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The mRNA and the activity of glucose-6-phosphatase
(Glc-6-Pase) were present in the liver, kidney, and small
intestine of 15-day-old suckling rats, but were absent
from the stomach, colon, lung, white and brown adipose
tissues, muscle, heart, brain, and spleen. The mRNA
encoding Glc-6-Pase was present in the liver of 21-day-
old fetal rats and increased markedly immediately after
birth. From 5 days after birth to the end of the suckling
period, it returned to 50% of the level found in the liver
of 48-h starved adult rats. When rats were weaned at 21
days onto a high-carbohydrate, low-fat (HCLF) diet, the
concentration of liver Glc-6-Pase mRNA was markedly
increased. In the fetal rat jejunum, the activity and
mMRNA of Glc-6-Pase were very low. It increased during
the 5 days after birth and then declined to reach very low
levels. Neither mRNA nor activity of Glc-6-Pase was
present in the fetal kidney. They appeared and increased
slowly during the suckling period to reach maximal lev-
els 15 days after birth and then remained constant.
Weaning onto the HCLF diet did not change the Glc-6-
Pase gene expression, neither in the jejunum nor in the
kidney. The regulation of Glc-6-Pase gene expression by
hormones and nutrients was studied in cultured hepa-
tocytes from 20-day-old rat fetuses. Bt,cAMP stimulated
the Glc-6-Pase gene expression in a dose-dependent
manner. This probably resulted from an increased gene
transcription since the half-life of the transcript was
not affected by dibutyryl cAMP (Bt,cAMP). The
Bt,cAMP-induced Glc-6-Pase mRNA accumulation was
antagonized by insulin in a dose-dependent manner.
Long-chain fatty acids (LCFASs), but not medium-chain
fatty acids, induced the accumulation of Glc-6-Pase
mRNA and the stabilization of the transcript. The per-
oxisome proliferator, clofibrate, induced a threefold
increase in Glc-6-Pase mRNA concentration. Both stim-
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ulation of Glc-6-Pase mRNA by LCFAs and clofibrate
were inhibited by insulin. Increasing concentrations of
glucose (from 0 to 20 mmol/l) did not affect the
Bt,cAMP-induced Glc-6-Pase gene expression. By con-
trast, high glucose concentration (25 mmol/l) markedly
induced the Glc-6-Pase gene expression in fed adult rat
hepatocytes. The difference in the response to glucose
between fetal and adult rat hepatocytes is discussed.
We conclude that the rapid increase in hepatic Glc-6-
Pase mRNA levels that accompanies the fetal-to-neona-
tal transition in the rat is triggered by the reciprocal
change in circulating insulin and LCFA concentrations,
coupled to the rise in liver cAMP concentration. Diabetes
47:882-889, 1998

lucose-6-phosphatase (Glc-6-Pase) is a key

enzyme involved in systemic glucose homeosta-

sis. It catalyzes the last biochemical reaction of

both gluconeogenesis and glycogenolysis (i.e.,
the dephosphorylation of glucose-6-phosphate [Glc-6-P] to
glucose). Itis expressed in substantial amounts only in the liver
and the kidney cortex in adult mammals (1,2), conferring to
these tissues the capacity to export glucose into the blood-
stream. In addition, several other tissues have been reported
to possess a low Glc-6-Pase activity (1). However, we failed to
detect any Glc-6-Pase MRNA in several of these tissues, either
by using Northern blot or by reverse transcriptase—poly-
merase chain reaction (RT-PCR) approaches (3). This sug-
gested that Glc-6-Pase was less widely expressed than previ-
ously assumed.

It is well known that gluconeogenesis is markedly
increased in the liver during fasting and diabetes (4) but that
also it is increased in the kidney cortex during metabolic
acidosis, diabetes, and prolonged fasting (5). The suckling
period constitutes another situation associated with an
active gluconeogenesis in the liver and the kidney (6). A
significant amount of glucose is synthesized from lactate in
the intestinal mucosa of suckling rats (7) caused by the
presence of all gluconeogenic enzymes (6). Recently, it was
reported that the small intestine of adult rodents was able
to produce glucose from fructose (8) and from gluco-
neogenic substrates (9).

We have previously emphasized the regulatory role that Glc-
6-Pase gene induction might play in triggering gluconeogen-
esis in both the liver and kidney during fasting or diabetes
(2,3,10). The first aim of the present work was to study the
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development of MRNA concentrations and Glc-6-Pase activ-
ity in the three potential sites of glucose production: liver, kid-
ney, and small intestine.

Moreover, all the physiological (fasting, suckling period) or
pathological (diabetes) situations associated with an
enhanced gluconeogenesis and Glc-6-Pase activity and gene
expression were characterized by high plasma glucagon and
low plasma insulin concentrations and a high level of circu-
lating fatty acids (6). The second aim of the present work was
to investigate the role of hormonal (glucagon via cAMP,
insulin) and nutritional (fatty acids) environments in the
postnatal induction of liver Glc-6-Pase using primary culture
of fetal hepatocytes.

RESEARCH DESIGN AND METHODS

Animals. Female Wistar rats bred in our laboratory were housed at 24°C in indi-
vidual plastic cages with light from 0700 to 1900. They had free access to water.
The stage of pregnancy was determined as described previously (11). Fetuses (20
and 21 days) were delivered by Cesarean section after cervical dislocation of the
mother. Newborn pups were allowed to suckle from 2 h after birth onward. Rats
were weaned at 21 days onto a semisynthetic high-carbohydrate, low-fat (HCLF)
diet: 72% carbohydrate, 1% fat, 27% protein (in terms of energy) (12).

The studies were performed in 21-day-old fetal rats, in 1-, 5-, 10-, 15-, and 21-

day-old suckling rats, and in 22- and 30-day-old rats weaned onto a HCLF diet. The
tissue-specific expression of Glc-6-Pase and PEPCK genes was performed in 15-
day-old suckling rats. Intestines were inverted, washed at 37°C in a phosphate-
buffered saline (PBS: NaCl 0.13 mol/I; KCI 2.7 mmol/l; Na,HPO, 22 mmol/l;
NaH,PO, 1.45 mmol/l; pH 7.6). All the tissues were frozen in liquid nitrogen and
stored at —80°C for subsequent extraction of RNA.
Isolation and primary culture of fetal and fed adult rat hepatocytes.
Fetal hepatocytes were isolated as described previously (13) and plated in 75-cm?
Petri dishes (3-5 10° cells/dish) in a minimum essential medium (MEM) containing
penicillin (10 Ul/ml), streptomycin (100 ug/ml), and kanamycin (50 pg/ml). Dur-
ing cell attachment (4 h), a substitute of fetal calf serum (Ultroser G, 2%; IBF, Vil-
leneuve la Garenne, France) was present. After removal of most of the nonadhering
hematopoietic cells, the medium was replaced by Ultroser G and arginine-free
MEM containing different effectors.

Adult rat hepatocytes were isolated as described previously (14) and cultured
in the same conditions as fetal hepatocytes. Duplicate dishes were used for all
experiments. The cultures were maintained at 37°C in an incubator equilibrated
with 0,/CO, (95/5%).

Effects of dibutyryl cAMP and dexamethasone on Glc-6-Pase mRNA con-
centrations. The effect of dibutyryl cCAMP (Bt,cCAMP; 10~ mol/l) was tested
over 24 and 48 h of culture after cell attachment. The half-maximum effect of
Bt,CAMP was assessed by using a concentration range of 10 to 102 mol/l. The
effect of dexamethasone (10" mol/l) was tested over 48 h of culture either alone
or in association with half-maximal concentration of Bt,cAMP (10~ mol/l).
Effects of glucose on Glc-6-Pase mMRNA accumulation. The effect of glucose
(from 0 to 20 mmol/l) was tested in fetal hepatocytes cultured for 48 h either in
the absence or in the presence of Bt,cAMP (10~ mol/l). The effect of glucose (25
mmol/l) was also assayed in hepatocytes from fed adult rats cultured for 24 h. The
possible effect of hyperosmolarity was tested by culturing hepatocytes in the pres-
ence of L-glucose at the same concentration.

Effects of fatty acids and clofibrate on Glc-6-Pase mRNA levels. The
effects of medium-chain fatty acids (octanoate [C8:0]) and long-chain fatty acids
(LCFAs) (cis-9-oleate [C18:1], cis-9,12-linoleate [C18:2]) were tested at a con-
centration of 0.5 mmol/l, during 48 h of culture in a glucose-free medium containing
a mixture of lactate:pyruvate (10:1 mmol/l) as energy substrates. Fatty acids
were added immediately after cell attachment. To avoid the detergent effect of free
fatty acids, they were bound to bovine serum albumin (BSA, final concentration
0.2%). Finally, the effect of clofibrate, a peroxisomal proliferator, was tested at a
concentration of 0.5 mmol/l after 48 h of culture. In some experiments, the effect
of insulin (107 mol/l) was studied in fetal hepatocytes cultured in the presence
of either linoleate (0.5 mmol/l) or clofibrate (0.5 mmolll).

Effects of insulin on Bt,cAMP-induced Glc-6-Pase mRNA concentration.
Hepatocytes were cultured for 48 h in the presence of Bt,cAMP (10 mol/l) and
different concentrations (107 to 10 mol/l) of insulin. Bt,cAMP and insulin were
added immediately after cell attachment in a glucose-free medium supplemented
with a lactate:pyruvate ratio.

Extraction and Northern blot analysis of total RNA. Total RNA from frozen
tissues and from hepatocytes of two Petri dishes were extracted with guanidium
thiocyanate followed by a purification through a CsCl cushion gradient accord-
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ing to Chirgwin et al. (15). RNA was quantified by ultraviolet absorbance at 260
nm (260:280 ratio >1.8), and 1 pg was submitted to electrophoresis in 1% agarose
gel to check the quality of the RNA preparation. Northern blot analysis of total RNA
(20 pg) was performed after 1% agarose gel electrophoresis in 2.2 mol/l formalde-
hyde as previously described (3,13). Hybridization of the blots with an excess of
[y-?P]ATP-labeled synthetic oligonucleotide specific for the 185 rRNA subunit (16)
allowed us to correct for possible variations in the amount of RNA transferred onto
the membranes. The hybridization probe was the 2.6-kb Pstl fragment from phos-
phoenol carboxy kinase (PCK) 10 and the 1.1-kb Pstl fragment for Glc-6-Pase as
described previously (3,13). Probes were radiolabeled using the multiprime DNA
labeling system (Amersham). Quantifications were performed by scanning den-
sitometry of the autoradiographs.

Measurements of Glc-6-Pase mRNA stability. Fetal hepatocytes were first cul-
tured for 48 h in the presence of Bt,cAMP (10~ mol/l) or linoleate (0.5 mmol/l).
Then the medium was replaced by a fresh medium containing 5,6-dichlorobenz-
imidazole riboside (DRB; 25 pg/ml), a specific inhibitor of RNA polymerase Il (17),
and the culture was continued for 0.5-24 h in the absence or in the presence of
either Bt,cAMP (10~ mol/l) or linoleate (0.5 mmol/l). Cells were scraped off and
lysed every 30 min, and total RNA was extracted and treated as described above.
Measurements of Glc-6-Pase activity. Frozen tissues were powdered in liquid
nitrogen and homogenized in 10 mmol/l Hepes, 0.25 mol/l sucrose, pH 7.4 (9 vol/g
tissue) by 10 X 1 s ultrasonic pulses. The homogenates were treated by 0.5%
(mass/vol) 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-sulfonate (CHAPS)
for 20 min at 4°C to free Glc-6-Pase from membranous constraints (3,10,18). Treated
homogenates were diluted 10 times before Glc-6-Pase activity was assayed at max-
imal velocity (20 mmol/l Glc-6-P) at 30°C, on complexometry of inorganic phosphate
(P;) produced from Glc-6-P. The phosphohydrolyzing activity toward B-glyc-
erophosphate (20 mmol/l) was determined and subtracted from the total Glc-6-Pase
activity in all cases to clear the specific Glc-6-Pase activity from the contribution of
nonspecific phosphatases. The results are expressed as micromoles of substrate
hydrolyzed per minute per gram of wet tissue.

Analytical methods. Proteins were determined by the method of Lowry et al.
(19) with BSA as standard.

Statistical analysis. Results are expressed as means + SE, and statistical analy-
sis was performed using the rank-order test (20).

RESULTS

Tissue-specific expression of Glc-6-Pase in 15-day-old
suckling rats. In 15-day-old suckling rats, Glc-6-Pase mRNA
and activity were found in the liver, small intestine (from
duodenum to ileum), and kidney (Fig. 1). A low Glc-6-Pase
activity was also found in the colon and heart, but mMRNA and
activity were virtually absent from other tissues analyzed
(Fig. 1). It is noteworthy that the level of Glc-6-Pase mRNA
in the liver and kidney of suckling rats represents 50% of the
concentrations found in the liver of fasted adult rats (Fig. 1).
Although the small intestine had a much lower Glc-6-Pase
mMRNA concentration than the liver and kidney, Glc-6-Pase
MRNA concentrations in this tissue were higher than the
PEPCK mRNA concentrations (Fig. 1). Indeed, the PEPCK
MRNA levels (expressed as % of 48-h starved adult rat liver)
were 81 = 5 and 12 + 1%, respectively, for the liver and the
ileum, thus leading to a liver:ileum ratio for PEPCK mRNA of
~6, whereas for Glc-6-Pase mRNA this ratio was ~3.

Developmental changes of Glc-6-Pase gene expression
and activity in liver, jejunum, and kidney. As shown in
Fig. 2, the mRNAs coding for Glc-6-Pase were already pres-
ent in the liver of 21-day-old rat fetuses at a concentration half
of that found in adult rat liver, whereas the activity of the
enzyme was 80% lower than in fed adult rat liver (6.7 + 0.5 U/g,
n = 5) (Fig. 3). Immediately after birth, the mRNA concen-
tration and the activity of Glc-6-Pase increased markedly in
the liver, returned to 50% of the adult value 5 days after birth,
and remained at this level during the suckling period (Figs. 2
and 3). When rats were weaned onto the HCLF diet, the con-
centration of Glc-6-Pase mRNA was markedly increased in the
liver of 22- and 30-day-old rats (Fig. 2). By contrast, the activ-
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FIG. 1. Tissue-specific expression of Glc-6-Pase in 15-day-old suckling
rats. Total RNA was extracted from frozen tissues and analyzed by
Northern blot technique as described in METHODS. PEPCK mRNA
determination was used as control. Densitometric quantification of
four different Northern blots was performed, and the results are
expressed as percentage of Glc-6-Pase mRNA concentration found in
the liver of 48-h starved adult rats. The Glc-6-Pase activity has been
measured in each tissue, and the resultis expressed as means + SE of
five different animals.
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ity did not change significantly in the liver of 22- and 30-day-
old rats weaned onto the HCLF diet (Fig. 3).

In the fetal rat jejunum, the concentration of Glc-6-Pase
MRNA was detectable but very low (10% of adult rat liver
value, Fig. 2). By contrast, the activity of Glc-6-Pase in the fetal
jejunum (Fig. 3) was similar to that found in fed adult rat
jejunum (0.63 £ 0.03 U/g, n =5) and only slightly lower than
in 48-h—starved adult rat jejunum (1.3 £ 0.2 U/g, n =5). The
Glc-6-Pase mRNA concentration increased markedly during
the 10 days after birth to reach almost the level observed in
the liver of starved adult rats. Then it declined progressively
during the suckling and the post-weaning periods to reach
<10% of the level found in the liver of starved adult rats (Fig.
2). During the first 10 days after birth, the activity of the
enzyme was also increased to reach levels higher by twofold
(Fig. 3) than in the 48-h starved adult rat jejunum (1.3 + 0.2
U/g, n = 5) and then declined until the end of the suckling
period. In the jejunum of the HCLF-weaned rats, the Glc-6-
Pase activity was similar to that found in fed adult rat
jejunum (Fig. 3).

In the fetal kidney, the mRNA concentration and the activ-
ity of Glc-6-Pase were undetectable (Figs. 2 and 3). The mRNA
concentration and the activity of Glc-6-Pase increased slowly
during the 10 days after birth and then rapidly increased
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FIG. 2. Developmental changes in Glc-6-Pase mRNA concentration in
liver, kidney, and jejunum. A: Representative Northern blot of Glc-6-
Pase mMRNA concentrations in liver, kidney, and jejunum during the
suckling period and in rats weaned at 21 days onto a high-carbohydrate
diet. B: Densitometric quantification of four different Northern blots.
The results are expressed as percentage of Glc-6-Pase mRNA con-
centration found in the liver of 48-h starved adult rats.

between 10 and 21 days. In 21-day-old suckling rats, the Glc-
6-Pase mRNA concentration was ~85% of that found in the 48-
h starved adult rat liver (Fig. 2), whereas the activity (Fig. 3)
was 50% to that observed in the 48-h starved adult rat kidney
(9.8 £1.2 U/g, n =5). When rats were weaned onto the HCLF
diet, the concentration of Glc-6-Pase mRNA was decreased
(Fig. 2), whereas the activity remained constant (Fig. 3).
Regulation of Glc-6-Pase gene expression in cultured
fetal rat hepatocytes: effects of dexamethasone and
Bt,cAMP. The fall in plasma insulin levels and the rise in
plasma glucagon levels that occur at birth result in a rapid
increase in liver cAMP concentration (6). Thus, we investigated
the effect of Bt,cAMP on Glc-6-Pase mRNA concentrationsin
cultured fetal hepatocytes. Glc-6-Pase mRNA concentration
was low in freshly isolated hepatocytes and fell during cell
attachment to remain at this low concentration during the
following 48 h of culture under basal conditions (Fig. 4A).
The level of Glc-6-Pase mMRNA was increased 2.8 + 0.3
(n=3)and 4.8 + 0.6 fold (n = 10) after 24 and 48 h of culture
in the presence of 10~*mol/l Bt,cAMP (Fig. 4). Since the max-
imal accumulation of Glc-6-Pase mMRNA was observed 48 h

DIABETES, VOL. 47, JUNE 1998



15 = Lig
Ey
§
F 12 =
- |
2 [
£ | T
'i' ||I AI_'I"- = 'ﬂ Kidgay
; ﬁﬂ*:’
p_ ﬂ—\. -q 0- - . .f; dejunom
% o - T  —
2l-duy-ald [ 20 days

Frius

FIG. 3. Developmental changes in Glc-6-Pase activity in liver, kidney,
and jejunum. Results are means + SE of five different animals. Rats
were weaned at 21 days onto a high-carbohydrate diet.

after the addition of Bt,cCAMP, subsequent experiments were
performed after 48 h of culture.

The dose-response curve of Glc-6-Pase mMRNA accumulation
in response to Bt,cAMP showed that the half-maximal effect
was achieved at a concentration of 3 X 10~° mol/l (Fig. 4B).

Glucocorticoids are generally required for hepatocyte

adherence onto plastic dishes (21). They also have a direct or
permissive effect on hormone-induced gene expression, as
shown for Glc-6-Pase in cultured adult rat hepatocytes (22).
To know whether glucocorticoids had a direct effect or a
permissive effect on Bt,cAMP-induced Glc-6-Pase mRNA
accumulation, fetal hepatocytes were cultured for 48 h in
the presence of 107 mol/l dexamethasone alone or in asso-
ciation with 10~ mol/l Bt,cAMP (half-maximal concentra-
tion). Dexamethasone alone had no effect on Glc-6-Pase
gene expression (1.0 £ 0.1, n = 4) and did not potentiate the
Bt,cAMP-induced Glc-6-Pase mRNA accumulation (2.1 + 0.5,
n = 3; compare with Fig. 4B).
Effects of glucose on Bt,cAMP-induced Glc-6-Pase gene
expression. The supply of carbohydrate from the diet is
reduced after birth, and the concentration of glucose in the por-
tal vein is low. It was thus of interest to know whether a
change in the glucose concentration in the culture medium
could modify the accumulation of Glc-6-Pase mRNA. Indeed,
when hepatocytes were cultured for 48 h in the absence of glu-
cose, the Glc-6-Pase mRNA concentration was 67 + 16%
(n = 6) higher when compared with fetal hepatocytes cul-
tured in the presence of 5 mmol/l glucose. These results sug-
gest that glucose could have an inhibitory effect on Glc-6-
Pase gene expression in fetal rat hepatocytes. However,
because basal expression of Glc-6-Pase was low in fetal rat
hepatocytes (Fig. 4A), it was difficult to know whether glucose
had a specific effect on Glc-6-Pase gene expression. Thus the
effect of glucose was tested on the Bt,cAMP-induced Glc-6-
Pase gene expression. The accumulation of Glc-6-Pase mRNA
in response to 10™* mol/l Bt,cAMP was not affected by large
changes in glucose concentration (0-20 mmol/l) in the culture
medium (Fig. 5).

By contrast, when hepatocytes from fed adult rats were cul-
tured for 24 h in the presence of 25 mmol/I glucose, the con-
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FIG. 4. Time course and dose-response curve of the effects of
Bt,cAMP on Glc-6-Pase mMRNA expression in 20-day-old rat fetuses. A:
Hepatocytes were cultured for 24 or 48 h after cell attachment (time
0) in the absence or in the presence of Bt,cAMP (10 mol/l). This blot
is representative of four different cultures. B: Hepatocytes were cul-
tured for 48 h in the presence of Bt,cAMP at the indicated concen-
trations. Results are expressed as arbitrary units, and the reference
value (1) is the concentration of Glc-6-Pase mRNA in hepatocytes
cultured in control conditions (absence of Bt,cAMP). Results are
means * SE of four different experiments. A representative Northern
blot is shown.

centration of Glc-6-Pase MRNA was increased 7.1 + 0.6-fold
(n =4; P <0.01 when compared with cultures in the absence
of glucose; Fig. 5). This effect is specific since L-glucose used
at the same concentration did not affect the Glc-6-Pase
MRNA levels (data not shown).

Effects of various fatty acids and clofibrate on Glc-6-
Pase gene expression. Because rat milk is rich in triglyc-
erides, 30% of which contains medium-chain fatty acids (6),
we investigated the role of different fatty acids on Glc-6-
Pase gene expression. When hepatocytes were cultured in the
presence of 0.5 mmol/l octanoate (a medium-chain fatty
acid), no significant accumulation of Glc-6-Pase mRNA was
observed (Table 1). By contrast, oleate and linoleate
(LCFAS) increased the concentration of Glc-6-Pase MRNA by
twofold (Table 1). Since it has been suggested that the effect
of LCFAs on gene expression was mediated by the peroxi-
some proliferator-activated receptors (PPARs) (23), we
tested the effect of clofibrate, a peroxisome proliferator, on
Glc-6-Pase gene expression in fetal hepatocytes cultured for
48 h. Clofibrate induced a threefold increase in Glc-6-Pase
MRNA concentrations (Table 1).
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FIG. 5. Effects of glucose on Bt,cAMP-induced Glc-6-Pase mRNA accu-
mulation. Hepatocytes were cultured for 48 h in the presence of
Bt,cAMP (10 mol/l) and the indicated concentrations of glucose.
This Northern blot is representative of three different cultures.

Antagonistic effect of insulin on Bt,cAMP-, linoleate,
and clofibrate-induced Glc-6-Pase gene expression.
To know whether the postnatal fall in plasma insulin con-
centration could be important for the induction of Glc-6-Pase
gene expression, hepatocytes were cultured for 48 h in the
presence of amaximal concentration of Bt,cAMP (10~ mol/l)
and increasing concentrations of insulin (10~ to 10~ mol/l).
The half-maximal inhibitory effect of insulin was achieved at
a concentration of 10° mol/l (Fig. 6).

The increase in Glc-6-Pase mRNA after exposure to 0.5
mmol/l linoleate or clofibrate was also suppressed by 100 and
80%, respectively, in the presence of 10" mol/l insulin (Table 1).
Effects of Bt,cAMP and linoleate on Glc-6-Pase mMRNA
half-life. The decay in Glc-6-Pase mMRNA concentration after
a48-h exposure to Bt,cAMP or linoleate was calculated from
experiments performed in the presence of DRB, an inhibitor
of RNA transcription. The Glc-6-Pase mMRNA half-life (67 £ 7
min, n = 5; Fig. 7) was not modified by the presence of
Bt,cAMP (82 £ 10 min, n = 5). In contrast, the Glc-6-Pase
MRNA half-life was 60% longer in the presence of linoleate
(107 = 12 min versus 67 £ 7 min, n =5, P < 0.05; Fig. 7).

DISCUSSION

The present work shows that Glc-6-Pase mRNA accumu-
lates in three tissues capable of performing an active gluco-
neogenesis during the suckling period. The changes are more
marked in the liver and the small intestine than in the kidney,
and the time courses are different in the three tissues. It is
noteworthy that the abundance of Glc-6-Pase mMRNA in the
jejunum of 5-day-old suckling rats is transiently as high as that
in the liver of the 48-h starved adult rats.

In the kidney, Glc-6-Pase mMRNA concentration and activ-
ity increase more slowly than in the liver and small intestine.
These results are in agreement with the developmental pat-
tern observed for other gluconeogenic enzymes (6). The
suckling period is characterized by a high level of circulating
fuels (lactic acid, free fatty acids, ketone bodies) that could
lead to an activation of renal gluconeogenesis through a
change in the acid-base status. Indeed, kidney PEPCK gene
expression was increased by metabolic acidosis in adult rats
(24,25), whereas renal Glc-6-Pase activity was not increased
by metabolic acidosis in adult rats (26). By contrast, the
increase in renal Glc-6-Pase mRNA and activity in starvation
or diabetes is totally reversed by insulin (3). Moreover, glu-
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TABLE 1
Effects of various fatty acids and clofibrate on Glc-6-Pase gene
expression in cultured fetal hepatocytes

Additions Glc-6-Pase mRNA levels
(arbitrary units)
Control 1
Octanoate (0.5 mmol/l) 0.92 £0.05(3)
Oleate (0.5 mmol/l) 20+ 0.4 (4)*
Linoleate
0.1 mmol/l 1.3+£04(3)
0.5 mmol/l 1.9+0.2 (1)~
0.5 mmol/Il + insulin 09+0.2(6)
Clofibrate (0.5 mmol/l) 3.0+£0.4 (4)t
0.5 mmol/l +insulin 14+03(4)

Data are means + SE (n). Hepatocytes from 20-day-old fetuses
were cultured for 48 h in a glucose-free medium (control) or in the
presence of various fatty acids or clofibrate at the indicated con-
centrations. Before addition, fatty acids were bound to fat-free
albumin (0.2% final concentration). In some experiments, the
effect of insulin (107 mol/l) was tested on the linoleate- or clofi-
brate-induced Glc-6-Pase gene expression. Results are expressed
as arbitrary units, the reference value (1) being the level of Glc-
6-Pase mRNAs in control conditions. *P < 0.05 and tP < 0.01
when compared with controls.

cocorticoids and triiodothyronine have been shown to be
involved in the regulation of renal energy metabolism during
development (27,28). It is noteworthy that the time course of
increase in glucocorticoids and triiodothyronine concentrations
in the plasma (6) parallels that of renal Glc-6-Pase mRNA lev-
els. Whether or not the changes in plasma insulin, glucorticoids,
or triiodothyronine concentrations, which occur during the
suckling period, are involved in the increase in renal Glc-6-Pase
gene expression remains to be determined.

The present work also demonstrates that the small intes-
tine expresses both Glc-6-Pase mRNA and activity at a signi-
ficant level during the suckling period. These results are in
agreement with the presence of an active gluconeogenesis
in intestinal mucosa of suckling rats (7). An active glucose
production and a Glc-6-Pase activity have also been reported
in the small intestine of suckling pigs (29), mice (30), and
guinea pigs (9). It is noteworthy that the small intestine from
suckling rats expressed not only genes encoding gluco-
neogenic enzymes, but also genes encoding ketogenic
enzymes (31). The gluconeogenic and ketogenic capacities
of the small intestinal mucosa disappear after weaning (7).
This is due to the fall in gene expression and activity of key
enzymes of these metabolic pathways (31), especially Glc-6-
Pase (30; present work). It is noteworthy that Glc-6-Pase is
expressed to a small extent in the small intestine of rat and
human adults (32,33). The factors involved in the expression
of these genes and in the regulation of the metabolic fluxes
in the small intestine during development are still unknown.
However, it could be emphasized that the hormonal envi-
ronment (low-insulin, high-glucagon concentrations), which
prevails during the suckling period, could exert a control on
gluconeogenic enzymes gene expression. For instance, incu-
bation of scraped intestinal mucosa from 12-day-old suckling
rats with Bt,cAMP enhanced the rates of glucose production
from lactate (7). Conversely, insulin treatment of the diabetic
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FIG. 6. Dose-response curve of the effect of insulin on Bt,cAMP-
induced Glc-6-Pase mRNA accumulation. Hepatocytes were cultured
for 48 h in the presence of Bt,cAMP (10~ mol/l) and the indicated con-
centrations of insulin. Results are expressed as arbitrary units, and
the reference value (1) is the concentration of Glc-6-Pase mRNA in
hepatocytes cultured under control conditions (absence of Bt,cAMP
and insulin). Results are means * SE of four different experiments. A
representative Northern blot is shown.

rat reverses the diabetes-induced Glc-6-Pase gene expression
in the small intestine of adult rats (33). Whether or not cCAMP
and/or insulin regulate Glc-6-Pase and/or other gluco-
neogenic enzyme gene expression in small intestinal
mucosa of suckling rats remains to be determined. Finally,
the presence of large amounts of LCFA triglycerides in the
lumen of the small intestine of suckling rats would promote
both the increased rates of intestinal gluconeogenesis, as
shown in the liver (6), and increased gene expression of key
gluconeogenic enzymes such as Glc-6-Pase. Indeed, if the
contribution of LCFA in the regulation of gene expression is
now well documented in the liver and adipose tissue (34),
then a recent study showed that liver Glc-6-Pase mRNA con-
centration was increased in adult rats by infusion of an
emulsion rich in triglycerides (35). However, since primary
culture of enterocytes is not feasible, the question of
whether pancreatic hormones and/or fatty acid regulate Glc-
6-Pase gene expression during the prenatal period was
addressed in the only available system, the primary culture
of hepatocytes.

In the liver, Glc-6-Pase mRNA, which is already present
toward the end of gestation (36; present work), markedly
accumulates immediately after birth to reach a level twice that
found in the fasting adult rat liver. It is noteworthy that the
concentration of Glc-6-Pase mRNA markedly decreases
between 1 and 10 days after birth, whereas the activity is less
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FIG. 7. Effects of cAMP and linoleate on Glc-6-Pase mRNA stability.
Hepatocytes were cultured for 48 h in the absence (control) or in the
presence of either Bt,cAMP (10~* mol/l) or linoleate (0.5 mmol/l). Then
the medium was replaced by a fresh medium containing DRB (25
png/ml), and the culture was continued for the indicated times in the
absence (@) or in the presence of either Bt,cAMP ((J) or linoleate (O)
at the same concentration. This plot represents five different cultures.

affected. Similar observations were previously reported for
the developmental pattern of PEPCK gene expression (37)
and were attributed to an increase in the half-life of the pro-
tein and/or to a post-transcriptional regulation. Whether or not
this explains the discrepancies between mRNA levels and Glc-
6-Pase activity during development remains to be deter-
mined. At least one of the following three major events
occurs within the first hours of extra-uterine life that could
be involved in the regulation of hepatic Glc-6-Pase gene
expression: 1) an increase in cyclic AMP concentration as the
result of the fall in plasma insulin and the rise in plasma
glucagon concentrations (6), 2) a low portal glucose con-
centration caused by the consumption of a low-carbohydrate
diet (6), and 3) an increased supply of plasma fatty acids to
the liver arising from the hydrolysis of milk triglycerides (6).
The contribution of each of these factors in the regulation of
Glc-6-Pase gene expression has been studied in cultured
hepatocytes from 20-day-old rat fetuses.

It was reported that glucagon or thyroxine injection to fetal
rats induced the premature development of hepatic Glc-6-
Pase activity (38,39). The present work shows that Bt,cAMP
induces, in a dose-dependent manner, the accumulation of Glc-
6-Pase mRNA in fetal rat hepatocytes. This increase probably
results from a stimulation of Glc-6-Pase gene transcription
since Bt,cAMP does not affect the stability of the Glc-6-Pase
transcript. The stimulation of Glc-6-Pase gene expression by
CcAMP has been previously reported in cultured adult rat hepa-
tocytes (22). However, the time course is different since max-
imal stimulation is achieved after 24 h of culture in adult cells,
whereas it required 48 h of culture in fetal hepatocytes. Such
adelay in the response to cCAMP in fetal hepatocytes has been
previously observed for carnitine palmitoyltransferase-l gene
expression (40). By contrast, cAMP-induced PEPCK or mito-
chondrial HMG-CoA synthase gene expression is much faster
in fetal cells (13,31). This has been interpreted as a delay nec-
essary for DNase-1 hypersensitive sites to be in an open con-
figuration in genes that have never been transcribed previ-
ously. The cAMP-induced Glc-6-Pase mRNA accumulation
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is markedly potentiated by the presence of a relative or an
absolute insulin deficiency, suggesting that the postnatal
fall in plasma insulin concentration is required for the max-
imal induction of Glc-6-Pase gene expression at birth. An
inhibitory effect of insulin on Glc-6-Pase gene expression has
been previously reported in insulin-treated diabetic rats (3),
in rats recovering from partial hepatectomy (36), or in cultured
hepatocytes from adult rats (22). This inhibitory effect of
insulin is mediated via an insulin response sequence (IRS) in
the promoter region of the Glc-6-Pase gene (22,41). As previ-
ously reported in cultured hepatocytes from adult rats (22),
dexamethasone has no direct effect on Glc-6-Pase gene
expression in fetal cells. However, whereas dexamethasone
slightly potentiated the effect of CAMP in adult hepatocytes
(22), it did not in fetal cells. This could result from the con-
centration of dexamethasone used in adult cells, which is
tenfold higher than the one used in the present study (10~
mol/l). At the concentration of 10~ mol/l, dexamethasone has
no effect in adult hepatocytes (22). Thus the contribution of
dexamethasone to the regulation of Glc-6-Pase gene expres-
sion in hepatic cells remains questionable if it required such
pharmacological concentrations of glucocorticoids.

The low concentration of glucose in the portal blood
immediately after birth and during the suckling period could
provide a suitable nutritional environment for the induction
of a gluconeogenic enzyme such as Glc-6-Pase. However, the
present study shows that glucose has no inhibitory effect on
Bt,cAMP-induced Glc-6-Pase. This is in marked contrast with
the observations reported recently in adult rats and in
hepatoma cells. The increased Glc-6-Pase gene expression in
diabetic rats was normalized after correction of hypergly-
cemia by phlorizin treatment (42). This was interpreted as the
result of the decrease in blood glucose concentration. How-
ever, as plasma glucagon levels were decreased in such
experimental conditions (43), the decrease in plasma
glucagon could be responsible for the decrease in Glc-6-Pase
gene expression rather than the decrease in blood glucose
concentration. Indeed, when rats are weaned onto a HCLF
diet, the concentration of plasma insulin increased, whereas
plasma glucagon levels markedly decreased (44). However,
despite the rise in insulin concentration in high-carbohy-
drate—weaned rats, the levels of hepatic Glc-6-Pase mRNA are
markedly increased in the liver, whereas they are decreased
in the kidney. This would suggest that the regulation of Glc-
6-Pase gene expression is different in these two organs as pre-
viously reported in diabetic or starved adult rats (3). In addi-
tion, the effect of glucose could overcome the inhibitory
effect of insulin in the liver. Indeed, the high concentration of
glucose (25 mmol/l) markedly increased the Glc-6-Pase gene
expression in cultured adult rat hepatocytes (45; present
work) and in hepatoma cells (45,46). The difference between
fetal and adult rat hepatocytes or hepatoma cells could result
from a difference in hepatic glucose metabolism. Indeed,
phosphorylation of glucose seems to be essential for glu-
cose-induced gene regulation (47). Recently, the inhibition of
PEPCK gene expression in hepatoma cells has been shown
to be dependent of the expression of glucokinase (48), and the
stimulation of Glc-6-Pase gene expression in vivo in response
to glucose has been suggested to result from an increase in
xylulose-5-phosphate concentration (49), a metabolite of the
pentose phosphate pathway that is very active in hepatoma
cells. The low level of glucokinase and of the enzymes of the
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pentose phosphate pathway in newborn and suckling rat
hepatocytes (47) could explain the absence of the effect of glu-
cose on Glc-6-Pase gene expression. In keeping with this, it
was recently shown that overexpression of glucokinase in Fao
cells viameans of recombinant adenovirus vectors results in
amarked increase in Glc-6-Pase gene expression in response
to high glucose concentrations (45).

This work also provides direct evidence that in an hor-
mone-free environment, LCFAs stimulate hepatic Glc-6-Pase
gene expression. Similar conclusions were reached from in
vivo experiments (35). Indeed, in a well-controlled hormonal
milieu, intralipid infusion increases liver Glc-6-Pase mRNA
concentration, whereas inhibition of lipolysis by nicotinic
acid infusion has the opposite effect (35). Although most of
the data agree that the regulation of gene expression by
LCFAs occurs at a transcriptional level (50), this remains to
be determined for Glc-6-Pase. The present work provides
evidence that LCFAs also have a stabilizing effect on Glc-6-
Pase mRNA. Thus, the molecular mechanism involved in
gene regulation by LCFAs remains unclear. It has been sug-
gested that LCFAs act via PPARS, nuclear receptors of the
steroid/thyroid hormone superfamily (34). In the liver, the acti-
vation of the PPARs by fatty acids has been reported for
genes encoding peroxisomal and mitochondrial enzymes
involved in fatty acid metabolism (34). What is not yet clear
is whether peroxisome proliferators (fibrates) and fatty acids
act through the same or distinct mechanisms. Taking into
account the effect of clofibrate, the current work would sug-
gest that LCFAs and peroxisome proliferators could regulate
Glc-6-Pase gene expression through a common signaling
pathway. Although similarities in the effects of LCFAs and per-
oxisome proliferators on hepatic and/or adipocyte gene
expression have led many authors to conclude that LCFAs reg-
ulate gene transcription via a PPAR-dependent pathway, fur-
ther investigations are required to conclude whether this is
also the case for Glc-6-Pase gene. Finally, the LCFA- and
clofibrate-induced Glc-6-Pase mMRNA accumulation in fetal rat
hepatocytes is totally impaired when insulin is present in the
culture medium, confirming that the fall in plasma insulin con-
centration at birth is a necessary event for the induction of
postnatal Glc-6-Pase gene expression.
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