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ABSTRACT
Regulation of gene expression by nutrients is an important mechanism in the
adaptation of mammals to their nutritional environment. This is especially true
for enzymes involved in the storage of energy, such as the lipogenic and glycolytic
enzymes in liver and adipose tissue. Transcription of the genes for lipogenic and
glycolytic enzymes is stimulated by glucose in adipose tissue, liver, and pancre-
atic g-cells. Several lines of evidence suggest that glucose must be metabolized
to glucose-6-phosphate to stimulate gene transcription. In adipose tissue, insulin
increases the expression of lipogenic enzymes indirectly by stimulating glucose
uptake. In the liver, insulin also acts indirectly by stimulating the expression of
glucokinase and, hence, by increasing glucose metabolism. Glucose response ele-
ments have been characterized foritkgyruvate kinase and;ggenes. They have
in common the presence of a sequeneEACGTG-3, which binds a transcrip-
tion factor called USF (upstream stimulatory factor). Another glucose response
element, which uses a transcription factor named Sp1, has been characterized
in the gene for the acetyl-coenzyme A carboxylase. The mechanisms linking
glucose-6-phosphate to the glucose-responsive transcription complex are largely
unknown.
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INTRODUCTION

Although it has long been known that nutrients regulate the expression of spe-
cific genes in prokaryotes, the demonstration of similar phenomenon in eu-
karyotes is recent. The regulation of specific gene expression in mammals in
response to changes of nutrition has become a major aspect of modern nutri-
tion, due to the emergence of techniques of molecular biology that have allowed
cloning of most of the genes involved in the regulation of carbohydrate and fat
metabolism. Major (glucose, fatty acids, amino acids) and minor (iron, vita-
mins) dietary constituents participate, in concert with many hormones, in the
regulation of gene expression in response to nutritional changes (reviewed in
9, 29, 30, 34, 95). Major advances have been made recently in the understanding
of the molecular mechanisms involved in the regulation of gene expression in
response to changes in the intake of dietary carbohydrate.



CARBOHYDRATE-REGULATED GENE EXPRESSION 327

- % ) L
| MERRTECT | 1 ADFOCYTE |

CLUCREE

GLIODRE

EETTT *{lu-tm_‘_l

Cr-g-I" "YU WA FrRLVATE

HAIN j'_ wur
Clpwsg P e b puir prna
et B e e
Lin I‘-

MAaliFH
T | i earTm
Hq_ - MAH | CITEATE
Srfindisgriaie i-__

MADEH m i CITRATE

BR3P | l |‘|.Ir-chrr'g-m_
ACTL-Cindh KALDNL-Cind ~— ALETYL-Lns

meen

Figure 1 Pathway of lipogenesis from glucose in liver and adipose tissue. Acetyl-coenzyme A

(CoA) carboxylase (EC 6.4.1.2); ATP citrate lyase (EC 4.1.3.8); citrate synthase (EC 4.1.3.7);

fatty acid synthase (EC 2.3.1.85); glucokinase (EC 2.7.1.2); glucose-6-phosphate dehydroge-
nase (EC 1.1.1.49); hexokinase (EC 2.7.1.1); malic enzyme (EC 1.1.1.40); 6-phosphogluconate
dehydrogenase (EC 1.1.1.44); pyruvate dehydrogenase complex, E1 subunit, pyruvate dehydro-
genase (EC 1.2.4.1); E2 subunit, dihydrolipoamide acetyltransferase (EC 2.3.1.12); E3 subunit,
dihydrolipoamide dehydrogenase (EC 1.8.1.4); pyruvate kinase (EC 2.7.1.40). G-6-P, Glucose-6-
phosphate; 6-PG, 6-phosphogluconate; R-5-P, ribulose-5-phosphate; PEP, phosphoenolpyruvate.

by Morehead State University on 01/04/12. For personal use only.

Although carbohydrate, fat, or protein in the diet may exceed the daily caloric
requirements, the main form of energy storage is triglycerides in adipose tis-
sue (32). Triglycerides in adipose tissue originate either from the diet or from
de novo synthesis. In rodents, lipogenesis occurs both in liver and in adipose
tissue, whereas in birds and in humans, it is restricted to the liver (32). The
pathway from glucose to acyl-coenzyme A (acyl-CoA) in liver and adipose
tissue is summarized in Figure 1. There are two main differences between
the two tissues.d) In adipose tissue, glucose entry is facilitated by a glucose
transporter (GLUT4), which in the absence of insulin is mainly located intra-
cellularly and which translocates to the plasma membrane in the presence of
insulin (76). In the liver, glucose is transported by a transporter (GLUT2) that
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is present constitutively in the plasma membrane (78)Ir{ the adipocyte,
glucose is phosphorylated by hexokinase Il, whereas in liver, glucose is phos-
phorylated by glucokinase (hexokinase 1V), the synthesis of which is dependent
oninsulin (81). When glucose is the main substrate used for fatty acid synthesis,
the enzymes of the glycolytic pathway can be considered as an extended part
of the lipogenic pathway. In the liver, the major function of glycolysis may not
be to provide pyruvate to be oxidized in the citric acid cycle but to allow the
transformation of carbohydrate into fat (33).

The activity of the lipogenic pathway is dependent on nutritional conditions,
bothin liver and adipose tissue (78, 85, 86). Consumption of a dietrich in carbo-
hydrates stimulates the lipogenic pathway, whereas starvation or consumption
of a diet rich in lipids and poor in carbohydrates decreases its function. Flux
through the lipogenic pathway depends on the availibility both of lipogenic
substrates and of cofactors such as NADPH produced by the pentose phosphate
pathway. Regulation of the activity of the lipogenic enzymes involves both
short-term and long-term mechanisms. For example, the activity of acetyl-CoA
carboxylase (ACC), which catalyzes the synthesis of malonyl-CoA from acetyl-
CoA, is controlled by phosphorylation-dephosphorylation and polymerization-
depolymerization mechanisms linked to the presence of specific metabolites
(31, 50), but the quantity of this protein is also regulated by changes in its rate
of synthesis (65, 73). The rates of synthesis of glycolytic and lipogenic enzymes
are controlled at a transcriptional level (35). In the adult rat, the induction of
hepatic and adipocyte lipogenic enzymes is rapid (4—6 h) (26, 37,47,48) and is
dependent on the amount of carbohydrate in the diet (38).

During suckling, both lipogenesis and the activities of the lipogenic enzymes
in rat liver and adipose tissue are low (milk is poor in carbohydrate and rich in
fat); they increase markedly when animals are weaned onto a high-carbohydrate
diet like laboratory chow (reviewed in 28). This is preceded by a quantitatively
comparable increase in the level of specific mMRNA (11, 79). Weaning the rat
onto a high-fat diet prevents these changes, which suggests they are caused by
a change in diet rather than by a change in developmental stage (11, 79). More-
over, if aninhibitor of the intestinal-glucosidases (acarbose) is introduced into
the normal weaning diet, it decreases the changes of glucose and insulin con-
centrations following a meal and the level of expression of fatty acid synthase
(FAS) and ACC (68). Thus, the amount of carbohydrate in the diet appears
to be instrumental in turning on transcription of genes coding for lipogenic en-
zymes in liver and adipose tissue. However, is the effect of carbohydrate direct
or mediated by the increase in plasma insulin and decrease in plasma glucagon?
Indeed, insulin is reported to restore lipogenic enzyme gene expression in dia-
betic rats (26, 47,48, 77), and glucagon (via cCAMP) inhibits expression of the
genes for lipogenic enzymes (24, 54).
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The aim of this review is, thus, to summarize what is known about the
hormones and substrates that signal the liver and the adipose tissue that the
nature of the diet has changed, and to describe the mechanisms involved in
the regulation of gene expression in response to dietary carbohydrates. We
focus on enzymes involved in glycolysis and lipogenesis for which a clear-cut
transcriptional regulation by glucose has been shown and on the underlying
cellular and molecular mechanisms.

EVIDENCE THAT GLUCOSE CONTROLS
THE EXPRESSION OF GENES CODING
FOR GLYCOLYTIC AND LIPOGENIC ENZYMES

Experiments in hepatocytes, adipocytes, or pancrgiatell lines in culture

have established that glucose, in the absence of insulin, stimulates the tran-
scription of several genes coding for enzymes involved in glycolysiyfuvate
kinase (-PK)] and lipogenesis (ACC, fatty acid synthase). We briefly summa-
rize these data.

L-Pyruvate Kinase Gene Expression in Rat Hepatocytes

in Culture

In hepatocytes from fasted adult rats, insulin alone and glucose alone are un-
able to induce the accumulationiofPK mRNA (16). The expression ofPK
requires both insulin and glucose (16). In the presence of insulin, the effects of
glucose are concentration-dependent (5—20 mM) and show a lag period of 24 h,
with the maximal level being reached after 4 days in culture. If, after 4 days in
culture, insulin and glucose are removed, abundanaeRIX mRNA returns
rapidly to low levels. Readdition of glucose to the culture medium causes a
rapid increase im-PK mRNA, with a maximal level reached after 24 h. These
results are consistent with the idea that in order for glucose to achieve its effect
onL-PK mRNA, factors must be induced in response to insulin. Later experi-
ments showed that the lag period in insulin action in hepatocytes from fasted
rats was due to the time required for induction of glucokinase (41). Once glu-
cokinase is sufficiently active, insulin is no longer necessary to stimwgte

gene transcription in response to glucose.

ACC Gene Expression in Cultured Pancregti€Cell Line

Malonyl-CoA, which is generated by ACC, may be an important factor in
glucose-induced insulin secretion by pancregticells (7, 80). ACC mRNA
and protein levels are increased by long-term exposure of a pancfeegit
line, INS-1, to high glucose concentrations (5). INS-1 is a cell line that dis-
plays a well-differentiated pancreatg:cell phenotype (high expression of
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Figure 2 Correlations between glucose-6-phosphate (G-6-P) levels, fatty acid synthase (FAS), or
acetyl coenzyme A carboxylase (ACC) mRNA concentrations as a function of medium glucose
concentrations in adipose tissue explam{sand in isolated hepatocytes in culture from suckling
rats @) and in INS-1 cellsC). (Adapted from 34, 38, 39.)

glucokinase), including the capacity to secrete insulin in response to physiolog-
ical concentrations of glucose (1). Glucose causes a dose-dependent accumula-
tion of ACC mRNA (Figure 2) that is probably linked to a transcriptional effect,
since the half-life of ACC mRNA is not affected (5). The ACC gene contains
two promoters, promoters | and I, which produce two types of mMRNA with dif-
ferent 3-untranslated sequences, depending on the promoter that is activated. In
the liver, promoter | is activated under lipogenic conditions (60), whereas in
most cells, including the pancreaitccells, ACC mRNA is generated under
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the control of promoter Il. In INS-1 cells, glucose strongly stimulates promoter
Il of ACC gene (105).

Fatty Acid Synthase Gene Expression in Adipose Tissue
Explants and Hepatocytes in Culture

ADIPOSE TISSUE EXPLANTS In explants of adipose tissue from 19-day-old suck-
ling rats, glucose and insulin rapidly increase (in only 6 h) the abundances of
FAS and ACC mRNAs to similar abundances obtained in vivo in adipose tissue
of 30-day-old rats weaned at 21 days onto a high-carbohydrate diet (23). More-
over, this effect is abolished by actinomycin D, which suggests that it results
from the activation of transcription (24). In the absence of glucose (lactate and
pyruvate being provided as energy substrates), insulin is unable to increase the
level of ACC and FAS mRNA. In contrast, glucose increases FAS and ACC
MRNA in the absence of insulin in a dose-dependent manner (Figure 2). The
effect of glucose on FAS and ACC mRNA levels is strongly potentiated by
insulin. The maximal effect of glucose is obtained at 20 mM (23). Thus, glu-
cose controls the expression of FAS and ACC in adipose tissue, and insulin has
only a potentiating effect. Importantly, the increased expression of lipogenic
enzymes in response to glucose is not secondary to a general increase in energy
metabolism in adipocytes, since expression of another gene, phosphoenolpyru-
vate carboxykinase (EC 4.1.1.32), is decreased (23, 24).

HEPATOCYTES IN CULTURE In hepatocytes from suckling rats (82), insulin and

20 mM glucose increase the FAS mRNA content. This effect is detectable af-
ter 32 h in culture and peaks after 48 h. The maximal induction requires the
concomitant presence of dexamethasone, triiodothyronine, and insulin. These
hormones have no effect in the absence of glucose (presence of lactate in the
culture medium). However, in contrast with the studies in adipose tissue, glu-
cose alone is unable to increase FAS mRNA concentration. Nevertheless, if
hepatocytes are cultured for 48 h in the presence of hormones and then 20 mM
glucose is added, expression of FAS is markedly increased after another 6 h
(Figure 2). This latter phenomenon does not require the continuous presence of
hormones. Finally, the glucose effectis clearly concentration-dependent. Thus,
in hepatocytes and adipocytes, the presence of glucose is compulsory for the
expression of FAS. However, in contrast with adipose tissue, various hormones
(especially insulin) are required to induce a factor (glucokinase) necessary for
the glucose effect on FAS mRNA accumulation.

Atranscriptional effect of glucose was not formally demonstrated for the FAS
gene in hepatocytes in this series of studies. We cannot exclude the possibility
that insulin and glucose may stabilize FAS mRNA, as glucose is known to do
in the hepatoma cell line HepG2 (88).
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Figure 3 Model for explaining the role of insulin in the regulation of expression of the gene for
fatty acid synthase in adipocytes. After binding to its receptor, insulin stimulates the translocation
of glucose transporters GLUT4 to the plasma membrane. This stimulates glucose transport and
phosphorylation, and glucose-6-phosphate stimulates transcription of the fatty acid synthase (FAS)
gene.

CONCLUSIONS These in vitro studies demonstrate that in fully differentiated
hepatic and adipose tissues, high glucose concentrations are required for in-
ducing expression of FAS. In the absence of glucose, insulin is unable to in-
duce expression of the FAS gene. In the presence of glucose, insulin has an
indirect effect—stimulation of glucose transport or induction of glucokinase
(Figures 3 and 4). This is not in agreement with other experiments performed
in an adipocyte cell line in culture, which describe the presence of an insulin
response element (IRE) in the promoter of the FAS gene (71). This IRE interacts
with specific nuclear protein(s) from liver and adipose tissue and confers a two-
to threefold increase of FAS mRNA in response to insulin (71). This modest
effect of insulin on FAS mRNA could be secondary to an effect of insulin on
differentiation (FAS is a late marker of adipocyte differentiation) rather than to

a direct effect on the transcription of the FAS gene.
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EVIDENCE THAT GLUCOSE METABOLISM IS
REQUIRED TO INCREASE EXPRESSION OF GENES
CODING FOR GLYCOLYTIC AND LIPOGENIC ENZYMES

Does glucose itself cause the changes in gene transcription, or is it due to a
glucose metabolite?
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Figure 4 Model for explaining the role of insulin in the regulation of expression of the gene fatty
acid synthase (FAS) in hepatocytes. After binding to its receptor, insulin stimulates transcription of
glucokinase gene. The increase in glucokinase activity causes increased phosphorylation of glucose
and glucose-6-phosphate stimulates transcription of the FAS gene.

Expression of FAS in Liver and Adipose Tissue

In adipose tissue explants, 3-O-methylglucose, a glucose analogue transported
into the cell but not phosphorylated by hexokinases, is unable to induce the
expression of FAS and ACC (23). This suggested that glucose metabolism was
necessary. Further evidence that glucose metabolism was necessary came from
another study (82). In suckling rat hepatocytes, the rate of glucose phospho-
rylation is low because glucokinase is not expressed, and the concentration of
glucose-6-phosphate (taken as an index of glucose metabolism) is low even in
the presence of 20 mM glucose. Under these conditions, glucose is not able
to induce FAS. Culture of suckling rat hepatocytes for 48 h in the presence of
insulin, triiodotyronine, and dexamethasone markedly increases expression of
glucokinase (74) and glucose phosphorylation (82). Once glucokinase is in-
duced, addition of glucose into the culture medium increases FAS and ACC
MRNA levels in a dose-dependent manner (Figure 4). There is a positive corre-
lation between the concentration of glucose-6-phosphate and FAS mRNA levels
(Figure 2). The necessity of the induction of glucokinase by insulin in hepato-
cytes explains why the induction of FAS mRNA in response to glucose took
much longer in liver than in adipose tissue (23, 82). Glucose is phosphorylated
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in the adipose tissue of suckling rats by a constitutive hexokinase that is not rate
limiting for glucose metabolism. In adipose tissue, there is also a striking cor-
relation between the concentration of glucose-6-phosphate and the FAS mRNA
level (Figure 2). Since the metabolism of glucose is enhanced by insulin in
adipose tissue (through a stimulation of the rate of glucose transport) (Figure 3),
higher glucose-6-phosphate concentrations are achieved when insulin is present
in the culture medium (23). This likely explains the potentiating effect of insulin

on FAS expression in adipose tissue explants.

In diabetic rats, the activity of glucokinase and the glucose phosphorylating
capacity of the liver are low (3, 27, 40, 81). Concomitantly, the levels of hepatic
FAS and ACC mRNA are also low (4). In adipose tissue of diabetic rats, glucose
transport and phosphorylation capacities are reduced because of a decrease in
the amount of the GLUT4 glucose transporter and the activity of hexokinase
II; expression of FAS is also low (6). If diabetic rats are treated with vana-
date, a potent insulino-mimetic agent, FAS mRNA levels and the activity of
glucokinase are increased and hepatic glycolytic capacity is restored (3, 27). In
contrast, GLUT4 and hexokinase Il expression remain low in adipose tissue
(4). Interestingly, vanadate restores expression of FAS in the liver but not in
adipose tissue (4). This strongly supports the view that glucose must be me-
tabolized to be able to stimulate expression of genes coding for glycolytic and
lipogenic enzymes.

L-PK Expression in Liver Cells

Glucokinase is probably the insulin-induced factor in hepatocytes in culture
that allows induction of -PK; glucokinase provides the capacity for glucose
phosphorylation. Moreover, glucose-induced expression-BK is indepen-
dent of insulin in a hepatoma cell line that does not express glucokinase but
that expresses constitutively a high hexokinase activity (55). Fructose, at 0.2
mM, activates glucokinase activity by reversing the effect of an inhibitory pro-
tein (98). Cultured hepatocytes from fed adult rats have a significant amount
of glucokinase activity. Fructose (0.2 mM) by itself has no effect on glucose-
6-phosphate concentrationioiPK mRNA but potentiates the effect of 20 mM
glucose on both glucose-6-phosphate afiRK mRNA levels. This effect does
not require insulin (20). In the absence of insulin, 0.2 mM fructose has no
effect on choramphenicol acetyltransferase (CAT) activity driven by {R&
promoter but strongly potentiates the effect of 20 mM glucose. Finally, cotrans-
fection of hepatocytes with thie-PK-CAT construct and with an expression
vector for glucokinase also confers insulin-independent stimulation of CAT
activity in response to glucose (20).

If the rate of glucose metabolism regulates expression of the genes for li-
pogenic and glycolytic enzymes, then overexpression of glucokinase should
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lead to increased expression of those genes in liver. A line of transgenic mice
overexpresses hepatic glucokinase under the control of the PEPCK promoter
(21, 22). Glucokinase is increased fourfold in the livers of fasted or diabetic
transgenic mice, as are the concentrations of glucose-6-phosphate and glyco-
gen and the rate of glycolysis (21, 22). Concomitantly, the activity of hepatic
L-PK is increased in fasted or diabetic transgenic mice, which is consistent
with the hypothesis that overexpression of glucokinase stimulakds gene
transcription in the liver (21, 22). Thus, some evidence suggests that glucose
must be metabolized to stimulate the expression of different genes.

ACC andL-PK Expression in a Pancreatjgé-Cell Line

Glucose metabolism also is required for an effect of glucose on transcrip-
tion of the ACC gene in INS-1 cells (5). Glucose induces a dose-dependent
increase of glucose-6-phosphate concentration (Figure 2) and of insulin secre-
tion. The glucose-induced increase in ACC expression and insulin secretion
are inhibited by mannoheptulose and glucosamine, well-known inhibitors of
glucokinase. Finally, ACC expression is not induced by 3-O-methylglucose
or 6-deoxyglucose, glucose analogues that are not phosphorylated. Glucose
also induces -PK in INS-1 cells and does so in a concentration-dependent
manner. The effect of glucose also is inhibited by mannoheptulose (66).

WHICH METABOLITE(S) SIGNAL THE INCREASE IN
EXPRESSION OF GENES CODING FOR GLYCOLYTIC
AND LIPOGENIC ENZYMES?

If glucose must be actively metabolized to affect the transcription of glucose-
responsive lipogenic and glycolytic genes, what is the glucose metabolite(s)
involved? The correlation between glucose-6-phosphate levels and the mRNA
concentration of several glycolytic and lipogenic genes suggested that glucose-
6-phosphate could be this metabolite (Figure 2). However, glucose-6-phosphate
can be used in glycolysis, formation of fructose-2-6-bisphosphate, pentose-
phosphate pathway, glycogen synthesis, and hexosamine synthesis. The concen-
tration of one or more intermediates in these pathways may vary in parallel with
that of glucose-6-phosphate, making them potentially suitable signal molecules.

Glucose Analogues

A number of glucose analogues have been tested in hepatocytes, adipocytes,
and INS-1 cells. 2-Deoxyglucose is transported into cells by the same glucose
transporters as glucose and is phosphorylated by glucokikgsBy mM vs

10 mM for glucose) and hexokinask { 30 M vs 10 uM for glucose), but
2-deoxyglucose is poorly metabolized in the glycolytic or pentose-phosphate
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pathways. In most tissues, except the liver, this leads to a large accumula-
tion of 2-deoxyglucose-6-phosphate in the cells [a minor product, possibly
UDP-2-deoxyglucose, also accumulates (45)]. In adipose tissue explants from
suckling rats, 2-deoxyglucose mimics the effect of glucose on FAS expression
(45). However, 1 mM 2-deoxyglucose is as effective as 20 mM glucose. This
suggests that 2-deoxyglucose-6-phosphate, which accumulates in adipocytes,
may be the signal metabolite and that, by extension, glucose-6-phosphate is
the natural signal for lipogenic enzyme expression. In INS-1 cells, 20-30 mM
2-deoxyglucose can induce both ACC anBK gene expression but to a lower
extent than glucose does (5, 66). This could be due to the fact that transformed
cells rely more on glycolysis for ATP production than do adipose cells and that
high concentrations of 2-deoxyglucose severly impair the production of ATP
through glycolysis.

Inthe liver, 2-deoxyglucose has no effectteRK (16, 17) or FAS mRNA ac-
cumulation (C. Prip-Buus, J. Boillot, F. Foufelle, P. Feearid J. Girard, unpub-
lished results). However, 2-deoxyglucose-6-phosphate is a minor component of
the hepatic metabolism of 2-deoxyglucose; more than 50% of metabolites are
not 2-deoxyglucose-6-phosphate (45, 84). Thus, in hepatocyes, addition of 2-
deoxyglucose is not a valid test of the role of hexose-6-phosphate in regulation
of gene expression.

The Glycogen Pathway

Glucose-6-phosphate is converted into glucose-1-phosphate and then into UDP-
glucose in the glycogen pathway. Feeding glucose to starved animals produces
a fourfold increase in liver hexose-6-phosphate, but a 50% decrease in UDP-
glucose, aftel h (97). Similarly, in the perfused liver of rats starved for 24 h,
increasing the glucose concentration in the perfusion medium from 2-30 mM
causes the glucose-6-phosphate concentration to rise 10-fold without any in-
crease in UDP-glucose (104). This suggests that UDP-glucose is not a likely
candidate for mediating the effects of glucose on gene expression. Glucose-
1-phosphate cannot be excluded as a potential candidate because radioactive
2-deoxyglucose metabolized to 2-deoxyglucose-6-phosphate, 2-deoxyglucose-
1-phosphate, and glycogen in liver and adipose tissue (10).

The Hexosamine Pathway

Intermediates in the hexosamine pathway were proposed as mediators of regu-
lation of glucose transport and metabolism in adipocytes and muscles (67, 96)
and of glucose-induced expression of the transforming growth factor (&GF)-
gene in vascular smooth muscle cells in culture (15,70). The rate-limiting
step of this pathway is glutamine:fructose-6-phosphate amidotransferase (EC
2.6.1.16) (GFAT), which catalyzes the synthesis of glucosamine-6-phosphate
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from glutamine and fructose-6-phosphate. Glucosamine-6-phosphate can also
be formed by phosphorylation of glucosamine catalyzed by hexokinase. Incu-
bation of vascular smooth muscle cells with glucosamine or overexpression of
GFAT in such cells stimulates expression of the Té&gene (15, 70). Inhibition

of GFAT by pharmacological agents (6-diazo-5-oxonorleucine) or antisense
olegodeoxynucleotides blunts glucose-induced TG&xpression (87). This
suggests that metabolism of glucose to glucosamine is required for the transcrip-
tional stimulation of TGFRx in vascular smooth muscle cells in culture. Further-
more, the increase in the intracellular glucose concentration resulted in changes
in the glycosylation state of some nuclear and cytosolic proteins (87). Several
transcription factors are O-glycosylated (43), but it remains to be established
whether O-glycosylation results in an activation of transcription.

In explants of adipocytes, glucosamine has no effect on expression of FAS or
ACC (F. Foufelle & P. Fee, unpublished results). In the INS-1 cells, glu-
cosamine antagonizes glucose-induced expression of ACC (5). Finally, the
glucose-induced expressioniePK mRNA in the INS-1 cells is not inhibited
by azaserine, an inhibitor of GFAT (66). These experiments argue against the
involvement of the hexosamine biosynthetic pathways in the effect of glucose
on lipogenic and glycolytic enzyme gene expression.

The Pentose-Phosphate Pathway

2-Deoxyglucose-6-phosphate may be a significant substrate for glucose-6-
phosphate dehydrogenase (despite its 20-fold lower dehydrogenation rate ca-
pacity when compared with the same subsaturating concentration of glucose-
6-phosphate) when it accumulates in the cell. 6-Phosphogluconate or another
metabolite of the pentose-phosphate pathway could then be the signal. However,
glucose-6-phosphate dehydrogenase mRNA and enzyme activity are low in liver
and adipose tissue of suckling rats or starved adult rats (36, 49, 53, 83). More-
over, the rate of decarboxylation of glucose-6-phosphate is low in adipose
tissue from suckling rats (39), which suggests that the pentose-phosphate path-
way has a very low activity. After weaning onto a high-carbohydrate diet,
or after refeeding a starved rat with a high-carbohydrate diet, the increase in
glucose-6-phosphate dehydrogenase activity does not precede the accumulation
of FAS or ACC mRNA,; rather, it has a similar time-course (36). This suggests
that 6-phosphogluconate is not the primary metabolite involved in the glucose
effect on FAS or ACC gene transcription.

Mannose, an epimer of glucose also induces FAS expression in adipose tis-
sue (F. Foufelle & P. Fee;'unpublished results) and ACC expression in INS-1
cells (5). Mannose is phosphorylated by hexokinase (or glucokinase) and then
reversibly isomerized to fructose-6-phosphate, which in turn yields glucose-6-
phosphate through phosphoglucose isomerase (EC 5.3.1.9). Indeed, in adipose
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tissue explants with mannose as the substrate, substantial concentrations of
glucose-6-phosphate can be detected (F. Foufelle & PeFenpublished re-
sults). Itis thus difficult to differentiate between mannose-6-phosphate, glucose-
6-phosphate, and fructose-6-phosphate as potential signaling molecules.

Xylulose-5-phosphate (19), an intermediate of the non-oxidative branch of
the pentose phosphate pathway, and 3-phosphoglycerate or phosphoenolpyru-
vate (46), intermediates of the lower part of the glycolytic pathway, also are
potential metabolites involved in the regulation .6PK gene expression in
response to glucose. Low concentrations (0.5 mM) of xylitol, a precursor of
xylulose-5-phosphate, increase the expressioneP&/CAT construct tran-
siently transfected to hepatoma cells, and does so to the same extent as 20 mM
glucose. Because intracellular glucose-6-phosphate levels are not increased in
the presence of xylitol 0.5 mM, metabolite of the pentose phosphate pathway
may be involved (19). In addition, xylitol (5—-10 mM) produced a fivefold in-
crease ofL.-PK mRNA level in rat hepatocytes incubated in the absence of
insulin (19); under the same circumstances, 25 mM glucose fails to increase
L-PK mRNA (19). However, in the presence of insulin, the effects of xylitol
were one third those of 25 mM glucose (19). Because xylitol is metabolized
to xylulose-5-phosphate in liver cells and because it was previously reported
that xylulose-5-phosphate is an activator of a specific protein phosphatase (75),
xylulose-5-phosphate could be the metabolite involved in the regulation of
L-PK expression (19). Thus, a xylulose-5-phosphate activated protein phos-
phatase could dephosphorylate a transcription factor and activ@ke gene
transcription (19). Unfortunately, intracellular xylulose-5-phosphate concen-
tration was not measured in these experiments (19). It should be recalled that
hepatic xylitol is metabolized to lactate via glycolysis and to glucose via glu-
coneogenesis. Experiments in adult rat hepatocytes in culture have challenged
the view that xylulose-5-phosphate is the metabolite involved in regulation of
gene transcription in response to glucose (F. Mourrieras, F. Foufelle & g, Ferr”
unpublished data). The accumulation of FAS mRNA in response to increasing
concentrations of xylitol or dihydroxyacetone (1-5 mM) was correlated with
levels of glucose-6-phosphate but not with levels of xylulose-5-phosphate, phos-
phoenolpyruvate, 3-phosphoglycerate, or fructose-6-phosphate (F. Mourrieras,
F. Foufelle & P. Fer; unpublished data). Thus, the evidence still favors the
view that glucose-6-phosphate is the best candidate for the regulation of gene
transcription in response to glucose.

Does Glucose-6-Phosphate Possess All the Properties
to be the Signal Molecule?

Glucose-6-phosphate is the product of non-equilibrium enzymes (hexokinase,
glucokinase) and is effectively the substrate of a non-equilibrium enzyme,
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6-phosphofructo-1-kinase (EC 2.7.1.11), since glucose-6-phosphate and fruct-
ose-6-phosphate are in rapid equilibrium because of the high activity of phos-
phoglucose isomerase. As such, its concentration varies in parallel with the
external glucose concentration and in parallel with the expression of lipogenic
enzymes. In the liver of adult rats starved for 24 h and refed with fructose,
there is a rapid increase in liverPK transcription after 2—3 h, whereas refeed-
ing with glucose induces a slower induction (69 h) (72). Of the various gly-
colytic metabolites studied, only hexose-6-phosphate concentration varied in
parallel with the rate of-PK transcription. The concentrations of fructose-1-6-
bisphosphate, fructose-2-6-bisphosphate, phosphoenolpyruvate, or fructose-1-
phosphate did not correlate withPK transcription. The early rise of hexose-
6-phosphate caused by fructose, despite the fact that fructose carbons enter the
glycolytic pathway at the triose phosphate level, could be due to the effect of
fructose-1-phosphate (the product of fructose phosphorylation by fructokinase)
on the inhibitory protein of glucokinase, thus increasing glucokinase activity
(99, 100).

Thus, glucose-6-phosphate appears to be the likely signal metabolite involved
in the regulation of glycolytic and lipogenic enzyme gene expression. The
evidence for this is summarized as follows.

1. Glucose needs to be phosphorylated to act as a signal for gene induction.

2. Modulation of carbon flux into the hexosamine pathway does not alter the
effect of glucose, and glucosamine has no effect on lipogenic enzyme gene
expression.

3. The genes for lipogenic enzymes are induced under conditions in which
function of the pentose-phosphate pathway is low (adipose tissue of suckling
rats).

4. The glucose analogue, 2-deoxyglucose, mimics totally (adipose tissue) or
partially (pancreatig-cell line) the effect of glucose on lipogenic or gly-
colytic gene expression.

5. The intracellular concentration of glucose-6-phosphate varies in parallel
with the intensity of gene induction.

6. In vivo, the kinetics of the increase of hexose-phosphate fit with the time-
related pattern of gene induction, whereas that is not the case for other
glycolytic intermediates.

Nevertheless, the possibility that glucose-1-phosphate, fructose-6-phosphate,
and mannose-6-phosphate are also effective cannot be ruled out. Knowledge of
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the target for the signal metabolite or genetic alterations of the various enzymes
involved should allow us to differentiate between these possibilities.

MOLECULAR MECHANISMS INVOLVED

IN THE CARBOHYDRATE-MEDIATED REGULATION
OF THE EXPRESSION OF GENES CODING

FOR GLYCOLYTIC AND LIPOGENIC ENZYMES

cis-Acting DNA Sequences Involved in Glucose Responsiveness
of Genes for Lipogenic and Glycolytic Enzymes

Thecis-acting DNA sequences involved in glucose responsiveness, the glucose
response elements (GIRES) or the carbohydrate response element (ChoRE),
were first identified in the-PKgene (Figure 5) (12,94). They were localized

to the first—183 bp of the_.-PK promoter, a region that was sufficient for the
tissue-specific expression as well as for nutritional and hormonal regulation in
transgenic mice (12). By use of transfection experiments in primary cultured
hepatocytes, the element was localized further to the DNA betwd®&3 and

—96 bp (94). This region binds several nuclear factors, as shown in DNase |
footprinting experiments, and has been divided into four elements:—6B (

to —95 bp), L2 (97 to—114 bp), L3 (126 to—144 bp), and L4 {145 to

L4 Box [L-FE)
4 Box |L-PK]

1

LM - M GRCGCACGEERCACTCCCGTEETTCC TEEACTCTGEICOCCAGTGT - 124
T T

£x
|

{5 S L

el

514 - 13 GOCAGTT Ii'l'.l'l'_'."n.-:l'_'.'l'l'_il:'."‘{il: L1458
|

Fis = 20 GEHOCGETG TCADGTGGEGEOE
E———————

ACTICOCACADDCOUDCOGCICTOGETADIGE - 308

m N

adr ETOCACETCECCCCELCOCEEGOCGEGCCR

Figure 5 Minimal sequences from the-pyruvate kinaseL(PK), S14, and acetyl-coenzyme A
carboxylase (ACC) genes that are able to confer glucose responsiveness and their functionality. For
theL-PK gene, the L4 [upstream stimulatory factor (USF) binding site] and L3 (HNF4 binding site)
boxes are overlined. E-boxes corresponding to recognized USF binding sites are underlined. Se-
quence identity among the three genes is indicated by the dotted box. The three nucleotides outside
the E-box that seem to be determinant for glucose responsiveness in the S14 and fatty acid synthase
(FAS) genes are also boxed.
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—168 bp). Glucose responsiveness is conferred by a close cooperation between
the L3 and L4 elements (2, 58). A multimer of the L4 element, but not of the
L3 element, confers glucose responsiveness to a glucose-unresponsive heterol-
ogous promoter (2). Nevertheless, the full glucose response is conferred only
when both L3 and L4 elements are present.

A second GIRE was also characterized in the fag8ne (Figure 5) (44, 90).
This gene encodes a protein of 17 kDa (51, 52, 64) that is expressed in lipogenic
tissues (white and brown adipose tissue, liver, lactating mammary gland). Its
expression is induced by lipogenic stimuli, including T3 and carbohydrates, and
is inhibited by fasting, diabetes, polyunsaturated fatty acids, and glucagon. Ex-
pression of $, correlates with that of FAS and with the diurnal rhythm of
lipogenesis. The nuclear localization of thg, Brotein (51), as well as a de-
creased expression of lipogenic enzymes whgrepression is reduced by an
antisense oligonucleotide (52), suggest that thegp$tein is involved in the
transduction of hormonal and dietary signals involved in the long-term regula-
tion of lipogenesis.

The region from—1601 to—1395 of the $, promoter is essential for glu-
cose responsiveness of this gene in isolated hepatocytes (90). Comparison of
the sequence of this; gregion with that of the L4 element of thePK gene
reveals a consensus sequence with 9 out of 10 identities. This region is able
to confer glucose responsiveness to glucose-unresponsive homologous or het-
erologous promoters (90). The GIRE of thg fromoter consists of two motifs
related to the consensus binding site (CACGTG) for the c-myc family of tran-
scription factors, separated by five base pairs (89), a similar arrangement to
L-PK GIRE. In its natural context, the, SGIRE requires a novel accessory
factor (similar to, but distinct from, HNF-4) to support the full response to
glucose.

Finally, transgenic mice carrying 2.1 kb of thefanking region (2100 to
+67) of the rat FAS gene fused to a CAT reporter gene have been generated
(92). CAT activity was decreased by fasting and diabetes in liver and adipose tis-
sue, and it was restored by refeeding fasting mice with a high carbohydrate diet
or by insulin treatment of diabetic mice. Thus, the first 2.1 kb of thigeking
region of FAS gene contained all sequence elements required for hormonal and
nutritional regulation of FAS gene (92). A DNase | hypersensitive site has also
been found in the first intron of the FAS gene292) with a DNA sequence
(CACGTG) similar to the § andL-PK GIREs (Figure 5) (25). It was initially
reported that when this sequence was inserted into a glucose-unresponsive het-
erologous promoter it conferred a glucose responsiveness (91). However, it
was reported later that this sequence by itself was ineffective in supporting the
glucose response (89). The positive result in the initial experiments was due to
an erroneous duplication of this sequence during the cloning, then providing a



Annu. Rev. Nutr. 1997.17:325-352. Downloaded from www.annualreviews.org

by Morehead State University on 01/04/12. For personal use only.

342 GIRARD, FERFE, & FOUFELLE

second CACGTG motif (89). For the FAS gene, the functionality of this element
remains to be proven.

trans-Acting Factors Involved in Glucose Responsiveness
of Genes of Lipogenic Enzymes

USF/MLTF (UPSTREAM STIMULATORY FACTOR/MAJOR LATE TRANSCRIPTION FAC-
TOR) In the three GIREs characterized so far, a common DNA sequence ele-
ment emerges. It corresponds to a canonicg é8d FAS) or degenerated
(L-PK) palindromic sequencé-&ACGTG-3 (E-box), which is a binding site

for a specific class of proteins (Figure 5). These proteins have a stretch of amino
acids rich in lysine and arginine residues, and located C terminal to this basic
domain are two amphiphatie-helices connected by a loop and followed by

a conserved heptad leucine repeat or zipper motif, which contains a leucine
residue every seventh residue incahelix. This implies that all the hydropho-

bic residues are on the same side of the helix, a feature that should play a role
in dimerization. These structures are involved in the binding to DNA and in
protein/protein interactions.

Several transcription factors belong to this class of proteins, e.g. c-myc
and its partner Max, Myo-D, immunoglobulin enhancer binding proteins, and
USF/MLTF. USF/MLTF (upstream stimulatory factor/major late transcription
factor, designated USF in this review) was first discovered as a protein that binds
to the adenovirus late promoter. Subsequently, it was proven to bind to many
other genes, including the human growth hormone, mouse metallothionein I,
raty-fibrinogen, and human insulin gene enhancer. Two USF proteins, named
USF1 M, 43) and USF2N/, 44), have identical DNA binding properties. Their
structures differ only in their N-terminal domains. USF binds to DNA as a
dimer. The tissue distribution of USF is ubiquitous and does not seem to be
altered by nutritional or hormonal status. kePK, S, and FAS, USF binds
to the E-box of the GIRE (18, 25, 91, 102). Disruption of the E-box by point
mutations abolishes the glucose responsiveness af-Bi¢ and S, promot-
ers (2,90). In hepatoma cells, overexpression of native USF proteins causes
transactivation of the-PK promoter via the GIRE (56). More importantly,
expression inthese cells of a USF mutant represses the glucose effect. This dom-
inant negative mutant can dimerize with and thus sequester endogenous USF
but cannot bind to the GIRE (56). These studies suggest that USF proteins are
major components of the transcriptional response to glucose.

A sequence from the adenovirus promoter with a core sequencé of 5
CACGTG-3, and that binds USF, is unable to substitute for the GIREs in
theL-PK and §, promoters (58, 91). The flanking bases of the CACGTG core
are important for glucose responsiveness: Mutation of a stretch of the three nu-
cleotides, GCC, inthe GIREs of thg,and FAS genes (SCACGTGNNNGCC-

3) abolishes glucose responsiveness (91). Conversely, mutation of the otherwise
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L-Pyruwale kinase

Glucoss Aesponse Elemaent

Figure 6 Model for explaining the activation of the-pyruvate kinaseL(PK) gene in response

to glucose. The GIRE is composed of two binding motifs related to the sequence CACGTG. A
glucose-responsive factor, in its phosphorylated form, may cause heterodimerization of the two
upstream stimulatory factor (USF) and stimulate transcription of tR& gene.

glucose unresponsive wild-type adenovirus sequefCGAEGTGACCGGG-

3 to 5-CACGTGACCGCC-3confers glucose responsiveness to a heterolo-
gous promoter. This suggests that protein/protein interaction between a USF/
MLTF factor and an accessory factor may contribute to specific regulation
(Figure 6).

Despite the apparent involvement of USF in the glucose response of these
three genes, some differences in mechanism existamong them-AKE&IRE
contains two degenerated E-boxes. The affinities of these E-boxes for USF
are much less than that of the canonical E-boxes of thead FAS genes
(25, 101). The involvement of these two E-boxes in glucose responsiveness is
not clear. Disrupting one of them and transforming the other into a canonical
one reduces the glucose effect, indicating that both E-boxes are necessary for
the full effect (18). In a similar study, however, the opposite result was found
(58). For theL-PK gene, full glucose responsiveness requires not only the E-
box but also binding of a hepatic transcription factor, HNF4, on the adjacent L3
box (2, 58). The mechanism involved in this synergistic effect does not involve
cooperative DNA binding (59). Since HNF4 is rather specific to the liver, a
similar mechanism cannot be operative for thg &d FAS genes, which are
also expressed in adipose tissue. There is no evidence for interaction of the
protein complex binding to the USF/MLTF site of the,&nd FAS genes and
factorsthatbind to contiguous sequences. Finally, {R& element L4 is unable
to replace the § GIRE (58). Thus, the only compelling evidence indicates
that binding of USF, a common property of the three GIREsS, is necessary for
glucose responsiveness. Nevertheless, it is likely that the transcription complex
that accounts for glucose responsiveness is not organized in the same way in
each of these three genes.

sP1 The rat ACC gene contains two promoters Pl and PII, which function in
a tissue-specific manner and produce different mMRNAs with the same coding
sequences and differertintranslated regions (60). Pl is the promoter induced
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under lipogenic conditions. Pl has the structural features of a housekeeping
gene (no CCAAT or TATA box) and is constitutively expressed in all tissues
(61). Pl is the only promoter activated by high concentrations of glucose in
differentiated mouse 30A5 preadipocytes (13). The DNA sequences required
for the response to glucose are located betwe840 and—249 bp of PII

(13) (Figure 5). Unlike the-PK and §, promoters, the PIl promoter of ACC
gene does not bind one of the MLTF/USF family of transcription factors, even
though it has the appropriate sequences (13). The effect of glucose is mediated
by the ubiquitously expressed transcription factor Sp1, which binds to the GIRE
(5-GGGCGGG-3 in PIl and activates it (13).

Transmission of the Glucose Signal

The ability of USF to bind to GIRE in nuclear extracts from tissues not express-
ing these genes (brain, spleen) is the same as that from tissues that so modulate
expression of these genes according to the nutritional environment (liver, adi-
pose tissue) (25,90, 101, 102). Moreover, binding activity in nuclear extracts
from lipogenic tissue was unaffected by various nutritional conditions. This
suggests that the intensity of binding of USF to the GIRE is not the variable
modulated by glucose. In summary, there are several hypotheses that might
account for glucose responsiveness in specific tissues.

1. Glucose may modify the amount or the properties of a USF coactivator
protein. For example, its nuclear localization may be affected. The sterol
regulatory element binding protein 1 (SREBP-1) (103) is a transcription
factor that is bound in precursor form to the endoplasmic reticulum (ER)
membrane when the concentration of cholesterol is high in the ER mem-
brane. When the concentration of cholesterol decreases, a precursor form
of SREBP-1 is cleaved and migrates into the nucleus, where it binds to the
SRE element of LDL receptor gene.

2. Glucose may cause USF to undergo a post-translational modification, which
in turn modifies its interaction with the basic transcription machinery or a
coactivator protein. When the cAMP responsive element—binding protein
(CREB) is phosphorylated, it interacts with CREB-binding protein (CBP),
which in turn acts as a transcriptional activator (8).

The existence of a coactivator that functions with USF is not proven. Nev-
ertheless, post-translational modifications of USF or of a coactivator protein
could involve two types of mechanisms or a combination thereof.

1. Directallosteric modification by hexose-6-phosphate. Hexose-6-phosphates
are allosteric regulators of several proteins: hexokinase is inhibited and
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glycogen synthase (EC 2.4.1.11) is activated by glucose-6-phosphate; fruc-
tose-1-phosphate interacts with the glucokinase regulatory protein; etc. This
mechanism is similar to the well-known regulation of the lactose operon in
Escherichia coli In the absence of lactose, a repressor is bound upstream
of thelac operon and blocks transcription of genes coding for enzymes of
lactose metabolism. Lactose binds to the repressor protein, causing it to
dissociate from the DNA and active transcription.

2. Modification of a protein kinase/phosphatase, which in turn causes phospho-
rylation/dephosphorylation of a transcription factor. The activities of other
transcription factors are modulated by this type of mechanism (42).

The potential role of protein phosphorylation/dephosphorylation in the reg-
ulation of lipogenic enzyme genes has been investigated (93, 105). Okadaic
acid, an inhibitor of protein phosphatase 1 and 2A, abolishes the effect of
glucose on hepatocytes transfected with, ac®nstruct or with the § GIRE
inserted into an otherwise glucose-unresponsive promoter (93); glucose utiliza-
tion was not affected. Experiments with calyculin, a more potent inhibitor of
protein phosphatase 1 than okadaic acid, have implicated protein phosphatase
2A in the glucose effect. Finally, the calcium ionophore A23187, an activa-
tor of calmodulin-dependent protein kinase, also inhibits the glucose effects,
suggesting that calmodulin-dependent protein kinase and protein phosphatase
2A are involved in the glucose effect. These results suggest that glucose acts
on S, transcription via a phosphorylation/dephosphorylation mechanism. We
have also found that okadaic acid inhibited glucose-induced FAS expression in
adult rat hepatocytes in culture (M. Foretz, F. Foufelle & P.&armpublished
results). However, it must be pointed out that these drugs were added for 24 h
in these experiments and could have modulated the glucose response through
physiologically unimportant mechanisms because many protein phosphatases
and their substrates would be affected by the inhibitors.

Glucose activation of ACC in INS-1 cells also involves dephosphorylation by
a protein phosphatase (105). The increased binding of Sp1 caused by glucose
is inhibited by okadaic acid and is activated by the catalytic subunit of type 1
protein phosphatase (14). This suggests that the increased binding of Sp1l to
promoter Il of ACC may be caused by a glucose-induced dephosphorylation of
Spl by type 1 protein phosphatase (14).

CONCLUSIONS AND FUTURE DIRECTIONS

Although it is clear that glucose modulates expression of several genes be-
longing to the glycolytic/lipogenic pathways and that glucose metabolism is
necessary for this effect, several points require further study.
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1. Confirm that glucose-6-phosphate is the signal metabolite.

2. ldentify the component of the transcription complex that is the target for the
glucose effect remains; characterize the underlying mechanism.

3. Analyze glucose responsiveness of other genes belonging to the glycolytic
and lipogenic pathways and determine if the molecular mechanisms are sim-
ilar. Glucose stimulates expression of aldolase B (EC 4.1.2.13), 6-phospho-
fructo-2-kinase (EC. 2.7.1.105)/fructose-2,6-bisphosphatase (EC. 3.1.3.46)
(57), and pyruvate carboxylase (62); the GIREs have not been identified. In
addition, the adipose tissue mRNAs fordednd E18 of the pyruvate dehy-
drogenase complex are increased in rats weaned to a high-carbohydrate diet
but not in rats weaned to a high-fat diet (69). Moreover, glucose also causes
an increase in the abundance ofeEthRNA in cultured pancreatic islets
from adult rats (63). Malic enzyme, glucose-6-phosphate dehydrogenase,
and ATP-citrate lyase are obvious candidates for GIREs because their ex-
pression rates are increased by high-glucose diets with time-courses similar
to those for FAS and ACC.

Finally, glucose-mediated stimulation of the genes coding for enzymes re-
lated to the lipogenic pathway and the potentiating effect of fructose and insulin
may explain why diets rich in sucrose (a disaccharide composed of fructose and
glucose) have profound effects on lipid synthesis and adiposity. They not only
provide the carbons and cofactors necessary to provide substrates for the li-
pogenic pathway, but in conjunction with an effect on insulin secretion, they
also cause an increase in lipogenic capacity through stimulation of expression
of glycolytic and lipogenic genes.

SUMMARY

Regulation of gene expression by nutrients is one of several important mecha-
nisms by which mammals adapt to their nutritional environment. This is spe-
cially true for enzymes involved in the storage of energy, such as the lipogenic
and glycolytic enzymes in the liver and adipose tissue. We reviewed the cel-
lular and molecular mechanisms involved in the regulation of glycolytic and
lipogenic enzyme gene expression by glucose.

Rates of expression of the genes for FAS and ACC are stimulated by glucose
in adipose tissue in vivo and in vitro. Expression of FAS, ACC, afK is
stimulated in the liver and of ACC andPK in a pancreatig-cell line. In
each case, regulation involves stimulation of transcription. To stimulate gene
transcription, glucose must be metabolized. In adipose tissue, insulin increases
indirectly the expression of FAS and ACC by stimulating glucose transport. In
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liver, insulin also acts indirectly by stimulating the expression of glucokinase
and, hence, by increasing glucose metabolism. In liver, fructose potentiates the
stimulation of gene expression by glucose because it stimulates glucokinase
activity. Several lines of evidence suggest that glucose-6-phosphate is the sig-
naling metabolite.d) The effect of glucose is mimicked by 2-deoxyglucose
(a glucose analogue that is phosphorylated to 2-deoxyglucose-6-phosphate by
hexokinase but no further metabolized) in adipose tissue and a pangreatic
line. (b) Intracellular concentrations of glucose-6-phosphate vary in parallel
with the abundances of ACC, FAS, andPK mRNAs in liver, adipose tissue,
and a pancreatig-cell line. () In vivo, the kinetics of changes in hexose-
phosphate levels and gene expression are consistent with glucose-6-phosphate
being the signaling molecule.

GIREs have been well characterized for two genePK and S, Each
of these GIREs has a sequenc&CACGTG-3, which binds a transcrip-
tion factor of the basic-domain, helix-loop-helix, leucine-zipper family called
USF/MLTF. The mechanisms by which these GIREs function may differ from
one geneto another; for example, the ACC gene uses a Sp1 rather than USF. The
mechanisms linking glucose-6-phosphate to the complex formed on the GIRE
are largely unknown.
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