subjects ingested the same mixed meal that contained
72 g carbohydrates, 21 g fat, and 32 g proteins.

The insulin infusion began at the end of the first lunch test and was
continued for 72 hours; the second lunch test was performed the day
after the infusion was stopped. Human regular insulin was infused
intravenously with an electric syringe (Havard Instruments, Les Ullis,
France). The insulin infusion rate was adjusted every 2 hours according
to capillary glucose assessment, with an objective of 5.5 mmol/L.
Plasma glucose levels were controlled after 24 hours (6.7 � 0.5
mmol/L), 48 hours (6.0 � 0.6 mmol/L), and 72 hours (5.5 � 0.5
mmol/L) of insulin infusion.

Respiratory Exchange Measurements

Continuous indirect calorimetry was performed with a Deltatrac
metabolic monitor (Datex, Lyon, France). Results were cumulated at
1-hour intervals. Calculations were performed as proposed by Ferran-
nini11: GOx � 4.55 VCO2 � 3.21 V̇O2 � 2.87 NU; LOx � 1.67 (V̇O2 �
VCO2) � 1.92 NU; EPR � 3.91 V̇O2 � 1.10 VCO2 � 3.34 NU. When
respiratory quotient greater than 1 was found, Gox was calculated as:
GOx � 1.34VCO2 � 6.49 NU. Carbohydrate storage after the lunch
was calculated as: ingested carbohydrates – (glycosuria � suprabasal
carbohydrate oxidation during the 3 hours after the lunch).
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Analytical Procedures

Plasma glucose12 and FFA13 concentrations were determined enzy-
matically. C peptides were measured by radioimmunoassay (RIA).
Urinary nitrogen (UN) was defined as the sum of urinary urea, creati-
nine, and uric acid N, determined using routine, semiautomated meth-
ods: UN (mmol � min-1) � (2 � uurea) � (3 � Ucr) � (4 � Uuric acid).

Results are presented as means � SEM. Comparisons were per-
formed by 1-way analysis of variance (ANOVA) followed by paired t
test. P � .05 was considered significant.

RESULTS

Metabolites

As shown in Fig 1 and Table 1, plasma glucose levels were
lowered after normoglycemia (P � .01 between meals for all
times). The postprandial glycemic excursion was more pro-
nounced after normoglycemia: plasma glucose values were
higher after than before lunch, whereas the difference hardly
reached significance before normoglycemia (peak at time 90
minutes, 15.2 � 0.9 mmol/L; P � .06 v time 0 minute, 13.8 �

Fig 1. Time course of plasma glucose (mmol/L) and C peptide

(ng/mL) levels before and after the lunch test. (F) Before and (E) after

72 hours of normoglycemia. **P < .01 between the 2 lunch tests.

Fig 2. Time course of plasma FFA and triglyceride levels (mmol/L)

before and after the lunch test. (F) Before and (E) after 72 hours of

normoglycemia. **P < .01 between the 2 lunch tests.
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1.0). C peptide did not differ between both meals, although its
postprandial excursion was more pronounced after normogly-
cemia: values were significantly higher than basal (P � .01) as
soon as 30 minutes after lunch, whereas significance was
reached only 90 minutes after lunch before normoglycemia.
Glycosuria was abolished after normoglycemia.

As shown in Fig 2, normoglycemia reduced plasma triglyc-
erides at all times without influencing the postprandial triglyc-
eride excursion. FFA values were identical before both meals,
their postprandial suppression was significant only after nor-
moglycemia (P � .05 v time 0 minute at time 6O minutes, and
P � .01 thereafter), wheras it was not before normoglycemia.
At time 120 minutes, FFAs were at 0.50 � 0.07 mmol/L before
and 0.37 � 0.05 mmol/L after normoglycemia (P � .08).

Substrate Oxidation

Respiratory quotients did not differ significantly before and
after normoglycemia. As shown in Fig 3, their postprandial
values were higher after normoglycemia. Total glucose oxida-
tion was identical before meals; its postprandial excursion only
occured after normoglycemia, and values of the second and
third postprandial hours were significantly higher after normo-
glycemia (P � .05 v same periods before normoglycemia).
Postprandial cumulative glucose oxidation was higher after
normoglycemia (before, 0.0 � 5.5 g; after, 5.9 � 3.6; P � .05)
(Fig 4). Carbohydrate storage was similar before and after
normoglycemia (before, 67.5 � 4.6 g; after, 65.7 � 3.6, NS).
Energy production rates, diet-induced thermogenesis, lipid, and
protein oxidation did not differ before and after normoglyce-
mia.

DISCUSSION

In 10 poorly controlled type 2 diabetic patients, 72 hours of
insulin-induced normoglycemia allowed an approximate 5

mmol/L decrease of plasma glucose levels before and after
lunch and a significant increase of postprandial carbohydrate
oxidation.

Carbohydrate oxidation is abnormally regulated in type 2
diabetes. At the postabsorptive state, values usually do not
differ from those of normal subjects14,15; however, this is
obtained through compensatory hyperglycemia: when diabetic
subjects are studied at the same plasma glucose level as con-
trols, their postabsorptive glucose oxidation rate is 25%16 to
40%17 reduced. Identical postabsorptive values despite less 5
mmol/L plasma glucose, as we found, is already an improve-
ment. After an oral14,15 or intravenous16,17 glucose challenge,
rates of carbohydrate oxidation are reduced in type 2 diabetic
subjects.

Fig 3. Time course of respiratory quotients before and after the

lunch test. (F) Before and (E) after 72 hours of normoglycemia.

Fig 4. Time course of total glucose oxidation, lipid oxidation (mg/

kg/min), and energy production rates (cal/kg/min) before and after

the lunch test. (�) Before and (�) after 72 hours of normoglycemia.

*P < .05 between the 2 lunch tests.
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The quick postprandial improvement we observed was not at
all assured according to previously published data. Because
hyperglycemia compensates for the deficient glucose uptake
and oxidation,18 its correction may decrease glucose oxidation
for the short term. Felber et al10 indeed found a marked im-
pairement in carbohydrate oxidation in 6 obese diabetic sub-
jects after a 3-day fast with a glycemic reduction similar to
ours. However, starvation is well known to decrease glucose
oxidation, even when it deteriorates glucose tolerance as ob-
served in normal subjects.19 Gougeon20 reported that normal-
ization of glycemia for 8 days in 7 type 2 diabetic subjects
improved carbohydrate storage, not oxidation (however,
�16%, NS) of a meal test. This may be due to the effect of
preprandially injected insulin on glucose storage, and it should
be noted that the respiratory quotient was higher before and all
along the meal tests despite approximately 5 mmol/L lower
glucose levels. Our results are in agreement with those from
Boden et al,14 but 2 months on a fiber diet was necessary to
improve carbohydrate oxidation in the 9 subjects they studied,
whereas 3 days were sufficient with intravenous insulin, which
seems quite encouraging.

The mechanism of the improved carbohydrate oxidation
needs comment. The effects of insulin-induced normoglycemia
(more glucose oxidized, similar glucose storage) were opposed
to those of starvation as reported by Felber et al10 in type 2
diabetics or Fery et al,19 and to the effects of a lipid infusion on
the disposal of oral glucose,21,22 increased glucose storage, and
reduced glucose oxidation. In all of these situations, the
availibility of lipid substrates is increased, as demonstrated by
higher levels of FFA and higher rates of lipid oxidation. Ac-
cording to the Randle’s cycle hypothesis, this reduces glucose
oxidation through inhibition of pyruvate dehydrogenase.23 The
effect on carbohydrate storage is more controversial, as it
depends on the plasma glucose level,24 the route of glucose

administration,25 and the duration of the lipid challenge.26 The
better suppression of postprandial lipid metabolism as we ob-
served therefore surely played a critical role in the improved
carbohydrate oxidation. A more pronounced glycemic and C
peptide excursion after normoglycemia also favored carbohy-
drate oxidation. The fact that glucose storage did not improve
after normoglycemia may be due to a strong splanchnic storage
component (that is not influenced by lipid modifications25) to
the lower glycemia (hyperglycemia preferly stimulates nonoxi-
dative glucose disposal27), or this defect may simply be more
resistant in type 2 diabetic subjects. Our estimation of carbo-
hydrate storage is indirect, the effects of normoglycemia on
splanchnic glucose metabolism are not evaluable without a
tracer approach: reduction of splanchnic glucose uptake and
less suppressed endogenous glucose production may occur,
they would imply a higher nonoxidative glucose disposal after
normoglycemia that we could not detect. However, the fact that
diet-induced thermogenesis, which is mainly due to the ener-
getic cost of nutrient storage, was not modified by normogly-
cemia, also argues for a stable carbohydrate storage.

Improved glycemic control led to a slight insignificant re-
duction of energy production rate (-0.25 cal/kg/min) and to the
abolition of glycosuria (-1.20 cal/kg/min), which represent a
5,200 kcal benefit for 1 month (mean body weight, 81.8 � 4.6
kg). This is quite similar to the 0.600 kg/month fat accumula-
tion on insulin therapy in healthy type 2 diabetic patients as we
previously reported.28

A 3-day insulin-induced normoglycemia is sufficient to im-
prove postprandial carbohydrate oxidation in poorly controlled
type 2 diabetic subjects. The clinical interest of attaining short-
term glucose control by insulin in type 2 diabetic patients
remains questionable, but long-term results reported by other
investigators4 also suggest this therapeutic approach must not
be neglected.
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