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The Carbohydrate response element binding protein, ChREBP encoded by the MLXIPL
gene, is a transcription factor that is expressed at high levels in the liver and has a
prominent function during consumption of high-carbohydrate diets. ChREBP is activated
by raised cellular levels of phosphate ester intermediates of glycolysis, gluconeogenesis
and the pentose phosphate pathway. Its target genes include a wide range of enzymes
and regulatory proteins, including G6pc, Gcekr, Pkir, Prkaal,2, and enzymes of
lipogenesis. ChREBP activation cumulatively promotes increased disposal of phosphate
ester intermediates to glucose, via glucose 6-phosphatase or to pyruvate via glycolysis
with further metabolism by lipogenesis. Dietary fructose is metabolized in both the
intestine and the liver and is more lipogenic than glucose. It also induces greater
elevation in phosphate ester intermediates than glucose, and at high concentrations
causes transient depletion of inorganic phosphate, compromised ATP homeostasis and
degradation of adenine nucleotides to uric acid. ChREBP deficiency predisposes to
fructose intolerance and compromised cellular phosphate ester and ATP homeostasis
and thereby markedly aggravates the changes in metabolite levels caused by dietary
fructose. The recent evidence that high fructose intake causes more severe hepatocyte
damage in ChREBP-deficient models confirms the crucial protective role for ChREBP in
maintaining intracellular phosphate homeostasis. The improved ATP homeostasis in
hepatocytes isolated from mice after chronic activation of ChREBP with a glucokinase
activator supports the role of ChREBP in the control of intracellular homeostasis. It is
hypothesized that drugs that activate ChREBP confer a protective role in the liver
particularly in compromised metabolic states.
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CHREBP —A TRANSCRIPTION FACTOR
ACTIVATED BY DIETARY
CARBOHYDRATE

The liver has a central role in carbohydrate metabolism by net
production of glucose by glycogenolysis and gluconeogenesis in
the post absorptive state to maintain blood glucose homeostasis
and net uptake of dietary sugars after a meal when the products
of dietary carbohydrate digestion comprising glucose, fructose
and other sugars are absorbed from the intestine into the portal
vein and transported directly to the liver. The Carbohydrate
response element binding protein ChREBP, is a transcription
factor that is adaptively expressed in the liver in response to high
dietary carbohydrate loads and it is also expressed in the
intestine, kidney, adipose tissue, and pancreatic B-cells (1-3). It
was first purified from livers of rats fed a high carbohydrate diet
in a search for the mechanism by which the liver pyruvate kinase
gene (Pklr) is induced by high glucose (1). Prior work had
identified several genes including Pklr and enzymes of
lipogenesis that are induced in hepatocytes by high glucose,
independently of insulin through a consensus sequence (ChoRE,
carbohydrate response element) composed of two enhancer (E)-
boxes (CANNTG) separated by five nucleotides (4, 5). ChREBP
is commonly described as a “lipogenic transcription factor” that
mediates the conversion of glucose into lipid in liver, adipose
tissue, and pancreatic B-cells or as a “glucose-sensor” because it is
activated in liver and pancreatic B-cells in response to elevated
glucose (6, 7). Genome-wide analysis of ChREBP binding sites in
mouse liver and white adipose tissue identified thousands of
candidate target genes, some of which are consistent with a
lipogenic role whereas others, which remain to be functionally
validated, implicate more diverse functions (8). One proposed
function for ChREBP is in maintenance of cellular ATP and
metabolite homeostasis (9, 10). Although this function is
expected to be ubiquitous, it has a particularly important role
in the liver which is exposed to a wider and more variable
concentration range of glucose and fructose than extrahepatic
tissues, because the products of carbohydrate digestion that are
absorbed from the gut are delivered directly to the liver via the
portal vein. Here we review recent evidence for the role of
ChREBP in metabolite homeostasis in liver.

CHREBP STRUCTURE AND ISOFORMS

ChREBP, also known as MondoB, and its close paralog MondoA,
which is expressed at high levels in muscle, are members of the
Myc-Mlx superfamily of basic helix-loop-helix leucine zipper
transcription factors. Both ChREBP and MondoA bind to the
DNA E-boxes by forming heterodimers with Mlx (Max like
protein X). Accordingly, the gene names of MondoA and
ChREBP are Mixip (Mlx interacting protein) and Mixipl (Mlx
interacting protein like), respectively (11).

ChREBP is a large ~100 kDa protein comprising a DNA
binding domain in the C-terminal region and nuclear import and
export signals in the N-terminal region which interact with

importins and the scaffolding protein 14-3-3 during shuttling
between the cytoplasm and nucleus. The N-terminal segment
contains regions conserved in Mondo homologs that comprise a
low glucose inhibitory domain (LID) that controls a glucose
response activation conserved element (GRACE) which mediates
transcriptional activation (12). ChREBP (full-length) translocates
at high glucose from the cytoplasm to the nucleus and
conformational changes in the LID and GRACE modules allow
its binding to the ChoRE elements on target genes and
recruitment of co-regulators. This model was supported by a
truncated form of ChREBP lacking the N-terminal 1-196 residues
(containing the inhibitory domain) which is constitutively active
at low glucose (13, 14). For detailed reviews see (6, 7).

A key breakthrough in understanding ChREBP function
came with the identification by Herman and colleagues of a
second shorter isoform, termed ChREBP-f, resulting from
alternative splicing at a new exon-1B, with a different
promoter and transcription start site at exon-4 resulting in a
shorter protein (687 vs. 864 amino acids) than the full-length
ChREBP which is now called ChREBP-o (15). The B-isoform
shows some functional similarities to the truncated ChREBP
lacking the autoinhibitory domain (667 amino acids) in being
constitutively nuclear and thereby fully active at low glucose (15).
This contrasts with ChREBP-o which is predominantly present
in the cytoplasm and translocates to the nucleus only during
metabolite challenge (16). The ChREBP- isoform was first
identified in adipose tissue but later confirmed to be expressed
in liver, intestine, kidney and pancreatic B-cells though not in
skeletal muscle (17-20). Intriguingly, a comparison of the
functional ChoRE sites of ChREBP-f in adipocytes, liver and
pancreatic B-cells found that liver and B-cells share a common
ChoRE element that is further upstream from the ChoRE that is
active in adipocytes and adipose tissue (19), indicating tissue-
specific transcriptional regulation of ChREBP-f, but also
similarities between liver and pancreatic 3-cells.

CHREBP- MRNA—A BIOMARKER OF
CHREBP ACTIVATION

The expression of ChREBP-f is driven by a ChoRE and
accordingly by substrate-mediated translocation of ChREBP-o.
into the nucleus (15, 19). What has been more challenging to
unpick is the role of ChREBP-J in auto-regulation of ChREBP-o.
and ChREBP-f (19, 20) and also the relative roles of ChREBP-o.
and ChREBP-f on the downstream target genes (8, 21).

Prior to the discovery of the ChREBP-f isoform, ChREBP
mRNA levels in liver or isolated hepatocytes were found to be
modestly (< 2-fold) raised in conditions of markedly elevated
glucose 6-P as occurs in experimental models of high glucose or
glucose 6-phosphatase deficiency (22). However, selective
measurement of ChREBP-f versus ChREBP-o0 mRNA showed
in most cases greater fold-changes in ChREBP-f than ChREBP-
o during metabolic activation in adipose tissue, liver, intestine,
and pancreatic B-cells. In mouse adipose tissue ChREBP-3 was
more responsive to overnight fasting and refeeding and to
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overexpression or downregulation of Glut4 (15). In mouse liver,
dietary glucose or fructose and glucokinase activator (GKA)
drugs caused 4-8-fold elevation in ChREBP-f mRNA with
little change in ChREBP-0. mRNA, with similar responses in
mouse hepatocytes challenged with sugars and GKAs (23, 24).
Interestingly in rats, fasting and refeeding caused a 40-fold
increase in ChREBP-B (25). It is noteworthy that Gck mRNA
also shows several-fold larger changes in rat compared with
mouse hepatocytes (24, 26, 27) but whether this is due to
intrinsic species differences or to differences in the severity of
nutritional state remains unclear.

Two elegant complementary studies on the ChREBP-f3
isoform in pancreatic B-cells using si-RNA to selectively target
the ChREBP-B transcript, showed that the latter isoform
mediates glucose-induced B-cell proliferation and induction of
ChREBP target genes (19) but it also exerts negative feedback on
ChREBP-0. mRNA and on downstream ChREBP target genes
(20). These studies also showed a remarkably wide variability in
the ChREBP-B to ChREBP-oo mRNA ratio as a function of
extracellular glucose concentration in islet and B-cell models
(19) and in various mouse models of diabetes (20). Zhang and
colleagues (19) showed ~8-fold lower ChREBP-3 to ChREBP-o.
in the proliferating rat INS-1E B-cell line but far lower ratios
(> 1000-10,000 fold) in rat and human islets. Correspondingly,
the fold increment in ChREBP-B mRNA during glucose
challenge paralleled the fractional initial value ranging from
8-fold to 1000-fold for the B-cell line and islets, respectively.

The expression of ChREBP-f is driven by both ChREBP-a.
which is activated by high glucose and by ChREBP-f itself
(which is constitutively nuclear and active) through a positive
feed-back loop resulting in a sustained increase in ChREBP-P3
mRNA in conditions of high glucose (19). The elevated
ChREBP-B protein in turn also causes repression of ChREBP-o.
at mRNA and protein levels and also of downstream target gene
expression (Pklr, Txnip, Accl) (20). This implicates a role for the
ChREBP-o to ChREBP- ratio in the regulation of downstream
target genes and it also supports a role for raised ChREBP-
mRNA levels as a marker of ChREBP-0 activation (Figure 1). In
human adipose tissue and liver, ChREBP-B mRNA levels
correlate with the expression of ChREBP target genes (15, 28,
29), and in adipose tissue ChREBP-f3 levels also correlate with
insulin sensitivity (28, 29) whereas in liver raised ChREBP
expression correlates with insulin resistance (29), most likely
because ChREBP target genes include G6pc and Gckr (23, 27, 30),
and induction of these genes predicts impaired hepatic glucose
clearance (9).

THE METABOLITE SIGNAL FOR CHREBP-a
TRANSLOCATION TO THE NUCLEUS
AND ACTIVATION

The Case for Glucose 6-P and the
Inefficacy of 2-Deoxyglucose 6-P

ChREBP-o translocates to the nucleus in conditions of high
glucose (16). However, the molecular signaling events are not

resolved. Glucose per se is ineffective because mannoheptulose
and 5-thioglucose which inhibit glucose phosphorylation block
the induction of ChREBP target genes by high glucose (5, 27, 30).
Inhibitors of glucose 6-phosphatase which markedly raise
phosphate ester intermediates (30) implicate a mechanism
linked to raised intracellular metabolites rather than metabolic
flux, although the latter cannot be unequivocally excluded.
Although these studies show a correlation with elevated
glucose 6-P, linked metabolites such as fructose 6-P, fructose
2,6-P,, and downstream intermediates of glycolysis cannot be
excluded (30, 31). A role for glucose 6-P in ChREBP activation is
widely inferred based on bioinformatic (32) and other
considerations (33, 34). However, the glucose analogue 2-
deoxyglucose, which is phosphorylated on the 6-position by
glucokinase but is not further metabolized by glycolysis, has
modest effects on ChREBP activation in proliferating B-cells
compared with high glucose (34, 35), and is totally ineffective in
parenchymal hepatocytes (5, 30, 31), despite accumulating to
high intracellular levels and particularly when combined with an
inhibitor of glucose 6-phosphatase (30, 31). This total lack of
efficacy of 2-deoxyglucose on ChREBP target gene induction in
hepatocytes rules out an exclusive role for glucose 6-P although it
does exclude a contributory role in conjunction with other
metabolites or covalent modification mechanisms.

Xylulose 5-P and Fructose 2,6-
Bisphosphate

The induction of ChREBP target genes including Pklr and G6pc
in cell models is not confined to high glucose, but other substrates
that bypass glucokinase such as xylitol, dihydroxyacetone and
fructose can mimic high glucose, implicating other candidate
metabolites (30). Uyeda and colleagues identified xylulose 5-P as
an activator of a type 2A protein phosphatase that dephosphorylates
ChREBP and proposed that raised xylulose 5-P in conditions of
high glucose activates ChREBP through dephosphorylation (36).
Other studies showed that dephosphorylation alone is insufficient
for high-glucose activation (33). The xylulose 5-P sensitive
phosphatase also dephosphorylates the bifunctional enzyme
PFKFB1 (phosphofructokinase-2/fructose bisphosphatase-2) that
generates and degrades the signaling metabolite, fructose 2,6-P,
(37). This is synthesized by PFKFBI from fructose 6-P and its levels
in hepatocytes correlate with hexose 6-P in conditions of basal
cAMP (30, 38). In conditions of raised glucagon levels, protein
kinase A mediated phosphorylation of Ser32 inhibits the kinase
activity and PFKFB1 thereby functions as a bisphosphatase
converting fructose 2,6-P, to fructose 6-P. Expression of a kinase-
deficient bisphosphatase active variant of PFKFBI to deplete
fructose 2,6-P, abolishes ChREBP activation in conditions of high
glucose or gluconeogenic precursors, implicating an essential role
for raised fructose 2,6-P, in ChREBP activation (30, 38). This
indicates an additional role of xylulose 5-P in ChREBP activation
through raised fructose 2,6-P, (37). Unlike intermediates of the
glycolytic pathway which cannot be modulated independently of
proximal or distal metabolites (31), fructose 2,6-P, can be
modulated more selectively because it is a dead-end metabolite,
derived from and degraded to fructose 6-P. It is noteworthy,
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Glucose
Fructose >

however, that fructose 2,6-P, could only be modulated in conditions
of raised glucose 6-P or triose phosphates and therefore additional
co-ordinate roles for glucose 6-P or other metabolites cannot be
excluded (30, 38).

Inhibitory Metabolites Favoring ChREBP
Sequestration in the Cytoplasm

Various metabolites have been identified that promote
sequestration of ChREBP in the cytoplasm including the
ketone bodies, 3-hydroxybutyrate, and acetoacetate which are
elevated during fatty acid mobilization from adipose tissue (39)
and raised AMP levels, which occur in liver during fasting in
conjunction with a decrease in the ATP/ADP ratio (40). AMP
was shown to bind to the bimolecular complex of ChREBP and
the targeting protein 14-3-3 but not to either protein in isolation
and may thereby favor sequestration of ChREBP bound to 14-3-3
in the cytoplasm (40). This effect of raised AMP may in part
contribute to the inhibition of recruitment of ChREBP to the
nucleus by metformin in conditions of high glucose (41, 42). Cell
metformin levels within the therapeutic range inhibit the high-
glucose mediated induction of ChREBP target genes, in
conjunction with lowering of glucose 6-P and fructose 2,6-P,
(41, 42). Accordingly, multiple metabolites including lower
glucose 6-P and fructose 2,6-P, and raised AMP may all be
involved in the counter-regulatory effect of metformin on the
glucose activation. The inhibitory effect of AMP on ChREBP
translocation could also explain why in hepatocytes fructose is less
effective than high glucose in ChREBP target gene induction (41).

Covalent Modification of ChREBP: Role
for Acetylation in Activation

ChREBP is phosphorylated by protein kinase-A on residues
within the N-terminal (S196) region that has the nuclear
export and import sequences and within the DNA binding
domain (5626, T666). Phosphorylation affects the binding to

- SN+
h-B N
1 - )
+! A Ch-p 1 Ch-a
vicha | : i [
o :
1
1
i+
chg Y Cépc, Pkir, Gckr
Ch-a |
ChoRE

FIGURE 1 | Metabolite-mediated activation of ChREBP-o. and induction of ChREBP-B. Substrates that raise cellular levels of hexose-phosphates (CgP) and triose-
phosphates (C3P) cause translocation of full-length ChREBP-a. from the cytoplasm to the nucleus and binding to upstream (ChREBP-) and downstream (ChREBP-o)
ChoREs of the ChREBP gene and to ChoREs of various ChREBP target genes G6pc, Pkir, and Gekr. ChREBP-B which unlike ChREBP-a. is present constitutively in
the nucleus exerts positive feedback on its own promoter but negative feedback on the downstream ChREBP-o. promoter. This accounts for the modest changes in
ChREBP-o. mRNA levels in comparison with ChREBP- mRNA during high glucose activation.

importin proteins which promote translocation to the nucleus
and also promotes binding to 14-3-3 which favors sequestration
in the cytoplasm (43). Covalent modification by O-
GlcNAcylation promotes stabilization from degradation (44)
but does not seem to be involved in activation. Modification by
acetylation of Lys672 within the DNA binding domain catalyzed
by the histone acetyl transferase coactivator P300 has been
implicated in activation of ChREBP in hepatocytes (45). It was
proposed that models of insulin resistance characterized by
activation of protein kinase-A promote inhibition of the salt-
inducible kinase (SIK) which in turn promotes activation of the
acetyltransferase P300 enhancing ChREBP acetylation (45).

Acetylation on Ne-lysine residues is of particular interest as a
mechanism for ChREBP activation because it is an additional
link to metabolite control via cellular levels of acetyl-CoA and
the NAD"/NADH redox state (46). There are 22 lysine
acetyltransferases (KAT) in five major families of which P300
has been one of the most intensely studied and there are 18 lysine
deacetylases (KDAC) of which the NAD"-dependent sirtuins
have been the most studied (46). Acetylation is dependent on the
level of substrate, acetyl-CoA, and deacetylation on the level of
NAD" and thereby on the NAD"/NADH redox state. Raised
acetyl-CoA is expected in conditions of substrate overload with
high glucose, fructose, xylitol or ethanol, all of which are known
to cause ChREBP activation (24, 47, 48). Depletion of NAD",
occurs with reduced substrates such as xylitol and ethanol and is
further enhanced when the malate aspartate shuttle which
transfers NADH reducing equivalents from the cytoplasm to
the mitochondria is inhibited with amino-oxyacetate (42). In
hepatocytes ChREBP is very strongly activated by xylitol in
combination with inhibition of malate aspartate shuttle despite
modest elevation in hexose phosphates (24). The represents an
analogous metabolic state as occurs with ethanol (47, 48)
supporting a potential role for acetylation in mediating the
effects of other reduced substrates like xylitol.
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INSIGHTS INTO CHREBP FUNCTION
FROM CHREBP-KNOCK DOWN MODELS

Genome-wide association studies have identified variants in the
Mlxipl gene that associate with blood lipids, markers of liver
disease and inflammation (49-51). However, there is limited
information on how these variants affect ChREBP function. Most
of the studies using ChREBP knock-down models have provided
evidence for a protective role for ChREBP in liver function
(Figure 2), particularly during challenge with a fructose-
containing diet (52-56) or in other compromised metabolic
states such as glucose 6-phosphatase deficiency (57). ChREBP
knock-down studies have used either total ChREBP deletion (23,
52, 53, 58) or liver-selective models generated by crossing
ChREBP* mice with albumin-Cre transgenic mice
(LiChREBP™") (17, 54, 55) or by short-term ChREBP knock-
down using antisense oligonucleotides (56) or shRNA with
adenoviral vectors (57, 59). While the focus of the earlier
studies was on the liver, ChREBP is also important in the
intestine (17) and in adipose tissue (60). In adipose tissue,
ChREBP has a co-ordinate role with the adaptive glucose
transporter Glut4 which is activated by insulin leading to
increased transport of glucose and phosphorylation to generate
glucose 6-P, which is further metabolized by glycolysis and
lipogenesis (15). Selective knock-down of ChREBP in adipose
tissue results in impaired Glut4 activation by post-transcriptional
mechanisms supporting a requirement for ChREBP for
enhanced glucose metabolism in adipose tissue (60).
Total-ChREBP”~ models are more susceptible to fructose-
induced toxicity than LiChREBP”" as shown by the high
mortality when transferred to diets high in fructose or sucrose
(17,52, 61, 62). This is due to ChREBP deficiency in the intestine
which results in compromised fructose absorption,
gastrointestinal stress, inflammation, and food aversion (17).
The intestine expresses all the enzymes required for fructose
metabolism by the “Hers pathway” (63), namely the liver isoform
of ketohexokinase (Khk-C), aldolase B (Ald-B), and triose kinase
(Tkfc), as well as fructose 1,6-bisphosphatase (Fbp1) and glucose
6-phosphatase (G6pc) enabling conversion of triose phosphates
to glucose (17, 61). The respective genes together with Slc2a5,
encoding the fructose transporter Glut5, are all induced in the
intestine during chronic consumption of high-fructose diets (61).
This fructose-induced gene induction is dependent on ChREBP
as shown by the blunted induction in global or intestine-selective
ChREBP”" models (17, 61). Whereas wild-type mice respond to
diets enriched in fructose or sucrose by increased food intake, the
global and intestine-selective CRREBP™~ mice decrease their food
intake by up to ~70% compared with ~25% decrease for
LiChREBP™ (17, 61). Strong aversion to dietary fructose also
occurs in mouse models of fructose malabsorption due to
deficiency in Glut5, ketohexokinase, and triose kinase (64-66).
Key insights into the roles of intestinal fructose metabolism or
absorption and food aversion have emerged from studies using
stable isotopes combined with knock-down of genes essential for
fructose metabolism (66, 67). Jang and colleagues determined
intestinal fructose metabolism and absorption, by oral gavage of

mice with equimolar loads of '*C-labeled fructose and glucose
ranging from 0.2 to 2 g/kg body weight and analysis of *C-
labeled substrates in the portal vein (67). This showed that
intestinal fructose metabolism saturates at ~0.5g/kg body
weight, whereas fructose absorption into the portal vein
saturates around 2 g/kg body weight. During fructose gavage,
fructose 1-P the first intermediate of fructose metabolism
accumulates to higher levels in the intestine (> 6 nmol/mg
protein) than in liver (67) or in hepatocytes challenged ex vivo
with high fructose (68). This could be explained by the high
fructose concentrations in the gut lumen and the high capacity of
the intestinal epithelium for uptake of fructose (via Glut5) and
inorganic phosphate (64, 69), whereas fructose metabolism in
hepatocytes is limited by the capacity of the fructose transporter
(70) and by hepatic uptake of inorganic phosphate (Pi), as shown
by the acute depletion of liver cytoplasmic Pi which in turn leads
to compromised mitochondrial ATP production (71). At low
doses of dietary fructose that do not exceed the intestinal
capacity for fructose metabolism (< 0.5 g/kg in rodent
equivalent to 3 g per person in man (67)) the exposure of the
liver to fructose is in the micromolar range (< 0.2 mM) (67).
Fructose concentrations of 50-200 uM do not cause hepatic ATP
depletion (72) but can maximally activate liver glucokinase by
dissociating it from the glucokinase regulatory protein resulting
in stimulation of glycogen synthesis and glycolysis (73, 74).
Estimates of sugar consumption in man range from 8%-20%
by energy or 30-100 g sucrose/per day (75). If intestinal fructose
metabolism in man saturates at equivalent levels as in rodents,
when normalized for energy intake (67), then Western diets with
a high sugar intake (75) would exceed the capacity for intestinal
fructose metabolism resulting in liver exposure to millimolar
fructose, which causes ATP depletion (71).

Studies on LiChREBP”" models from three independent
groups have shown that during challenge with high-fructose or
high-sucrose diets the ChREBP deficiency in liver associates with
raised plasma alanine aminotransferase (ALAT) activity, a
marker of hepatocyte damage, establishing a protective role for
hepatic ChREBP in fructose metabolism (17, 54, 55). Various
hypotheses can be considered for ChREBP-mediated protection
from fructose-induced liver damage. One proposed hypothesis is
that ChREBP attenuates cholesterol biosynthesis by promoting
SREBP2 degradation (53). This was supported by raised liver
cholesterol levels in a global-ChREBP”~ model and lowering of
cholesterol by ChREBP overexpression (53). However in
LiChREBP”" models on high-fructose diets, liver cholesterol
was either decreased or unchanged despite raised ALAT (17,
54, 55). Raised hepatic cholesterol in global—ChREBP’/’ (53), may
be linked to endotoxemia consequent to intestinal dysfunction
and inflammation as was observed in intestinal-ChREBP”~ mice
(17). A further hypothesis is that ChREBP attenuates
accumulation of hepatic triglycerides and diacylglycerides by
promoting triglyceride secretion (54, 56, 57). However, the raised
ALAT in the LiChREBP”" did not associate with raised liver
triglycerides or diacylglycerides (17, 54-56), implicating
mechanisms other than cholesterol, triglyceride or diacylglyceride
accumulation in the ChREBP-mediated protection.
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FIGURE 2 | Predicting ChREBP function in liver from ChREBP-knock down models. Liver-selective or global ChREBP deletion mouse models have attenuated
mRNA levels of ChREBP target genes, raised hexose phosphate (CgP) and triose phosphate (C3P) esters, increased glycogen storage and decreased lipogenesis
and hepatic triglyceride secretion. They also have impaired hepatic ATP homeostasis. This predicts a role for ChREBP in protecting from liver damage by
carbohydrate overload through induction of ChREBP target genes and attenuated glycogen storage and improved phosphate ester and ATP homeostasis.

One consistent finding on liver metabolic intermediates from
ChREBP-deficient models irrespective of whether global, liver-
selective or short-term repression is raised phosphate ester
intermediates of glycolysis including glucose 6-P and
phosphoenolpyruvate (17, 55, 58, 59) and of the pentose
phosphate pathway (57) but not UDP-glucose (17, 55) or
fructose 2,6-P, (58). The target genes of ChREBP include G6pc
(23, 30) and the pentose phosphate pathway enzymes (8). The
raised levels of the substrates of these enzymes are consistent
with a role for ChREBP in maintaining cellular homeostasis of
the intermediates (10). One candidate link to the raised
phosphate esters is enhanced glycogen storage through
allosteric activation of glycogen synthase (76) and inactivation
of glycogen phosphorylase by the raised glucose 6-P levels (77).
Raised liver glycogen levels in ChREBP knock-down models
have been shown on both starch-containing and fructose-
containing diets (22, 23, 55, 58, 59) and a role for excessive
glycogen accumulation in hepatoxicity was inferred from the
correlation between hepatic glycogen levels and raised ALAT in a
LiChREBP”" model on a high-fructose diet (55).

Another mechanism linked to compromised phosphate ester
homeostasis particularly during fructose challenge which results

in rapid elevation in fructose 1-P (23), is the acute lowering of
hepatic ATP (71, 72). This is explained by sequestration of
phosphate in fructose 1-P and triose phosphates, depleting
inorganic Pi (78), which is a substrate for mitochondrial
oxidative phosphorylation, resulting in a decrease in the ATP/
ADP ratio and raised AMP through the adenylate kinase
equilibrium. The raised AMP is degraded to inosine and then
to uric acid (72). In a short-term ChREBP knock-down rat
model, fructose feeding was associated with raised plasma uric
acid (56) implicating compromised hepatic ATP homeostasis
(72) in ChREBP deficiency. It is noteworthy that in rodents as in
most species other than primates that lack uric acid oxidase, the
uric acid is further metabolized to allantoin and elevation in
hepatic urate production may not be apparent from plasma urate
levels (72). Compromised ATP homeostasis also occurs in global
ChREBP”" mice in conjunction with a reduced cytoplasmic
NADH/NAD redox state (52) and in LiChREBP”" mice on
either a control or a high-fructose diet (55), and this effect was
reversed by Pklr overexpression implicating a role for this
ChREBP target gene in phosphate homeostasis (55).
Production of reactive oxygen species is implicated in the
hepatic dysfunction linked to high-fructose diets (66). During

Frontiers in Endocrinology | www.frontiersin.org

November 2020 | Volume 11 | Article 594041


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Agius et al.

The Protective Role of ChREBP

fructose metabolism, glyceraldehyde generated from fructose 1-P
by aldolase B cleavage can be metabolized by either of three
enzymes: triose kinase (Tkfc) which generates glyceraldehyde 3-P;
aldehyde dehydrogenase (Aldh) which oxidizes glyceraldehyde to
glycerate; and alcohol dehydrogenase (Adh) which generates
glycerol (63). Based on the lower affinity of Aldh and Adh for
glyceraldehyde compared with triose kinase, Sillero and colleagues
(63) proposed a hierarchy of mechanisms whereby triose kinase
has a predominant role at low glyceraldehyde whereas Aldh and
Adh have more prominent roles at raised glyceraldehyde when
triose kinase becomes rate limiting. Liu and colleagues showed
that selective deletion of triose kinase in liver causes decreased
partitioning of fructose to lipogenesis and increased production of
glycerate and aggravated oxidative stress and inflammation (66).
They proposed a protective role for triose kinase by restraining
oxidative stress and favoring lipogenesis (66).

THE FRUCTOSE AND GLUCOKINASE
ACTIVATOR PARADOXES

The increase in prevalence of non-alcoholic fatty liver disease
(NAFLD) and other components of metabolic syndrome
including raised blood triglycerides, uric acid and markers of
inflammation is attributed to the increased consumption of
fructose in the diet (79). Therefore, better understanding of the
mechanisms by which ChREBP protects from fructose-induced
liver damage can advance the development of new therapies for
NAFLD. A key feature of fructose metabolism in respect of
ChREBP regulation is that Slc2a5, which encodes Glut5, the
fructose transporter, and also Khk, AldB, and Tkfc which encode
the first three enzymes of fructose metabolism are all functional
ChREBP target genes (54, 80), predicting enhanced hepatic
fructose clearance and metabolism during ChREBP activation.
This contrasts with hepatic glucose metabolism where the
activity of Glut2 (encoded by Slc2a2) is not limiting unlike
Glut5 in relation to fructose metabolism (70) and furthermore
Gck, which determines the flux-generating step of glucose
disposal by the liver, is not a ChREBP target gene (27).
Accordingly ChREBP activation in liver does not increase
hepatic glucose clearance but it restores metabolite homeostasis
in conditions of high glucose by targeting downstream target
genes Gckr and G6pc (9, 10, 23, 30) which restore metabolite
homeostasis without increasing glucose clearance. Given that
Slc2a5, Khk, AldB, and Tkfc are positively regulated by ChREBP,
the protective effect of liver ChREBP in conjunction with dietary
fructose (17, 54, 55) seems paradoxical. In man, autosomal
recessive loss-of-function mutations in the KHK gene resulting
in ketohexokinase deficiency, manifest as a benign condition
“essential fructosuria” in which fructose is excreted in the urine
because of impaired hepatic clearance (81) and likewise in mice
Khk deletion has negligible phenotype (82) and in conjunction
with AldB deficiency is protective (83). Loss-of-function
mutations in AldB cause hereditary fructose intolerance, a
severe condition which manifests as acute liver damage with

ATP depletion and hyperuricaemia on consumption of fructose,
leading to liver failure (84). Two hypotheses can be considered
for the protective effect of ChREBP in conjunction with a high-
fructose diet. First, that ChREBP deficiency results in greater
impairment of AldB and Tkfc relative to Khk and Slc2a5 thereby
mimicking AldB or Tkfc deficiency (66, 84). Second, that other
ChREBP target genes such as Pklr, G6pc and Gckr have an
overriding role in the adaptive response to fructose. Support for
the latter hypothesis was proposed based on Pklr mediated
protection in a Li-ChREBP”" model (55). A role for triose
kinase (Tkfc) was supported by the aggravated oxidative stress
and inflammation resulting from Tkfc knock-down (66).

As discussed above, a key feature of hepatic fructose
metabolism that manifests at micromolar fructose is activation
of glucokinase by dissociation from the glucokinase regulatory
protein encoded by the Gckr gene, thereby stimulating hepatic
glucose disposal (73, 74). In this context glucokinase activators
(GKA) mimic the effect of micromolar fructose (85). Recent
work exploring the chronic effects of a glucokinase activator on
the liver provided evidence for activation of ChREBP as
determined from raised levels of ChREBP-P and for improved
ATP homeostasis in the isolated hepatocytes from the mice when
challenged ex vivo with either xylitol or high glucose in
combination with metabolic inhibitors (24). Paradoxically,
improved ATP homeostasis in conditions of high substrate
challenge, occurred despite sustained elevation in phosphate
esters (24). This implicates mechanisms other than the known
target genes (Pklr, G6pc, Gekr) encoding enzymes or regulatory
proteins of the glycolytic and gluconeogenic pathway. Genome
wide analysis had identified, two of the subunits of AMPK as
candidate target genes of ChREBP (8). Compromised ATP
homeostasis in hepatocytes from AMPK-deficient mice is well-
documented (42, 86), making AMPK a candidate functional
target of ChREBP. High glucose or xylitol challenge ex vivo
induced the o1 and 02 catalytic subunits (Prkaal,2), in
hepatocytes from control mice but not from the GKA treated
mice which showed improved ATP homeostasis (24). The
attenuated induction of Prkaal,2 in hepatocytes from GKA-
treated mice which have improved ATP homeostasis is shared by
some (Gckr, Fasn) but not by other (G6pc) ChREBP target genes
(24). This indicates a hierarchy of mechanisms resulting in
activation of ChREBP target genes whereby some genes like
Prkaal,2, Gckr, and Fasn show attenuated induction in
conditions of chronic ChREBP activation in association with
improved ATP homeostasis whereas others like G6pc and
ChREBP-3 show sustained induction (24). The underlying
mechanisms remain to be resolved. However, these studies
provide support for drugs that activate ChREBP as a potential
strategy for improving ATP homeostasis in non-alcoholic fatty
liver disease.

PERSPECTIVES

In the past 20 years since the discovery of ChREBP, a major focus
has been on Pklr and G6pc and enzymes of fructose metabolism,
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lipid synthesis and secretion. The role of these genes in models of
ChREBP activation or deletion has been well replicated.
Nonetheless differences are noted between diverse models in
the relative prominence of induction of Pkilr versus Gé6pc as
commented on elsewhere (23, 55). These widely studied ChREBP
target genes are only a small fraction of the > 5000 candidate
genes identified in mouse liver by genome wide analysis (8). The
evidence implicating a role for the AMPK catalytic subunits
Prkaal,2 (24) is of particular interest because it provides a
mechanistic link between the attenuated induction by high
substrate challenge in hepatocytes ex vivo of some (e.g. Gckr,
Fasn, Prkaal,2) but not other (G6pc) ChREBP target genes in
models of varying resilience of ATP homeostasis. This indicates
that the vulnerability or resilience of hepatocytes to maintaining
ATP is a major determinant of the ChREBP target genes that are
induced by a substrate challenge, and furthermore that the raised
phosphate ester level is not the best marker. In this context a
better understanding of ChREBP function may emerge from
experimental models of mild versus severe metabolic stress,
where different target genes of ChREBP may have greater or
lesser roles.

REFERENCES

1. Yamashita H, Takenoshita M, Sakurai M, Bruick RK, Henzel W7, Shillinglaw
W, et al. A glucose-responsive transcription factor that regulates carbohydrate
metabolism in the liver. Proc Natl Acad Sci U § A (2001) 98:9116-21. doi:
10.1073/pnas.161284298

2. lizuka K, Bruick RK, Liang G, Horton JD, Uyeda K. Deficiency of carbohydrate
response element-binding protein (ChREBP) reduces lipogenesis as well as
glycolysis. Proc Natl Acad Sci U S A (2004) 101:7281-6. doi: 10.1073/
pnas.0401516101

3. Wang H, Wollheim CB. ChREBP rather than USF2 regulates glucose
stimulation of endogenous L-pyruvate kinase expression in insulin-secreting
cells. J Biol Chem (2002) 277:32746-52. doi: 10.1074/jbc.M201635200

4. Towle HC, Kaytor EN, Shih HM. Regulation of the expression of lipogenic
enzyme genes by carbohydrate. Annu Rev Nutr (1997) 17:405-33. doi:
10.1146/annurev.nutr.17.1.405

5. Shih HM, Liu Z, Towle HC. Two CACGTG motifs with proper spacing
dictate the carbohydrate regulation of hepatic gene transcription. J Biol Chem
(1995) 270:21991-7. doi: 10.1074/jbc.270.37.21991

6. Abdul-Wahed A, Guilmeau S, Postic C. Sweet Sixteenth for ChREBP:
Established Roles and Future Goals. Cell Metab (2017) 26:324-41. doi:
10.1016/j.cmet.2017.07.004

7. Ortega-Prieto P, Postic C. Carbohydrate Sensing Through the Transcription
Factor ChREBP. Front Genet (2019) 10:472. doi: 10.3389/fgene.2019.00472

8. Poungvarin N, Chang B, Imamura M, Chen ], Moolsuwan K, Sae-Lee C, et al.
Genome-Wide Analysis of ChREBP Binding Sites on Male Mouse Liver and
White Adipose Chromatin. Endocrinology (2015) 156:1982-94. doi: 10.1210/
en.2014-1666

9. Agius L. High-carbohydrate diets induce hepatic insulin resistance to protect
the liver from substrate overload. Biochem Pharmacol (2013) 85:306-12. doi:
10.1016/j.bcp.2012.09.019

10. Agius L. Dietary carbohydrate and control of hepatic gene expression:
mechanistic links from ATP and phosphate ester homeostasis to the
carbohydrate-response element-binding protein. Proc Nutr Soc (2016)
75:10-8. doi: 10.1017/50029665115002451

11. Peterson CW, Ayer DE. An extended Myc network contributes to glucose
homeostasis in cancer and diabetes. Front Biosci (Landmark Ed) (2011)
16:2206-23. doi: 10.2741/3848

12. Li MV, Chang B, Imamura M, Poungvarin N, Chan L. Glucose-dependent
transcriptional regulation by an evolutionarily conserved glucose-sensing
module. Diabetes (2006) 55:1179-89. doi: 10.2337/db05-0822

AUTHOR CONTRIBUTIONS

Writing—original draft preparation, LA. Writing—review and
editing, LA, SC, and BF. Funding acquisition, LA. All authors
contributed to the article and approved the submitted version.

FUNDING

Work in the authors’ laboratory is funded by the Medical
Research Council, UK (MR/P002854/1).

ACKNOWLEDGMENTS

We thank our colleagues Drs Catherine Arden, Ahmed Alshawi,
Tabassum Moonira, and Ziad Al-Onazi who have contributed to
research in our laboratory on ChREBP function in hepatocytes
and our collaborators at AstraZeneca Drs David Smith and
Rebecca Fairclough for their expert advice on the Glucokinase
Activator studies.

13. Li MV, Chen W, Poungvarin N, Imamura M, Chan L. Glucose-mediated
transactivation of carbohydrate response element-binding protein requires
cooperative actions from Mondo conserved regions and essential trans-acting
factor 14-3-3. Mol Endocrinol (2008) 22:1658-72. doi: 10.1210/me.2007-0560

14. Poungvarin N, Lee JK, Yechoor VK, Li MV, Assavapokee T, Suksaranjit P,
et al. Carbohydrate response element-binding protein (ChREBP) plays a
pivotal role in beta cell glucotoxicity. Diabetologia (2012) 55:1783-96. doi:
10.1007/s00125-012-2506-4

15. Herman MA, Peroni OD, Villoria J, Schon MR, Abumrad NA, Bliither M, et al.
A novel ChREBP isoform in adipose tissue regulates systemic glucose
metabolism. Nature (2012) 484:333-8. doi: 10.1038/nature10986

16. Davies MN, O’Callaghan BL, Towle HC. Glucose activates ChREBP by
increasing its rate of nuclear entry and relieving repression of its
transcriptional activity. J Biol Chem (2008) 283:24029-38. doi: 10.1074/
jbc.M801539200

17. Kim M, Astapova II, Flier SN, Hannou SA, Doridot L, Sargsyan A, et al.
Intestinal, but not hepatic, ChREBP is required for fructose tolerance. JCI
Insight (2017) 2:¢96703. doi: 10.1172/jci.insight.96703

18. Stamatikos AD, da Silva RP, Lewis JT, Douglas DN, Kneteman NM, Jacobs
RL, et al. Tissue Specific Effects of Dietary Carbohydrates and Obesity on
ChREBPo. and ChREBPP Expression. Lipids (2016) 51:95-104. doi: 10.1007/
s11745-015-4090-0

19. Zhang P, Kumar A, Katz LS, Li L, Paulynice M, Herman MA, et al. Induction
of the ChREBPP Isoform Is Essential for Glucose-Stimulated B-Cell
Proliferation. Diabetes (2015) 64:4158-70. doi: 10.2337/db15-0239

20. Jing G, Chen J, Xu G, Shalev A. Islet ChREBP-B is increased in diabetes and
controls ChREBP-0. and glucose-induced gene expression via a negative
feedback loop. Mol Metab (2016) 5:1208-15. doi: 10.1016/j.molmet.2016.09.010

21. Sae-Lee C, Moolsuwan K, Chan L, Poungvarin N. ChREBP Regulates Itself
and Metabolic Genes Implicated in Lipid Accumulation in 3-Cell Line. PloS
One (2016) 11:e0147411. doi: 10.1371/journal.pone.0147411

22. Grefhorst A, Schreurs M, Oosterveer MH, Cortés VA, Havinga R, Herling
AW, et al. Carbohydrate-response-element-binding protein (ChREBP) and
not the liver X receptor oo (LXRar) mediates elevated hepatic lipogenic gene
expression in a mouse model of glycogen storage disease type 1. Biochem ]
(2010) 432:249-54. doi: 10.1042/BJ20101225

23. Kim MS, Krawczyk SA, Doridot L, Fowler AJ, Wang JX, Trauger SA, et al.
ChREBP regulates fructose- induced glucose production independently of
insulin signaling. J Clin Invest (2016) 126:4372-86. doi: 10.1172/JCI81993

24. Ford BE, Chachra SS, Alshawi A, Brennan A, Harnor S, Cano C, et al. Chronic
Glucokinase Activator treatment activates liver Carbohydrate Response

Frontiers in Endocrinology | www.frontiersin.org

November 2020 | Volume 11 | Article 594041


https://doi.org/10.1073/pnas.161284298
https://doi.org/10.1073/pnas.0401516101
https://doi.org/10.1073/pnas.0401516101
https://doi.org/10.1074/jbc.M201635200
https://doi.org/10.1146/annurev.nutr.17.1.405
https://doi.org/10.1074/jbc.270.37.21991
https://doi.org/10.1016/j.cmet.2017.07.004
https://doi.org/10.3389/fgene.2019.00472
https://doi.org/10.1210/en.2014-1666
https://doi.org/10.1210/en.2014-1666
https://doi.org/10.1016/j.bcp.2012.09.019
https://doi.org/10.1017/S0029665115002451
https://doi.org/10.2741/3848
https://doi.org/10.2337/db05-0822
https://doi.org/10.1210/me.2007-0560
https://doi.org/10.1007/s00125-012-2506-4
https://doi.org/10.1038/nature10986
https://doi.org/10.1074/jbc.M801539200
https://doi.org/10.1074/jbc.M801539200
https://doi.org/10.1172/jci.insight.96703
https://doi.org/10.1007/s11745-015-4090-0
https://doi.org/10.1007/s11745-015-4090-0
https://doi.org/10.2337/db15-0239
https://doi.org/10.1016/j.molmet.2016.09.010
https://doi.org/10.1371/journal.pone.0147411
https://doi.org/10.1042/BJ20101225
https://doi.org/10.1172/JCI81993
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Agius et al.

The Protective Role of ChREBP

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Element binding protein and improves hepatocyte ATP homeostasis during
substrate challenge. Diabetes Obes Metab (2020) 22:1985-94. doi: 10.1111/
dom.14111

White PJ, McGarrah RW, Grimsrud PA, Tso SC, Yang WH, Haldeman JM,
et al. The BCKDH Kinase and Phosphatase Integrate BCAA and Lipid
Metabolism via Regulation of ATP-Citrate Lyase. Cell Metab (2018)
27:1281-93. doi: 10.1016/j.cmet.2018.04.015

Iynedjian PB, Gjinovci A, Renold AE. Stimulation by insulin of glucokinase
gene transcription in liver of diabetic rats. J Biol Chem (1988) 263:740-4.
Arden C, Petrie JL, Tudhope SJ, Al-Oanzi Z, Claydon AJ, Beynon R], et al.
Elevated glucose represses liver glucokinase and induces its regulatory protein
to safeguard hepatic phosphate homeostasis. Diabetes (2011) 60:3110-20. doi:
10.2337/db11-0061

Eissing L, Scherer T, Todter K, Knippschild U, Greve JW, Buurman WA, et al.
De novo lipogenesis in human fat and liver is linked to ChREBP-B and
metabolic health. Nat Commun (2013) 4:1528. doi: 10.1038/ncomms2537
Kursawe R, Caprio S, Giannini C, Narayan D, Lin A, D’Adamo E, et al.
Decreased transcription of ChREBP-0/p isoforms in abdominal subcutaneous
adipose tissue of obese adolescents with prediabetes or early type 2 diabetes:
associations with insulin resistance and hyperglycemia. Diabetes (2013)
62:837-44. doi: 10.2337/db12-0889

Arden C, Tudhope SJ, Petrie JL, Al-Oanzi ZH, Cullen KS, Lange AJ, et al.
Fructose 2,6-bisphosphate is essential for glucose-regulated gene transcription
of glucose-6-phosphatase and other ChREBP target genes in hepatocytes.
Biochem ] (2012) 443:111-23. doi: 10.1042/BJ20111280

Diaz-Moralli S, Ramos-Montoya A, Marin S, Fernandez-Alvarez A, Casado
M, Cascante M. Target metabolomics revealed complementary roles of
hexose- and pentose-phosphates in the regulation of carbohydrate-
dependent gene expression. Am ] Physiol Endocrinol Metab (2012) 303:
E234-42. doi: 10.1152/ajpendo.00675.2011

McFerrin LG, Atchley WR. A novel N-terminal domain may dictate the
glucose response of Mondo proteins. PloS One (2012) 7:¢34803. doi: 10.1371/
journal.pone.0034803

Dentin R, Tomas-Cobos L, Foufelle F, Leopold J, Girard J, Postic C, et al.
Glucose 6-phosphate, rather than xylulose 5-phosphate, is required for the
activation of ChREBP in response to glucose in the liver. ] Hepatol (2012)
56:199-209. doi: 10.1016/j.jhep.2011.07.019

Li MV, Chen W, Harmancey RN, Nuotio-Antar AM, Imamura M, Saha P,
et al. Glucose-6-phosphate mediates activation of the carbohydrate responsive
binding protein (ChREBP). Biochem Biophys Res Commun (2010) 395:395-
400. doi: 10.1016/j.bbrc.2010.04.028

Marie S, Diaz-Guerra MJ, Miquerol L, Kahn A, Iynedjian PB. The pyruvate kinase
gene as a model for studies of glucose-dependent regulation of gene expression in
the endocrine pancreatic beta-cell type. ] Biol Chem (1993) 268:23881-90.
Kabashima T, Kawaguchi T, Wadzinski BE, Uyeda K. Xylulose 5-phosphate
mediates glucose-induced lipogenesis by xylulose 5-phosphate-activated
protein phosphatase in rat liver. Proc Natl Acad Sci U S A (2003) 100:5107-
12. doi: 10.1073/pnas.0730817100

Nishimura M, Uyeda K. Purification and characterization of a novel xylulose
5-phosphate-activated protein phosphatase catalyzing dephosphorylation of
fructose-6-phosphate,2-kinase:fructose-2,6-bisphosphatase. J Biol Chem
(1995) 270:26341-6. doi: 10.1074/jbc.270.44.26341

Petrie JL, Al-Oanzi ZH, Arden C, Tudhope SJ, Mann ], Kieswich J, et al.
Glucose induces protein targeting to glycogen in hepatocytes by fructose 2,6-
bisphosphate-mediated recruitment of MondoA to the promoter. Mol Cell
Biol (2013) 33:725-38. doi: 10.1128/MCB.01576-12

Nakagawa T, Ge Q, Pawlosky R, Wynn RM, Veech RL, Uyeda K. Metabolite
regulation of nucleo-cytosolic trafficking of carbohydrate response element-
binding protein (ChREBP): role of ketone bodies. J Biol Chem (2013) 288
(39):28358-67. doi: 10.1074/jbc.M113.498550

Sato S, Jung H, Nakagawa T, Pawlosky R, Takeshima T, Lee WR, et al.
Metabolite Regulation of Nuclear Localization of Carbohydrate-response
Element- binding Protein (ChREBP): ROLE OF AMP AS AN ALLOSTERIC
INHIBITOR. ] Biol Chem (2016) 291:10515-27. doi: 10.1074/jbc.M115.708982
Al-Oanzi ZH, Fountana S, Moonira T, Tudhope SJ, Petrie JL, Alshawi A, et al.
Opposite effects of a glucokinase activator and metformin on glucose-
regulated gene expression in hepatocytes. Diabetes Obes Metab (2017)
19:1078-87. doi: 10.1111/dom.12910

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Moonira T, Chachra SS, Ford BE, Marin S, Alshawi A, Adam-Primus NS, et al.
Metformin lowers glucose 6-phosphate in hepatocytes by activation of
glycolysis downstream of glucose phosphorylation. J Biol Chem (2020)
295:3330-46. doi: 10.1074/jbc.RA120.012533

Sakiyama H, Wynn RM, Lee WR, Fukasawa M, Mizuguchi H, Gardner KH,
et al. Regulation of nuclear import/export of carbohydrate response element
binding protein (ChREBP): interaction of an alpha-helix of ChREBP with the
14-3-3 proteins and regulation by phosphorylation. J Biol Chem (2008)
283:24899-908. doi: 10.1074/jbc.M804308200

Guinez C, Filhoulaud G, Rayah-Benhamed F, Marmier S, Dubuquoy C,
Dentin R, et al. O-GlcNAcylation increases ChREBP protein content and
transcriptional activity in the liver. Diabetes (2011) 60:1399-413. doi: 10.2337/
db10-0452

Bricambert ], Miranda ], Benhamed F, Girard J, Postic C, Dentin R. Salt-
inducible kinase 2 links transcriptional coactivator p300 phosphorylation to
the prevention of ChREBP-dependent hepatic steatosis in mice. J Clin Invest
(2010) 120:4316-31. doi: 10.1172/JCI41624

Narita T, Weinert BT, Choudhary C. Functions and mechanisms of non-
histone protein acetylation. Nat Rev Mol Cell Biol (2019) 20:156-74. doi:
10.1038/s41580-018-0081-3

Liangpunsakul S, Ross RA, Crabb DW. Activation of carbohydrate response
element-binding protein by ethanol. J Invest Med (2013) 61:270-7. doi:
10.2310/JIM.0b013e31827¢2795

Marmier S, Dentin R, Daujat-Chavanieu M, Guillou H, Bertrand-Michel J,
Gerbal-Chaloin S, et al. Novel role for carbohydrate responsive element
binding protein in the control of ethanol metabolism and susceptibility to
binge drinking. Hepatology (2015) 62:1086-100. doi: 10.1002/hep.27778
Kooner JS, Chambers JC, Aguilar-Salinas CA, Hinds DA, Hyde CL, Warnes
GR, et al. Genome-wide scan identifies variation in MLXIPL associated with
plasma triglycerides. Nat Genet (2008) 40:149-51. doi: 10.1038/ng.2007.61
Chambers JC, Zhang W, Sehmi J, Li X, Wass MN, Van der Harst P. Genome-
wide association study identifies loci influencing concentrations of liver
enzymes in plasma. Nat Genet (2011) 43:1131-8. doi: 10.1038/ng.970

Kraja AT, Chasman DI, North KE, Reiner AP, Yanek LR, Kilpeldinen TO.
Pleiotropic genes for metabolic syndrome and inflammation. Mol Genet
Metab (2014) 112:317-38. doi: 10.1016/j.ymgme.2014.04.007

Burgess SC, lizuka K, Jeoung NH, Harris RA, Kashiwaya Y, Veech RL, et al.
Carbohydrate-response element-binding protein deletion alters substrate
utilization producing an energy-deficient liver. J Biol Chem (2008)
283:1670-8. doi: 10.1074/jbc.M706540200

Zhang D, Tong X, VanDommelen K, Gupta N, Stamper K, Brady GF, et al.
Lipogenic transcription factor ChREBP mediates fructose-induced metabolic
adaptations to prevent hepatotoxicity. J Clin Invest (2017) 127:2855-67. doi:
10.1172/]JCI89934

Linden AG, Li S, Choi HY, Fang F, Fukasawa M, Uyeda K, et al. Interplay
between ChREBP and SREBP-lc coordinates postprandial glycolysis and
lipogenesis in livers of mice. J Lipid Res (2018) 59:475-87. doi: 10.1194/
jlr.M081836

Shi JH, Lu JY, Chen HY, Wei CC, Xu X, Li H, et al. Liver ChREBP Protects
Against Fructose-Induced Glycogenic Hepatotoxicity by Regulating L-Type
Pyruvate Kinase. Diabetes (2020) 69:591-602. doi: 10.2337/db19-0388

Erion DM, Popov V, Hsiao JJ, Vatner D, Mitchell K, Yonemitsu S, et al. The
role of the carbohydrate response element-binding protein in male fructose-
fed rats. Endocrinology (2013) 154:36-44. doi: 10.1210/en.2012-1725

Lei Y, Hoogerland JA, Bloks VW, Bos T, Bleeker A, Wolters H, et al. Hepatic
ChREBP activation limits NAFLD development in a mouse model for Glycogen
Storage Disease type Ia. Hepatology (2020) 21. doi: 10.1002/hep.31198

lizuka K, Miller B, Uyeda K. Deficiency of carbohydrate-activated
transcription factor ChREBP prevents obesity and improves plasma glucose
control in leptin-deficient (ob/ob) mice. Am ] Physiol Endocrinol Metab
(2006) 291:E358-64. doi: 10.1152/ajpendo.00027.2006

Dentin R, Benhamed F, Hainault I, Fauveau V, Foufelle F, Dyck JR, et al.
Liver-specific inhibition of ChREBP improves hepatic steatosis and insulin
resistance in ob/ob mice. Diabetes (2006) 55:2159-70. doi: 10.2337/db06-0200
Vijayakumar A, Aryal P, Wen J, Syed 1, Vazirani RP, Moraes-Vieira PM, et al.
Absence of Carbohydrate Response Element Binding Protein in Adipocytes
Causes Systemic Insulin Resistance and Impairs Glucose Transport. Cell Rep
(2017) 21:1021-35. doi: 10.1016/j.celrep.2017.09.091

Frontiers in Endocrinology | www.frontiersin.org

November 2020 | Volume 11 | Article 594041


https://doi.org/10.1111/dom.14111
https://doi.org/10.1111/dom.14111
https://doi.org/10.1016/j.cmet.2018.04.015
https://doi.org/10.2337/db11-0061
https://doi.org/10.1038/ncomms2537
https://doi.org/10.2337/db12-0889
https://doi.org/10.1042/BJ20111280
https://doi.org/10.1152/ajpendo.00675.2011
https://doi.org/10.1371/journal.pone.0034803
https://doi.org/10.1371/journal.pone.0034803
https://doi.org/10.1016/j.jhep.2011.07.019
https://doi.org/10.1016/j.bbrc.2010.04.028
https://doi.org/10.1073/pnas.0730817100
https://doi.org/10.1074/jbc.270.44.26341
https://doi.org/10.1128/MCB.01576-12
https://doi.org/10.1074/jbc.M113.498550
https://doi.org/10.1074/jbc.M115.708982
https://doi.org/10.1111/dom.12910
https://doi.org/10.1074/jbc.RA120.012533
https://doi.org/10.1074/jbc.M804308200
https://doi.org/10.2337/db10-0452
https://doi.org/10.2337/db10-0452
https://doi.org/10.1172/JCI41624
https://doi.org/10.1038/s41580-018-0081-3
https://doi.org/10.2310/JIM.0b013e31827c2795
https://doi.org/10.1002/hep.27778
https://doi.org/10.1038/ng.2007.61
https://doi.org/10.1038/ng.970
https://doi.org/10.1016/j.ymgme.2014.04.007
https://doi.org/10.1074/jbc.M706540200
https://doi.org/10.1172/JCI89934
https://doi.org/10.1194/jlr.M081836
https://doi.org/10.1194/jlr.M081836
https://doi.org/10.2337/db19-0388
https://doi.org/10.1210/en.2012-1725
https://doi.org/10.1002/hep.31198
https://doi.org/10.1152/ajpendo.00027.2006
https://doi.org/10.2337/db06-0200
https://doi.org/10.1016/j.celrep.2017.09.091
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Agius et al.

The Protective Role of ChREBP

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Oh AR, Sohn S, Lee J, Park JM, Nam KT, Hahm KB, et al. ChREBP deficiency
leads to diarrhea-predominant irritable bowel syndrome. Metabolism (2018)
85:286-97. doi: 10.1016/j.metabol.2018.04.006

Kato T, Tlizuka K, Takao K, Horikawa Y, Kitamura T, Takeda J. ChREBP-
Knockout Mice Show Sucrose Intolerance and Fructose Malabsorption.
Nutrients (2018) 10:340. doi: 10.3390/nu10030340

Sillero MA, Sillero A, Sols A. Enzymes involved in fructose metabolism in liver
and the glyceraldehyde metabolic crossroads. Eur ] Biochem (1969) 10:345-50.
doi: 10.1111/j.1432-1033.1969.tb00696.x

Barone S, Fussell SL, Singh AK, Lucas F, Xu J, Kim C, et al. Slc2a5 (Glut5) is
essential for the absorption of fructose in the intestine and generation of
fructose-induced hypertension. J Biol Chem (2009) 284:5056-66. doi: 10.1074/
jbc.M808128200

Andres-Hernando A, Orlicky DJ, Kuwabara M, Ishimoto T, Nakagawa T,
Johnson R]J, et al. Deletion of Fructokinase in the Liver or in the Intestine
Reveals Differential Effects on Sugar-Induced Metabolic Dysfunction. Cell
Metab (2020) 32:117-27.e3. doi: 10.1016/j.cmet.2020.05.012

Liu L, Li T, Liao Y, Wang Y, Gao Y, Hu H, et al. Triose Kinase Controls the
Lipogenic Potential of Fructose and Dietary Tolerance. Cell Metab (2020)
$1550-4131(20):30413-7. doi: 10.1016/j.cmet.2020.07.018

Jang C, Hui S, Lu W, Cowan AJ, Morscher RJ, Lee G, et al. The Small Intestine
Converts Dietary Fructose into Glucose and Organic Acids. Cell Metab (2018)
27:351-61.e3. doi: 10.1016/j.cmet.2017.12.016

Davies DR, Detheux M, Van Schaftingen E. Fructose 1-phosphate and the
regulation of glucokinase activity in isolated hepatocytes. Eur ] Biochem
(1990) 192:283-9. doi: 10.1111/j.1432-1033.1990.tb19225.x

Hernando N, Gagnon KB, Lederer ED. Phosphate Transport in Epithelial and
Nonepithelial Tissue. Physiol Rev (2020) 101:1-35. doi: 10.1152/
physrev.00008.2019

Niculescu L, Veiga-da-Cunha M, Van Schaftingen E. Investigation on the
mechanism by which fructose, hexitols and other compounds regulate the
translocation of glucokinase in rat hepatocytes. Biochem J (1997) 321:239-46.
doi: 10.1042/bj3210239

Masson S, Henriksen O, Stengaard A, Thomsen C, Quistorff B. Hepatic
metabolism during constant infusion of fructose; comparative studies with
31P-magnetic resonance spectroscopy in man and rats. Biochim Biophys Acta
(1994) 1199:166-74. doi: 10.1016/0304-4165(94)90112-0

Petrie JL, Patman GL, Sinha I, Alexander TD, Reeves HL, Agius L. The rate of
production of uric acid by hepatocytes is a sensitive index of compromised cell
ATP homeostasis. Am ] Physiol Endocrinol Metab (2013) 305:E1255-65. doi:
10.1152/ajpendo.00214.2013

Van Schaftingen E, Detheux M, Veiga da Cunha M. Short-term control of
glucokinase activity: role of a regulatory protein. FASEB ] (1994) 8:414-9. doi:
10.1096/fasebj.8.6.8168691

Agius L. Hormonal and Metabolite Regulation of Hepatic Glucokinase. Annu
Rev Nutr (2016) 36:389-415. doi: 10.1146/annurev-nutr-071715-051145
Ruxton CH, Garceau FJ, Cottrell RC. Guidelines for sugar consumption in
Europe: is a quantitative approach justified? Eur J Clin Nutr (1999) 53:503-13.
doi: 10.1038/sj.ejcn.1600831

76. Villar-Palasi C, Guinovart JJ. The role of glucose 6-phosphate in the control of
glycogen synthase. FASEB J (1997) 11:544-58. doi: 10.1096/fasebj.11.7.9212078

77. Agius L. Role of glycogen phosphorylase in liver glycogen metabolism. Mol
Aspects Med (2015) 46:34-45. doi: 10.1016/j.mam.2015.09.002

78. Woods HF, Eggleston LV, Krebs HA. The cause of hepatic accumulation of
fructose 1-phosphate on fructose loading. Biochem ] (1970) 119:501-10. doi:
10.1042/bj1190501

79. Herman MA, Samuel VT. The Sweet Path to Metabolic Demise: Fructose and
Lipid Synthesis. Trends Endocrinol Metab (2016) 27:719-30. doi: 10.1016/
j.tem.2016.06.005

80. Ma L, Robinson LN, Towle HC. ChREBP*MIx is the principal mediator of
glucose-induced gene expression in the liver. ] Biol Chem (2006) 281:28721—
30. doi: 10.1074/jbc.M601576200

81. Bonthron DT, Brady N, Donaldson IA, Steinmann B. Molecular basis of
essential fructosuria: molecular cloning and mutational analysis of human
ketohexokinase (fructokinase). Hum Mol Genet (1994) 3:1627-31. doi:
10.1093/hmg/3.9.1627

82. Diggle CP, Shires M, McRae C, Crellin D, Fisher J, Carr IM, et al. Both
isoforms of ketohexokinase are dispensable for normal growth and
development. Physiol Genomics (2010) 42A:235-43. doi: 10.1152/
physiolgenomics.00128.2010

83. Lanaspa MA, Andres-Hernando A, Orlicky D], Cicerchi C, Jang C, Li N, et al.
Ketohexokinase C blockade ameliorates fructose-induced metabolic
dysfunction in fructose-sensitive mice. J Clin Invest (2018) 128:2226-38.
doi: 10.1172/JC194427

84. Buziau AM, Schalkwijk CG, Stehouwer CDA, Tolan DR, Brouwers MCG]J.
Recent advances in the pathogenesis of hereditary fructose intolerance:
implications for its treatment and the understanding of fructose-induced
non-alcoholic fatty liver disease. Cell Mol Life Sci (2020) 77:1709-19. doi:
10.1007/s00018-019-03348-2

85. Brocklehurst KJ, Payne VA, Davies RA, Carroll D, Vertigan HL, Wightman
HJ, et al. Stimulation of hepatocyte glucose metabolism by novel small
molecule glucokinase activators. Diabetes (2004) 53:535-41. doi: 10.2337/
diabetes.53.3.535

86. Huet C, Boudaba N, Guigas B, Viollet B, Foretz M. Glucose availability but not
changes in pancreatic hormones sensitizes hepatic AMPK activity during
nutritional transition in rodents. J Biol Chem (2020) 295:5836-49. doi:
10.1074/jbc.RA119.010244

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Agius, Chachra and Ford. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

November 2020 | Volume 11 | Article 594041


https://doi.org/10.1016/j.metabol.2018.04.006
https://doi.org/10.3390/nu10030340
https://doi.org/10.1111/j.1432-1033.1969.tb00696.x
https://doi.org/10.1074/jbc.M808128200
https://doi.org/10.1074/jbc.M808128200
https://doi.org/10.1016/j.cmet.2020.05.012
https://doi.org/10.1016/j.cmet.2020.07.018
https://doi.org/10.1016/j.cmet.2017.12.016
https://doi.org/10.1111/j.1432-1033.1990.tb19225.x
https://doi.org/10.1152/physrev.00008.2019
https://doi.org/10.1152/physrev.00008.2019
https://doi.org/10.1042/bj3210239
https://doi.org/10.1016/0304-4165(94)90112-0
https://doi.org/10.1152/ajpendo.00214.2013
https://doi.org/10.1096/fasebj.8.6.8168691
https://doi.org/10.1146/annurev-nutr-071715-051145
https://doi.org/10.1038/sj.ejcn.1600831
https://doi.org/10.1096/fasebj.11.7.9212078
https://doi.org/10.1016/j.mam.2015.09.002
https://doi.org/10.1042/bj1190501
https://doi.org/10.1016/j.tem.2016.06.005
https://doi.org/10.1016/j.tem.2016.06.005
https://doi.org/10.1074/jbc.M601576200
https://doi.org/10.1093/hmg/3.9.1627
https://doi.org/10.1152/physiolgenomics.00128.2010
https://doi.org/10.1152/physiolgenomics.00128.2010
https://doi.org/10.1172/JCI94427
https://doi.org/10.1007/s00018-019-03348-2
https://doi.org/10.2337/diabetes.53.3.535
https://doi.org/10.2337/diabetes.53.3.535
https://doi.org/10.1074/jbc.RA119.010244
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	The Protective Role of the Carbohydrate Response Element Binding Protein in the Liver: The Metabolite Perspective
	ChREBP—A Transcription Factor Activated by Dietary Carbohydrate
	ChREBP Structure and Isoforms
	ChREBP-β mRNA—A Biomarker of ChREBP Activation
	The Metabolite Signal for ChREBP-α Translocation to the Nucleus and Activation
	The Case for Glucose 6-P and the Inefficacy of 2-Deoxyglucose 6-P
	Xylulose 5-P and Fructose 2,6-Bisphosphate
	Inhibitory Metabolites Favoring ChREBP Sequestration in the Cytoplasm
	Covalent Modification of ChREBP: Role for Acetylation in Activation

	Insights into ChREBP Function From ChREBP-Knock Down Models
	The Fructose and Glucokinase Activator Paradoxes
	Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


