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Previous studies have suggested that some glycolytic intermediates are involved in the
regulation of L-type pyruvate kinase gene expression by carbohydrates such as glucose and
fructose. To find such intermediates, we examined the relationship between the levels of
L-type pyruvate kinase mRNA and glycolytic metabolites in hepatocytes cultured under
various conditions. Of the metabolites, the levels of 3-phosphoglycerate and phosphoenol-
pyruvate only increased significantly under conditions under which the expression of the
L-type pyruvate kinase gene was stimulated. The level of glucose 6-phosphate, which was
reported to be involved in dietary stimulation of this gene expression, was not correlated
with the mRNA level since marked accumulation of deoxyglucose 6-phosphate occurring on
the addition of deoxyglucose, a nonmetabolizable glucose analog, was not accompanied by
an increase in the L-type pyruvate kinase mRNA level. In addition, we found that fructose
at a low concentration in the presence of glucose failed to increase the mRNA and metabolite
levels in contrast to other reports that the promoter activity of the L-type pyruvate kinase
gene is stimulated by this treatment. Thus we propose that 3-phosphoglycerate and/or
phosphoenolpyruvate are involved in the carbohydrate regulation of L-type pyruvate
kinase gene expression.
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Hormones and carbohydrates regulate the gene expression
of glycolytic and lipogenic enzymes at both the transcrip-
tional and post-transcriptional levels (1-3). The L-type
isozyme of pyruvate kinase (PK), an important glycolytic
enzyme, i8 one such enzyme. This isozyme is expressed
mainly in parenchymal hepatocytes in the liver, and also in
kidney, small intestine, and pancreatic B-cells (4, 5). The
hepatic expression of the L-type PK is stimulated by
dietary fructose as well as glucose in vivo (6, 7). This occurs
at both the transcriptional and post-transcriptional levels
(8-10). The transcriptional stimulation of the L-type PK
gene by dietary glucose requires increased secretion of
insulin and occurs much more slowly than that by dietary
fructose (8, 10). Since dietary glycerol has the same effect
as fructose, and since neither compound stimulates insulin
secretion, it has been postulated that some metabolite
common to the metabolism of these compounds is involved
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in this stimulation (7, 10, 1I). Further analysis using
transgenic mice indicated that an enhancer unit of the
L-type PK gene, comprising — 170 to — 76, is responsive to
dietary glucose as well as fructose (12). One of the three
elements constituting the enhancer unit, PKL-III (13), has
been found to be responsive to glucose/insulin in cultured
hepatocytes using a transient expression assay (14, 15).
Thus, it is very likely that PKL-III is also an element
responsive to fructose, suggesting that both glucose and
fructose share a common mechanism of transcriptional
stimulation of the L-type PK gene. This also raises the
possibility that an intermediate common to the metabolism
of both glucose and fructose is involved in this effect.

In cultured hepatocytes, in fact, an effect of insulin on the
L-type PK gene was observed in the presence of glucose,
but not in the presence of 2-deoxyglucose, a nonmetaboliz-
able glucose analog, or pyruvate (16). Thus, the role of
insulin in stimulation of the L-type PK gene appears to
increase the concentration of some glycolytic metabolite by
stimulating glucose metabolism. This metabolite may also
be formed from fructose in the presence of insulin, since
fructose could partially replace glucose as to the effect on
the L-type PK gene (16).

Therefore, we propose that a glycolytic intermediate
between fructose 6-phosphate and phosphoenolpyruvate is
the candidate molecule involved in transcriptional stimula-
tion of the L-type PK gene. However, it has been reported
that glucose-dependent gene activation of glycolytic and
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lipogenic enzymes including L-type PK requires the accu-
mulation of glucose 6-phosphate (17-19). In the present
study, we determined glycolytic intermediates in cultured
hepatocytes under various conditions to find a candidate
intermediate involved in transcriptional stimulation of the
L-type PK gene. In addition, we examined the effect of a
low fructose concentration on the L-type PK mRNA level in
cultured hepatocytes, since it has been found, using a
transient expression system, to stimulate the promoter
activity of the L-type PK gene in hepatocytes (19).

EXPERIMENTAL PROCEDURES

Materials—Insulin was obtained from Sigma. Dexame-
thasone phosphate, collagenase, and Williams’ medium E
were purchased from Koch-Light, Wako Pure Chemical
Ind., and Flow Laboratories, respectively. Fetal bovine
serum was obtained from Hyclone Laboratories. Glucose,
fructose, and 2-deoxy-D-glucose were products of Kata-
yama Chemical Ind. Glucose 6-phosphate dehydrogenase,
phosphoglucose isomerase, glycerol 3-phosphate dehydro-
genase, triosephosphate isomerase, aldolase, glyceralde-
hyde 3-phosphate dehydrogenase, PK, enolase, and phos-
phoglucomutase were obtained from Boehringer Mann-
heim. Nylon membranes (Hybond N) were purchased from
Amersham International. [a-**P]dATP was a product of
Du Pont-New England Nuclear.

Preparation and Primary Culture of Rat Hepatocytes—
Parenchymal hepatocytes were isolated from male Spra-
gue-Dawley rats (190-240 g body weight) given laboratory
chow ad Ubitum. The liver was perfused with collagenase
and the isolated hepatocytes were cultured as described
previously (16). Briefly, the hepatocytes were dispensed
into 15 cm tissue culture dishes at a density of 1 X 10° cells/
cm? with 20 ml of Williams’ medium E containing 10% fetal
bovine serum and 1 M dexamethasone. This medium also
contained 11 mM glucose. The cultures were incubated at
37°C under 5% CO; in air. After 4h, the medium was
replaced with serum-free medium and the incubation was
continued for 16 h. Then the medium was replaced with the
same medium containing the indicated concentrations of
carbohydrates in the presence or absence of 0.1 ¢M insulin.
The medium was changed every 24 h. The cells were
harvested at the indicated times for determination of the
L-type PK mRNA and glycolytic metabolites. Control
samples were taken at zero time.

Isolation of RNA and Northern Hybridization—Total
cellular RNA was extracted from hepatocytes using the acid
guanidine-phenol-chloroform method (20). The RNA for
L-type PK was analyzed by Northern blotting using 20 ug
of total RNA, followed by autoradiography as described (8,
10, 16). The integrity and amount of RNA applied were
determined by ethidium bromide staining. The probe for
L-type PK was as described (10), and labeled with [a-**P]-
dATP (3,000 Ci/mmol) using a random oligonucleotide
primer (21).

Determination of Metabolite Concentrations—The con-
centrations of metabolites including glucose 6-phosphate
(G6P), 2-deoxyglucose 6-phosphate (dG6P), fructose 6-
phosphate (F6P), fructose 1,6-bisphosphate (FBP), glycer-
aldehyde 3-phosphate, dihydroxyacetone phosphate
(DAP), 1,3-bisphosphoglycerate, 3-phosphoglycerate
(3PG), 2-phosphoglycerate (2PG), and phosphoenolpyru-
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vate (PEP), in cultured hepatocytes were assayed en-
zymatically. Briefly, after removing a culture medium, 0.5
ml of ice-cold 0.6 M HCIO, was immediately added to a
culture dish. The extract was centrifuged and then the acid
supernatant was neutralized with 5 M K,CO,. The super-
natant after centrifugation was used for spectrophoto-
metric determination of the metabolite concentrations as
described (22), except for dG6P, which was measured as
described by Manchester et al. (23).

RESULTS AND DISCUSSION

We determined the L-type PK mRNA level, and the
concentrations of glycolytic intermediates between G6P
and PEP in hepatocytes cultured under various conditions
to determine the relationship between the levels of mRNA
and glycolytic intermediates. L-type PK mRNA was
measured at 30 h after the start of treatment since the
mRNA level reaches a maximum after 24 to 36h, as
reported (16). Control samples were taken at zero time. As
shown in Fig. 1A, 30 mM glucose only induced an increase
in the L-type PK mRNA level in the presence of insulin.
Fructose at 5 mM also increased the mRNA level in the
presence of insulin, but the enhancement was less than 15%
of that with glucose. Substitution of 30 mM 2-deoxyglucose
for glucose completely abolished the effect of insulin on
L-type PK mRNA (Fig. 1B). These results coincide with
those reported previously (16).

We determined the concentrations of glycolytic meta-
bolites in hepatocytes treated with 30 mM glucose in the
presence or absence of 0.1 4M insulin for 0.5, 2, or 6h.
These time points were chosen because L-type PK mRNA

F(5) +1 F(5)

(B) ¢
LPK ...

Fig. 1. Effects of various carbohydrates and insulin on the
level of L-type pyruvate kinase mRNA in cultured hepatocytes.
Hepatocytes were incubated for 30 h with the indicated carbohy-
drates in the presence or absence of insulin. Control cells were
harvested at zero time. Total RNA was isolated from the cells and
separated by electrophoresis on a 1% agarose gel containing 2.2 M
formaldehyde (20 ug per lane) after staining with ethidium bromide.
The RNA was then transferred to a nylon membrane and hybridized
with **P-labeled L-type pyruvate kinase ¢cDNA. (A) C, control; G,
glucose (30 mM); F(5), fructose (5 mM), I, insulin (0.1 «M) (B) C,
control; G, glucose (30 mM); F(0.2), fructose (0.2 mM); dG, 2-deoxy-
glucose (30 mM); 1, msulin (0.1 ¢ M). LPK, L-type pyruvate kinase

G +F(0.2)+1 G+F(0.2) dG dG + |
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starts to increase after 6 h under these conditions (16). The
values were expressed relative to those for hepatocytes at
zero time that had been incubated for 16 h in the presence
of 11 mM glucose. The concentrations of G6P, F6P, FBP,
DAP, glyceraldehyde 3-phosphate, 1,3-bisphosphoglycer-
ate, 3PG, 2PG, and PEP at zero time were 7571163, 578+
129, 662+370, 948+279, 430+ 138, 480+245, 3227+
251, 885+196, and 1692+ 170 nmol/107 cells. Of these
metabolites, the levels of G6P, FBP, and DAP increased
significantly after incubation for 0.5 h with 30 mM glucose
(Table I). The increased level of G6P continued for at least
6 h. The addition of insulin to the medium resulted in a
further 1.5-fold increase in the G6P concentration after 0.5
h. But this hormone did not increase the levels of FBP and
DAP as compared with those in hepatocytes treated with a
high glucose concentration. The concentrations of 3PG,
2PG, and PEP were also significantly increased by insulin
treatment after 0.5 h, although the levels of these interme-
diates did not change after 0.5 h and decreased significantly
after 2h on incubation with high glucose only. The F6P
level tended to increase in both groups, but the differences
were not statistically significant.

Based on these results, we further determined the
concentrations of G6P, 3PG, 2PG, and PEP in hepatocytes
cultured for 0.5 h under various conditions. As shown in
Table II, these intermediates did not significantly increase
in hepatocytes incubated with 5 mM fructose. Treatment
with 5 mM fructose and 0.1 xM insulin caused significant
increases in the levels of these metabolites, but only the
levels of 3PG and PEP were significantly higher than those
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in hepatocytes incubated with fructose alone. When 2-de-
oxyglucose was added to the medium at 30 mM, the dG6P
concentration was measured after 0.5 h and its level was
expressed relative to that of G6P at zero time. Although
substitution of deoxyglucose for glucose abolished the effect
of insulin on L-type PK mRNA, the level of dG6P increased
3.5-fold in the absence of insulin and 5.8-fold in its
presence. Insulin caused significant accumulation of this
metabolite. No other metabolites increased under these
conditions.

Recently, Doiron et al. found, using a transient expres-
sion assay, that 0.2 mM fructose in the presence of 20 or 40
mM glucose stimulated the promoter activity of the L-type
PK gene in cultured hepatocytes regardless of the presence
of insulin (19). This observation was explained by the
ability of a low concentration of fructose to activate
glucokinase mediated through the formation of fructose
1-phosphate, which interacts with a regulatory protein of
glucokinase (24). This leads to the accumulation of G6P,
which is believed to be involved in transcriptional activa-
tion of the L-type PK gene. This regulatory protein with a
molecular mass of 62 kDa inhibits glucokinase by binding to
the enzyme in the presence of F6P (25). Fructose 1-
phosphate, which is produced from fructose by fructo-
kinase, prevents this inhibition by causing dissociation of
the enzyme-regulatory protein complex (25). However, the
extent of glucokinase activation in cultured hepatocytes on
the addition of 0.2 mM fructose was reported to be only 2-
to 4-fold in the presence of 5 mM glucose, and this fructose
effect essentially disappears in the presence of over 30 mM

TABLE 1. Effects of glucose and insulin on the concentrations of glycolytic metabolites in cultured hepatocytes. Hepatocytes were
cultured with 30 mM glucose in the presence or absence of 0.1 zM insulin for 0.5, 2, or 6 h. Control samples were obtained at zero time. The
metabolite concentrations were determined as described under “EXPERIMENTAL PROCEDURES.” Data are normalized as to the control value
at zero time, and expressed as means+ SD for 3 to 5 independent experiments. The values significantly different from controls are indicated
by superscript letters a (p<0.05) and b (p <0.01), and from glucose by superscript letters ¢ (p<0.05), d (p<0.01), and e (p <0.001).

. Glucose (30 mM) Glucose (30 mM) + insulin
Metabolite 0h 05k 6h 05h Zh 6h
Glucose 6-phosphate 100 2264 32° 195 +59* 189+53* 343 £ 56¢ 227 +22° 216+33°
Fructose 6-phosphate 100 226+75 210+105 227+107 264+112 232+87 195+30
Fructose 1,6-phosphate 100 260+37° 163 +60 119+33 176 +41 160+43 170+54
Glyceraldehyde 3-phosphate 100 77+29 756+26 69+5 82+21 73132 7815
Dihydroxyacetone phosphate 100 1404 33" 104+8 100+12 135+13 123+23 142+16*
1,3-Bisphosphoglycerate 100 133433 133+88 169+119 133+62 1560+50 72426
3-Phosphoglycerate 100 110+20 45+11° 75+356 183 £ 34>¢ 116+ 256 80417
2-Phosphoglycerate 100 98+11 69+20" 46+10° 127 +23%¢ 82+15 57+9°
Phosphoenolpyruvate 100 91+10 62+18° 67+20° 13619 9247 80420

TABLE II. Effects of various carbohydrates and insulin on the concentrations of glycolytic metabolites in cultured hepatocytes.
Hepatocytes were incubated with various carbohydrates at the concentrations indicated in parentheses and 0.1 uM insulin for 0.5 h. Control
samples were obtained at zero time. The metabolite concentrations were determined as described under “EXPERIMENTAL PROCEDURES.”
Data are normalized as to the control value at zero time, and expressed as means+ SD for 3 to 5 independent experiments. The concentration
of deoxyglucose 6-phosphate was normalized as to that of glucose 6-phosphate at zero time. The values significantly different from controls are
indicated by superscript letters a (p <0.05) and b (p <0.01), and from fructese (5 mM) or deoxyglucose (30 mM) by superscript letters ¢ (p<
0.05), d (p<0.01), and e (p<0.001). Glu, glucose; Fru, fructose; Deoxyglu, deoxyglucose.

. X u (30 mM
Metabolite Comtrol ot o Em0amM)  GmM) . rieen  GOndD e
Glucose 6-phosphate 100 230+59* 269+179° 206+142 273+105*

Deoxyglucose 6-phosphate 349+20° 576+ 89
3-Phosphoglycerate 100 149+32 172+ 27 80+39 143+23* 49+ 7" 7514
2-Phosphoglycerate 100 133+21 156 +32° 112411 166+51° 109+25 132+46
Phosphoenolpyruvate 100 106+12 121+12 9015 133+9% 65+ 14" 96121
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glucose (24). Therefore, we examined whether 0.2 mM
fructose actually stimulates expression'of the endogenous
L-type PK gene in cultured hepatocytes in the presence of
30 mM glucose. As shown in Fig. 1B, the L-type PK mRNA
level remained unchanged under these conditions. Further
addition of insulin induced a remarkable increase in the
mRNA level. Glycolytic metabolites, including G6P, 3PG,
and 2PG, accumulated significantly in hepatocytes cultured
with 30 mM glucose and 0.2 mM fructose (Table II).
However, the effects of fructose at this concentration on the
levels of these metabolites were not significant, since the
increased levels of these metabolites were not significantly
different from the values in hepatocytes treated with 30
mM glucose alone. This is consistent with the observation
mentioned above that a low concentration of fructose failed
to stimulate glucokinase activity in the presence of over 30
mM glucose. Thus, we consider that the activation of
glucokinase on the addition of fructose without alteration in
the enzyme protein level is trivial, if any, as to activation of
the L-type PK gene, and that therefore the major role of
fructose in stimulation of the L-type PK gene is different
from that proposed by Vaulont and Kahn (26). They
insisted that fructose stimulates transcription of the L-type
PK gene by activating glucokinase through fructose 1-phos-
phate in vivo, as mentioned above, while we propose that
fructose acts through a metabolite common to glucose.
Moreover, although glycerol does not stimulate glucokinase
activity in cultured hepatocytes (24), it shows a similar
effect to fructose in stimulating expression of the L-type
PK gene in vitro as well as in vivo (7, 10, 11, 16).

Taken together, these results suggest that 3PG and PEP
are candidate compounds involved in transcriptional stimu-
lation of the L-type PK gene. It appears that the difference
in the extent of the L-type PK gene expression stimulated
by glucose and insulin from that by fructose and insulin in
cultured hepatocytes is correlated with changes in the 3PG
level rather than ones in the PEP level. There have been
reports that an increase in the G6P level is important for
stimulation of the gene expression of glycolytic and lipo-
genic enzymes including L-type PK by carbohydrates (17-
19). However, the present evidence does not support this
and suggests that if it is the case, the accumulation of this
metabolite alone is not sufficient for activation of the
L-type PK gene, since the addition of deoxyglucose in the
presence of insulin failed to increase the L-type PK mRNA
level in spite of the concomitant accumulation of dG6P.
Obviously further experiments are required to verify our
proposal.
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