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At variance with the current view that only liver and
kidney are gluconeogenic organs, because both are the
only tissues to express glucose-6-phosphatase (Glc6Pase),
we have recently demonstrated that the Glc6Pase gene
is expressed in the small intestine in rats and humans
and that it is induced in insulinopenic states such as
fasting and diabetes. We used a combination of arterio-
venous balance and isotopic techniques, reverse tran-
scription–polymerase chain reaction, Northern blot
analysis, and enzymatic activity assays. We report that
rat small intestine can release neosynthesized glucose
in mesenteric blood in insulinopenia, contributing 20–
25% of total endogenous glucose production. Like liver
glucose production, small intestine glucose production
is acutely suppressed by insulin infusion. In the small
intestine, glutamine and, to a much lesser extent, glyc-
erol are the precursors of glucose, whereas alanine and
lactate are the main precursors in liver. Accounting for
these metabolic fluxes: 1) the phosphoenolpyruvate
carboxykinase gene (required for the utilization of
glutamine) is strongly induced at the mRNA and enzyme
levels in insulinopenia; 2) the glycerokinase gene is
expressed, but not induced; 3) the pyruvate carboxylase
gene (required for the utilization of alanine and lac-
tate) is repressed by 80% at the enzyme level in insuli-
nopenia. These studies identify small intestine as a new
insulin-sensitive tissue and a third gluconeogenic organ,
possibly involved in the pathophysiology of diabetes.
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U
p to now, liver and kidney have been considered
the only organs capable of releasing endoge-
nous glucose because both are the only tissues
to express glucose-6-phosphatase (Glc6Pase),

the enzyme catalyzing the last enzymatic step common to
glycogenolysis and gluconeogenesis, e.g., the hydrolysis of
glucose-6-phosphate into glucose and inorganic phosphate
(1–3). It had been accepted that Glc6Pase activity detected
in most tissues, excluding liver and kidney, was due to
unspecific phosphatase activities (3). However, using re-

verse transcription–polymerase chain reaction (RT-PCR),
Northern blot analysis, and a highly specific Glc6Pase
assay, we have recently shown that the Glc6Pase gene is
also expressed (mRNA and activity) in human and rat
small intestines (4). In addition, the Glc6Pase mRNA
abundance and protein activity are markedly increased in
48-h–fasted and diabetic rats (4). This has strongly sug-
gested that small intestine might possess the capacity to
produce glucose in portal blood and that this production
might be augmented in insulinopenic states. In keeping
with the latter proposal, we recently reported that another
major regulatory gene of gluconeogenesis, i.e., phos-
phoenolpyruvate carboxykinase (PEPCK), is also ex-
pressed in human and rat small intestine and is induced in
insulinopenia (5). These data prompted us to address the
question of the production of glucose by rat small intestine
in vivo and of its possible enhancement in insulinopenic
states.

Because the arteriovenous glucose balance technique
measures net glucose exchanges, i.e., the sum of both up-
take and release of glucose, it would not correctly evaluate
the actual contribution of small intestine to glucose ho-
meostasis. Therefore, we have simultaneously partitioned
the release and uptake of glucose by small intestine using
the combination of arteriovenous glucose balance and
isotopic dilution techniques previously used in similar
studies in kidney (6–8). The disappearance of the tracer
assesses the removal of unlabeled glucose from the circu-
lation. In addition, any decrease in tracer specific activity
reveals the release of unlabeled glucose by small intestine.
Part of this work has been published in abstract form (9).

RESEARCH DESIGN AND METHODS

Animals. Male Sprague-Dawley rats (220–240 g) were obtained from Iffa-
Credo (L’Arbresle, France) and were kept on a 12/12-h light-dark cycle. They
were fed a standard laboratory diet (U.A.R., Epinay-sur-Orge, France). Fasted
rats were deprived of food for 48 h, with access to water. Diabetic rats were
used 3 days after a single intraperitoneal injection of streptozotocin (60 mg/kg
body wt) (Sigma, La Verpillière, France). Postabsorptive normal and diabetic
rats were deprived of food for 6 h before experiments and were allowed free
access to water. All protocols described in this paper were performed
according to the rules of our local ethics committee for animal experimentation.
Determination of intestinal blood flow. Hemodynamic studies were per-
formed under the conditions of infusion experiments (see below), according
to a radiolabeled microsphere technique (10). Rats were anesthetized with a
single injection of pentobarbital (6 mg/100 g body wt). The right carotid artery
was cannulated, and the catheter was advanced into the left heart ventricle.
Its position was ascertained using a pressure probe. After laparotomy, the
inferior mesenteric vein was ligated as described below; 500 ml of micro-
spheres labeled with 141Ce in suspension in citrated-NaCl (15 6 3 mm
diameter, 2.7 GBq/g; DuPont-NEN, Boston, MA) was injected into the artery.
The microsphere suspension (33 kBq) was injected over 10 s, followed by a
double rinse with 100 ml citrated-NaCl. The reference blood sample was drawn
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through the left femoral artery, previously catheterized, by a syringe infusion
withdrawal pump (PHD 2000, Harvard Instruments). The pump was started 5 s
before blood was drawn, and the sample was collected for 150 s. Rats were
killed by pentobarbital injection, and the tissues were quickly dissected,
washed, dried, and weighed. Organ blood flows were calculated by multiply-
ing the withdrawal rate of the blood reference sample by the ratio of the
radioactivity in the organ to the radioactivity of the reference sample (10). The
distribution of the cardiac output to the two kidneys was very similar and the
distribution to the lungs was ,5% in all cases, validating the accuracy of the
determinations (11,12).
Determination of intestinal glucose fluxes by [3-3H]glucose infu-

sion. Rats were catheterized and infused with [3-3H]glucose under the
conditions described in detail in our previous reports (13,14), including some
additional procedures. After infusion for 10 min, laparotomy was performed;
the cecum was retracted on the left. Inferior mesenteric circulation was
stopped by ligation to exclude the blood flow coming from the cecum and the
colon. The guts were replaced in the abdominal cavity, and the incision was
protected with a wet gauze. Preliminary monitorings of the glycemia and of
the specific activity of blood glucose indicated that a steady-state equilibrium
was obtained during the last 60 min of the total 90-min infusion experiment.
At that final time, blood samples were gently taken simultaneously in the
carotid artery and the superior mesenteric vein. Blood plasma was imme-
diately separated by centrifugation at 4°C, deproteinized, and used for trip-
licate determinations of glucose concentration and 3H-radioactivity after
evaporation to dryness. The fractional extraction (FX) of glucose across
small intestine was calculated as [([3-3H]glucose SAartery 3 glucose concen-
trationartery) – ([3H]glucose SAvein 3 glucose concentrationvein)]/([3H]glucose
SAartery 3 glucose concentrationartery), where SA is specific activity. The
intestinal glucose uptake (IGU) was calculated as IBF 3 glucose concentra-
tionartery 3 FX, and the intestinal glucose balance (IGB) was calculated as
IBF 3 (glucose concentrationartery – glucose concentrationvein). The intestinal
glucose release (IGR) was calculated as IGU minus IGB. Total endogenous
glucose production (EGP) was obtained from the [3-3H]glucose infusion rate
and the specific activity of arterial blood glucose (13,14).
Determination of small intestine gluconeogenic fluxes from 14C-la-

beled precursor infusions. L-[U-14C]glutamine (8.69 GBq/mmol; DuPont-
NEN), L-[U-14C]alanine (6.5 GBq/mmol; DuPont-NEN), or L-[U-14C]lactic acid
(6.5 GBq/mmol; DuPont-NEN) diluted in NaCl 1‰ containing 1 g/l serum
bovine albumin was infused into the right jugular vein in rats set up as above.
Each 14C-labeled metabolite (0.185 MBq/ml) was infused at 10.7 kBq/min for 1
min, followed by a continuous infusion at 1.07 kBq/min for 90 min. Preliminary
experiments of peripheral infusion of the four gluconeogenic precursors
studied (see below also) indicated that a steady-state equilibrium of incorpo-
ration of labeled carbons into glucose was reached from 60 to 120 min. The
plasma [14C]glucose specific activity was thus determined in both arterial and
mesenteric blood sampled as above at 90 min. Glucose was purified from
neutralized perchloric acid extracts by sequential anion-cation exchange
chromatography (15). Glucose concentration was determined and 14C-radio-
activity was measured after drying. Glutamine specific activity was deter-
mined in mesenteric blood. Plasma was separated and deproteinized by
addition of 2% (mass/volume, final concentration) sulfosalycilic acid contain-
ing D-glucosaminic acid as an internal standard and was frozen at 220°C.
Glutamine was purified and quantified by ion-exchange liquid chromatography
on a Beckman 6300 amino acid analyzer. The small intestine gluconeogenic
flux from [14C]glutamine was calculated according to the equation of Stumvoll
et al. (16) as IBF 3 [([14C]glucose SAvein 3 glucose concentrationvein) – ([1 2
FX] 3 [14C]glucose SAartery 3 glucose concentrationartery)]/(1.2 3 [14C]glu-
tamine SAvein), where SA is specific activity.

Determination of small intestine gluconeogenic flux from 13C-labeled

glycerol. A primed 16 mmol/min infusion of [2-13C]glycerol ([2-13C,99 AP]glyc-
erol; Mass Trace, Woburn, MA) diluted in NaCl/albumin as above, was per-
formed for 1 min, followed by a continuous 90-min infusion at 1.6 mmol/min.
Arterial and mesenteric plasma was sampled as above. Glucose and glycerol
were purified and derived into aldonitrile penta-acetate glucose and glycerol
triacetate as described previously (15,17). The [13C]glucose and [13C]glycerol
isotopic enrichments were obtained by gas chromatography–mass spectrom-
etry according to previously validated procedures (15,17,18). Glucose and
glycerol isotopic enrichments were expressed as molar ratios (percentages)
and further converted as mole percentage excess for the calculation of the
glycerol flux into glucose.
Enzyme assays and other analytical procedures. At the end of the exper-
iments, a liver lobe and the first 5 cm of the proximal jejunum were freeze-
clamped in situ using tongues precooled in liquid nitrogen. Homogenates were
prepared from frozen tissues as previously described (4,13,14) and were used
to determine the total activity of enzymes (Vmax). Phosphoenolpyruvate
carboxykinase (PEPCK) was assayed according to the decarboxylation assay
described by Jomain-Baum et al. (19). Pyruvate carboxylase (PC) Vmax was
determined using a [14C]bicarbonate incorporation assay under saturating
conditions of substrates and cofactors (20). Glycerokinase Vmax was deter-
mined according to the method of Bergmeyer et al. (21). Total RNAs were
extracted and analyzed by RT-PCR and Northern blotting as described in our
previous reports (4,5,22). Plasma glucose concentration was determined in
triplicate in the supernatants of Ba(OH)2 and ZnSO4 precipitate by the
enzymatic assay of Bergmeyer et al. (23), and plasma lactate was determined
by the enzymatic assay of Gutmann and Wahlefeld (24). Glycogen content was
determined as described by Keppler and Decker (25).
Statistical analyses. Statistical analyses were performed by analysis of
variance. When statistical differences were established, the differences were
tested for significance using a two-tailed Student’s t test for paired or unpaired
values as relevant.

RESULTS

Quantification of IGR in postabsorptive, fasted, and

diabetic rats. In postabsorptive rats, total EGP deter-
mined in the peripheral arterial blood was 75.5 6 6.0
mmol z kg–1 z min–1, in keeping with previous results
(13,14). The blood glucose concentration in the mesenteric
vein was significantly lower than that in the artery (by
;0.8 mmol/l), whereas arterial and venous [3-3H]glucose
specific activity were not different (Table 1). This was
a first indication that no newly synthesized unlabeled
glucose molecule had been released into the circulation
by small intestine. The mean IGU, calculated from the
individual FX (average value 0.06 6 0.01, mean 6 SE,
n 5 6) and the IBF (5.8 6 1.1 ml/min), was 14.8 6 4.1
mmol z kg–1 z min–1 (Table 1). The mean IGR, calculated
from the individual IGUs and glucose balances, was very
close to zero (22.9 6 2.4 mmol z kg–1 z min–1; Table 1).
These data strongly suggested that there was no detect-
able production of endogenous glucose by small intestine
in the postabsorptive state.

TABLE 1
Determination of intestinal glucose fluxes in normal postabsorptive, 48-h–fasted, and diabetic rats using [3-3H]glucose tracer data and
glucose balance measurements

Rat

[3-3H]glucose-specific
activity (dpm/mmol)

Glucose concentration
(mmol/l) Fractional

extraction
Glucose
balance IGU IGR EGPArtery Vein Artery Vein

Normal (n 5 6) 20,715 6 1,357 20,966 6 1,045 10.29 6 0.58 9.49 6 0.38 0.06 6 0.01 17.7 6 6.1 14.8 6 4.1 22.9 6 2.4 75.5 6 6.0
(NS) (P , 0.02)

48-h–fasted (n 5 8) 20,903 6 938 19,942 6 780 7.79 6 0.33 7.43 6 0.28 0.09 6 0.02 9.2 6 4.5 17.8 6 3.8 8.6 6 1.5 41.3 6 1.0
(P , 0.001) (NS) (21% EGP)

Diabetic (n 5 10) 13,646 6 946 13,464 6 470 30.76 6 1.41 31.03 6 1.39 0.004 6 0.01 213.18 6 7.7 9.19 6 15.4 22.4 6 9.7 119 6 5
(P , 0.01) (NS) (19% EGP)

Data are means 6 SE. Glucose balance, IGU, IGR, and EGP are given in micromoles per kilogram per minute. P values were determined by
Student’s t test for paired data.
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In 48-h–fasted rats, EGP was lower than in postabsorp-
tive rats (41.3 6 1.0 mmol z kg–1 z min–1; Table 1). This
also agreed with previous data (14). As in postabsorptive
rats, the blood glucose concentration in the vein tended to
be lower than that in the artery (Table 1). However,
the difference was less than in postabsorptive rats (;0.3–
0.4 mmol/l) and was not statistically significant. In contrast
with postabsorptive rats, the [3-3H]glucose specific activity
was lower (by 4.5 6 0.7%, P , 0.001) in the venous
than in the arterial blood (Table 1). This indicated that
unlabeled glucose had been released by small intestine.
The mean IGU, calculated as above from the individual FX
(0.09 6 0.02, mean 6 SE, n 5 8) and the IBF (6.5 6 1.0
ml/min), was 17.8 6 3.8 mmol z kg–1 z min–1 (Table 1). The
IGR, calculated from the individual data of IGU and
glucose balance, averaged to a positive value of 8.6 6 1.5
mmol z kg–1 z min–1 (mean 6 SE, n 5 8). This represented 21%
of EGP (Table 1).

In postabsorptive diabetic rats, EGP was higher than in
normal postabsorptive rats (119 6 5 mmol z kg–1 z min–1;
Table 1). In contrast with postabsorptive and fasted rats,
the venous glucose concentrations tended to be higher (by
;0.3 mmol/l) than the arterial concentrations, without
being statistically different, however (Table 1). As in fasted
rats, there was a significant (P , 0.01) decrease in the
[3-3H]glucose specific activity in the vein as compared
with the artery (Table 1). This decrease was much lower
than in fasted rats (21.3 6 0.4%, mean 6 SE, n 5 10). A
reason for the latter was that the IBF was dramatically
enhanced in diabetic rats as compared with normal rats:
12.3 6 1.6 vs. 5.8 6 1.1 ml/min (P , 0.01, Student’s t test,
unpaired data). This high IBF associated with high glucose
concentrations (in the range of 30 mmol/l) strongly af-
fected the accuracy of the determination of glucose spe-
cific activity. Consequently, there was a high dispersion in
the FX values (averaging close to nil; 0.004 6 0.01) and
thus in the IGU values (9.19 6 15.9 mmol z kg–1 z min–1) (see
Table 1), revealing that the mean FX value was obtained
from a set of positive and negative values. The negative
values were considered the consequence of experimental
error and were included in all calculations. Noteworthy,
in spite of this imprecision in the FX determinations, the
mean calculated IGR (22.4 6 9.7 mmol z kg–1 z min–1,
mean 6 SE, n 5 10) represented 19% of total EGP, a value
very close to that determined in 48-h–fasted rats (Table 1).

To bypass the difficulty encountered in the FX determi-
nations in diabetic rats, we specified the IGR using two
other approaches. First, using a group of 15 diabetic rats,
we calculated the IGU from the lactate release by small
intestine, based on the assumption that two lactate mole-

cules are representative of one glucose molecule taken up.
As shown in Table 2, there was substantial lactate release
by small intestine; the lactate concentration in the mesen-
teric vein was 0.5 mmol/l higher than that in the artery.
This allowed us to estimate an average IGU of 12.3 6 1.9
mmol z kg–1 z min–1 (mean 6 SE, n 5 15), which was com-
parable to that calculated from the FX data (compare with
Table 1). The venous glucose concentration also tended
(not significantly) to be higher than the arterial concentra-
tion in this group (Table 2). The mean IGR, calculated
from the individual IGU and glucose balance data, was
29.4 6 10.7 mmol z kg–1 z min–1, representing 25% of the
EGP. Second, we carried out statistical analysis of glucose
balances from 38 diabetic rats used in this study. This
revealed a plasma glucose concentration higher in the
mesenteric vein than in the artery (P , 0.05), indicating
a significant net release of glucose by small intestine
(Table 2). The IGR (estimated from the individual glucose
balances only, thus neglecting the IGU) was 15.0 6 7.6
mmol z kg–1 z min–1. This represented 13% of total EGP.

We studied the effect of insulin infusion (480 pmol/h)
under conditions of euglycemia (13,14) in 48-h–fasted rats,
in which accurate determinations of glucose specific ac-
tivity could be performed (see above). EGP was signifi-
cantly suppressed by insulin infusion: 25.0 6 3.6 vs. 41.3 6
1.0 mmol z kg–1 z min–1 in saline-infused rats (P , 0.01,
Student’s t test, unpaired data). In contrast with saline-
infused fasted rats, there was no decrease in the glucose
specific activity in the mesenteric vein as compared with
the artery: 6,957 6 595 vs. 6,959 6 461 dpm/mmol (means 6
SE, n 5 4, NS). This strongly suggested that the release of
glucose neosynthesized in small intestine was totally sup-
pressed upon insulin infusion. In keeping with the latter,
the IGR calculated from these tracer data were close to
zero (21.0 6 4.8 mmol z kg–1 z min–1). As a consequence,
there occurred a marked decrease (by 1 mmol/l) in the
glucose concentration in the vein as compared with the
artery: 6.62 6 0.39 vs. 7.63 6 0.51 mmol/l, respectively
(P , 0.05, Student’s t test, paired data). This contrasted
with the nonsignificant lowering observed in the same rats
infused with saline (see above).
Identification of small intestine gluconeogenic pre-

cursors. We studied the incorporation of carbon-labeled
precursors in glucose in 48-h–fasted rats. All four gluco-
neogenic precursors infused were incorporated into glu-
cose (Table 3). The specific activity of glucose was 3.4%
higher (P , 0.01) in the mesenteric vein than in the artery
when [U-14C]glutamine was infused, indicating that glu-
cose molecules neosynthesized from [U-14C]glutamine were
released by the small intestine. In a similar manner, the

TABLE 2
Estimation of intestinal glucose fluxes in diabetic rats using lactate and glucose balance measurements

Rat

Lactate concentration
(mmol/l)

Glucose concentration
(mmol/l) Glucose

balance

IGU
(1 glucose 5

2 lactate) IGRArtery Vein Artery Vein

Diabetic (n 5 15) 1.42 6 0.09 1.93 6 0.13 29.92 6 1.1 30.27 6 1.0 217.1 6 9.5 12.3 6 1.9 29.4 6 10.7
(P , 0.001) (NS) (25% EGP)

Diabetic (n 5 38) — — 30.77 6 0.69 31.06 6 0.68 215.0 6 7.6 0 15.0 6 7.6
(P , 0.05) (13% EGP)

Data are means 6 SE. Glucose balance, IGU, and IGR are given in micromoles per kilogram per minute. P values were determined by
Student’s t test for paired data.
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[13C]glucose molar ratio was significantly higher (3.1%) in
the vein than in the artery (Table 3), indicating that
glucose molecules that had incorporated [2-13C]glycerol
were released by small intestine. These data allowed us to
rule out definitively the possibility that the decrease in
glucose specific activity in the mesenteric blood evidenced
above could only be due to recycling of [3-3H]glucose after
detritiation at the level of 3-carbon compounds. In con-
trast, after infusion of [U-14C]lactate or [U-14C]alanine,
there was no significant difference between the glucose
specific activity in the vein and that in the artery (Table 3).
This strongly suggested that the incorporation of [U-14C]
lactate and [U-14C]alanine into glucose did not take place
in small intestine. The small intestine gluconeogenic fluxes
from glutamine and glycerol to glucose, calculated from
the specific activity of glucose and its precursors, repre-
sented 57 and 19%, respectively, of the total IGR deter-
mined as above (Table 3).

In diabetic rats infused with [U-14C]glutamine, there was
a significant increase in the mesenteric vein glucose
specific activity as compared with arterial glucose (Table
3). The calculated gluconeogenesis from glutamine (10.1 6
3.3 mmol z kg–1 z min–1) accounted for ;45% of the total
IGR (Table 3). In contrast, we did not measure any
increase in the [13C]glucose specific activity in the mesen-
teric vein with regards to the artery after infusion of
[2-13C]glycerol.
Molecular studies. We specified the gene expressions
(mRNA and activity) of the enzymes required for the
utilization of the four substrates in the liver gluconeogen-
esis, i.e., PEPCK, PC, and glycerokinase. All three genes
were expressed at the mRNA and enzyme levels in small
intestine in the three groups of rats (Fig. 1). Note that, for
the three enzymes, the Vmax determined in small intestine
in postabsorptive rats was ;10% of the Vmax determined in
the liver of the same rats (not shown). The same feature
was also observed for Glc6Pase expression in rat small
intestine (4). It must be mentioned that another key
enzyme in gluconeogenesis, fructose-1,6-bisphosphatase,
was not studied here because it is well known that it is
expressed in substantial amount in the small intestine of
different species (26–28). PEPCK gene expression was
dramatically enhanced in 48-h–fasted and diabetic rats, as

compared with postabsorptive rats, at both the mRNA (by
about 12 times) and the enzyme activity (by 2–2.5 times)
level (Fig. 1). In contrast, PC gene expression was not
altered at the mRNA level. However, a marked decrease
(by 80%) in the PC Vmax was observed in both 48-h–fasted
and diabetic rats, as compared with postabsorptive rats
(Fig. 1). On the other hand, there was no modification of
the glycerokinase gene expression (mRNA and Vmax lev-
els) induced by fasting or diabetes (Fig. 1). We also deter-
mined the small intestine glycogen contents. The latter
was not altered in 48-h–fasted rats, as compared with post-
absorptive rats, but was markedly increased (by ;400%) in
diabetic rats (Fig. 1).

DISCUSSION

In this work, we have used a combination of arteriovenous
glucose balance and tracer dilution techniques to partition
the uptake and release of glucose by the small intestine in
rats under different nutritional and hormonal conditions.
In postabsorptive rats, [3-3H]glucose specific activity mea-
surements were accurate enough to determine a signifi-
cant FX of glucose. Thus, an IGU could also be accurately
calculated. From the positive glucose balance and IGU, the
IGR was found to be close to nil. A comparable accuracy
was obtained in 48-h–fasted rats, and a significant FX
could be determined. This allowed us to calculate a signif-
icant glucose uptake. Despite the fact that the arterio-
venous glucose balance was positive, i.e., the mean uptake
of glucose surpassed the mean release, we could deter-
mine with confidence a significant IGR of 8.6 6 1.5
mmol z kg21 z min21, accounting for 21% of total EGP.

In contrast, in diabetic rats, the mean FX was not
different from zero because of the occurrence of positive
and negative values. Since negative FX values are theoret-
ically impossible, they might reflect experimental errors in
the determination of small differences in [3-3H]glucose
specific activity, complicated in diabetic rats by the mark-
edly increased blood flow and plasma glucose concentra-
tion. A comparable impediment has been encountered in
FX determinations for kidney (8). As previously pointed
out, setting the negative values to zero or repeating the
measures until a “theoretically possible” positive value is

TABLE 3
Quantification of intestinal gluconeogenic fluxes from carbon-labeled precursors in 48-h–fasted and diabetic rats

Precursor
infused

48-h–fasted rats Diabetic rats
[14C]glucose specific activity

(dpm/mmol) Precursor3glucose
(mmol z kg21 z min21)

[14C]glucose specific activity
(dpm/mmol) Precursor3glucose

(mmol z kg2 z min21)Artery Vein Artery Vein

[U-14C]glutamine 669 6 36 692 6 35 4.8 6 5.0 317 6 31 323 6 30 10.1 6 3.3
(n 5 6) (Dv2a 5 3.4%, P , 0.01) (57% IGR) (Dv2a 5 1.9%, P , 0.02) (45% IGR)

[U-14C]alanine 2,152 6 96 2,162 6 91 — ND —
(n 5 6) (Dv-a 5 0.4%, NS)

[U-14C]lactate 2,044 6 133 2,037 6 121 — ND —
(n 5 6) (Dv-a 5 0.3%, NS)

Molar ratio (%) Molar ratio (%)
[2-13C]glycerol 21.26 6 4.32 21.96 6 4.28 1.6 6 0.7 6.35 6 0.62 6.37 6 0.66 —
(n 5 5, 48 h–fast) (Dv2a 5 3.1%, P , 0.05) (19% IGR) (Dv2a 5 0.3%, NS)
(n 5 7, diabetic)

Data are means 6 SE. P values were determined by Student’s t test for paired data. ND, not determined.
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obtained may introduce bias, resulting in the determina-
tion of artificially high glucose uptake and consequently
the overestimation of the glucose release (8). It is inter-
esting to note that incorporating these negative values in
all calculations, a mean IGR of 22.4 6 9.7 mmol z kg21 z
min21, representing 19% of the EGP (a percentage very
close to that which could be accurately determined in
fasted rats), was obtained in diabetic rats. We could not
quantify small intestine glucose uptake by means of the
2-deoxy[3H]glucose approach, since the latter is not suit-
able in tissues expressing Glc6Pase (29). Therefore, we
estimated small intestine glucose uptake by means of
small intestine lactate release. This allowed us to calculate
an average IGR of 29.4 6 10.7 mmol z kg21 z min21,
representing 25% of the total EGP, close to that deter-
mined from tracer data (see above). Finally, IGR was
estimated from the sole significant negative glucose bal-
ance in 38 diabetic rats used in this study. This is a minimal
value because it neglects the amount of glucose taken up
by the small intestine. From the latter rationale, it is
strongly suggested that a minimal IGR in diabetic rats
could not be ,13% of EGP (see Table 2).

Our results also strongly suggest that from the four main
gluconeogenic precursors, only glutamine and, to a lesser
extent, glycerol could be incorporated into neosynthesized
glucose released by small intestine. In contrast, alanine
and lactate, which were more actively incorporated into
systemic glucose than was glutamine (compare the arterial
[14C]glucose specific activity from the three [U-14C] pre-
cursors in Table 3), were not incorporated at the level of
small intestine. Because both are well known to constitute
the best liver gluconeogenic substrates, one may hypoth-

esize that incorporation of these substrates into glucose
mainly took place in this tissue. Our results are consistent
with known liver and intestinal metabolic fluxes. It is
indeed well established that glutamine is actively taken up
and metabolized by small intestine (30,31). In contrast,
alanine and lactate are released by small intestine in the
portal vein and are then actively taken up by the liver
(32,33).

In fasted rats, we calculated that gluconeogenesis from
glutamine and glycerol could account for 57 and 19% of
total IGR, respectively. Glutamine enters gluconeogenesis
through the Krebs cycle at the level of a-ketoglutarate.
Because of carbon exchanges through cycling, the glu-
tamine flux to glucose, determined herein, might be un-
derestimated by up to 40% (16,34). In contrast, glycerol
enters gluconeogenesis at the level of 3-carbon com-
pounds and does not undergo similar carbon exchanges
within the Krebs cycle. Because the small intestine glyco-
gen storage capacity (;0.5 mg/g wet tissue) is not altered
in fasting (Fig. 1), the amount of glucose released from
small intestine glycogenolysis in fasted rats should be very
low. Taking into account that the actual small intestine
gluconeogenesis from glutamine might be up to 40% higher
than that measured, ;80% (instead of 57%) of the total
IGR, it may be postulated that total IGR in 48-h–fasted rats
might be accounted for by gluconeogenesis from glu-
tamine for a bulk part and from glycerol for a remaining
marginal part (;20%). In diabetic rats, the small intestine
gluconeogenic flux from glutamine accounted for about
half of the IGR, close to that calculated in fasted rats. We
could not, however, obtain evidence for the incorporation
of glycerol carbons into venous glucose. This might be

FIG. 1. Effect of fasting and diabetes on PEPCK, PC, glycerokinase, and glycogen in rat small intestine. RT-PCR (top panels), Northern blots
(middle panels), and glycogen contents and enzymatic activity determinations under conditions of maximal velocity (bottom panels) were
performed from total RNA and homogenates prepared from a 5-cm freeze-clamped jejunum sample. The expected length of c-DNAs (RT-PCR) is
indicated on the right of the top panels, and the position of 28S and 18S RNAs on Northern blot panels. In bottom panels, the results are expressed
as means 6 SE of at least four animals per group. *Value significantly different from postabsorptive (PA) value (P < 0.05, t test for unpaired
data). PA, normal postabsorptive rats; F, 48-h–fasted rats; D, streptozotocin-induced diabetic rats.
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because of the reasons of imprecision outlined above.
Alternatively, the hypothesis that a substantial proportion
of the IGR in diabetic rats might be derived from glycogen
stores is plausible, since the latter were substantial in
diabetic rats (Fig. 1).

It is noteworthy that the gene expression studies pro-
vided a strong molecular basis accounting for these met-
abolic fluxes. In the liver, PC is considered to be the first
committed enzyme in gluconeogenesis, accounting for the
utilization of alanine and lactate after conversion in pyru-
vate by alanine transaminase and lactate dehydrogenase,
respectively. A dramatic lowering in PC Vmax in small
intestine occurred in both fasted and diabetic rats. The
effect likely took place at a posttranslational level because
there was no alteration in the abundance of PC mRNA.
This is in keeping with the fact that alanine and lactate
were not incorporated into glucose produced by small
intestine. On the other hand, we measured a twofold
increase in PC Vmax in the liver of the same rats (not
shown), in agreement with previous data (35) and with the
utilization of both alanine and lactate as major substrates
of liver gluconeogenesis. In contrast with PC, a strong
induction of PEPCK gene expression, at both the mRNA
and enzymatic activity levels, occurred in small intestine
in insulinopenic states. The latter result is in agreement
with our previous data (5), in spite of very different
protocols of sampling. In the liver, PEPCK is considered a
major regulatory enzyme of gluconeogenesis from oxalo-
acetate, accounting for the utilization of both pyruvate
(after conversion in oxaloacetate by PC) and substrates
cycling through the Krebs cycle. This is the fate of
glutamine after conversion in glutamate and a-ketogluta-
rate. In small intestine, the coordinate inverse regulation
of PC and PEPCK may thus account for the utilization of
glutamine as a major substrate of gluconeogenesis, as well
as for the nonutilization of alanine and lactate. With regard
to glycerol utilization, this substrate enters gluconeogene-
sis at the level of 3-carbon compounds after phosphoryla-
tion by glycerokinase. The presence (without induction) of
this enzyme in small intestine is in keeping with the lesser
role of glycerol as a substrate for gluconeogenesis in
fasted rats. In diabetic rats, our data suggest that the IGR
not arising from glutamine may derive from glycogenolysis
rather than from glycerol gluconeogenesis. In keeping
with an active glycogen metabolism occurring in small
intestine, the presence of glycogen stores and of glycogen
synthase and phosphorylase has been previously reported
in both rodent and human small intestine and intestinal
cell lines (36–38). Of note, the abnormal accumulation of
glycogen is also known to occur in the diabetic kidney
(39), and it has recently been suggested that kidney
glycogenolysis might contribute EGP in type 1 diabetic
patients (40).

In conclusion, following our recent report that Glc6Pase
and PEPCK genes are expressed in rat small intestine and
are strongly induced in fasted and diabetic states (4,5), we
show here that, at variance with the current view that only
the liver and the kidney are glucose-producing organs,
small intestine contributes ;20–25% of systemic EGP in
insulinopenia in rats. In addition, small intestine glucose
production may be suppressed by insulin. This identifies
small intestine as a new insulin-sensitive tissue. Finally,

we have specified the metabolic and molecular mecha-
nisms underlying small intestine glucose production,
pointing out the crucial role of glutamine as a precursor.
Because the major regulatory genes of gluconeogenesis
(i.e., Glc6Pase, PEPCK, and fructose-1,6-bisphosphatase)
are expressed in human small intestine (4,5,28) and be-
cause glutamine is a crucial substrate for this tissue too,
we believe that these results will certainly enable a better
understanding of the mechanisms involved in the patho-
physiology of human diabetes.
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