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Dietary proteins are believed to participate significantly in main-
taining blood glucose levels, but their contribution to endogenous
glucose production (EGP) remains unclear. We investigated this
question using multiple stable isotopes. After overnight fasting,
eight healthy volunteers received an intravenous infusion of
[6,6-2H2]-glucose. Two hours later, they ingested four eggs con-
taining 23 g of intrinsically, uniformly, and doubly [15N]-[13C]–
labeled proteins. Gas exchanges, expired CO2, blood, and urine
were collected over the 8 h following egg ingestion. The cumula-
tive amount of dietary amino acids (AAs) deaminated over this
8-h period was 18.1 6 3.5%, 17.5% of them being oxidized. The
EGP remained stable for 6 h but fell thereafter, concomitantly
with blood glucose levels. During the 8 h after egg ingestion,
50.4 6 7.7 g of glucose was produced, but only 3.9 6 0.7 g orig-
inated from dietary AA. Our results show that the total postpran-
dial contribution of dietary AA to EGP was small in humans
habituated to a diet medium-rich in proteins, even after an over-
night fast and in the absence of carbohydrates from the meal.
These findings question the respective roles of dietary proteins
and endogenous sources in generating significant amounts of
glucose in order to maintain blood glucose levels in healthy sub-
jects. Diabetes 62:1435–1442, 2013

P
roteins are a source of gluconeogenic substrates
and can be used to produce glucose under fasting
or a low-carbohydrate intake. High-protein (HP)
diets are generally low in carbohydrates and as-

sumed to promote postprandial gluconeogenesis. Previous
studies showed that the ingestion of an HP diet led to an
increase in the postprandial expression of gluconeogenic
enzymes in rats (1–3) as well as fasting fractional gluco-
neogenesis in humans (4), and amino acid (AA) infusions
enhanced endogenous glucose production (EGP) (5). This
glucostatic role of dietary proteins has been hypothesized
as being involved in their greater satiating power when
compared with other macronutrients (6,7).

Under HP feeding, AAs in excess during the post-
prandial phase are deaminated (8–10) and generate a large
quantity of carbon skeletons that are supposed to be oxi-
dized or transformed into glucose. However, the specific
postprandial fate of dietary and endogenous AA carbon
skeletons has been the subject of very little study. In rats,
we recently revealed that only half of postprandially de-
aminated dietary AAs had been oxidized 4 h after the in-
gestion of an HP diet (50% of energy as protein) (11), and
we assessed that ,5% of AA-derived carbon skeletons
were used for glucose synthesis. This was achieved by the
15N and 13C labeling of dietary AA and following the
tracers in the final products and in glucose. However, we
were not able to determine this contribution precisely
because we did not measure EGP, and the dietary proteins
were traced using extrinsic labeling.

The true contribution of dietary AA to EGP, compared
with that of endogenous AA and other gluconeogenic
substrates, has not been previously addressed, except by
an indirect method in humans (12). The objective of the
current study was to precisely measure the contribution of
dietary proteins to glucose production in humans by using
egg proteins intrinsically labeled with 15N and 13C (13),
with the concomitant infusion of deuterated glucose. This
original study enabled a precise determination of the
contribution of dietary proteins to EGP.

RESEARCH DESIGN AND METHODS

Subjects. All participants were certified as being in good health after a thorough
examination performed by medical staff at the Volunteer Research Centre based
in Hôtel-Dieu Hôpital and routine biochemical tests. The purpose and potential
risks of the study were fully explained to the subjects. Written informed consent
was obtained from participants, and the protocol was approved by the Ethics
Committee Saint-Germain-en-Laye Hospital (St. Germain en Laye, France). The
study was registered at www.clinicaltrials.gov (NCT01154582).

Eight healthy subjects (three women and five men) were enrolled in this
study. Their average age and BMI were 24 6 3 years and 20.5 6 1.1 kg/m2,
respectively.
Standardization diet and experimental meals. During the 5 days before the
study, the subjects were asked to follow a standard diet adjusted to their body
weight and supplying daily 134 kJ/kg in the form of 1.4 g protein/kg, 4.5 g
carbohydrate/kg, and 1 g fat/kg. Dietary notebooks containing daily menus and
the specific quantities of food to be consumed at each meal were delivered, as
were daily record sheets. The subjects were asked to ensure strict compliance
with their respective diets, but were allowed some equivalent food exchanges.
Compliance was assessed by analyzing the quality of food record.

After the standardization period, they came to the hospital on the morning of
the study day, after fasting overnight for 12 h. The test meal was made up of four
hen’s eggs (i.e., 210 g of liquid whole eggs supplying 23 g protein, 19 g fat, and
a negligible amount of carbohydrates). The four eggs were cooked in an
omelet without the addition of fat. The egg proteins were intrinsically and
doubly labeled with 15N and 13C. These [15N]-[13C]–labeled eggs were pro-
duced by the Agence Nationale de Sécurité Sanitaire de L’alimentation, de
L’environnement et du Travail (Fougères Laboratory) using a technique adapted
from the work of Evenepoel et al. (14), as previously described (13). Briefly,
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the diet of a laying hen was supplemented with 0.3% of a mixture of 20 uni-
formly and doubly labeled [15N]-[13C]–AA (CortecNet, Paris, France) for 16
days. The 15N and 13C enrichments of the egg proteins were 1.07 atom percent
(AP) (i.e., 0.71 AP excess [APE] and 1.67 AP [i.e., 0.55 APE], respectively). The
13C enrichment of neogluconeogenic AA (alanine, serine, glycine, threonine,
aspartate, glutamate), which was calculated as the sum of each enrichment
(1.19–1.52 AP) weighted by the relative abundance of AA in egg proteins, was
1.28 AP.
Protocol. Soon after their arrival at the hospital, a venous catheter was inserted
into both forearms of the subjects. After the collection of a baseline blood
sample, a primed dose (22 mmol $ kg21) and a constant infusion of [6,6-2H2]-
glucose (0.22 mmol $ kg21 $ min21) were started through the second catheter.
Ninety minutes after starting the infusion and collection of a second baseline
blood sample, the subjects were placed under a canopy for 30 min to measure
fasting gas exchanges. At the end of this 30-min period, blood, urine, and
expired gas were sampled, and the subjects were given the test meal, after
which they were not allowed any other foods until the end of the experiment,
although they were given 100 mL water every hour. During the 8 h following
meal ingestion, blood and urine samples were collected every 30 min and 2 h,
respectively. Expired air was collected every 30 min, and gas exchanges were
measured over discontinuous periods of 30 min. After total blood centrifuga-
tion, aliquots of serum or plasma were collected and stored at 220 or 280°C
(for hormones) until analysis. After measuring the volume of urine excreted,
urine samples were either preserved by adding thymol and paraffin and stored
at 4 or 220°C until analysis.
Analyses. Urea concentrations in plasma and urine, and glucose levels in
plasma, were determined using different commercial kits (Bio-Mérieux, Marcy
l’Etoile, France) and a spectrophotometer (Molecular Devices, Sunnyvale,
CA). Plasma AA were analyzed by ion-exchange chromatography, with the
addition of norleucine as an internal standard (Biotech Instruments, St.
Quentin-en-Yvelines, France). Plasma insulin and glucagon were analyzed
using a human endocrine panel (Milliplex; Millipore, Billerica, MA) on a Bio-
plex 200 system (Bio-Rad, Hercules, CA).

For isotopic determinations, plasma proteins were precipitated from
2 mL of plasma with a solution of 5-sulfo-salicylic acid (1 g/mL). The su-
pernatant was titrated to pH 7, transferred on 0.5 mL cation exchange resin
(Dowex AG50 X8, mesh 100–200; Bio-Rad), and the urea was hydrolyzed
with 8 mL of urease for 2 h at 30°C. The supernatant containing serum-free
AA was collected and dried. Urinary urea was similarly extracted on the
cation resin, as previously described (15). 15N enrichments, as well as 13C
for plasma proteins, were determined using an isotopic ratio mass spec-
trometer (Isoprime; GV Instruments, Manchester, U.K.) coupled to an ele-
mental analyzer (Euro Elemental Analyzer 3000; EuroVector, Milan, Italy).
Total nitrogen and carbon in plasma proteins were measured using the
elemental analyzer system, with atropine and cyclohexanone, respectively
(CE Instruments, Milan, Italy) as standards.

Plasma glucose was extracted using successive exclusion on anion and
cation Dowex resins (Bio-Rad) (16,17). Briefly, after precipitation of proteins
from 0.5 mL plasma with 0.5 mL perchloric acid 1.2 mol, the supernatant was
neutralized to pH 5.5–6.2 by the addition of 110 mL potassium carbonate 3.2
mol. After storage overnight without a cap at 4°C, the samples were centri-
fuged, and the pH of the resulting supernatant was adjusted to between 5.5
and 7 by adding K2CO3 or HClO4. After centrifugation, the supernatant was
filtered through a 0.22-mm filter. Glucose in the residue was then passed
through an anion (AG1-X8: formate form) and a cation (AG50-X8: hydrogen
form) exchange column in order to trap organic acids and AAs, successively.
Free glucose was eluted with 6 mL water in a Pyrex tube and then dried
overnight.

For the determination of 13C enrichment, which was expected to be low,
glucose extract was derivatized with methylboronic acid to limit the number
of additional carbons. Five hundred microliters of a solution of 3 mg meth-
ylboronic acid in 0.5 mL of pyridine was added on the glucose extract. The
solution was mixed, kept for 2 h at room temperature, and then heated at 60°C
for 60 min. After cooling, 30 mL N,O-bis(trimethylsilyl)trifluoroacetamide was
added, and the sample was heated at 60°C for 30 min. Analysis of 13C en-
richment was performed on an Isotope Ratio Mass Spectrometer in continu-
ous flow (Isoprime; Micromass, Villeurbanne, France) coupled online with an
HP 5890 series II gas chromatograph (Fisons Instruments, Arcueil, France) via
a combustion interface (Fisons Instruments) using a 25m-HP5 column
(HP5MS; Hewlett-Packard, Palo Alto, CA), as described previously (17).

Aldonitrile pentaacetate derivatization was performed for measurement of
2H enrichment (18). One hundred microliters of a solution of 20 mg hydrox-
ylamine hydrochloride per milliliter of pyridine was added to glucose extract,
vortex mixed, and microwaved for 2 min at 200 W. After cooling, 100 mL of
acetic anhydride was added and microwaved at 200 W for 6 min. Analysis of
the 2H enrichment of the derivative was performed on a Gas Chromatography
Mass Spectrometer (6890 N; Hewlett-Packard) using a 25m-HP5 column

(Hewlett-Packard), with electron-impact ionization and selected ion monitor-
ing of 187 and 189 charge/mass ratio, as described elsewhere (19).

After delipidation of egg proteins, hydrolysis, and derivation of AAs with
ethyl chloroformate, as previously described (13), the individual enrichments
of AAs were measured by gas chromatography combustion–isotopic ratio
mass spectrometry, using a Carlo Erba GC 8130 chromatograph interfaced
with a VG Isochrom mass spectrometer (Fisons Instruments) and a 30
m-RTX1701 column (Restek, Evry, France).
Calculations

Dietary nitrogen transfer in different metabolic pools (11,20,21). The
dietary N present in the samples was expressed in percentage of ingested
nitrogen and calculated as follows:

For the nitrogen part:

Dietary N ¼ Ntot-mmol  3  100 3
�
APEsample=APEmeal

��
ingested N

in which Ntot-mmol is the amount of total nitrogen (N) in the sample; APEsample

is [15N]-enrichment percent excess of the sample = enrichment of the sample 2
basal enrichment, in AP; and APEmeal is [

15N]-enrichment percent excess of the
meal = enrichment of the meal 2 basal enrichment of the diet. The [15N]-
enrichment of the meal was 1.07 AP.

For the carbon part:

Dietary C ¼ Ctot-mmol  3 
�
APEsample=APEmeal

��
ingested C

in which Ctot-mmol is the amount of total carbon (C) in the sample; APEsample is
[13C]-enrichment percent excess of the sample = enrichment of the sample 2
basal enrichment; and APEmeal is [13C]-enrichment percent excess of the
meal = enrichment of the meal 2 basal enrichment of the diet. The conversion
factor from C to protein was assumed to be 2 (50% of C in proteins). The [13C]-
enrichment of the meal was 1.67 AP.
Postprandial deamination and oxidation of dietary AA. The recovery of
dietary AA in the urea body pool 8 h after the meal, expressed in percentage of
ingested N, was calculated according to the following formula:

Nexo-urea ¼ ½urea� 3  2 3  TBW=0:92 3  ðAPEurea=APEmealÞ
in which [urea] is the concentration of urea in the plasma; TBW is total body
water, calculated with Watson equations; and 0.92 is the water percentage in
plasma.

Total deamination of dietary AA was calculated as the sum of the dietary
protein recovered in urinary urea and the body urea pool during the 8 h after the
meal. The carbon from dietary proteins recovered in expired air was calculated
by combining [13CO2] enrichment and CO2 production, as follows: Dietary
carbon recovery = [(CO2/22.4) 3 (APEexpired air/APEmeal)] 3 100/Ingested C
from proteins.

Finally, the total oxidation of dietary AAwas calculated as the sum of dietary
carbon recovery in expired air at each 30-min period, as described below:

Total oxidation ¼ ∑
t¼8

t¼0
∑
tþ30

t
dietary  C  recovery 3  2

in which 2 is the factor to take in account that CO2 has been measured only
30 min/h.
Whole-body glucose production and the contribution of dietary AA.
The flux of EGP was calculated from the 2H enrichment (E) in plasma glu-
cose from steady-state equation:

Raendogenous ¼ ðVi 3 BW 3 99Þ=�Esample 2Ebaseline
�

in which Ra endogenous is the flux of EGP (mmol $ min21); and Vi is the [6,6
2H2]-

glucose infusion rate (mmol $ kg21 $ min21). The infused [6,6 2H2]-glucose was
99% enriched.

The appearance flux of plasma glucose produced from dietary AA
(Ra exogenous in mmol $ min21) was calculated from the results of 13C enrich-
ment (E’) in plasma glucose, as described below:

Raexogenous ¼
��
E9sample 2E9baseline

��½E9neoAAmeal 2E9baseline�
�
 3  Raendogenous

in which E9 neoAAmeal is the 13C enrichment of gluconeogenic AA in the meal
proteins (i.e., 1.28 AP).
Nutrient oxidation. Substrate oxidation was calculated using the classical
stoichiometric formulae (22).
Statistics. Results were expressed as means 6 SD. Differences between the
initial value and the values determined during the 8-h postprandial period
were tested within the mixed model by contrast analysis (SAS 9.1; SAS In-
stitute, Cary, NC), with time as a repeated factor. Differences were considered
to be statistically significant at P , 0.05.
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RESULTS

Plasma levels of urea and AAs. Plasma levels of urea
were 4 6 0.5 mmol/L at the baseline and stable on the
postprandial window (not shown). Plasma concentrations
of total and indispensable AA rose significantly during the
first 6 h after meal ingestion (Fig. 1). Plasma levels of in-
dispensable AA were doubled during the first 3 h, reaching
1,360 6 308 mmol/L, and had not completely returned to
their initial levels after 8 h. Plasma concentrations of non-
indispensable AA (not shown) and gluconeogenic AA rose
by 40% during the first 3 h and then decreased sharply; they
were no longer significantly different from baseline at 4 h.
Transfer of dietary AAs to nitrogen pools. The transfer
of dietary AAs into plasma AAs increased sharply during
the first 3 h after meal ingestion, peaked at between 3 and
4 h, and then decreased (Fig. 2A). The contribution of di-
etary AA to plasma protein increased steadily for 7 h after
meal ingestion and then reached a plateau (Fig. 2B). The
incorporation of 15N in plasma proteins was always lower
than that of 13C. The maximum participation of dietary AA
in plasma protein synthesis over the 8-h postprandial pe-
riod was 7.1 6 0.5 and 8.5 6 1.4% of ingested AA, re-
spectively, depending on the nitrogen and carbon tracers.
Dietary AA deamination and oxidation. The cumulative
transfer of both dietary AA a-amino groups to urinary urea
and of carbon skeletons to expired CO2 increased signifi-
cantly during the 8 h following meal ingestion (Fig. 3). At
the end of the 8-h postprandial period, 316 6 100 mmol of
urea has been excreted, 17.5 6 2.3% of carbons from di-
etary protein had been transferred into expired CO2, and
8.6 6 2.7% of dietary nitrogen had been excreted into
urinary urea. At the same time, 9.5 6 2.2% of dietary ni-
trogen was transferred into plasma urea (data not shown),
which implied that the total deamination of dietary AA
involved 18.1 6 3.5% of dietary nitrogen. As a conse-
quence, the oxidation of dietary AA oxidation did not differ
significantly from their total deamination during the 8 h

after meal ingestion. By contrast, at 4 h after the meal,
deamination was significantly higher than oxidation,
reaching 14 6 4 and 7.6 6 1.8% of dietary AA, respectively.
Plasma glucose and EGP. Plasma glucose concentrations
did not change significantly for the first 6 h after meal in-
gestion (Fig. 4A) and then decreased significantly.

EGP did not change significantly after meal ingestion
and remained constant until 4.5 h, fluctuating between 0.6
and 0.7 mmol $ min21 (i.e., 8–10 mmol $ kg $ min21) (Fig.
4B). The level started to fall off from 5 h after meal in-
gestion to reach 0.5 6 0.1 mmol $ min21 at 8 h. Total
glucose production over the 8-h postprandial period was

FIG. 1. Plasma levels of AAs: total (black circles), indispensable (black
triangles), and gluconeogenic (open circles) during the 8 h after
ingesting four eggs containing 23 g of doubly [

15
N]-[

13
C]–labeled pro-

teins. Data are means 6 SD (n = 8 at each time point). * indicates
a significant difference from the initial value: *P < 0.05.

FIG. 2. Transfer of dietary AAs into plasma AAs (A) and proteins (B) in
human subjects during the 8 h after ingesting four eggs containing 23 g
of doubly [

15
N]-[

13
C]–labeled proteins. Data are means 6 SD (n = 8 at

each time point). * indicates a significant difference from the initial
value: *P < 0.05.
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50.4 6 7.7 g glucose. The contribution of dietary AA to this
glucose production rose sharply until 3 h after meal in-
gestion and peaked between 3.5 and 5 h, the maximum
contribution being 12.1 6 3.3% of total glucose production
at 4.5 h after the meal (Fig. 4B). From 5–8 h after the meal,
this contribution decreased to reach 8 6 2% at the end of
the postmeal period. Finally, only 3.9 6 0.7 g of EGP
originated from dietary AAs.

Plasma insulin levels increased up to 30 min after meal
ingestion and then remained constant until 2.5 h, at ;50
pmol/L (Fig. 5A). During this period, the levels were sig-
nificantly higher than baseline at each time point. After 3 h,
plasma insulin levels started to fall, reaching values that
were significantly lower than the initial value at 7 and 8 h
after meal. Plasma glucagon levels tended to rise (P , 0.1)
after meal ingestion and peaked at 1.5 h (Fig. 5B). Between
1.5 and 8 h after the meal, plasma glucagon concentrations
did not differ significantly from baseline.
Postprandial nutrient oxidation. The oxidation of
carbohydrates and lipids varied significantly during the
postprandial window, in contrast to proteins (Fig. 6).
Carbohydrate oxidation increased 2 h after the meal and
then decreased after 4 h, whereas lipid oxidation increased
during the same period. Over the 8-h postprandial period,
26 g of lipids were oxidized, contributing to the production
of 977 6 427 kJ. Despite the negligible amount of energy
ingested as carbohydrate, 52 g of carbohydrates were ox-
idized, supplying 885 6 317 kJ. Lastly, total protein oxi-
dation was 31 g, producing 530 6 155 kJ.

DISCUSSION

The objective of this study was to determine the metabolic
conversion of dietary AAs into energy and glucose me-
tabolism, using multi-isotope methods that included the
uniform double labeling of dietary AAs and a peripheral
infusion of deuterated glucose. After the ingestion of a lipid-
protein meal (four eggs), 18% of AAs were deaminated,
producing carbon skeletons that were entirely oxidized
within 8 h of the meal. EGP did not increase after the meal
but remained stable for 6 h and then fell. Of the 50 g glucose
produced over the 8-h period, 4 g originated from dietary
AAs, indicating that under our experimental conditions,
dietary protein-derived AAs contributed to only 8% of EGP.

The ability of dietary proteins to generate carbon skel-
etons from deamination depends on the source of the
protein and the habitual protein intake of the subjects, as
deamination losses ranging from 18–30% have been seen in
studies using a similar methodology (8,9,23–25). During
the current study, the losses obtained with egg proteins
were 18% of intake, which is comparable to that observed
after the ingestion of total milk proteins, indicating a good
retention in protein pools. Interestingly, we found that all
deaminated AAs were oxidized within 8 h of meal in-
gestion, whereas after 4 h, only half of them were being
used as an energy substrate. This compliments our pre-
vious suggestion that the use of carbon skeletons in energy
pathways was delayed after the deamination process be-
cause of the saturation of carbon cycles and a lack of

FIG. 3. Cumulative transfer of dietary AAs to urinary urea (A) and expired CO2 (B) and dietary AA total deamination and oxidation in human
subjects (C) after ingesting four eggs containing 23 g of doubly [

15
N]-[

13
C]–labeled proteins. Data are means 6 SD (n = 8 at each time point).

* indicates a significant difference from the initial value: *P < 0.05.
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energy storage by these substrates (11). Although the di-
etary AA oxidation was only approximated because of the
variable 13C enrichment among AAs, the result at 4 h was
very consistent with that obtained in rats using extrinsic
tracers (11), suggesting that the error was marginal. The
retention in tricarboxylic acid pool could have been
a source of underestimation, but this should be of limited
extent due to the labeling on all carbons instead of
a unique position (26).

Under optimum gluconeogenic conditions, the 8-h post-
prandial production of glucose was ;50 g, and the average
flux of EGP ranged from ;10 mmol $ min $ kg21 before
meal ingestion to 7 mmol $ min $ kg21 8 h after the meal,
which is consistent with other studies performed after the

ingestion of meals with varying compositions (27–29). Our
results also showed that the ingestion of four eggs did not
induce an increase in EGP, as the level remained constant
until 5 h after the meal, decreasing significantly thereafter.
Interestingly, we observed that this decrease was con-
comitant with the fall in circulating glucose levels. Some
studies had previously focused on EGP following the in-
gestion of an HP meal or the infusion of AAs. Two studies
in healthy humans showed that an alanine infusion in-
duced an increase in gluconeogenesis from alanine but no
change in EGP. This could be explained by either an in-
hibition of gluconeogenesis from other substrates (30) or
a decrease in glycogenolysis (31). Indeed, the stimulation
of one pathway for glucose production may be counter-
acted by a downregulation of other pathways in order to
maintain stable global production (27,32). It is, however,
important to emphasize the fact that pancreatic hormones
(insulin and glucagon) were clamped at basal levels in
these two experiments, and this must have influenced the

FIG. 4. Plasma glucose concentrations (A), total EGP rate (B, black
circles), and contribution of dietary AAs to this production (B, open
circles) in human subjects during the 8 h after the ingestion of four eggs
containing 23 g of doubly [

15
N]-[

13
C]–labeled proteins. Data are

means 6 SD (n = 8 at each time point). * indicates a significant dif-
ference from the initial value: *P < 0.05.

FIG. 5. Plasma levels of insulin (A) and glucagon (B) in human subjects
during the 8 h after ingesting four eggs containing 23 g of doubly [

15
N]-

[
13
C]–labeled proteins. Data are means 6 SD (n = 8 at each time point

for insulin and n = 3 at 1.5 h; n = 4 at 5 h; n = 5 at 0, 1, 6, and 7 h; n = 6
at 0.5, 4, and 8 h; n = 7 at 3 h; and n = 8 at 2 and 2.5 h for glucagon).
* indicates a significant difference from the initial value: *P < 0.05.
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results. Indeed, another study performed in healthy sub-
jects but without any control of the plasma hormone levels
demonstrated that an infusion of AA led to a twofold rise
in EGP, together with a threefold increase in gluconeo-
genesis (5). Our experimental design was different from
that work because we were studying the effects of meal
ingestion rather than a peripheral and continuous infusion
of AAs. As for the effects of ingesting an HP meal, one
study pointed out that the ingestion of 50 g meat proteins
(without carbohydrates) led to a slight but steady decrease
in EGP in subjects with type 2 diabetes (33). EGP is
upregulated in diabetic patients, but this impairment is
especially marked when insulin secretion is stimulated
(34–36). Thus, in the case of a carbohydrate-free meal, and
despite a slight stimulation of insulin secretion, it is likely
that the EGP response will be similar in healthy and di-
abetic patients. In healthy subjects, Khan et al. (12)
showed that ingesting ;50 g protein from cottage cheese
with a small quantity of carbohydrates and lipids induced
an increase in EGP during the first 3 h, followed by
a marked decrease from 3 to 5 h. The results have diverged
among studies, because of either the experimental con-
ditions (infusion vs. meal) or variations in subject status
(healthy vs. diabetic) or regarding the composition of the
meal (presence or absence of carbohydrates, amount of
proteins, and energy supply).

The use of intrinsically labeled egg proteins enabled
a quantification of the contribution of dietary protein to
this production, which to our knowledge had never pre-
viously been determined. We showed that after a normal
intake of protein (20–25 g), the contribution of dietary
protein to glucose production was small and did not ex-
ceed 10% of the total flux during the 8-h postprandial pe-
riod, contributing the production of 4 g glucose to 50 g of
total glucose production. As 18% of dietary AAs were de-
aminated, this represented about 4 g AA, among which
43% were gluconeogenic in both egg-white and egg-yolk
proteins (37), resulting in 1.7 g of AA that could contribute
to glucose production. Considering that three carbons in
each AA would be transferred to a glucose molecule, we

can assume that 1 mol of AA would contribute to 1/2 mol
glucose. However, the dilution of dietary AA in the
endogenous pools results in a low probability that two
labeled AAs are incorporated in the same glucose mole-
cule. If the three remaining carbons are supplied by pre-
cursors other than dietary AAs, 1.7 g of gluconeogenic AA
might thus participate in the production of 3 g glucose,
a theoretical value that is comparable to our findings. This
hypothesis that 1 mol of glucose contains only three car-
bons from dietary AAs needs to be confirmed with an
isotopomer analysis, but this will require the administra-
tion of highly enriched gluconeogenic AAs. To our
knowledge, the study of Khan et al. (12) is only one to have
assessed postprandial gluconeogenesis due to dietary
proteins in humans. The results pointed out that ;10 g of
glucose was produced from proteins during the 8 h after
the meal, which is consistent with our findings regarding
the amount of protein ingested (50 g). This strongly sug-
gests that the participation of dietary protein to glucose
production mainly depends on the amount of gluconeo-
genic AA available, in the context of a low-carbohydrate
meal. Altogether, we conclude to the robustness of our
result, despite methodological limits, such as the hetero-
geneous 13C labeling of AA, the possible loss of carbons in
tricarboxylic acid cycle, and the absence of access to the
precursor pool (i.e., intrahepatic AAs).

The fact that the contribution of dietary AAs was low
does not preclude any high participation of proteins during
fasting. Gluconeogenesis rate during fasting and after ex-
haustion of glycogen store has been shown to be higher in
subjects fed an HP than normal-protein diet (4), suggesting
a stronger use of body protein in glucose production dur-
ing the catabolic phase. In our study, 31 g of protein was
oxidized, whereas only 4 g was of dietary origin. Postu-
lating that 45% of endogenous AAs are gluconeogenic
(based on basal circulating AA profiles), ;6–12 g of en-
dogenous AAs might therefore be used as glucose pre-
cursors, depending on the source of the complementary
three carbons in the molecule.

In addition to AAs, other potential sources for glucose
production included other exogenous (glycerol from di-
etary and body fat) or endogenous (mainly residual he-
patic glycogen stores but also lactate or glycerol) sources.
As the test meal contained no carbohydrate but 19 g lipids,
the glycerol released by the postprandial catabolism of
these lipids might be the precursor of EGP. However,
considering that egg lipids comprise 66% triglycerides and
33% phospholipids (38), 28 mmol of glycerol would be
released if they were fully catabolized, which is likely to
have occurred since 26 g of lipids were oxidized. This
would produce 2.5 g of glucose. In consequence, another
endogenous source must be the major source of glucose
precursors, and hepatic glycogen is a good candidate be-
cause the stores that remain after fasting overnight are still
significant in normal subjects. Using 13C nuclear magnetic
resonance, it has been shown that liver glycogen concen-
trations reached 207 mmol/L with a liver volume of 1.44 L
in humans fasted overnight (39), corresponding to ;70 g.
Such glycogen stores could alone account for the entire
8-h postprandial endogenous production of glucose (50 g). It
has been shown that after overnight fasting, glucose pro-
duction from gluconeogenesis was 1.2 mg $ kg21 $ min21,
corresponding to 34 g glucose (40), a value that is also
consistent with the predictions of the modeling study
performed by König et al. (41). In our study, a correlation
analysis between glucose flux and nutrient oxidation

FIG. 6. Nutrient oxidation during the 8 h after the ingestion of four eggs
containing 23 g of doubly [

15
N]-[

13
C]–labeled proteins. Lipids (open

triangles), carbohydrates (CHO; black circles), and proteins (open
diamonds). Data are means 6 SD (n = 8). The effect of time was sig-
nificant for lipids (P = 0.01) and carbohydrates (P = 0.007). * indicates
a significant difference from the initial value: *P < 0.05.
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showed that protein and lipid oxidation were not corre-
lated to EGP, in contrast to carbohydrate oxidation (R =
0.24; P = 0.04), thus supporting the hypothesis that glyco-
gen was the principal contributor to glucose flux under our
experimental conditions. Fig. 7 depicts the possible pre-
cursors of glucose production based on our results and on
the hypothesis for nonobserved values.

In conclusion, this study highlighted the fact that a sig-
nificant proportion of the carbon skeletons released from
dietary AA deamination was converted into glucose during
the 8 h following the ingestion of a protein-lipid and car-
bohydrate-free meal. In the context of a low-calorie meal,
gluconeogenesis is likely to be maximal compared with
carbohydrate-containing meals. Despite this, the contri-
bution of dietary AAs to glucose was 8%, depending mainly
on the availability of gluconeogenic AAs, whereas that of
endogenous AAs could reach 20%. It is likely that most of
this production, ;70%, was due to the degradation of re-
sidual liver glycogen, which could be sufficient, even after
an overnight fast. We can thus suppose that the partici-
pation of dietary proteins will be negligible in the presence
of carbohydrates in the meal. We provided the first direct
evidence that under optimal gluconeogenic conditions and
in a realistic nutritional situation, dietary proteins only
make a relatively modest contribution to the maintenance
of blood glucose levels.

ACKNOWLEDGMENTS

No potential conflicts of interest relevant to this article
were reported.

C.F. researched data and wrote the manuscript. D.T.,
F.N., and D.A.-M. contributed to the discussion and
manuscript. L.F., C.L., and P.S. contributed to researching
data. G.F. contributed to discussion. C.G. designed the
study, researched data, and wrote the manuscript. C.G. is
the guarantor of this work and, as such, had full access to
all the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis.

The authors thank Dr. Yassine Zair from the Volunteer
Research Centre at Hôtel-Dieu Hôpital for monitoring of
the clinical study. The authors also thank Josiane Seveno
for recruiting the subjects and Eliane Hivernaud for the
monitoring and collecting samples (both from the Volun-
teer Research Centre at Hôtel-Dieu Hôpital), Norredhine
Hafnaoui from UMR1019 (Institut National de la Recherche
Agronomique-Clermont Ferrand) for the measurement of
plasma AA concentrations, and Jean-Noël Thibault from
UMR1079 (Institut National de la Recherche Agronomique,
Rennes, France) for the measurement of AA[13C] enrich-
ment in egg proteins.

REFERENCES

1. Azzout-Marniche D, Gaudichon C, Blouet C, et al. Liver glyconeogenesis:
a pathway to cope with postprandial amino acid excess in high-protein fed
rats? Am J Physiol Regul Integr Comp Physiol 2007;292:R1400–R1407

2. Peret J, Chanez M, Cota J, Macaire I. Effects of quantity and quality of
dietary protein and variation in certain enzyme activities on glucose me-
tabolism in the rat. J Nutr 1975;105:1525–1534

3. Stepien M, Gaudichon C, Fromentin G, Even P, Tomé D, Azzout-Marniche
D. Increasing protein at the expense of carbohydrate in the diet down-
regulates glucose utilization as glucose sparing effect in rats. PLoS ONE
2011;6:e14664

4. Veldhorst MA, Westerterp-Plantenga MS, Westerterp KR. Gluconeogenesis
and energy expenditure after a high-protein, carbohydrate-free diet. Am
J Clin Nutr 2009;90:519–526

5. Tappy L, Acheson K, Normand S, et al. Effects of infused amino acids on
glucose production and utilization in healthy human subjects. Am J Physiol
1992;262:E826–E833

6. Lacroix M, Gaudichon C, Martin A, et al. A long-term high-protein diet
markedly reduces adipose tissue without major side effects in Wistar male
rats. Am J Physiol Regul Integr Comp Physiol 2004;287:R934–R942

7. Westerterp-Plantenga MS, Nieuwenhuizen A, Tomé D, Soenen S,
Westerterp KR. Dietary protein, weight loss, and weight maintenance.
Annu Rev Nutr 2009;29:21–41

8. Bos C, Metges CC, Gaudichon C, et al. Postprandial kinetics of dietary
amino acids are the main determinant of their metabolism after soy or milk
protein ingestion in humans. J Nutr 2003;133:1308–1315

9. Lacroix M, Bos C, Léonil J, et al. Compared with casein or total milk protein,
digestion of milk soluble proteins is too rapid to sustain the anabolic
postprandial amino acid requirement. Am J Clin Nutr 2006;84:1070–1079

FIG. 7. Possible sources of the glucose produced. We observed that 50 g of glucose was produced but that only 4 g was synthesized from dietary
AAs. Endogenous AAs could have significantly contributed to glucose production since 27 g was oxidized. The complete dietary fat oxidation would
generate 28 mmol of glycerol and lipolysis 8 mmol. Fat oxidation could then not be a major contributor. Finally, residual glycogen could have been
the major contributor under our experimental conditions. *, measured; **, calculated; ***, speculated from the literature.

C. FROMENTIN AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 62, MAY 2013 1441



10. Morens C, Bos C, Pueyo ME, et al. Increasing habitual protein intake ac-
centuates differences in postprandial dietary nitrogen utilization between
protein sources in humans. J Nutr 2003;133:2733–2740

11. Fromentin C, Azzout-Marniche D, Tomé D, et al. The postprandial use of
dietary amino acids as an energy substrate is delayed after the de-
amination process in rats adapted for 2 weeks to a high protein diet.
Amino Acids 2011;40:1461–1472

12. Khan MA, Gannon MC, Nuttall FQ. Glucose appearance rate follow-
ing protein ingestion in normal subjects. J Am Coll Nutr 1992;11:701–
706

13. Fromentin C, Sanders P, Nau F, et al. A pilot study for the intrinsic la-
beling of egg proteins with 15N and 13C. Rapid Commun Mass Spectrom
2012;26:43–48

14. Evenepoel P, Hiele M, Luypaerts A, et al. Production of egg proteins, en-
riched with L-leucine-13C1, for the study of protein assimilation in humans
using the breath test technique. J Nutr 1997;127:327–331

15. Gaudichon C, Mahé S, Benamouzig R, et al. Net postprandial utilization of
[15N]-labeled milk protein nitrogen is influenced by diet composition in
humans. J Nutr 1999;129:890–895

16. Lemosquet S, Thibault JN, Thomas A, Debras E, Hurtaud C. Validation of
the measurement of glucose appearance rate with [6,6-2H2]glucose in
lactating dairy cows. Reprod Nutr Dev 2004;44:17–27

17. Luengo C, Azzout-Marniche D, Fromentin C, et al. [13C] GC-C-IRMS anal-
ysis of methylboronic acid derivatives of glucose from liver glycogen after
the ingestion of [13C] labeled tracers in rats. J Chromatogr B Analyt
Technol Biomed Life Sci 2009;877:3638–3644

18. Silva FO. Microwave-assisted derivatization of glucose and galactose for
gas chromatographic determination in human plasma. Clin Chem 2006;52:
334–335

19. Arnoldi L, Valsecchi G, Magni F, et al. Gluconeogenesis in isolated rat
hepatocytes evaluated by gas chromatography/mass spectrometry using
deuterated water. J Mass Spectrom 1998;33:444–452

20. Bos C, Airinei G, Mariotti F, et al. The poor digestibility of rapeseed protein
is balanced by its very high metabolic utilization in humans. J Nutr 2007;
137:594–600

21. Deglaire A, Fromentin C, Fouillet H, et al. Hydrolyzed dietary casein as
compared with the intact protein reduces postprandial peripheral, but
not whole-body, uptake of nitrogen in humans. Am J Clin Nutr 2009;90:
1011–1022

22. Ferrannini E. The theoretical bases of indirect calorimetry: a review. Me-
tabolism 1988;37:287–301

23. Bos C, Juillet B, Fouillet H, et al. Postprandial metabolic utilization of
wheat protein in humans. Am J Clin Nutr 2005;81:87–94

24. Juillet B, Fouillet H, Bos C, et al. Increasing habitual protein
intake results in reduced postprandial efficiency of peripheral, ana-
bolic wheat protein nitrogen use in humans. Am J Clin Nutr 2008;87:
666–678

25. Mariotti F, Mahé S, Benamouzig R, et al. Nutritional value of [15N]-soy
protein isolate assessed from ileal digestibility and postprandial protein
utilization in humans. J Nutr 1999;129:1992–1997

26. Ruzzin J, Peronnet F, Tremblay J, Massicotte D, Lavoie C. Breath [13CO2]
recovery from an oral glucose load during exercise: comparison between
[U-13C] and [1,2-13C]glucose. J Appl Physiol 2003;95:477–482

27. Tappy L, Jéquier E, Schneiter P. Autoregulation of Glucose Production.
News Physiol Sci 2000;15:198–202

28. Robertson MD, Livesey G, Mathers JC. Quantitative kinetics of glucose
appearance and disposal following a 13C-labelled starch-rich meal: com-
parison of male and female subjects. Br J Nutr 2002;87:569–577

29. Petersen KF, Price T, Cline GW, Rothman DL, Shulman GI. Contribution of
net hepatic glycogenolysis to glucose production during the early post-
prandial period. Am J Physiol 1996;270:E186–E191

30. Diamond MP, Rollings RC, Steiner KE, Williams PE, Lacy WW, Cherrington
AD. Effect of alanine concentration independent of changes in insulin and
glucagon on alanine and glucose homeostasis in the conscious dog. Me-
tabolism 1988;37:28–33

31. Jenssen T, Nurjhan N, Consoli A, Gerich JE. Failure of substrate-induced
gluconeogenesis to increase overall glucose appearance in normal hu-
mans. Demonstration of hepatic autoregulation without a change in
plasma glucose concentration. J Clin Invest 1990;86:489–497

32. Nuttall FQ, Ngo A, Gannon MC. Regulation of hepatic glucose production
and the role of gluconeogenesis in humans: is the rate of gluconeogenesis
constant? Diabetes Metab Res Rev 2008;24:438–458

33. Gannon MC, Nuttall JA, Damberg G, Gupta V, Nuttall FQ. Effect of protein
ingestion on the glucose appearance rate in people with type 2 diabetes.
J Clin Endocrinol Metab 2001;86:1040–1047

34. Basu R, Chandramouli V, Dicke B, Landau BR, Rizza RA. Plasma C5
glucose-to-2H2O ratio does not provide an accurate assessment of gluco-
neogenesis during hyperinsulinemic-euglycemic clamps in either non-
diabetic or diabetic humans. Diabetes 2008;57:1800–1804

35. Torres TP, Fujimoto Y, Donahue EP, et al. Defective glycogenesis con-
tributes toward the inability to suppress hepatic glucose production in
response to hyperglycemia and hyperinsulinemia in zucker diabetic fatty
rats. Diabetes 2011;60:2225–2233

36. Groop LC, Bonadonna RC, DelPrato S, et al. Glucose and free fatty acid
metabolism in non-insulin-dependent diabetes mellitus. Evidence for
multiple sites of insulin resistance. J Clin Invest 1989;84:205–213

37. Lunven P, Le Clement de St Mar, Carnovale E, Fratoni A. Amino acid
composition of hen’s egg. Br J Nutr 1973;30:189–194

38. Husbands DR. The composition of triglycerides from liver, egg yolk and
adipose tissue of the laying hen. Biochem J 1970;120:365–371

39. Taylor R, Magnusson I, Rothman DL, et al. Direct assessment of liver
glycogen storage by 13C nuclear magnetic resonance spectroscopy and
regulation of glucose homeostasis after a mixed meal in normal subjects.
J Clin Invest 1996;97:126–132

40. Hellerstein MK, Neese RA, Linfoot P, Christiansen M, Turner S, Letscher A.
Hepatic gluconeogenic fluxes and glycogen turnover during fasting in
humans. A stable isotope study. J Clin Invest 1997;100:1305–1319

41. König M, Bulik S, Holzhütter HG. Quantifying the contribution of the liver
to glucose homeostasis: a detailed kinetic model of human hepatic glucose
metabolism. PLOS Comput Biol 2012;8:e1002577

DIETARY PROTEINS AND GLUCONEOGENESIS

1442 DIABETES, VOL. 62, MAY 2013 diabetes.diabetesjournals.org


