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Abstract

Purpose The endoplasmic reticulum (ER) contains hexose-6P-dehydrogenase (H6PD). This enzyme competes with glucose-6P-
phosphatase for processing a variety of phosphorylated hexoses including 2DG-6P. The present study aimed to verify whether
this ER glucose-processing machinery contributes to brain FDG uptake.

Methods Effect of the H6PD inhibitor metformin on brain 18F-FDG accumulation was studied, in vivo, by microPET imaging.
These data were complemented with the in vitro estimation of the lumped constant (LC). Finally, reticular accumulation of the
fluorescent 2DG analogue 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2NBDG) and its response to met-
formin was studied by confocal microscopy in cultured neurons and astrocytes.

Results Metformin halved brain 18F-FDG accumulation without altering whole body tracer clearance. Ex vivo, this same
response faced the doubling of both glucose consumption and lactate release. The consequent fall in LC was not explained
by any change in expression or activity of its theoretical determinants (GLUTs, hexokinases, glucose-6P-phosphatase),
while it agreed with the drug-induced inhibition of H6PD function. In vitro, 2NBDG accumulation selectively involved the
ER lumen and correlated with H6PD activity being higher in neurons than in astrocytes, despite a lower glucose
consumption.

Conclusions The activity of the reticular enzyme HO6PD profoundly contributes to brain 18F-FDG uptake. These data challenge
the current dogma linking 2DG/FDG uptake to the glycolytic rate and introduce a new model to explain the link between 18-FDG
uptake and neuronal activity.
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Introduction

Since the seminal work by Sokoloff et al. [1], the tight and local
connection between glucose consumption and neuronal activa-
tion has been exploited to map brain response to different stim-
ulations using '*C-2-deoxyglucose (2DG) autoradiography.
The robustness of this method allowed its translation to humans,
with PET/CT imaging of '*F-fluorodeoxyglucose (FDG) that
currently represents a clinical standard in many neurodegener-
ative disorders [2]. The underlying rationale relies on the as-
sumption that both 2DG and FDG compete with glucose for
transport across both blood-brain barrier and cell membrane, as
well as for hexokinase (HK) catalyzed phosphorylation [3, 4].
However, differently from glucose-6-phosphate (G6P), both
2DG-6-phosphate (2DG6P) and FDG-6-phosphate (FDG6P)
cannot be further degraded through the two known pathways,
glycolysis and pentose phosphate pathway (PPP) [4]. Thus,
neglecting tracer loss caused by the slow hexose dephosphory-
lation [1], normalizing tissue uptake for blood tracer availability
permits researchers to noninvasively estimate regional cerebral
metabolic rate of glucose (CMRGlu*).

Although this method represents the basis for most of our
current knowledge about the link between local neuronal ac-
tivation and glucose metabolism in different disorders, its va-
lidity has not been conclusively defined. Indeed, a significant
fraction of intracellular 2DG has been found not to be proc-
essed by HK [5], while magnetic resonance spectroscopy has
documented a significant degradation of FDG6P [6-8], sug-
gesting that the link between glucose consumption and 2DG-
FDG uptake might be relatively looser than conventionally
assumed. In agreement with this concept, our group recently
documented in a broad panel of cancer cell lines that FDG
uptake is strictly dependent upon the activity of hexose-6-
phosphate dehydrogenase (H6PD) [9], the autosomic counter-
part of G6P-dehydrogenase (G6PD), able to dehydrogenate a
large number of hexoses, including 2DG6P, within the endo-
plasmic reticulum (ER) [10, 11].

To define the role of H6PD in brain FDG uptake, this study
evaluated the response of whole brain, primary neurons and
primary astrocytes to metformin (MTF). This anti-diabetic
drug crosses the blood-brain barrier [12], is a powerful inhib-
itor of H6PD [9] and mitochondrial complex I function [13],
eventually accelerating glycolytic flux in both neurons and
astrocytes [14, 15].

Material and methods
Animal models
Six-week-old BALB/c mice were purchased from Charles

River Laboratories (Italy) and housed under specific
pathogen-free conditions. Fifteen ‘control’ mice were kept

under standard conditions, and 15 ‘treated’ mice received
MTF (Sigma Aldrich) diluted in their drinking water at a con-
centration of 3 mg/mL, accounting for a dose of approximate-
ly 750 mg/Kg/d [9].

Experimental micro-PET imaging

In vivo imaging was performed according to a protocol vali-
dated in our lab [9] in 12 mice per group. Mice were weighed
and anaesthesia was induced by intra-peritoneal administra-
tion of ketamine/xylazine (100 and 10 mg/kg, respectively).
Serum glucose level was tested and animals were positioned
on the bed of a dedicated micro-PET system (Albira, Bruker,
US). A dose of 3-4 MBq of FDG was then injected through a
tail vein, soon after start of a 50 min list-mode acquisition.

PET data were reconstructed using a maximal likelihood
expectation maximization method (MLEM) using the follow-
ing framing rate: 10 x 15, 5 x 30, 2 x 150, 6 x 300, 1 x 600 s).
An experienced observer, unaware of the experimental type of
analysed mouse, identified a volume of interest (VOI) in the left
ventricular chamber to plot the time-concentration curve.
Whole body FDG clearance (in ml x min") was calculated
using the conventional stochastic approach as the ratio between
injected dose and integral of input function from 0 to infinity,
fitting the last 20 min with a mono-exponential function [16].
CMRGlu* (in nMol x min ! x gfl) was estimated in the whole
brain according to Gjedde-Patlak [17] graphical analysis using
the routine of dedicated software (PMOD, Zurich, Switzerland)
without correction for the lumped constant (LC). Any interfer-
ence of MTF on FDG exchange between erythrocytes and
plasma was excluded according to the procedure described in
the supplementary material and supplementary Fig. 1.

Ex vivo measurement of brain metabolism

Ex vivo evaluation was completed using a dedicated instru-
ment (LigandTracer White, Ridgeview, SE) that consists of a
beta-emission detector and a rotating platform harbouring a
standard Petri dish. The rotation axis is inclined at 30° from
the vertical, so that the organ alternates its position from the
nadir (for incubation) to the zenith (for counting) every minute
(Suppl Fig. 1). Time-activity curves are thus obtained by
subtracting decay-corrected background counting rate from
the corresponding target value [16].

For the ex vivo study, brains of three control and ‘treated’
mice, respectively, were harvested soon after sacrifice. Slices
300 uM thick were stuck in the outer ring of a Petri dish with
octyl-cyanoacrylate (Dermabond, Ethicon, US) and covered
with 2 mL solution collected from an input vial containing
3 mL of Dulbecco’s Modified Eagle’s Medium (DMEM) con-
taining glucose and FDG at the concentration of 11.1 mM and
1 MBg/mL, respectively. For MTF-brains, incubation medi-
um was enriched with MTF 10 mM. At the end of the
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experiment, an aliquot of 0.5 mL was sampled both from the
input vial and from the Petri dish (output). In both samples,
radioactivity concentration was measured using a dose cali-
brator with an activity resolution <10 KBq (Capintec CRCS55).
FDG uptake was thus expressed

Ainputhoutput

Fractional FDG uptake =
Ainpu’f

where Ajppye and Ay Tepresent activity in MBq in the input
and in the output, respectively. Similarly, glucose consump-
tion (CMRGlu) and lactate production were measured as:

Metabolite change = [Cinpu—Couput] % 2 x 107

where “metabolite change™ indicates either lactate production
(with inverted sign) or CMRGlu, while Cip, and Coypye rep-
resent the corresponding mM concentrations, and 2 x 10~
represents the volume of used medium. The possible interfer-
ence of MTF on the measurement of glucose concentration
was excluded following to the procedure described in the sup-
plementary material.

The availability of CMRGlu and fractional FDG uptake
thus permitted us to estimate LC [1, 5, 18-22] defined as:

*
max

Vmax

_ CMRGlu" 1 Kn vV

o= skt
CMRG "5 " K,

where A indicates the ratio between distribution volumes of
glucose and FDG and thus GLUT contribution, 1 represents

the different G6Pase affinities for the two hexoses, while the
last two ratios refer to the kinetics of HK-catalysed phosphor-
ylation for glucose (plain text) and 2DG (flagged with *, as in
the original Sokoloff formulation). Both V .« (the maximum
rate achieved by the system) and K, (the Michaelis-Menten
constant indicating the substrate concentration at which the
reaction rate is V,,,/2) were determined, at pH 7.4 and
25 °C, by coupling hexose phosphorylation to the reduction
of NADP, recording the change in absorbance at 340 nm. K,
values were determined by Lineweaver-Burk double recipro-
cal plots. Substrate concentrations were 0.05, 0.1, 1, 5 and
200 mM for glucose and 0.3, 5, 50, 100 and 200 mM for
2DG. To avoid the substrate selectivity, GOPD was substituted
with HO6PD, as an enzyme able to process both hexoses.

Autoradiography

Autoradiography was performed according to our standard
procedure [16] as described in the supplementary material.

Co-localization experiments

For these experiments, cultured astrocytes and neurons were
incubated for 20 min in a medium containing glucose
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(25 mM), the 2D analogue 2-[N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino]-2-deoxyglucose (2NBDG) (50 microM)
and the ER-Tracker™ Red (1 microM), (Molecular Probes,
InVitrogen, Eugene, OR). After extensive washing, cellular
fluorescence was measured on the SP2-AOBS confocal micro-
scope (Leica Microsystems, Mannheim, Germany) using a
488 nm laser for 2NBDG excitation (emission detection range
500-560 nm) and a 546 nm laser for ER-Tracker excitation
(emission detection range 600-700 nm). Six to eight randomly
selected fields containing at least 8—10 cells were analysed in
three independent samples for each treatment. Co-localization of
the two signals was tested according to Costes method (ImagelJ
software, NIH) [23] that also provided average signal intensity
in all pixels above the automatically identified threshold.

Preparation of primary cell cultures and western blot
analysis

Procedures for cultures of primary neurons and astrocytes,
western blot and real-time PCR analyses are described in the
supplementary material.

Spectrophotometric assay

Enzymatic assays were performed in a double beam spectro-
photometer (UNICAM UV2, Analytical S.n.c., Italy) [9].

HK, H6PD and G6PD activities were assayed following
reduction of NADP at 340 nm. Phosphofructokinase (PFK)
activity was assayed following oxidation of NADH at 340 nm.
Complex I activity was assayed following the reduction of
ferrocyanide (FeCN), at 420 nm.

The following assays solutions were used: HK: Tris-HCI-
pH 7.4-100 mM (TRIS7.4), MgCl, 2 mM, glucose 200 mM,
ATP 1 mM, NADP 0.5 mM, H6PD (Sigma-Aldrich); H6PD:
TRIS7.4, 2DG6P 10 mM, NADP 0.5 mM; G6PD: TRIS7.4,
G6P 10 mM, NADP 0.5 mM; PFK: Tris-HCI pH 8100 mM,
MgCl, 2 mM, KCI 5 mM, fruttose-6-phpsphate 2 mM, ATP
1 mM, phosphoenolpyruvate (PEP) 0.5 mM, NADH 0.2 mM,
pyruvate kinase (PK)/lactate dehydrogenase (LDH) (Sigma-
Aldrich); Complex I: TRIS7.4, NADH 0.6 mM, antimycin
50 uM, FeCN 0.8 mM.

Glucose and lactate in medium were assayed following the
reduction of NADP and NAD" at 340 nm, respectively. The
following solutions were used: glucose: TRIS7.4, MgCl,
0.2 mM, ATP 2 mM, HK/G6PD (Sigma-Aldrich); lactate:
Tris-HCl-pH 9100 mM, NAD+ 5 mM, LDH (Sigma-Aldrich).

Go6Pase activity on G6P or 2DG6P was measured at
660 nm, following the inorganic phosphate production [24],
using 150 pg brain proteins. The assay solution contained:
G6P or 2DG6P 40 mM, tris-maleic acid pH 6.5 60 mM.
Following an incubation at 37 °C for 15 min, the reaction
was blocked with tri-chloro-acetic acid 2%. Samples were
centrifuged at 14000 rpm for 2 min and the supernatant was
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Table 1 Whole body and brain

metabolic response to MTF Variable Control (n=12) MTF (n=12)
Body weight (g) 16.8 £ 1.2 ns 17 ++1.3
Serum glucose (mM) 48 +1.0 ns 42 ++1.1
FDG clearance (uL x min 1) 52+ 14 ns 52+13
Whole body glucose consumption (nanoMol x min™") 240 + 61 ns 229 + 67
CMRGlu* (nanoMol x min~' x g ") 120 + 28 p<0.001 60 + 21
Brain SUV 225+ 48 p<0.001 1.47 £0.38

added with: H,SO4 350 mM, ammonium molybdate 350 mM,
Fiske’s reactive.

Oxygen consumption

Oxygen consumption was measured using an amperometric
oxygen electrode (Microrespiration, Unisense A/S, Arhus,
Denmark) in a closed chamber (volume 1.7 ml); magnetically
stirred at room temperature. 100,000 cells were used during
the experiments. The intact cells were centrifuged to remove
the growth medium at 1000 g for 2 min. The pellet was

a C
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0.06 A

Fraction of dose

0.04 A

0.02 1

0.00

0.12 - —o—Control —e—MTF

suspended in the respiration buffer composed of KClI
(5 mM) NaCl (0.137 M), Na,HPO, (0.7 mM) and TRIS7.4
(25 mM). Glucose (20 mM) or 2DG (20 mM) were used as
substrates. Absent response to ADP (0.5 mM) confirmed cell
integrity in all experiments.

Statistical analysis

The data are presented as mean =+ standard deviation (SD). For
comparison between different groups, the Null hypothesis was
tested by Student’s t test for unpaired data. Statistical

e p<0.01
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Fig. 1 Effect of metformin on brain glucose consumption and FDG
uptake. a-b) CMRglu* and SUV maps in a control (green border) and
‘treated’ mouse (red border). ¢) Average time-course of ‘ex-vivo’
radioactivity expressed as fraction of the dose in brains harvested from
control and MTF mice. d) Merged image of luxol staining and

Control MTF

autoradiography of a representative brain. e) Fractional uptake of
glucose (solid line) and FDG (dashed line) in control and MTF samples
evaluated during the ex-vivo experiments. f) Experimental LC values as
derived from e) (circles and solid line) as opposed to LC index measured
according to HK function (squares and dashed line)
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significance was considered for p values p < 0.05. All analyses
were performed using the SPSS software package, 20.0.0 re-
lease (IBM, Armonk, NY).

Results

Metabolic response to metformin in the whole body
and brain

Treatment was completed in all 12 animals without side ef-
fects. As shown in Table 1 and in Fig. 1a-b, MTF left unaltered
body weight, serum glucose concentration and FDG clear-
ance. By contrast, it almost halved estimated CMRGlu* and
markedly decreased brain SUV (Fig. 1, Table 1).

Ex vivo brain time activity curves showed the expected
progressive increase in all experiments (Fig. 1c). Similarly,
autoradiography documented, in all cases, a selective tracer
uptake in the grey matter (Fig. 1d) confirming the viability of
all studied brains for the experiment duration [16].

MTF decreased fractional FDG uptake decreased by almost
65% (from 7.3 +2.4% to 2.6 +1.2%, in control and ‘treated’

brains, respectively, p <0.01) (Fig. 1e). However, fractional
glucose removal from the incubation medium showed the op-
posite behaviour: it was 8 +2% under control conditions and
more than doubled under MTF to 17 +3%, (p <0.01) (Fig. le).

Thus, the MTF-induced decrease in CMRGIlu* persisted
ex vivo, occurred despite a marked increase in CMRGlu and
obviously resulted in a marked reduction of LC that fell from
the control value of 0.78 +0.09 to 0.17+0.07 (p <0.001) in
treated brains (Fig. 1f).

Expression levels (Fig. 2a) and protein availabilities (Suppl
Fig. 1) of most represented GLUTs [25] were not significantly
affected by MTF that also did not modify gene expression of
the sodium-glucose symporter (SGLT-1) (data not shown).
Accordingly, MTF did not modify the hexose transport system
represented in the whole brain lysate, suggesting a limited
drug effect on hexose transport mechanisms across the
blood-brain barrier. A similar consideration applies to é: both

mRNA levels (Fig. 2b) of the two isoforms (alpha and beta)
[26] and total abundance of G6Pase (Suppl Fig. 1) did not
change under MTF. More importantly, the drug did not affect
overall enzyme activity nor its relative affinities for G6P and
2DG6P as FDG analogue (Fig. 2c).
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Fig. 2 Analysis of LC theoretical determinants. mRNAs levels in lysates
of brains harvested from control and treated mice encoding for GLUTS
(a) and G6Pase isoforms alpha and beta (b). ¢) G6Pase activity in the
presence of G6P (solid columns) and 2DG6P (dashed columns). d) Real-
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A similar invariance was also observed for HK. In agree-
ment with previous literature [27], real-time PCR showed an
almost exclusive HK I gene expression, with trace amounts of
the other isoforms in both untreated and MTF brains (Fig. 2d).
At the functional evaluation, the slight increase induced by
MTF on V.« was largely counterbalanced by the marked
decrease in Kfn (Fig. 2e-f) that even increased the product

Ky Y max
X X
K 7 Vi

We thus concluded the opposite effect of MTF on
CMRGlIu* and CMRGlu (Fig. 1f) cannot be explained by
the classical model assuming cell accumulation of ‘the termi-
nal metabolites” FDG6P and 2DG6P. The increase in
CMRGlu was largely explained by the MTF-induced inhibi-
tion of oxidative phosphorylation (OXPHOS), since complex
I activity of brain lysates decreased from the control value 0.6
+0.05 to 0.4+0.04 U xmg of proteins ' in treated brains
(p <0.05, Fig. 3a). The subsequent acceleration of the glyco-
lytic flux was documented by the increase in both PFK activ-
ity and lactate release (Fig. 3b-c). By contrast, periodic acid
Schiff staining demonstrated that glycogen stores were scarce-
ly represented in explanted brain cortex and remained constant
after one-week of treatment (Fig. 3d). Finally, mRNA levels,
catalytic activity (Fig. 3e-f) and protein abundance (Suppl Fig.
1) of G6PD remained unchanged under MTF. Thus, MTF
effect on glycolysis, glycogen synthesis and PPP did not pro-
vide any possible insight into the mechanisms underlying the
selective reduction in FDG uptake.

By contrast, the selective reduction in CMRGlu* was co-
herent with the expected response of H6PD: although MTF
did not affect enzyme mRNA (Fig. 3g) and protein levels in
brain lysates (Suppl Fig. 1), it substantially abolished H6PD
catalytic activity. In fact, capability of cell lysates to dehydro-
genate 2DG6P in the presence of NADP fell from the control
value 3.30+0.94 down to 0.54+0.05 mU x mg of proteins
(p<0.01) (Fig. 3h).

Response of neuron and astrocyte metabolism
to metformin

The opposite effect of MTF on CMRGlu* and CMRGlu and
the adherence of the former to HO6PD activity is actually dis-
concerting, since it challenges the undisputed consensus re-
garding the link between glycolytic flux and FDG uptake.
However, this disagreement might reflect the heterogeneous
nature of brain populating cells whose differences in metabol-
ic pattern and sensitivity to MTF might eventually lead to an
evident LC fall, despite an apparent invariance of its determi-
nants in the whole brain lysates.

To test this hypothesis, we evaluated the metabolic re-
sponse to 24 h MTF (10 mM) exposure of primary neurons
and astrocytes, cultured according to our standard procedure.
Control CMRGlu was almost 5-fold higher in astrocytes than

Fig.3 MTF effect on the determinants of G6P fate in brain. a-¢) Complex P
I activity (a), PFK activity (b) and lactate release (¢) in brain lysates of
control (green) and treated (red) mice. d) Adjacent sections from brains of
one control and one MTF mice stained with HE (left) and PAS for gly-
cogen content (right). e-f) mRNA levels and enzymatic activity of GOPD
(e-f) and of H6PD (g-h)

in neurons (Fig. 4a) with an even more evident difference in
glycolytic flux, as testified by almost 8-fold lactate release (
Fig. 4b). MTF increased CMRGlu, lactate release and PFK
activity in both cell types (Fig. 4a-b). However, this re-
sponse was particularly evident in neurons in agreement
with their higher respiratory rate (Fig. 4d). Similarly,
H6PD activity was almost 2-fold higher in neurons than in
astrocytes under control conditions. MTF profoundly and
selectively impaired this enzymatic function in neurons
whose capability to dehydrogenate 2DG6P fell to levels
even lower than those of control astrocytes (Fig. 4e).
Intriguingly, cytosolic PPP showed an opposite pattern:
G6PD catalytic function was markedly higher in astrocytes
than in neurons under control conditions and did not re-
spond to MTF in either cell type (Fig. 4f).

Handling of non-degradable hexose analogues
in cultured neurons and astrocytes

To evaluate the cell compartmentalization of glucose-
analogues uptake, we shifted toward the use of confocal mi-
croscopy and the fluorescent 2NBDG, whose uptake mecha-
nism is thought to reproduce the kinetic model conventionally
attributed to 2DG and FDG [28].

Intensity of ER signal was similar in both cell types and
was not altered by MTF (Fig. 4g). Despite the large differ-
ence in glucose consumption, 2NBDG fluorescence was
similar in neurons and astrocytes (Fig. 4h) under control
conditions. However, MTF significantly impaired the up-
take of the fluorescent 2DG analogue in neurons, as op-
posed to a significant increase observed in astrocytes (Fig.
4h). Interestingly, the response of tracer uptake to MTF
was paralleled by an evident drug effect on signal location:
MTF markedly and selectively decreased ER accumulation
of 2NBDG in neurons. By contrast and coherently with the
absent response of H6PD activity, it did not affect tracer
distribution in astrocytes (Figs. 4i and 5).

Oxidative degradation of glucose and 2DG

This imaging analysis thus confirmed that H6PD activity is
needed to preserve the direct relationship between FDG up-
take and glucose consumption and documented that this same
catalytic function configures the ER as the preferential accu-
mulation site of its analogue 2NBDG. Together with the
scarce substrate selectivity of this enzyme, these data thus
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suggest that ER metabolism might contribute to a further deg-
radation of FDG6P and/or 2DG6P through an, at least partial-
ly, oxidative metabolism.

To verify this hypothesis, we estimated the oxygen con-
sumption rate (OCR) and its response to MTF in isolated
intact neurons and astrocytes incubated with glucose
(20 mM) or 2DG (20 mM) (Fig. 6a-h). In agreement with
the higher lactate/glucose ratio and with the lower mitochon-
drial complex I function, glucose-triggered OCR was mark-
edly lower in astrocytes than in neurons under control condi-
tions, while this difference disappeared under MTF.
Unexpectedly, shifting available substrate from glucose to
2DG only slightly and not significantly affected OCR regard-
less of the cell type or treatment condition (Fig. 6i-j).
Accordingly, this analysis confirmed that 2DG is indeed at
least partially oxidized. This metabolic fate is well represented
and contributes to preserving high FDG uptake, despite mark-
edly lower glucose consumption in neurons with respect to
astrocytes.

Fig.5 Imaging of ER localization
of 2NBDG in neurons and
astrocytes. Representative images
of ER (red), 2NBDG (green) and
merged (white) signals in neurons
(a) and astrocytes (b). Blue color
reports the DAPI signal
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Discussion

The main finding of our study is that brain uptake of the
2DG analogues, FDG and 2NBDG, is largely independent
of cytosolic glucose consumption and reflects the activa-
tion of a specific metabolic pathway triggered by H6PD
within the ER. This conclusion agrees with our previous
experiments in cancer [9] and is based on the following
observations: i) brain lysates contained measurable H6PD
activity, as demonstrated by their capability to produce
NADPH in the presence of 2DG6P; ii) the steep fall in
the CMRGIu*/CMRGlu ratio, induced by MTF, was coher-
ent with the drug-induced inhibition of H6PD activity,
while it was not explained by any measurable change in
the acknowledged determinants of LC (transmembrane
transport, G6Pase activity and hexose phosphorylation ki-
netics); iii) the markedly higher H6PD activity empowered
cultured neurons with a similar uptake of 2NBDG despite a
five-fold lower glucose consumption and even lower rates
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Fig. 6 Respiration induced by 2DG in astrocytes and neurons. Original
tracing of oxygen tension in incubation medium during the exposure of
astrocytes (orange) and neurons (blue) to glucose (a and ¢) or 2DG (b and
d) under control conditions. e-h: same experimental conditions for

of glycolytic flux with respect to astrocytes; iv) ER local-
ization of 2NBDG was well represented in neurons, while
it was impaired when enzyme function was less expressed
(in astrocytes) or hampered (by MTF), and, finally, v) 2DG
was at least partially oxidized both in neurons and astro-
cytes, challenging the universally assumed ‘dead-end’ na-
ture of its phosphorylated form.

The conventional 3-compartment model (Fig. 7a) con-
siders that the FDG entry-gate to the non-exchangeable
pool is the HK-catalyzed phosphorylation (k3). The present
data move this gate to a downstream reaction (or sequence
of reactions) triggered by H6PD within the ER, clarifying
the still unexplained brain loss of 2DG6P/FDG6P that has
been systematically documented since the introduction of
the 2DG method [1, 19, 29]. This finding has been gener-
ically attributed to G6Pase-catalyzed hydrolysis; however,
this assumption conflicts with the well-documented en-
zyme sequestration in the ER lumen [30]. Since
electrically-charged hexoses cannot cross the ER mem-
brane, they need unidirectional transport mechanisms to
access to the hydrolytic enzyme, while back-diffusion of

Glucose 2DG

astrocytes and neurons incubated 24 h with MTF. At the end of the
measurements, absent response to ADP confirmed cell integrity.
Average OCR of astrocytes (i) and neurons (j) cultured in control
(solid) and MTF (dashed) conditions and challenged with glucose or 2DG

dephosphorylated counterparts is warranted by the large
GLUT abundance of the ER membrane [25]. In agreement
with this concept, FDG radioactivity release has been
found to reflect the expression of the ATP-dependent
G6P transporter more than G6Pase activity [31]. The pro-
posed model would thus configure a true accumulation
kinetics, considering FDG6P/2DG6P as a reversible com-
partment that can undergo the competitive action of H6PD
and Go6Pase for dehydrogenation (and storage) or de-
phosphorylation (and release), respectively. In the presence
of a high H6PD activity, FDG6P is processed towards sub-
strates retained within the ER (Fig. 7b). By contrast, when
H6PD function is scarcely expressed (e.g. in astrocytes) or
inhibited (by MTF) (Fig. 7c), G6Pase activity becomes
prevalent, eventually decreasing tracer retention. This con-
figuration agrees with previous evidence reporting a fur-
ther processing of FDG6P [5-9] and is further corroborated
by the evident OCR triggered by 2DG and its sensitivity to
the combined inhibition of H6PD and Complex I by MTF.
Obviously, this observation does not configure the 2DG-
derived metabolites as true respiratory substrates: to this
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Fig. 7 The possible models explaining FDG uptake. Panel a displays the
conventional 3-compartment models assuming the accumulation of the
terminal product FDG6P in the cytosol. Panel b displays the proposed
model in neurons in which the thick arrow indicates a high H6PD activity
and its capability of storing obtained intermediates for later degradation.
In Panel ¢, the low H6PD activity results in a measurable FDG6P de-
phosphorylation by the competing G6Pase eventually increasing tracer
loss

purpose the coupling between OCR and ATP synthesis
should have been evaluated. This task was not feasible in
our experimental model using intact cells. However, the
evident OCR documents ‘per se’ that 2DG6P catabolism
occurs, regardless of its coupling with ATP synthesis or of
the generation of reactive oxygen species, and contributes
to the ultimate radioactivity retention.

This paradigm shift sheds a new light on the highly
animated discussion about the different rates and scopes
of glucose consumption in neurons and astrocytes [32,
33]. Under control conditions, these two cell types showed
similar levels of 2NBDG uptake, despite an almost 5-fold
higher glucose consumption (and an even higher difference
in glycolytic flux) in astrocytes with respect to neurons.
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This mismatch was explained by the different rates of
H6PD activity in the two cell types and the preferential
OXPHOS nature of neuronal glucose usage. In agreement
with these features, HOPD-inhibition by MTF severely im-
paired the relationship between 2NBDG uptake and glu-
cose disposal in neurons, while it was markedly less effec-
tive in astrocytes. Accordingly, these data suggest that es-
timation of 2DG/FDG uptake should be carefully com-
pared with direct measurements of glucose consumption
in the two different cell types.

On methodological grounds, inhibition of H6PD func-
tion was the unique possible explanation for the steep fall
in CMRGIu/CMRGIlu* ratio — and thus in LC — observed
in MTF brains. Actually, estimation of brain LC provided
largely different results, ranging from 0.52 [18] up to 1.24
[21]. Although a number of methodological limitations and
peculiarities have been claimed, this disappointing vari-
ability has not been fully explicated and, more importantly,
no conclusive explanation has been proposed for its depen-
dence upon experimental conditions. Indeed, LC has been
found to rapidly increase with decreasing glucose avail-
ability both in vitro (from 0.7 to 1.22) [20] and in vivo
(from 0.41 to 1.24) [21]. Similarly, Blomqvist et al. found
a strict and direct link between regional neuronal activation
and corresponding LC value [22]. These findings intrinsi-
cally suggest that the difference between CMRGIu* and
CMRGlu cannot be explained by the conventional ap-
proach, assuming differences in the affinities of GLUTs,
HK or G6Pase for the two hexoses. By contrast, they nice-
ly agree with the dependence of FDG uptake upon the
activity of the oxidative PPP phase, triggered by H6PD
within the ER, and suggest that neuronal activation might
result in a preferential glucose oxidation and FDG uptake
(through H6PD function).

In conclusion, the present study documents that brain
uptake of 2DG, FDG and 2NBDG cannot be considered
the accumulation of ‘inert analogues of phosphorylated
glucose’ and thus does not provide accurate estimations
of local glycolytic flux. It rather selectively reflects the rate
of a still undefined ER metabolic machinery triggered by
the omnivore enzyme H6PD, which is able to degrade
phosphorylated and free hexoses. The disconcerting nature
of this conclusion needs further investigation to define
presence, rate, significance and control mechanisms of this
unknown metabolism, at least ‘geographically’ indepen-
dent from the two cytosolic pathways, glycolysis and
PPP, commonly assumed responsible for glucose degrada-
tion. Should this concept be extended to the regional agree-
ment between signal processing and CMRGlu, it would
provide a new insight into the cellular basis of metabolic
imaging of brain function and would possibly permit the
development of tracers selectively targeting the ER activa-
tion as a potential contribution to brain disorders.
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