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Summary: Determination of the turnover rates of glucose gives a more dynamic view of carbohydrate
metabolism. Using 2H- or 13C-labelled glucose, stable isotope methods have been established which are free
of risk for volunteers or patients and are in accordance with the legal requirements for radiation protection.
The aim of the present study was to determine the main parameters of glucose turnover in vivo by using two
stable-isotope-labelled glucose molecules, [6,6-2H]glucose and [U-13C]glucose. Under steady state conditions,
the following parameters were analysed: glucose turnover rate, glucose oxidation rate, recycling of glucose,
hepatic glucose production rate, and glucose clearance. In healthy volunteers the following data were obtained
for the glucose turnover rate: 2.42 ± 0.11 mg/kg x min, glucose oxidation rate 1.34 ± 0.08 mg/kg x min,
glucose clearance 3.04 ± 0.17 ml/kg x min, and glucose recycling 24.7% (about 0.6mg/kg x min). Under
conditions of the euglycaemic-hyperinsulinaemic clamp (insulin levels about 80 mU/1) the glucose turnover
rate increased to 9 —10 mg/kg x min, and the hepatic glucose production rate was totally suppressed. Under
these conditions identical glucose turnover rates were measured by rate of appearance Ra and euglycaemic-
hyperinsulinaemic clamp.

These data clearly demonstrate that by using differentially labelled glucose molecules at least five parameters
of glucose metabolism may be determined in vivo. High insulin levels (70 — 80 mU/1) stimulate glucose turnover
rate by 300 — 400%, and the glucose infusion rate agrees well with the rate of appearance (Ra) of glucose,
determined with [6,6-2H]glucose. Thus, this glucose tracer provides relevant and presumably accurate data
under basal and under hyperinsulinaemic conditions.

Introduction
^, . r . Λ. . , Λ . . , tions. For this reason, glucose turnover in man hasThe determination 01 glucose, lipid, and ammo acid , ι , , ^ 1 ι · ι, ,. ,. . . ~ . to be measured by the use 01 stable isotopes andturnover in metabolic diseases gives more information . ,., ., ,- A , , . ...... ., ,, ! - r isotope-dilution methods.about the metabolic situation than the analysis of
substrate concentrations, which represent static pa- Different tracers have been applied for the analysis
rameters of metabolism only. The determination of of glucose turnover rates, and [6,6-2H]glucose has
the glucose disposal rate has been performed with the been shown to be a useful substrate for this purpose,
clamp technique (1). However, by definition, this tech- The glucose oxidation rate can be determined with
nique does not allow the measurement of basal glu- [U-13C]glucose (8, 9, 11 — 15). These and other stable-
cose turnover. Furthermore, under these special met- isotope-labelled glucose molecules have been used in
abolic conditions, unreliable data may be produced various turnover measurements in healthy volunteers
unless the hepatic glucose production rate is deter- and in patients, and differing results have been attrib-
mined simultaneously (1—6). The use of radioactive uted to variations in the type and pattern of the
tracers in medical research is subject to legal restric- glucose labelling (see tab. 1).
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Tab. 1. Glucose turnover rates under basal conditions by use of differently labelled glucose. The differences in turnover rates are
assumed to be generated by the tracers and/or different test conditions (see text).

Volunteers Tracer Ramg/kg χ min
References

Healthy volunteers
24 ± 3 years
n = 28
Healthy volunteers
52 ± 2 years
n = 5

[6,6-2H]glucose
(U-13C]glucose

[3-3H]glucose

2.41 ± 0.06
2.15 ± 0.09

2.17

23

23

Healthy volunteers
36.5 ± 3.3 years

Healthy volunteers
28 + 4 years
n = 6
Healthy volunteers
24 + 5 years
n = 12, n = 4

[3-3H]glucose
[2-3H]glucose
[6-14C]glucose

[6,6-2H]glucose
[6-3H]glucose
[6-14C]glucose

[6,6-2H]glucose
[U-13C]glucose

2.1 + 0.1
2.7 + 0.1
2.3 ± 0.1
2.0 + 0.2
2.2 + 0.1
2.3 ± 0.1
2.42 + 0.11
1.82 ± 0.03

27

26

own results

The aim of the present study was to determine glucose
turnover rates under basal and hyperinsulinaemic (eu-
glycaemic-hyperinsulinaernic clamp) conditions. Be-
sides total glucose disposal rates, the rates of glucose
oxidation, glucose recycling and the hepatic glucose
production rates were also measured. Two kinds of
labelled glucose were used in these studies: [6,6-
2H]glucose and [U-13C]glucose. The data from these
studies will serve as basal values for the determination
of glucose turnover rates in insulin resistant patients.

Materials and Methods
Materials

[U-13C]glucose (purity 99%), [6,6-2H]glucose (purity 98%) and
NaH13CO3 (purity 99%) were obtained from Cambridge Iso-
tope Laboratories, Woburn, Ma.

Insulin, human (Velasulin human) 40 U/ml was from Nordisk,
Gentofte, Denmark. Glucose solution, 20% was from Dubern-
hard Hospital GmbH, M nchen.

Methods

Equipment

Finnigan MAT mass spectrometer 112 S; Finnigan MAT mass
spectrometer Incos 50; Isotope ratio mass spectrometer IRMS
Typ "Delta" (Finnigan) with autosampler (Gilson Sample
Changer 222); Gas Chromatograph (Siemens L 350) with FID
and gas Chromatograph Sichromat 3 with FID.

Analytical techniques

Glucose was analysed by the hexokinase/glucose-6-phosphate-
dehydrogenase method. In addition, glucose concentration was
determined by isotope dilution/mass spectrometry (16, 17). On
average, the isotope dilution/mass spectrometry gave 1.7 —
2.0% higher concentrations than the enzymatic analyses.

Insulin was determined by radioimmunoassay with the reagents
of Pharmacia, Uppsala, Sweden.

Derivatisation of glucose and determination by mass spectrometry

The plasma samples (100 μΐ) were deproteinized by mixing with
1 ml methanol. After centrifugation, the supernatant was evap-
orated to dryness in a stream of nitrogen. An aldonitrile pen-
taacetate derivative of glucose was prepared with hydroxyl-
amine hydrochloride in pyridine (2.1 mg/100 μΐ) and the mixture
heated at 90 °C for 30 min; acetic anhydride (100 μΐ) was then
added and heating continued for an additional hour. The re-
action mixture was cooled, partitioned between water (1.5 ml)
and methylene chloride (1 ml) and centrifuged. The lower meth-
ylene chloride layer was than dried in a steam of nitrogen. The
extract was reconstituted with 50 μΐ of ethyl acetate. An aliquot
(1 μΐ) of the solution was injected into the gas chromatography/
mass spectrometry system. Mass spectra were recorded on a
Varian gas-liquid chromatograph/mass spectrometer-system
MAT 112 S equipped with a 25 m fused silica capillary column
OV-1. The column oven temperature was 220 °C. Injector block
and interfaces temperature were held at 200 °C, while the ion
source temperature was 22 °C. Mass spectra were recorded at
an electron energy of 70 eV and filament emission current of
0.7 mA. Data acquisition, reduction, and selected ion monitor-
ing were performed under software control by MAT Spectro
System 200, including peak area calculations. The peak abun-
dance of ions m/z 187 for glucose, m/z 189 for [6,6-2H]glucose,
and m/z 191 for [U-13C]glucose were monitored for calculating
the plasma enrichment of the labelled glucose (16). The deter-
mination of the glucose concentrations was calibrated by pri-
mary standards. The amounts of glucose found in the certified
sample SRM 909 of the National Bureau of Standards were
56.2 ± 0.055 mg/dl (n = 7) and 112.7 ± 0.97 mg/dl, the target
values of which were 56.4 and 112.8 mg/dl. The precision of
glucose determination in plasma by isotope dilution mass spec-
trometry showed coefficients of variation of 0.86 to 0.99%
(n = 14).

Determination of glucose turnover rate with [6,6-2H]glucose
Basal conditions

The test was started at 7:45 a. m. after a 12 h overnight fast of
the test persons. After weighing, an i.v. canule was inserted
into the left and right forearm, one for the application of the
substrates and the other for drawing blood samples.

Thirty minutes later, the first blood sample was drawn. The
concentrations of glucose, glucagon, catecholamines, cortisol,
growth hormone, and insulin were measured in the plasma.
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Following the blood sampling a bolus of [6,6-2H]glucose (10
mg/kg) was injected; additionally, a perfusor was started for
the continuous infusion of [6,6-2H]glucose (50 — 250 μg/kg
χ min). To determine the enrichment of the isotope, blood
samples were taken twice after 45 minutes, and thereafter every
30 minutes.

Euglycaemic-hyperinsulinaemic clamp (1)

The procedure was the same as described under "basal condi-
tions" with the following modifications. After the first blood
sampling and the bolus injection of labelled glucose, an insulin
infusion (Velasulin H) was started at a rate of 800 mlU/min
for the first 10 minutes and then at a rate of 1.0 mIU/kg χ min.
The glucose infusion, a mixture of native and labelled glucose,
was started 5 minutes later. The glucose concentration in blood
was kept constant at a mean level of 80 mg/dl. The appropriate
glucose infusion rates were determined according to I.e. (1).

Blood glucose levels were measured every five minutes. The
determination of isotope enrichment and insulin was performed
in the same way as under basal conditions.

The insulin infusion was stopped after 330 minutes whereas the
glucose infusion was continued for another 10 minutes to avoid
hypoglycaemia.

Determination of the turnover and oxidation rate with
[U-13C]glucose (12, 14, 18-20)

Test persons were prepared as described above, and the test
was started at 7:45 a.m. after a 12 h overnight fast. After
weighing, the test person received an i. v. canule in the left and
right forearm, one for the application of the substrate and one
for blood sampling.

Ten minutes after inserting the i.v. canule, the first breath
sample was collected into a special bag. From this bag 4
vacutainers were filled with breath gas. The same procedure
was repeated after 30 minutes and these samples served as basal
values of 13CO2 enrichment in expired breath. Thirty minutes
later, the first blood sample was drawn for the determination
of glucose, glucagon, catecholamines, cortisol, growth hor-
mone, and insulin. NaH13CO3 (1.0 mg/kg x min) was injected
for priming the CO2-pool, [U-13C]glucose (0.7 mg/kg) was given
as a bolus, and [U-13C]glucose (20 μg/kg χ min) was continu-
ously infused.

After 60 minutes and again at 120 minutes blood samples were
taken to determine the isotope enrichment in blood. In parallel
the expired breath was collected and transfered to vacutainers
for determination of 13CO2 enrichment. Thereafter blood sam-
ples were taken and expired breath collected every 30 minutes
for 300 minutes, and then every 15 minutes. Glucagon, cate-
cholamines, and insulin were measured at 210 minutes and at
the end of the test (420 min).
13C-isotope abundance (13C%o) is expressed as the per mil rel-
ative difference from the reference standard, Pee Dee Belemnite
(PDB) Limestone (South Carolina). The percentage of 13C in
the PDB-Standard is higher than in organic carbon of the '
biosphere. Hence, the 13C-values of organic carbon have a
negative value on the PDB-scale. _

Only 81% of the metabolically generated 13CO2 is recovered in
the expired breath (18). The reason for this finding is not
known, but it has to be taken into account when calculating
oxidation rates.

The oxidation rate of glucose, calculated from 13CO2 in the
expired breath, was determined by a sensitive mass spectrometer
(isotope ratio mass spectrometer, IRMS Delta E). This proce-
dure requires only very small amounts of [U-13C]glucose. The

Breath Gas Analysis System analyses the breath samples au-
tomatically thus enabling 40 — 60 13CO2 analyses per day.
The turnover rate of glucose, determined by isotope dilution
of [U-13C]glucose, gave results between 1.9 and 2.2 mg/kg
χ min. These data are lower than those with [6,6-2H]glucose,
because the label is partly recycling in the gluconeogenic path-
way.

Calcu l a t i ons

From the enrichment of labelled glucose under steady-state
conditions the rate of appearance can be calculated. The cal-
culations were performed according to the following formulae
(12-15, 21).

Enrichment of isotopes (atom percent excess, APE)

[6,6-2H]glucoseAPE =
glucose (g/1) + [6,6-2H]glucose (g/1)

χ 100

Turnover rate of glucose (Ra)

Under steady-state conditions: rate of appearance (Ra) = rate
of disappearance (Rd)

APEjRa (mg/kg χ min) = —-1 χ F
•A..L tip

APEj —» APE of the infused solution
APEp —> APE of the blood plasma
F —* infusion rate of labelled glucose (mg/kg x min)

Glucose clearance

MR (ml/kg x min) =

Ra (mg/kg x min)
glucose concentration in plasma (mg/ml)

Recycling of glucose

Glucose recycling (%) =

Ra ([6,6-2H]glucose) - Ra ([U-13C]glucose) x 100
Ra ([6,6-2H]glucose)

Glucose oxidation rate ([U-13C]glucose)

% CO2 from glucose oxidation =

[13C] enrichment in breath (%) x 100
[13C] enrichment in plasma glucose (%) x 0.81

0.81 —» empirical factor according to Allsop et al. (18)

Glucose oxidation rate =

% CO2 from glucose x x 0.180
6

VCO2 .—> μηιοί expired CO2 per kg body weight per minute
6 —·> 1 mol glucose delivers 6 mol CO2
0.18 —> 1 μηιοί glucose = 0.180 mg glucose

The hepatic glucose production rate (HPR) is the difference
between the rate of appearance of glucose and the glucose
infusion rate (GIR):

HPR (mg/kg x min) = Ra - GIR

All calculations are based on mean values of time periods of
at least 30 minutes under steady-state conditions.
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Subjects
All volunteers had to sign a written consent after having been
informed about the procedures of the study. All subjects were
healthy, of normal body weight, receiving no medications and
with no family history of diabetes mellitus. They were aged
22-30 years.

Sta t is t ics
The results are expressed as arithmetic mean + standard de-
viation and the correlations were calculated using Student's t-
test for independent groups; p < 0.05 was assumed to be sta-
tistically significant.

Results

Twenty six measurements of the glucose turnover rate
were performed in order to test variations of the [6,6-
2H]glucose batches, the size of the bolus and the
infusion rate. The degree of purity of the labelled
glucose samples was a primary problem. Some batches
gave cloudy solutions and had to be eliminated. Heat
sterilization at an unsuitable pH resulted in brownish
solutions, and the analysed concentrations and cal-
culated results were inconsistent.

The turnover rates were determined quantitatively
under steady-state conditions. An early constant en-
richment of labelled glucose in the blood was achieved
by priming injections of the tracer glucose (fig. 1, 2).

Evaluation of different experiments suggested a prim-
ing dose for [6,6-2H]glucose of 400 — 600 mg and for
[U-13C]glucose of about 94 mg. The infusion rates for
[6,6-2H]glucose and [U-13C]glucose had to be adapted
to the sensitivity of the mass spectrometer used for
the determination of isotope enrichment. Under our
conditions the appropriate infusion rate for [6,6-
2H]glucose was 50 μg/kg χ min and for [U-
13C]glucose 20 μg/kg χ min.

Glucose utilization rates under basal conditions, de-
termined with [6,6-2H]glucose and [U-13C]glucose, are
shown in table 2. Since the label of the metabolized
[U-13C]glucose may reappear due to gluconeogenesis,

E
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Fig. 1. Enrichment of [6,6-2H]glucose in blood (APE, atom
percent excess) and the glucose disposal rate in a healthy
volunteer. The steady-state was reached after 180 min.
Bolus: 1600 mg; infusion rate of [6,6-2H]glucose: 205
μg/kg x min.
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Fig. 2. Glucose turnover and glucose oxidation rates deter-
mined with [U-13C]glucose. Atom percent excess of [U-
13C]glucose, the glucose disposal rate (Ra), and the abun-
dance of 13CO2 in the expired breath are shown. In the
expired breath, the 13CO2 enrichment attains a steady-
state only after 5 hours: Healthy volunteer: bolus of
NaH13CO3: 70 mg; [U-13C]glucose: 120 mg. Glucose in-
fusion rate: 50 μg/kg χ min.

the rate of appearance (Ra) values determined with
this tracer were lower (recycling). Under our experi-
mental conditions, the extent of recycling of glucose
was about 25%. At the same time the oxidation rates
of glucose were between 0.8 and 1.2 mg/kg x min.

Tab. 2. Different parameters of the glucose turnover rate of healthy volunteers under basal conditions.

Parameters Results

Glucose turnover rate
([6,6-2H]glucose)
Glucose turnover rate
([U-13C]glucose)
Glucose oxidation rate
Glucose clearance
Glucose recycling
Hepatic glucose production

2.42 ± 0.11 mg/kg x min

1.82 ± 0.03 mg/kg x min

1.34 ± 0.17 mg/kg x min
3.04 ± 0.17 ml/kg x min
0.60 mg/kg x min = 24,7%
2.21 ± 0.08 mg/kg x min
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Tab. 3. Comparison of glucose turnover rates as measured by glucose infusion rates during euglycaemic-hyperinsulinaemic clamp
conditions, and glucose turnover rates using [6,6-2H]glucose.

Argoud et al. (2)

1.

2.

3.

Glucose infusion rate
(mg/kg χ min)
Ra ([6,6-2H]glucose)
(mg/kg χ min)
Relative difference
between 1. and 2.

8.0

6.7

-17

±

±

±

0.4

0.5

0.02%

McMahon et al. (26) Own results

9.

7.

— 22

.8

.6

± 0.6

±0.5

.4%

9.6

8.3

-13.5%

9

9

+ 1.

.46

.52

.7%

9.0

9.23

+ 2.5%

Under euglycaemic-hyperinsulinaemic conditions the
glucose turnover rate increased up to about 9 mg/kg
χ min. In the first experiments we determined the
turnover rate of glucose under basic conditions, and
then increased the insulin concentration up to 80 mU/1
while the glucose concentration was held constant at
80 — 90 mg/dl by glucose infusion. Since under the
conditions of the euglycaemic-hyperinsulinaemic
clamp the new steady-state was attained only after an
additional 3 — 4 hours, the total experiment lasted
about 8 hours (17). A turnover rate of glucose of 9.52
mg/kg χ min was calculated during the same time
period during that 9.46 mg glucose/kg χ min were
infused. Because of the long experimental period the
euglycaemic-hyperinsulinaemic clamp studies were
performed separately on different days (fig. 3). In
some experiments "negative hepatic glucose pro-
duction rates" were calculated, because the glucose

100 200
t[min]

300

100 200
t[min]

300

Fig. 3. Euglycaemic-hyperinsulinaemic clamp. Course of atom
percent excess (APE) and the measured glucose turn-
over. Healthy volunteer: 72kg, height 1.78m. Bolus:
720 mg [6,6-2H]glucose. Infusion rate of [6,6-2H]glucose:
100 μg/kg χ min.

infusion rates were higher than the calculated rates
of appearance Ra (tab. 3). This apparent underesti-
mation of the glucose turnover rate occurred if steady-
state conditions were not established. This was
avoided when the infused glucose contained the tracer
glucose in a constant ratio. Furthermore the calcu-
lations of rate of appearance Ra should be based on
several subsequent measurements of enrichment of
isotopes (atom percent excess, APE) in the blood.

Discussion

The analysis of the turnover rates of glucose allows
a more dynamic view of the metabolism in vivo under
normal and pathological conditions. In these experi-
ments the required amount of labelled substrates de-
pends on the sensitivity of the mass spectrometer.
Furthermore certain experimental conditions must be
fulfilled in order to obtain reliable measurements of
the turnover rates. Some of these consitions are listed
in table 4.

Tab. 4. Main assumptions for turnover measurements with the
isotope dilution method.

1. The metabolism of native and labelled glucose is identical
in all metabolic pathways and under all conditions (no
isotope effect).

2. There is no labelled contaminant of the [6,6-2H]glucose
which may accumulate in the blood.

3. The determinations of the atom percent excess of the labeDed
glucose and the glucose infusion rates are accurate and
adequately precise.

4. There is one glucose pool which is labelled instantaneously
and uniformly by the infused labelled glucose and which is
in equilibrium with the metabolically active pool.

5. If the labelled glucose is metabolized the label does not
reappear by recycling (irreversible tracer).

6. All calculations are based on steady-state conditions which
reflect the real metabolic rate of glucose.

The models underlying the calculations may be in-
adequate and they should be adapted to the metabolic
fluxes to be measured. The one-compartment model
of Steele may not fit the hyperinsulinaemic condition
(23 — 26), because there may be a significant difference
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between the isotope enrichment in the blood and the
metabolically active glucose pool in the tissues. Some
authors (24) suggested a three-compartment model
for glucose which may equilibrate with the blood
glucose pool at different velocities. Our calculations
are based on Steeled equation (21).

The use of adequate tracers with high purity is another
fundamental condition for these experiments. The
purity of the tracer glucose should be checked against
non-labelled glucose of the highest possible purity
(Standard Reference Material, SRM). The data are
based on the assumption that [6,6-2H]glucose is a non-
recycling tracer and that [U-13C]glucose is an adequate
tracer for the determination of glucose oxidation rate
and glucose recycling (7 — 11, 26, 27).

The turnover measurements of glucose under basal
and hyperinsulinaemic conditions obtained in this
study are in good agreement with the data of other
authors (12, 23, 26-28; see tab. 1). But in discussing
the validity of the tracers, only those experiments with
the same tracer and the same experimental conditions
are comparable.

Glucose utilization and hepatic glucose production
rates during insulin administration were determined
by the combined approach of measuring the exoge-
nous glucose infusion rate during euglycaemic-hyper-
insulinaemic clamp and the glucose disposal rate by
the tracer dilution technique. Under this experimental
condition the hepatic glucose production rate can be
calculated as the difference between the glucose dis-
posal rate as determined with the tracer and the
infusion rate of exogenous glucose.

Since in healthy volunteers the hepatic glucose pro-
duction is totally suppressed at insulin concentrations
of 80 — 100 mU/1 (28), the infusion rate of exogenous
glucose should be identical to the turnover rate meas-

ured by isotope dilutions/mass spectrometry. But sev-
eral authors have reported underestimations of the
glucose disposal rates, measured with the tracer di-
lution technique (2, 26, 29). The possible reasons for
this effect have been discussed in detail (2, 8, 11, 26,
27, 29, 30, 31). Some of our experiments under eu-
glycaemic-hyperinsulinaemic conditions gave negative
glucose production rates as well. Therefore, the ex-
perimental conditions were carefully reexamined. The
purity of the tracer glucose was reestimated but non-
glucose contaminants could not be detected. Accord-
ing to our data the most critical point in these exper-
iments was the steady-state of isotope enrichment
under conditions of the euglycaemic-hyperinsuli-
naemic clamp. Since under hyperinsulinaemia the glu-
cose space increases, there may be a different enrich-
ment of the tracer glucose in blood and in the meta-
bolically active glucose pools. Only long-lasting,
steady-state conditions (more than 30 min) may pro-
duce homogenous labelling of the tracer glucose in
the different metabolic pools. According to our ex-
perience, incomplete equilibrium of glucose enrich-
ment generates a greater variation of the results than
all other factors (see 1. c. (2,18, 23, 29, 30)). Therefore,
in our clamp experiments exogenous glucose was
mixed with labelled glucose, thus avoiding major var-
iations of the enrichment of glucose in the blood (29).

The presented data clearly demonstrate that our ex-
perimental conditions deliver reproducible and, com-
pared with the results of other groups, correct infor-
mation on basal glucose turnover rates. Negative he-
patic glucose production rates under the conditions
of the euglycaemic-hyperinsulinaemic clamp were
avoided by determining the glucose disposal rate un-
der prolonged steady-state conditions. We found no
isotope effects or impurities in the tracer glucose (26),
and we therefore strongly argue for the further use of
[6,6-2H]glucose in glucose turnover measurements.
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