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Elevated Glucose Represses Liver Glucokinase and
Induces Its Regulatory Protein to Safeguard Hepatic

Phosphate Homeostasis

Catherine Arden,' John L. Petrie,! Susan J. Tudhope,' Ziad Al-Oanzi,"’> Amy J. Claydon,?
Robert J. Beynon,3 Howard C. Towle,4 and Loranne Agius1

OBJECTIVE—The induction of hepatic glucose 6-phosphatase
(G6pc) by glucose presents a paradox of glucose-induced glucose
intolerance. We tested whether glucose regulation of liver gene
expression is geared toward intracellular homeostasis.

RESEARCH DESIGN AND METHODS—The effect of glucose-
induced accumulation of phosphorylated intermediates on ex-
pression of glucokinase (Gck) and its regulator Gckr was
determined in hepatocytes. Cell ATP and uric acid production
were measured as indices of cell phosphate homeostasis.

RESULTS—Accumulation of phosphorylated intermediates in
hepatocytes incubated at elevated glucose induced rapid and
inverse changes in Gck (repression) and Gcekr (induction) mRNA
concomitantly with induction of G6pc, but had slower effects on
the Gckr-to-Gek protein ratio. Dynamic metabolic labeling in
mice and liver proteome analysis confirmed that Gekr and Gek
are low-turnover proteins. Involvement of Max-like protein X in
glucose-mediated Gck-repression was confirmed by chromatin
immunoprecipitation analysis. Elevation of the Gck-to-Gekr ratio
in hepatocytes was associated with glucose-dependent ATP
depletion and elevated urate production confirming compro-
mised phosphate homeostasis.

CONCLUSIONS—The lowering by glucose of the Gck-to-Gekr
ratio provides a potential explanation for the impaired hepatic
glucose uptake in diabetes. Elevated uric acid production at an
elevated Gek-to-Gekr ratio supports a role for glucose regulation
of gene expression in hepatic phosphate homeostasis. Diabetes
60:3110-3120, 2011

lucokinase (Gck) catalyses the first reaction in
hepatic glucose metabolism and has a major
role in the control of hepatic glucose disposal
and thereby of blood glucose homeostasis. Its
activity is regulated by an inhibitory protein, Gckr, that
sequesters Gck in the nucleus during fasting and enables
dissociation of Gck and translocation to the cytoplasm in
response to elevated blood glucose after a meal (1). The
rate of glucose phosphorylation is dependent on rapid
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adaptive regulation involving dissocation of Gck from the
sequestered Gcekr pool but also on small fractional changes
in the concentrations of Gck and Gckr, as shown by the
unusually high control strength of these proteins on glucose
metabolism (2—4). Consistent with the major role for Gck in
control of blood glucose homeostasis, transcription of the
Gck gene in the liver is induced by insulin and repressed by
glucagon (5). Type 2 diabetes is associated with defects in
hepatic glucose uptake and production (6-10), and a role for
defective Gck regulation or expression has been implicated
(8-10); however the underlying mechanisms are unresolved.

Liver Gck is a major determinant of the hepatic con-
centration of glucose 6-P, which is a linear function of the
free Gck activity (1). Conversely, glucose 6-phosphatase
(G6pc) is a major negative regulator of the hepatic glucose
6-P concentration (11,12). Several studies have shown that
high glucose concentration causes transcriptional activa-
tion of G6pc (13-17) concomitantly with induction of gly-
colytic and lipogenic genes (17). The latter is conventionally
rationalized as an adaptive mechanism to convert dietary
glucose to triglyceride for energy storage (17). Accordingly,
induction of G6pc, which promotes enhanced glucose pro-
duction, is generally viewed as a paradoxical response to
glucose (18). Various hypotheses have been proposed to
explain the possible adaptive advantage of the glucose in-
duction of G6pc in relation to blood glucose homeostasis
(18,19). However, overexpression of G6pc causes glucose
intolerance (20), which argues against an adaptive role for
G6pc induction in blood glucose homeostasis. An alternative
hypothesis is that glucose induction of G6pc is a mechanism
to maintain intracellular homeostasis of phosphorylated
intermediates as opposed to extracellular glucose. This
hypothesis predicts that high glucose concentration would
repress genes that promote expansion of the phosphome-
tabolite pool (Gck, Pckl) concomitantly with induction of
G6pc and PKIr (Fig. 1). This study provides evidence in
support of this hypothesis.

RESEARCH DESIGN AND METHODS

Reagents. S4048 (21) was a gift from Dr. D. Schmoll, Aventis, Pharma-GmbH,
Frankfurt, Germany.

Hepatocyte culture and treatment with adenoviral vectors. Hepatocytes
were isolated from male Wistar rats fed ad libitum (4), obtained from Bantin
& Kingman, Hull, U.K,, or from Harlan, Bicester, U.K. Procedures conformed
to Home Office regulations and were approved by the local ethics committee.
Hepatocytes were suspended in minimum essential medium (MEM) sup-
plemented with neonatal calf serum (5% v/v) and seeded on gelatin-coated
(1 mg/mL) multiwell plates. After cell attachment (4 h), the medium was replaced
by serum-free MEM containing 5 mmol/L glucose and 10 nmol/L dexamethasone,
and the hepatocytes were cultured for 18 h. Treatment with adenoviral vectors
was in serum-free MEM between 2 and 4 h after cell attachment. Adenoviral
vectors for Gek, Gekr, wild-type (WT) Max-like protein (Mlx) (MIx-WT), dominant-
negative (DN) MlIx (MIx-DN), carbohydrate response element binding protein
(ChREBP)-WT, and ChREBP-DN were described previously (4,17).
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FIG. 1. Hypothesis: glucose-regulated gene expression in the liver is
a mechanism for intracellular homeostasis of phosphorylated inter-
mediates. When the hepatocyte is challenged with elevated glucose,
the increase in the concentrations of phosphorylated intermediates
represses enzymes that catalyze the entry of substrate into the phos-
phometabolite pool (Gck and Pckl) and induces enzymes (G6pc and
Pklr) that catalyze depletion of phosphorylated intermediates. Gekr is
the inhibitor protein of Gck.

Incubations with substrates. Incubations for substrate-regulated gene ex-
pression were performed after preculture of the hepatocytes for 18 h in fresh
MEM containing 10 nmol/L. dexamethasone, 10 nmol/L insulin, 5 mmol/L glu-
cose (unless otherwise indicated), and the additions indicated. Parallel incu-
bations were performed for RNA extraction and metabolite determination.
mRNA decay was determined as described by Iynedjian et al. (22). Glucose
phosphorylation was determined from the metabolism of [2-*H]glucose (4).
Metabolites, enzyme activity, and immunoactivity. For cell metabolite
determination, the medium was drained and the plates were snap-frozen in
liquid nitrogen. The cells were extracted in 10% w/v perchloric acid, and the
deproteinized supernatant was neutralized with 3M K,COs. ATP was de-
termined with a luciferase assay kit (FL-AA; Sigma-Aldrich, St. Louis, MO), and
glucose 6-P was determined fluorimetrically (Ex 530 nm, Em 590 nm, Spec-
tramax, Meb) by coupling NAD(P)H formation to reduction of resazurin with
diaphorase (23). Uric acid accumulation in the medium was determined by
a colorimetric method involving reduction of ferric ion coupled to formation
of ferrous-tripyridyltriazine complex (24) and by a uricase-peroxidase assay
coupled to N-acetyl-3,7-dihydroxyphenoxazine conversion to resorufin (25).
Gck enzyme activity was determined as described previously (4). Immu-
noactivity was determined by Western blotting. Hepatocyte extract (20 pg
protein) was fractionated by SDS-PAGE and transferred to nitrocellulose.
Membranes were incubated overnight with antibodies against Akt-S473-P, Akt
total (Cell Signaling #9271, #9272), Gck, and Gckr (gifts from AstraZeneca)
and then for 1 h with horseradish peroxidase-labeled anti-rabbit IgG (Dako),
and immunoreactive bands were visualized by enhanced chemilumines-
cence and quantified by densitometry.

Protein turnover in vivo. Twenty-five hybrid (BALB/c X S57BL6/J, F1) male
laboratory mice provided all tissue samples. They were housed individually in
12-h light:dark reverse lighting. Two diets based on the 5002 Certified Rodent
Diet (LabDiet; Purina Mills, PMI, Richmond) were used, both containing an
equivalent quantity of valine (1.05%) as either unlabeled or [*Hg]valine. Mice
were acclimated to the unlabeled diet and monitored to assess food intake
prior to the labeling phase. The mice were then fed the [ZHg]Valine—containing
diet at a nominal relative isotope abundance of 0.5 for up to 35 days. Pairs
of animals were Kkilled at the intervals indicated, and liver proteins were
extracted (26), reduced with dithiothreitol (3 mmol/L, 10 min, 60°C) alkylated
with iodoacetamide (9 mmol/L, 30 min), and trypsin digested (0.01 wg/pL, 16 h,
37°C). The surfactant was inactivated and precipitated with trifluoroacetic
acid (0.5% v/v, 45 min, 37°C) and clarified by centrifugation (13,000g, 15 min).
Digests (500 ng protein) were analyzed on a Thermo LTQ-Orbitrap Velos
system using a 75 pm X 150 mm BEH C18 column, and the peptides were
resolved over a linear organic gradient of 3-40% acetonitrile in 0.1% v/v formic
acid. Data acquisition was in data-dependent mode, with the top 20 most in-
tense peptides in each mass spectrometry scan selected for fragmentation
(26). The raw data collected were processed using default parameters in
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FIG. 2. Glucose represses Gck expression concomitantly with induction
of G6pc and Pklr. Hepatocytes were precultured for 18 h in medium
containing 5 mmol/L glucose and then incubated for 4 h in fresh MEM
without (hatched line) or with 10 nmol/L insulin and 5 mmol/L (5) or 25
mmol/L glucose (25) without or with 2 pmol/L S4048 [(25)S]. A: Glu-
cose phosphorylation (GP, nmol/h mg protein) and glucose 6-P (G6P,
nmol/mg protein). B: mRNA levels of the target genes indicated
expressed relative to 5 mmol/L glucose without insulin (first bar).
Means = SEM, n = 3-6. *P < 0.05, **P < 0.01, ***P < 0.005, effect of
insulin; #P < 0.05, ##P < 0.01, ###P < 0.005, effect of substrate; *P <
0.05, **P < 0.01, ***P < 0.005, effect of S4048. ND, not determined.

Proteome Discoverer and the mgf file created was searched against the UniProt
Mus database using Mascot (v. 2.3.01).

Real-time RT-PCR. RNA was extracted in TRIzol (Invitrogen) (27), and cDNA
was synthesized from 1 pg of RNA with random hexamers and Superscript
(Invitrogen). Sybr-Green-based real-time RT-PCR was performed in a volume
of 10 pL containing 50 ng of reverse-transcribed RNA and 5 ng of forward and
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FIG. 3. Glucose metabolites repress Gck expression. A: Hepatocytes were incubated for 4 h with 10 nmoV/L insulin at 5 mmoVL (5) or 25 mmoV/L glucose
(25) —/+ 3 mmoV/L 5-thioglucose (5TG) for determination of glucose 6-P (G6P, nmol/mg protein) and Gck mRNA (expressed relative to 5 mmol/L glucose).
Means = SEM, n = 3. *P < 0.05, effect of 5-thioglucose; #P < 0.05, ##P < 0.01, effect of 25 mmol/L glucose. B: Hepatocytes were incubated for 4 h with
10 nmoV/L insulin and glucose (5, 15, or 35 mmoV/L) without (open bars) or with 2 pmol/L S4048 (filled bars) for determination of glucose 6-P (nmol/mg
protein) and Gek and Pklr mRNA plotted against the respective glucose 6-P. n = 3. *P < 0.05, **P < 0.01. C: Hepatocytes were incubated for 1 h with the
additions indicated [5 mmol/L (5) or 25 mmoVl/L glucose (25) or 25 mmoVL glucose + S4048 (25)S]. Immunoblots to Akt-S473-P and total-Akt, rep-
resentative of two experiments. D: Hepatocytes were preincubated for 4 h with 10 nmol/L insulin. Gck mRNA decay was determined as described in the
RESEARCH DESIGN AND METHODS With 5 mmol/L or 25 mmol/L glucose + S4048 [(25)S]. mRNA levels are expressed relative to time 0. Means = SEM, n = 4. E:
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reverse primers (Supplementary Table 1) in a Roche Capillary Light Cycler,
with initial denaturation at 95°C for 10 min followed by 40-50 cycles of 95°C
for 15s, 58°C for 7s, and 72°C for 15s. Relative mRNA levels were calculated by
the A cycle threshold method using as reference the RNA from the respective
control at 5 mmol/L glucose. A Cycle threshold values for cyclophilin tested as
a negative control were negligible for all substrate conditions tested.
Chromatin immunoprecipitation. Hepatocytes in 150 cm? dishes were in-
cubated for 4 h with substrates, and the incubations were terminated with
formaldehyde (1% v/v, 10 min, 37°C) followed by glycine (0.125 M, 5 min) to
terminate cross-linking. Chromatin immunoprecipitation (ChIP) assays were
performed using the Upstate Biotechnology ChIP assay kit (#17-295; Millipore,
Billerica, MA). Cells were washed in PBS, pelleted, and suspended in 3 mL
lysis buffer (1% SDS, 10 mmol/LL EDTA, 50 mmol/L Tris, pH 8.1) and sonicated
to give sheared DNA fragments between 100 and 1,000 bp. They were
centrifuged (13,000g, 10 min, 4°C), and 500 pL lysate was diluted 10-fold
in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mmol/L EDTA,
16.7 mmol/L Tris-HCl, pH 8.1, 167 mmol/L. NaCl). Supernatants were pre-
cleared with 75-uL protein A agarose/salmon sperm DNA (50% slurry), and cell
supernatants were incubated overnight (4°C) with 6 pg IgG against ChREBP
(NB400-135; Novus Biologicals, Littleton, CO), Mlx, or control IgG (sc-2027,
sc-14705; Santa Cruz Biotechnology, Santa Cruz, CA). Immune complexes
were collected by incubation with 120 pL protein A agarose/salmon sperm
DNA (ChREBP, IgG) or 120 pL protein G agarose/salmon perm DNA (Mlx) for
3h at 4°C. Agarose pellets were washed with low salt (#20-154), high salt
(20-155), LiCl (#20-156), and TE (#20-157) wash buffers for 5 min each with
rotation at 4°C. Immune complexes were eluted by addition of elution buffer
(1% SDS, 0.1M NaHCOs) for 30 min with rotation at room temperature, and
cross-links were reversed by addition of 5 M NaCl and heating at 65°C for 4 h.
Samples were then incubated with 0.5 M EDTA, 1 M Tris-HCl, pH 6.5, and
Proteinase K (P4850; Sigma, St. Louis, MO) for 1 h at 45°C. DNA was re-
covered by phenol/chloroform extraction and amplified by Touchdown real-
time PCR with primer sequences amplifying promoter regions of the Pklr and
Gck genes (Supplementary Table 1).

Analysis. Results are presented as means = SEM for the number of hepa-
tocyte isolations indicated. Statistical analysis was by paired ¢ test.

RESULTS

Glucose represses Gck concomitantly with induction
of Gekr and G6pc. To test the hypothesis that accumu-
lation of phosphorylated intermediates during exposure of
hepatocytes to elevated glucose concentration represses
Gck gene expression and induces enzymes that deplete
the phosphometabolite pool (Fig. 1), hepatocytes were
precultured in medium with 5 mmol/L glucose and then
incubated for 4 h in medium containing 10 nmol/L insulin
and either 5 mmol/L or 25 mmol/Li glucose or with an in-
hibitor of the glucose 6-P translocator (S4048) that en-
hances the accumulation of glucose 6-P by inhibiting its
hydrolysis (21). The rate of glucose phosphorylation was
sixfold higher at 25 mmol/L. compared with 5 mmol/L
glucose and was not affected by S4048, whereas glucose
6-P was increased fivefold by 25 mmol/L glucose and a
further fivefold by S4048 (Fig. 24). The mRNA levels of the
target genes shown in Fig. 1 were determined in parallel
incubation conditions and an additional incubation with-
out insulin (Fig. 2B, hatched line). Gck mRNA was mark-
edly increased by insulin, as expected (22), but it was
repressed by 25 mmol/L glucose and further repressed by
S4048. Expression of Gcekr, the inhibitor protein of Gck,
was induced by insulin and further induced by glucose.
The gluconeogenic enzymes G6pc and Pckl were both
repressed by insulin, but whereas Pckl was further re-
pressed by 25 mmol/L glucose, G6pc was induced and
further elevated by S4048. Expressions of the glycolytic

enzyme PKIr and the lipogenic enzyme Fasn were increased
by 25 mmol/L glucose and further enhanced by S4048
(Fig. 2B). The converse effects of glucose on Gck and
Pckl, which catalyze entry of substrate into the phospho-
metabolite pool as compared with induction of G6pc and
PKlr, is consistent with the hypothesis (Fig. 1).
Metabolite accumulation represses Gcek. To test for a
possible direct effect of glucose on Gck repression, we
used the hexokinase inhibitor 5-thioglucose to abolish the
elevation in glucose 6-P. Lack of effect of glucose on Gck
mRNA in the presence of b-thioglucose rules out a direct
effect of glucose (Fig. 3A). To determine whether glucose
repression of Gek shows a similar sensitivity to elevated
glucose 6-P as Pklr induction, hepatocytes were incubated
with S4048 and varying glucose concentration, and Gck
and Pklr mRNA were plotted against the respective glucose
6-P (Fig. 3B). The mRNA levels of both genes responded
sharply over a threefold increase in glucose 6-P above
basal with a smaller fractional change at higher metabolite
levels and showed a similar sensitivity of response. Insulin
induction of liver Gck is mediated by activation of Akt
(28). We therefore tested for effects of glucose (+ S4048)
on Akt activation. However phosphorylation of Akt was
not affected by glucose (+ S4048), indicating that Gck re-
pression is unlikely to be due to attenuated insulin sig-
naling (Fig. 3C). Gck mRNA decay was not affected by
25 mmol/L glucose (+ S4048) (Fig. 3D), and a comparison
of the time course (20-240 min) of Gck-mRNA primary
transcript and mature transcript after challenge with in-
sulin showed suppression of both transcripts at 256 mmol/L
glucose (+ S4048) (Fig. 3E), suggesting repression of tran-
scription.

Glucose-repression of Geck mRNA is dependent on Mlx.
Gene microarray studies on hepatocytes using MIx-DN
have demonstrated a major role for Mix in glucose in-
duction of gene expression but also indicated involvement
in gene repression (17). We tested for MIx involvement
in Gck repression by expression of MIx-DN and MIx-WT.
Appropriate viral titres were determined from expression
of PKlr, an established MIx-ChREBP target (17). Expression
of MIx-DN by sevenfold above endogenous (Fig. 4A4)
counteracted the glucose-induction of Pklr by ~70%, and
expression of MIx-WT (by sevenfold) partially reversed
the effect (Fig. 44). MIx-DN partially counteracted the in-
duction of G6pc and Gcekr and also the repression of Gck
and Pckl. These effects were partially reversed by MIx-WT
(Fig. 4A). The fractional contribution of MIx to the glucose
repression of Gck and Pckl was lower than for gene in-
duction (Fig. 4B).

We also tested the effects of ChREBP-WT and ChREBP-DN
on expression of Gck and other target genes. Expression
of ChREBP-WT mimicked the glucose-induction of PKlr,
Gb6pc, and Gekr (Fig. 5A), and ChREBP-DN attenuated
the induction of these genes (Supplementary Fig. 1). How-
ever, surprisingly, Gck expression was repressed by both
ChREBP-WT (Fig. 5A) and ChREBP-DN (Supplementary
Fig. 1).

Glucose stimulates recruitment of Mlx to the Gck
promoter. We performed ChIP assays to test for direct
binding of Mlx and ChREBP to the Gck promoter using

Time course (20-240 min) with insulin at 5 mmoV/L glucose or 25 mmol/L glucose + 2 pmol/L S4048. Gck-mRNA: mature transcript (M) and primary
transcript (P) expressed relative to time 0. Representative of three experiments. Gck-mRNA primary transcript after 4-h incubation with the
additions shown (fold change relative to control without insulin). Means + SEM, n = 4. *P < 0.05, effect of insulin; #P < 0.05, relative to 5 mmol/L

glucose + insulin; *P < 0.05, effect of S4048.
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at either 5 mmol/L glucose (5) or 25 mmol/L glucose + 2 pmol/L S4048
[(25)S]. A: mRNA levels expressed relative to untreated cells at 25 mmol/L
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effect of MIx-DN; #P < 0.05, effect of MIx-WT. B: Fractional contribu-
tion of MIx to glucose-regulated gene expression calculated from the
Mix-DN attenuation relative to the glucose response calculated from
the data in A.
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three sets of primers spanning regions from —411 to —25
(29). First, we confirmed that glucose stimulated recruit-
ment of both Mlx and ChREBP to a carbohydrate response
element—containing region of the Pklr promoter (Fig. 5B),
as shown previously in rat insulinoma cells (30). In the
same chromatin precipitates, glucose did not affect bind-
ing of ChREBP to the Gck promoter using the three primer
sets (Fig. 5C). However, glucose significantly increased
binding of Mlx to the Gck promoter using primers span-
ning from —145 to —25 but not with primers spanning
—411 to —199 and —239 to —111. The —145 to —25 region
contains a CACGTG element that binds Mlx heterodimers
with transcriptional repressors (31). These results support
glucose-dependent binding of MIx but not ChREBP to the
Gck promoter.

Immunoactivity and turnover of Geck and Gcekr. We
tested for effects of elevated glucose on Gck and Gckr
immunoactive protein. No effect was found at 24-h culture
(results not shown), but after 48 h, Gckr protein was in-
creased and the Gck-to-Gekr protein ratio was decreased
(Fig. 6A). The discordance between the rapid changes in
mRNA (Fig. 3) and the slow changes in protein could be
due to differences in mRNA (22) and protein turnover.
Because primary hepatocytes do not permit experiments
of longer duration because of dedifferentiation, we assessed
turnover of these proteins in vivo using dynanuc metabohc
labeling (26) by feeding mice a diet containing [2Hg]valine
for 35 days, and performed liver proteome analysis at dif-
ferent times (Fig. 6B). For Gckr, the peptide VIPTALLSLLLR
was used to define the rate of turnover, at 0.107 = 0. 009d !

a half-life of 6.5 days. Gck had a lower abundance than Gckr
and even the most intense peptides (ASGAEGNNIVGLLR
and LETHQEASVK) gave less intense signals, leading to
greater noise in the labeling curve. Nonetheless, the ﬁtbed
first-order curve yielded a rate constant of 0.15 = 0.008 d ~*

a half-life of 4.6 days. Given that the half-life of mouse hver
protein is less than a day, both Gck and Gekr would be
classified as low turnover. Moreover the rate of protein
turnover in rats (and humans) would be substantially lower
than in the mouse. Consequently, changes in protein ex-
pression in vivo would only be expected after chronic ex-
posure.

Metabolite homeostasis in hepatocytes is dependent
on Geck and G6pce activity. The hypothesis (Fig. 1) pre-
dicts that elevated Gck activity and/or decreased G6pc ac-
tivity compromises metabolite homeostasis. Depletion of
ATP in insulinoma cells during twenty-fold overexpression
of Gck has been demonstrated (32). We tested whether ti-
trated overexpression of Geck by 70% to fourfold above en-
dogenous, affects ATP and glucose 6-P homeostasis when
combined with G6pc inhibition with S4048. At endogenous
Gck, challenge with 25 mmol/L glucose for 4 h did not affect
cell ATP, whereas fructose lowered ATP by 32% between 30
and 60 min (P < 0.002) (Fig. 7A). Overexpression of Gck by
threefold or inhibition of G6pc activity with S4048 lowered
ATP (15-20% at 3060 min P < 0.001), whereas combined
S4048 and Gck overexpression caused more severe ATP
depletion (65% at 30 min, P < 0.001). Interestingly, the de-
cline in ATP was partially reversed by 240 min, despite
sustained elevation of glucose 6-P (Fig. 7B). Perturbation of
the activity of a single enzyme is predicted to cause larger
changes in metabolite concentration than in metabolic flux
(33). We confirmed that this is the case for Geck by com-
paring the effects of Gck overexpression on glucose phos-
phorylation, glucose 6-P accumulation, and ATP depletion
(Fig. 7C-E). Response coefficients represented by the slopes
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of double log plots (Fig. 7F) were higher for glucose 6-P
(1.56, 1.48) than for glucose phosphorylation flux (0.97, 0.53).
ATP determined at 60 min declined with Gck expression or
Go6pc inhibition (Fig. 7F) and correlated inversely with glu-
cose 6-P (Fig. 7G; r —0.963, P < 0.0001), confirming co-
ordinate roles for G6pc and Gck in metabolite homeostasis.
Uric acid production by hepatocytes is dependent on
glucose metabolism. The transient decline in ATP despite
sustained elevation in glucose 6-P (Fig. 7A and B) is most
likely due to a transient decline in cell inorganic phosphate

3116 DIABETES, VOL. 60, DECEMBER 2011

(Pi), as occurs with fructose loading (34-36). To test for
this possibility, we determined uric acid formation as an
index of cytoplasmic Pi depletion. Uric acid is the end
product of purine degradation in the human liver (Fig. 8A).
Degradation of adenine nucleotides to uric acid involves
conversion of AMP to inosine monophosphate by AMP
deaminase, which is allosterically inhibited by physio-
logical concentrations of Pi (37). The enzyme is activated
by Pi depletion (37), and consequently uric acid production
is a sensitive index of cell Pi depletion (38—40). Because
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ATP homeostasis. Hepatocytes were untreated or treated with three
titres of adenoviral vector for expression of Gck (by 1.7-4.4 fold relative
to endogenous Gck activity) and cultured for 18 h in MEM containing
5 mmol/L glucose as described in RESEARCH DESIGN AND METHODS. A and B:
Time course of hepatocyte ATP and glucose 6-P in untreated hepatocytes
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bols) incubated in MEM containing 25 mmol/L glucose without (25) or
with 2 pmol/L S4048 [(25)S] or with 5 mmol/L fructose (open triangle).
C-E': Rates of glucose phosphorylation (metabolism of [2-3H]glucose)
and cell glucose 6-P and ATP determined after 60-min incubation with
5 mmol/L or 25 mmol/L glucose without or with 2 pmol/L S4048, in
hepatocytes expressing endogenous Gck (1) or 1.7-4.4 Gceck over-
expression. Means + SEM, n = 4. *P < 0.05; **P < 0.005 relative to
corresponding ATP values at endogenous Gck activity. F: Double log
plot of glucose phosphorylation (open symbols) or glucose 6-P (filled
symbols) vs. corresponding Gck activity (data from C and D). G: ATP
vs. glucose 6-P (data from D and E).
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uric acid is further metabolized by uric acid oxidase to
S-allantoin in rat hepatocytes (Fig. 84), we used oxonic
acid, an inhibitor of uric acid oxidase, to measure uric acid
formation. Oxonic acid caused concentration-dependent
inhibition of degradation of exogenous uric acid (Fig. 8B),
and it increased endogenous uric acid accumulation dur-
ing incubation of hepatocytes with fructose (Fig. 8C).
In the presence of 0.5 mmol/L oxonic acid, the basal rate
of uric acid production was stimulated by fructose in a
concentration-dependent manner and to a lesser extent
by 25-35 mmol/L glucose (Fig. 8D). In the presence of 25
mmol/L glucose (Fig. 8F), uric acid production was en-
hanced by Gck overexpression and attenuated by Gcekr
overexpression, consistent with an effect of the Gek-to-Gekr
ratio on cell Pi homeostasis.

DISCUSSION

A defect in Gck expression or regulation has been blamed
for the reduced hepatic glucose uptake in type 2 diabetes
(8-10). Liver Gck activity is markedly suppressed in animal
models of diabetes, including the insulin-deficient strepto-
zotocin model and the insulin-resistant ZDF rat (41,42),
and this defect is either partially (41) or totally reversed (42)
by correction of the hyperglycemia with long-term treat-
ment for 24 weeks with inhibitors of renal glucose reab-
sorption (phlorizin or T-1095). However, a direct effect of
glucose on hepatic Gck expression has to our knowledge
neither been invoked nor demonstrated (5). Insulin and
glucagon are major regulators of Geck expression (5), and
impaired Gck expression in diabetes is generally attrib-
uted to defects in insulin secretion or action (42). Studies
in vivo cannot distinguish between direct regulation by
glucose and endocrine control. Consequently, the question
whether hyperglycemia per se through a direct effect of
glucose on the hepatocyte as distinct from changes in in-
sulin sensitivity is a factor in the Gck defect in diabetes
remains unsettled.

In this study, we tested the hypothesis that high glucose
represses the Geck gene through a direct effect on the he-
patocyte and concomitantly with the induction of G6pc
(13-16), and that this mechanism serves to preserve cell
phosphate homeostasis. We provide three sets of evidence
in support of this hypothesis. First, we demonstrate that
Gck is repressed by glucose at the mRNA level concomi-
tantly with the induction of G6pc. Secondly, we show that
S4048, an inhibitor of the glucose 6-P transporter, that
causes marked elevation of glucose 6-P, potentiates the
glucose-induction of G6pc and the repression of Gck. Be-
cause S4048 has negligible effect on glucose phosphory-
lation flux (Fig. 2), this supports a mechanism triggered by
metabolite accumulation rather than metabolic flux. An
effect of S4048 on Geck mRNA repression in vivo has been
demonstrated (43,44). However, since S4048 causes acute
hypoglycemia, these in vivo studies could not resolve the
effects of metabolite accumulation from secondary endo-
crine changes induced by hypoglycemia. Thirdly, we show
that although insulin induces both Gck and its inhibitor
protein, Gckr, glucose has converse effects on Gck (re-
pression) and Gckr (induction) with a consequent de-
crease in the Gck-to-Gekr ratio at both the mRNA (at 4 h)
and protein (after 48 h) levels. Previous studies have
shown that both Gck and Gckr have very high control
strengths on hepatic glucose metabolism and that small
fractional changes in either protein have a major influence
on hepatic glucose disposal (2-4). Thus, a decrease in the
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hepatic Gck-to-Gekr protein ratio induced by elevated glucose tolerance and fatty liver may share the same
glucose is predicted to cause a rightward shift in the he- triggering stimuli. However, despite the similar sensitivity
patic response to glucose concentration (1), providing an to metabolite accumulation between Gck repression and
explanation for the defect in glucose uptake in type 2 di- Pklr induction (Fig. 3B), our study provides evidence, based
abetes (10). We show that changes in the Gck-to-Gekr on expression studies with MIx-DN and chromatin immu-
protein ratio are much slower than mRNA changes but noprecipitation assays, for involvement of Mix but not
also that both Geck and Gckr are low-turnover proteins. ChREBP in glucose repression of Gek. The latter showed
Moreover, the rate of protein turnover in the rat, and more that glucose caused the recruitment of Mlx to the Gck
so in humans, would be substantially lower than in the promoter using primers spanning the —145 to —25. This
mouse. Thus, glucose regulation of the Gck-to-Gekr ratio region contains a CACGTG element that binds Mlx het-
would be expected to occur following chronic rather than erodimers with transcriptional repressors of the Mad
acute exposure to hyperglycemia. Direct evidence for a family (Mxdl and Mxd4) and Mnt (31). Identification
pathological role for this mechanism therefore poses a of the Mix partner and the mechanism(s) that links glu-
major challenge. Nonetheless, it is accepted that induction cose metabolism with recruitment of Mlx to the Gck
of glycolytic (Pklr) and lipogenic genes (Fasn) by glucose promoter is important to understanding Gck regulation
via MIx-ChREBP is a major contributing factor to fatty in diabetes.

liver (17). The apparent similar sensitivity of Geck repres- Induction of G6pc and elevation in the Gekr-to-Gek ratio
sion and Pklr induction to metabolite accumulation sug- by elevated glucose protects against excessive accumula-
gests that these mechanisms would be activated in similar tion of phosphorylated intermediates of glucose metabolism.
pathophysiological states and, accordingly, that impaired The hepatic concentration of glucose 6-P is approximately
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twofold higher in the ad libitum-fed state compared with
the fasted state (45). However, a high-carbohydrate meal
after a 48-h fast causes a far greater elevation in metabolic
intermediates (45). Chronic meal feeding may enable adap-
tive regulation of gene expression to buffer metabolite ac-
cumulation. A key consequence of rapid accumulation of
phosphorylated intermediates is the acute depletion of Pi
(34-37), resulting in degradation of adenine nucleotides to
uric acid (37—40). Two metabolic situations in which se-
vere Pi imbalance occurs in humans are fructose loading
(34,36,38,39) and deficiency of G6pc in glycogen storage
disease type 1 (46). Both are characterized by depletion
of liver ATP and elevated uric acid production. We show
that moderate overexpression of Gck in hepatocytes above
endogenous levels causes ATP depletion and enhanced uric
acid production at elevated glucose. Inhibition of G6pc with
S4048 further enhances these effects, confirming the role of
G6pc in buffering the concentrations of phosphorylated
intermediates. The attenuation of uric acid production by
Gckr overexpression indicates a protective role of this
Gck inhibitor in preserving homeostasis of phosphorylated
metabolites. These results provide a potential explanation
for the recent demonstration of an association between an
intronic single nucleotide polymorphism (rs780094) in the
Gcekr gene and elevated serum urate levels (47,48). The
minor T-allele is associated with lower fasting glucose and
raised triglycerides and uric acid levels. The low glucose
and high triglyceride predicts increased Gck activity, and
the elevated urate is consistent with the present finding
that endogenous urate production by hepatocytes is influ-
enced by the Gck-to-Gekr ratio.
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