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Abstract

Dysregulated Wnt signaling is linked to major neurodegenerative diseases, including Alzheimer 

disease (AD). In mouse models of AD, activation of the canonical Wnt signaling pathway 

improves learning/memory, but the mechanism for this remains unclear. The decline in brain 

function in AD patients correlates with reduced glucose utilization by neurons. Here, we test 

whether improvements in glucose metabolism mediate the neuroprotective effects of Wnt in AD 

mouse model. APPswe/PS1dE9 transgenic mice were used to model AD, Andrographolide or 

Lithium was used to activate Wnt signaling, and cytochalasin B was used to block glucose uptake. 

Cognitive function was assessed by novel object recognition and memory flexibility tests. Glucose 

uptake and the glycolytic rate were determined using radiotracer glucose. The activities of key 

enzymes of glycolysis such as hexokinase (HK) and phosphofructokinase (PFK), Adenosine 

triphosphate (ATP)/ Adenosine diphosphate (ADP) levels and the pentose phosphate pathway 

(PPP) and activity of glucose-6 phosphate dehydrogenase were measured. Wnt activators 

significantly improved brain glucose utilization and cognitive performance in transgenic mice. 

Wnt signaling enhanced glucose metabolism by increasing the expression and/or activity of HK, 

PFK and AMP-activated protein kinase (AMPK). Inhibiting glucose uptake partially abolished the 
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beneficial effects of Wnt signaling on learning/memory. Wnt activation also enhanced glucose 

metabolism in cortical and hippocampal neurons, as well as brain slices derived from APPswe/

PS1E9 transgenic mice. Combined, these data provide evidence that the neuroprotective effects of 

Wnt signaling in AD mouse models result, at least in part, from Wnt-mediated improvements in 

neuronal glucose metabolism.

Text for Schematic Abstract

Dysregulated Wnt signaling is linked to major neurodegenerative diseases, including Alzheimer 

disease (AD). The decline in brain function in AD patients correlates with reduced glucose 

utilization by neurons. Here, we test whether improvements in glucose metabolism mediate the 

neuroprotective effects of Wnt in AD mouse model. APPswe/PS1dE9 transgenic mice were used 

to model AD, andrographolide or lithium was used to activate Wnt signaling. Wnt activators 

significantly improved brain glucose utilization and cognitive performance in transgenic mice. The 

neuroprotective effects of Wnt signaling in AD mouse models result, at least in part, from Wnt-

mediated improvements in neuronal glucose metabolism.
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Introduction

Described over 100 years ago, AD has become the most relevant age-related 

neurodegenerative disorder. Mainly characterized by a progressive cognitive impairment, 

current therapeutical approaches are limited by the uncertainties about its precise etiology 

(Querfurth and LaFerla 2010; Ballard et al. 2011). Histopatholgically, AD considers two 

pathognomonic alterations, the extracellular formation of amyloid plaques, constituted by 

aggregated forms of amyloid-β (Aβ) peptide; and the intraneuronal accumulation of 

neurofibrillary tangles, composed by hyperphosphorylated tau protein. Relevantly, additional 

molecular events are also related with the progression of the disease and include the increase 

in the reactive oxygen species (ROS) production, mitochondrial dysfunction, inflammation, 

and a decrease in cerebral glucose uptake/utilization (Chen and Zhong 2013; Kapogiannis 

and Mattson 2011; Cisternas and Inestrosa 2017; Serrano-Pozo et al. 2011). Different 

research groups have evidenced that impaired glucose metabolism verifies in the brains of 

AD patients, being of particular interest the involvement of cortex and hippocampus, brain 

areas related with learning and memory and among the critical ones affected during the 

progression of AD (Chen and Zhong 2013; Doraiswamy et al. 2012). Relevantly, even when 

the impaired glucose utilization is close related with several physiological and molecular 

alterations, including the abnormal expression profile of the glucose transporters (GLUTs) 1, 

3 and 4, brain insulin resistance and altered mitochondrial respiration (Bubber et al. 2005; 

Harr et al. 1995; Schapira 2012; Simpson et al. 1994; Cisternas and Inestrosa 2017). It has 

been demonstrated that the exogenous stimulation of the glucose metabolism can rescue the 

cognitive performance in AD patients (Craft et al. 2012; Baker et al. 2011; Parthsarathy and 

Holscher 2013). Likewise, the ability of increased glucose metabolism to improve cognitive 

performance or rescue neuronal cells against the toxicity of Aβ has been described in several 

model organisms, including mice, rats and Drosophila (Liu et al. 2017; Niccoli et al. 2016). 

This further demonstrates the close relationship between the deregulation of cerebral glucose 

metabolism and the cognitive failures described in AD. However, the molecular mechanisms 

and crosstalk between the different signaling pathways involved in the regulation of glucose 

metabolism and cognitive improvements, or the mechanisms by which these pathways are 

deregulated in AD, have not been identified.

Wnt signaling has recently been implicated in regulating glucose metabolism in the brain, 

and this pathway is down-regulated in AD (Bayod et al. 2015; Cisternas et al. 2016a; 

Cisternas et al. 2016b). Wnt signaling plays diverse roles in many organ systems; its loss- or 

gain-of-function is linked to cancer, type 2 diabetes and neurodegenerative diseases such as 

Parkinson’s disease (Oliva et al. 2018; Rios et al. 2014). In the CNS, Wnt stimulates adult 

hippocampal neurogenesis, promotes the establishment of synapses, increases neuronal 

firing activity, enhances neuronal plasticity and nerve transmission, and stimulates 

mitochondrial dynamics (Oliva and Inestrosa 2015; Farias et al. 2010; Godoy et al. 2014a). 

The relationship between Wnt signaling and glucose metabolism in the brain, however, has 

not been clearly established (Cisternas and Inestrosa 2017). We previously demonstrated that 

canonical and non-canonical Wnt signaling stimulate glucose metabolism in cultured 

hippocampal neurons by promoting glucose uptake and utilization (Cisternas et al. 2016a; 

Cisternas et al. 2016b), but whether this mediates the neuroprotective effect of Wnt in AD 
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mouse models remains unknown. Here, we provide evidence that the canonical Wnt 

signaling activators Andrographolide (ANDRO) (Tapia-rojas et al. 2015; Serrano et al. 2014) 

and Lithium (Li) (Toledo and Inestrosa 2010; Forlenza et al. 2014), both inhibiting the 

activity of glycogen synthase kinase 3 beta (GSK-3β) and promoting the accumulation of β-

catenin, improve glucose metabolism and cognitive performance in the APPswe/PS1E9 

double transgenic mouse model of AD by increasing the activity of AMPK, a recently 

described target of Wnt3a signaling (Juvenal A. Ríos et al. 2018), as well as the activity of 

key metabolic enzymes, including HK and PFK. The beneficial effects of Wnt activators in 

cultured primary neurons, brain slices, and in vivo were blocked by the co-administration of 

Cyt B, a glucose uptake inhibitor, at IC50 dose. Our results suggest that enhancing glucose 

metabolism in the brain mediates, at least in part, the Wnt-induced cognitive improvements 

seen in an AD mouse model.

Methods

Animals and ethical standards.

The primary neuronal cultures were obtained from pregnant rats Sprague Dawley (n: 9, 

RRID: RGD_734476). Male APPswe/PS1dE9 (RRID: MMRRC_34829-JAX) (4-month-old, 

APP/PS1, as asymptomatic model before start the treatment) and control C57BL/6 wild-type 

(4-month-old, Wt, RRID: IMSR_JAX:000664) mice were used in this study. APP/PS1 

animals co-express the Swedish (K594M/N595L) mutation of a chimeric mouse/human APP 

(Mo/ HuAPP695swe) together with the human exon-9-deleted variant of PS1 (PS1-dE9); 

these mice secrete elevated levels of human Aβ peptide (Jaworski et al. 2010; Jankowsky et 
al. 2004). This strain was obtained from The Jackson Laboratory (USA). Animals were 

maintained at the Animal Facility of the Pontificia Universidad Católica de Chile under 

sanitary barrier in ventilated racks and in closed colonies, no sample calculation was 

performed. Experimental procedures were approved by the Bioethical and Biosafety 

Committee of the Faculty of Biological Sciences of the P. Universidad Católica de Chile 

with the ethical approval CBB-158/2014. A total of 9 rats and 63 mice were used and 

handled according to the National Institutes of Health guidelines (NIH, Baltimore, MD). We 

used simple randomization to allocate mice to different cages. Intraperitoneal (i.p.) 

injections of Andrographolide (CAS Number 5508-58-7, cat: 365645, ANDRO) (2 groups, 2 

mg/kg), Li2CO3 (cat: 62470, Li, 2 groups, 4 mg/kg) or saline solution as vehicle (2 groups) 

were carried out three times per week for 16 weeks. After 14 weeks of treatments with 

ANDRO, Li, or saline control, we administered Cytochalasin B (cat: C6762, Cyt B) at the 

IC50 dose (2 μg/Kg) for two weeks (2 injections per week) by intraventricular injection, just 

in one group of ANDRO and one group of Li (Figure 4 A) (Yamazaki et al. 2014; Ledo et al. 
2012). All the reagents were purchased from Sigma-Aldrich, USA. Also, this study was not 

pre-registered. The inclusion/exclusion criteria for this study were the health of the animals 

after treatment, in this study no animals were excluded. All the animals that finish correctly 

the treatment and remain healthy were used to continue the analysis. The animals that 

showed sign of illness were excluded. For this inclusion/exclusion criterion we evaluated the 

weight of the animals, the lipid and hepatic parameters and the visual inspection. To avoid 

animal suffering the animals were reviewed by technical personal every day to look evidence 

of suffering (NIH tables of supervision), also, we used isoflurane (4% for induction) before 
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the utilization of animals for removing the brain. All the cognitive test (training and 

experiment) and the slices experiments were performed in a double-blind manner, between 

the operator (MM, V.I.T and J.M.Z) and the designer of the experiment (P.C).

Primary neuronal cell culture.

Hippocampal neurons isolated from the forebrains of 17-day-old rat embryos, as described 

in (Arrazola et al. 2009), were seeded in poly-D-lysine-coated culture dishes at a density of 

5×106 cells/cm2 and cultured in Dulbecco’s modified Eagle’s medium (cat: D5030, DMEM, 

Invitrogen, USA) containing 10 % (v/v) fetal bovine serum (cat: 16000044, FBS, Thermo 

Fisher Scientific Inc., USA). After 30 min, the culture medium was changed to Neurobasal 

medium (cat: 21103049, NeuB, Thermo Fisher Scientific Inc., USA) supplemented with 

B27 serum-free supplement for neural cell culture (cat: 15504044, Thermo Fisher Scientific 

Inc., USA), 2 mM L- glutamine (cat: 21051024, Thermo Fisher Scientific Inc., USA), 100 

U/mL penicillin plus 100 mg/mL streptomycin (cat: 15070063, Thermo Fisher Scientific 

Inc., USA), and 2.5 mg/mL fungizone (cat: 15240112, Thermo Fisher Scientific Inc., USA),. 

Cells were incubated in 5 % CO2 in a humidified environment at 37 °C. Neuronal cells were 

used after 14 days of in vitro culture (DIV 14) in all experiments. Cytosine arabinoside (cat: 

C1768, Ara-C, Sigma-Aldrich, USA) was used to prevent non-neuronal cell contamination.

Slice preparation.

Hippocampal slices were prepared as previously described (Cerpa et al. 2010). Briefly, 

transverse slices (350 μm) from the dorsal hippocampus were sectioned in cold artificial 

cerebrospinal fluid (ACSF: 119 mM NaCl, 26.2 mM NaHCO3, 2.5 mM KCl, 1 mM 

NaH2PO4, 1.3 mM MgCl2, 10 mM glucose, 2.5 mM CaCl2) and incubated in ACSF for 1 h 

at room temperature. After incubation, slices were treated with activator/inhibitor for 

different length of time (0–60 min). The slices were then used in different glucose 

metabolism assays (glucose uptake, glycolytic rate, ATP/ADP levels, enzyme activity 

(AMPK, HK and PFK).

D-[1-14C] glucose biodistribution.

Upon the completing the cognitive tests, six mice from each group were injected with 

D-[1-14C] glucose (cat: NEC043X001MC, Perkin Elmer Perkinelmer, USA) via tail vein. 

Briefly, mice were anesthetized with isoflurane and injected intravenously via the tail with 

50 μCi of tracer diluted to a final volume of 20 μL in isotonic saline. Following a 15 min 

uptake, animals were killed and tissues were collected. Tissue radioactivity was quantified 

by liquid scintillation. D-[1-14C] glucose levels were normalized to the weight of resected 

tissue and expressed as the percent injected dose (Tsytsarev et al. 2012; Cox et al. 2015).

Formation of amyloid-β oligomers.

Synthetic Aβ1–42 peptide corresponding to wild-type human Aβ were obtained from 

Genemed Synthesis, Inc. (custom made, LOT#105053, USA). An Aβ peptide stock solution 

was prepared by dissolving freeze-dried aliquots of Aβ in 1,1,1,3,3,3-hexafluoro-2-propanol 

(HFIP, cat: H-8508, Sigma-Aldrich), incubating at room temperature for 1 h and lyophilized. 

For oligomer preparation, the peptide film was dissolved in dimethyl sulfoxide (DMSO, cat: 
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W387520, Sigma-Aldrich USA) and diluted in distilled water to a final concentration of 100 

μM. The preparation was incubated overnight for Aβos formation. Aβos were visualized by 

electron microscopy and analyzed by Tris-Tricine SDS gel electrophoresis as described 

previously (Silva-Alvarez et al. 2013).

Analysis of apoptosis by nuclear staining.

After treatments, cells were washed with PBS and fixed with 4 % PFA (cat: 1040051000, 

Merck, USA). Cells were then incubated with the nuclear stain Hoechst (1 mg/mL, cat: 

H3570, Thermo Fisher Scientific Inc., USA) for 30 min at room temperature. Cells were 

washed with PBS and analyzed by fluorescence microscopy. For each condition, a total of 

200 nuclei were counted in three different cultures, and the results were expressed in 

proportion to normal nuclei and nuclei that showed chromatin condensation (Tapia-rojas et 
al. 2015).

Drug treatment.

The neurons and slices were treated with recombinant Wnt3a (rWnt3a, 300 ng/mL, 0–24 h, 

cat: 1324-WN/CF, R&D Systems, USA), Aβ (5 μM), dickkopf-1 (Dkk1, 300 ng/mL, 0–24 h, 

antagonist of Wnt3a, as internal control, cat: 5897-DK/CF R&D System, USA), 

cytochalasin B (Cyt B, 1 μM, 3 h, inhibitor of GLUT transporters, this concentration is the 

IC50 value, in the uptake we used 20 μM, Sigma-Aldrich USA), AZD5356 (20 nM, 12 h, an 

inhibitor of all Akt isoforms, cat: 5773, TOCRIS, UK), andrographolide (ANDRO, 50 μM, 

12 h, agonist of Wnt3a signaling, Sigma-Aldrich USA), carbonate of lithium (Li, 10 mM, 12 

h, agonist of Wnt3a signaling, Sigma-Aldrich USA), oligomycin (2 mM, inhibitor of ATP 

synthase, cat: 861944, Sigma-Aldrich USA) and 2-deoxy-D-glucose (2-DG, 7 mM, as a 

competitive inhibitor of hexokinase, Sigma-Aldrich USA). Neurons were carefully 

examined under the microscope to ensure that only plates showing uniform neuronal growth 

were used. After different treatments, cells were used in different metabolic assays.

Glucose uptake analysis.

After activator/inhibitor treatments, cells were washed with incubation buffer (15 mM 

HEPES (cat: H3375), 135 mM NaCl (cat: s3014), 5 mM KCl (cat: P5405), 1.8 mM CaCl2 

(cat: C1016), and 0.8 mM MgCl2 (cat: 208337), all the reagents were purchased from 

Sigma-Aldrich, USA) supplemented with 0.5 mM glucose (Cisternas et al. 2014a). Cells 

were then incubated for 15 s with 1–1.2 μCi 2-deoxy-D-[1,2-(N)3H] (cat: NET328250UC, 

PerkinElmer, USA) or glucose ([2-3H]-DG (cat: NET328A250UC, PerkinElmer, USA) at a 

final specific activity of 1–3 disintegrations/min/pmol (~1 mCi/mmol). Glucose uptake was 

arrested by washing the cells with ice-cold PBS supplemented with 1 mM HgCl2 (cat: 

203777, Sigma-Aldrich, USA). The incorporated radioactivity was quantified by liquid 

scintillation counting. In separate experiments, brain slices were incubated with different 

drugs for 1 h, then treated with [2-3H]-DG for 15 min and processed as described above. The 

kinetic parameters were determined using a single rectangular hyperbola of the form Vmax ∗ 
[glc]/(Km + [glc]), adjusted to the data by nonlinear regression using SigmaPlot 12 (Barros 

et al. 2009).
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Determination of the glycolytic rate.

Glycolytic rates were determined as previously described (Cisternas et al. 2014a; Herrero-

Mendez et al. 2009). Briefly, after activator/inhibitor treatments, neurons were placed in 

tubes containing 5 mM glucose and then washed twice in Krebs Henseleit solution (11 mM 

Na2HPO4, 122 mM NaCl, 3.1 mM KCl, 0.4 mM KH2PO4, 1.2 mM MgSO4, and 1.3 mM 

CaCl2, pH 7.4) containing the appropriate concentration of glucose. After equilibration in 

0.5 mL of Hank’s balanced salt solution/glucose (cat: 14025076, Thermo Fisher Scientific 

Inc., USA). at 37 °C for 10 min, 0.5 mL of Hank’s balanced salt solution (containing various 

concentrations of [3-3H] glucose (cat: NET331C250UC, PerkinElmer, USA) was added, 

with a final specific activity of 1–3 disintegrations/min/pmol (~1 mCi/mmol). Aliquots of 

100 μL were then transferred to another tube, placed inside a capped scintillation vial 

containing 0.5 mL of water, and incubated at 45 °C for 48 h. After this vapor-phase 

equilibration step, the tube was removed from the vial, a scintillation mixture was added, 

and the 3H2O content was determined by counting over a 5-min period. For brain slice 

experiments, slices were treated with different activators/inhibitors, and the glycolytic rate 

was determined as described above.

Quantification of hexokinase (HK) activity.

After treatments with activators/inhibitors, cultured neurons or brain slices were washed 

with PBS, treated with trypsin/EDTA, and centrifuged at 500 g for 5 min at 4 °C. Then, the 

cells or tissue was resuspended in isolation medium (250 mM sucrose (cat: S9378), 20 mM 

HEPES, 10 mM KCl, 1.5 mM MgCl2, 1mM EDTA (cat: E6758), 1mM DTT (cat: D0632), 2 

mg/mL aprotinin (cat: A1153), 1 mg/mL pepstatin A (cat: 77170), and 2 mg/mL leupeptin 

(cat: L8511) at a 1:3 dilution, sonicated at 4 °C, and then centrifuged at 1,500 g for 5 min at 

4 °C. HK activity of the supernatant was quantified. For the assay, purified fraction was 

mixed with the reaction medium (25 mM Tris-HCl (cat: T5941), 1 mM DTT, 0.5 mM 

NADP/Na+ (cat: N8035), 2 mM MgCl2, 1 mM ATP (cat: A1852), 2 U/mL G6PDH (cat: 

G6378), and 10 mM glucose (cat: G8270), and the mixture was incubated at 37 °C for 30 

min. The reaction was stopped by the addition of 10 % trichloroacetic acid (cat: T6399, 

TCA), and the generation of NADPH was measured at 340 nm (Cisternas et al. 2016a). All 

the reagents were purchased from Sigma-Aldrich, USA.

Measurement of glucose oxidation through the pentose phosphate pathway (PPP).

Glucose oxidation via the PPP was measured as previously described based on the difference 

in 14CO2 production from [1-14C] glucose (cat: NEC043X001MC, PerkinElmer, USA) 

decarboxylated in the 6-phosphogluconate dehydrogenase-catalyzed reaction and in the 

Krebs cycle) and [6-14C] glucose (cat: NEC045X050UC, PerkinElmer, USA) only 

decarboxylated in the Krebs cycle) (Cisternas et al. 2014b). After treatments with activators/

inhibitors, the medium was removed, and cells or brain slices were washed with ice-cold 

PBS and collected by trypsinization. Cell pellets were resuspended in O2-saturated Krebs 

Henseleit buffer and 500 μL of this suspension (~ 106 cells) was placed in Erlenmeyer flasks 

with another 0.5 mL of the Krebs Henseleit solution containing 0.5 μCi D-[1-14C] glucose or 

2 μCi D-[6-14C] glucose and 5.5 mM D-glucose (final concentration). The Erlenmeyer 

flasks were equipped with a central well containing an Eppendorf tube with 500 μL of 
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benzethonium hydroxide (cat: B2156, Sigma-Aldrich, USA). The flasks were flushed with 

O2 for 20 s, sealed with rubber caps, and incubated for 60 min in a 37 °C water bath with 

shaking. The incubations were stopped by the injection of 0.2 mL of 1.75 M HClO4 (cat: 

311421, Sigma-Aldrich, USA) into the main well, and shaking was continued for another 20 

min to facilitate the trapping of 14CO2 by benzethonium hydroxide. Radioactivity was 

quantified by liquid scintillation spectrometry (Bolaños et al. 2008; Herrero-Mendez et al. 
2009).

ATP Content.

After cultured neurons or brain slices were treated with activators/inhibitors, ATP levels 

were measured using an ATP determination kit (cat: A22066, Invitrogen/Molecular Probes) 

(Calkins et al. 2011).

Activity of PFK and AMPK.

We used hippocampal slices obtained from treated animals and determined the activity of 

PFK and AMPK one hour after slice preparation. As a proxy, AMPK activity was measured 

using an antibody specific to the phosphorylated T-172 (active) form of AMPK-α. Detection 

was obtained using ELISA following the manufacturer’s protocol. Experiments were 

conducted in triplicate and repeated at least three times (cat: KHO0651, Thermo Fisher 

Scientific Inc., USA) (Moreno-Navarrete et al. 2011; Stow et al. 2016). PFK activity was 

measured using the PFK Colorimetric Assay Kit from (cat: K776, BioVision, USA ) 

according to the manufacturer’s instructions (Thurley et al. 2017).

Large open-field (LOF) test.

A 120 × 120 cm transparent Plexiglas platform with 35-cm-high transparent walls was used 

to study locomotor and stress behavior in our mouse model. The open field, which measured 

40 × 40 cm, was defined as the center area of the field. Data were collected using an 

automatic tracking system (HVS Imagen, UK). Each mouse was placed alone in the center 

of the open field, and its behavior was tracked for 20 min. At the end of the session, the 

mouse was returned to its home cage. The parameters measured included total time moving 

and number of times the mouse crossed the center area of the platform (Cummins and Walsh 

1976; Cisternas et al. 2015a).

Novel object recognition (NOR) and novel object localization (NOL).

The NOR and NOL tasks were performed as previously described (Bevins and Besheer 

2006; Vargas et al. 2014). Mice were habituated to the experimental room in the 

experimental cages for 3 consecutive days for 30 min per day (3 consecutive days) and for 1 

h on the testing day. The task occurred in a 120×120 cm transparent Plexiglas platform with 

35-cm-high transparent walls containing two identical objects places at specific locations. 

For object familiarization, mice were allowed to explore the platform for 10 min. The 

animals were subsequently returned to their home cages for 1 h, followed by a 5-min 

exposure to a novel localization of one of the familiar objects (NOL). The mice were again 

returned to their home cages for 1 h and were subsequently exposed to a novel object (NOR) 

for 5 min. The mice had no observed baseline preference for the different objects. An object 
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preference index was determined by calculating the time spent near the relocated/novel 

object divided by the cumulative time spent with both the familiar and relocated/novel 

objects. The cages were routinely cleaned with ethanol following mouse testing/habituation 

of the mice.

Memory flexibility test.

This test was performed as previously described (Chen et al. 2000; Salazar et al. 2017), and 

the pool conditions of the pool were the same as those of a Morris Water Maze (Cisternas et 
al. 2015b). Each animal was trained for one pseudo-random location of the platform per day, 

for 5 days, with a new platform location each day. Training was conducted for up to 10 trials 

per day, until the criterion of 3 successive trials with an escape latency of 20 s was achieved. 

When testing was completed, the mouse was removed from the maze, dried and returned to 

its cage. Animals were tested for the next location on the following day. Data were collected 

using a video tracking system (HVS Imagen).

Quantitative real-time PCR (qRT-PCR).

After drug treatment, mRNA was obtained from the neuronal cultures or hippocampal tissue 

and used to generate cDNA. Quantitative real time RT–PCR (qRT–PCR) was conducted 

using SYBR master mix (cat: 4368577, Thermo Fisher Scientific Inc., USA) and 18S 

mRNA as a control, with the program recommended by the manufacture (Cisternas et al. 
2016a). As a housekeeping gene, we used cyclophilin, and the values were calculated using 

the delta Ct, in comparison with the control gene. Duplicated control reactions for every 

sample without reverse transcription were included to ensure that PCR products were not 

due to amplification of contaminant genomic DNA. We used the following sets of primers: 

18S gene forward 5’-TCAACGAGGAATGCCTAGTAAGC-3’ and reverse 5’-

ACAAAGGGCAGGGACGTAGTC-3’. As a housekeeping gene, we used cyclophilin: 

forward 5’-TGGAGATGAATCTGTAGGAGGAG-3’ and reverse 5’- 

TACCACATCCATGCCC TCTAGAA-3; Camk4: forward 5’- 

TTATGCAACTCCAGCCCCTG-3’ and reverse 5’-AGCCT CGGAGAATCTCAGGT-3’; 

Glut1: forward 5′-ATGGATCCCAGCAGCAAGAAG-3’ and reverse 5′-

AGAGACCAAAGCGTGGTGAG-3’; Glut3: forward 5′-GGATCCCTTGTCCTTCT 

GCTT-3’ and reverse 5′-ACCAGTTCCCAATGCACACA-3’; Glut4: forward 5′-

CGGCTCTGA CGATGGGGAA-3’ and reverse 5′-TTGTGGGATGGAATCCGGTC-3’; 

Cyclin D1: forward 5′-AAAATGCCAGAGGCGGATGA-3’ and reverse 5′-

GCAGTCCGGGTCACACTTG-3’; c-Myc: forward 5′-GGAGTGGTTCAGGATTGGGG-3’ 

and reverse 5′-GGGTAGCTTACCAGAGTCG C-3’; Hexokinase-1: forward 5′-

GGATGGGAACTCTCCCCTG-3’ and reverse 5′-GCATACGT GCTGGACCGATA; 

Phosphofructokinase-1: forward 5′-AGGGCCTTGTCATCATTG GG-3’ and reverse 5′-

ACTGCTTCCTGCCTTCCATC-3’; Akt-1: forward 5′-TCACGTGAGCCC TTCTCCTA-3’ 

and reverse 5′-CTCCCACCCACTAACAAGGC-3’; Ampk (alpha subunit): forward 5′-

GTGAAGATCGGCCACTACATCC-3’ and reverse 5′-GGCTTTCCTTTTCGTCCA 

ACC-3’; Pyruvate kinase-1 (Pk1): forward 5′-CAGCATCATTGCCACCATCG-3’ and 

reverse 5′-GACTCCAGTGCGTATCTCGG-3’. Al the primers were purchased from IDT 

Integrated DNA Technologies, USA.
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ADP content.

ADP levels in whole-cell lysates of primary neurons and slices were measured using an 

ADP Assay Kit (cat: ab83359, Abcam, UK), according to the manufacturer’s instructions 

(Chen et al. 2000).

Determination of Glucose-6-phosphate dehydrogenase (G6PDH) activity.

After activators/inhibitors treatments, cells were washed with PBS, collected by 

trypsinization (0.25% trypsin-0.2% EDTA (w/v), cat: T4049, Sigma-Aldrich USA), and 

pelleted. Cells were then resuspended in isolation medium (250 mM sucrose, 20 mM 

HEPES, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM DTT, 2 mg/mL aprotinin, 1 

mg/mL pepstatin A, and 2 mg/mL leupeptin) at a 1:3 dilution, sonicated at 4 °C, and then 

centrifuged for 5 min at 1500 g at 4 °C. Subsequently, the pellet was discarded, and the 

supernatant was further separated by centrifugation at 13000 g for 30 min at 4° C. Finally, 

the supernatant was used to quantify the G6PDH activity in a reaction buffer containing 1 

mM ATP and 10 mM glucose- 6-phosphate (G6P) for 30 min at 37 °C. The reaction was 

stopped by the addition of 10 % TCA. The generation of NADPH was measured at 340 nm 

(Cs 2018).

Statistical analysis.

All experiments were performed at least 3 times, with triplicates for each condition in each 

experimental run. The results are expressed as means ± standard errors. Data were analyzed 

by one-way or two-way analysis of variance (ANOVA), followed by Bonferroni’s post hoc 

test; *p ≤ 0.05 and **p ≤ 0.01 were considered significant differences. Statistical analyses 

were performed using Prism software (GraphPad, USA). For testing normality, we used the 

SPSS Statistics software (IBM, USA) using the numerical method. In our study we not 

detected outliers data, for this we used the Prism software (GraphPad, USA), using boxplot 

graphical way.

Results

The neuroprotective effect of Wnt signaling depends on the activation of glucose 
metabolism.

Cultured hippocampal neurons were treated with 5 μM Aβ1–42 oligomers (0–24 h) and cell 

viability was measured by nuclear staining. The quality of the Aβ oligomer was confirmed 

by electron microscopy (Figure 1A, i). Aβ oligomer-treatment reduces neuronal viability 

over time (56 ±6 % after 12 h and 42 ± 4 % after 24 h, p=0.01) (Figure 1A, ii–iv). 

Recombinant rWnt3a significantly attenuated cell death induced by Aβ. Ιn the presence of 

Aβ and rWnt3a, viability of neurons was 72 ± 7 % (at 12 h) and 69 ± 6 % (at 24 h) (Figure 

1A, v–vi). The neuroprotective effect of rWnt3a at 12 h was abrogated by co-incubation with 

1 μM Cyt B, an inhibitor that blocks glucose uptake by glucose transporters (GLUTs) 

(Figure 1B). At the IC50 dose used (1 μM), Cyt B did not affect cell viability (Figure 1B) 

(Augustin 2010; Kapoor et al. 2016). The protective effects of rWnt3a were also abolished 

by co-incubating cells with AZD5356, an inhibitor of AKT (Figure 1B).
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Next, we determined the effects of Aβ and rWnt3a on glucose uptake in cultured 

hippocampal neurons. In untreated controls, we observed 24.4 ± 2.7 nmol 2-DG glucose 

uptake per million cells. Treatment with 5 μM Aβ for 12 h significantly decreased 2-DG 

uptake (11.4 ± 2.1 nmol/106 cells, p=0.05) (Figure 1C). rWnt3a alone stimulated a robust 

increase in 2-DG uptake and also prevented the reduction in glucose uptake induced by Aβ 
(Figure 1C). The positive effect of rWnt3a on glucose uptake was abolished by Dkk1, 

AZD5363, and Cyt B (Figure 1C).

ANDRO and Li are known activators of Wnt signaling in vivo and in vitro (Toledo and 

Inestrosa 2010; Serrano et al. 2014). Therefore, we also determined the effects of both 

molecules on glucose uptake. Treatments of cultured hippocampal neurons with ANDRO 

and Li alone enhanced 2-DG uptake (Figure 1D), and these Wnt signaling activators also 

prevented the reduction in glucose uptake induced by Aβ; these effects were abrogated by 

Cyt B (Figure 1D).

To further examine the effects of Aβ on glucose metabolism and on the neuroprotection 

induced by rWnt3a, we measured additional metabolic parameters in cultured hippocampal 

neurons. Exposure to Aβ for 12 h markedly reduced (~2.7 fold) the glycolytic rate of 

cultured neurons (Figure 2A). Treatment with rWnt3a blocked the Aβ-induced decrease in 

the glycolytic rate, and this neuroprotective effect was abolished by Dkk1 (Figure 2A). The 

activity of HK that catalyzes the first reaction in glycolysis, however, was not affected by Aβ 
treatment (Figure 2B). Glucose entering neurons can be channeled into glycolysis or PPP. 

Thus, we measured the effect of Aβ on PPP pathway activity and observed no difference in 

the presence of Aβ or rWnt3a (Figure 2C). However, Aβ exposure significantly reduced 

cellular ATP levels (Figure 2D). The presence of rWnt3a prevented this decrease, and the 

neuroprotective effect of rWnt3a was abolished by Dkk1 and 2-DG (Figure 2D). Cellular 

ADP levels and ATP/ADP ratios were also determined. In the presence of Aβ, we observed a 

marked decrease in the ATP/ADP ratio (45 %), and this reduction was blocked by rWnt3a 

(Figure 2E). This protective effect of Wnt3a was abrogated by Dkk1 and 2-DG (Figure 2E).

To validate our results from cultured neurons, we used hippocampal slices obtained from 

wild type (Wt) and APPswe/PS1E9 (APP/PS1) transgenic mice. Consistent with our 

neuronal culture data, glucose uptake was reduced ~50 % in brain slices from APP/PS1 mice 

(Figure 3A). Glucose uptake in APP/PS1 brain slices was restored Wt levels when Wnt 

signaling was activated by rWnt3a, Li, or ANDRO (Figure 3A). The effect of the Wnt 

agonists on brain slices was abolished by oligomycin, an inhibitor of ATP synthase (Figure 

3A). The glycolytic rate of APP/PS1 brain slices was also reduced ~50 % relative to that of 

Wt brain slices; this reduced rate was restored to Wt levels by rWnt3a, Li, or ANDRO. 

Again, this effect of the Wnt agonists was abolished by oligomycin (Figure 3B). Given the 

reduction in glycolytic rate, we measured the activity of HK and PFK, two key enzymes of 

glycolysis. HK and PFK activities in APP/PS1 brain slices were ~50 % of the Wt control 

activities; and this reduction could not be restored by Li or ANDRO treatments (Figure 3C–

D).

Consistent with the reduced glucose uptake and glycolytic rate, cellular ATP levels and the 

ATP/ADP ratio in APP/PS1 brain slices were markedly reduced (Figure 3E–F). rWnt3a and 
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ANDRO, but not Li, treatments were able to partially restore cellular ATP and the ATP/ADP 

ratio in APP/PS1 brain slices. The positive effect of rWnt3a and ANDRO was blocked by 

the AKT inhibitor, AZD5363 (Figure 3E–F).

In vivo stimulation of Wnt signaling activates glucose metabolism and improves cognitive 
performance in an AD mouse model

Next, we asked if in vivo activation of Wnt signaling can improve glucose metabolism in the 

APP/PS1 model of AD. We administrated ANDRO and Li to APP/PS1 mice, with or 

without Cyt B (IC50 level), to determine the link between Wnt signaling activation and 

glucose metabolism (Figure 4A). The IC50 dose of Cyt B was used to ensure at least 50 % 

reduction in glucose transport without generalized toxicity. Open field tests were performed 

to determine the general behavioral status of the animals. We observed no differences 

between control and treated groups (Figure 4B i–ii) in several parameters, including the 

percentage of moving time and the number of lines that the animals cross at the center of the 

box. To examine the functionality of short-term memory, we performed NOR and NOL 

tests. We observed a decrease in the preference index in APP/PS1 mice relative to Wt 

controls (Figure 4C–D). Injection of ANDRO and Li significantly improved performance in 

both the NOR and NOL tests, with the treated animals performing as well as the Wt mice, 

suggesting a rescue of short-term memory. The effects of both ANDRO and Li were 

abolished in animals co-treated with Cyt B (Figure 4C–D). These results suggest that the 

effect of Wnt agonists depends on the activation of glucose metabolism. Next, we performed 

a memory flexibility test to measure learning and memory function. Control animals took an 

average of 5 trials to fulfill the completion criteria after 5 days of testing. In contrast, the 

APP/PS1 mice took an average of 12 trials to meet the same criteria, indicating impaired 

learning and memory. The APP/PS1 mice treated with ANDRO and Li took an average of 6 

and 7 trials, respectively, to fulfill the completion criteria, indicating improved learning and 

memory. The beneficial effects of ANDRO on learning and memory were abrogated by 

when animals were co-treated with Cyt B (Figure 4E i and ii).

Wnt agonists increase glucose uptake in the brain

Wnt agonists significantly improved cognitive performance in APP/PS1 mice, so we next 

tested whether this is due to increased glucose uptake in the brain. We injected radioactive 

glucose (D-[1-14C] glucose) via the tail vein and 15 min post-injection measured the amount 

of radioactivity in the whole brain, as well as in the hippocampus and cortex, two brain 

regions most affected in AD. Glucose uptake in the whole brain of APP/PS1 mice was 60 % 

of that observed in the Wt mice (Figure 5A). Treatments with ANDRO and Li improved 

glucose uptake, and these effects were abolished in animals co-injected with Cyt B (Figure 

5A). In the hippocampus, glucose uptake was reduced ~45 % in APP/PS1 mice relative to 

Wt controls (Figure 5B). Treatment with ANDRO restored glucose uptake in the 

hippocampus to that of Wt controls, and this effect was abolished in animals co-injected 

with Cyt B (Figure 5B). In contrast to ANDRO, treatment with Li did not increases glucose 

uptake in the hippocampus of APP/PS1 mice. (Figure 5B).

Similar to the hippocampus, glucose uptake in the cortex of APP/PS1 mice was ~57 % less 

than that of Wt controls (Figure 5C). Administration of ANDRO and Li significantly 
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improved glucose uptake in the cortex of APP/PS1 mice, and these effects were abolished 

when animals were co-injected with Cyt B (Figure 5C).

Impaired cognitive performance has been correlated with decreased expression of glucose 

transporters in the hippocampus (Shah et al. 2012; Emmanuel et al. 2013). We therefore 

examined the mRNA expression level of Glut1, 3 and 4 in the hippocampus. Expression of 

Glut1 did not differ between APP/PS1 mice and Wt controls, nor was its expression altered 

by Wnt agonists (Figure 5D). Expression of Glut3, the main glucose transporter in neurons, 

was reduced 68 % in the hippocampus of APP/PS1 mice relative to Wt control levels (Figure 

5E). Expression of Glut3 in the hippocampus of APP/PS1 mice was restored to that of Wt 

controls by ANDRO and Li treatments, and the positive effects of Wnt agonists were 

abolished by Cyt B (Figure 5E). Interestingly, while the expression of Glut4 was reduced 80 

% in the hippocampus of APP/PS1 mice relative to Wt control levels, neither ANDRO nor 

Li treatment were able to restore its expression (Figure 5F).

Wnt agonists stimulates glucose utilization in the hippocampus

After ANDRO or Li treatment, we obtained hippocampal slices from the treated and control 

groups to determine parameters of glucose utilization. In non-treated animals, the glycolytic 

rate of hippocampal slices from APP/PS1 mice was reduced ~42 % relative to Wt control 

levels (Figure 6A). Treatment of APP/PS1 mice with ANDRO and Li restored the glycolytic 

rate of APP/PS1 animals to that of Wt controls, and this effect was abolished in animals co-

treated with Cyt B (Figure 6A). HK and PFK activities in the hippocampal slices from 

APP/PS1 mice were reduced 49 % and 57 %, respectively, relative to Wt control levels. 

ANDRO and Li treatments restored HK and PFK activities to Wt levels (Figure 6B–C). Co-

treatment of Cyt B abolished the effect of ANDRO and Li on HK, but not PFK, activity. We 

observed an 87 % reduction in PPP activity in hippocampal slices of APP/PS1 mice. 

Treatments of APP/PS1 mice with ANDRO and Li led to a significant increase of PPP 

activity, and this effect was abolished in animals treated with Cyt B (Figure 6D). Since PPP 

pathway activity was reduced in APP/PS1 mice, we determined the activity of G6PDH, the 

first and rate-limiting enzyme of the PPP. In hippocampal slices from APP/PS1 mice, the 

activity of G6PDH was reduced 73 % relative to Wt control levels (Figure 6E). Treatments 

of APP/PS1 mice with ANDRO and Li restored G6PDH activity to that of Wt levels. Again, 

these effects were abolished in animals co-injected with Cyt B (Figure 6E). AMPK is one of 

the key serine/threonine kinases that regulate cellular ATP levels by modulating catabolic 

processes that generate ATP (Ruderman et al. 2013). For this reason, we also measured the 

activation state of AMPK. In hippocampal slices from APP/PS1 mice, AMPK activity (as a 

metric of phospho-AMPKα) was reduced 48 % relative to Wt control levels, and ANDRO or 

Li treatment restored AMPK activity to Wt levels (Fig. 6F). Consistent with the glycolytic 

rate and enzyme activity, cellular ATP levels and the ATP/ADP ratio were significantly 

reduced in hippocampal slices from APP/PS1 mice and restored nearly to Wt levels by 

ANDRO and Li treatments. Again, these effects were abolished by Cyt B (Figure 6G and 

H).

Finally, we examined whether Wnt-mediated enhancement in glucose metabolism also 

involved transcriptional upregulation of key metabolic genes. The known Wnt3a-target 
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genes (Camk4, Cyclin D1, and c-Myc) were down-regulated in the hippocampus of 

APP/PS1 mice relative to Wt animals, and ANDRO and Li treatments restored expression of 

these genes to that of Wt levels (Figure 7A–C). The expression of Hk, Pk-1 and Pfk-1 was 

also down-regulated in the APP/PS1 mice relative to Wt control levels, and ANDRO 

treatment significantly up-regulated expression to that of Wt levels (Figure 7D–F). We found 

that the expression of Akt was reduced 60 % in the APP/PS1 mice relative to Wt control 

levels and ANDRO treatment restored its expression to that of Wt controls (Figure 7G). In 

contrast to Akt, the mRNA expression of AMPK was not affected in the APP/PS1 mice 

(Figure 7H).

Discussion

We have previously shown that Wnt signaling can stimulate glucose metabolism in cultured 

neurons and hippocampal slices (Cisternas et al. 2016c; Cisternas et al. 2016a). The current 

study extends these findings to more complex biological systems, such as ex vivo brain 

slices and an in vivo AD mouse model. Our most relevant and novel finding is that Wnt 

signaling improves cognitive performance in a mouse model of AD by enhancing glucose 

metabolism. This has important implications for the treatment of AD and possibly other 

brain disorders (Figure 8).

Both Wnt3a, ANDRO and Li are able to turn on the Wnt canonical pathway, constituting a 

potentially relevant therapeutic approach to upregulate Wnt canonical signaling in vivo. 

Indeed, both molecules promote the accumulation of β-catenin by preventing the 

degradation of this protein through the inhibition of GSK-3β (Toledo and Inestrosa 2010; 

Tapia-rojas et al. 2015; Rivera et al. 2018; Liang et al. 2017; Xia et al. 2017). Relevantly, the 

canonical Wnt signaling has emerged as one of the more relevant pathways to be addressed 

when approaching to neurodegenerative disorders, overall because it has been related to 

several brain pathologies, such as AD, autism, schizophrenia, and Parkinson disease. In fact, 

it has been recently described that a loss in the activity of Wnt canonical signaling 

accelerates the appearance of pathological hallmarks of AD in a transgenic mice model and 

in the Wt mice (Tapia-Rojas and Inestrosa 2018). On the other hand, it is well-known that 

the activation of the Wnt/β-catenin pathway has huge effects in cell transcriptome being a 

possibility that can also have regulatory effects on glucose metabolism; however, until now, 

there has been no report of the effects of chronic Wnt agonist administration on glucose 

metabolism and on the enzymes involved in this process. Whether key metabolic enzymes 

are also target genes of canonical Wnt signaling has also not been explored. Here, we 

hypothesized that activation of canonical Wnt signaling is vital for regulating neuronal 

metabolism and this effect is important for proper functioning of the neuronal network. The 

present study confirms and extends our previous findings, further supporting the notion that 

Wnt-mediated improvements in glucose metabolism are linked to its neuroprotective effects 

in vivo, in a chronic manner.

In the slices of APP/PS1 mouse brain, we observed a dramatic decrease in glucose 

utilization and ATP production. To study if the administration of ANDRO or Li restore 

glucose utilization in the APP/PS1 mice to wild-type levels in vivo we used radioactive 

D-[1–14C] glucose to measure the global capacity of brain to uptake glucose. Similar to AD 
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patients, APP/PS1 mice have decreased glucose uptake in the cortex and hippocampus (near 

to 50 %), two major brain regions involved in learning/memory and commonly affected in 

AD patients (Vlassenko et al. 2012). We showed that administration of ANDRO and Li 

increase glucose uptake in the brain. Interestingly, Li only increased glucose uptake in the 

cortex, whereas ANDRO promoted glucose uptake in both the cortex and hippocampus. The 

direct correlation between glucose metabolism and AD has been recently studied in genetic 

AD patients. In these patients, downregulation of glucose metabolism occurs mainly in the 

grey matter after the aggregation and accumulation of Aβ, and this is considered the second 

hallmark of AD progression in humans (Gordon et al. 2018; Jeong et al. 2017).

Treatment with ANDRO or Li increases both cellular ATP and ADP in the brain and 

neurons, suggesting an overall increase in mitochondrial function and metabolic activity. In 

this regard, mitochondrial metabolism not only drives ATP production, but also plays a 

remarkable role in additional cellular homeostatic mechanisms, including ROS balance and 

Ca2+ buffering. Moreover, mitochondrial are able to determine the cellular fate because of its 

involvement in the apoptotic cascade (Detmer and Chan 2007). Accordingly, it is not 

surprising that several chronic-degenerative disorders, including AD, be related with the 

mitochondrial dysfunction (Martin 2012). Although the relevance of the mitochondria is out 

of question, it is quite astonishing the limited advances about our understanding of the 

mechanisms able to modulate the mitochondrial activity, especially under pathological 

conditions affecting the central nervous system (Lin and Beal 2006; Reddy 2009). Regarding 

our work, it is necessary to mention that the relationship between the Wnt signaling and the 

mitochondria it has been studied previously in cancer. In some of these studies, it has been 

demonstrated that the stimulation of MCF-7 cells with the Wnt3a or Wnt1 ligands blocks 

mitochondrial respiration through cytochrome C inhibition by a mechanism involving the 

activation of the Wnt/Snail axis. Relevantly, the Wnt/Snail signaling can modulate several 

aspects of the cell metabolism, including glucose usage by the cells (Lee et al. 2012). 

Indeed, Pate and cols. (Pate et al. 2014), evidenced that the blockade of the Wnt signaling 

induces the modulation of several enzymes related with the glucose metabolism, including 

the pyruvate dehydrogenase kinase (PDK1), which ultimately will cause the inhibition of the 

pyruvate dehydrogenase (PDH) complex within the mitochondria, limiting the availability of 

substrates to be used in the tricarboxylic acid (TCA) cycle. At the end, the Wnt blockade 

will cause the downregulation of the oxidative phosphorylation leading to an altered cellular 

metabolism. In the context of AD, we showed that Wnt3a treatment prevents mitochondrial 

damage induced by Aβ, possibly by inhibiting opening of the mitochondrial permeability 

transition pore (mPTP) (Arrázola et al. 2017). Wnt signaling also stimulates glucose 

metabolism in neurons and this could promote the generation of ROS. We observed that 

chronic administration of ANDRO and Li increases the activity of PPP, elevating NADPH 

levels critical for regenerating ascorbate and glutathione needed for the anti-oxidative 

defenses of cells (Reiter 1995; Rice 1999). In the current study, we found that ANDRO and 

Li treatments increase the activity of G6PDH, the key regulated enzyme of the PPP, in part 

accounting for the enhanced PPP activity, leading to increased cellular levels of NADPH. 

The mechanism that modulates G6PDH activity is unclear. Several studies have suggested 

that inhibiting the activity of cAMP-dependent protein kinase A (PKA) could enhance 

G6PDH activity (Gallegos et al. 2012; Dehydrogenase et al. 2013; Zhang et al. 2012). 
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However, this mechanism has not been described in brain cells. Nevertheless, Wnt-mediated 

enhancement in G6PDH activity could be through inactivating PKA activity.

In brain slices and whole brains of APP/PS1 AD mice, we observed a decrease in the mRNA 

levels of Glut3 and Glut4 but not the ubiquitously expressed Glut1. Administration in vivo 
of Wnt3a agonist ANDRO and Li restored Glut3 expression to that of wild-type levels, 

leading to improved glucose uptake. Interestingly, Wnt agonist treatments did not restore 

Glut4 expression. Despite the importance of this transporter in the CNS, the localization, 

expression and function of GLUT4 in hippocampal neurons are not well defined, nor are the 

expression of other GLUT isoforms in different neuronal populations (Ashrafi et al. 2018; 

Reno et al. 2017). We did not observed changes in the expression of mRNA of GLUTs 

transporters. Consequently, we hypothesize that ANDRO and Li most likely modulate the 

activity of downstream metabolism related proteins to increase glucose uptake.

We observed that the APP/PS1 mice have reduced AMPK activity, and this correlated with a 

decrease in cellular ATP levels and in the ATP/ADP ratio. Treatments with ANDRO or Li 

were able to restore AMPK activity and cellular ATP levels, consistent with recent data that 

suggest that AMPK is a downstream target of Wnt3a signaling (Juvenal A. Ríos et al. 2018). 

Future studies are needed to identify additional cellular proteins modulated by Wnt signaling 

that can have an impact on glucose metabolism. The reactions catalyzed by HK, PFK and 

PK1 regulate the flux of glucose through the glycolytic pathway. A decrease in the activity 

of these key regulated enzymes will reduce the overall substrates available for complete 

glucose oxidation via the TCA cycle in the mitochondria. We observed that APP/PS1 mouse 

brains have reduced HK and PFK activities, and this could account for their decreased 

cellular ATP levels and reduced glucose utilization. Both Li and ANDRO enhanced or 

completely restored the activity of HK and PFK in APP/PS1 mouse brains to that of wild-

type levels.

Whether and how HK is being regulated in brain cells is largely unknown. In other tissues, 

mostly in the context of cancer models, activation of tyrosine kinases (e.g., c-Src) positively 

modulate the activity of HK. Interestingly, c-Src kinase activity also enhances the expression 

of Lef/TCF, effectors of canonical Wnt signaling (Ramiere et al. 2014; Zhang et al. 2017; 

Karni et al. 2005; Yokoyama and Malbon 2009). It remains to be determined whether Wnt 

signaling increases HK activity through c-Src tyrosine kinase. In the case of PFK, Wnt 

signaling may enhance its activity through the activation of the PI3K/Akt/mTOR pathway, as 

this pathway has been shown to modulate PFK activity (Brown et al. 2017; Zhang et al. 
2016; Godoy et al. 2014b). Given the complexity of metabolic regulation, further studies are 

needed to better understand how Wnt signaling regulates the activity of metabolic enzymes 

(Aleshin et al. 1998; Mor et al. 2011). In the present study, we noted that the recovery in 

enzyme activity was correlated with an increase in mRNA expression key metabolic 

regulators (e.g., Hk, Pk-1, Pfk-1 and Akt) in the hippocampus. These results suggest that 

ANDRO and Li administration could also promote glucose metabolism via transcriptional 

mechanism as well.

Consistent with these protein expression/activity data, we observed a significant decrease in 

all metabolic measures related to the utilization of glucose in our in vitro and in vivo 
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models, with the production of ATP being a primary outcome of glucose utilization. In 

hippocampal neurons, we observed that Aβ treatment strongly decreased the glycolytic rate, 

the activity of HK, and the production of ATP. This is a critical finding since the high energy 

demand of neurons supports normal brain function, and a modest decrease in ATP levels can 

induce neuronal death. The ability of Aβ to reduce cellular ATP production in vitro was 

blocked by Wnt3a treatment and this protective effect was abolished by an ATP synthase 

inhibitor. This suggests that the major deleterious effects of Aβ are due, at least in part, to its 

effect on mitochondrial energy metabolism and that Wnt signaling exerts its neuroprotective 

role by restoring mitochondrial function in neurons (Arrázola et al. 2017).

In the APP/PS1 AD mouse model, treatment with either ANDRO or Li improved cognitive 

performance and short-term memory, functions of the hippocampus affected in AD patients. 

This cognitive improvement was abolished by co-administration, directly into brain, of the 

glucose transport inhibitor, Cyt B. The positive effect of Wnt signaling on cognitive 

performance has been described previously. However, we show here for first time that this 

effect depends, in part, by Wnt-mediated improvements in glucose metabolism in neurons. 

These data suggest that activating Wnt signaling promotes generation of both ATP and 

NADPH, thus increasing both energy availability and the defense against oxidative stress, 

both of which are dysregulated in various brain disorders. Our results help explain, in part, 

why Wnt agonists can improve cognitive performance in the context of neurological diseases 

(Figure 8) (Reger et al. 2008; Reger et al. 2006; Freiherr et al. 2013).

In summary, we have provided evidence that activation of Wnt signaling stimulates glucose 

metabolism in both cultured neurons and in the brain. Wnt-mediated improvements in 

glucose metabolism correlate with improved cognitive performance in a mouse model of 

AD. Currently, ANDRO and Li are used in patients as anti-inflammatory drugs and mood 

stabilizer, respectively, described as general mechanism to their action the effect as agonist 

of canonical Wnt signaling (Tobergte and Curtis 2013; Chiu et al. 2013). Our results suggest 

that the utilization of ANDRO or Li could delay the progression of neuropathological 

hallmarks associated with AD through a partial recovery in neuronal glucose metabolism. 

Additional future works are clearly needed to further illuminate the mechanisms by which 

these drugs exert their beneficial effects in the context of neurodegenerative diseases (Figure 

8).
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AD Alzheimer disease

AMPK AMP-activated protein kinase

Aβ Amyloid-β (Aβ)
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ROS Reactive oxygen species

GLUTs Glucose transporters

GLP-1 Glucagon like peptide 1

CNS Central nervous system

ANDRO Andrographolide

Li Lithium

CytB Cytochalasin B

HK Hexokinase

PPP Pentose phosphate pathway

PFK Phosphofructokinase

LOF Large open-field

NOR Novel object recognition

NOL Novel object localization

qRT-PCR Quantitative real-time PCR

G6PDH Glucose-6-phosphate dehydrogenase

RRID Resource Identification Initiative
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Figure 1. Glucose uptake facilitated the neuroprotective effect of Wnt3a on Aβ toxicity.
(A) Aβ oligomer structure determined by electron microscopy, treatment with Aβ reduced 

cell viability in a time-dependent manner, and the decrease in cell viability induced by Aβ 
was partially blocked by co-incubation with Wnt3a (arrow indicates apoptotic nucleus), n:3. 

(B) In contrast, co-incubation with Wnt3a+Aβ and Cyt B diminished the neuroprotective 

effect of the Wnt ligand. (C) Incubation with Aβ induced a dramatic decrease in 2-DG 

uptake. Wnt3a blocked this decrease, and Dkk partially inhibited the protective effect of 

Wnt3a. (D) The treatment of hippocampal neurons with ANDRO and Li stimulated the 
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uptake of 2DG and this is inhibited by Cyt B. Data represent the mean ± SEM of n = 3 

(independent experiments), each performed in triplicate. *p < 0.05; **p < 0.01, Bonferroni 

test.
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Figure 2. Wnt3a treatment protected against the Aβ-induced decrease in glucose metabolism.
(A) A time course of treatments showing that Aβ decreases the glycolytic rate in 

hippocampal neurons, in vitro. This effect was abolished by co-incubation with Wnt3a and 

this restoration was blocked by Dkk. (B) The activity of HK after 12 h of treatment with Aβ 
and/or the indicated compounds. (C) The activity of the PPP pathway after treatment with 

Aβ and the indicated compounds. This pathway remained unaltered. (D) ATP levels after Aβ 
treatment were dramatically reduced but rescued by co-treatment with Wnt3a. (E) The 

decrease in the levels of ATP correlated with the ATP/ADP ratio. Both ATP (E) and the 
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ATP/ADP ratio increased in the presence of Wnt3a. Data represent the mean ± SEM of n = 3 

(independent experiments), each performed in triplicate. *p < 0.05; **p < 0.01, Bonferroni 

test.
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Figure 3. Wnt signaling promoted utilization of glucose to enhance production of ATP in 
hippocampal slices.
(A) The uptake of radioactive glucose in slices obtained from Wt and APP/PS1 mice (under 

blue line). Slices were treated with the indicated drugs for 1 h and then glucose uptake was 

measured. Treatment with Wnt3a and Wnt agonists increased the uptake of glucose in 

APP/PS1 slices and this was blocked by oligomycin. (B) The glycolytic rate after treatment 

with the indicated drugs. The decreased glycolytic rate of APP/PS1 slices was rescued by 

Wnt signaling. The activity of two key regulatory glycolytic enzymes, HK and PFK (C and 
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D, respectively). The treatments, with the exception of rWnt3a affecting PFK, did not rescue 

the APP/PS1 mediated decreases in HK or PFK activity. Both ATP and the ATP/ADP ratio 

were decreased in slices from APP/PS1 mice, and both were increased in the presence of the 

agonists of Wnt3a signaling (E and F, respectively). Data represent the mean ± SEM of n = 

3 (independent experiments), each performed in triplicate. *p < 0.05; **p < 0.01, Bonferroni 

test.
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Figure 4. The chronic administration both ANDRO and Li improved cognitive performance in a 
transgenic model for AD.
(A) Schematic of the protocol for assaying the correlation between Wnt3a signaling and 

glucose metabolism in the brain. After the indicated treatments, cognitive tests related to 

hippocampal function were performed: Large open field (B), NOR (C), NOL (D) and 

memory flexibility (E). Data obtained from APP/PS1 mice (under blue line). Data represent 

the mean ± SEM of n = 9 (number of animals), *p < 0.05; **p < 0.01, Bonferroni test.
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Figure 5. Treatment with ANDRO or Li increased the in vivo uptake of glucose.
After the indicated treatments, radioactive glucose was tail-vein injected, and 15 min later, 

glucose uptake in the whole brain (A), hippocampus (B), and cortex (C) was measured. The 

APP/PS1 mice exhibited decreased uptake of glucose. Wnt agonists improved glucose 

uptake in the APP/PS1 animals. Data from APP/PS1 mice (under blue line). The effects of 

the various treatments on the mRNA levels of the GLUT 1 (D), 3 (E) and 4 (F) glucose 

transporter proteins, which are known to be affected in AD. Data represent the mean ± SEM 

of n = 6 (number of animals for treatment), *p < 0.05; **p < 0.01, Bonferroni test.
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Figure 6. Treatment with ANDRO and Li induced the utilization of glucose promoting the 
generation of ATP and NAPDH.
Parameters related to glucose metabolism, including the glycolytic rate, were measured in 

the brains of control or treated mice, Data from APP/PS1 mice (under blue line). (A) 

Treatment with ANDRO or Li stimulated the glycolytic rate. Treatment with ANDRO or Li 

stimulated the enzymatic activity of two check point proteins of glycolysis: HK (B) and PFK 

(C). ANDRO and Li stimulated PPP (D) and the activity of the first control point of the PPP 

pathway: G6PD (E). Effects of treatments on the levels of AMPK, an important metabolic 

Cisternas et al. Page 32

J Neurochem. Author manuscript; available in PMC 2020 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sensor of glucose metabolism (F). ATP (G) and the ATP/ADP ratio (H) were measured to 

correlate the previous parameters with the energy status of cells. ANDRO and Li restored 

the levels of both parameters in APP/PS1 mice. Data represent the mean ± SEM of n = 3 

(independent experiments), each performed in triplicate. *p < 0.05; **p < 0.01, Bonferroni 

test.
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Figure 7. ANDRO and Li changed the expression pattern of several genes involved in the control 
of glucose metabolism.
The effects of the indicated treatments on the brain mRNA levels of genes encoding several 

proteins involved in glucose metabolism, including Campkiv (A), Cyclin D1 (B), c-Myc (C), 

which are known target genes of Wnt3a signaling. These target genes were increased by 

ANDRO and Li. The effect of treatments on the mRNA levels encoding additional metabolic 

proteins: Hk (D), Pk1 (E), Pfk1 (F), Akt (G) and Ampk (H). The mRNA levels of Hk, Pk1, 

Pfk1 and Akt increased after treatment with ANDRO. While the treatment with Li just 
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recover the mRNA levels of Hk, Pkf1. Data from APP/PS1 mice (under blue line). Data 

represent the mean ± SEM of n = 3 (samples obtained from 3 different animals, by 

treatment), each performed in triplicate, *p < 0.05; **p < 0.01, Bonferroni test.
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Figure 8. General model of Wnt-Glucose interactions in the brain.
Treatment with ANDRO/Li triggers activation of canonical Wnt signaling promoting the 

activations of several Wnt target genes, many related to cellular metabolism. Activation of 

Wnt signaling also enhances several glucose-related parameters, including glucose uptake, 

the glycolytic rate, and the production of ATP. Wnt signaling stimulates the enzymatic 

activities of several key metabolic enzymes and sensors such as hexokinase (HK), 

phosphofructokinase (PFK), and AMP-activated protein kinase (AMPK). The interaction of 
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Wnt signaling and glucose metabolism promotes the recovery of cognitive performance in a 

mouse model of Alzheimer’s disease.
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