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Abstract: Cells efficiently adjust their metabolism according to the abundance of nutrients and
energy. The ability to switch cellular metabolism between anabolic and catabolic processes is critical
for cell growth. Glucose-6 phosphate is the first intermediate of glucose metabolism and plays a
central role in the energy metabolism of the liver. It acts as a hub to metabolically connect glycolysis,
the pentose phosphate pathway, glycogen synthesis, de novo lipogenesis, and the hexosamine
pathway. In this review, we describe the metabolic fate of glucose-6 phosphate in a healthy liver
and the metabolic reprogramming occurring in two pathologies characterized by a deregulation of
glucose homeostasis, namely type 2 diabetes, which is characterized by fasting hyperglycemia; and
glycogen storage disease type I, where patients develop severe hypoglycemia during short fasting
periods. In these two conditions, dysfunction of glucose metabolism results in non-alcoholic fatty
liver disease, which may possibly lead to the development of hepatic tumors. Moreover, we also
emphasize the role of the transcription factor carbohydrate response element-binding protein
(ChREBP), known to link glucose and lipid metabolisms. In this regard, comparing these two
metabolic diseases is a fruitful approach to better understand the key role of glucose-6 phosphate
in liver metabolism in health and disease.
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1. Introduction

The liver plays a crucial role in the maintenance of glucose homeostasis by extracting glucose
from the blood and then storing it after a meal, and also by producing glucose in post-absorptive
state. When its concentration increases in the bloodstream, glucose enters the hepatocytes mainly
through the glucose transporter 2 (GLUT2). Within the cells, free glucose is immediately
phosphorylated on the sixth carbon by glucokinase (also named hexokinase IV), producing glucose-
6 phosphate (G6P) and consuming one molecule of ATP. Contrary to the other hexokinases,
glucokinase has relatively low affinity for glucose and is not inhibited by G6P [1]. Glucokinase
expression is transcriptionally regulated by hormones [induced by insulin through the transcription
factor SREBP1c (Sterol Response Element-Binding Protein 1c) and inhibited by glucagon] and
metabolites of glucose and glucokinase activity is dependent on its binding to a specific inhibitor
named glucokinase regulatory protein (GKRP) (see [2] for a review of glucokinase regulation). Other
binding proteins such as 6-phosphofructo-2-kinase/fructose 2,6 biphosphatase (PFK2/FBP2) are also
able to activate glucokinase by direct interaction with this enzyme [3].
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The phosphorylation of glucose by glucokinase adds a charged phosphate group to this
molecule. Consequently, G6P cannot cross the cell membrane, preventing the diffusion of free
glucose out of the cells. Thanks to this phosphorylation step, glucokinase enables hepatocytes to trap
glucose. During fasting periods, G6P is also produced after isomerization of glucose-1 phosphate
during the breakdown of glycogen and by gluconeogenesis in the hepatocyte. It should be noted that
a limited amount of free glucose can be directly released from glycogen through the action of the
debranching enzyme o-1,6-glucosidase (AGL) and/or the lysosomal acid a-1,4 glucosidase (also
known as acid maltase) [4].

Within the cells, G6P has many possible fates and therefore it represents a central hub for
carbohydrate metabolism (Figure 1). After isomerization, it initiates major metabolic pathways, i.e.,
glycolysis, pentose phosphate pathway (PPP), glycogen synthesis, hexosamine pathway, and glucose
production according to the nutritional or hormonal states. This review is focused on the key
metabolic roles of G6P in cell signaling in the healthy or pathological liver. Here, we will highlight
the metabolic reprogramming taking place in two metabolic diseases characterized by a dysfunction
of glucose metabolism, namely type 2 diabetes and glycogen storage disease type I (GSDI).
Interestingly, type 2 diabetes is an epidemic disease characterized by hyperglycemia, while GSDI is
arare genetic disease due to a loss of endogenous glucose production leading to severe hypoglycemia
during short fasting. In type 2 diabetes, hyperglycemia is responsible for an increase in metabolic
pathways downstream of G6P, while in GSDI the blockage of glucose production leads to the
accumulation of G6P in the hepatocytes, which also increases all the metabolic pathways downstream
of G6P (Figure 2). These two diseases are characterized by an accumulation of ectopic lipids in the
liver, which leads to the development of hepatic steatosis and promotes hepatic tumorigenesis over
time [5]. In this review, we will also consider the well-established role of the Carbohydrate-
Responsive Element-Binding Protein (ChREBP) as the carbohydrate sensor that coordinates glucose
and lipid metabolism in the liver according to nutritional states.
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Figure 1. Glucose-6 phosphate, a central hub for liver carbohydrate metabolism. The increase of flux

through G6P is responsible for increasing glycogen synthesis, glycolysis, pentose phosphate pathway
(PPP), hexosamine pathway and de novo lipogenesis.
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Figure 2. Comparison of hepatic glucose metabolism in glycogen storage disease type I (GSDI) or type
2 diabetes. Type 2 diabetes is characterized by an increase in endogenous glucose production (EGP)
while GSDI is due to an absence of EGP. In GSD], the absence of G6Pase activity is responsible for
G6P accumulation in the hepatocyte. In diabetes, hyperglycemia is responsible for the increase flux
through G6P. In both cases, this leads to a metabolic reprogramming characterized by the activation
of glycolysis, PPP, and de novo lipogenesis. This metabolic reprogramming promotes hepatic steatosis
in type 2 diabetes and GSDI, in which the risk of liver tumorigenesis is increased. Figures were drawn
using Sevier Medical Art images.

2. Metabolic Fate of Glucose-6 Phosphate in the Healthy Liver

In order to control cell metabolism and proliferation, G6P enters different metabolic pathways
to provide energy and/or precursors for biomolecule synthesis needed to sustain these processes.
First, glucose concentrations fluctuate between the fed state and fasting periods. The liver plays a
crucial role in maintaining blood glucose levels by its capacity to produce glucose during fasting
periods. Moreover, in the case of overnutrition, excessive G6P is converted into fatty acids via de novo
lipogenesis in the liver. Secondly, during fasting periods, glucose should be preserved to supply
precursors for maintaining biomass, especially for cell renewal. Ketone bodies then become a major
energy source for most tissues. Thus, the liver plays a central role by coordinating the storage and
synthesis of glucose and the redistribution of nutrients, through the G6P metabolism.

2.1. Glucose and Lipid Storage

After a meal, a large portion of the excess carbohydrates (approximately 30-40% of the glucose
ingested) is stored as glycogen in the liver, inside the hepatocytes, and in muscles (glycogenesis). In
healthy individuals, hepatic glycogen represents around 5% of the liver weight. Glycogen is a
polymer of glucose residues linked by o-(1,4) and o -(1,6)-glycosidic bonds. To synthesize glycogen,
G6P is isomerized into glucose-1 phosphate and then converted into UDP-glucose. For de novo
glycogen synthesis, UDP-glucose molecules are attached to a protein known as glycogenin. Once a
linear chain of 10-20 glucose moieties is formed, glycogen synthase extends the glycogen chain,
forming a-1-4 glycosidic links, and a branching enzyme introduces a branch point. The branching
enzyme transfers a glycosyl chain of 6 to 8 units to the glycogen thread forming an o-1-6 linkage [6].
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G6P is a precursor for glycogen synthesis but it also plays a huge role in regulating the activities of
glycogen synthase and glycogen phosphorylase. Indeed, G6P is an allosteric inhibitor of glycogen
phosphorylase and an allosteric activator of glycogen synthase, thus favoring hepatic glycogen
increase [7]. In addition, glycogen synthesis/degradation is tightly regulated by hormones and
nutritional states, which has been extensively described (see [7] for a review). It is of note that the
presence of high insulin level after a meal favors glycogen synthesis.

Importantly, the capacity to store glycogen in the liver is limited. In case of excessive feeding of
carbohydrates or in pathological states such as GSDI, glycogen turnover allows to continually
breakdown glycogen to limit glycogen accumulation [4,8]. Moreover, the excess of dietary glucose
that cannot be stored as glycogen is converted into fat by de novo lipogenesis (see below) [9]. A
deregulation of glycogen storage or metabolic dysfunctions leading to abnormal glycogen storage in
the liver results in hepatic glycogen storage diseases, which are metabolic inherited diseases
characterized by hypoglycemia. GSDI belongs to this group of hepatic diseases, representing about
30% of GSD cases [10].

In the liver, triglycerides can be packed into very low density lipoproteins (VLDL) and secreted
into the circulation, stored as lipid droplets, or be metabolized by the -oxidation pathway.
Excessive G6P is converted into fatty acids via de novo lipogenesis using the acetyl-CoA generated
from glycolysis-driven pyruvate and NADPH derived from PPP. After glucose load, lipogenesis is
markedly increased at the expense of glycogen synthesis; conversely, low carbohydrate diets reduce
de novo lipogenesis [9]. Interestingly, insulin secreted in response to elevated blood glucose levels and
glucose can induce hepatic lipogenesis through the synergistically activation of SREBP-1c¢ and
ChREBP, respectively [11]. Thus, increased consumption of simple sugars leads to the ectopic
accumulation of lipids in the liver and increases the risk of metabolic diseases such as obesity, type 2
diabetes and nonalcoholic fatty liver disease (NAFLD).

2.2. Maintenance of Glycaemia and Endogenous Glucose Production

The liver plays a key role in the maintenance of blood glucose, particularly during the beginning
of fasting periods. Just after the intestinal glucose absorption from food is completed, hepatic G6P is
mainly derived from glycogen breakdown, while gluconeogenesis becomes the major source of G6P
after more prolonged fasting. Indeed, hepatic glycogen stores are depleted after a 12h-fasting in mice
and an overnight fasting period in Humans [12,13]. Glycogenolysis requires the intervention of two
different enzymes: glycogen phosphorylase that degrades the glycogen chain down to a chain length
of 4 units into glucose-1 phosphate, and glycogen debranching enzyme (GDE) that first transfers 3
glucose units to the terminal end of another chain and then cleaves off the final glucose unit, releasing
it as free glucose. Glucose-1-phosphate must further be converted by phosphoglucomutase into G6P
to enter the metabolism mainstream. During a longer fast or starvation, the liver synthetizes glucose
de novo mainly from lactate, alanine, and glycerol while glutamine is a predominant gluconeogenic
substrate in the kidney and intestine [14,15]. Interestingly, the contribution of hepatic glucose
production decreases during fasting [16]. This decrease is compensated by glucose production from
the kidneys and intestine, which are especially capable of producing glucose thanks to
gluconeogenesis and to participate in the maintenance of blood glucose when fasting is prolonged
[17-20]. The significance of the renal and intestinal gluconeogenesis has been firmly demonstrated in
mice that are incapable to produce glucose by the liver (Liver-specific G6pc knockout mice- L.G6pc-
) [21]. Indeed, despite a drop in blood sugar levels in the post-prandial period, L.G6pc’ mice regulate
their blood sugar similarly to control mice after several hours of fasting thanks to an induction of
gluconeogenic genes in the kidney and the intestine [13,22].

To be released as glucose into the bloodstream, G6P has to be dephosphorylated into glucose by
glucose-6 phosphatase (G6Pase), which is expressed only in the liver, kidneys, and intestine. G6P is
first translocated into the endoplasmic reticulum by the G6Pase transporter subunit (G6PT) and
subsequently hydrolyzed into free glucose and inorganic phosphate by the G6Pase catalytic subunit
(G6PC). Glucose is finally released from the cytosol into the bloodstream through GLUT?2. Thus, the
liver, kidneys, and intestine play a central role in maintaining blood glucose levels at around 1 g/L (5
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mM) since most mammals, including Humans, are incapable of tolerating hypoglycemia for more
than a few minutes. Failure to activate these physiological pathways results in severe hypoglycemia
that can be fatal, especially in GSDI or in diabetic patients treated with inappropriate doses of insulin.

2.3. Glucose-6 Phosphate: A Source of Energy and Carbon Skeletons

In feeding periods, glucose can be oxidized to CO2through a series of metabolic pathways,
namely glycolysis in the cytosol, followed by the tricarboxylic acid cycle and the respiratory chain in
the mitochondria. The first step of glycolysis is the isomerization of G6P into fructose-6 phosphate to
produce triose-phosphate, then resulting in the generation of 2 pyruvate molecules and a small
amount of ATP (net gain of 2 ATP molecules). The oxidation of pyruvate then generates the bulk of
ATP under aerobic conditions in quiescent differentiated cells (Figure 3).

While glucose is generally considered to be the main source of cell energy, it is above all a major
provider of carbon skeletons for cell growth and survival [16]. Indeed, glucose oxidation to CO:2 to
produce energy should be avoided to permit to supply essential functions in some situations, in
particular during long-term fasting or during cell proliferation. Glycolysis supplies 3 carbon-
compounds, such as triose-phosphate, pyruvate and lactate that can be used to maintain cellular
homeostasis and produce biomass (Figure 3). Hence, global glucose turnover decreases and glucose
is used to supply PPP that provides the carbon skeletons needed for the synthesis of nucleotides,
chromosomal duplication and cell proliferation (Figure 3). PPP is an important metabolic pathway
known to provide reducing equivalents (NADPH) for anabolism and it plays a pivotal role in
counteracting oxidative stress. Indeed, during oxidative stress, NADPH is needed for the generation
of reduced glutathione. In the first step of PPP, G6P is oxidized into gluconolactone and carbon
dioxide by glucose-6 phosphate dehydrogenase and 6-phosphogluconic dehydrogenase (oxidative
branch). Ribulose-5 phosphate yielded is then isomerized to ribose-5 phosphate, which is the critical
precursor for de novo ribonucleotide synthesis or epimerized into xylulose-5 phosphate. Additionally,
a series of reversible reactions that recruit additional glycolytic intermediates, such as fructose-6
phosphate and glyceraldehyde-3-phosphate, can be converted into pentose phosphates and vice
versa (non-oxidative branch). Transketolase (TKT) and transaldolase (TALDO) are the two major
reversible enzymes that mediate the non-oxidative PPP and determine the diversion of metabolite
flux in the PPP (Figure 4). Thus, in proliferative cells, TKT and TALDO divert fructose-6 phosphate
and glyceraldehyde-3-phosphate from glycolysis to generate additional ribonucleotides.
Interestingly, cancer cells can accelerate non-oxidative PPP by elevating the expression of these
enzymes [23], while deficiency in TALDO can prevent HCC [24].

Thus, the ability to switch the glucose metabolism from a catabolic to an anabolic process is
critical for cells to thrive, especially during long fasting periods. This capacity is also an advantage
for cancer cells that can grow and multiply by using glucose as a carbon source to build proteins and
nucleotides rather than as an energy source, thanks to the Warburg effect [25].
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Figure 3. Glucose-6 phosphate: a source of energy and carbon skeletons. The G6P is metabolized
either through the glycolytic pathway or PPP, which are tightly connected, depending on metabolic
demands. Non-dividing normal differentiated cells mainly depend on mitochondrial oxidative
phosphorylation of pyruvate, which is produced from glycolysis, to generate ATP. During cell
proliferation or starvation periods, G6P is preferentially metabolized via PPP to maintain carbon
homeostasis and produce biomass. In this case, glycolysis produces pyruvate and lactate as final
metabolites and becomes inefficient in producing ATP. Indeed, G6P is preferentially metabolized via
PPP to provide precursors for nucleotide and amino acid biosynthesis and to provide reducing
molecules in the form of NADPH used in reductive biosynthesis reactions within cells (e.g., fatty acid
synthesis). Lactate is also used by the hepatocyte to produce glucose and maintain glycaemia.
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Figure 4. Scheme of the pentose phosphate pathway. The oxidative branch of PPP is highlighted in
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glucose-6  phosphate dehydrogenase; 6PGDH: 6-phosphogluconic dehydrogenase; TKT:
Transketolase; TALDQO: transaldolase.

2.4. Hexosamine Pathway

When G6P is increased, the hexosamine pathway produces carbohydrate units for glycosylation
of proteins and contributes to the synthesis of complex molecules such as glycolipids, proteoglycans
and glycosylphosphatidylinositol anchors. First, G6P is converted into fructose-6 phosphate, which
may either enter the hexosamine pathway in combination with glutamine to produce UDP-
Nacetylglucosamine or it can follow the glycolytic pathway. The hexosamine pathway usually
accounts for only 2-5% of total glucose metabolism. Interestingly, O-GlcNAcylation of different key
transcription factors involved in energy metabolism, including ChREBP and the nuclear receptor
Farnesoid X receptor (FXR), requires the hexosamine pathway [26].

3. ChREBP: A Glucose Sensor

In the hepatocyte, the transcriptional effects of glucose on gene expression are mediated by the
transcription factor ChREBP, which in interaction with Max-like protein (Mlx) binds conserved
consensus sequences (Carbohydrate Response Element, ChoRE). Indeed, in response to increased
glucose concentration, ChREBP is translocated to the nucleus and it activates several genes involved
in glucose and lipid metabolism [such as liver-Pyruvate kinase (L-PK), Fatty Acid Synthase (FAS)
acetyl-CoA carboxylase (ACC), and stearoyl-CoA desaturase (SCD1)], but also genes involved in
insulin signaling [27-29]. Recently, ChREBP was pointed out as a potential regulator of VLDL
secretion in the liver [30]. Thus, it is assumed that ChREBP has important roles in the development
of liver diseases including NAFLD [31]. In consequence, inactivation of ChREBP or liver-specific
inhibition of ChREBP led to a decrease in glycolytic and lipogenic gene expression and a decrease in
hepatic steatosis in mice [29,32,33]. On the contrary, the overexpression of ChREBP led to the
development of hepatic steatosis without concomitant insulin resistance [27]. More recently, a key
regulatory role for ChREBP in hepatic tumorigenesis was also suggested, since ChREBP expression
was found to be increased in non-tumorous surrounding tissue in liver samples and further increased
in HCC in Humans [34]. In addition, a recent study reported the importance of ChREBP in HCC [35].
The genetic deletion of ChREBP in mice impaired hepatocarcinogenesis driven by protein kinase
B/Akt overexpression [36]. Furthermore, in vitro studies of ChREBP silencing in hepatoma cells
resulted in a metabolic switch from aerobic glycolysis to mitochondrial oxidative phosphorylation,
concomitantly with a reduction of cell proliferation [37]. In GSDI, the overexpression of ChREBP has
been linked to glucose and lipid metabolism reprogramming [38,39]. In this context, enhanced
ChREBP could partly account for increased proliferation of hepatocytes by favoring cancer cell-like
metabolism. Further investigation is required to unravel the exact role of ChREBP in
hepatocarcinogenesis in the context of NAFLD.

Two isoforms of ChREBP have been recently described originating from an alternative first exon
promoter - ChREBP o and B [40]. The presence of a ChoRE sequence in the exon promoter 1
suggests that ChREBPoa directly regulates the expression of ChREBP considered as a
constitutively active isoform (due to the loss of a regulatory inhibitory domain). Consequently, the
response to glucose under hyperglycemic conditions could be exacerbated. The regulation of
ChREBP activity by glucose is complex and the relative role of xylulose-5 phosphate, G6P or other
glucose metabolites on the triggering of ChREBP activation is still discussed [41]. It was shown that
xylulose-5 phosphate activates PP2A promoting dephosphorylation of ChREBP and its nuclear
translocation and activation [42]. However, G6P seems to have a central role for the increase in
ChREBP activity, especially by favoring ChREBP translocation to the nucleus and transactivation
[28]. The key role of G6P was supported by the identification of a putative G6P recognition motif in
the transactivation domain, called glucose-activation conserved element (GRACE), suggesting the
possibility of an allosteric regulation of ChREBP by G6P [43]. High glucose also stimulates ChREBP
activity and affinity to ChoRE sequences through acetylation and/or O-GlcNacetylation [44,45].
Finally, during fasting periods, phosphorylation of ChREBP by AMPK, in response to glucagon or to
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an increase in cellular AMP, is responsible for its cytoplasmic retention and/or for its decreased
binding to target promoters [46,47].

In conclusion, ChREBP is a carbohydrate-signaling transcription factor, which masters, in the
liver, the storage of lipids in feeding response. Recent studies have also supported the importance of
ChREBP in the regulation of fructose metabolism [48,49].

4. Imbalance of Glucose-6 Phosphate Metabolism Leads to Metabolic Diseases and Promotes
Hepatocarcinogenesis.

In this review, we have chosen to illustrate two different pathological states characterized by
impaired glucose metabolism. Firstly, type 2 diabetes is a chronic disease with the status of a global
pandemic that is closely linked to overnutrition and obesity [50,51]. The main hallmark of diabetes is
hyperglycemia due to insulin resistance and an overproduction of glucose by the body [52].
Hyperglycemia results in non-enzymatic glycosylation (glycation) and thus loss of function of
proteins, glucose-induced oxidative damage and other adverse effects such as macrovascular and
microvascular complications [53]. The second metabolic disease characterized by carbohydrate
metabolism disruption is GSDI. This is a rare genetic disease (1 birth over 100,000) due to mutations
in G6PC (that cause GSDIa) or G6PT (that cause GSDIb) leading to a loss of G6Pase activity and
endogenous glucose production. In consequence, patients develop severe hypoglycemia during short
fasting periods [54]. Thus, although type 2 diabetes and GSDI appear to be opposite diseases in terms
of glucose production and insulin sensitivity, the liver is chronically exposed to either hyperglycemia
or G6P accumulation, respectively, leading the same metabolic consequences, in particular hepatic
steatosis (Figure 2). Comparing type 2 diabetes and GSDI will allow us to highlight metabolic
perturbations that promote tumour development in relation to the ectopic accumulation of lipids in
the liver.

In both type 2 diabetes and GSD], liver metabolism is characterized by an increased metabolic
flux downstream of G6P (Figure 2). Even if glucose uptake is impaired in obese and/or diabetic mice
or patients, high blood glucose levels are responsible for the activation of all G6P-dependent
pathways previously described [7]. Subsequently, one major metabolic consequence is an increase in
triglyceride synthesis by the liver leading to hepatic steatosis [55,56]. Indeed, up to 70% of diabetic
subjects may present NAFLD [56,57] and all GSDI develop a NAFLD-like pathology [54]. In insulin-
resistant states, hyperglycemia and hyperinsulinemia are in part responsible for enhancing de novo
lipogenesis through the activation of both ChREBP and SREBPI1c. Interestingly, both transcription
factors are also induced in the context of a high carbohydrate feeding independently of insulin
signaling [58]. As previously mentioned, it has been shown that the global or liver-specific inhibition
of ChREBP protected mice against carbohydrate-induced hepatic steatosis [29,33]. However, the
effects of ChREBP inhibition on hepatic insulin sensitivity are still controversial. In GSD], the absence
of G6Pase activity leads to the accumulation of G6P in the liver and consequently the accumulation
of glycogen and lipids, responsible for hepatomegaly and hepatic steatosis. Contrarily to diabetes,
lipid synthesis is activated by ChREBP but independently of liver X receptor (LXR) and SREBP-1c
[59]. The lack of SREBP-1c activation is probably due to a low intensity of insulin signaling in GSDI
[37]. De novo lipogenesis is not the only process contributing to fatty liver. Indeed, the accumulation
of lipid is also caused by an unbalanced diet, elevated non-esterified fatty acid due to a decreased
inhibition of adipose tissue lipolysis, and reduced hepatic VLDL export [60,61]. All these disturbances
contribute to hypertriglyceridemia and hypercholesteridemia observed in diabetes and GSDI. In
conclusion, the liver metabolism of diabetes and GSDI is very similar, albeit exacerbated in GSDI,
with G6P being at the metabolic crossroad as a main responsible for metabolic reprogramming
[39,62].

Interestingly, both diabetes and GSDI patients are prone to the development of hepatic tumors.
In diabetes, NAFLD can progress to liver fibrosis associated with inflammation i.e., non-alcoholic
steatohepatitis NASH, cirrhosis and finally to the development of HCC. However, an important
fraction of obese/diabetic patients develop HCC in the absence of liver cirrhosis [63,64]. Interestingly,
GSDI subjects develop simple hepatic steatosis, which was long considered as a benign reversible
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condition. Nonetheless, lipid accumulation in the liver is a fertile ground for the development of
hepatic tumors and most of patients with GSDI develop hepatocellular adenomas (HCA) that can
later progress into HCC [54]. Despite the important accumulation of glycogen and lipids, GSDI
patients present only low-grade hepatic inflammation and no hepatic injuries (namely normal hepatic
transaminase levels and absence of liver failure). It is noteworthy that in obese/diabetic patients a
part of HCA arises at the state of NAFLD characterized by a low-grade inflammation and may
progress to HCC [65]. The comparison of HCC occurrence in NAFLD and GSDI livers argues for a
dominant role of metabolic reprogramming in the molecular induction of tumor development.

Interestingly, tumor cells are metabolically reprogrammed to fuel cell proliferation, mostly by
increasing glucose uptake and flux through aerobic glycolysis (Warburg effect) and anabolic
pathways (PPP and de novo lipogenesis). The Warburg effect is characterized by high rates of
glycolysis and lactic acid fermentation that occur in the cytosol regardless of the oxygen level. This
provides essential bioenergetic substrates for cell growth and replication, i.e., components needed for
cellular membrane biogenesis and amino acids and nucleotide synthesis for cell division. Recently,
we showed that GSDI hepatocytes exhibit the main characteristics of cancer cell metabolism, with a
Warburg-like metabolic reprogramming that predisposes GSDIa livers to tumor development [15].
Indeed, we observed a hyperactivation of the glycolysis pathway notably characterized by an
overexpression of the M2 isoform of pyruvate kinase in the tumors and an increase in lactate
production. Moreover, OXPHOS analyses revealed a decrease in mitochondrial respiration with a
reduction of pyruvate oxidation[39].

A rational therapeutic approach for the treatment of NAFLD is to increase hepatic energy
expenditure and thereby increase hepatic fat oxidation. Recently, we showed that the use of PPAR-o
agonists, in particular fenofibrate, prevented NAFLD and hepatic injuries in GSDI, as previously
described in diabetes [66—68]. Interestingly, the activation of B-oxidation by fenofibrate promoted the
utilization of G6P through lipid metabolism, avoiding the accumulation of glycogen [66]. In diabetes,
thyroid hormone receptor- agonist combined with glucagon treatment, or glucacon like peptide
1 agonist-gastric inhibitory peptide-glucagon tri-conjugate [69], or liver targeted mitochondrial
protonophores [70,71] were shown to reverse NAFLD in preclinical studies. Interestingly, glucose-
lowering medications such as metformin also reduce the risk of HCC in diabetes, suggesting that
better control of hepatic glucose metabolism should permit prevention of carcinogenesis.

To conclude, the activation of G6P-mediated metabolism is a hallmark of both GSDI and diabetes
that causes hepatic steatosis and may promote cell proliferation and liver cancer. Thus, an optimal
metabolic control, thanks to a strict diet with a reduced consumption of simple carbohydrates, should
prevent tumor occurrence in GSDI [54]. In diabetes, better control of hyperglycemia should also
permit better control of glucose/G6P metabolism and its possible consequences in hepatocytes. Thus,
comparing these two metabolic diseases is a useful approach to better understand the key role of G6P
in the liver both in health and pathological conditions.

Author Contributions: Wrote, reviewed and edited the manuscript, F.R.; Reviewed the manuscript, A.G.-S. and
G.M.

Acknowledgements: The authors thank all past and current colleagues in the laboratory who contributed to the
work reviewed. We would particularly like to thank Monika Gjorgjieva for her kind contribution to the
manuscript.

Funding: This research received no external funding.

Conflicts of interest: The authors declare that they have no conflict of interest.



Metabolites 2019, 9, 282 11 of 14

References

1. Van Schaftingen, E.; Detheux, M.; Veiga da Cunha, M. Short-term control of glucokinase activity: Role of a
regulatory protein. FASEB J. 1994, 8, 414-419.

2. Agius, L. Hormonal and Metabolite Regulation of Hepatic Glucokinase. Annu. Rev. Nutr. 2016, 36, 389-415.

3. Baltrusch, S.; Lenzen, S.; Okar, D.A.; Lange, A.J.; Tiedge, M. Characterization of glucokinase-binding
protein epitopes by a phage-displayed peptide library identification of 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase as a novel interaction partner. J. Biol. Chern. 2001, 276, 43915-43923.

4.  Hijmans, B.S.; Boss, A.; van Dijk, T.H.; Soty, M.; Wolters, H.; Mutel, E.; Groen, A.K.; Derks, T.G.].; Mithieux,
G.; Heerschap, A.; et al. Hepatocytes contribute to residual glucose production in a mouse model for
glycogen storage disease type la. Hepatology 2017, 66, 2042-2054.

5. Rajas, F.; Labrune, P.; Mithieux, G. Glycogen storage disease type 1 and diabetes: Learning by comparing
and contrasting the two disorders. Diabetes Metab. 2013, 39, 377-387.

6. Adeva-Andany, M.M.; Gonzalez-Lucan, M.; Donapetry-Garcia, C.; Fernandez-Fernandez, C.; Ameneiros-
Rodriguez, E. Glycogen metabolism in humans. BBA Clin. 2016, 5, 85-100.

7.  Petersen, M.C.; Vatner, D.F.; Shulman, G.I. Regulation of hepatic glucose metabolism in health and disease.
Nat. Rev. Endocrinol. 2017, 13, 572-587.

8. Magnusson, I; Rothman, D.L.; Jucker, B.; Cline, G.W.; Shulman, R.G.; Shulman, G.I. Liver glycogen
turnover in fed and fasted humans. Am. |. Physiol. 1994, 266, E796-E803.

9.  McDevitt, RM.; Bott, S.J.; Harding, M.; Coward, W.A.; Bluck, L.J.; Prentice, A.M. De novo lipogenesis
during controlled overfeeding with sucrose or glucose in lean and obese women. Am. J. Clin. Nutr. 2001,
74, 737-746.

10. Ozen, H. Glycogen storage diseases: New perspectives. World ]. Gastroenterol. 2007, 13, 2541-2553.

11. Linden, A.G.;Li, S.; Choi, H.Y.; Fang, F.; Fukasawa, M.; Uyeda, K.; Hammer, R.E.; Horton, ].D.; Engelking,
LJ.; Liang, G. Interplay between ChREBP and SREBP-1c coordinates postprandial glycolysis and
lipogenesis in livers of mice. J. Lipid Res. 2018, 59, 475-487.

12. Xu, K;; Morgan, K.T.; Todd Gehris, A.; Elston, T.C.; Gomez, S.M. A Whole-Body Model for Glycogen
Regulation Reveals a Critical Role for Substrate Cycling in Maintaining Blood Glucose Homeostasis. PLoS
Comput. Biol. 2011, 7, €1002272.

13. Mutel, E.; Gautier-Stein, A.; Abdul-Wahed, A.; Amigd-Correig, M.; Zitoun, C.; Stefanutti, A.; Houberdon,
I; Tourette, J.A.; Mithieux, G.; Rajas, F. Control of Blood Glucose in the Absence of Hepatic Glucose
Production During Prolonged Fasting in Mice. Diabetes 2011, 60, 3121-3131.

14. Mithieux, G. New data and concepts on glutamine and glucose metabolism in the gut. Curr. Opin. Clin.
Nutr. Metab. Care 2001, 4, 267-271.

15. Mithieux, G.; Rajas, F.; Gautier-Stein, A. A novel role for glucose 6-phosphatase in the small intestine in the
control of glucose homeostasis. J. Biol. Chem. 2004, 279, 44231-44234.

16. Soty, M.; Gautier-Stein, A.; Rajas, F.; Mithieux, G. Gut-Brain Glucose Signaling in Energy Homeostasis. Cell
Metab. 2017, 25, 1231-1242.

17.  Pillot, B.; Soty, M.; Gautier-Stein, A.; Zitoun, C.; Mithieux, G. Protein feeding promotes redistribution of
endogenous glucose production to the kidney and potentiates its suppression by insulin. Endocrinology
2009, 150, 616-624.

18.  Gerich, J.E.; Meyer, C.; Woerle, H.].; Stumvoll, M. Renal gluconeogenesis: Its importance in human glucose
homeostasis. Diabetes Care 2001, 24, 382-391.

19. Croset, M.; Rajas, F.; Zitoun, C.; Hurot, ].M.; Montano, S.; Mithieux, G. Rat small intestine is an insulin-
sensitive gluconeogenic organ. Diabetes 2001, 50, 740-746.

20. Mithieux, G.; Gautier-Stein, A.; Rajas, F.; Zitoun, C. Contribution of intestine and kidney to glucose fluxes
in different nutritional states in rat. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2006, 143, 195-200.

21. Mutel, E.; Abdul-Wahed, A.; Ramamonjisoa, N.; Stefanutti, A.; Houberdon, I.; Cavassila, S.; Pilleul, F.; Beuf,
O.; Gautier-Stein, A.; Penhoat, A.; et al. Targeted deletion of liver glucose-6 phosphatase mimics glycogen
storage disease type 1a including development of multiple adenomas. J. Hepatol. 2011, 54, 529-537.

22. Penhoat, A.; Fayard, L.; Stefanutti, A.; Mithieux, G.; Rajas, F. Intestinal gluconeogenesis is crucial to

maintain a physiological fasting glycemia in the absence of hepatic glucose production in mice. Metab. Clin.
Exp. 2014, 63, 104-111.



Metabolites 2019, 9, 282 12 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Heinrich, P.C.; Morris, H.P.; Weber, G. Behavior of transaldolase (EC 2.2.1.2) and transketolase (EC 2.2.1.1)
Activities in normal, neoplastic, differentiating, and regenerating liver. Cancer Res. 1976, 36, 3189-3197.
Hanczko, R.; Fernandez, D.R.; Doherty, E.; Qian, Y.; Vas, G.; Niland, B.; Telarico, T.; Garba, A.; Banerjee, S.;
Middleton, F.A.; et al. Prevention of hepatocarcinogenesis and increased susceptibility to acetaminophen-
induced liver failure in transaldolase-deficient mice by N-acetylcysteine. ]. Clin. Investig. 2009, 119, 1546~
1557.

Koppenol, W.H.; Bounds, P.L.; Dang, C.V. Otto Warburg’s contributions to current concepts of cancer
metabolism. Nat. Rev. Cancer 2011, 11, 325-337.

Benhamed, F.; Filhoulaud, G.; Caron, S.; Lefebvre, P.; Staels, B.; Postic, C. O-GlcNAcylation Links ChREBP
and FXR to Glucose-Sensing. Front. Endocrinol. 2015, 5, 230.

Benhamed, F.; Denechaud, P.D.; Lemoine, M.; Robichon, C.; Moldes, M.; Bertrand-Michel, J.; Ratziu, V.;
Serfaty, L.; Housset, C.; Capeau, J.; et al. The lipogenic transcription factor ChREBP dissociates hepatic
steatosis from insulin resistance in mice and humans. J. Clin. Investig. 2012, 122, 2176-2194.

Dentin, R.; Tomas-Cobos, L.; Foufelle, F.; Leopold, J.; Girard, J.; Postic, C.; Ferré, P. Glucose 6-phosphate,
rather than xylulose 5-phosphate, is required for the activation of ChREBP in response to glucose in the
liver. J. Hepatol. 2012, 56, 199-209.

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. J. Physiol. Endocrinol.
Metab. 2006, 291, E358-E364.

Niwa, H.; lizuka, K.; Kato, T.; Wu, W.; Tsuchida, H.; Takao, K.; Horikawa, Y.; Takeda, J. ChREBP Rather
Than SHP Regulates Hepatic VLDL Secretion. Nutrients 2018, 10, 321.

Poungvarin, N.; Chang, B.; Imamura, M.; Chen, J.; Moolsuwan, K.; Sae-Lee, C.; Li, W.; Chan, L. Genome-
Wide Analysis of ChREBP Binding Sites on Male Mouse Liver and White Adipose Chromatin.
Endocrinology 2015, 156, 1982-1994.

Dentin, R.; Benhamed, F.; Hainault, L; Fauveau, V.; Foufelle, F.; Dyck, J.R.B.; Girard, J.; Postic, C. Liver-
specific inhibition of ChREBP improves hepatic steatosis and insulin resistance in ob/ob mice. Diabetes 2006,
55, 2159-2170.

Jois, T.; Chen, W.; Howard, V.; Harvey, R.; Youngs, K.; Thalmann, C.; Saha, P.; Chan, L.; Cowley, M.A,;
Sleeman, M.W. Deletion of hepatic carbohydrate response element binding protein (ChREBP) impairs
glucose homeostasis and hepatic insulin sensitivity in mice. Mol. Metab. 2017, 6, 1381-1394.

Calvisi, D.F.; Wang, C.; Ho, C.; Ladu, S.; Lee, S.A.; Mattu, S.; Destefanis, G.; Delogu, S.; Zimmermann, A.;
Ericsson, J.; et al. Increased lipogenesis, induced by AKT-mTORC1-RPS6 signaling, promotes development
of human hepatocellular carcinoma. Gastroenterology 2011, 140, 1071-1083.

Ribback, S.; Sonke, J.; Lohr, A.; Frohme, J.; Peters, K.; Holm, J.; Peters, M.; Cigliano, A.; Calvisi, D.F.;
Dombrowski, F. Hepatocellular glycogenotic foci after combined intraportal pancreatic islet
transplantation and knockout of the carbohydrate responsive element binding protein in diabetic mice.
Oncotarget 2017, 8, 104315-104329.

Ribback, S.; Che, L.; Pilo, M.G,; Cigliano, A.; Latte, G.; Pes, G.M.; Porcu, A.; Pascale, RM.; Li, L.; Qiao, Y.;
et al. Oncogene-dependent addiction to carbohydrate-responsive element binding protein in hepatocellular
carcinoma. Cell Cycle 2018, 17, 1496-1512.

Tong, X.; Zhao, F.; Mancuso, A.; Gruber, ]J.J.; Thompson, C.B. The glucose-responsive transcription factor
ChREBP contributes to glucose-dependent anabolic synthesis and cell proliferation. Proc. Natl. Acad. Sci.
USA 2009, 106, 21660-21665.

Abdul-Wahed, A.; Gautier-Stein, A.; Casteras, S.; Soty, M.; Roussel, D.; Romestaing, C.; Guillou, H.;
Tourette, J.A.; Pleche, N.; Zitoun, C,; et al. A link between hepatic glucose production and peripheral energy
metabolism via hepatokines. Mol. Metab. 2014, 3, 531-543.

Gjorgjieva, M.; Calderaro, J.; Monteillet, L.; Silva, M.; Raffin, M.; Brevet, M.; Romestaing, C.; Roussel, D.;
Zucman-Rossi, ]J.; Mithieux, G.; et al. Dietary exacerbation of metabolic stress leads to accelerated hepatic
carcinogenesis in glycogen storage disease type Ia. J. Hepatol. 2018, 69, 1074-1087.

Eissing, L.; Scherer, T.; Todter, K.; Knippschild, U.; Greve, ] W.; Buurman, W.A.; Pinnschmidt, H.O.;
Rensen, S.S.; Wolf, A.M.; Bartelt, A.; et al. De novo lipogenesis in human fat and liver is linked to ChREBP-
[3 and metabolic health. Nat. Commun. 2013, 4, 1528.

Filhoulaud, G.; Guilmeau, S.; Dentin, R.; Girard, ].; Postic, C. Novel insights into ChREBP regulation and
function. Trends Endocrinol. Metab. 2013, 24, 257-268.



Metabolites 2019, 9, 282 13 of 14

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Kabashima, T.; Kawaguchi, T.; Wadzinski, B.E.; Uyeda, K. Xylulose 5-phosphate mediates glucose-induced
lipogenesis by xylulose 5-phosphate-activated protein phosphatase in rat liver. Proc. Natl. Acad. Sci. USA
2003, 100, 5107-5112.

McFerrin, L.G.; Atchley, W.R. A novel N-terminal domain may dictate the glucose response of Mondo
proteins. PLoS ONE 2012, 7, e34803.

Bricambert, J.; Miranda, J.; Benhamed, E.; 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. Investig. 2010, 120, 4316—-4331.

Guinez, C.; Filhoulaud, G.; Rayah-Benhamed, F.; Marmier, S.; Dubuquoy, C.; Dentin, R.; Moldes, M,;
Burnol, A.F.; Yang, X.; Lefebvre, T.; et al. O-GlcNAcylation Increases ChREBP Protein Content and
Transcriptional Activity in the Liver. Diabetes 2011, 60, 1399-1413.

Davies, M.N.; O’Callaghan, B.L.; Towle, H.C. Glucose activates ChREBP by increasing its rate of nuclear
entry and relieving repression of its transcriptional activity. ]. Biol. Chem. 2008, 283, 24029-24038.

Sato, S.; Jung, H.; Nakagawa, T.; Pawlosky, R.; Takeshima, T.; Lee, W.R.; Sakiyama, H.; Laxman, S.; Wynn,
R.M.; Tu, B.P.; 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,
10515-10527.

Ortega-Prieto, P.; Postic, C. Carbohydrate Sensing Through the Transcription Factor ChREBP. Front. Genet.
2019, 10, 472.

Kim, M.S.; Krawczyk, S.A.; Doridot, L.; Fowler, A.J.; Wang, J.X.; Trauger, S.A.; Noh, H.L.; Kang, H.J.;
Meissen, ].K.; Blatnik, M.; et al. ChREBP regulates fructose-induced glucose production independently of
insulin signaling. J. Clin. Investig. 2016, 126, 4372—-4386.

Unnikrishnan, R.; Pradeepa, R.; Joshi, S.R.; Mohan, V. Type 2 Diabetes: Demystifying the Global Epidemic.
Diabetes 2017, 66, 1432-1442.

Chen, L.; Magliano, D.J.; Zimmet, P.Z. The worldwide epidemiology of type 2 diabetes mellitus--present
and future perspectives. Nat. Rev. Endocrinol. 2012, 8, 228-236.

Lin, H.V.; Accili, D. Hormonal regulation of hepatic glucose production in health and disease. Cell Metab.
2011, 14, 9-19.

Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414, 813-820.
Kishnani, P.S.; Austin, S.L.; Abdenur, J.E.; Arn, P; Bali, D.S.; Boney, A.; Chung, W.K; Dagli, A.I; Dale, D.;
Koeberl, D.; et al. Diagnosis and management of glycogen storage disease type I: A practice guideline of
the American College of Medical Genetics and Genomics. Genet. Med. 2014, 16, el.

Smith, B.W.; Adams, L.A. Non-alcoholic fatty liver disease. Crit. Rev. Clin. Lab. Sci. 2011, 48, 97-113.
Hazlehurst, ].M.; Woods, C.; Marjot, T.; Cobbold, J.F.; Tomlinson, ].W. Non-alcoholic fatty liver disease and
diabetes. Metab. Clin. Exp. 2016, 65, 1096-1108.

Williamson, R.M.; Price, ].F,; Glancy, S.; Perry, E.; Nee, L.D.; Hayes, P.C.; Frier, B.M.; Van Look, L.A.F.;
Johnston, G.I.; Reynolds, R.M.; et al. Prevalence of and risk factors for hepatic steatosis and nonalcoholic
Fatty liver disease in people with type 2 diabetes: The Edinburgh Type 2 Diabetes Study. Diabetes Care 2011,
34,1139-1144.

Matsuzaka, T.; Shimano, H. Insulin-dependent and -independent regulation of sterol regulatory element-
binding protein-1c. J. Diabetes Investig. 2013, 4, 411-412.

Grefhorst, A.; Schreurs, M.; Oosterveer, M.H.; Cortés, V.A.; Havinga, R.; Herling, A.W.; Reijngoud, D.J.;
Groen, A.K,; Kuipers, F. Carbohydrate-response-element-binding protein (ChREBP) and not the liver X
receptor a (LXRa) mediates elevated hepatic lipogenic gene expression in a mouse model of glycogen
storage disease type 1. Biochem. |. 2010, 432, 249-254.

Postic, C.; Girard, J. Contribution of de novo fatty acid synthesis to hepatic steatosis and insulin resistance:
Lessons from genetically engineered mice. J. Clin. Investig. 2008, 118, 829-838.

Bandsma, R.H.J.; Prinsen, B.H.; de Sain-van der Velden, M.; Rake, ]J.P.; Boer, T.; Smit, G.P.A.; Reijngoud,
D.J.; Kuipers, F. Increased de novo Lipogenesis and Delayed Conversion of Large VLDL into Intermediate
Density Lipoprotein Particles Contribute to Hyperlipidemia in Glycogen Storage Disease Type 1a. Pediatr.
Res. 2008, 63, 702-707.

Gjorgjieva, M.; Oosterveer, M.H.; Mithieux, G.; Rajas, F. Mechanisms by Which Metabolic Reprogramming
in GSD1 Liver Generates a Favorable Tumorigenic Environment. J. Inborn Errors Metab. Screen. 2016, 4,
doi:10.1177/2326409816679429.



Metabolites 2019, 9, 282 14 of 14

63.

64.

65.

66.

67.

68.

69.

70.

71.

Calzadilla Bertot, L.; Adams, L.A. The Natural Course of Non-Alcoholic Fatty Liver Disease. Int. J. Mol. Sci.
2016, 17, 774.

Sanyal, A.; Poklepovic, A.; Moyneur, E.; Barghout, V. Population-based risk factors and resource utilization
for HCC: US perspective. Curr. Med. Res. Opin. 2010, 26, 2183-2191.

Bengtsson, B.; Stal, P.; Wahlin, S.; Bjorkstrom, N.K.; Hagstrom, H. Characteristics and outcome of
hepatocellular carcinoma in patients with NAFLD without cirrhosis. Liver Int. 2019, 39, 1098-1108.
Monteillet, L.; Gjorgjieva, M.; Silva, M.; Verzieux, V.; Imikirene, L.; Duchampt, A.; Guillou, H.; Mithieux,
G.; Rajas, F. Intracellular lipids are an independent cause of liver injury and chronic kidney disease in non
alcoholic fatty liver disease-like context. Mol. Metab. 2018, 16, 100-115.

Musso, G.; Cassader, M.; Gambino, R. Non-alcoholic steatohepatitis: Emerging molecular targets and
therapeutic strategies. Nat. Rev. Drug Discov. 2016, 15, 249-274.

Waskowicz, L.R.; Zhou, |.; Landau, D.J.; Brooks, E.D.; Lim, A.; Yavarow, Z.A.; Kudo, T.; Zhang, H.; Wu, Y.;
Grant, S.; et al. Bezafibrate induces autophagy and improves hepatic lipid metabolism in glycogen storage
disease type Ia. Hum. Mol. Genet. 2018, 28, 143-154.

Finan, B.; Clemmensen, C.; Zhu, Z.; Stemmer, K.; Gauthier, K.; Miiller, L.; De Angelis, M.; Moreth, K.; Neff,
F.; Perez-Tilve, D.; et al. Chemical Hybridization of Glucagon and Thyroid Hormone Optimizes
Therapeutic Impact for Metabolic Disease. Cell 2016, 167, 843-857.

Perry, R]J.; Zhang, D.; Zhang, X.M.; Boyer, J.L; Shulman, G.. Controlled-release mitochondrial
protonophore reverses diabetes and steatohepatitis in rats. Science 2015, 347, 1253-1256.

Perry, RJ.; Kim, T.; Zhang, X.M.; Lee, H.Y.; Pesta, D.; Popov, V.B.; Zhang, D.; Rahimi, Y.; Jurczak, M.].;
Cline, G.W; et al. Reversal of hypertriglyceridemia, fatty liver disease, and insulin resistance by a liver-
targeted mitochondrial uncoupler. Cell Metab. 2013, 18, 740-748.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



