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Tanycytes release glucose using the glucose-6-
phosphatase system during hypoglycemia to
control hypothalamic energy balance
María José Barahona1,2,3, Luciano Ferrada2, Matías Vera 1,2, Francisco Nualart1,2,*
ABSTRACT

Objective: The liver releases glucose into the blood using the glucose-6-phosphatase (G6Pase) system, a multiprotein complex located in the
endoplasmic reticulum (ER). Here, we show for the first time that the G6Pase system is also expressed in hypothalamic tanycytes, and it is
required to regulate energy balance.
Methods: Using automatized qRT-PCR and immunohistochemical analyses, we evaluated the expression of the G6Pase system. Fluorescent
glucose analogue (2-NBDG) uptake was evaluated by 4D live-cell microscopy. Glucose release was tested using a glucose detection kit and high-
content live-cell analysis instrument, Incucyte s3. In vivo G6pt knockdown in tanycytes was performed by AAV1-shG6PT-mCherry intra-
cerebroventricular injection. Body weight gain, adipose tissue weight, food intake, glucose metabolism, c-Fos, and neuropeptide expression were
evaluated at 4 weeks post-transduction.
Results: Tanycytes sequester glucose-6-phosphate (G6P) into the ER through the G6Pase system and release glucose in hypoglycaemia via
facilitative glucose transporters (GLUTs). Strikingly, in vivo tanycytic G6pt knockdown has a powerful peripheral anabolic effect observed through
decreased body weight, white adipose tissue (WAT) tissue mass, and strong downregulation of lipogenesis genes. Selective deletion of G6pt in
tanycytes also decreases food intake, c-Fos expression in the arcuate nucleus (ARC), and Npy mRNA expression in fasted mice.
Conclusions: The tanycyte-associated G6Pase system is a central mechanism involved in controlling metabolism and energy balance.

� 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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1. INTRODUCTION

In 1975, Arion and colleagues discovered that hepatocytes release
glucose into the bloodstream in response to hypoglycaemia using the
glucose-6-phosphatase (G6Pase) system [1]. This system is in the
endoplasmic reticulum (ER) and is composed of two functionally linked
proteins, a G6P transporter subunit (G6PT) and a catalytic subunit
called G6P phosphatase (G6Pase) [2,3]. The G6PT subunit promotes
the storage of G6P inside the ER, while G6Pase, which has its catalytic
domain in the reticular lumen, hydrolyses G6P to yield free
glucose þ phosphate [2,4e6]. The free glucose stored in the reticular
lumen can be transported to the cytosol and from there to the extra-
cellular space in hypoglycaemic conditions by a direct mechanism that
has not yet been established [7], but eventually by glucose transporters
(GLUTs) [2,3,8].
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The G6Pase system has been extensively studied in organs that export
glucose, such as the liver and, to a lesser extent, the kidney. However,
in 2018, Müller and colleagues demonstrated that the G6Pase system
is also expressed in astrocyte-type glial cells [7,9e11]. In this context,
it was shown that human fetal astrocytes express the G6PT subunit
and isoform 3 of G6Pase, also called G6PC3 [9]. Additionally, it was
determined that astrocytes sequester glucose in the ER and that it is
hydrolysed in the reticular lumen by the action of the G6PC3 catalytic
subunit [9]. These surprising findings led to the proposal of a
completely innovative concept for the ER of astrocytes. This proposal
states that the ER can sequester glucose by using the G6Pase system
and can also provide protected transport of this molecule from sites of
glucose uptake to places where energy is needed. However, it is un-
known whether other glial cells use this system as a mechanism of
communication with nearby cells.
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After 30 years from the discovery of Arion and colleagues, we show for
the first time that the G6Pase system is also present in hypothalamic
tanycytes. Tanycytes are glial cells that form the walls of the hypo-
thalamic third ventricle (3 V) [12]. Their apical side is in direct contact
with the cerebrospinal fluid (CSF), while their elongated processes are
in close contact with neurons located in hypothalamic nuclei to
regulate energy homeostasis [13,14]. Using 4-dimensional live-cell
microscopy, we determined that tanycytes sequester G6P in the ER
using the G6Pase system. Interestingly, we have detected that in
hypoglycaemic conditions, tanycytes can release pulses of glucose
from the ER using GLUTs. Surprisingly, in vivo knockdown of the
G6Pase system generated through knockdown of G6pt induces a
decrease in body weight and disturbs peripheral lipid homeostasis.
Moreover, selective silencing of G6pt in tanycytes decreases food
consumption, ARC c-Fos expression and downregulates Npy gene
expression in response to food deprivation. In conclusion, the G6Pase
system associated with tanycytes is a critical mechanism for regulating
energy homeostasis and is, perhaps, a possible therapeutic target
against obesity.

2. MATERIALS AND METHODS

2.1. Compounds
Thielavin A (Santa Cruz Biotech, #CAS 71950-66-8), Chlorogenic acid
(SigmaeAldrich, #C3878), BAY-876 (Cayman, #1799753-84-6), and
Glutor (SigmaeAldrich, #SML2765).

2.2. Mice
C57BL/6J mice were maintained at 23 �C and 40% humidity with a
12 h light/dark (07:00 a.m on-07:00 p.m off) cycle. For all physio-
logical studies, 8-week-old male mice were used. Four to six mice
were housed per cage and randomly chosen for each experiment.
Animals were fed ad libitum with a standard rodent diet (LabDiet, Diet
5001), except under experimental conditions. For the food intake ex-
periments, mice were individually housed 1 week before the experi-
ment. All experiments were approved by the Animal Ethics Committee
of the National Research and Development Agency (ANID, project
protocol #3210076), and the animals were handled following the Guide
for the Care and Use of Laboratory Animals (NRC 2011).

2.3. Primary culture of tanycytes
Postnatal stage 3 (P3) mice were used for primary cell cultures. The
tanycytes were isolated from the ARC/ME region as previously
described [15,16]. Subsequently, isolated ARC/MEs were dissociated
in a 0.25% trypsin-0.2% EDTA (w/v) solution (Thermo Fisher, #
25200056) for 20 min at 37 �C. Cells were maintained at 37 �C and
5% v/v CO2 in a humidified incubator with MEM (GIBCO, #61100053)
supplemented with 10% FBS (Mediatech, #MD.35-010-CV), 100 U/mL
penicillin‒streptomycin (GIBCO), and 2 mM L-glutamine (GIBCO). After
1h, the culture medium was changed to MEM supplemented with 10%
FBS (Mediatech, #MD.35-010-CV), 100 U/mL penicillin‒streptomycin
(GIBCO), and 2 mM L-glutamine (GIBCO). The medium changes were
performed every 2 days. All experiments were performed on Day 14
in vitro.

2.4. In vitro 2-NBDG analysis
For confocal analysis, 3,000 cells were seeded in glass bottom
microplates (Greiner Bio-One, #655892). One day after seeding, cells
were transduced with 50 particles of the CellLight� ER-RFP construct,
BacMam 2.0 (Thermo Fisher, #C10591), for 40 h. During this period,
cells were incubated with MEM (GIBCO, #61100053) supplemented
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with 5% FBS (Mediatech, #MD.35-010-CV), 100 U/mL penicillin‒
streptomycin (GIBCO), and 2 mM L-glutamine (GIBCO). Forty hours
post-transduction, cultures were incubated with Thielavin-A (20 mM),
Chlorogenic acid (100 mM), or a combinatorial cocktail of Thielavin-A
(20 mM) and Chlorogenic acid (100 mM) in MEM for 1 h before the
experiment. Subsequently, the cultures were washed three times with
DMEM without glucose and without serum but supplemented with 100
U/mL penicillin‒streptomycin (GIBCO) and 2 mM L-glutamine (GIBCO).
Cultures were then incubated with the fluorescent glucose probe, 2-
NBDG (200 mM). Incubation was carried out for 30 min at 37 �C.
Subsequently, the cultures were washed three times with DMEM
without glucose, and live-cell photographs were obtained using an SP8
confocal-spectral microscope and postprocessed using the Lightning
SuperResolution module. Finally, the images were analysed using
IMARIS software (Oxford instruments). Colocalization images were
obtained between the ER-RFP label and the 2-NBDG probe. Addi-
tionally, the fluorescence intensity of the green channel (2-NBDG) over
the red channel (ER-RFP) was calculated for each condition (n¼ 7e13
cells, three independent cultures).

2.5. Real-time 2-NBDG-ER retention
For the experiments, 3,000 tanycytes were seeded in 96-well plates
(Merck, Corning # CLS3370). Subsequently, cultures were transduced
with CellLight� ER-RFP construction as previously described (In vitro
2-NBDG analysis section). Subsequently, cultures were incubated with
Bay-876 (10 mM) or Glutor (5 mM) for 1 h. Next, cultures were washed
three times with DMEM without glucose and serum but supplemented
with 100 U/mL penicillin‒streptomycin (GIBCO) and 2 mM L-glutamine
(GIBCO). Cells were next incubated with 200 mM of the 2-NBDG probe
for 30 min at 37 �C followed by three washes to remove excess 2-
NBDG. The plate was immediately subjected to analysis by the real-
time monitoring instrument IncuCyte S3 (Sartorius). Experiments
were performed in three to five independent cultures, and four photos
were taken per condition.

2.6. Immunocytochemistry
For immunolocalization analyses, cells were plated on glass coverslips
at a density of 8,000 cells/well (2.0 cm2). Subsequently, the cells were
fixed with 4% paraformaldehyde (PFA) for 30 min at room temperature.
Next, three washes of 10 min each with tris-phosphate buffer were
performed. Finally, the cells were incubated with the following primary
antibodies: mouse anti-G6PT (1:200), rabbit anti-G6PT (1:200),
chicken anti-vimentin (1:500), rabbit anti-connexin-43 (1:300),
DARPP-32 (1: 100), rabbit anti-GFAP (1:200), rabbit anti-GLUT1
(1:500), rabbit anti-GLUT2 (1:200), mouse anti-GLUT6 (1:200), and
rabbit anti-G6pc3 (1:200) overnight at room temperature. Subse-
quently, three washes were carried out with tris-phosphate buffer, and
the coverslips were incubated for 2 h with secondary antibodies (The
Jackson Laboratory). Hoechst 33342 (1:1000) was used for nuclear
staining. The images were obtained with an SP8 spectral confocal
microscope (Leica) and were processed with the Lightning Super-
Resolution module. All the information about the primary antibodies
used in this work can be found in Table 1.

2.7. Adeno-associated virus (AAV) delivery
For these studies, 8-week-old male mice were used. Mice were
anesthetized with isoflurane and placed in the stereotaxic frame (RWD,
# 68037). Next, using a microinjection syringe pump (WPI, # UMP3T-
1), 2 mL of the AAV control AAV1-mCherry-U6>Scramble (Vector
Builder, ID: VB010000-0024wah, title, >1012G) or G6pt knockdown
AAV1-mCherry-U6>mSlc37a4 (Vector Builder, ID: VB210324-
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Table 1 e List of antibodies used for immunocytochemistry and immunohistochemistry analysis.

Antigen Immunogen Manufacturer Cat number Species

Glucose-6-phosphate transporter (G6PT) Amino acids 28e76 of G6PT of human origin Santa Cruz biotech sc-293321 Mouse
Glucose-6-phosphate transporter (G6PT) Recombinant protein corresponding to amino acids:

LDKDDLGFITSSQSAAYAISKFVSGVLSDQMS
Novus biologicals NBP2-31972 Rabbit

Vimentin Recombinant vimentin SigmaeAldrich AB5733 Chicken
Connexin 43 Synthetic peptide corresponding to the C-terminal segment of the cytoplasmic

domain (amino acids with N-terminally added lysine) of human/rat connexin-43
SigmaeAldrich C6219 Rabbit

DARPP-32 Epitope mapping between amino acids 2e34 at the N-terminus of DARPP-32 of
human origin

Santa Cruz biotech sc-271111 Mouse

Glial Fibrillary Acidic Protein (GFAP) GFAP isolated from cow spinal cord Dako Z0334 Rabbit
Glucose transporter 1 (GLUT1) Synthetic peptide corresponding amino acids with the C-terminus of human

GLUT-1 coupled to KLH (C-ELFHPLGADSQV)
SigmaeAldrich 07e1401 Rabbit

Glucose transporter 2 (GLUT2) 16-aa peptide from Rat Glut-2; Designation (GT21-P, control peptide/blocking
peptide) conjugated to KLH; Epitope locatioñ C-terminal, Cytoplasmic domain

Alpha diagnostic GT21-A Rabbit

Glucose transporter 6 (GLUT6) Synthetic peptide Abcam ab118025 Mouse
Glucose 6 phosphatase 3 (G6pc3) Synthetic peptide directed towards the N-terminal region of human G6PC3 ThermoFisher PA5-70653 Rabbit
c-Fos synthetic peptide corresponding to residues near the amino terminus of human c-

Fos protein
Cell Signaling Technology 2250 Rabbit
1260vvu, title, >1012G) were infused into the 3 V
(anteroposterior,�1.8 mm; midline, 0 mm; dorsoventral,�5.5 mm). It
is important to mention that serotype 1 AAVs do not traverse the pa-
renchyma and, moreover, can specifically infect tanycytes [17]. All
experiments were performed at 4 weeks post-transduction, and
analgesia was applied following the previously described recommen-
dations [18].

2.8. In vivo G6PT silencing analysis
For G6PT protein levels, G6ptTanScramble (n ¼ 3) and G6ptTanKD (n ¼ 3)
mice were sacrificed, and the hypothalamic region of the brain was
harvested and added to RIPA buffer (Thermo Fisher Scientific #89901)
supplemented with Protease/Phosphatase Inhibitor Cocktail (Cell
Signaling #5872). Proteins were then extracted by sonication and
quantified as described above (see in vitro immunoblot section). Fifty
micrograms of total protein extract were separated using TGX FastCast
Acrylamide 10% gels (Bio-Rad #1610173). After the proteins were
transferred to PVDF membranes (0.45-mm pore; Immobilon-P
#IPVH00010, Merck Millipore), the membrane was incubated at 4 �C
overnight with the rabbit anti-G6PT primary antibody (1:500). Next, the
membrane was washed and incubated with the rabbit-HRP secondary
antibody for 2 h. HRP-conjugated anti-actin antibody (1:20000) was
used as a loading control. For mRNA G6pt expression, G6ptTanScramble

(n ¼ 6) and G6ptTanKD (n ¼ 6) mice were sacrificed, and the hypo-
thalamic area was collected. Total RNA extraction was performed
using TRIzol reagent (Ambion). Quantitative real-time PCR was carried
out in a Mastercycler Realplex2 (Eppendorf). The primer gene infor-
mation can be found in Supplementary Table 1.

2.9. Immunohistochemistry
Untreated 4-week-old transduced C57BL/6J mice were anesthetized
with isoflurane and sacrificed by cervical dislocation. Subsequently,
mice were transcardially cannulated, washed with 1X PBS buffer, and
fixed with 4% PFA. Next, the harvested brains were embedded in a
30% sucrose solution for 72 h and frozen in a cryopreservative solution
(NEG-50 Frozen Section Medium). Frontal hypothalamic sections of
20 mm each were obtained using a cryostat (Thermo Fisher, #HM525)
and mounted on polylysine-treated slides. Next, three washes of
10 min each were performed in 1X tris-phosphate buffer followed by
incubation in the following primary antibodies: rabbit anti-G6PT (1:50),
mouse anti-G6PT (1:50), chicken anti-vimentin (1:400), rabbit anti-
GFAP (1:200), rabbit anti-GLUT1 (1:500), rabbit anti-GLUT2 (1:200),
MOLECULAR METABOLISM 84 (2024) 101940 � 2024 The Authors. Published by Elsevier GmbH. This is an o
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mouse anti-GLUT6 (1:200), and chicken anti-vimentin (1:400) over-
night at room temperature. Subsequently, sections were washed three
times for 10 min with tris-phosphate buffer and incubated with the
secondary antibody (The Jackson Laboratory). Hoechst 33342 (1:1000)
was used for nuclear staining. The images were obtained with an SP8
spectral confocal microscope (Leica) and were postprocessed with the
Lightning SuperResolution module. For fasted-refed G6pc3 expression,
mice were basal fed (n ¼ 6) or fasted (n ¼ 7) for 24 h prior to the
experiment. The fluorescence intensity fold change of G6pc3 was
analysed using ImageJ software. All information about the primary
antibodies used in this work can be found in Table 1.

2.10. Mouse physiology
G6ptTanScramble and G6ptTanKD 8-week-old male mice were injected and
weighed weekly (05:00 p.m.) for 4 weeks post-transduction using an
analytical balance (n ¼ 10e12 mice per condition). The delta of body
weight (BW) after injection was calculated by the difference in BW (g)
between w0-w1, w1-w2, w2-w3 and w3-w4 (n ¼ 8e12 mice per
treatment). BW gain at 2 weeks was represented as BW gain (g) be-
tween the week (w0) of surgery and 2 weeks post-transduction
(n ¼ 10e12 mice per treatment). BW gain at 4 weeks was repre-
sented as BW gain (g) between the week (w0) of surgery and 4 weeks
post-transduction (n ¼ 10e12 mice per treatment). For food intake
experiments, G6ptTanScramble and G6ptTanKD mice were individually
housed 1 week before the experiment. For basal food intake in the dark
and light cycles, food intake was measured at 12 h and 24 h after
feeding (n ¼ 6e9 mice per condition). For short-term feeding, food
intake was measured at 1 and 2 h after feeding (n ¼ 6e9 mice per
condition). For trials of food intake in response to fasting, G6ptTan-
Scramble and G6ptTanKD mice were fasted for 24 h before starting the
experiment (n ¼ 7e8 mice per condition). Food intake in response to
fasting during the night or day was measured at 12 h and 24 h after
feeding (n ¼ 7e8 mice per condition). Short-term feeding in response
to fasting was measured at 1 and 2 h after feeding (n¼ 7e8 mice per
condition). All food intake measurements were performed by the same
researcher.

2.11. Glucose metabolism
Blood glucose levels were analysed in G6ptTanScramble (n ¼ 4) and
G6ptTanKD (n¼ 4) mice at the end of a 24 h fasting or a 24 h fed period.
For glucose tolerance tests (GTTs), both G6ptTanScramble and G6ptTanKD

mice were intraperitoneally injected with a 30% glucose solution (1 mL/
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g of body weight) after 16 h of fasting. Blood glucose levels were
measured at 0-, 30-, 60-, and 120-minutes post-injection. Blood
samples were obtained from the tail, and glucose levels were analysed
using a glucose meter (Accu-chek Performa). All analyses were per-
formed at 4 weeks post-transduction.

2.12. Insulinemia and glucagonemia
G6ptTanScramble (n ¼ 5e7) and G6ptTanKD (n ¼ 4e5) mice were fed ad
libitum. Subsequently, a blood sample was obtained by facial vein
puncture. Insulin and glucagon levels were analysed in serum samples
using the MILLIPLEX Mouse Metabolic Hormone Expanded Panel
(Merck, #MMHE-44K). Hormone levels were calculated using the
Luminex MAGPIX system (Luminex). All analyses were performed at 4
weeks post-transduction.

2.13. Neuropeptide gene expression
G6ptTanScramble (n ¼ 3e5) and G6ptTanKD (n ¼ 4e5) mice were ad
libitum fed (10:00 a.m.-10:00 a.m.) or fasted for 24 h (10:00 a.m.-
10:00 a.m.). In this context, the following experimental groups were
created: Group 1, Ad-libitum fed G6ptTanScramble mice; Group 2, Ad-
libitum-fed G6ptTanKD mice; Group 3, 24 h fasted G6ptTanScramble mice;
and Group 4, 24 h fasted G6ptTanKD mice. Next, mice were anes-
thetized and sacrificed by cervical dislocation. Subsequently, the hy-
pothalamic region was dissected at the level of the optic chiasm and
stored in TRIzol reagent (Ambion) at�80 �C. cDNA was obtained using
the High-Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems), and quantitative real-time PCR was performed to analyse
Npy and Pomc expression levels. The primers used to generate the
qRT‒PCR amplification products are shown in Supplementary Table 1.
Gapdh was used as a housekeeping gene.

2.14. Statistical analysis
All values are expressed as the mean � standard error of the mean
(SEM). For each of the experiments, the animals were chosen
randomly using the simple random sample method. No animal was
excluded from either the experiments or the statistical analysis. No
blinding and no sample calculation were performed in the experiments.
t tests were used to compare two groups, and ANOVA (followed by
Bonferroni’s post hoc test) was used for multiple comparisons using
GraphPad Prism 5.0 Software (GraphPad Software). The number of
animals for each experiment, the statistical tests applied, the confi-
dence intervals and the statistical values are presented in Table 2.
A full and detailed description of all our methods is available in the
Supplemental Material.

3. RESULTS

3.1. Hypothalamic tanycytes express components of the G6Pase
system
First, we evaluated the presence of the G6Pase system in tanycytes
in vitro. As shown in Figure 1A, primary tanycyte cultures express
classic markers of tanycytes, such as the intermediate filament marker
vimentin, connexin 43, and DARPP-32 [19]. It is important to mention
that the cultures show low immunoreactivity for the intermediate
filament, GFAP, indicating that the generated culture is enriched in
tanycytes and not other glial cells, such as astrocytes (Figure 1A).
Interestingly, we determined that tanycytes express G6ptmRNA in vitro
but at lower levels of expression compared to the liver (Figure 1B).
Additionally, also express the protein of G6PT subunit (Supplementary
Figure 1A-B). In vitro tanycytes, expressed the G6PT subunit in
colocalization with the tanycyte marker, vimentin (Figure 1C). To test
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the subcellular localization of G6PT, we transduced cultures with the
ER-RFP baculovirus, a construct that expresses RFP in fusion to the ER
signal sequence of calreticulin and KDEL. As shown in Figure 1D,
baculovirus transduced tanycytes in vitro. Intracellular RFP fluores-
cence was detected exclusively in structures similar to the ER
(Figure 1D, arrow). Quantification of the transduction percentage using
the IncuCyte live-cell monitoring system showed an efficiency close to
50% transduction at 40 h post-transduction (Figure 1E). Therefore,
subcellular localization studies were conducted starting from 40 h
post-transduction. As observed in Figure 1F, G6PT was exclusively
localized in the ER of tanycytes (Figure 1F, arrow). To determine the
level of colocalization between RFP and G6PT, we calculated Pearson’s
correlation index using an ROI restricted to the reticular area. The
Pearson’s index was 0.599, indicating a high degree of colocalization
between the ER marker and G6PT (Figure 1G).
Preliminary reports have described the existence of three genes that
encode three subunits of G6P phosphatase known as G6pc1, G6pc2,
and G6pc3 [20]. We observed that in vitro tanycytes express mainly the
G6pc3 catalytic subunit (also known as isoform b), similar to what has
been previously reported in mouse astrocytes and human foetal as-
trocytes (Figure 1HeI, arrow) [9,10]. It is important to mention that the
G6pc3 catalytic subunit, similar to G6PT, is located in the ER of
tanycytes (Figure 1J, arrow). The Pearson’s correlation index between
RFP and G6Ppc3 was 0.485, indicating a high degree of colocalization
between the ER marker and G6pc3 (Figure 1K).
In the next stage, we analysed whether components of the G6Pase
system are expressed in tanycytes in vivo. Thus, we analysed the
expression and localization of G6PT and G6pc3 in the hypothalamic
tissue of fed adult mice. Interestingly, low- and high-magnification
images show intense immunoreactivity for G6PT at the apical area
of the cells (Figure 1L, arrow) and in the processes of vimentin-positive
b1-2 tanycytes that contact the ARC and form the median eminence
(ME), respectively (Figure 1L, asterisks) (Supplemental Figure 2C-E,
arrowhead). It is important to mention that immunoreactivity for G6PT
was not detected in either ependymocytes or in the GFAP-positive a-
tanycyte population (Supplemental Figure 2A-B, arrowhead). Addi-
tionally, G6PT expression was not detected in other hypothalamic cell
types, such as GFAP-positive astrocytes or blood vessels
(Supplemental Figure 3A-B, arrows). A similar scenario was observed
when analysing the expression and distribution of G6pc3. Interestingly,
low- and high-magnification images show intense immunoreactivity
for G6pc3 at the apical area (Figure 1M, arrow) and in the processes of
vimentin-positive b1-2 tanycytes (Figure 1M, asterisks).
Consistent with this notion, the results show that in vitro and in vivo
tanycytes possess the G6Pase system. Therefore, they are molecularly
equipped to sequester G6P from the cytosol to the ER and hydrolyse
G6P in the ER lumen.

3.2. Tanycytes sequester glucose into the ER using the G6Pase
system
Previous studies conducted in microsomes have shown that the
G6Pase system promotes the uptake of G6P from the cytosol into the
reticular lumen [2,21,22]. To determine if this also occurs in tanycytes,
we analysed the uptake of reticular G6P using the fluorescent glucose
analogue, 2-NBDG (Figure 2A). Importantly, 2-NBDG is intracellularly
phosphorylated, favouring its retention inside the cell [23,24], and is
used to evaluate reticular G6P uptake [25]. Using tanycytes transduced
with the ER-RFP baculovirus and 4D live-cell microscopy, 2-NBDG
probe sequestration was observed in the ER (Figure 2B, arrow). To
determine the level of colocalization between RFP and the 2-NBDG
probe, we calculated Pearson’s correlation index using an ROI
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Table 2 e Results of statistical analysis unpaired t-test, one-way ANOVA and two-way ANOVA.

Figure Stadistic test n Data reported p-value F(DFn. DFd) t. df

Figure 1B Unpaired t-test n ¼ 4e5 Mean � SEM P < 0.0001 t ¼ 9.368 df ¼ 6
Figure 1H One-way ANOVA n ¼ 9e7 Mean � SEM P < 0.0001 F (2,21) ¼ 44.68
Figure 2H One-way ANOVA n ¼ 7e13 Mean � SEM P < 0.0001 F (3,30) ¼ 20.50
Figure 3A (glucose response) Unpaired t-test n ¼ 12 Mean � SEM P ¼ 0.0104 t ¼ 2.492 df ¼ 22
Figure 3A (nutritional response) Unpaired t-test n ¼ 6e7 Mean � SEM P < 0.0001 t ¼ 6.202 df ¼ 11
Figure 3C Unpaired t-test n ¼ 3e8 Mean � SEM P < 0.0001 t ¼ 13.25 df ¼ 9
Figure 3E Unpaired t-test n ¼ 3 Mean � SEM P ¼ 0.0140 t ¼ 3.372 df ¼ 4
Figure 3F Unpaired t-test n ¼ 5e6 Mean � SEM P ¼ 0.2313 t ¼ 0.7672 df ¼ 9
Figure 3G Unpaired t-test n ¼ 7e9 Mean � SEM P ¼ 0.0270 t ¼ 2.104 df ¼ 14
Figure 3I One-way ANOVA n ¼ 3e5 Mean � SEM P ¼ 0.0267 F (2,10) ¼ 5.317
Figure 4C Unpaired t-test n ¼ 6 Mean � SEM P ¼ 0.0217 t ¼ 2.311 df ¼ 10
Figure 4E Unpaired t-test n ¼ 3e4 Mean � SEM P < 0.0001 t ¼ 6.077 df ¼ 5
Figure 4F Two-way ANOVA n ¼ 8e12 Mean � SEM Interaction: P ¼ 0.7698 Interaction: F (4,93) ¼ 0.4533

Row factor: P ¼ 0.0135 Row factor: F (4,93) ¼ 3.332
Column factor: P < 0.0001 Column factor: F (1,93) ¼ 17.76

Figure 4G Unpaired t-test n ¼ 13 Mean � SEM P ¼ 0.0007 t ¼ 3.627 df ¼ 24
Figure 4H Unpaired t-test n ¼ 10 Mean � SEM P ¼ 0.0002 t ¼ 4.368 df ¼ 18
Figure 4I Unpaired t-test n ¼ 13e14 Mean � SEM P ¼ 0.1862 t ¼ 0.9084 df ¼ 25
Figure 4J Unpaired t-test n ¼ 4e5 Mean � SEM P ¼ 0.6259 t ¼ 0.5136 df ¼ 6
Figure 4K Unpaired t-test n ¼ 7e10 Mean � SEM P ¼ 0.0009 t ¼ 3.783 df ¼ 15
Figure 4L Unpaired t-test n ¼ 6e11 Mean � SEM P ¼ 0.0293 t ¼ 2.046 df ¼ 15
Figure 4M One-way ANOVA n ¼ 6e10 Mean � SEM P < 0,0001 F(3, 28) ¼ 95.03
Figure 4N Unpaired t-test n ¼ 6 Mean � SEM P ¼ 0.0019 t ¼ 3.756 df ¼ 10
Figure 4O Unpaired t-test n ¼ 6 Mean � SEM P < 0.0001 t ¼ 5.756 df ¼ 10
Figure 4P Two-way ANOVA n ¼ 4e6 Mean � SEM Interaction: P ¼ 0.4466 Interaction: F (3,30) ¼ 0.9127

Row factor: P ¼ 0.0007 Row factor: F (1,30) ¼ 14.23
Column factor: P ¼ 0.6713 Column factor: F (3,30) ¼ 0.5207

Figure 4Q Two-way ANOVA n ¼ 4e7 Mean � SEM Interaction: P ¼ 0.5704 Interaction: F (2,28) ¼ 0.5729
Row factor: P ¼ 0.0010 Row factor: F (1,28) ¼ 13.38
Column factor: P ¼ 0.5489 Column factor: F (2,28) ¼ 0.6128

Figure 5B Unpaired t-test n ¼ 6e9 Mean � SEM P ¼ 0.0813 t ¼ 1.480 df ¼ 13
Figure 5C One-way ANOVA n ¼ 6e9 Mean � SEM P ¼ 0.0191 F (3, 26) ¼ 25.98
Figure 5D One-way ANOVA n ¼ 6e9 Mean � SEM P ¼ 0.0321 F (3, 26) ¼ 3.417
Figure 5F One-way ANOVA n ¼ 7e16 Mean � SEM P ¼ 0.3236 F (3, 39) ¼ 1.197
Figure 5G Unpaired t-test n ¼ 7e8 Mean � SEM P ¼ 0.0222 t ¼ 2,226 df ¼ 13
Figure 5H One-way ANOVA n ¼ 7e8 Mean � SEM P ¼ 0.0731 F (3, 26) ¼ 26.71
Figure 5I One-way ANOVA n ¼ 7e8 Mean � SEM P ¼ 0.0320 F (3, 25) ¼ 3.442
Figure 5J (G6ptTanscramble) Unpaired t-test n ¼ 6 Mean � SEM P ¼ 0.0216 t ¼ 2.313 df ¼ 10
Figure 5J (G6ptTanKD) Unpaired t-test n ¼ 8e9 Mean � SEM P ¼ 0.3406 t ¼ 0,4188 df ¼ 15
Figure 5K (G6ptTanscramble) Unpaired t-test n ¼ 6e7 Mean � SEM P ¼ 0.0107 t ¼ 2.682 df ¼ 11
Figure 5K (G6ptTanKD) Unpaired t-test n ¼ 7e9 Mean � SEM P ¼ 0.1670 t ¼ 1.001 df ¼ 14
Figure 5L One-way ANOVA n ¼ 5e12 Mean � SEM P ¼ 0.3915 F (7, 51) ¼ 5.940
Figure 6A Unpaired t-test n ¼ 4 Mean � SEM P ¼ 0.4825 t ¼ 0.04584 df ¼ 6
Figure 6B Unpaired t-test n ¼ 4 Mean � SEM P ¼ 0.4474 t ¼ 0.1381 df ¼ 6
Figure 6C Two-way ANOVA n ¼ 4 Mean � SEM Interaction: P ¼ 0.8985 Interaction: F (4, 29) ¼ 0.2643

Row factor: P < 0.0001 Row factor: F (4, 29) ¼ 11.63
Column factor: P ¼ 0.6048 Column factor: F (1, 29) ¼ 0.2737

Figure 6C (AUG) Unpaired t-test n ¼ 4 Mean � SEM P ¼ 0.4041 t ¼ 0.2536 df ¼ 6
Figure 6D Unpaired t-test n ¼ 5 Mean � SEM P ¼ 0.051 t ¼ 1.847 df ¼ 8
Figure 6E Unpaired t-test n ¼ 4e7 Mean � SEM P ¼ 0.3720 t ¼ 0.3369 df ¼ 9
Figure 7A Unpaired t-test n ¼ 5 Mean � SEM P ¼ 0.1596 t ¼ 1.062 df ¼ 8
Figure 7B Unpaired t-test n ¼ 4e5 Mean � SEM P ¼ 0.0375 t ¼ 2.090 df ¼ 7
Figure 7C Two-way ANOVA n ¼ 4e5 Mean � SEM Interaction: P ¼ 0.0895 Interaction: F (1,13) ¼ 3.368

Row factor: P ¼ 0.0006 Row factor: F (1,13) ¼ 20.24
Column factor: P ¼ 0.0028 Column factor: F (1,13) ¼ 13.55

Figure 7D Two-way ANOVA n ¼ 4e5 Mean � SEM Interaction: P ¼ 0.9819 Interaction: F (1,15) ¼ 0.0005340
Row factor: P ¼ 0.9159 Row factor: F (1,15) ¼ 0.01154
Column factor: P ¼ 0.0013 Column factor: F (1,15) ¼ 15.41

n, number of cultures or mice used in each experiment; SEM, standard error of the mean; F, F statistic; DFn, numerator degrees of freedom; DFd, denominator degrees of freedom; t,
unpaired t-test statistic; df, degrees of freedom.
restricted to the reticular area. The Pearson’s index was 0.5346,
indicating a high degree of colocalization between the ER marker and
the 2-NBDG probe (Figure 2C). To analyse whether 2-NBDG-ER uptake
is dependent on the G6Pase system, we used two pharmacological
inhibitors: the competitive inhibitor of G6PT, Chlorogenic acid (CHA,
100 mM), and the inhibitor of G6Pase, Thielavin A (Thi, 20 mM)
MOLECULAR METABOLISM 84 (2024) 101940 � 2024 The Authors. Published by Elsevier GmbH. This is an o
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(Figure 2D) [26e29]. It is important to mention that the concentrations
of CHA and Thi used for these experiments do not generate lethal
cytotoxic effects in the cultures (Figure 2E). Therefore, the effects
observed in the incorporation of 2-NBDG into the ER can be attributed
to the inhibition of the G6Pase system rather than the loss of cellular
membrane integrity. Interestingly, we found that treatment with CHA
pen access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 5
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Figure 1: In vitro and in vivo tanycytes express the G6Pase system. A. Immunolocalization of vimentin (green), connexin-43 (magenta), DARPP-32 (green), and GFAP (red) in
tanycytes in vitro. B. G6pt mRNA levels expression in tanycytes and mouse liver (n ¼ 4e5). C. Immunolocalization of G6PT (green) and vimentin (white) in tanycytes in vitro. D.
Culture of tanycytes transduced with the ER-RFP baculovirus. E. Percent transduction over time using the IncuCyte S3 real-time monitoring system (n ¼ 5e9 wells). F. G6PT
immunolocalization in tanycytes transduced with the ER-RFP baculovirus. G. Pearson’s coefficient of the images obtained in F (n ¼ 6 cells, three independent cultures). H. G6pc1,
G6pc2, and G6pc3 mRNA expression in tanycytes in vitro by qPCR (n ¼ 7e9 independent cultures). I. Immunolocalization of G6pc3 (green) and vimentin (white) in tanycytes
in vitro. J. G6pc3 immunolocalization in tanycytes transduced with the baculovirus, BacMan ER-RFP. K. Pearson’s coefficient of the images obtained in J (n ¼ 6 cells, three
independent cultures). L-M. Immunolocalization of G6PT (green) and G6pc3 (green) in hypothalamic vimentin-positive (red) tanycytes of fed adult mice. Hoechst was used as a
nuclear marker. Gapdh was used as a housekeeping gene for qPCR analyses. Data are represented as the mean � SEM. Comparisons between more than two groups were made
using one-way ANOVA. ***P < 0.001.
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and Thi and cotreatment with CHA þ Thi resulted in a decrease in the
uptake of 2-NBDG at the ER level (Figure 2F, arrows). These findings
were confirmed by generating a colocalization image using IMARIS
software. In the control condition, a high degree of colocalization
(yellow labelling) was detected between the ER marker (red labelling)
and 2-NBDG probe (green labelling). However, the colocalization
decreased when the cultures were incubated with CHA, Thi, or
CHA þ Thi (Figure 2G, arrow). Additionally, quantification of the
fluorescence intensity (FI) of the 2-NBDG probe (green) over the ER
marker (red) showed that cultures treated with CHA, Thi, and
CHA þ Thi exhibited a significant decrease in FI compared to that in
cultures treated with the control condition (2-NBDG incubation without
drug treatment) (Figure 2H). Therefore, the data strongly suggest that
G6P uptake and storage in the tanycyte ER is mediated by the G6Pase
system.
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3.3. Glucose release from tanycytes during hypoglycaemia is
modulated by the G6Pase system
In hypoglycaemic conditions, the G6Pase system promotes the release
of glucose from the ER into the bloodstream to restore euglycemia [3].
Interestingly, we determined by immunodetection that hypoglycaemic
conditions (1 mM glucose) upregulate the expression of the G6pc3
subunit both in vitro and in vivo, strongly suggesting that the G6pc3
subunit may promote G6P hydrolysis and the release of glucose pulses
from tanycytes into the extracellular medium (Figure 3A, arrow), as
previously reported in rat microsomes [1,30e32]. To test this hy-
pothesis, we measured glucose release in glucose-restricted tanycyte
cultures in the absence or presence of Thi (20 mM) (Figure 3B). Sur-
prisingly, we determined that tanycytes release glucose in response to
extracellular glucose restriction in vitro, and this metabolic reaction is
dependent on the activity of G6pc3 (Figure 3C). Therefore, these
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com


Figure 2: Tanycytes sequester G6P into ER-subcellular structures. A. Experimental protocol for live-cell microscopy studies using Lightning SuperResolution microscopy. B.
Low- and high-magnification images of the colocalization of the 2-NBDG probe with the ER marker, ER-RFP. C. Pearson’s coefficient of the images obtained in B (n ¼ 6 cells, three
independent cultures). D. Experimental protocol to evaluate uptake of the 2-NBDG probe in tanycytes incubated with CHA (100 mM), Thi (20 mM), or CHA þ Thi. E. Lethality analysis
using CHA and Thi. Percent cell death was calculated using the IncuCyte S3 system (n ¼ 3e4 wells per condition). F. 2-NBDG uptake analysis in tanycytes transduced with ER-RFP
baculovirus by live-cell microscopy. Tanycytes were incubated with CHA (100 mM) or Thi (20 mM) or coincubated with CHA þ Thi. G. Colocalization images. The colocalization of
the 2-NBDG probe and ER-RFP was evaluated in tanycytes treated with CHA (100 mM) or Thi (20 mM) or cotreated with CHA þ Thi. Reconstructions were performed using IMARIS
software. H. Fold change in fluorescence intensity (FI) of the reconstructions obtained in G (n ¼ 7e13 cells, three independent cultures). Data are represented as the mean � SEM.
Comparisons between variables were made using one-way ANOVA. *P < 0.05, ***P < 0.001.
results suggest that tanycytes release glucose during hypoglycaemia
from the ER-subcellular structures.
Currently, there are several hypotheses regarding how hydrolysed
glucose is released from the ER into the extracellular medium during
hypoglycaemia. One of them suggests that glucose can be released by
GLUTs [8,33,34]. Preliminary studies have shown that in vivo, tany-
cytes express several GLUTs, such as GLUT1, GLUT2, and GLUT6
[12,35e37]. In line with these findings, we analysed the expression
and distribution of these GLUTs in coronal sections of mice. As
observed in Supplementary Figure 4A, GLUT1 was predominantly
localized in vimentin-positive tanycyte processes, while GLUT2 and
GLUT6 were primarily distributed in the apical region of these cells
(Supplementary Figure 4B-C, arrow). Therefore, these findings suggest
that these GLUTs may facilitate the export of glucose from the ER to the
MOLECULAR METABOLISM 84 (2024) 101940 � 2024 The Authors. Published by Elsevier GmbH. This is an o
www.molecularmetabolism.com
extracellular environment. To test this hypothesis, we identified the
GLUTs that are expressed in ER of tanycytes. As shown in Figure 3D,
in vitro tanycytes expressed GLUT1, GLUT2, and GLUT6 at the reticular
level (Figure 3D, arrow). Using a colocation image obtained using
IMARIS software, we were able to confirm our findings. The yellow
colour in the images indicates that GLUT1, GLUT2, and GLUT6 are
colocalized with RFP (Supplementary Figure 5A). Quantification of the
% of volume GLUTs above threshold colocalized suggests that
approximately 20% of the total volume occupied by GLUT1, GLUT2,
and GLUT6 in the cell is located in the ER (Supplementary Figure 5B).
To determine whether the global expression levels of GLUT1, GLUT2,
and GLUT6 are modified in response to hypoglycaemia, we incubated
the primary cultures with 5 mM (control condition) and 1 mM (hypo-
glycaemia condition) glucose. After 24 h of incubation, we evaluated
pen access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 7

http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com


Figure 3: Tanycytes release glucose through GLUTs during hypoglycaemia. A. Immunolocalization of G6pc3 in tanycytes incubated for 24 h with 5 mM and 1 mM D-glucose.
The graphs represent the fold-change in fluorescence intensity (FI) calculated for each treatment with respect to the 5 mM condition (n ¼ 12 cells, three independent cultures).
Immunolocalization of G6pc3 in fed (n ¼ 6) and fasted (n ¼ 7) mice. The graphs represent the fold change in fluorescence intensity (FI) calculated with respect to the fed condition.
B. Experimental protocol to evaluate glucose release in tanycytes. C. Fold-changes in the extracellular glucose concentration of tanycyte cultures incubated for 2 h with glucose-
free medium in the presence or absence of Thi (20 mM) (n ¼ 3e8 independent cultures). D. Immunolocalization of GLUT1, GLUT2, and GLUT6 (green) in tanycytes transduced with
the ER-RFP baculovirus (red). E-G. GLUT1 (J), GLUT2 (K), and GLUT6 (L) immunolocalization in tanycytes transduced with the ER-RFP baculovirus (n ¼ 3e9 cells, three inde-
pendent cultures). Cultures were incubated for 24 h with 1 and 5 mM D-glucose. For each condition, the percentage (%) of volume above threshold colocalized for GLUT1, GLUT2,
and GLUT6 with the ER-RFP marker was calculated with respect to the control (Glucose 5 mM). H. Live-cell microscopy images. Tanycytes transduced with ER-RFP (red) and
incubated with 2-NBDG (green) in the presence or absence of BAY-876 (10 mM) or Glutor (5 mM) I. Fold-change of fluorescence intensity (FI) of imagen shown in N (n ¼ 3e5
independent cultures). Gapdh was used as a housekeeping gene for qPCR analyses. Data are represented as the mean � SEM. Comparisons between two groups were made
using a t test. Comparisons between more than two groups were made using one-way ANOVA. *P < 0.005.
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the expression of GLUT1, GLUT2, and GLUT6 using qRT‒PCR and
Western blotting and found that hypoglycaemia does not generate
changes in the mRNA and protein expression of GLUT1, GLUT2, or
GLUT6 (Supplementary Figure 6A-B) (Supplementary Figure 7A-C).
Recent evidence strongly suggests that the intracellular localization of
GLUT1 and GLUT2 may change in response to the energy requirements
of the cell [38,39]. Consistent with this evidence, we evaluated whether
hypoglycaemia in tanycytes induces the mobilization of GLUT1, GLUT2,
and GLUT6 to the ER-subcellular structures to promote glucose export
from the ER to the extracellular environment. Tanycytes were trans-
duced with the ER-RFP construct and incubated for 24 h with 5 mM
glucose (control condition) or 1 mM glucose (hypoglycaemia condition).
As shown in Figure 3E (arrow), hypoglycaemia generates a redistribu-
tion of GLUT1, which is mostly colocalized with the ER-RFP marker.
Quantification of the percentage of total GLUT1 colocalized with the ER-
RFP marker shows that incubation with 1 mM glucose significantly
increases the localization of GLUT1 in the ER (Figure 3E, graph).
8 MOLECULAR METABOLISM 84 (2024) 101940 � 2024 The Authors. Published by Elsevier GmbH.
A different situation was observed when we analysed the cellular
distribution of GLUT2 and GLUT6. We did not detect changes in the
distribution or quantification of the percentage of total GLUT2 colo-
calized with the ER-RFP marker in response to hypoglycaemia
(Figure 3F, arrow). In contrast to the GLUT1 observations, we detected
that hypoglycaemia in tanycytes generated a delocalization of GLUT6
from the ER-subcellular structures (Figure 3G, arrow). Therefore, the
results suggest that eventually glucose stored in the ER lumen could be
exported from the ER to the extracellular environment by GLUT1 and/or
GLUT2.
To evaluate this hypothesis, we performed an ER retention assay of 2-
NBDG by live-cell microscopy. We initially incubated tanycytes with the
pharmacological inhibitors, BAY-876 (selective inhibitor of GLUT1) or
Glutor (selective inhibitor of GLUT1, GLUT2, and GLUT3) [40,41]. After
15 min, we evaluated the retention of 2-NBDG in the ER (Supplementary
Figure 8). As observed in Figure 3H, small clusters of 2-NBDG were
observed in the ER in the control condition. A similar cluster of 2-NBDG
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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was observed when we evaluated retention in the presence of the
GLUT1 inhibitor, Bay-876. However, the pharmacological inhibitor,
Glutor, generated greater retention of 2-NBDG inside the ER (Figure 3H,
arrow). These results were confirmed when we analysed the change
ratio of the IF of the green (2-NBDG) channel over the red (ER) channel
(Figure 3I). Altogether, the evidence suggests that tanycytes use GLUT1
and GLUT2 together to export glucose from the ER. Since the ER of
tanycytes is in contact with the processes of these glial cells
(Supplementary Figure 9, arrow) and the processes make close contact
with neuroendocrine neurons in the hypothalamus [42], it is tempting to
speculate that they use the glucose transfer mechanism to communi-
cate with neurons responsible for hypothalamic energy balance.
Figure 4: Selective G6pt deletion in tanycytes decreases adiposity. A. mCherry fluoresc
Las X software. Immunolocalization of vimentin (green) in the basal hypothalamus of mice t
basal hypothalamus of mice transduced with AAV-shG6pt-mCherry (red). C. G6pt mRNA ex
Western blot image for G6PT in G6ptTanScramble (Lane 1) or G6ptTanKD (Lane 2) mice. E. Densi
weight (g) in G6ptTanScramble (n¼ 12) or G6ptTanKD (n¼ 10) mice at 0, 1-, 2-, 3-, and 4-weeks
weeks post-transduction. H. BW gain in G6ptTanScramble (n ¼ 10) or G6ptTanKD (n ¼ 10) mice
(n¼ 14) mice at 4 weeks post-transduction. J-L. BAT (J), eWAT (K), and pWAT (L) weight (g
staining of eWAT and pWAT. NeO. Adipocyte number per area in eWAT and pWAT (n¼ 6 mic
genes in eWAT tissue from G6ptTanScramble (n¼ 4e7) or G6ptTanKD mice (n¼ 4e6). Data are
unpaired t test. Comparisons between two variables were made using one-way and two-w
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3.4. G6PT-expressing tanycytes regulate peripheral adiposity
Taking advantage of the fact that tanycytes play a fundamental role in
the control of hypothalamic energy balance [12,36,43,44] and that it
had never been demonstrated that tanycytes can release glucose in
hypoglycaemic conditions, we analysed the role of the tanycyte-
G6Pase system in energy balance and metabolism. We generated a
knockdown model for the G6PT subunit by intracerebroventricular
(i.c.v) injection of an adenovirus-associated virus that expresses a
shRNA in the U6 promoter region. Two weeks post-transduction, using
mCherry fluorescence detection and three-dimensional and immuno-
fluorescence analysis, AAV1-shG6pt-mCherry generates specific
transduction in vimentin-positive tanycytes (Figure 4A, arrow).
ence (red) in coronal sections of transduced mice. 3D reconstruction was performed using
ransduced with AAV1-shG6pt-mCherry (red). B. Immunolocalization of GFAP (cyan) in the
pression levels in G6ptTanScramble (n ¼ 6) or G6ptTanKD (n ¼ 6) mice. D. Representative
tometric quantification of the bands observed in D (n¼ 3e4 mice per condition). F. Body
post-transduction. G. BW gain in G6ptTanScramble (n¼ 13) or G6ptTanKD (n¼ 13) mice at 2
at 4 weeks post-transduction. I. Lean mass (g) in G6ptTanScramble (n ¼ 13) or G6ptTanKD

) in G6ptTanScramble (n¼ 4e12) or G6ptTanKD (n¼ 4e7) mice. M. Haematoxylin and eosin
e per condition). P-Q.mRNA expression levels of lipolysis-, lipogenesis-, and FAO-related
represented as the mean� SEM. Comparisons between two groups were made using an
ay ANOVA. *P < 0.05, **P < 0.01; ***P < 0.001.
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Additionally, AAV1-shG6pt-mCherry used did not transduce other glial
cells located in the hypothalamus, such as astrocytes (Figure 4B, ar-
row). In addition, we determined that AAV1-shG6pt-mCherry signifi-
cantly decreased the mRNA and protein levels of G6PT (Figure 4CeE,
Supplementary Figure 7D). It is important to mention that AAV1-
shG6pt-mCherry does not transduce glial cells located in other cir-
cumventricular organs, such as the vascular organ of the lamina ter-
minalis (OVLT), the subfornical organ (SFO), the subcommissural organ
(SCO), and the area postrema (AP) (Supplementary Figure 10A-D).
Next, we analysed the metabolic phenotype of G6PT subunit knock-
down mice (G6ptTanKD). We initially measured BW from the day of i.c.v.
injection to 4 weeks post-transduction. As shown in Figure 4F,
G6ptTanKD mice showed a significant decrease in BW at 2 weeks post-
transduction. The decrease in BW persisted until 4 weeks post-
transduction. Compared to control mice (G6ptTanScramble), G6ptTanKD

mice had a significantly lower BW gain at 2- and 4-weeks post-
transduction (Figure 4GeH) that cannot be attributed to either a loss
of lean mass or brown adipose tissue (BAT) (Figure 4IeJ). However,
G6ptTanKD mice had smaller epididymal (eWAT) and perirenal (pWAT)
white adipose tissue (WAT) pads than G6ptTanScramble mice (Figure 4K-
L). To determine if this phenomenon was associated with the
decreased BW, we histologically analysed adipose tissue. Small adi-
pocytes were observed in the eWAT and pWAT of G6ptTanKD mice
(Figure 4M). Additionally, quantification of the number of adipocytes
showed that G6ptTanKD mice had more adipocytes per field than
G6ptTanScramble mice, suggesting a decrease in fat accumulation in
G6ptTanKD mice (Figure 4N-O). To determine if the decrease in fat
Figure 5: G6pt silencing decreased food intake in response to fasting. A. Basal food c
G6ptTanKD (n ¼ 9) mice. C. Basal food consumption (g/12 h) by G6ptTanScramble (n ¼ 6
consumption (g/1 h) by G6ptTanScramble (n ¼ 6) or G6ptTanKD (n ¼ 9) mice during the first h
protocol. F. BW in G6ptTanScramble (n ¼ 10e16) and G6ptTanKD (n ¼ 7e10) mice after the fe
G6ptTanKD (n ¼ 8) mice in response to 24 h of fasting. H. Food consumption (g/12 h) by G6
after 24 h of fasting. I. Food consumption (g/1 h) by G6ptTanScramble (n ¼ 7) or G6ptTanKD (n ¼
24 h of fasting. J. Food consumption in 24 h (g/24 h) by G6ptTanScramble (n ¼ 6) or G6ptTanK

1 h) by G6ptTanScramble (n ¼ 6e7) or G6ptTanKD (n ¼ 7e9) mice in response to 24 h of fas
(n ¼ 5e10) for 4 weeks posttransduction. Data are represented as the mean � SEM.
between two variables were made using one-way and two-way ANOVA. *P < 0.05.
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accumulation was due to a decrease in lipogenesis or an increase in
lipolysis, we evaluated the mRNA expression levels of genes involved
in both processes. We found a significant decrease in mRNA expres-
sion levels of Dgta1, an important regulator of triglyceride synthesis
and lipid droplet formation in adipocytes [45] in G6ptTanKD mice
(Figure 4P). Additionally, we found a significant decrease in the mRNA
expression levels of Scd1, a catalyst for the synthesis of mono-
unsaturated fatty acids (MUFAs) [46] (Figure 4P). Altogether, the results
suggest that the silencing of G6pt in tanycytes may decrease the
synthesis and storage of lipids. It is important to mention that
G6ptTanKD mice also exhibited a reduction in the expression levels of
the gene associated with lipolysis, Lipe, but we did not detect sig-
nificant changes in the gene associated with FAO, Acacb (Figure 4Q).

3.5. G6pt silencing decreases food intake in response to fasting
To determine the cause of the reduction in adiposity, we first evaluated
the basal food intake in G6ptTanKD and G6ptTanScramble mice for 24 h
(Figure 5A) and found that G6ptTanKD mice had a basal food intake
similar to mice G6ptTanScramble mice at 24 h (Figure 5B). Previous
studies suggest that tanycytes regulate feeding behaviour mainly
during food consumption at night [36]. To determine if G6pt silencing
affects evening food consumption, we evaluated the amount of food
consumed at night (12 h of darkness) and during the day (12 h of light).
As shown in Figure 5C, G6pt silencing does not affect food intake in the
dark phase or light phase of feeding. Previous studies have shown that
tanycytes regulate meal initiation [36,43]; therefore, we evaluated
whether G6pt silencing affects food intake during the first and second
onsumption protocol. B. Basal food intake in 24 h (g/24 h) by G6ptTanScramble (n ¼ 6) or
) or G6ptTanKD (n ¼ 9) mice during the light-off and light-on phases. D. Basal food
our (1 h) and second hour (2 h) of the light-off phase. E. Food consumption after fasted
d and fasted period. G. Food consumption in 24 h (g/24 h) by G6ptTanScramble (n ¼ 7) or
ptTanScramble (n ¼ 7) or G6ptTanKD (n ¼ 8) mice during the light-off and light-on phases
7e8) mice during the first hour (1 h) and second hour (2 h) of the light-off phase after

D (n ¼ 8e9) mice in response to fed or 24 h of fasting. K. Food consumption in 1 h (g/
ting. L. Body weight change (g) evaluated in G6ptTanScramble (n ¼ 5e12) and G6ptTanKD

Comparisons between two groups were made using an unpaired t test. Comparisons
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hour after food presentation. G6ptTanKD mice had significantly lower
food intake during the first hour after food presentation (Figure 5D).
These findings suggest that tanycytes expressing G6pt regulate meal
initiation.
Following the analysis of food intake under basal conditions, we
evaluated food intake in the dark and light phase in response to 24 h of
fasting (Figure 5E). It is important to mention that the BW of
G6ptTanScramble and G6ptTanKD mice did not change significantly in
response to a 24 h of fasting (Figure 5F). G6ptTanKD mice ate signifi-
cantly less than G6ptTanScramble mice in response to 24 h of fasting
(Figure 5G). Additionally, G6pt silencing generated a significant
decrease in dark-phase food consumption but did not affect feeding
during the day (Figure 5H). These findings suggest that G6pt silencing
affects total food intake consumption and the circadian rhythm regu-
lation of feeding in response to fasting.
Previously, we demonstrated that the silencing of G6pt results in a
reduction in food intake during the first hour of feeding. Consistent with
this finding, we assessed food intake during the first and second hours
of feeding in response to fasting. As shown in Figure 5I, G6ptTanScramble

mice responded to fasting by increasing food intake during the first hour
after food presentation. However, no fasting response was observed in
G6ptTanKD mice, with a similar food intake during the first and second
hours after food presentation (Figure 5I). To corroborate the loss in
fasting response observed in G6ptTanKD mice, we compared cumulative
food intake at 24 h and 1 h post-feeding in fasted and ad libitum fed
mice. As seen in Figure 5J, fasted G6ptTanScramble mice exhibited
significantly higher 24 h food intake compared to regularly fed
G6ptTanScramble mice (Figure 5J, purple bars). Interestingly, G6ptTanKD

mice did not increase their food intake in response to fasting, displaying
a food intake similar to regularly fed G6ptTanKD mice (Figure 5J, pink
bars). It is worth noting that the loss of fasting response in G6ptTanKD

mice was also observed when assessing food intake after 1 h post-meal
(Figure 5K). It is important to mention that the loss of response to fasting
prior to the feeding phase may be the cause of the G6ptTanKD mice
presenting a lower weekly body weight gain compared to
Figure 6: Selective G6pt deletion in tanycytes does not alter glucose metabolism. A
the end of a 24 h fasting period. B. Blood glucose levels (mmol/l) in G6ptTanScramble (n ¼ 4
(GTT) in G6ptTanScramble (n ¼ 4) and G6ptTanKD (n ¼ 4) mice. D. Blood insulin levels in G6pt
glucagon levels in G6ptTanScramble (n ¼ 7) and G6ptTanKD (n ¼ 4) mice at the end of a 24 h f
were made using an unpaired t test. Comparisons between two variables were made us
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G6ptTanScramble mice (Figure 5L). Overall, the data strongly suggest that
tanycytes expressing G6pt are necessary to stimulate feeding and
regulate meal initiation in response to prolonged fasting.

3.6. G6pt silencing decreases c-Fos and the Npy expression in
response to fasting
Silencing of G6pt in tanycytes results in a decrease in food intake in
response to fasting (Figure 5). To determine if this metabolic disruption
is associated with alterations in glucose metabolism and/or pancreatic
function, we analysed pre- and postprandial blood glucose levels. As
shown in Figure 6AeB, G6pt silencing in tanycytes does not alter blood
glucose levels in response to fasting or feeding (Figure 6AeB). Addi-
tionally, G6ptTanKD mice do not develop glucose intolerance (Figure 6C)
and exhibit blood insulin and glucagon levels similar to those of
G6ptTanScramble mice (Figure 6DeE). Thus, silencing of G6pt in tany-
cytes does not affect glucose metabolism.
Studies have shown that tanycytes can regulate the activity of neurons
located in the ARC [12,36,43,44]. In this context, we evaluated
whether the energy imbalance observed in G6ptTanKD mice is associ-
ated with dysfunction in ARC neurons by quantifying the expression of
c-Fos and neuropeptides synthesized in the ARC, such as Npy and
Pomc, in response to 24 h of feeding or fasting. As shown in Figure 7A,
no significant differences were observed between the G6ptTanScramble

and G6ptTanKD mice in response to 24 h of feeding (Figure 7A).
However, silencing G6pt in tanycytes results in a significant decrease
in the number of c-Fos-positive cells in response to fasting (Figure 7B).
These findings suggest that G6pt silencing in tanycytes leads to
dysfunction in the hypothalamic ARC region, an alteration observed
only in response to food deprivation.
The hypothalamic ARC is composed of orexigenic and anorexigenic
neurons, such as Npy and Pomc, respectively. To identify which
population is affected in response to G6pt silencing, we analysed Npy
and Pomc mRNA expression levels during the fast-to-fed transition. As
expected, Npy expression levels in G6ptTanScramble mice were
increased in response to 24 h of fasting and decreased in the fed
. Blood glucose levels (mmol/l) in G6ptTanScramble (n ¼ 4) and G6ptTanKD (n ¼ 4) mice at
) and G6ptTanKD (n ¼ 4) mice at the end of a 24 h fed period. C. Glucose tolerance test
TanScramble (n ¼ 5) and G6ptTanKD (n ¼ 5) mice at the end of a 24 h fed period. E. Blood
ed period. Data are represented as the mean � SEM. Comparisons between two groups
ing one-way and two-way ANOVA.

pen access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 11

http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com


Figure 7: G6pt silencing decreased c-Fos and Npy expression in response to fasting. A. C-Fos immunolocalization and quantification of c-Fos-positive cells (green) in the ARC
region of G6ptTanScramble (blue bar) and G6ptTanKD (pink bar) mice after 24 h of feeding (n ¼ 5 mice per condition). B. C-Fos immunolocalization and quantification of c-Fos-positive
cells in the ARC region of G6ptTanScramble (blue bar) and G6ptTanKD (pink bar) mice after 24 h of fasting (n ¼ 4e5 mice per condition). C. Npy mRNA expression in basal fed and 24 h
fasted G6ptTanScramble (blue bar) or G6ptTanKD (pink bar) mice (n ¼ 4e5 mice per condition). D. Pomc mRNA expression in basal fed and 24 h fasted G6ptTanScramble (blue bar) or
G6ptTanKD (pink bar) mice (n ¼ 4e5 mice per condition). Hoechst was used as a nuclear marker. Data is represented as the mean � SEM. Comparisons between two groups were
made using an unpaired t-test. Comparisons between two variables were made using a two-way ANOVA test. *P < 0.05, **P < 0.01.

Original article
condition. However, fasting does not increase Npy expression levels in
G6ptTanKD, which remain constant during the fastingerefeeding tran-
sition (Figure 7C). A different scenario was observed when we eval-
uated the expression levels of the anorexigenic neuropeptide, Pomc. In
this context, we detected that both G6ptTanScramble and G6ptTanKD mice
maintained high levels of Pomc mRNA expression during feeding,
which significantly decreased in response to 24 h of fasting
(Figure 7D). Together, the data suggest that G6pt expression in
12 MOLECULAR METABOLISM 84 (2024) 101940 � 2024 The Authors. Published by Elsevier GmbH.
tanycytes is required to stimulate Npy expression levels and promote
feeding behaviour in response to fasting.

4. DISCUSSION

Since it was first proposed that tanycytes are glucose-sensing cells
that possess a protein machinery similar to that of pancreatic beta
cells, the scientific community has shown great interest in studying the
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
www.molecularmetabolism.com
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regulatory signals that tanycytes send to neurons in response to
hyperglycaemia [12,36,43,44,47]. However, the regulatory signals that
tanycytes send during hypoglycaemia have been poorly studied, and
the mechanisms behind this physiological response are completely
unknown. In this study, we show that tanycytes use the G6pase
system and GLUTs to promote glucose release during hypoglycaemia,
a signal that is necessary to stimulate food intake, possibly via acti-
vation of NPY neurons. In the CNS, the expression of the G6Pase
system has been reported exclusively in foetal human astrocytes and in
mouse astrocytes [7,9,10]. Both astrocytes and tanycytes express the
G6PT subunit and the G6pc3 catalytic subunit, unlike hepatocytes,
which express the G6pc1 catalytic subunit [48e50]. It is important to
mention that the G6pc3 phosphatase is homologous to the G6pc1
phosphatase, and both proteins project their catalytic site toward the
reticular lumen and hydrolyse G6P with similar Km values [51].
Therefore, tanycytes share similar properties with hepatocytes
regarding G6P hydrolysis.
Surprisingly, our data show that tanycytes sequester G6P in the ER and
that this phenomenon depends on the activity of both G6PT and G6pc3
phosphatases. Decreased G6PT activity (induced by incubation with
CHA) resulted in lower G6P uptake. These findings support the
Figure 8: The G6Pase system in tanycytes and its role in the control of food intake
GLUT2 and GLUT6 from the CSF into the intracellular environment. Once inside, glucose
reticular lumen by the action of the G6PT. G6P in the reticular lumen is hydrolysed by G6
travel several microns until it encounters GLUT1, which facilitates its release from the ER
hypothalamic parenchyma is necessary to promote the synthesis of NPY and stimulate food
disrupting the mechanism of rapid glucose release during hypoglycaemia. The decrease in
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substrate-transporter model proposed by Arion and colleagues, which
suggests that the incorporation of G6P into the reticular lumen is
mediated by a G6PT [2]. While the effect of decreased joint activity of
G6PT and G6pc3 on G6P sequestration has never been shown in the
literature, it has been reported that there is a decrease in G6P
sequestration when G6pc3 phosphatase is silenced [9,52,53].
Consistent with this notion, silencing G6pc3 in astrocytes leads to a
decrease in reticular G6P uptake, ATP production, and reticular Ca2þ

uptake [9]. In this scenario, we propose the following model to explain
the glucose sequestration process. Due to the privileged location of
tanycytes in the 3V [13,14] and the apical expression of low-affinity,
high-capacity glucose transporters, such as GLUT2 and GLUT6
[12,36,37], tanycytes in normal or hyperglycaemic conditions can
directly incorporate glucose from the CSF (Figure 8A). Intracellularly,
glucose can be phosphorylated to G6P by the enzyme glucokinase
[43]. Cytosolic G6P can participate in two parallel and independent
pathways: (1) G6P can enter the glycolytic pathway to generate lactate
and promote feeding cessation through the activation of POMC neu-
rons, as recently reported [44] and (2) it can enter the reticular lumen
using the G6Pase system (Figure 8A). In the latter pathway, the ER
could act as an intracellular glucose reservoir, which is replenished
. A. Under normo- or hyperglycaemic conditions, tanycytes can incorporate glucose via
can be phosphorylated to G6P by the enzyme glucokinase and sequestered into the
PC3 phosphatase, resulting in the formation of free glucose [2]. Glucose in the ER can
lumen into the extracellular space. The glucose released during hypoglycaemia into the
intake. B. When the G6P transporter is silenced, the uptake of reticular G6P decreases,
glucose release directly impacts NPY neurons, causing a delay in the onset of feeding.

pen access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 13

http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com


Original article
during hyperglycaemia and added to the glycogen stores that these
glial cells possess [13,54]. Now, in this scenario, an intriguing question
arises. Why do tanycytes store glucose in the ER? Our data suggest
that tanycytes use the glucose stored in the ER to transfer it to NPY
neurons during hypoglycaemia (Figure 8A). Previously, it has been
reported that 40% of NPY neurons are glucose-inhibited neurons,
which remain depolarized when glucose concentrations range from
0.1 mM to 2.5 mM [55,56]. Taking advantage of the fact that tanycytes
can transfer glucose to the ARC during hypoglycaemia [35] and that
hypothalamic neurons express the high-affinity, low-capacity glucose
transporter, GLUT3 [57], it is tempting to speculate that tanycytes may
use reticular glucose reservoirs to maintain glucose concentrations in
the hypothalamic parenchyma within the range of activation of NPY
neurons. Since glycogen breakdown during hypoglycaemia is a pro-
cess that can take minutes or even hours [58], we propose that
tanycytes use this mechanism for rapid transfer of glucose to the
hypothalamic parenchyma, overcoming the need for glycogen to
mediate this response. Nevertheless, while our current data suggest a
potential link, indicating that tanycytes might utilize the glucose
reservoir in the ER to facilitate its transfer to NPY neurons during
episodes of hypoglycemia, it is crucial to acknowledge the need for
further experiments to substantiate and validate this hypothesis.
Surprisingly, we determined that tanycytes export glucose from the ER
via GLUTs. Since it has been shown in permeabilized cells that glucose
does not readily enter the reticular lumen [9], it is possible that the
glucose transporters found in the ER, such as GLUT1 and GLUT2, can
exclusively export glucose from the ER to the extracellular space. Here,
we demonstrate that GLUT1 and GLUT6 undergo redistribution in
response to hypoglycaemia in tanycytes. In line with this evidence,
recent studies suggest that GLUT1 can translocate in response to
decreases in intracellular ATP concentration [39]. However, further
studies are needed to analyse the translocation of both GLUT1 and
GLUT6 in response to hypoglycaemia.
The ER of tanycytes is elongated and projects along the processes of
glial cells, which have been shown to establish close contact with ARC
neurons. The proximity between both cell membranes can promote the
transfer of glucose from the ER membranes to the plasma membrane
and from there to the hypothalamic parenchyma. In this way, glucose
can travel from the CSF to the hypothalamic parenchyma through an
intracellular pathway that protects glucose from entering metabolic
pathways, such as glycolysis and the pentose phosphate pathway.
Since GLUT1 is preferentially located in the processes of tanycytes
in vivo, it is feasible to propose that glucose is released into the hy-
pothalamic parenchyma through this transporter, as recently described
[35].
In this study, we determined that in vivo silencing of the G6Pase
system generates deficient fat accumulation in WAT tissue associated
with a decrease in lipogenic genes. Recently, several authors have
reported on the role of tanycytes in the control of adiposity
[15,16,43,47,59]. In this context, G6ptTanKD mice developed a tanycyte
metabolic phenotype similar to that observed in the FGF21 knock-out
mouse. In these mice, tanycytes promote lipid mobilization, increasing
energy expenditure and decreasing fat accumulation [15]. Intriguingly,
we detected a decrease in the expression level of the gene associated
with lipolysis, Lipe, in G6ptTanKD mice. We believe that the decrease in
the expression of this gene may be a compensatory effect aimed at
limiting the release of fatty acids from adipocytes and thus having
substrates for the synthesis of cell membranes.
In the present study, G6pt silencing generates a decrease in food
intake under prolonged fasting conditions, a response that is strictly
associated with a decrease in Npy levels but not Pomc levels.
14 MOLECULAR METABOLISM 84 (2024) 101940 � 2024 The Authors. Published by Elsevier GmbH.
Currently, it has been reported that tanycytes release lactate to POMC
neurons to trigger cessation of feeding [44]. However, this is a
response that is generated in hyperglycaemia. Based on our back-
ground, we propose that in hypoglycaemia, tanycytes promote food
intake by modulating the rapid transfer of glucose to NPY neurons.
Since we have determined that G6pt silencing alters food intake in
fed and fasted mice, we believe that this mechanism may be
immediately activated in response to decreases in glucose concen-
tration that precede feeding. The disruption in G6P sequestration may
result in reduced glucose transfer to NPY neurons, resulting in
diminished Npy release and decreased stimulation of food intake
(Figure 8B). Finally, the results presented in this study highlight the
critical role of G6Pase-expressing tanycytes in regulating energy
homeostasis in the brain and could have potential therapeutic im-
plications in the treatment of metabolic diseases and appetite
disorders.
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