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The intersection of metabolism and inflammation
is governed by the intracellular topology of
hexokinases and the metabolic fate of glucose

Juan F. Codocedo™?, Gary E. Landreth'?*

ICommentary

Abstract

Hexokinases (HKs) catalyze the first and irreversible step of glucose metabolism. Its product, glucose-6-phosphate (G-6P) serves
as a precursor for catabolic processes like glycolysis for adenosine 5’-triphosphate (ATP) production and anabolic pathways
including the pentose phosphate pathway (PPP) for the generation of intermediaries like nicotinamide adenine dinucleotide
phosphate (NADPH) and ribulose-5-P. Thus, the cellular fate of glucose is important not only for growth and maintenance, but
also to determine different cellular activities. Studies in immune cells have demonstrated an intimate linkage between metabolic
pathways and inflammation, however the precise molecular mechanisms that determine the cellular fate of glucose during
inflammation or aging are not completely understood. Here we discuss a study by De Jesus et al that describes the role of
HK1 cytosolic localization as a critical regulator of glucose flux by shunting glucose into the PPP at the expense of glycolysis,
exacerbating the inflammatory response of macrophages. The authors convincingly demonstrate a novel mechanism that is
independent of its mitochondrial functions, but involve the association to a protein complex that inhibits glycolysis at the level
of glyceraldehyde 3-phosphate dehydrogenase. We expand the discussion by comparing previous studies related to the HK2
isoform and how cells have evolved to regulate the mitochondrial association of these two isoforms by non-redundant mechanism.
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The intimate linkage between metabolic pathways and inflam-
mation has gained substantial attention as it is evident that
metabolic enzymes and metabolites do much more than sim-
ply provide immune cells with energy in the form of adenosine
5’-triphosphate (ATP). In particular, the family of hexokinases
(HKs) that catalyze the first committed step in glucose utiliza-
tion are a prime example of this immunometabolic crosstalk.
After glucose is transported into cells, it is phosphorylated by
HKs to produce glucose-6-phosphate (G-6P) which serves as
a precursor for glycolysis and also for biosynthetic pathways
including the pentose phosphate pathway (PPP) . A central
question is how the metabolic fate of glucose is regulated. De
Jesus et al 2! have recently shed substantial new light on this
issue, demonstrating that the localization of HK1 within the
cell is a critical determinant of the metabolic flux of glucose,
governing the generation and distribution of its metabolites and
ultimately regulating immune cell functions.
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In mammals, five HK isoenzymes have been identified, each with
distinct subcellular localization, kinetics, and physiological func-
tions. HK1 is ubiquitously expressed in almost all mammalian
tissues and is largely unresponsive to hormones or prevailing
metabolic conditions and is considered more of a housekeep-
ing protein. HK2 is detected in adipose, muscles, and myeloid
cells whereas HK3 and HK4 (glucokinase) show relatively low
expression in mammalian tissues U, The fifth member of the
family, hexokinase domain-containing protein-1 (HKDC1) is a
widely expressed novel HK that plays a role in glucose homeo-
stasis and is involved in the progression of several patholog-
ical conditions including cancer . Human HK1 shares with
HK2 and HKDC1 a sequence homology close to of 70% 7!
and all possess a mitochondrial binding domain (MBD) at their
N-terminus that allows the binding to voltage-dependent anion
channel (VDAC), an outer mitochondrial membrane protein 671,
HK1 is predominantly associated with mitochondria, suggesting
that HK1 principally performs a catabolic function, channeling
glucose into glycolysis for ATP production 131

A large body of literature has identified roles for HKs isoforms
that extend beyond glucose sensing and phosphorylation. For
example, HK2 has been reported to act as a pattern recogni-
tion receptor for bacterial particles P!, to regulate autophagy
by direct binding to mammalian target of rapamycin complex
1 (mTORC1) 1% or by blunting cell death through inhibiting
mitochondrial apoptotic pathways [!112], Several of these activ-
ities are related to their immune function and are dependent of
the dynamic nature of HK2 mitochondrial association 3. The
mitochondrial association of HK2 is regulated by different sig-
naling pathways that converge on the activation of AKT serine/
threonine kinase 1 (AKT), as only HK2 has a serine-threonine
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kinase AKT consensus phosphorylation sequence at T473
which regulates its mitochondrial association ! (Figure 1, right
panel). The mitochondrial interaction of the novel HKDC1 has
been reported as essential for its role in liver cancer progression
and its dislocation induced mitochondrial dysfunction with the
consequential changes in glucose flux "l Despite these findings,
the molecular mechanisms that govern HKDC1 mitochondrial
dynamics under normal and pathological conditions are not yet

described.

Recent reports demonstrate that HK1 exhibits pro-survival
properties similar to HK2, dictated also by its mitochondrial
association 171, as well as the ability to promote NOD-, LRR-
and pyrin domain-containing protein 3 (NLRP3) inflammasome
activation. The latter regulates interleukin 1 beta (IL-1f) and
IL-18 production in peripheral macrophages in response to lipo-
polysaccharide (LPS) and ATP stimulation '8l It was unknown
how the intracellular localization of HK1 is governed and how
its topology influenced the metabolic and cellular consequences
of actions, particularly in immune cells. De Jesus et al ?! have
now described a novel cytosolic gain of function for HK1 that is
independent of its enzymatic activity (glucose phosphorylation)
but depends on its dislocation of mitochondria and formation
of a complex comprised of novel interacting partners, including
members of the family of calcium-binding cytosolic ST00A8/9
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proteins (calprotectin), iNOS, and GAPDH. Importantly, this
association results in the nitrosylation of GAPDH, attenuating
its activity and redirecting glucose flux to the PPP. Consequently,
macrophages display an exaggerated inflammatory response
when challenged with LPS. These findings provide new insight
into how metabolic fate of glucose is regulated and illuminated
the underlying mechanism subserving this effect.

This characterization was done in a novel transgenic mouse,
lacking the MBD of the endogenous HK1 (AE1HK1). As
expected, the truncation altered the cellular distribution of HK1
but did not affect its catalytic activity. Importantly, the cytoso-
lic localization of HK1 affects neither the expression, nor the
mitochondrial localization of HK2. Interestingly, in bone mar-
row—derived macrophages (BMDM:s) isolated from wildtype
mice, HK1 showed a reversible dislocation in response to LPS.
Importantly, increased levels of cytosolic HK1 were observed
in immune cells of mouse and human conditions associated to
inflammation, namely aging and diabetes.

By using “C_-glucose tracing metabolomics, the authors revealed
that glucose flux was redirected to the PPP after proinflamma-
tory stimulation. This result is not surprising, as similar meta-
bolic consequences have been described for cytosolic HK2 151
and cytosolic HKDC1 ], However, the molecular mechanisms
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Figure 1. HK mitochondrial dislocation is regulated by different post-translational mechanisms which regulate the metabolic flux of glucose. HK1
and 2 contain a mitochondrial binding domain that interact with protein located in the outer membrane of mitochondria. Its product, G-6P, is subsequently
metabolized by different pathways including glycolysis and the PPP among others. The balance between these metabolic pathways influences different cellular
phenotypes including inflammation. Left panel (modified from De Jesus et al ), HK1 mitochondrial association is promoted by acetylation at K15 and 21. The
upregulation of deacetylases like Sirt2 induce the dissociation of HK1 which then forms a cytosolic complex with iINOS to inhibit glycolysis at the level of glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH). Consequently, the metabolic fate of glucose shifts to favor the PPP that in macrophages promote the expres-
sion of inflammatory cytokines. Right panel: The association of HK2 is not affected by deacetylases. Instead, early studies have shown that AKT-dependent
phosphorylation of T473 promotes its mitochondrial binding. An independent study in cardiomyocytes showed that the overexpression of HK2 promotes the
PPP 81 but the mechanism associated with this shift in the metabolic flux of glucose is unknown. Determination of whether HK2 or other cytosolic HKs can
induce the inhibition of GAPDH in different context will be important to understand the level of redundancy of these mechanisms. This figure was created with
BioRender.com. AKT: AKT serine/threonine kinase 1; G-6P: glucose-6-phosphate; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; HK: hexokinases;
iNOS: inducible nitric oxide synthase; PPP: pentose phosphate pathway.
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responsible for this “rerouting” of glucose are largely unknown.
Interestingly, they observed a reduction in the *C -glucose incor-
poration of glycolytic intermediates below the level of GAPDH
suggesting that the cytosolic localization of HK1 alters glycoly-
sis and increases G-6P incorporation into PPP at the expense of
lower glycolysis. This novel function of HK1 induces a “broken
glycolysis” which allow the accumulation of metabolites that
will drive the increase of the PPP (Figure 1, left panel).

Because HK1 lacks the AKT consensus site of HK2, the
authors explore the molecular mechanism that could direct
this phenomenon in macrophages. By using unbiased pro-
teomic analysis, they show that Lys 15 and 21 located in
the MBD of HK1 were acetylated and that the acetylation
promoted the insertion of the MBD in the hydrophobic
mitochondrial outer membrane, resulting in reduction of
inflammatory cytokine levels. In the search for the upstream
regulator of this process, the authors established that Sirt2,
an nicotinamide adenine dinucleotide (NAD)-dependent
deacetylase, is likely an important regulator of HK1 mito-
chondrial association by post-translational modifications of
the HK1 MBD.

In summary, De Jesus et al I report a novel mechanism by
which cytosolic HK1 directs glucose flux to the PPP by inhib-
iting glycolysis at the level of GAPDH. This is achieved by
its trans-S-nitrosylation and consequent GAPDH inhibition
(Figure 1, left panel). There is clear evidence that the metabo-
lism of glucose is controlled by the gene expression of differ-
ent key metabolic enzymes in response to nutrient and oxygen
sensing mediated by master regulators of metabolism like
hypoxia-inducible factor 1-alpha (HIF-lalpha) and mTOR
20 The findings of De Jesus et al 1 identify a new layer of
regulation accounting for the control that metabolism has on
the inflammatory effects of external stimuli. Perhaps more rel-
evant, the discovery that acetylation of Lys in the MBD of
HKT1 and deacetylases like Sirt2 can control the mitochondrial
dislocation of HK1 reveal a new evolutionary specialization
of HKs as theses residues are poorly conserved in HK2. In
that way, the mitochondrial localization of these two isoforms
is regulated by different post-translational modifications
(acetylation and phosphorylation) and upstream signaling
enzymes (Sirt2 and AKT, respectively) suggesting that both
isoforms can influence the fate of glucose and the immune
response by non-redundant mechanisms (Figure 1). Another
interesting mechanism that relates HKs localization, meta-
bolic reprograming and immunity was reported in liver car-
cinogenesis, which is characterized by increased glycolysis and
hepatic inflammation 2!, This mechanism is not dependent of
post-translational modifications of individual isoforms, but is
the consequence of an isoenzyme expression switch between
the cytosolic HK4 and mitochondrial HK2 22, It is possible
to speculate that a similar phenomenon could take place in
immune cells that express the mitochondrial isoforms HK1
and HK2 as well as the cytosolic HK3 123,

Another source of non-redundancy between isoforms could
be associated with non-glucose targets of cytosolic HKs.
Considering that cytosolic HK2 and HKDC1 can also redi-
rect G-6P to the PPP 511 it should be important to deter-
mine if the mitochondrial dislocation of these enzymes can
also influence the inhibition of GAPDH by interacting with
cytosolic proteins like calprotectin and iNOS (Figure 1,
right panel) in cells where these isoforms are predominant.
Similarly, it was recently described that cytosolic HK2 phos-
phorylates IxBa at T291 inducing its degradation and nuclear
factor kappa B (NF-xB) activation-dependent transcriptional
upregulation in tumor cells ?*. Determination of whether
other cytosolic HKs can regulate the NF-kB pathway by
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phosphorylation and degradation of its repressor could be
important to better understand the level of overlap between
their activities in the induction of the immune response. This
knowledge could be instrumental in the development of spe-
cific metabolic therapies of pathologies associated with dys-
regulated inflammation.
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