Molecular Neurobiology (2019) 56:3024-3037
https://doi.org/10.1007/s12035-018-1271-x

@ CrossMark

Modulation of Glucose Metabolism in Hippocampal Neurons
by Adiponectin and Resistin

Pedro Cisternas' - Milka Martinez' - Rexford S. Ahima? - G. William Wong? - Nibaldo C. Inestrosa **>

Received: 24 May 2018 / Accepted: 19 July 2018 /Published online: 3 August 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Obese individuals exhibit altered circulating levels of adipokines, the proteins secreted by adipose tissue to mediate tissue cross-talk
and regulate appetite and energy expenditure. The effect of adipokines on neuronal glucose metabolism, however, remains largely
unknown. Two adipokines produced in adipose tissue, adiponectin and resistin, can gain access to the central nervous system (CNS),
and their levels in the cerebrospinal fluid (CSF) are altered in obesity. We hypothesized that dysregulated adipokines in the CNS may
underlie the reported link between obesity and higher risk of neurological disorders like Alzheimer’s disease (AD), by affecting
glucose metabolism in hippocampal neurons. Using cultured primary rat hippocampal neurons and mouse hippocampus slices, we
show that recombinant adiponectin and resistin, at a concentration found in the CSF, have opposing effects on glucose metabolism.
Adiponectin enhanced glucose uptake, glycolytic rate, and ATP production through an AMP-activated protein kinase (AMPK)-
dependent mechanism; inhibiting AMPK abrogated the effects of adiponectin on glucose uptake and utilization. In contrast, resistin
reduced glucose uptake, glycolytic rate, and ATP production, in part, by inhibiting hexokinase (HK) activity in hippocampal
neurons. These data suggest that altered CNS levels of adipokines in the context of obesity may impact glucose metabolism in
hippocampal neurons, brain region involved in learning and memory functions.
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Introduction

Obesity in humans triggers a decline of several neuronal func-
tions including cognitive performance, decrease of neuronal
plasticity, decrease in glucose metabolism (the primary source
of energy in the brain), and a decrease in the formation of new
dendritic spines [1-4]. Despite these reports, little is known
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about the molecular mechanisms or the metabolic pathways
involved in obesity-induced changes in the brain.

Obesity is characterized by an excessive accumulation and
maintenance of adipose tissue [5, 6]. The cross-talk between
adipose tissue and its environment is typically mediated in
three ways: nutritional mechanisms, neural pathways, and
via the elaboration of autocrine, paracrine, and endocrine fac-
tors termed adipokines [7-9]. Importantly, the function, mo-
lecular targets, and potential clinical relevance of many
adipokines are still unknown [10]. The levels of circulating
adipokines change in parallel with changes in body mass in-
dex (BMI), but the direction of change depends on the indi-
vidual adipokine. For example, in obesity, there is an increase
in resistin and a decrease in adiponectin in serum and CSF [11,
12]. Together, these changes associated with obesity could be
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critical for the onset or progress of the cellular processes that
trigger brain dysfunction later in life [10, 13, 14].

Adiponectin is the most abundant adipokine in serum [15].
Adiponectin modulates several metabolic processes in CNS
including glucose regulation and fatty acid catabolism in the
periphery [16—18]. It is an insulin sensitizer, and circulating
concentrations are inversely correlated with insulin resistance
and obesity [19-21]. Adiponectin enhances insulin metabo-
lism through the activation of AMPK, which modulates sev-
eral metabolic pathways [22]. However, little is known about
the effect of adiponectin on glucose metabolism in neurons.

The adipokine resistin links obesity to insulin resistance in
rodents [23]. Serum and CSF levels of resistin are elevated in
human and animal models of obesity and diabetes, implicating
dysregulation of resistin in these diseases [24]. Elevated
resistin causes insulin resistance in vitro and in vivo, while
reduction has the opposite effect [23, 25]. The mechanism of
action of resistin still remains poorly understood [26-28].

The published data indicate that adiponectin and resistin
have opposing effects on insulin action. Since both adipokines
affect glucose metabolism, the principal source of brain ener-
gy, they might be involved in proper neuronal function [29,
30]. Glucose metabolism is critical for brain function; in fact,
downregulation of glucose metabolism has been correlated
with almost all neurodegenerative diseases, including AD
[31]. We hypothesized that these adipokines can modulate
glucose metabolism in neurons, and thus may underlie the link
between obesity and brain dysfunction [13, 32]. We therefore
explored the effects of adiponectin and resistin on glucose
metabolism in primary neurons and brain slices, specifically
targeting the hippocampus as the critical brain region for
learning and memory and one of the first affected areas in
obesity and AD.

Material and Methods
Animals

The primary neuronal cultures were obtained from pregnant
rats Sprague Dawley (n, 7). The hippocampal slices were ob-
tained from 4-month-old male mice (CB57BL/6, n, 9). The
animals were obtained from our colony at the Faculty of
Biological Sciences, Pontificia Universidad Catolica de
Chile. Animals were kept in a ventilated room with a natural
photoperiod and controlled temperature (yearly minimum =
13.4+0.2 °C; yearly maximum =24.9+0.2 °C). All experi-
ments followed the National Institutes of Health guidelines
(NIH, Baltimore, MD). All procedures were approved by the
Bioethical and Biosafety Committee of the Faculty of
Biological Sciences of the P. Universidad Catdlica de Chile.
All efforts were made to minimize animals’ distress and suf-
fering as well as to reduce the number of animals used.

Primary Neuronal Cell Culture

Hippocampal neurons were isolated from the forebrains of 17-
day-old rat embryos, as previously described [33]. Briefly, the
neurons were seeded at a density of 5 x 10° cells/cm? in poly-
D-lysine-coated culture dishes and cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen, USA) con-
taining 10% (v/v) fetal bovine serum (FBS, Thermo Fisher
Scientific Inc., USA). After 30 min, the culture medium was
changed to Neurobasal Medium (NeuB, Thermo Fisher
Scientific Inc., USA) with B27 serum-free supplement for
neural cell culture (Thermo Fisher Scientific Inc., USA),
2 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL strep-
tomycin, and 2.5 mg/mL Fungizone (Thermo Fisher Scientific
Inc., USA). The cell cultures were incubated at 5% CO, in a
humidified environment at 37 °C. For all experiments, the
neuronal cells were used after 14 days of in vitro (DIV) cul-
ture. Cytosine arabinoside was used to prevent non-neuronal
cell contamination.

Slice Preparation

Hippocampal slices were prepared according to standard pro-
cedures [34]. Briefly, we sectioned transverse slices (350 pm)
from the dorsal hippocampus in cold artificial cerebrospinal
fluid (ACSF, 124 mM NaCl, 26 mM NaHCO;, 3 mM D-
glucose, 2.69 mM KCl, 1.25 mM KH,PO,, 2.5 mM CaCL,,
1.3 mM MgSQO,, and 2.60 mM NaHPO,) using a Vibratome
(LeicaVT 1000s, Germany). Slices were incubated in ACSF
for 1 h at room temperature, then treated with drugs for dif-
ferent times (0—60 min). After the treatment, the slices were
used to determine several glucose metabolism parameters:
uptake of glucose, glycolytic rate, PFK activity, HK activity,
AMPK activity, and levels of ATP/ADP.

Drug Treatment

The neurons and slices were treated with recombinant mouse
adiponectin (Adipon, 1, 5, 10, 15 and 20 ng/mL, 15-120 min,
Sigma-Aldrich, USA), mouse resistin (10, 50, 100, 150, and
200 pg/mL, 15-120 min, Sigma-Aldrich, USA), cytochalasin
B (Cyt B 20 uM, 3 h, inhibitor of GLUT transporters, 0—-120 s
in time course and 30 min in the pharmacology studies,
Sigma-Aldrich USA), AZD5356 (20 nM, 30 min, a
pyrrolopyrimidine derived inhibitor of all AKT isoforms,
Sigma-Aldrich, USA), metformin hydrochloride (Metformin,
100 mM, AMPK activator, 15-60 min, Abcam, USA),
dorsomorphin (Compound C, 1 mM, 15-60 min, potent se-
lective and reversible AMP-kinase inhibitor, Abcam, USA),
oligomycin (2 mM, inhibitor of ATP synthase, Sigma-
Aldrich, USA) and 2-deoxy-D-glucose (2-DG, 7 mM,
30 min, a competitive inhibitor of hexokinase, Sigma-
Aldrich, USA); all the drugs were prepared in NB without
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B27 in the experiments with primary cultures. In the experi-
ments in slices, the drugs were prepared in ACSF. To inhibit
resistin and adiponectin, we heated both proteins at 90 °C for
3 min. Neurons were carefully selected under the microscope
to ensure that only plates showing uniform neuronal growth
were used. To abolish resistin and adiponectin activity, we
heated both proteins at 90 °C for 3 min to heat-inactivate the
proteins.

Glucose Uptake Analysis

Glucose uptake was performed as previously described [35].
Briefly, after the drug treatments, neuron cultures were
washed with Krebs Henseleit solution supplemented with
0.5 mM glucose [36]. Then, the cells were incubated for
15 s with 1-1.2 pCi glucose ([2-H3]-DG), (PerkinElmer,
USA). Glucose uptake was arrested by PBS containing
1 mM HgCl,. The incorporated radioactivity was assayed by
liquid scintillation counting. For the slice experiments, hippo-
campal slices were incubated with the different drugs in ACSF
for (0—60 min). The kinetic parameters were determined using
a single rectangular hyperbola of the form Vmax = [glc]/(Km +
[glc]), which was adjusted to the data by nonlinear regression
using SigmaPlot 12 [37].

Glycolytic Rate Determination

Glycolytic rates were determined using previously described
methods [36, 38]. Briefly, after treatment with the different
drugs, the neurons were placed in tubes containing 5 mM
glucose and washed twice in Krebs Henseleit solution
(11 mM Na,HPOy, 122 mM NaCl, 3.1 mM KCI, 0.4 mM
KH,PO,4, 1.2 mM MgSO,, and 1.3 mM CaCL,, pH 7.4) con-
taining the appropriate concentration of glucose. After equil-
ibration in 0.5 mL of Hank’s balanced salt solution/glucose
(3 mM) at 37 °C for 10 min, 0.5 mL of Hank’s balanced salt
solution containing 3 mM of [3->H] glucose (PerkinElmer,
USA) was added, with a final specific activity of 1-3 disinte-
grations/min/pmol (approximately 1 mCi/mmol). Aliquots of
100 uL were then transferred to another tube, placed inside a
capped scintillation vial containing 0.5 mL of water, and in-
cubated at 45 °C for 48 h. After this vapor-phase equilibration
step, the tube was removed from the vial, a scintillation mix-
ture was added, and the *H,O was assayed by liquid scintilla-
tion counting over a 5-min period. The glycolytic rate was
determined after drug treatment in slices as described above,
at different times (0—60 min).

Quantification of Hexokinase (HK) Activity
After drug treatment, the hippocampal neuron cultures or

slices were washed with PBS, treated with Trypsin/EDTA,
and centrifuged at 500g for 5 min at 4 °C. Then, the tissue
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was resuspended in isolation medium (250 mM sucrose,
20 mM HEPES, 10 mM KCI, 1.5 mM MgCl,, 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 centrifuged at 1500g for 5 min at4 °C. To quantify the HK
activity of the supernatant, the purified fraction was mixed
with reaction medium (25 mM Tris-HCI, 1 mM DTT,
0.5 mM NADP/Na*, 2 mM MgCl,, 1 mM ATP, 2 U/mL
G6PDH, and 10 mM glucose), and incubated at 37 °C for
30 min. The reaction was stopped by the addition of 10%
trichloroacetic acid (TCA), and the generation of NADPH
was measured at 340 nm [35].

Measurement of Glucose Oxidation
Through the Pentose Phosphate Pathway

Glucose oxidation via the pentose phosphate pathway (PPP)
was measured as previously described [39] based on the dif-
ference in '*CO, production from [1-'*C] glucose
(decarboxylated in the 6-phosphogluconate dehydrogenase-
catalyzed reaction and in the Kreb’s cycle) and [6-'*C] glu-
cose (only decarboxylated in the Kreb’s cycle). After treat-
ment, the neurons/slices were collected by trypsinization.
Cell pellets were resuspended in O,-saturated Krebs
Henseleit buffer (11 mM Na,HPO,, 122 mM NaCl, 3.1 mM
KCl, 0.4 mM KH,PO,, 1.2 mM MgSQOy,, and 1.3 mM CaCl,,
pH 7.4), and 500 uL of this suspension (~10° cells) was
incubated with 500 uL of Krebs Henseleit solution containing
0.5 uCi D-[1-'*C] glucose or 2 uCi D-[6-'*C] glucose
(PerkinElmer, USA) and 5.5 mM D-glucose (final concentra-
tion). The flasks were flushed with O, for 20 s, sealed with
rubber caps, and incubated for 60 min in a 37 °C water bath
with shaking. Incubations were stopped by injection of 0.2 mL
of 1.75 M HCIO, into the main well, and shaking was contin-
ued for another 20 min to facilitate trapping of "*CO, by
benzethonium hydroxide. Radioactivity was assayed by liquid
scintillation spectrometry.

ATP Content

After the drug treatments, we measured the ATP levels in
whole-cell and slice lysates using an ATP determination kit
(cat: A22066, Invitrogen/Molecular Probes) [40].

Activity of Phosphofructokinase and AMP-Activated
Protein Kinase

AMP-activated protein kinase (AMPK) activity was measured
by ELISA using an antibody specific to the phosphorylated T-
172 (active) form of AMPK-« following the manufacturer’s
protocol (cat: KHO0651, Thermo Fisher Scientific Inc.,
USA). Experiments were conducted in triplicate and repeated
at least three times [41, 42]. Phosphofructokinase (PFK)
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activity was measured using the PFK Colorimetric Assay Kit
from BioVision (cat: K776, BioVision, USA) according to the
manufacturer’s instructions [43].

Immunoblotting
Immunoblotting was performed as previously described [44].

Briefly, neurons were homogenized in RIPA buffer (50 mM
Tris-Cl, pH 7.5, 150 mM NacCl, 1% NP-40, 0.5% sodium
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Fig. 1 Effects of adiponectin and resistin on glucose uptake in cultured
hippocampal neurons. Neuronal cultures treated with varying doses of
adiponectin (a) or resistin (b) for the indicated length of time were
exposed to radiolabeled *H-glucose for 15 s to measure glucose uptake.
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deoxycholate, and 1% SDS) supplemented with a protease
inhibitor cocktail (Sigma-Aldrich, USA) and phosphatase in-
hibitors (50 mM NaF, 1 mM Na3VO04, and 30 uM Na4P207).
Proteins were detected by incubating the samples with prima-
ry antibody and followed by a peroxidase-conjugated second-
ary antibody (Thermo Fisher Scientific Inc., USA), which was
then developed using an enhanced chemiluminescence (ECL)
kit (Western Lightning Plus ECL, PerkinElmer, USA). The
primary antibodies included rabbit anti-phospho-AMPK
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(Thr172) (2535, 1:1000, Cell Signaling, US), rabbit anti-
AMPKx (23A3) (2603, 1:1000, Cell Signaling Technology,
USA), rabbit anti-PFKFB2 (DSISF) (13029, 1:1000, Cell
Signaling Technology, USA), and rabbit anti- Phospho-
PFKFB2 (Serd483) (D4R1W) (13064, 1:1000, Cell Signaling
Technology, USA).

Real-Time PCR

Quantitative real-time RT-PCR was conducted using 18S
mRNA as a control, and performed using SYBR Green in
accordance with the manufacturer’s instructions [35]. As a
housekeeping gene, we used cyclophilin, and the values were
calculated using the delta Ct. We used the following sets of
primers: 18S gene forward 5'-TCAACGAGGAATGC
CTAGTAAGC-3' and reverse 5'-ACAAAGGGCAGGGA
CGTAGTC-3', cyclophilin: forward 5'- TGGAGATG
AATCTGTAGG AGGAG-3' and reverse 5- TACCACAT
CCATGCCCTCTAGAA-3, GLUTI: forward 5-ATGG
ATCCCAGCAGCAAGA AG-3' and reverse 5'-AGAG
ACCAAAGCGTGGTGAG-3', GLUT3: forward 5'-GGAT
CCCTTGTCCTTCTGCTT-3" and reverse 5'-ACCA
GTTCCCAATGCACAC A-3', GLUT4: forward 5'-CGGC
TCTGACGATGGGGAA-3'" and reverse 5'-TTGT
GGGATGG AATCCGGTC-3".

ADP Content

Following drug treatment, ADP levels were measured in
whole-cell lysates from primary neurons and slices using an
ADP Assay Kit (Cat: ab83359, Abcam, UK), according to the
manufacturer’s instructions [45].

Statistical Analysis

All experiments were performed four times, with triplicates
for each condition in each experimental run. The results are
expressed as means =+ standard error. The 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. Statistical analyses were per-
formed using Prism software (GraphPad, La Jolla, CA).

Results

Opposing Roles of Adiponectin and Resistin

on Glucose Uptake and Utilization in Hippocampal
Neurons

We studied the effect of different doses of adiponectin and

resistin, reflecting the levels described in the human CSF (nor-
mal and high BMI); the levels described in humans are similar
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to the levels described in rat and mice [11, 12], on glucose
uptake in hippocampal neurons at several time points.
Significant differences in glucose uptake were detected in
the presence of 20 ng/mL of adiponectin beginning 15 min
after treatment (35.50 + 3.02 nmol/10° cells vs
20.43 + 2.33 nmol/10° cells for control). This positive effect
of adiponectin was observed 30, 45, and 60 min after treat-
ment, but not sustained at 120 min after treatment (Fig. 1a). In
contrast, treatment with 200 pg/mL resistin (levels in CSF,
described in obesity) resulted in a significant decrease in the
uptake of glucose beginning 15 min after treatment
(11.21 +2.11 nmol/10° cells). The inhibitory effect of resistin
was observed in the presence of 200 pg/mL resistin at 15, 30,
and 45 min after treatment (Fig. 1b).

We also measured the uptake of 3->H-glucose in initial
velocity conditions. Treatment with 20 ng/mL adiponectin
significantly stimulated the uptake of glucose in a time-
dependent manner, reaching equilibrium at 45 s. Heat-
inactivated adiponectin was unable to stimulate the uptake of
3-*H-glucose. As an internal control, the presence of Cyt B
decreased the uptake of 3-*H-glucose by 95% (Fig. 1c). In
contrast, 15 min after treatment with resistin, the uptake of
3-*H-glucose was quickly inhibited: we observed an equilib-
rium in initiation velocity conditions at 15 s (uptake of
5.90 £ 0.73 nmol/10° cells vs 19.23 = 1.12 nmol/10° cells
for control). The presence of Cyt B inhibited 3->H-glucose
uptake and the effect of resistin was abolished by heat inacti-
vation (Fig. 1d).

To determine the mechanism of action of both
adipokines, we performed pharmacological studies. We
treated the cells for 15 min with adiponectin or resistin
and measured the uptake of 3->H-glucose at 15 s. The
effect of adiponectin (30.43 + 3.11 nmol/10° cells) was
independent of an inhibitor of AKT (AZD5363,
28.43 + 4.02 nmol/10° cells), but was abolished by
Compound C (22.12 £+ 3.21 nmol/10° cells), while met-
formin enhanced the effect of adiponectin
(44.45 + 4.77 nmol/10° cells) (Fig. le). In the same

Fig. 2 Modulation of glycolytic rate by adiponectin and resistin. The P>
cultures were treated with traces of radioactive 2-deoxyglucose (2-DG)
for 15 s, and uptake was measured in the presence of increasing concen-
trations of unlabeled glucose (030 mM) under the control conditions and
following adiponectin or resistin treatment (15 min, a). Using qRT-PCR,
we measured the levels of GLUT]I, 3, and 4 mRNA after treatment with
adiponectin or resistin (b). Then, we measured the glycolytic rate after
treatment with adiponectin (c) or resistin (d) at several time points. We
measured hexokinase activity after treatment with adiponectin (e) or
resistin (f). We measured the effect of adiponectin or resistin on the ac-
tivity of phosphofructokinase 1 (PFK) by ELISA after several treatment
times (g) and measured the levels of the activated form of PFK by
Western blot (h). The data represent the means = SEM of n =3 experi-
ments, each performed in triplicate. The continuous lines in each plot (a)
correspond to the best nonlinear regression fit of a rectangular hyperbola
to the data using Sigmaplot 12 software
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conditions, the inhibitory effect of resistin
(5.9 + 0.8 nmol/10° cells) was independent of AZD5263
(16.43 + 1.93 nmol/10° cells) and Compound C
(4.10 + 0.53 nmol/10° cells); however, metformin was
able to stimulate the uptake of 3-*H-glucose to control
levels (22.43 + 3.13 nmol/10° cells) (Fig. 1f).
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of 3-*H-glucose. Cells were treated for 15 min with adiponectin
or resistin, then we measured the uptake of 3->H-glucose at 15 s
in the presence of different concentrations of glucose (0—
30 mM). Treatment with adiponectin or resistin resulted in
Vmax values (13.06 £ 1.45 and 12.45 + 3.50 pmol/lO6 cells/
min, respectively) similar to the control condition
(13.01 £ 0.69 pmol/ 10° cells/min) (Fig. 2a). However, K,
values changed after treatment with adipokines: from
9.65 = 1.33 mM in the control, to 3.34 + 1.05 mM following
adiponectin and 49.33 + 9.02 mM following resistin (Fig. 2a).
These results suggest changes in the affinity of the glucose
uptake and not in the expression of GLUTs. In this line, we
detected the levels of mMRNA for the main GLUTs transporters
expressed in hippocampal neurons by qRT-PCR. We did not
observe changes in the mRNA levels of GLUTI, 3, or 4 after
treatment with adiponectin or resistin for 15 min (Fig. 2b).

We next calculated the utilization of glucose through glycol-
ysis by measuring the glycolytic rate. Treatment with
adiponectin increased the glycolytic rate in a time-dependent
manner, with a maximum value of 1.33 £ 0.13 pmol/mg protein
after 30 min of treatment (0.55 + 0.08 pmol/mg protein for
control). The effect of adiponectin was significantly blocked
by co-incubation with Compound C after 30 min of treatment,
while co-incubation with metformin significantly increased the
glycolytic rate (Fig. 2¢). Treatment with resistin for 30 min
significantly decreased the glycolytic rate with a minimum val-
ue of 0.17 + 0.08 nmol/mg protein after 60 min of treatment.
The inhibitory effect was abolished by heat inactivation of
resistin. Co-incubation with metformin was able to recover
the glycolytic rate to a value similar to control conditions
(Fig. 2d). Since we detected changes in the glycolytic rate, we
measured the activity of HK and PFK, two major regulator
points in glycolysis. For HK activity, we did not observe dif-
ferences after 30 min of treatment with adiponectin (Fig. 2e).
However, after treatment with resistin for 30 min, we observed
a 58% decrease in HK activity. The effect was abolished by heat
inactivation of resistin (Fig. 2f). We also measured PFK activity
after treatment with adiponectin and observed an increase in
PFK activity after 45 min of treatment (Fig. 2g). The effect of
adiponectin on PFK activity was similar to cells treated with
metformin. In contrast, treatment with resistin did not induce
changes in PFK activity (Fig. 2g). Adiponectin-stimulated PFK
activity was correlated with an increase in the activated, phos-
phorylated, form of p-(Ser483)-PFK (Fig. 2h).

Because glucose could be used by other pathways, we
therefore measured the activity of the PPP in the presence of
adiponectin or resistin. We did not observe changes after
30 min of treatment with either adipokine (Fig. 3a). The ac-
tivity of AMPK, a critical sensor for energy metabolism, was
increased by adiponectin treatment (6.70 + 0.61 U/mg protein
after 45 min vs untreated control, 4.1 £ 0.41 U/mg protein.
The increase in AMPK activity was observed until 60 min
after treatment. The effect of adiponectin was similar to the
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Fig. 3 Downstream effect of adiponectin and resistin treatment in P>
hippocampal neurons. Afterward, we studied the effect of adiponectin
and resistin on PPP activity and did not observe changes after treatment
(a). Then, we measured the levels of activity of AMPK, a master
metabolic regulator, using a specific calorimetric kit (b) and Western
blot (¢). Then, we measured the levels of ATP and the ATP/ADP ratio
after treatment for 15 min with adiponectin (d and e) and resistin (fand g).
Data represent the mean + SEM of n =4, each performed in triplicate. *p
<0.01; **p < 0.005, Bonferroni test

effect of metformin, while Compound C decreased the activity
of AMPK. In contrast, resistin did not affect the activity levels
of AMPK (Fig. 3b). The activity was correlated with an in-
crease in the activated form of AMPK after treatment with
adiponectin for 45 min (Fig. 3c¢).

We next measured the levels of ATP. In control conditions,
ATP levels were 37 + 3 nmol/mg protein. After treatment with
adiponectin, ATP levels significantly increased (66 + 2 nmol/
mg protein). Co-incubation with metformin potentiated the
effect of adiponectin, while co-incubation with Compound C
decreased the levels of ATP. In the presence of oligomycin,
used as internal control, the ATP levels also decreased signif-
icantly (Fig. 3d). ATP levels were proportional to the ATP/
ADP ratio (Fig. 3e). In contrast, treatment with resistin de-
creased both the levels of ATP and the ATP/ADP ratio, and
in both cases, co-incubation with metformin was able to re-
cover the levels of both parameters (Fig. 3f, g).

Adiponectin and Resistin Modulates Glucose
Metabolism in Mouse Hippocampal Slices

Finally, we observed that treatment with adiponectin for 1 h
induced a strong increase in the uptake of 3-*H-glucose in
hippocampal slices obtained from wild-type mice. This effect
was abolished by co-incubation with Compound C. While
treatment with resistin for 1 h induced a 50% decrease in the
uptake of glucose, this effect was reversed in the presence of
metformin (Fig. 4a). Adiponectin increased the glycolytic rate
at both 30 and 45 min after treatment, but not 60 min after
treatment. The effect of adiponectin was abolished by co-
incubation with Compound C. In contrast, the presence of
resistin decreased the glycolytic rate after 45 and 60 min of
treatment, and this effect was partially abolished by co-
incubation with metformin (Fig. 4b). Adiponectin treatment,
but not resistin treatment, was sufficient to significantly in-
crease PFK activity after 30 min (Fig. 4c). Treatment with
resistin induced a decrease in HK activity, which was
abolished by co-incubation with metformin (Fig. 4d).
AMPK activity was stimulated by adiponectin treatment,
and this effect was abolished in the presence of Compound
C; resistin did not affect AMPK activity (Fig. 4e). Finally, the
levels of ATP and the ATP/ADP ratio were both increased
after treatment with adiponectin, an effect that was abolished
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by co-incubation with Compound C. Resistin induced a de-
crease in both parameters (Fig. 4f, g).

Discussion

Glucose metabolism is critical for normal neuronal function.
The energy requirement of neurons varies considerably be-
tween rest and activation states. Most energy produced in
the brain is used for the propagation of action potentials and
in the maintenance of membrane potentials required for neu-
ronal transmission [29, 31]. Our findings demonstrate direct
involvement of two adipokines, adiponectin and resistin, in
glucose metabolism in the hippocampus. These results pro-
vide direct evidence to support an earlier hypothesis suggest-
ing that the molecules released or produced by the adipose
tissue could be the molecular link between obesity and brain
dysfunction [8]. Several epidemiological studies have sug-
gested that being overweight or obese increases the risk of
AD and dementia [46—49]. In addition, a link between
obesity-related complications and AD has been identified by
epidemiological research, involving bariatric interventions
like a novel therapy for AD [50]. The underlying mechanisms
of the association among obesity and AD are not precisely
defined, but some mechanistic insights can be inferred. For
example, obesity has been associated with several processes
related to the acceleration of aging, including the excessive
production of free radicals, oxidation, and inflammation [2,
51, 52]. Additionally, interesting studies in Rhesus monkeys
with increased BMI due to a high fat diet have shown upreg-
ulated neuronal death genes [53]. Additional insights into the
links between obesity and AD can be obtained from the al-
tered adipose tissue physiology in these conditions. Obesity is
associated with hyperplasia and hypertrophy of adipose tissue
and with altered adipogenesis and local inflammation. This
can lead to the subsequent release of several cytokines and
adipokines, including interleukin-1b (IL-1b), tumor necrosis
factor- (TNF-), interleukin-18 (IL-18), leptin, adiponectin,
and resistin, into the systemic circulation, modulating the
function of several organs and leading to the pathogenesis of
brain pathologies [54, 55]. Despite all the described evidence,
the study of glucose metabolism as a link between obesity
(adipokines) and AD has not been described until now.
Following this hypothesis, we studied the effect of
adiponectin as resistin over the glucose/energy metabolism
in the neuronal metabolism.

Adiponectin is the most abundant adipokine circulating in
plasma, and its levels are decreased in obesity [12, 56].
Circulating adiponectin enters the brain fluid from the circu-
lation, and the trimer and hexamer forms of adiponectin can be
detected in the CSF [57]. Both adiponectin receptors,
AdipoR1/R2, are expressed in the brain, mainly in neurons.
Binding of adiponectin to its receptors activates the AMPK

@ Springer

Fig. 4 Effects of adiponectin or resistin on glucose metabolism in P
hippocampal slices. We studied the uptake of radioactive glucose in
hippocampal slices. Slices were treated for 1 h with the corresponding
drugs (a). We measured the glycolytic rate after treatment with
adiponectin or resistin at several time points (b). We also measured the
activity of PFK (¢) HK (d) and AMPK (e) after 1 h of treatment with
adiponectin or resistin in the presence or absence of several inhibitors/
activators of AMPK. Finally, we measured the levels of ATP (f) and the
ATP/ADP ratio (g)

and AKT pathways [20, 58]. Upon treating rat hippocampal
neurons with adiponectin, we observed that glucose metabo-
lism was stimulated in an acute and concentration-dependent
manner. In particular, cells treated with a concentration of
adiponectin typically found in the CSF of normal weight in-
dividuals exhibited a rapid increase in glucose metabolism.
The acute effect of adiponectin was independent of changes
in the number of GLUTs in the membrane. However,
adiponectin treatment promoted glucose uptake in hippocam-
pal neurons. This could be due to a direct modification in the
GLUTs or by a change in the activity of glycolytic enzymes
downstream. Further, glucose was used mainly through gly-
colysis for the downstream generation of ATP in the mito-
chondria. A possible mechanism of the effect of adiponectin
is the activation of AMPK [22, 57]. We observed that the
effect of adiponectin was abolished in the presence of an in-
hibitor of AMPK; in the presence of an agonist of AMPK, we
observed a greater increase in the effect that with adiponectin
alone. Further, glucose that enters the neurons was used main-
ly through glycolysis for the generation of ATP in the mito-
chondria. A possible mechanism of the effect of adiponectin is
the activation of AMPK [22, 57]. We observed that the effect
of adiponectin was abolished in the presence of AMPK inhib-
itor. In contrast, in the presence of an AMPK agonist, we
observed a greater increase in the effect than with adiponectin
alone. Further, treatment with adiponectin increased the activ-
ity of PFK, a key glycolytic enzyme and regulator of glycol-
ysis. When we treated hippocampal slices with adiponectin,
we observed similar effects. However, considering the com-
plexity of this model, we cannot attribute the final result to an
effect of adiponectin on neurons alone. By enhancing glucose
metabolism, increasing insulin sensitivity, and enhancing mi-
tochondrial function, adiponectin may reduce the risk of sev-
eral brain pathologies, as increased glucose metabolism in the
brain is critical for the prevention of several neurodegenera-
tive diseases, including AD [59-61]. Our findings provide
evidence that adiponectin regulates glucose metabolism in
the hippocampus (Fig. 5).

In contrast, we observed different effects when we treated the
neurons with resistin. Resistin is typically detected at low levels
in healthy humans with a normal BMI value. Described as a
negative regulator of insulin signaling, resistin promotes a de-
crease in the metabolism of target cells [23, 62, 63]. Resistin
levels are elevated in rodent models of obesity and diabetes,
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implicating dysregulation of resistin in these diseases [28].
Moreover, resistin inhibits insulin-stimulated glucose uptake in
muscle cells [64, 65]. In wild-type mice, resistin infusion worsens
glucose homeostasis and insulin sensitivity; conversely, antibody
neutralization of resistin improved insulin action and lowered
blood glucose in diet-induced obese mice [27, 28]. Resistin is
thought to be a risk factor for dementia since it antagonizes
insulin action and promotes obesity-associated inflammation
[66]. When we stimulate neurons with a concentration of resistin
typically found in the CSF of healthy, non-obese, individuals, we
observed changes in glucose uptake and utilization. However,
when the concentration of resistin was increased to levels de-
scribed in obesity models, we observed an acute and rapid de-
crease in multiple metabolic parameters in cultured hippocampal
neurons. Treatment with resistin induces a strong decrease in the
affinity of the glucose transporter for glucose, without changes in

Fig. 5 Representative model for
the effects of adiponectin and
resistin on glucose metabolism in
neurons. Obesity increases the
levels of adipose tissue, which
triggers changes in the levels of
several adipokines including an
increase in the levels of resistin
and a decrease in the levels of
adiponectin in both serum and
CSF. These changes could induce
modifications in the general
metabolic state of brain cells. We
observed that adiponectin is able
to stimulate glucose metabolism
mainly through glycolysis with
the generation of ATP and
increasing the ATP/ADP ratio.
These effects could be explained
in part by the stimulation of the
activity of PFK and AMPK by
adiponectin. While resistin
inhibits the uptake of glucose,
glycolysis, and the levels of ATP,
in this case, we did not observe an
effect on PFK-1 and AMPK
activities but detected an
inhibition of HK activity
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In this work, we described that two adipokines are able to
modulate the glucose metabolism of neurons. However, in the
results obtained from hippocampal slices, we can discard the
role of glial cells. In the hippocampal slices, we could find
several cells types, mainly neurons but also glial cells like astro-
cytes, microglia, and others [67]. Astrocytes are the most abun-
dant type of cells in the CNS. They participate in maintaining
normal brain function and are in constant communication with
neurons, oligodendrocytes, and endothelial cells [68—70].
Astrocytes are critical in the regulation of the glucose metabo-
lism, since several reports have described the role of these cells
providing metabolic substrates for neuronal function; these func-
tions could be altered during obesity, suggesting a possible role
with adipokines [71, 72]. Until now, it has been described that
astrocytes express the receptors for several adipokines but the
specific effects of this molecules over the metabolic functions of
astrocytes in normal or obesity condition are unknown [73]. The
effects of adipokines over the metabolic function of astrocytes
represent an interesting field that needs further studies.

Together, our data show that the levels of adiponectin are
critical for brain function. The improvement of glucose me-
tabolism is a described positive stimulus for several neuronal
functions [31]. Recovery of glucose metabolism has been de-
scribed as a positive stimulus against the progression of neu-
rodegeneration in several pathologies such as AD [2, 74, 75].
In contrast, an increase in the levels of resistin significantly
decreased glucose metabolism, a condition described in al-
most all neurodegenerative diseases [31]. Considering what
has been described during obesity, understanding changes in
the levels of adipokines could be critical for the development
of new therapeutic approaches.
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