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Abstract Huntington’s disease (HD) or Huntington’s cho-
rea is the most common inherited, dominantly transmitted,
neurodegenerative disorder. It is caused by increased CAG
repeats number in the gene coding for huntingtin (Htt) and
characterized by motor, behaviour and psychiatric symp-
toms, ultimately leading to death. HD patients also exhibit
alterations in glucose and energetic metabolism, which
result in pronounced weight loss despite sustained calorie
intake. Glucose metabolism decreases in the striatum of all
the subjects with mutated Htt, but affects symptom presen-
tation only when it drops below a specific threshold. Recent
evidence points at defects in glucose uptake by the brain,
and especially by neurons, as a relevant component of
central glucose hypometabolism in HD patients. Here we
review the main features of glucose metabolism and trans-
port in the brain in physiological conditions and how these
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processes are impaired in HD, and discuss the potential
ability of strategies aimed at increasing intracellular energy
levels to counteract neurological and motor degeneration in
HD patients.
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Brain glucose metabolism

The brain relies predominantly on glucose as a substrate
for its metabolism, at variance with other body tissues that
can utilize other energy sources, mostly fatty acids. Brain
requirements for glucose are quite high: the adult brain
weighs ~2% of the whole body, but consumes ~20% of
total body glucose in the resting state (Mergenthaler et al.
2013). Glucose is used by the brain to both provide the
energy for cellular functions (e.g., generation of synaptic
and action potentials, maintenance of ion gradients, etc.)
and as a carbon source for the biosynthesis of a variety of
molecules (e.g., neurotransmitters) (Siegel et al. 1999).

In brain cells glucose is phosphorylated by hexokinase
(HK) to glucose-6-phosphate (G6P) (Patel et al. 2014) and
metabolized, as in other cells, through one of the following
pathways.

1. Glycolysis. It takes place in the cytoplasm under
anaerobic conditions, and leads to formation, for each
glucose molecule, of two molecules of pyruvate, two
molecules of adenosine triphosphate (ATP) and two
molecules of NADPH. NADPH is a reducing agent,
important for the management of oxidative stress,
which in animals is mostly produced by the pentose
phosphate pathway (see below). ATP stores chemical
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energy in a form ready to be released for cell needs.
Pyruvate molecules can be further metabolized in two
ways. Most pyruvate enters the mitochondria and is
converted to acetyl-CoA, which undergoes the tricar-
boxylic acid (TCA) cycle and oxidative phosphoryla-
tion. Pyruvate aerobic metabolism produces the high-
est amount of cellular ATP (~30 molecules). A small
amount of pyruvate is reduced to lactate, at the expense
of NADPH, in the cytosol. This reaction is reversible;
therefore lactate can be oxidized to pyruvate, pro-
ducing NADPH, and join the mitochondrial aerobic
metabolism. The fate of brain lactate is still controver-
sial, and different models have been proposed to take
into account the available experimental evidence: (a)
“astrocyte-to-neuron lactate shuttle” (ANLS) (Pellerin
and Magistretti 2012); (b) “neuron-to-astrocyte lactate
shuttle” (NALS) (Mangia et al. 2011); and (c) “lactate
release” (Dienel 2012). According to these models,
during brain activation in response to a specific stimu-
lus, lactate is: (a) released by astrocytes and taken up
by neurons (ANLS); (b) released by neurons and taken
up by astrocytes (NALS); or (c) released from the brain
to the blood, respectively. In any case, the contribution
of lactate to the overall glucose metabolism in the brain
is reputed to be very small (Mangia et al. 2011; Dienel
2012).

2. Pentose phosphate pathway. It generates NADPH
and metabolites that re-enters the glycolytic pathway
downstream of GOP.

3. Glycogenesis. It occurs almost exclusively in astro-
cytes and leads to the formation of glycogen, a poly-
mer comprising glucose molecules. This may serve as
energy reserve in the brain, as in the periphery. How-
ever, the amount of brain glycogen is too limited to
maintain brain function in the absence of permanent
glucose supply from the blood. Indeed, brain reli-
ance on glucose is so pronounced that even a transient
decline in glucose metabolism causes serious disrup-
tion of brain functions; if blood glucose flux is inter-
rupted, unconsciousness and coma occur in less than
10 s (Clarke and Sokoloff 1999).

Because of the strong brain dependence on blood glu-
cose, impairment of glucose supply to brain cells can dra-
matically affect brain function and lead to a variety of neu-
rological syndromes.

Glucose transport in the brain
In spite of the brain reliance on glucose as a food source,

glucose ability to diffuse from the blood into the brain
is restricted (Vannucci et al. 1997). This restriction is
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mainly due to the presence of the blood-brain barrier
(BBB), which is considered to be the most selective of
the biological barriers that separate blood from the inter-
stitial fluids that surround body tissues (Keaney and
Campbell 2015). The BBB is a specialized anatomical-
physiological barrier made of microvascular endothe-
lial cells connected by tight junction complexes, which
effectively prevent passage of molecules between cells
(Wilhelm et al. 2011). While lipophilic substances and
gases, like oxygen, can reach the brain by freely diffus-
ing through the membranes of endothelial cells, water-
soluble substances, like glucose, can only cross the BBB
by taking advantage of specific membrane transporters.
Transporter molecules that allow glucose to move from
blood to brain belong to the glucose transporter (GLUT)
protein family (Olson and Pessin 1996). All mammalian
cells contain one or more members of this family. The
human genome encodes 14 different GLUT proteins that
facilitate the passage of sugars (e.g., glucose, fructose)
across cell and intracellular membranes. The most highly
expressed GLUTSs in the brain are GLUT1 and GLUT3.

GLUT1 is encoded by the SLC2A1 gene and
expressed mostly in erythrocytes and endothelial cells
in adults, as well as at high levels in all foetal tissues.
The high molecular weight (i.e., highly glycosylated)
form is densely expressed by endothelial cells of the
BBB and transports glucose from microvasculature blood
to brain interstitial fluid (Jurcovicova 2014). Glucose is
then taken up into astrocytes by a lower molecular weight
(i.e., less glycosylated) GLUT1 form, and into neurons
by GLUT3. Heterozygous mutations in the SLC2Al
gene resulting in decreased glucose presence in the cer-
ebrospinal fluid (hypoglycorrhachia) cause the GLUTI
deficiency syndrome (GLUT1-DS) (Seidner et al. 1998),
a neurological disorder characterized by variable pheno-
types and severity of symptoms. These include: mental
retardation (from mild to severe cognitive impairment);
microcephaly; movement disorders (from mild motor
dysfunction to severe neurological disability); early onset
absence epilepsy. Epileptic and movement symptoms
can be effectively reduced by a ketogenic (i.e., high fat,
low carbohydrate, adequate protein) diet, which provides
the body with an alternative energy source to glucose. In
the presence of low carbohydrates, the liver metabolizes
fatty acids to ketone bodies (i.e., B-hydroxybutyrate, ace-
toacetate and acetone), which are able to cross the BBB.
Ketone bodies can be taken up by other tissues such as
heart, skeletal muscle and brain, and converted to acetyl-
CoA, which enters the TCA cycle to be oxidized for
energy production (Deng et al. 2014).

GLUTS3 is encoded by the SLC2A3 gene and highly and
specifically expressed in neurons. It has both higher glu-
cose affinity and transport capacity than GLUTI, and its



Glucose transportation in the brain and its impairment in Huntington disease: one more shade... 1149

expression increases concomitantly with the maturation of
synaptic connections (Simpson et al. 2008).

Both GLUT1 and GLUT3 are overexpressed in several
types of solid tumours. Since they generate ATP mostly by
anaerobic glycolysis in the cytoplasm (the Warburg effect),
their need for glucose is dramatically increased with
respect to normal cells, which generate the majority of ATP
molecules via aerobic metabolism in the mitochondria (see
above). As a consequence, overexpression of GLUT1 and/
or GLUT3 may be exploited for the diagnosis or therapy of
solid tumours (Deng et al. 2015).

GLUTH4 is found in considerable amounts in the olfac-
tory bulb, hippocampus and cerebellum, and its expression
levels vary according to the levels of circulating insulin
(see below) (Vannucci et al. 1997, 1998a).

Other members of the GLUT family have been detected
in relatively small amounts in specific brain regions; e.g.,
GLUTS (fructose transporter) is mostly found in the micro-
glia and microvessels; GLUT2 in astrocytes (Vannucci
et al. 1997; Joost and Thorens 2001; Choeiri et al. 2002).

Mechanism of glucose transport by GLUT1
and GLUT3

GLUT1 and GLUT3 are uniporter carriers, i.e., integral
membrane proteins that bind one molecule of substrate
at a time and transport it across the membrane. Transport
occurs down the substrate concentration gradient, thereby
allowing a constant supply of blood sugar to cell metabo-
lism (Olson and Pessin 1996). Since chemical energy
deriving from ATP hydrolysis is not required, this process
is named “facilitated diffusion” or “passive transport”. Glu-
cose transport by GLUT1 and GLUT3 is generally agreed
to occur by the so-called “alternating access mechanism”,
according to which the substrate binding site is made alter-
natively accessible from either side of the membrane by
conformational changes of the receptor (Jardetzky 1966).
This hypothesis has recently gained strong support by the
determination of the three-dimensional (3D) atomic-level
structures of GLUT1 and GLUTS3 in different conforma-
tions by X-ray crystallography (Deng et al. 2014, 2015).
All of these structures are now freely available from the
Protein Data Bank (PDB).

Both GLUT1 and GLUT3 assume the conserved fold
shared by both the closely related sugar porter family mem-
bers, i.e., the sugar_tr family in the Pfam database (Finn
et al. 2016), and the more distant homologues belonging
to the major facilitator superfamily (MFS) (Quistgaard
et al. 2016). The conserved fold is made of two domains,
N- and C-terminal, comprising six trans-membrane span-
ning a-helices each. In members of the sugar porter fam-
ily the N- and C-terminal domains are connected by a third

domain, comprising five short intracellular a-helices. This
intracellular helical (ICH) domain has not been detected
in other MSF transporters until now, and may be a unique
feature of the sugar porter family. Comparative analyses
of the 3D structures of GLUT1 and GLUT?3, as well as of
homologous proteins belonging to the sugar porter fam-
ily and MSF transporter superfamily, have allowed both
overall conformational changes taking place during the
sugar transport cycle, and specific residues and interactions
responsible for these changes, to be elucidated (Deng et al.
2015). In particular, the following conformations have been
proposed to take part in the transport cycle.

Outward-open: it has roughly the shape of a “V” letter,
with a cavity opened towards the extracellular side of the
membrane; it allows extracellular glucose to reach and bind
to the internal substrate binding site (see Fig. 1, left panels).

Outward-partially occluded: similar to the previous one
but for the closure of the substrate entrance cavity by small
conformational changes, which effectively trap glucose
within the binding site (Fig. 1, central panels).

Occluded-substrate bound: the bound glucose is inacces-
sible from either side of the membrane.

Inward-open: it is also “V”-shaped, but the cavity is
opened towards the cytoplasmic side of the membrane,
allowing glucose to be released from the substrate binding
site (Fig. 1, right panels).

Inward-partially occluded: similar to the inward-open,
but for the fact that the cytoplasmic side is not completely
open, therefore glucose cannot bind again to the receptor.

Occluded-free: the empty substrate binding site is not
accessible from either side of the membrane.

The structure of GLUTI1 has been determined in the
inward-open conformation in complex with either a glu-
cose analogue (Fig. 1, right panels) (Deng et al. 2015) or
different inhibitors (Kapoor et al. 2016). The structure of
GLUT3 has been determined in two distinct conforma-
tions: outward-open (Fig. 1, left panels), in complex with
maltose, and outward-partially occluded (Fig. 1, central
panels) in complex with either glucose or maltose (Deng
et al. 2015). The conformations observed in GLUTI1 and
GLUT3 are shared by other members of the sugar por-
ter family (i.e., mammalian fructose transporter GLUT5
(Nomura et al. 2015); fungal phosphate transporter (Ped-
ersen et al. 2013); bacterial Glucose/H+ or p-xylose/H+
symporters (Sun et al. 2012; Quistgaard et al. 2013; Wised-
chaisri et al. 2014; Iancu et al. 2013)) or of the MSF trans-
porter superfamily (e.g., FucP, GlpT and LacY) (Quist-
gaard et al. 2016), whose structures have been determined
either in the free state or in complex with their natural sub-
strate or substrate analogues. This high degree of structural
conservation indicates that the substrate transport mecha-
nism is highly conserved throughout evolution, from bacte-
rial to human homologues. The inward-partially occluded
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Extracellular

Fig. 1 Three-dimensional structure of GLUT1 and GLUT3. a Rib-
bon representation of GLUT1 (Deng et al. 2014) and GLUT3 (Deng
et al. 2015) structures determined by X-ray crystallography in dif-
ferent conformational states. The N-terminal, C-terminal and ICH
domains are coloured blue, green and orange, respectively. Ligand
atoms are shown as spheres proportional to their van der Waals
radii and coloured red. Left Outward-open GLUT3 in complex with
maltose (PDB code: 4ZWC, resolution = 2.60 A). Centre Outward-
partially occluded GLUT3 in complex with glucose (PDB code:

and occluded-substrate bound conformations have been
observed in one of the structures of p-xylose/H+ sym-
porter (XylE) from E. coli (Quistgaard et al. 2013), which
belongs to the sugar porter family, and in the MSF trans-
porter superfamily member EmrD (Quistgaard et al. 2016),
respectively. The occluded-substrate free conformation is,
at present, not supported by experimentally determined 3D
structures of proteins homologous to GLUT1 and GLUTS3.

The structural elements playing the main role in deter-
mining the conformational changes taking place during
the transport cycle affect mostly the C-terminal domain,
and in particular transmembrane (TM) helices TM7
and TM10 (Fig. 2); conversely, the N-terminal domain
remains mostly unmodified, and moves as a rigid body
relative to the C-terminal domain. While all the 12 TMs
comprised in the N- and C-terminal domains are visible
in all the GLUT1 and GLUTS3 structures (Fig. la), the
five helices of the ICH domain are fully visible only in
GLUT3 outward-open and outward-partially closed con-
formations, where the ICH domain acts as a gate that
occludes the tunnel between the substrate binding site
and the cytoplasmic side of the membrane (Fig. 1a, right
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4ZW9, resolution = 1.50 A). Right Inward-open GLUTI in com-
plex with n-nonyl--p-glucopyranoside (PDB code: 4PYP, resolu-
tion = 3.17 A). b Extracellular views of GLUT3 and cytoplasmic
view of GLUTI structures shown in panel a. Left In outward-open
GLUT3 the substrate binding site can be accessed by extracellular
glucose. Centre In outward-partially occluded GLUT3 the substrate
binding site is not accessible. Right In inward-open GLUT1 the cav-
ity allowing substrate exit into the cytoplasm is widely open (Colour
figure online)

and central panels). In inward-open GLUT1 structure, a
part of the fifth a-helix of the ICH domain is not visible,
indicating that it is highly flexible (Fig. 1b, right panel).
As a result, the tunnel towards the cytoplasmic side of the
membrane is open.

Regulation of GLUT1 and GLUT3 levels

GLUTI1 and GLUT3 expression and activity regulation
are complex, and vary in different cell types and depend-
ing on environmental conditions. Short-term increases
in glucose transport can be achieved by stimulating the
activity of cell surface GLUTSs and/or translocation of
intracellular GLUTs to the plasma membrane. Long-term
glucose transport enhancements require synthesis of new
GLUT proteins. GLUTs regulation has been shown to
involve several factors, such as: hypoxia and hypoxia-
inducible factor 1 (HIF-1a); glucose deprivation; insulin
and insulin-like growth factor I (IGF-I); and human anti-
gen R (HuR).
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Fig. 2 Comparison of GLUTI in the inward-open conformation and
GLUTS3 in the outward-open and outward-partially occluded con-
formations. Ribbon representation of GLUT1 (PDB code: 4PYP)
and GLUT3 (PDB codes: 4ZWC and 4ZW9) structures determined
by X-ray crystallography (Deng et al. 2014, 2015). a GLUT3 struc-
tures are coloured grey except for a-helix TM7, which is orange in
outward-partially occluded and blue in outward-open conformations.
The TM7 a-helix has a straight conformation (blue) and surrounds
the substrate entry cavity in outward-open GLUT3. In outward-par-
tially occluded GLUT3, TM7 is bent (orange), preventing substrate
exit towards the extracellular side of the membrane. b Residues

HIF-1« and hypoxia increase GLUT1 and GLUT3
levels

HIF-1 is considered to be the master transcriptional regulator
of cellular and developmental response to a decrease in avail-
able oxygen concentration within cells (hypoxia). It is highly
conserved in most oxygen-breathing species and it has an
essential role in human metabolism (Formenti et al. 2010).
From a structural point of view HIF-1 is a heterodimer,
formed by one a and one B subunit. In normal oxygen con-
ditions, HIF-1a is constitutively expressed at low levels
in most cells, and rapidly degraded via the ubiquitin pro-
tease pathway. In hypoxic conditions HIF-1a expression is
upregulated, degradation is prevented and HIF-1a accumu-
lates to associate with constitutively expressed HIF-1p.
HIF-1 exerts transcriptional activity on tens of genes
whose expression promotes survival in hypoxic condi-
tions, including: vascular endothelial growth factor and
erythropoietin, which promote vascularization and eryth-
ropoiesis and, therefore, increase oxygen delivery to
hypoxic regions (Semenza 2001; Vannucci et al. 1998b);
glycolysis enzymes, which allow ATP to be synthetized in

Asn286 and Tyr290 of TM7 point away from the outward-open cavity
in outward-open GLUT3. Glucose passage to the extracellular side
of the membrane is prevented by the hydrogen bond interaction with
Asn286, and steric hindrance by the bulky Tyr290 side-chain in out-
ward-partially occluded GLUT3. ¢ GLUT1 and GLUT3 are coloured
as in Figure 1 and panels a and b of Figure 2, respectively. Trp386
in TM10 prevents glucose exit towards the cytoplasm in outward-
partially occluded GLUT3, but a conformational change of TM10
shifts the homologous Trp388 away from the substrate exit cavity
in inward-open GLUT]I, allowing substrate release (Colour figure
online)

the absence of oxygen; and glucose transporters GLUT1
and GLUT3, which increase glucose uptake within cells.

A number of studies have investigated the effects of
oxygen deprivation on GLUT transcription and transla-
tion in the central nervous system. GLUT1 and GLUT3
gene expression has been shown to be upregulated in rat
brain in vivo, by hypoxia—ischemia induced by carotid
artery ligation (Vannucci et al. 1998b) or by treatment
with the hypoxia-mimetic cobalt chloride, which pre-
vents HIF-la degradation under normoxic conditions
(Badr et al. 1999). Accordingly, in primary cultures of rat
neurons, GLUT1 and GLUT3 mRNA levels increased in
hypoxic conditions. Interestingly, the increase in GLUT1
transcript levels determined by joint hypoxia and glucose
deprivation was significantly higher than that obtained by
glucose deprivation alone (Bruckner et al. 1999).

HuR regulates GLUT1 gene expression
Human antigen R (HuR) or ELAV-like protein 1 is a

member of the ELAVL family of RNA binding proteins.
These contain several RNA recognition motifs and bind
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selectively to adenylate-uridylate-rich elements (AREs)
in 3’ untranslated regions of mRNAs. HuR contains a
nucleus—cytoplasm shuttling sequence. In the nucleus, HuR
binds mRNAs and the resulting complex is exported to
the cytoplasm (Peng et al. 1998). Since AREs are mRNA
degradation signals, HuR binding in the cytoplasm stabi-
lizes mRNA transcripts. Therefore, HuR regulates mRNA
translational efficiency by acting as a molecular chaperone
(Cherry et al. 2006).

The interaction between HuR and GLUT1 mRNA has
been studied in preadipocytes and adipocytes. In these
studies HuR regulated GLUT1 gene expression at a post-
transcriptional level in a differentiation specific manner.
In fact, while both HuR and GLUT1 mRNA are present in
both stages of differentiation, the complex is detected only
in adipocytes, where HuR localization in the cytoplasm
is increased with respect to preadipocytes, where HuR is
mostly nuclear. HuR regulatory effect on GLUT1 in adi-
pocytes was ascribed to different mechanisms: on the one
hand, stabilization of GLUT1 mRNA by binding to AREs
and inducing translocation from the nucleus to the cyto-
sol; on the other, initiation of translation and movement of
GLUTI mRNA to the polyribosomes (Gantt et al. 2006;
Vander Heiden et al. 2001). More recently, HuR has been
shown to be essential for pancreatic cancer cells survival
under acute glucose deprivation. This condition stimu-
lated HuR translocation from the nucleus to the cytoplasm,
where HuR binds several mRNAs coding for enzymes
involved in glucose metabolism, but not GLUT1 mRNA.
These results may be ascribed to metabolic differences
between cancer and normal cells, but may also imply that
HuR binding to mRNA substrates is tissue-specific (Bur-
khart et al. 2013).

Insulin-dependent GLUT1 expression and translocation

Insulin is a protein hormone that promotes glucose absorp-
tion from the blood into almost all cell types, and most
extensively in the liver, skeletal muscle and adipose tis-
sue. Insulin binding to insulin receptors (IRs) determines
the high affinity GLUT4 receptor to be transported from
intracellular vesicles, where it is stored, to the membrane
of adipose and muscle cells, resulting in an increased rate
of glucose uptake. Within cells, glucose is used in anabolic
reactions to build large molecules such as carbohydrates,
lipids and proteins. Insulin hypoglycemic activity is essen-
tial to maintain blood glucose concentration within a nar-
row range. When glucose levels increase above the physi-
ological threshold, large amounts of glucose are taken up
via the low affinity receptor GLUT2 by the B-cells within
the islets of Langerhans in the pancreas, which respond by
secreting insulin. If glucose levels drop below physiologi-
cal levels, the a-cells of the islets of Langerhans release

@ Springer

glucagon, a peptide hormone with hyperglycemic activity:
it stimulates liver cells to produce glucose, via glycogen-
olysis and gluconeogenesis, and release it into the blood.

Insulin has been considered for a long time to be a
peripheral hormone, but its role in brain glucose metabo-
lism is now well established. Insulin has been reported to
modulate thermoregulation, synaptic transmission, neuronal
growth and differentiation, neuroprotection, learning, mem-
ory, longevity, aging, age-associated neurodegenerative dis-
orders, and fertility (Duarte et al. 2012; Laron 2009).

Both insulin and IRs are present at high levels in the
human brain. Most of the insulin present in adults is pro-
duced by pancreatic p-cells and transported to the brain.
However, a number of evidences indicate that both insu-
lin and IRs are synthesized by neurons as well (Duarte
et al. 2012). IRs are highly expressed in neurons (neuron-
specific isoform) and less in glial cells (peripheral-like
isoform, also expressed by BBB cells). Insulin stimulates
glucose uptake in cultured glial cells and neurotransmitters
release in neurons; therefore, glucose uptake by neurons
may be the consequence of neuronal activation. Insulin-
induced glucose uptake has been proposed to result from
the recruitment of the partially insulin-sensitive GLUT]1 to
the membrane of brain cells, since GLUT3 is not sensitive
to the hormone (Bingham et al. 2002). This hypothesis is
supported by the observation that in three different osteo-
sarcoma cell lines insulin induced GLUT! translocation to
the plasma membrane, while not affecting GLUT1 expres-
sion levels (Cifuentes et al. 2011). Insulin has also been
reported to increase GLUT1 expression via activation of
the anti-apoptotic PI3K/Akt/glycogen synthase kinase-38
(GSK-38) pathway, one of the two major signalling path-
ways activated by this hormone (Duarte et al. 2012); in
turn, increased GLUT1 expression has been correlated with
Akt-mediated enhancement of mitochondrial membrane
potential (Huang et al. 2005). In addition to stimulating
glucose uptake, insulin can provide energy to neurons by
stimulating glucose release from glycogen stores in astro-
cytes via the partially insulin-sensitive GLUT]1 to the extra-
cellular fluid; from here, neurons would uptake glucose via
the insulin-insensitive GLUT3 (Duarte et al. 2012).

IGF-I and glucose

Both GLUTI and GLUT3 mRNAs were shown to
increase as a consequence of IGF-I activation and glu-
cose deprivation in bovine adrenomedullary chromaffin
cells. IGF-I activity was entirely mediated by synthesis
of new GLUT proteins, and in particular GLUT3. Con-
versely, only about half of the glucose uptake resulting
from glucose deprivation could be accounted for by new
GLUT protein synthesis, the rest having been ascribed
to post-transcriptional mechanisms such as reduced
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internalization rate of pre-existing GLUTs (Fladeby et al.
2003).

Impairment of energetic metabolism
in Huntington’s disease

Huntington’s disease (HD) is an autosomal dominant and
progressive neurodegenerative disease. It is characterized
by progressive neuron dysfunction and death, most exten-
sively in the brain (striatum, white matter and cortex),
and is associated with involuntary movements, cognitive
and behavioural symptoms and ultimately death (Roos
2010).

HD is caused by the elongation of the CAG trinucleo-
tide repeat in the HTT gene, which encodes a polyglu-
tamine (polyQ) stretch in the huntingtin (Htt) protein.
In normal individuals, the CAG region of HTT contains
11-35 trinucleotide repeats; a repeats number higher
than 35 indicates a high probability of developing HD.
The expanded CAG repeat region tends to be unstable in
both somatic and germline cells, particularly male, and
frequently expands, rather than contract, during intergen-
erational transmission. The disease is typically diagnosed
in adults around the age of 40, on average, and no treat-
ment is currently available to reverse the neurodegenera-
tion induced by the mutated Htt (mHtt).

In addition to the neurological symptoms, HD patients
face pronounced weight loss, despite sustained caloric
intake. This was a first indication that alterations in
energetic metabolism played a role in HD pathogenesis;
strong evidence of early glucose hypometabolism in the
brain of HD patients is now available (Squitieri and Ciar-
miello 2010). HD subjects exhibit reduced glycolysis
and lactate levels (Powers et al. 2007) and alterations in
mitochondrial function. While the activity and expres-
sion levels of TCA cycle enzymes are increased in both
the post-mortem cortex of human patients, and cortex
and striatum of a mouse HD model with >175 glutamine
repeats (Q175) (Naseri et al. 2015), oxidative phospho-
rylation is impaired (Milakovic and Johnson 2005),
and ATP is depleted in brain and peripheral tissues of
HD patients (Chaturvedi et al. 2009). Other mitochon-
drial dysfunctions include: defective calcium handling
(Lim et al. 2008) and mitochondria trafficking (Li et al.
2010); oxidative damage (Browne et al. 1999); and dys-
regulation of the peroxisome proliferator-activated recep-
tor gamma co-activator-1-alpha (PGC-1a), which is the
master regulator of mitochondrial biogenesis (Cui et al.
2006). Overall, metabolic reductions occur early in HD,
and may precede the clinical onset of HD symptoms by
many years.

HD causes defective glucose transport in the brain

Several evidences indicate that energetic metabolism
impairment in HD patients is contributed by defective
brain glucose uptake, in particular by neurons (Pow-
ers et al. 2007; Lalic et al. 2008; Russo et al. 2013;
Adanyeguh et al. 2015). In mouse models, embryonic
cortical neurons have been shown to take up significantly
less glucose than WT neurons. The quantity of GLUT1
and GLUT3 present in membranes of post-mortem
samples of caudate and cortex brain regions has been
reported to be significantly reduced in advanced HD
stages patients with respect to non-HD controls: in grade
3 HD caudate the amount of GLUT1 and GLUT3 was 3-
and 4-fold lower than in non-HD controls, respectively,
whereas at earlier stages (grade 1), there was no signifi-
cant difference in GLUT1 and GLUT3 membrane con-
centration compared with non-diseased controls (Gam-
berino and Brennan 1994). Recent data also highlighted
the presence of abnormalities in the BBB (i.e., leakage)
and blood vessels (Drouin-Ouellet et al. 2015).

Reduced surface expression of GLUT3 has also been
demonstrated to occur in the striatum and cortex of HD
140Q mice brain slices immunolabeled with an antibody
recognizing an extracellular GLUT3 epitope, compared
with WT mice (Li et al. 2012). The effects of GLUT3
gene expression levels and glucose uptake activity by
neurons on HD progression have been observed also
in Drosophila HD models. In particular, expression of
GLUT3 in Drosophila neurons was shown to be sufficient
to suppress most of the neurological phenotypes induced
by mHrtt, since it determined a striking improvement in
fly survival, restored locomotor activity and rescued neu-
rodegeneration (Besson et al. 2015).

Glucose hypometabolism and reduced GLUT3 pres-
ence in neuron membranes in HD are caused, at least in
part, by deficient Rab11 activity (Li et al. 2012). Rabl1,
a member of the Ras superfamily of small GTPases (Rab:
Ras-related in brain), regulates trafficking of numerous
receptors and transporters to cell membranes, includ-
ing transferrin receptor, neuronal glutamate/cysteine
transporter EAACI and GLUT3 (McClory et al. 2014).
Enhancements in Rabll activity may increase glucose
uptake by HD neurons. Alterations in insulin secretion
and sensitivity have also been detected in normoglycemic
HD patients (Russo et al. 2013; Lalic et al. 2008).

Several alterations have been shown to take place in
HD mutation carriers before symptom presentation.
Reduced uptake of glucose or 18-fluoro-desossi-glucose
and progressive white matter loss, especially in the cau-
date nuclei has been demonstrated to occur by positron
emission tomography (PET-scan) and MRI in adults
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(Ciarmiello et al. 2006; Squitieri and Ciarmiello 2010).
Pre-manifest HD subjects also showed a metabolic
decrease in striatum, frontal, and temporal lobes, albeit
to a different extent, and thalamic hypermetabolism, as
a compensation reaction to progressive decrease of glu-
cose uptake in the caudate (Feigin et al. 2007). In all HD
subjects the reduction in glucose metabolism is particu-
larly enhanced and progressive in the caudate nucleus
(Ciarmiello et al. 2006; Feigin et al. 2007), likely affect-
ing symptom presentation only when glucose metabolism
decreases below a certain threshold (Ciarmiello et al.
2012). These findings contribute to explain why brain
functions of pre-manifest HD subjects remain indistin-
guishable from those of the general population for many
years, and are expected to improve predictions of HD
onset age (Feigin et al. 2007; Ciarmiello et al. 2012).

Future perspectives

Large evidence indicating that glucose metabolism is
impaired in HD is now available. Of the many factors and
mechanisms that have been discovered to affect energetic
and glucose metabolism, glucose transport into brain cells
has been only marginally analysed so far. Recent stud-
ies have unveiled the three-dimensional structure of glu-
cose transporters that are responsible for glucose uptake
inside endothelial cells and astrocytes (GLUT1) or neurons
(GLUTS3), at atomic level. Additionally, multiple factors
controlling GLUT1 and GLUT3 expression and cellular
localization have been identified. The amount of data now
available about structure—function relationships among
members of the GLUT family, accumulated knowledge
about the factors and mechanisms affecting glucose trans-
port inside cells, and evidences about deficiency of these
receptors in membranes of HD patients and animal models,
point to this pathway as an attractive target for new treat-
ments against HD and, potentially, other incurable neuro-
degenerative disorders related to glucose hypometabolism.

To ameliorate the neurodegenerative process in HD, sev-
eral strategies aimed at increasing intracellular energy lev-
els have been explored.

Creatine is an endogenous nitrogenous organic acid
whose phosphorylated form is used by the enzyme creatine
kinase to the resynthesize ATP from ADP in a reversible
reaction. Creatine is actively taken up by skeletal muscle,
where the majority of the compound is stored, brain and
other highly energy consuming tissues. For these reasons, it
is widely used as a supplement to build muscle mass. Cre-
atine supplementation to HD mouse model was shown to
significantly improve body weight and motor performance,
delay the onset of diabetes and slow down the development
of brain atrophy, loss of striatal neurons and formation of

@ Springer

Htt-positive aggregate. Unfortunately, creatine neuropro-
tective effects have not been replicated in clinical trials so
far. However, it has been proposed that to reliably assess
the actual therapeutic efficacy of this compound clinical tri-
als should be carried out on larger cohorts of patients and
for longer periods of time (Klopstock et al. 2011).

A different strategy consists in providing HD subjects
with energy sources alternative to glucose. As mentioned
above, a ketogenic diet causes the body to transform com-
mon dietary fat to ketone bodies. These cross the BBB
and are transformed by brain cells to acetyl-CoA, which is
used in the TCA cycle to produce energy. This treatment
effectively reduces seizures in disorders associated with
impaired glucose metabolism, such as GLUTI1-DS, but it
does not control other symptoms. Additionally, a high fat
diet involves potential health risks and is not easy to main-
tain, leading to frequent dropouts (Kovac et al. 2013). An
alternative to the ketogenic diet is provided by treatment
with anaplerotic substances, i.e., compounds able to gen-
erate metabolic pathway intermediates. As mentioned
above, glucose has anabolic, as well as energy production
functions. In mitochondria, pyruvate molecules generated
by glycolysis can be carboxylated to oxaloacetate, one
of the intermediates of the TCA cycle. This is an anaple-
rotic reaction, since it produces a metabolic pathway inter-
mediate. As a result of glucose deficit, not only energetic
metabolism, but also glucose anaplerotic functions may be
impaired in the brain of HD or GLUT1-DS patients. The
most commonly studied anaplerotic compound is trihepta-
noin, a triglyceride comprising three heptanoate fatty acids.
At variance with most dietary fats, which comprise fatty
acids with even number of carbon atoms and are metabo-
lized to three- and four-carbon atom ketone bodies, fatty
acids with odd number of carbon atoms are metabolized to
ketone bodies with five carbon atoms, which are also able
to cross the BBB. Within tissues, three- and four-atom car-
bon ketone bodies can be transformed to acetyl-CoA only,
whereas five-carbon atom ketones produce both acetyl-
CoA and propionyl-CoA. This is an efficient anaplerotic
substrate for the TCA cycle, since it can be converted, by a
series of reactions, to succinyl-CoA, one of the intermedi-
ates of the TCA cycle. Because of the ability to generate
the anaplerotic propionyl-CoA, in addition to the energy-
providing acetyl-CoA, triheptanoin is expected to be more
effective than the ketogenic diet as a glucose replacement
strategy (Adanyeguh et al. 2015). Indeed, triheptanoin
treatment has been shown to improve energy metabolism in
HD patients (Mochel et al. 2010; Adanyeguh et al. 2015).
In a small-scale study on 10 early stage HD patients vs.
controls, treatment with triheptanoin improved brain meta-
bolic profile and motor functions (Adanyeguh et al. 2015).
Triheptanoin has also been shown to have beneficial effects
in a clinical study on eight children and adult GLUT1-DS
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patients with non-epileptic paroxysmal manifestations
(Mochel et al. 2015). Importantly, since triheptanoin was
well tolerated by both adults and children, it can be tested
in young HD patients, who present the rarest, so far trial-
excluded, form of HD.

Taken together, the evidences reported in this review
open the road to new research fields to recapitulate the
mechanisms related to the transportation of glucose and
other substances into brain cells through the BBB and iden-
tify possible therapeutic strategies to contrast this devastat-
ing disease.
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