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Abstract

Glucagon and its second messenger, cAMP, are known to rap-
idly block expression of the L-type pyruvate kinase gene and to
stimulate expression of phosphoenolpyruvate (PEP) carboxy-
kinase gene in the liver in vivo. The respective roles, however,
of hyperglucagonemia, insulinopenia, and carbohydrate depri-
vation in the inhibition of L-type pyruvate kinase gene expres-
sion during fasting are poorly understood. In addition, the
long-term effects of physiological hyperglucagonemia on ex-
pression of the two genes are not known.

In this study, we investigate the effects of long-term physi-
ological hyperglucagonemia and insulinopenia induced by
suckling (which provides a high-fat, low-carbohydrate diet) on
expression of the two genes in the liver of normal newborn rats.

Weshow that transcription of the L-type pyruvate kinase
gene is inhibited at birth and remains low during the whole
suckling period, whereas transcription of the PEP carboxy-
kinase gene is maximal in the neonate, and then decreases
despite very high levels of plasma glucagon during suckling.

In contrast to the adult, however, in which L-type pyruvate
kinase gene expression in the liver is blocked by cAMPand
stimulated by carbohydrates, the regulation of L-type pyruvate
kinase gene expression in the newborn undergoes a develop-
mental maturation: the inhibitory effect of glucagon is never
complete in developing rat liver and the stimulatory effect of
glucose could not be detected during suckling, due to either
hyperglucagonemia, immaturity of the gene regulatory system,
or both.

Introduction

L-type pyruvate kinase (ATP:pyruvate o2-phosphotransferase,
EC 2.7.1.40) and the cytosolic form of phosphoenolpyruvate
(PEP)' carboxykinase (guanosine 5' triphosphate; EC4.1.1.32)
are key enzymes in the glycolytic and gluconeogenic pathways,
respectively, whose activities fluctuate greatly according to the
dietary status of the liver. A carbohydrate-rich diet stimulates
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the expression of the glycolytic enzyme gene and blocks that of
the gluconeogenic enzyme gene. Conversely, fasting or feeding
normal rats a protein-rich diet results in the blockade of glyco-
lytic enzyme gene expression, whereas that of the gluconeo-
genic enzyme gene is switched on (1-3).

The expression of both genes is controlled by two antago-
nistic pancreatic hormones, insulin and glucagon, which affect
both the glycolytic and the gluconeogenic pathways at differ-
ent levels of gene expression. Glucagon, for instance, rapidly
blocks transcription of the L-type pyruvate kinase gene,
shortens the t1/2 of its mRNA,and inactivates the mature en-
zyme by phosphorylation via its second messenger, cAMP
(4-9). Glucagon simultaneously switches on the transcription
of the PEPcarboxykinase gene so as to produce an increase in
glucose production by the liver during fasting (10-12). Con-
versely, insulin blocks the transcription of the PEP carboxy-
kinase gene and is required for full expression of the L-type
pyruvate kinase gene in carbohydrate-fed rats (13, 14). The
effects of glucagon and insulin on the two metabolic pathways
thus are both concerted and integrated at the transcriptional
and the posttranscriptional levels in the liver. To date, how-
ever, the respective roles of hyperglucagonemia, insulinopenia,
and low-carbohydrate diet on the inhibition of L-type pyru-
vate kinase gene expression in the liver in vivo are poorly
understood. In addition, the long-term effect of physiological
hyperglucagonemia on expression of the two genes remains
questionable.

In this study, we investigated the long-term effects of suck-
ling-induced physiological hyperglucagonemia and insulino-
penia on gene expression in normal newborn rats. The data
presented here suggest that the PEPcarboxykinase gene is fully
responsive to the glucagon burst that occurs at birth, although
later the gene seems to escape its positive effector.

Expression of the L-type pyruvate kinase gene is strongly
inhibited at birth and remains low during the whole suckling
period. Moreover, glucose feeding does not adequately trigger
gene expression, nor does glucagon fully inhibit the mRNA
accumulation in suckling rats. The regulation of L-type pyru-
vate kinase gene expression thus might undergo a develop-
mental maturation, because induction by glucose is absent and
inhibition by glucagon is only partial in developing rat liver,
just as in adult rat kidney and small intestine (15).

Methods

Materials
Chemicals of the highest purity available were obtained from Merck,
Sharp, & Dohme, Div., West Point, PA, Serva Fine Biochemicals,
Garden City Park, NY, Sigma Chemical Co., St. Louis, MO, Difco
Laboratories, Inc., Detroit, MI, Pharmacia Fine Chemicals, Inc., Pis-
cataway, NJ, and Boehringer-Mannheim Diagnostics, Indianapolis,
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IN. N6,02'-Dibutyryl cAMP (Bt2 cAMP) was from Sigma Chemical
Co., polyose MD25 from Guigoz France S.A., (Courbevoie, France)
nitrocellulose paper (BA85) from Schleicher & Schuell, Inc., Keene,
NH, nylon Gene Screen Plus filters from NewEngland Nuclear, Bos-
ton, MA, and nylon Highbond-N filters from Amersham Corp., Ar-
lington Heights, IL. Formamide and formaldehyde were purchased
from Merck and methylmercury hydroxide from Ventron Alfa Prod-
ucts (Karlsruhe, FRG) (a32P)dCTP (3,000 Ci/mmol) and (a32P)UTP
(> 400 Ci/mmol) were supplied by Amersham Corp. and Biofluor by
New England Nuclear. Restriction enzymes and DNApolymerase
large fragment according to Klenow were obtained from Amersham
Corp. DNase 1, RNase, proteinase K, Sl nuclease, and nucleotides
were from Boehringer-Mannheim. Multiprime DNAlabeling system
was obtained from Amersham Corp. and cell-free translation system
from New England Nuclear. Royal X-Omat films were purchased
from Eastman Kodak.

Animals
Animals were Wistar rats that were bred in the Centre de Recherches
sur la Nutrition (Meudon-Bellevue). Fetuses were obtained by caesar-
ean sections at 15, 18, and 20 d after cohception. Term newborns were
obtained either by cesarean section 21 d after conception or by normal
delivery. Suckling animals were left with the mother until further ex-
periments were performed. On day 5 or 10, each litter was split into
four groups: controls, fasted rats, cAMP-injected rats, and glucose-fed
rats. Control animals were injected subcutaneously with 9 g/liter so-
dium chloride and left with the mother. Fasted rats were separated
from the mother after sodium chloride injection and kept in a ho-
meothermic environment. cAMP-treated rats were injected with 10 Mg
of Bt2 cAMP/g body weight and left with the mother. Bt2 cAMPor
sodium chloride injections were repeated each 180 min for 10 h (time
0, 3, 6, and 9 h) and the rats were killed I h after the last injection.
Glucose-fed rats were force-fed a high carbohydrate liquid diet con-
taining 60%glucose and 40% maltose, dextrins, and polyoses (volume:
120 and 200 ,ul for 5- and I 0-d-old rats, respectively) every 3 h for 10 h.

Finally, some control rats had free access to the mother's diet from
day 15 and were weaned to the stock chow diet at day 18. Damswere
fed a stock chow diet including carbohydrate (65% of total calories),
fats ( 1%), and proteins (24%).

All rats were decapitated and blood was taken for blood glucose and
hormone determinations. Blood glucose was determined by the glu-
cose oxidase method. Plasma glucagon and insulin were measured by
RIA (Biodata Laboratory, Rome, Italy). The liver was immediately
removed, weighed, and homogenized for subsequent nuclei isolation
or RNAextractions. Liver cAMPwas assayed using the cAMP(125)
assay system from Amersham Corp. after homogenization of frozen
liver samples in 2 Nperchloric acid and neutralization by 3 MKOH, 3
MK2C13.

Experimental procedures
Total RNApuriyfication. Total cellular RNAswere extracted by ethanol
precipitation in guanidinium HCI as described previously (16) and
quantitated by both spectrophotometry and gel analysis. Integrity of
the RNApreparations was analyzed systematically by electrophoresis
and visualization of 18 S and 28 S ribosomal RNAs by ethidium
bromide staining. The 28 S/18 S ratio was always close to 2, without
any detectable low molecular weight forms.

Cell-free translation ofL-type pyruvate kinase mRNA. Polyadenyl-
ated RNAs were isolated by chromatography on oligo(dT)-cellulose
(17) and mRNAswere translated in vitro in a rabbit reticulocyte cell-
free lysate system (18). Polypeptides synthesized in vitro were purified
by immunoaffinity chromatography using anti-rat L-type pyruvate
kinase antibodies (19) and analyzed by SDS-PAGE(20). Protein bands
were detected by autoradiography.

Northern blot analysis and quantitation of mRNAby dot blot pro-
cedure. Total RNAwas denatured in 10 mMmethylmercury hydrox-
ide for 10 min at 20°C, and then applied to a 1.5% agar gel containing
10 mMmethylmercury hydroxide in a 5-mM sodium tetraborate

buffer, 10 mMsodium sulfate, 1 mMEDTA, and 50 mMboric acid
(pH 8.2), and separated by electrophoresis for 12 h (21). The gel was
washed and transferred onto a filter in 20X standard saline citrate
(SSC) (I X SSC = 0.15 MNaCI and 0.015 MTris-sodium citrate) and
left for at least 12 h (22). The filters were then baked and hybridized.

The dot-blot procedure was used for measuring specific mRNA
concentration (23). Nitrocellulose filters were prewet in sterile water,
theh soaked in 20X SSC and allowed to dry in air. Total RNAwas
diluted in 10 mMphosphate buffer (pH 7.4), and its concentration
checked by measuring o.d. at 260 nm. Then, RNAwas denatured in
2.2 Mformaldehyde for 10 min at 650C. 6 Mg of RNAand five subse-
quent 1:2 dilutions in 10 mMphosphate buffer (pH 7.4) and 2.2 M
formaldehyde were dotted onto nitrocellulose filters. The hybridiza-
tion was performed in the presence of 2 X 106 cpm/ml of labeled probe
(0.5 ml of hybridization mixture per 10 cm2 of filter surface). The
results were either expressed in counts per minute of probe hybridized
per 3 Mtg of RNAdotted or in integration units by scanning the autora-
diograms using a densitometer (Shimadzu Seisakusho, Ltd., Kyoto,
Japan). Assay blanks were prepared using RNAs derived from two
organs devoid of L-type pyruvate kinase (spleen and lung); the radioac-
tivity counted in blanks was approximately zero. The intensity of
mRNAbands on the Northern blots was measured by scanning the
autoradiograms using a densitometer (Shimadzu Seisakusho, Ltd.).

The cDNA for rat liver L-type pyruvate kinase mRNAhas been
cloned in our laboratory (25, 26). A 388-bp Taq l-Pst I restriction
fragment corresponding to the last 144 coding nucleotides and to the
first 244 3' noncoding nucleotides was subcloned into the single-strand
phage M13 (26). The recombinant phage was used as template for the
synthesis of the complementary strand in the presence of deoxynucleo-
tides including a limiting amount of (a32P)dCTP. After strand separa-
tion, a highly labeled probe was obtained whose specific activity was

- 109 cpm/Mg DNA (27). The full-length cDNA probe for rat liver
cytosolic PEPcarboxykinase mRNA(PCK 10, 2,400 bp, reference 28)
was provided by Richard W. Hanson (Department of hiochemistry,
Case Western Reserve University School of Medicine, Cleveland, OH;
references 21 and 22) and labeled by random hexamer priming (spe-
cific activity: 2 X 109 dpm/Mg insert, reference 29). The filters were
hybridized as previously described (21, 22) at 650C in 3x SSCwith 3 x
106 cpm/ml of probe and 0.5 ml/10 cm2 of hybridization mixture. The
final wash was at 65°C in 0.2X SSC/1% SDS.

In vitro transcription on isolated nuclei. The elongdtion of nascent
RNAtranscripts on the L-type pyruvate kinase and PEP carboxykin-
ase genes was measured by run-on transcription assay on isolated nu-
clei. This experiment is a method of investigating the in vivo rate of
transcription of a specific gehe at the time of killing. The in vitro
initiation of new transcripts in isolated nuclei is inefficient, so that
labeled RNAs only reflect the in vitro elongation of RNAmolecules
whose synthesis has been initiated in vivo under the conditions studied
(30, 31).

Nuclei were prepared according to Schibler's procedure (32). 2 g of
liver was homogenized in 20 ml of ice-cold 0.3% sucrose in a motor-
driven Potter-Elvehjem homogenizer (Kontes, Vineland, NJ). The ho-
mogenate was filtered through strips of cheesecloth, layered over a 30%
sucrose cushion (20 ml) and spun for 20 min at 600 g. The nuclear
pellet was resuspended in 2 M sucrose (6 ml), layered onto a 2-M
sucrose cushion (6 ml) and spun for 1 h at 36,000 rpm at 4°C. This
procedure yielded - 108 nuclei per gram of liver. Isolated nuclei were
resuspended in 20 mMTris (pH 7.9), 75 mMNaCl, 0.5 mMEDTA,
0.85 mMDTT, 0.125 mMPMSF, and 50% glycerol and stored
at -70°C.

For transcription, 8 X 106 nuclei were incubated in 200 Ml reaction
mixture containing 20% glycerol, 20 mMTris (pH 7.9), 50 mMNaCl,
4mMMnCI2, 0.5 mMaurintricarboxylic acid, 0.35 M(NH4)2SO4, 1.2
mMDTT, 0.1 mMPMSF, 10 mMcreatine phosphate, 1 mg/ml hepa-
rin sulfate, 500 U/ml RNAsine, 1 mMATP, guanosine 5' triphosphate
and cytidine 5' triphosphate, and 250 MCi of (a32P) uridine 5' triphos-
phate (410 Ci/mmol) at 300C for 30 min (4). Then, 0.03 mg/ml pro-
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teinase K and DNAse I were added and the sample was incubated at
37°C for 30 min.

RNAswere extracted in 0.7 ml (3 vol) of 8 Mguanidinium HC1
(pH 5.0) containing 20 mMsodium acetate, 10 mMiodoacetate, and
0.5% (wt/vol) lauryl sarcosine, and precipitated by addition of 0.6 vol
ethanol for 12 h at -20°C. After centrifugation at 15,000 rpm at
- 10°C for 30 min, the pellet was redissolved twice in 0.5 ml guani-
dinium HC1 (7 M) (pH 7.0), and allowed to precipitate in 0.6 vol
ethanol at pH 5.0 for 2 h at -20°C. After centrifugation, the pellet was
dried and then dissolved in the hybridization mixture and the RNAs
were denatured for 10 min at 650C.

Transcripts containing the glycolytic or gluconeogenic enzyme se-
quences were quantitated by hybridization to Gene Screen Plus (New
England Nuclear) filter disks containing recombined pBR plasmids.
Plasmids (6 Mg) that were complementary to L-type pyruvate kinase,
PEP carboxykinase, and albumin (33) genes were immobilized on
5-mm-diam filters. The hybridization mixture of 200 MI contained 50%
formamide, 1% glycine, 2.4% SDS, lOX Denhardt's, 3X SSC, 100
Mg/ml poly A, 200 ug/ml salmon DNA, 0.5 mg/ml A - muscle RNA,
and from 1.5 to 2.5 X l07 cpm of the labeled RNAsequences. The
hybridization mixture was overlayered with mineral oil and incubated
at 42°C for 48 h. The filters were washed three times with l x SSC/ I %
SDS at 65°C for 45 min each, treated for 1 h at 37°C in 1X SSC
containing 60 Mug/ml proteinase K, then washed again with 0.5X
SSC/1% SDS for 1 h at 65°C. After autoradiographic exposure, the
filters were washed twice with I X SSCfor 30 min at 65°C, digested for
30 min at 37°C in lX SSCcontaining 10 ,ug/ml RNAse A, and then
washed twice with I X SSCfor 30 min at 37°C. After a final autoradio-
graphic exposure, radioactivity was eluted from the filters with 0.1 X
SSC/O. 1%SDSfor 3 min at 100°C and counted by liquid scintillation.

All the values are given after subtraction of the blank, i.e., nonspe-
cific hybridization to nonrecombined plasmids. The level of the blank
was usually very low, < 50 cpm. Transcription rates, expressed as parts
per million, were calculated from the following equation: specific
counts per minute eluted from the filters/total counts per minute of
radiolabeled RNAX 100/hybridization efficiency X length of the
gene/length of the cDNA insert in basepairs. This corrects for the size

of cDNAprobe relative to gene length and for the efficiency of hybrid-
ization, which averaged 40%. The L-type pyruvate kinase gene is 10 kb
long, and we have used two overlapping cDNAclones covering 2.1 kb
of the mRNAsequence (25). The PEP carboxykinase and albumin
genes are 6 and 15 kb long, respectively. The DNAprobes for runon
assays were 2,400 and 1,000 bp for PEPcarboxykinase and albumin,
respectively (28, 33).

Results

Physiological parameters in the animals studied. In term fe-
tuses, plasma glucagon was low as compared with that of new-
born rats, but it rose twofold within the first hours of life and
remained high during the whole suckling period (Table I);
while plasma insulin was high at birth, it decreased immedi-
ately after birth and remained low during the suckling period.
The plasma insulin/glucagon molar ratio thus fell from 9.5 in
fetuses at term to 0.9 at 6 h and remained low from day 1 to
day 15 (mean ratio± 1 SD = 1.2±0.4). In the 22-d-old weaned
animals, plasma glucagon decreased to 61 ± 15 pg/ml, while the
insulin/glucagon molar ratio rose (5±0.5) to average adult
values. These values are mean± 1 SDfor at least seven different
animals (Table I).

Total liver RNArecovery did not vary significantly during
the period studied (mean RNA recovery± 1 SD = 5.6±1.7
mg/g of liver, n = 198). The liver weight underwent a slight
decrease during the first 5 d of life (389±56 mg at birth to
266±88 mg at day 5), then it increased regularly to adult
values.

Time course ofpyruvate kinase gene expression in the liver
of newborn and suckling rats. The pyruvate kinase mRNA
level was very high in the liver of 1 8-d-old fetuses. It decreased
to low values in 20-d-old fetuses and remained unchanged
during the suckling period from day 1 through day 15. Then
the specific mRNAincreased: in the liver of 22-d-old weaned

Table I. Effects of Glucose Feeding and Bt2 cAMPAdministration on Liver L-type Pyruvate Kinase mRNAand cAMPLevels, Plasma
Insulin, Plasma Glucagon, and Blood Glucose During Development as Compared with Age-Matched and Adult Controls

Blood Insulin/glucagon
L-Type pyruvate kinase mRNA glucose Plasma insulin Plasma glucagon (molar ratio) Liver cAMP

integration units g/liter 'sU/ml pg/ml nmol/g

Controls (n = 7- 10)
Fetus at term 0.66±0.14 73±23 176±19 9.5
Hour 6 0.65±0.09 14±5 326±37 0.9
Day 5 520±80 0.97±0.05 17±7 389±21 1 0.798±0.050
Day 10 1,120±80 1.16±0.07 21±8 263±11 1.8
Day 15 (413-1,830) 1.13±0.09 14±9 265±45 1.2
Adults (postabsorptive) 3,370±330 1.06±0.13 15±4 49±4 7.0

Glucose-fed
Day 5 (n = 9) 363±80 1.84±0.25 92±26 220±18 9.5 0.677±0.109
Adults (n = 6) 15,700±1,600 1.07±0.18 99.4±27 23±10 98 0.446±0.09

cAMP-injected
Day 5 (n = 7) 315±130 0.97±0.13
Day 10 (n =7) 403±145 1.06±0.13
Adults(n =3) 330±100 1.63±0.3

Glucose, Bt2 cAMP, or saline was administered to 5- and 10-d-old suckling rats or adult rats as described in Methods. Fetuses and newborns
aged 6 h were not injected. The specific mRNAwas counted by the dot blot procedure, using a Shimadzu densitometer. Each value is the
mean± I SD for at least three individual experiments, each experiment comprising three animals from the same litter. Each plasma glucagon or
plasma insulin value is the meanl± SD for 7 to 10 animals. Adult controls were fed a standard chow diet (see Methods) and killed at 10 a.m. in
the postabsorptive period.
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Figure 1. Northern blot analysis of L-type pyruvate kinase and PEP
carboxykinase mRNAsin the developing rat liver. Total liver RNA
(30 Mg) from fetuses 18 and 20 d after conception (lanes 1-2); new-

born rats aged 1, 3, 6, 9, and 24 h (lanes 3-7); 5-, 10-, and 15-d-old
suckling rats (lanes 8-10); 22-d-old weaned rat (lane 11); and adult
controls that were either fasted 48 h (lane 12) or refed the carbohy-
drate-rich diet for 18 h after a 48-h fast (lane 13) were electropho-
resed on vertical 10-mM methyl mercury hydroxide-agarose gels,
blotted onto nylon filters, and hybridized with either a single-strand
L-type pyruvate kinase probe or a randomly primed double-strand
PEPcarboxykinase probe. The presence of an equal amount of total
RNAin each lane was checked by hybridizing the filters with a con-

trol cDNAprobe (albumin, reference 33).

rats, the amount of specific mRNAsmatched that found in
adult controls fed the same chow diet (Figs. 1 and 2).

Fig. 1 shows that three pyruvate kinase mRNAspecies of
3.2, 2.2, and 2.0 kb, respectively, hybridize to the probe, as
reported by Marie et al. (25). A modification of the 3.2/2.2 + 2
kb mRNAratio occurred during development, but the three
RNA species underwent largely parallel changes during the
entire period studied.

The level of pyruvate kinase gene transcription was high in
liver nuclei of fetuses born at term by cesarean section (tran-
scription rate = 68±20 ppm). The gene transcription rapidly
decreased, reaching very low values within 24 h after birth
(transcription rate = 15±7 ppm). It remained low during the
first 10 d and increased to reach adult values in weaned rats
(transcription rate = 50±10 ppm; see Fig. 2).

The relative contribution of the L and L' mRNAsin the
above RNAquantitation deserves particular attention, espe-
cially as our pyruvate kinase cDNAprobe hybridizes to both
mRNAspecies. To address this issue, we carried out in vitro
RNAtranslation analysis in the liver of fetuses and neonates.
Fig. 3 shows the products of the cell-free translation of new-

born rat liver RNAseluted from a microchromatographic im-
munoaffinity column carrying anti-L-type pyruvate kinase
antibodies and analyzed on a polyacrylamide/SDS gel as de-
scribed in Methods. The liver mRNAsfrom 15- and 18-d-old
fetuses direct the synthesis of two polypeptides corresponding
to L and L'-type pyruvate kinase (60 and 63 kD, respectively;

200-.

93-_-

AL U-PKLPI 63 Kd
60-nL* 3 L-PK 60 Kd

1 2 3 4 5

Figure 3. Analysis of in vitro-synthesized pyruvate kinase by SDS-
PAGEduring development. Polyadenylated rat liver RNAs from fe-
tuses 15 and 18 d after conception (lanes 3 and 4), a newborn aged 3
h (lane 5) and a fed adult control (lane 2) were translated in a rabbit
reticulocyte cell-free system. In vitro-synthesized products were puri-
fied by immunoaffinity microchromatography on an anti-L-type py-
ruvate kinase antibody column and electrophoresed together with
molecular weight markers (lane 1). U-type (63 kD) and L-type (60
kD) pyruvate kinase subunits are indicated by arrows.
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Figure 4. Effects of glucose feeding, 10-h
fasting, and Bt2 cAMPadministration on
liver L-type pyruvate kinase mRNA,PEP
carboxykinase mRNA,blood glucose,
plasma insulin, plasma glucagon, and the
insulin/glucagon molar ratio in 5-d-old
suckling rats. 5-d-old suckling rats were ei-
ther glucose-fed or cAMP-injected (10 ,g
Bt2 cAMP/g body weight) every 3 h for 10
h, as described in Methods. Northern blot
analysis of the RNAswas performed as de-
scribed in Fig. I and the bands were
scanned using a Shimadzu densitometer.
Each lane corresponds to one individual
experiment and the values presented are
the mean± I SEMfor at least three individ-
ual experiments.

cAMP

see Fig. 3, lanes 3 and 4). Fig. 3 also shows that the L' species is
barely detectable at birth (lane 5).

Effects of glucose and cAMPon L-type pyruvate kinase
gene expression in suckling animals. Fig. I shows that refeed-
ing 48-h-fasted adult rats the carbohydrate-rich diet gives rise
to a 100-fold accumulation of L-type pyruvate kinase mRNA
in the liver, whereas the L-type pyruvate kinase mRNAis
barely detectable in the liver of 48-h-fasted adult rats (34). In
contrast, feeding either 5-d-old (Fig. 4 and Table I) or 10-d-old
suckling rats (not shown) the glucose-rich diet, as described in
Methods, did not increase and even decreased the specific
mRNAlevel in the liver, as compared with age-matched con-
trols. Thus, despite high blood glucose and plasma insulin
levels, high insulin/glucagon molar ratio, and significantly
lowered plasma glucagon and liver cAMP levels (P < 0.005,
Table I), glucose feeding could not trigger the gene expression
in the liver of 5-d-old rats. Moreover, pyruvate kinase gene

expression, which was low but readily detectable in suckling
rats, was little altered by its negative effector. Indeed, neither
fasting nor Bt2 cAMP administration could significantly re-

duce the low level of gene expression in the liver of 5-d-old rats
(Fig. 4). In 104-old rats, however, both fasting (not shown)
and cAMPadministration inhibited gene expression to an ex-
tent that is close to that found in the liver of glucose-fed adult
rats injected with cAMP(Table I).

Time course of PEPcarboxykinase gene expression in the
liver of normal neonates and suckling rats. PEPcarboxykinase
mRNAwas barely detectable in 18- and 20-d-old fetuses; it
then increased rapidly within the first hours after birth to reach
maximum levels at 24 h, when it matched that of fasted adult
rats (Fig. 1). Full induction of the mRNAresults from a dra-
matic activation of PEP carboxykinase gene transcription
whose kinetics closely parallels the mRNAaccumulation
(transcription rate 175, 700, and 1,350±200 ppm at 0, 4, and
24 h of life, respectively; see Fig. 5). Interestingly, after this
intense stimulation of PEP carboxykinase gene expression in
the newborn, both mRNAaccumulation and gene transcrip-
tion decreased in suckling rats. Fig. 5 shows that the transcrip-
tion rates and mRNAlevels in the liver were low at days 5 and
10 (transcription rate: 542±26 ppm at day 10) as compared

with that found at hour 6, while plasma glucagon and insulin
remained largely unchanged (Table I).

Effects of glucose and cAMPon PEPcarboxykinase gene
expression in suckling animals. Refeeding 48-h-fasted adult
rats the carbohydrate-rich diet blocks PEPcarboxykinase gene
expression in the liver, whereas fasting dramatically increases
its expression, as reported by Hanson and colleagues (Fig. 1

and reference 25). In agreement with these data, we found that
feeding suckling rats the glucose-rich diet described in
Methods resulted in a low level of gene expression at day 5
(Fig. 4), 10, and 15 (not shown), while plasma insulin in-
creased and plasma glucagon and liver cAMPdecreased (Table
I). Finally, both 10-h fasting and cAMP administration to
suckling rats resulted in a stimulation of gene expression
whose extent, however, was less than that found in response to
the physiological burst of glucagon that occurs at birth (Fig. 4).
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Figure 5. Time course
of rat liver cytosolic
PEPcarboxykinase
gene transcription and
mRNAcontent during
development. PEPcar-
boxykinase gene tran-
scription (upper curve)
and mRNAcontent
(hatched bars) were

studied in the liver of
fetuses and newborn
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Discussion

L-type pyruvate kinase and PEP carboxykinase are two en-
zymes whose activities control the glycolytic and gluconeo-
genic fluxes in the liver. The regulation of the gene expression
of both enzymes is known to occur at the transcriptional and
the posttranscriptional levels in adults. Indeed, the carbohy-
drate-rich diet stimulates the transcription of the L-type pyru-
vate kinase gene and stabilizes its specific mRNAs(35, 4, 5),
whereas glucose feeding and insulin block the transcription of
the PEP carboxykinase gene and shorten the half-life of its
mRNAs(13, 36, 37). Conversely, glucagon via its second mes-
senger, cAMP, blocks L-type pyruvate kinase gene transcrip-
tion, shortens the t1/2 of the mRNA, and inactivates the en-
zyme by reversible phosphorylation at its catalytic site (4-9).
Glucagon also stimulates PEP carboxykinase gene transcrip-
tion and enhances the specific mRNAstability (12, 36).

These studies report only the short-term effects of glucose
and pharmacological doses of glucagon (or cAMP) on gene
expression in adult rats. The consequences of a prolonged
physiological hyperglucagonemia on expression of the two
genes, however, remain largely unknown. In this study, we
focused on the effects of the long-term physiological hyperglu-
cagonemia that occurs during the neonatal period.

At birth, major developmental and environmental changes
occur in the liver. First, the liver stops being an erythropoietic
tissue. Second, it becomes a gluconeogenic organ (38). The
transplacental source of nutrients (comprising glucose and
amino acids) is abruptly discontinued (39) and replaced by
milk, which is a high-fat, low-carbohydrate diet (40). The ac-
tivity of the key glycolytic enzyme in the liver, L-type pyruvate
kinase, which is very active in fetal liver, decreases at birth (41,
42) while the activity of the key gluconeogenic enzyme, PEP
carboxykinase, absent in the fetus, is immediately switched on
so as to meet the glucose requirements of the neonate (43, 44).
Simultaneously, plasma glucagon increases dramatically,
whereas plasma insulin and the plasma insulin/glucagon
molar ratio decrease (45). Both the gluconeogenic activity of
the liver and the low plasma insulin/glucagon ratio last during
the entire suckling period (46).

In this study we show that PEP carboxykinase mRNA,
which is absent in the fetus, reaches very high values within the
first hours of life. The mRNAaccumulation results at least in
part from a dramatic activation of the gene transcription, a
feature that does not exclude other levels of regulation, namely
mRNAstability. The full activation of gluconeogenesis in the
newborn thus is a transcriptional phenomenon.

The activation of PEPcarboxykinase gene expression par-
allels the physiological rise in plasma glucagon in the neonate.
Indeed, both the mRNAlevel and plasma glucagon are low at
birth in animals born by cesarean section at term and they
increase rapidly in the newborn, peaking as soon as 1 h after
delivery (Fig. 1). After birth, the PEP carboxykinase mRNA
levels, the specific gene transcription, and the plasma glucagon
levels undergo parallel changes during the first 24 h of life. It is
difficult to ascertain whether the activation of gene expression
results from hyperglucagonemia only or if other factors are
also involved. Using a specific cDNA probe, however,
Mencher et al. and Benvenisty et al. (47, 48) have shown that
cAMPadministration to 21-d-old fetuses results in a strong
induction of PEP carboxykinase mRNAand its precursors,
whereas insulin administered together with cAMPabolishes its

stimulatory effect. On the other hand, glucose feeding in 5-d-
old rats reduces the gene expression, while plasma insulin and
the plasma insulin/glucagon molar ratio dramatically increase.
The PEP carboxykinase gene thus responds early to both its
positive and negative effectors, namely glucagon and insulin; it
is fully stimulated by glucagon at birth and adequately inhib-
ited by insulin during suckling.

Interestingly, a discrepancy between plasma glucagon and
PEP carboxykinase gene expression occurs at day 5. Indeed,
both gene transcription and mRNAlevels decrease during
suckling, while plasma glucagon, insulin, and the insulin/glu-
cagon molar ratio remain unchanged. In keeping with this,
fasting or cAMPadministration at day 5 results in only a 1.5-
to 2-fold stimulation of gene expression, a stimulation that is
far less than that seen in adult controls (4.6- to 7-fold). Similar
results were found at days 10 and 15 (data not shown).

The reason why the PEP carboxykinase gene does not re-

spond adequately to cAMPat day 5 is unclear. Nevertheless,
note that repeated administration of cAMPto adult rats results
in first an attenuation, then an extinction of PEPcarboxykin-
ase gene transcription in adult rat liver (12, 36). In addition,
Exton and colleagues already noted that the stimulation of
hepatic gluconeogenesis by endogeneous glucagon is so high in
suckling rats that neither fasting nor exogeneous glucagon
could further increase PEPcarboxykinase activity in the suck-
ling period (49).

The reason why PEP carboxykinase activity remains high
in suckling rats while its mRNAdecreases also seems para-
doxical. To account for the discrepancy between a high en-

zyme activity and a low level of specific mRNA,one can pos-
tulate either a regulation of mRNAtranslation (for instance by
cAMP, as already shown for lactic dehydrogenase mRNA, ref-
erence 50), or a regulation of the protein stability during this
period. Note that major modifications of the t/2 of the protein
are known to occur in the neonatal period: almost no degrada-
tion of the protein is found during the first 36 h of life, and its
t6/2 has been reported to be relatively long in the first week, as

compared with adult liver (mean t1/2 in the first week was 12 h
vs. 30-40 min to 4 h in adult liver, references 51 and 52).

Two pyruvate kinase species are present in fetal liver: the
L-type pyruvate kinase, specific of liver differentiation, and the
R-type pyruvate kinase, specific of erythroid differentiation.
Both enzymes comprise four subunits, L subunits for the L-
isozyme, and L' subunits for the R-isozyme (42, 53). One sin-
gle gene encodes the L and L' subunits (54), which differ by
their NH2 termini (55). Tanaka and co-workers have shown
that the R-type isozyme is high in fetal liver and disappears at

birth, when the erythroid cells of the liver disappear. The L-
type isozyme, also present in fetal liver, decreases at birth and
remains low during the entire suckling period (42). Since liver
L'-type pyruvate kinase mRNAis barely detectable at birth, as
shown by our in vitro translation analysis, the alterations of
pyruvate kinase mRNAsin the liver of newborn rats are due to
modifications of L-type pyruvate kinase mRNAonly.

Weshow here that the expression of the liver L-type pyru-
vate kinase gene is present at birth and rapidly decreases
within the first hours of life. It remains low but detectable
during the entire suckling period and it increases around day
15, while the pups have access to the high-carbohydrate chow
diet of the mother. The changes in the dietary status in this
period are progressive and differ from rat to rat, accounting for
the scattering of mRNAvalues in 15-d-old animals.

Glycolytic and Gluconeogenic Gene Expression in Newborn Rat Liver 1687



The present study shows that the regulation of liver L-type
pyruvate kinase gene expression in the newborn is mainly
transcriptional, a feature that is not exclusive of other levels of
regulation, namely the posttranscriptional level. Of course,
one might regard the inhibition of the gene transcription in
suckling rats as a consequence of their long-term physiological
hyperglucagonemia, especially as glucagon is known to block
gene expression in adults (4, 5, 35). In fact, since dietary glu-
cose did not trigger and even slightly decreased gene expression
in 5- and 10-d-old rats (despite high plasma insulin levels and
lowered plasma glucagon and liver cAMPlevels as compared
with age-matched controls), one might also consider an im-
maturity of the regulatory system of the gene in newborns.
Along the same line, exogeneous cAMP in this period could
not adequately block the gene expression either. Finally, the
regulation of the L-type pyruvate kinase gene expression in
newborn rat liver resembles that found in adult tissues that
express the gene at a low constitutive level (e.g., kidney, refer-
ence 24).
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