
The hyperglycaemia of post-absorptive non-insulin-
dependent diabetic (NIDDM) subjects is considered
to result from impaired glucose utilization and in-
creased endogenous glucose production (EGP) [1].

This elevated EGP has been attributed to an acceler-
ated gluconeogenesis [2] itself explained by enhanced
delivery of gluconeogenic substrates to the liver and
increased efficiency of intra-hepatic substrate conver-
sion to glucose [3]. However, the role of an increased
EGP has been challenged since, when appropriate
priming of the glucose pool by the tracer infused is
performed, high EGP values are found only in mark-
edly hyperglycaemic subjects [4±6]. In patients with
mild or moderate hyperglycaemia EGP is only slight-
ly elevated or within the normal range, although it
can be considered as inappropriately high in the pres-
ence of hyperglycaemia. The finding of an accelerat-
ed gluconeogenesis was mainly based on studies using
labelled acetate, a method recognized as non-valid
for in vivo studies of gluconeogenesis [7±9]. More-
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Summary To test whether gluconeogenesis is in-
creased in non-insulin-dependent diabetic (NIDDM)
patients we infused (post-absorptive state) healthy
subjects and NIDDM patients with [6,6-2H2]glucose
(150 min) and [3-13C]lactate (6 h). Liver glutamine
was sampled with phenylacetate and its labelling pat-
tern determined (mass spectrometry) after purifica-
tion of the glutamine moiety of urinary phenylacetyl-
glutamine. After correction for 13CO2 re-incorpora-
tion (control test with NaH13CO3 infusion) this pat-
tern was used to calculate the dilution factor (F) in
the hepatic oxaloacetate pool and fluxes through
liver Krebs cycle. NIDDM patients had increased
lactate turnover rates (16.18 ± 0.92 vs 12.14 ±
0.60 mmol × kg-1 × min-1, p < 0.01) and a moderate rise
in glucose production (EGP) (15.39 ± 0.87 vs 12.52 ±
0.28 mmol × kg-1 × min-1, p = 0.047). Uncorrected con-
tributions of gluconeogenesis to EGP were 31 ± 3%
(control subjects) and 17 ± 2% (NIDDM patients).

F was comparable (1.34 ± 0.02 and 1.39 ± 0.09, re-
spectively) and the corrected percent and absolute
contributions of gluconeogenesis were not increas-
ed in NIDDM (25 ± 3% and 3.8 ± 0.5 mmol × kg-1 ×
min-1) compared to control subjects (41 ± 3% and
5.1 ± 0.4 mmol × kg-1 × min-1). The calculated pyruvate
carboxylase over pyruvate dehydrogenase activity ra-
tio was comparable (12.1 ± 2.6 vs 11.2 ± 1.4). Lastly
hepatic fatty oxidation, as estimated by the model,
was not increased in NIDDM (1.8 ± 0.4 vs 1.6 ±
0.1 mmol × kg-1 × min-1). In conclusion, in the patients
studied we found no evidence of increased hepatic
fatty oxidation, or, despite the increased lactate turn-
over rate, an increased gluconeogenesis. [Diabeto-
logia (1998) 41: 212±220]
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over the percent contribution of gluconeogenesis to
EGP in NIDDM subjects was found to be normal in
a study [10] using [U-13C]glucose infusion and the
mass isotopomer distribution of plasma glucose to
calculate this contribution.

In vivo quantitative measurements of gluconeo-
genesis are hampered by two main problems: isoto-
pic exchanges in the hepatic oxaloacetate pool [11]
and dilution of the gluconeogenic precursor enrich-
ment between peripheral plasma and liver [12].
One approach to solve these problems is the non-in-
vasive chemical biopsy of liver glutamine developed
by Magnusson and Landau [13, 14]. These authors
used the labelling pattern of hepatic glutamine dur-
ing the infusion of [3-14C] lactate to trace Krebs cy-
cle activity and gluconeogenesis in normal subjects
[13] and insulin-dependent diabetic patients [14].
Liver glutamine was non-invasively sampled by its
conjugation with phenylacetate forming phenylace-
tylglutamine (PAGN) which is excreted in urine
[15]. The glutamine labelling pattern was used to
calculate rates of Krebs cycle activity, expressed rel-
ative to citrate synthesis, and the isotopic dilution
at the oxaloacetate crossroads using equations de-
veloped by Magnusson et al. [13]. We showed that
this method detects modifications of flux through
key enzymes of liver intermediary metabolism, such
as pyruvate kinase (PK), pyruvate dehydrogenase
(PDH), phosphoenolpyruvate carboxykinase (PEP-
CK) and pyruvate carboxylase (PC), and allows cal-
culation of accurate dilutions between liver pyruvate
and phosphoenolpyruvate [16]. Moreover, L-[3-14C]
lactate or L-[3-13C] lactate appear appropriate for
in vivo investigations of liver intermediary metabo-
lism, provided that correction for re-incorporation
of labelled CO2 by exchange processes, is performed
[9, 13, 17].

In the present study we used this approach to cal-
culate relative rates of Krebs cycle activity and gluco-
neogenesis, as well as the intra-hepatic dilution factor
(between pyruvate and phosphoenolpyruvate), in
post-absortive normal and NIDDM subjects. In addi-
tion we propose solving the problem of dilution of the
enrichment of the gluconeogenic precursor between
peripheral blood and liver by measuring alanine en-
richment in plasma [18]. Finally, since total glucose
production was also measured, we calculated abso-
lute rates of gluconeogenesis and therefore absolute
fluxes through hepatic metabolic pathways such as ci-
trate synthesis (CS), pyruvate carboxylation and de-
hydrogenation for fatty acid oxidation.

Subjects, materials and methods

Materials. Tracers were from Eurisotop (Saint Aubin, France)
([6,6-2H2]glucose, NaH13CO3) or Mass trace (Woburn, Mass.,
USA) (L-[3-13C] lactate). Reagents and enzymes were from

Sigma (St. Louis, Mo., USA) or Boehringer (Mannheim, Ger-
many).

Subjects. After approval by the local ethical commitee and the
INSERM informed written consent was obtained from five
healthy volunteers (three men, two women, aged 24 to
46 years, body weight 64 ± 2 kg, body mass index 21±25 kg/
m2) and five NIDDM patients (four men, one woman, aged
34 to 53 years, body weight 83 ± 6 kg, body mass index 27±
32 kg/m2). The duration of diabetes was 4 to 8 years; HbA1c

levels were 9.5 to 11.0 % (normal values < 6.0 %). No control
subject had a personal or familial history of diabetes or obesity
or was taking any medication. All consumed a weight main-
taining diet containing at least 200 g carbohydrate and had ab-
stained from alcohol or heavy physical activity during the week
before the studies. The diabetic patients were treated by diet
alone (three subjects) or diet and metformin (two subjects).
This medication was interrupted 3 days before the studies and
the diabetic subjects consumed a weight maintaining diet dur-
ing this period. The last meal was ingested between 19.00 and
20.00 hours the day before the tests.

Protocols. All tests were performed in the Centre de Recher-
che de Nutrition Humaine, Lyon. The subjects were studied
twice, once with infusions of L-[3-13C] lactate and D-[6,6 2H2]
glucose (test 1) and once with an infusion of NaH13CO3

(test 2), with at least 1 week between the tests. All tests were
initiated with the patients in the post-absorptive state, after
an overnight fast. At 07.30 hours indwelling catheters were
placed in a forearm vein for tracer infusion and in a dorsal
vein of the opposite hand kept at 55 °C to collect arterialized
blood. During test 1, after initial blood sampling, primed-con-
tinuous infusion of D-[6,6-2H2]glucose (3 mg/kg, 0.02±
0.03 mg × kg-1 × min-1 during 150 min) and L-[3-13C]lactate
(10 mmol/kg, 0.60±0.77 mmol × kg-1 × min-1 during 360 min)
were initiated. Blood was collected at 60, 120, 130, 140, 150,
240, 300, 320, 340, and 360 min. The subjects consumed Aspar-
tam (N-L-a-aspartyl-L-phenylalanine-1-methyl ester; Searle,
Boulogne, France) (1 mg/kg) at 60 min. Urine was collected
at the end of the test. During test 2, NaH13CO3 (0.75 mmol ×
kg-1 × min-1) was infused for 360 min. Blood was sampled be-
fore tracer infusion and at 240, 300, 320, 340, and 360 min and
samples of expired gas were also collected before tracer infu-
sion and at the time of blood sampling. The subjects also con-
sumed Aspartam and urine was collected at the end of the test.

Analytical procedures. Metabolites were assayed by enzymatic
methods [19] on neutralized perchloric acid extracts of plasma
or plasma (NEFA) and plasma insulin [20] and glucagon [21]
by radioimmunoassay. The isotopic enrichments (IE, ex-
pressed as mole per cent excess, MPE) of plasma lactate (m/
z 261) and pyruvate (m/z 217) were measured as previously
described [12]. Plasma alanine was purified by cation ex-
change chromatography (AG50 WX4 H + form; Biorad, Rich-
mond, Calif., USA) and the IE measured using the t-butyl-
dimethylsilyl derivative (m/z 260) [16]. Plasma urea was puri-
fied by sequential anion-cation exchange chromatography
and the IE determined as described [22]. Plasma glucose was
purified by ion-exchange chromatography. For test 2, the IE
was determined by gas chromatography-isotope ratio mass
spectrometry [23] (Sira12, Vg Isogas; Middlewitch, UK). For
test 1, deuterium enrichment during the 120±150 min period
was determined using either the ions of m/z 217 (m0) and 219
(m+ 2) (containing carbons 4 to 6 of glucose) of the aldonitrile
pentaacetate derivative or the ions 117 and 119, and 205 and
207, (carbons 5±6) of the methyloxime trimethylsilyl deriva-
tive [24]. 13C incorporation from the infused labelled lactate
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resulted in an increase of the ions m+ 1 (218, 118, 206); correc-
tions for the additional increases in m+ 2 induced by this incor-
poration of 13C into glucose were performed using appropriate
standard curves [25]. Total 13C enrichment of glucose at the
end of the test (300±360 min) was measured using the bisbu-
tylboronate-acetate or the pentaacetate derivative of glucose
[24]. The individual 13C labelling of the six carbon atoms of
glucose was determined as previously described [24]. Methods
for the hydrolysis of PAGN and analysis of the labelling pat-
tern of its glutamine moiety have been published previously
[17, 26, 27]. Since we infused glucose deuterated on carbon 6
we considered the possibility that deuterium could label the
glutamine moeity of PAGN, particularly on C-4, and modify
its labelling pattern since the mass spectrometric method
used does not differentiate deuterium and 13C labelling. To
test for this possibility we infused, in a control experiment,
post-absorptive rats with [6,6-2H2] glucose in order to obtain
glucose enrichment (2±3 %) much higher than the IE obtained
in human subjects (0.7±1 %) and liver glutamate was purified;
no significant deuterium labelling was detected. 13C enrich-
ment of CO2 in expired gas was measured by gas-chromatog-
raphy isotope ratio mass spectrometry [28]. All gas chroma-
tography mass spectrometry analysis was performed with a
gas chromatograph (HP5890; Hewlett-Packard, Palo Alto, Ca-
lif., USA) equipped with a 25 m fused silica capillary column
(OV1701; Chrompack, Bridgewater, N. J., USA) and inter-
faced with a HP5971A mass spectrometer (Hewlett-Packard).
Carrier gas was helium. Standard curves prepared by mixing
weighted amounts of natural and 2H or 13C labelled lactate,
pyruvate, alanine, urea, glucose and glutamate were run be-
fore and after the corresponding biological samples (all in
triplicate). Special care was taken to have comparable peak
areas (i. e., < 20 % difference) between the standard and bio-
logical samples.

Calculations. Glucose turnover rates (Rt) were calculated from
its deuterium enrichment during the 120±150 min period using
steady-state equations. Measurement of IE at 60 min allowed
us to verify that plateau enrichment was already obtained and
that the priming dose was correctly adapted in all subjects. Lac-
tate Rt was also calculated by steady-state equations using 13C
enrichment measured during the 300±360 min period; this was
performed using either lactate or pyruvate IE [12]. The label-
ling patterns of glutamate isolated from PAGN during test 1
were corrected for the re-incorporation of labelled carbon in
position 1 through the fixation of 13CO2 using the IE of urea
measured during tests 1 and 2, and the labelling of carbon 1 of
the glutamate of PAGN during the test with NaH13CO3 infu-
sion, as described by Magnusson et al. [13]. These corrected la-
belling patterns were used to calculate Krebs cycle parameters
and the dilution factor at the oxaloacetate crossroad (F) using
the model (Fig. 1) and equations of Magnusson et al. [13]. The
equations yield rates expressed relative to citrate synthesis
(CS), or Krebs cycle activity (V3 in the model). Gluconeogene-
sis was first calculated from the ratio of half glucose IE to either
plasma lactate, pyruvate or alanine IE. These contributions,
calculated as percentages, of gluconeogenesis to EGP (gng%)
were corrected by F, and the corresponding absolute gluconeo-
genic rates were calculated as gng = gng% × F × glucose Rt. Two
times this rate corresponds to the rate V9 (phosphoenolpyru-
vate to glucose) in Magnussons's model. It was then possible
to convert all the relative fluxes previously calculated into ab-
solute values. Since glucose labelling patterns were also deter-
mined the correction factors for isotopic exchange in the oxalo-
acetate pool were also calculated [29] with the equation de-
rived from the Katz model [30] f = [2(1 + 2y)(1 + y)]/
[(5 + 4y)y] where y (ratio of PC over CS activity) is obtained

from the ratio R of the average enrichment of plasma glucose
carbons 1, 2, 5 and 6 over the average enrichment of carbons 3
and 4 as: y = (R-2)/2. This model [30] assumes that PDH activi-
ty in liver is negligible. If PDH activity is not negligible the
equation is f = [2(1 + 2y)(1 + y)]/[(5 + 4y)(y + x)] where x is
the ratio of PDH over CS activity. Since this ratio was obtained
from the labelling pattern of PAGN, we made the calculations
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the 6 h of the protocol in control (m) and diabetic (T) subjects



with the two formulas. These calculations were performed after
correcting the IE of carbons 3 and 4 of glucose for the re-incor-
poration of labelled CO2 by PC as described by Magnusson et
al. [13]. The percent of plasma lactate incorporated into glu-
cose was calculated as the flux of 13C-labelled glucose (glucose
Rt*IE) divided by 13C lactate infusion rate (i. e. the ratio of
the 13C flux in glucose over the infused flux of 13C). This was
performed with and without correction for isotopic dilution in
the oxaloacetate pool.

Statistical analysis. Unless stated otherwise, data are expressed
as mean ± SEM. Between group comparisons were made by
Student's t -test for non-paired data and within group compari-
son by Student's t -test for paired data.

Results

Hormonal and metabolique concentrations. The evo-
lution of lactate, pyruvate and glucose concentrations
during test 1 are shown in Figure 2. In normal sub-
jects there was no significant variation. Glucose, lac-
tate and pyruvate decreased progressively in diabetic
patients but were higher than in control subjects
throughout the tests. There were no significant differ-
ences in NEFA and glycerol levels between the two
groups (Table 1). D-b -hydroxybutyrate increased
only slightly in diabetic patients (p < 0.05); this in-
crease was more important (p < 0.01) in normal sub-
jects. Moreover D-b-hydroxybutyrate was higher in
normal than in diabetic subjects (p < 0.05). Compara-
ble evolutions were observed during test 2 (data not
shown). Diabetic patients had increased insulinaemia
but no modifications of glugacon levels (Table 2).

Glucose and lactate turnover rates (Table 2). Glucose
Rt were only slightly increased in diabetic patients
(p = 0.047) when expressed relative to body weight
but were largely (1.6 times) higher when expressed
in mmol/min (1296 ± 82 vs 797 ± 37, p < 0.01). Lactate,
pyruvate and plasma alanine IE are shown in Fig-
ure 3. Lactate Rt were calculated using either lactate
or pyruvate IE. In both diabetic and control subjects
pyruvate IE was lower than lactate and therefore the
apparent lactate Rt was higher when pyruvate IE
was used for the calculation. Whatever the enrich-
ment chosen, lactate Rt was increased in diabetic pa-
tients (p < 0.05, Table 2). Apparent gluconeogenic
rates were calculated from the 13C enrichment of glu-
cose (Fig.4) and the enrichment of either plasma lac-
tate, pyruvate or alanine (Table 3); whatever precur-
sor was used, the uncorrected fractional gluconeo-
genic rate was lower in diabetic patients (p < 0.05).

Parameters of Krebs cycle activity and intra-hepatic
dilution factor. The corrected labelling patterns of
the glutamine moiety of urinary PAGN are shown in
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Table 2. Hormonal parameters and glucose and lactate turn-
over rates

Control subjects Diabetic patients

Insulin (mU/l) 7.6 ± 0.9 17.1 ± 2.6a

Glucagon (ng/l) 118 ± 14 109 ± 18

Glucose Rt
(mmol/kg × min-1) 12.52 ± 0.28 15.39 ± 0.87a

Lactate Rt
(mmol/kg × min-1) 10.01 ± 0.67 14.80 ± 0.78a

12.14 ± 0.60 16.18 ± 0.92a

Results are shown as mean ± SEM. a p < 0.05 vs controls. Lac-
tate Rt was calculated using lactate (upper line) or pyruvate
(lower line) IE

Table 1. Glycerol, NEFA and D-b -hydroxybutyrate (D-b -OHB) levels

Time (min) Control subjects Diabetic patients

120 240 360 120 240 360

Glycerol (mmol/l) 92 ± 17 124 ± 21 144 ± 7 117 ± 22 121 ± 20 117 ± 30

NEFA (mmol/l) 392 ± 71 519 ± 64 487 ± 140 362 ± 53 441 ± 70 615 ± 88a

D-b -OHB (mmol/l) 104 ± 36 232 ± 80 593 ± 301b 38 ± 7d 58 ± 25c 86 ± 42a, d

Results are shown as mean ± SEM. a p < 0.05, b p < 0.01 vs time 120 min of the same group; c p < 0.05, d p < 0.01 vs the corres-
ponding time of the other group
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Table 4 and the corresponding metabolic fluxes, ex-
pressed relative to CS, in Table 5. Compared to con-
trol subjects, diabetic patients had a non-significant
decrease in rates V8 and V9 (phosphoenolpyruvate
to glucose). Other rates were nearly identical in the
two groups; the PC over PDH activity ratios were
not different. The intra-hepatic dilution factor F was
also comparable (1.34 ± 0.02 in control subjects and
1.39 ± 0.05 in diabetic patients). These dilution fac-
tors were also calculated from the labelling pattern
of glucose shown in Table 4, according to Katz [30].

Correction factors were comparable in the two
groups: (i) when PDH activity was assumed to be
negligible (1.21 ± 0.03 in normal subjects and
1.44 ± 0.05 in diabetic patients), and (ii) when PDH
activity, as calculated from the labelling pattern of
glutamine, was taken in account (1.05 ± 0.01 and
1.02 ± 0.05, respectively). The corrected fractional
contributions of gluconeogenesis to EGP (calculated
using correction factors from the glutamine labelling
pattern) are shown in Table 3; these contributions
were always lower in diabetic subjects (p < 0.05),
whatever the value used for the precursor enrich-
ment. Comparable results, i. e. lower contribution of
gluconeogenesis to EGP in diabetic subjects, were
obtained when using correction factors calculated
from the labelling pattern of glucose. From the cor-
rected gluconeogenic contributions to EGP and the
measured glucose production rates we calculated the
absolute gluconeogenic rates. Then all the relative
rates of Table 5 were converted into absolute fluxes
(Table 6). The only difference between the two
groups when rates are expressed as mmol × kg-1 × min-1

is the flux from PEP to glucose (i. e. twice the abso-
lute gluconeogenic rate). But when rates are ex-
pressed as mmol/min, diabetic patients showed in-
creased fluxes through PDH and PK whereas the oth-
er fluxes, including gluconeogenesis, are similar in the
two groups. Each turn of Krebs cycle provides 12
ATP. Assuming than the carbon chain length of fatty
acids oxidized in liver is 18 and thus that each fatty
acid provides during its b -oxidation (without includ-
ing the oxidation in Krebs cycle of the acetyl-CoA
molecules produced) 40 ATP (5 during each turn of
the b -oxidation) we calculated that ATP production
through these metabolic pathways was about
19.5 mmol/min in control subjects and 25.6 mmol/
min in diabetic patients. These ATP production rates
are much higher that the rate of utilization by gluco-
neogenesis. The rates of acetyl-CoA production
from fatty acids (V2) were converted into rates of fat-
ty acid oxidation assuming again a mean carbon chain
length for fatty acids of 18. Hepatic fatty acid oxida-
tion was 1.60 mmol × kg-1 × min-1 in control and 1.80
in diabetic patients.
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Table 3. Estimate of lactate utilization for gluconeogenesis
and of the contribution of gluconeogenesis to EGP

Control subjects Diabetic patients

Lactate utilization for gluconeogenesis (%)
uncorrected 59.4 ± 2.4 29.9 ± 2.2b

corrected 79.6 ± 2.8 43.8 ± 4.3b

Gluconeogenesis (% of EGP)
± from lactate IE 23.8 ± 2.3

31.7 ± 2.6
15.6 ± 1.4a

22.0 ± 2.7a

± from pyruvate IE 29.0 ± 2.6
38.4 ± 2.7

17.4 ± 1.4a

24.3 ± 2.7a

± from alanine IE 30.6 ± 2.6
41.1 ± 3.0

17.9 ± 1.4a

25.0 ± 2.8a

Gluconeogenesis ( mmol × kg-1 × min-1)
± from pyruvate IE 4.88 ± 0.31 3.75 ± 0.40a

± from alanine IE 5.12 ± 0.38 3.79 ± 0.45a

Results are shown as mean ± SEM. a p < 0.05, b p < 0.01 vs
controls. Gluconeogenesis expressed as % of EGP is shown as
uncorrected (upper line) and corrected (lower line). Absolute
gluconeogenesis is shown only as corrected value

Table 4. Labelling patterns of glutamate (from PAGN) and of plasma glucose

Glutamate K1 K2 K3 K4 K5

Control subjects 0.15 ± 0.03 0.72 ± 0.04 0.59 ± 0.03 0.25 ± 0.02 0.10 ± 0.01
Diabetic patients 0.08 ± 0.01 0.42 ± 0.04 0.36 ± 0.04 0.16 ± 0.01 0.08 ± 0.01

Glucose C1 C2 C3 C4 C5 C6

Control subjects 0.72 ± 0.03 0.45 ± 0.02 0.13 ± 0.01 0.14 ± 0.02 0.49 ± 0.03 0.77 ± 0.02
Diabetic patients 0.36 ± 0.05 0.20 ± 0.02 0.07 ± 0.01 0.07 ± 0.01 0.21 ± 0.02 0.38 ± 0.05

Results are shown as mean ± SEM. Labelling patterns corrected for labelled CO2 re-incorporation



Discussion

The glucose and lactate Rt found in this report in dia-
betic patients agrees with previous reports. Lactate
Rt was elevated in diabetic patients as found previ-
ously [3, 31]. Glucose Rt, expressed relative to body
weight, was only moderately increased in mildly
hyperglycaemic diabetic subjects [4±6] when appro-
priate priming was performed. However, we found
that EGP was largely increased in the diabetic group
when expressed per minute; this means that, unless
there was a large (i. e. 1.6 times) increase in the mass
of glucose producing tissue, glucose production per
unit of glucose producing tissue is increased in diabet-
ic subjects.

Our main objective was to quantitate gluconeo-
genesis in normal and NIDDM post-absorptive sub-
jects. Using the labelling patterns of plasma glucose
and of the glutamine moiety of PAGN and three cal-
culations we found that gluconeogenesis accounted
for about 40% of EGP in post-absorptive control
subjects. Neither this relative nor the absolute contri-

bution of gluconeogenesis to EGP was increased in
NIDDM patients. They were decreased or normal,
depending on whether they are expressed per minute
or relative to body weight. The intrahepatic dilution
factors (F) obtained in this report are consistent with
previous studies whether also using phenylacetate to
sample liver glutamine [13, 14, 26] or measuring
directly by using the labelling pattern of liver gluta-
mate [9, 16]. F was found to be around 1 in post-ab-
sorptive monkeys [26]; it was 1±1.2 in fasted rats,
1.2±1.4 in fed rats [9, 16], 1.1±1.2 in 24 h fasted normal
humans and around 1 in normal post-absorptive sub-
jects fed with i. v. glucose [13, 14]. Isotopic dilution in
the Krebs cycle has also been calculated with other
methods. Tayek and Katz [10] found slightly higher
values (1.5) in post-absorptive normal humans. How-
ever, they used a uniformly labelled tracer and the
calculation of the dilution includes, contrary to stud-
ies with [3-13C]lactate, the loss of label in carbon 1 of
pyruvate, as labelled CO2, after equilibration of ox-
alo-acetate with fumarate-malate. Therefore, it is
not surprising that they found a higher intra-hepatic
dilution factor. Other authors used the labelling pat-
tern of plasma glucose and equations developed by
Katz [30] to calculate this dilution in 12 h fasted in-
fants [29] and in normal adults [3] infused with [3-
13C] or [3-14C]lactate. They reported correction fac-
tors of 1.08±1.24 and of 1.39 ± 0.06, respectively.
However, they did not correct glucose labelling for
labelled CO2 incorporation in carbons 3 and 4, and
assumed in their calculations that PDH activity was
negligible, which is questionable. Finally, it seems, at
least in one study [29], that they used for their calcu-
lation the ratio of C1 + C2 over C3 enrichment (of
C5 + C6 over C4) instead of the average enrichment
of C1 and C2 over C3 enrichment. These points
make the interpretation of their data difficult.

We used peripheral pyruvate or alanine enrich-
ment to solve the problem of the dilution of the glu-
coneogenic precursor IE between peripheral circula-
tion and liver. We previously found in rats that pe-
ripheral plasma pyruvate IE, although higher than
liver pyruvate enrichment, was a better approxima-
tion of this enrichment than peripheral lactate IE
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Table 5. Metabolic fluxes expressed relative to citrate synthe-
sis (CS)

Control subjects Diabetic patients

V8 7.63 ± 0.43 6.82 ± 1.03
V1: PDH 2.36 ± 0.09 3.00 ± 0.46
V6: PC-PEPCK 27.5 ± 3.9 31.7 ± 2.6
V2: FAox 7.64 ± 0.09 7.01 ± 0.42
V3: CS 10 10
V5: OAA±>F 100 ± 12 99 ± 10
V4: F±>OAA 110 ± 12 109 ± 10
V9: PEP to glucose 5.27 ± 0.49 3.81 ± 0.03
V7: PK 22.3 ± 3.6 27.9 ± 2.1
PC/PDH 12.1 ± 2.6 11.2 ± 1.4
F 1.34 ± 0.02 1.39 ± 0.09

Results are mean ± SEM. PDH, Pyruvate dehydrogenase; PC,
pyruvate carboxylase; PEPCK, phosphoenolpyruvate carbo-
xykinase; FAox, flux of acetyl-CoA from fatty acids; OAA±>F,
flux of oxaloacetate to fumarate; F±>OAA, flux of fumarate
to oxaloacetate; PC/PDH, PC to PDH activity ratio; F, dilution
in oxaloacetate crossroads. These rates were calculated from
the labelling patterns of glutamate shown in Table 3 according
to equations of Magnusson et al. [13]

Table 6. Absolute values of metabolic fluxes

Control subjects Diabetic patients

V8 14.9 ± 0.8 959 ± 68 13.6 ± 1.6 1121 ± 110
V1: PDH 4.65 ± 0.34 298 ± 22 6.18 ± 0.92 503 ± 64a

V6: PC-PEPCK 52.9 ± 5.9 3424 ± 455 69.8 ± 14.1 5621 ± 1051
V2: FAox 15.0 ± 0.8 966 ± 70 16.8 ± 4.0 1329 ± 298
V3: CS 19.7 ± 1.1 1265 ± 87 23.04 ± 4.8 1832 ± 347
V5: OAA±>F 191 ± 19 12270 ± 970 239 ± 59 18727 ± 4280
V4: F±>OAA 212 ± 18 13535 ± 899 269 ± 63 20579 ± 4623
V9: PEP to glucose 10.24 ± 0.85 661 ± 66 7.59 ± 0.81a 617 ± 64
V7: PK 42.7 ± 5.6 2763 ± 418 63.0 ± 13.8 4801 ± 965a

Values (mmol × kg-1 × min-1 and mmol/min, first and second column for control and diabetic subjects) are shown as mean ± SEM.
Gluconeogenesis was calculated using plasma alanine enrichment. a p < 0.05 vs control subjects



[12]. Moreover we had evidence that this isotopic dis-
equilibrium between plasma and liver pyruvate is less
important in bigger animal species and in humans
[12]. The use of plasma alanine IE is based on the
fact that pyruvate-alanine interconversion occurs in
tissues; therefore, plasma alanine could be represen-
tative of tissue pyruvate enrichment during infusion
of labelled lactate or pyruvate. We could not measure
alanine IE during previous experiments in rats in vivo
[9, 12] but we found that alanine IE in the effluent of
isolated rat livers perfused with [3-13C]lactate was
comparable to that of liver pyruvate [16]. Moreover,
Jahoor et al. [18] found during the infusion of [U-
13C] glucose in infant pigs, a comparable IE of plasma
and apoprotein B100 alanine showing that plasma
alanine was representative of hepatic alanine enrich-
ment. We found that plasma pyruvate and alanine
IE were comparable when lactate was the tracer in-
fused. We propose therefore that one or the other
could be used in humans, to estimate intra-hepatic
pyruvate enrichment.

Previous estimates of gluconeogenesis in normal
post-absorptive subjects ranged from 20 to 70%.
Our results are higher than those (30%) reported us-
ing the splanchnic balance technique by Wahren et al.
[32]. However, this method does not take in account
the contribution of gluconeogenic precursors re-
leased by the gut. Pimenta et al. [33] found using 14C
lactate that gluconeogenesis from lactate accounted
for a minimum of 18.6 ± 2.4% of EGP; this uncor-
rected value for gluconeogenesis agrees well with
the one (23%) we found. Landau et al. [34], using
deuterated water, and Petersen et al. [35], using nu-
clear magnetic resonance measurement of hepatic
glycogen content reported higher gluconeogenic val-
ues of 47 ± 2% and 55 ± 6%, respectively. Gluconeo-
genesis from glycerol is not included in our measure-
ments which could partly explain these differences.
The nuclear magnetic resonance method measures
only net glycogen mobilization. There is evidence
that glycogen synthesis and degradation occur simul-
taneously [36, 37]; therefore one cannot exclude the
possibility that nuclear magnetic resonance measure-
ments underestimated the true glycogenolytic rate
and thus overestimated the contribution of gluconeo-
genesis to EGP. Gay et al. [38] also found higher frac-
tional gluconeogenesis (50%). However, the method
used, combining indirect calorimetry and labelling
before the measurements of glycogen by ingested
13C enriched carbohydrate, relies on several assump-
tions which need validation, especially that there is
no significant muscle glycogenolysis contributing
13C-labelled precursors to oxidation and gluconeo-
genesis.

Whatever the labelling pattern (glucose or gluta-
mine of PAGN) used for the calculation we found
that neither the relative nor the absolute gluconeo-
genic rates were increased in the diabetic patients

studied. There are few studies measuring gluconeo-
genesis in human diabetes. Elevated gluconeogenic
rates have been reported in insulin-dependent diabe-
tes [14] but the increase was moderate. Yki-Jarvinen
et al. [31], using [U-14C]lactate, reported in NIDDM
an uncorrected contribution of lactate to EGP of
12 ± 1 %, comparable to our results. Tayek et al. [10]
found no increase in NIDDM patients of the fraction-
al contribution of gluconeogenesis to EGP. Of the
two reports by Consoli et al. [2, 3] of increased gluco-
neogenesis in NIDDM patients the first used, as dis-
cussed previously, a method not adapted to in vivo
studies; the interpretation of the second is made diffi-
cult by the absence of correction of the labelling pat-
tern of glucose for incorporation of labelled CO2. Us-
ing nuclear magnetic resonance for measuring net he-
patic glycogenolysis Magnusson et al. [39] found a
moderate increase of gluconeogenesis in NIDDM pa-
tients but the fasting was prolonged for 23 h. Lastly,
Perriello et al. [40] reported that gluconeogenesis
from alanine was increased in NIDDM subjects,
even with mild hyperglycaemia. The tracer used ([U-
14C]alanine) and the timing of the infusions were dif-
ferent and there was no attempt to correct for the
pre- and intra-hepatic dilutions. However, the rea-
sons for the discrepancy between Perriello's report
and the present one are unclear. There is evidence
that kidneys significantly contribute to gluconeogen-
esis in normal subjects and that this contribution
could be higher during diabetes, as least in IDDM pa-
tients [41]. Human kidneys also conjugate phenylace-
tate with glutamine but, since they lack glutamine
synthase [42], this does not allow their intermediary
metabolism to be assessed. We may therefore have
underestimated gluconeogenesis somewhat in the
subjects we investigated, this possibly being more im-
portant in diabetic patients.

We calculated other intrahepatic metabolic fluxes
in control and diabetic subjects. V8 (lactate-pyruvate
utilization) was lower than the apparent lactate Rt in
NIDDM patients but higher in control subjects, a
clear impossibility. However, we used the venous-ar-
terial mode for measuring lactate Rt which results in
some underestimation of lactate Rt [12]. Moreover,
the production of lactate by the gut is not taken in ac-
count by these measurements. We found no modifica-
tion in NIDDM of the PC/PDH activity ratio. Hepat-
ic fatty acid oxidation rates in control and NIDDM
were also comparable: the absolute fatty acid oxida-
tion rates, when expressed as mmol × kg-1 × min-1,
were about 1.6 in control and 1.8 in diabetic subjects.
Moreover, D-b -hydroxybutyrate levels were lower
in NIDDM than in control subjects despite compara-
ble NEFA concentrations. Therefore, we have no evi-
dence of an increased hepatic fatty acid oxidation
which has been proposed to stimulate gluconeo-
genesis in NIDDM. Assuming a total NEFA flux of
6±7 mmol × kg-1 × min-1 and an utilization by liver of
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25±30% of total NEFA flux [43], oxidation would ac-
count for more than 80% of the metabolic fate of fat-
ty acids taken up by the liver and for 25% of whole
body NEFA utilization. The estimates of total ATP
production agree with values derived from measure-
ment of oxygen consumption [44]. These results sup-
port the validity of the approach we used to obtain
important insights into liver metabolism.

In conclusion we found no increase of either frac-
tional or absolute gluconeogenesis in NIDDM pa-
tients despite moderate increases in glucose Rt and
apparent lactate Rt. We found also no significant
modifications of intra-hepatic metabolic fluxes, in
particular no increase in liver fatty acids oxidation or
in the PC/PDH activity ratio.
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