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Introduction: Combination therapy approaches may be necessary to address the many facets of
pathologic change in the brain in Alzheimer’s disease (AD). The drugs leptin and pioglitazone
have previously been shown individually to have neuroprotective and anti-inflammatory actions,
respectively, in animal models.

Methods: We studied the impact of combined leptin and pioglitazone treatment in 6-month-old
APP/PS1 (APPswe/PSEN1dE9) transgenic AD mouse model.

Results: We report that an acute 2-week treatment with combined leptin and pioglitazone resulted in
a reduction of spatial memory deficits (Y maze) and brain B-amyloid levels (soluble -amyloid and
amyloid plaque burden) relative to vehicle-treated animals. Combination treatment was also associ-
ated with amelioration in plaque-associated neuritic pathology and synapse loss, and also a signifi-
cantly reduced neocortical glial response.

Discussion: Combination therapy with leptin and pioglitazone ameliorates pathologic changes in
APP/PS1 mice and may represent a potential treatment approach for AD.

© 2016 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Alzheimer’s disease (AD), the most common form of de-
mentia, is an aging-related complex neurodegenerative dis-
ease that leads to progressive impairment in cognitive
function [1,2]. No current therapeutic disease-modifying
intervention exists for human AD, although a range of mono-
therapies (including anti—amyloid-B (AP) peptide anti-
bodies, secretase inhibitors, and anti-inflammatory agents,
e.g., pioglitazone) have demonstrated efficacy in different
transgenic (Tg) mice models of AD. Indeed, these therapeu-
tic agents have a potential to be used as combination therapy;
however, only a few studies have used this approach. For
example, Chow et al. [3] demonstrated that the genetic
reduction of both y-secretase and B-secretase 1 (BACEI)
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additively attenuates the AP levels and ameliorates cognitive
deficits occurring in aged APP/PS1 mice. Jacobsen et al. [4]
determined that combined treatment with the anti-Af anti-
body gantenerumab and the BACE1 inhibitor RO5508887
enhanced A reduction in APPy .40, mice. In addition, com-
bined liver X receptor agonist GW3965 and the PPARY
agonist pioglitazone reduced A plaques, produced anti-
inflammatory effects, and mediated behavioral improve-
ments in APP/PS1 mice [5]. Hence, given the likely range
of cellular and pathologic changes associated with AD, com-
bination therapies targeted at more than one aspect of the
spectrum of disease-related degenerative pathways may be
a useful approach. In this regard, we have now examined a
combination of a putative neuroprotective hormone (leptin,
L) with an agent which regulates the inflammatory response
(pioglitazone, P).

Leptin is a polypeptide hormone, primarily secreted by ad-
ipocytes, that exerts its main biological function in the brain
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[6,7]. Recent studies conducted in several Tg animal AD
models have demonstrated the potential neuroprotective
beneficial effects of leptin resulting in reduction of A levels
[8—12] and intracellular tau phosphorylation in vitro [13,14]
and in vivo [8]. In addition, leptin has been shown to improve
memory processing and modulates long-term potentiation and
synaptic plasticity in rodent experimental models [15-17],
which suggests a potential role of leptin in preventing
cognitive decline.

Pioglitazone, a member of the class of the thiazolidinediones
(TZDs), has proven effective in several Tg models of AD, mainly
resulting in reduction of inflammatory cytokines [18,19],
oxidative stress [20], and glial activation [19,20]. Importantly,
clinical studies have shown that TZDs re-establish glucose regu-
lation and normal lipid levels, reduce inflammation and A pep-
tide, and increase cerebral blood flow [21-23].

Our study evaluated the impact of a combination of lep-
tin and pioglitazone (L + P) on brain pathology and cogni-
tive function in the APP/PS1 (APPswe/PSEN1dE9) Tg
line. The treatment was administered acutely for 2 weeks
to 6-month-old APP/PS1 mice because it has been shown
that 7 days of treatment with pioglitazone can act rapidly
to inhibit inflammatory responses in the brain and nega-
tively modulate amyloidogenesis [19]. In addition, acute
leptin administration has been demonstrated to be neuro-
protective under degenerative conditions [24]. Impor-
tantly, in the APP/PS1 mice, brain A deposits appear at
4 months of age and increase up to 6 months of age [25].
Severe gliosis starting around 6 months, especially in the
vicinity of plaques, is paralleled with increasing plaque
deposition [26]. These neuropathologic characteristics al-
lowed us to examine whether the acute neuroprotective ac-
tions of L + P therapy given at 6 months of age have
beneficial downstream effects at 8 months of age, in the
background of increasing brain AP levels and gliosis.
This study shows that L + P therapy significantly (1)
reduced cerebral AP levels and hippocampus-dependent
spatial memory deficits, (2) reduced neocortical neurite
susceptibility, (3) alleviated synaptic alterations, and (4)
reduced the glial response, altering the expression of genes
involved in inflammation and oxidative stress. These re-
sults support that the neuroprotective effect of leptin in
combination with the anti-inflammatory action of pioglita-
zone significantly attenuates pathologic features which
characterize AD.

2. Methods
2.1. Experimental design and drug treatments

Cobhorts of male APP/PS1 mice [27] and age-matched wild-
type (WT) littermates were used in this study. The WT and APP/
PS1 mice (n = 20/genotype) were divided into four subgroups
(n = 10/subgroup), and one subgroup from each genotype
received the combination drug treatment of 0.03 mg/kg/d intra-
nasal (IN) recombinant mouse leptin (Sigma-Aldrich) [28]

together with the intraperitoneal injection of 10 mg/kg/d of pio-
glitazone [29] (1:3 dimethyl sulfoxide [DMSO]:phosphate-
buffered saline [PBS], pH 7.2; Cayman Chemical) daily for 2
consecutive weeks. Recombinant mouse leptin was prepared
in 0.125% (2.3 mM) of N-tetradecyl-b-D-maltoside (TDM)
(Sigma-Aldrich) reconstituted in PBS (pH 7.2) at a concentra-
tion of 1 mg/mL. The alkylglycoside, TDM, was used to
increase the bioavailability of leptin for IN administration
[30]. IN administration was conducted as previously described
[31,32]. Briefly, a 1-mL tuberculin syringe fitted with a
no.27 needle bearing a plastic tube at the end was used to deliver
20 pL of leptin-TDM or vehicle (VH; PBS-TDM) into the nasal
cavity via one of the external nares, unilaterally under brief su-
perficial isoflurane anesthesia (3% isoflurane in 100% oxygen).
Mice were monitored closely in terms of their mobility or level
of activity immediately after the procedure. Pioglitazone was
administrated immediately after the IN drug delivery. Control
groups of each genotype received the combination IN and
intraperitoneal VH solutions (PBS-TDM and 1:3 DMSO:PBS;
pH 7.2) daily for 2 consecutive weeks. No difference in
body weight gain between treatment groups was observed
(Supplementary Fig. 1). The maintenance and use of mice
and all experimental procedures were approved by the
Animal Ethics Committee of the University of Tasmania
(A13939), in accordance with the Australian Guidelines for
the Care and Use of Animals for Scientific Purposes. All
analyses were conducted by personnel blinded to the animal

genotype.

2.2. Y maze test

Spatial short-term recognition memory (novel arm
discrimination) was assessed using the Y maze [33]. The
Y maze test was assessed in WT and APP/PS1 mice
(n = 20/genotype) at 5.5 months of age to determine cogni-
tive differences between genotypes before drug administra-
tion at 6 months of age. Mice were retested at 7.5 months
before sample processing at 8 months of age. Animals
were habituated to the test room and to human handling
5 days before the Y maze test. Briefly, the Y maze consists
of three arms placed 120° apart, with a black and white vi-
sual cue at the end of each arm. All mice underwent an
initial training trial, in which a randomly assigned arm of
the Y maze was blocked (novel arm). Mice were randomly
designated to and placed in a start arm facing the wall of the
arm and were allowed to explore the two open arms for
10 minutes. After a training trial, mice were returned to
their home cage for the 1-hour intertrial interval. The
testing phase began 1 hour after the training phase. Mice
were entered into the designated start arm as in training
and were able to freely explore all arms of the maze
including the novel arm. Mice were allowed to explore
the Y maze for 5 minutes after leaving the start arm. Y
maze testing was recorded where percentage (%) of time
spent in the novel arm was analyzed by a video tracking
system and analysis software (EthoVision XT; Noldus).
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2.3. Tissue preparation

Animals were terminally anesthetized with sodium
pentobarbitone (140 mg/kg) and transcardially perfused
with 0.01 M PBS (pH 7.4) or 4% paraformaldehyde. Brains
were immediately dissected, postfixed overnight in the
same fixative solution, and then transferred to 18% and
then 30% sucrose solutions overnight [34]. Serial coronal
cryosections (40 um thick) were cut on a cryostat (Leica
CM 1850). For molecular biology experiments, the
neocortex and hippocampus for each animal were split
into two fractions and processed independently, for real-
time polymerase chain reaction (PCR) or Western blot anal-
ysis. Cortex and hippocampal samples were stored at
—80°C for later analysis.

2.4. RNA isolation and RT-qPCR

Total RNA was isolated from neocortical and hippocampal
samples, respectively, using the RNeasy Mini Kit (Qiagen), ac-
cording to the manufacturer’s instructions. Complementary
DNA (cDNA) was synthesized as described previously [35].
Relative quantitation of APP was performed using 10 ng of
reverse-transcribed total RNA (cDNA) in TagMan One-Step
real-time PCR Master Mix (PE Applied Biosystem) and
using a Pre-Developed TagMan Assay (MmO01344172_ml)
(PE Applied Biosystem). This predeveloped APP TagMan
assay can detect a region of homology between both
human and mouse versions of APP gene [36]. B-Actin
(Mm00607939_s1) with VIC as real-time reporter was used
as a control to normalize gene expression. Furthermore, relative
quantitation of IL-1f, IL-6, TNF-a, and iNOS was performed
using 25 ng of reverse-transcribed total RNA, 20 pmol/mL of
both sense and antisense primers, and the SYBR Green PCR
Master Mix (Applied Biosystems) in a final reaction volume
of 10 uLL [37]. The reactions were run on a LightCycler 480 sys-
tem instrument and software (Roche). Relative quantification
for each gene was performed by the AACt method [38]. Primers
were designed using NCBI/Primer-BLAST software (Table 1),
and B-actin (primer sequence obtained from [39]) was used as
an endogenous control.

2.5. Protein extraction and Western blot analysis

Proteins from neocortical and hippocampal tissues were
extracted with RIPA buffer (Sigma-Aldrich) containing a

cocktail of protease inhibitors (Roche). Denatured protein
samples (20 ng) from each group were electrophoresed
into Bolt Bis-Tris Plus gels (Invitrogen, Camarillo, CA,
USA), transferred to PVDF membranes (BioRad) and incu-
bated with primary antibodies (rabbit anti-synaptophysin
[SYN, 1:1000; Millipore], mouse anti-PSD-95 [1:1000; Ab-
cam], rabbit anti-vGLUT1 [1:1000; Synaptic Systems],
mouse anti-GAD65 [1:1000; Abcam] and mouse anti-
GAD67 [1:1000; Millipore], anti-GFAP [1:1000; Dako],
and anti-Ibal [1:1000; Synaptic Systems]) overnight. Subse-
quently, a corresponding antirabbit or antimouse horseradish
peroxidase—conjugated secondary antibody (1:7000; Dako)
was used, as described previously [40]. B-Actin (1:7000,
Sigma) was used as a loading control, and band intensity
was measured as the integrated intensity using ImageJ soft-
ware (v1.4; NIH).

2.6. Measurement of AB (AB;_42) peptide in neocortical
and hippocampal tissues by ELISA

Soluble human A;_4», was measured in neocortical and
hippocampal extracts by an enzyme-linked immunosorbent
assay (ELISA) kit (Invitrogen). Tissues were processed as
outlined in Section 2.5. Soluble human Af;_4, levels
were normalized to total protein levels, and neocortical
and hippocampal homogenates were expressed as pico-
grams of Af;_4, content per milligrams of total proteins
(pg/mg). Values were determined using a four-parameter
nonlinear regression equation.

2.7. Immunofluorescence and thioflavin-§ staining

All immunohistochemical procedures were performed as
previously described [41] in APP/PS1 L + P mice (n = 5/ge-
notype) and VH (n = 5/genotype) mice tissues, respectively.
Mouse coronal sections (40 pum thick) were labeled for
mouse anti-Pan-Axonal Neurofilament Marker (SMI 312)
(1:1000; Covance), mouse anti-MOA 3-2 (1:1000; Novus Bi-
ologicals), rabbit anti-GFAP (1:500; Dako), and rabbit anti-
Ibal (1:500; Wako). Tissue was stained with thioflavin-S
(Sigma-Aldrich) as previously described [42]. Immunolab-
eling of AP plaques using the MOA-2 antibody was con-
ducted after formic acid treatment of sections [43].
Primary antibody binding was visualized using species-
specific fluorescent secondary antibodies conjugated to
Alexa Fluor 488 and 594 (1:500; Invitrogen), respectively,

Table 1

List of qRT-PCR primers

Gene name Forward primer Reverse primer Acc no.

ILI-B 5'-GCTTCAGGCAGGCAGTATCA-3 5'-AAGGTCCACGGGAAAGACAC-3 NM_008361.3
IL-6 5'-CCAGTTGCCTTCTTGGGACT-3' 5'-GTGAAGTAGGGAAGGCCGTG-3' NM_031168.1
TNF-o. 5'-AGCCGATGGGTTGTACCTTG-3' 5'-ATAGCAAATCGGCTGACGGT-3 NM_013693.3
iNOS 5'-CTCGGAACTGTAGCACAGCA-3' 5'-GTTGCCATTGTTGGTGGCAT-3' NM_010927.3

NOTE. Primers used for qRT-PCR analysis of the genes assessed, including the gene symbol, primer sequence (forward and reverse sequence respectively) and
GenBank accession number. The primers used to assess the expression of the internal control B-actin not included in the list were obtained elsewhere [39].
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Fig. 1. Leptin and pioglitazone treatment reduced cerebral AP levels and memory loss. (A) The results of the Y maze demonstrating no differences on short-
spatial memory function before drug administration (pre-treatment) at 5.5-month-old mice between APP/PS1 and WT mice. However, there was a significant
spatial memory function loss at 7.5-month-old mice in APP/PS1 VH mice compared with pretreatment values (*P <.01). The acute treatment with L + P had a
significant impact on spatial memory loss in APP/PS1 mice é¢p <05, post hoc Sidak’s multiple comparison test). (B) An example of images of AP plaque
immunoreactivity in the neocortex of an APP/PS1 mouse after VH and L + P treatments. Plaque load analysis showed no differences in thioflavin-S—positive
deposits in the neocortex in APP/PS1 L + P mice compared with APP/PS1 VH mice (B.1), whereas L + P treatment significantly decreased thioflavin-S—pos-
itive deposits in hippocampus in APP/PS1 mice (B.2) (*P < .01, Student 7 test). In addition, L + P treatment induced a modest decrease in neocortical A
deposition in APP/PS1 mice (B.3), whereas no difference was detected in the hippocampus in APP/PS1 L + P mice compared with APP/PS1 VH mice
(B.4). (C) ELISA analysis demonstrated that L + P combination significantly decreased neocortical (*P <.05, Student ¢ test) and hippocampal (*P < .05, Stu-
dent 7 test) soluble AB;_4; levels in APP/PS1 mice. (D) Hippocampal mRNA expression of the APP transcript was assessed by qRT-PCR using a TagMan probe
recognizing both mouse and human forms of APP gene, and although we detected approximately a two to threefold increase in APP transcript in the hippo-
campus of APP/PS1 mice compared with both WT VH mice (*P < .01) and WT L + P mice (*P < .05 post hoc Sidak’s multiple comparison test), L + P
combination did not alter APP transcripts in APP/PS1 mice. Bar graphs represent the mean * standard error of the mean. Statistical analyses were performed
by two-way analysis of variance followed by Dunnett test, unless stated otherwise. Abbreviations: CTX, neocortex; HP, hippocampus. Scale bar = 500 pum.
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and slides coverslipped with Immu-Mount mounting me-
dium (Thermo Scientific). In all cases, the specificity of
immunoreactivity was confirmed by processing sections
lacking primary antibody.

2.8. Analysis of AB deposition

Quantitation of brain AP deposition (thioflavin-S or
MOA B-2 immunolabeling) in the neocortex and hippocam-
pus was performed for both APP/PS1 L + P and APP/PS1
VH mice, as previously described [41]. Briefly, five serial
coronal sections evenly spaced across the rostrocaudal axis
of the brain (from bregma 1.42 mm to —2.54 mm, 800 pm
apart), according to the stereotaxic mouse atlas of Franklin
and Paxinos [44], were labeled with the MOA3-2 antibody
(anti-A antibody). In addition, five coronal sections were
stained with thioflavin-S, which detects fibrillar A deposits.
All staining and immunohistochemistry were performed at

[Thio-S | B

the same time to reduce batch-to-batch variation. Images
were acquired (X 10 objective, Leica DM LB2 microscope,
NIS-Elements D Imaging Software, Nikon Instruments,
USA) of the entire hippocampal formation when present,
and one hemisphere of the neocortex dorsal to the rhinal
fissure of each tissue section. Images were manually out-
lined and automatically thresholded (NIH ImagelJ, version
1.45p) according to the stained signal, which was maintained
for all images. The % area stained by thioflavin-S and
labeled with MOAR-2 in the neocortex and hippocampus
was then calculated by dividing the total labeled area by
the total area analyzed. All analyses were conducted by
personnel blinded to animal genotype.

2.9. Analysis of dystrophic neurites

Quantitation of neocortical dystrophic neurites (DNs) (in
thioflavin-S—stained sections co-labeled for neurofilament
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Fig. 2. Leptin and pioglitazone treatment reduces neocortical NF-containing DNs. (A-C) Representative images of SMI 312-labeled DNs surrounding
thioflavin-S plaques (represented by asterisk) are shown for APP/PS1 VH mice and APP/PS1 L + P (D-F) mice. The percentage area occupied by SMI
312-labeled DNs (G) (*P < .05) and the average DNs size (H) (*P < .05) were decreased in APP/PS1 L + P mice compared to APP/PS1 VH mice. There
was no difference in the average number of DNs between genotypes (I). Bar graphs represent the mean * standard error of the mean. P values (unpaired com-
parisons) by two-tailed Student’s # test, unless stated otherwise. Scale bars = 20 pm. Arrowheads indicate DNs. Abbreviation: CTX, neocortex.
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Fig. 3. Effect of leptin and pioglitazone treatment on synaptic protein levels. (A and B) Representative -actin-normalized immunoblot images and quantitation
of SYN (A.1 and B.1), PSD-95 (A.2 and B.2), vGLUT!1 (A.3 and B.3), and GAD65/67 (A.4 and B.4) synaptic proteins in neocortical/hippocampal extracts of
WT VH mice, WT L + P mice, APP/PS1 VH mice, and APP/PS1 L + P mice. L + P therapy did not produce significant differences in synaptophysin levels in
neocortex/hippocampus homogenates across groups analyzed. There were no significant differences in neocortical PSD-95 levels across groups analyzed; how-
ever, a significant hippocampal upregulation of PSD-95 protein was observed in APP/PS1 L + P mice relative to WT VH mice (*P <.05) and compared to APP/
PS1 VH mice (°P < .05 post hoc Sidak’s multiple comparison test). In both neocortex/hippocampus homogenates, a modest increase in vVGLUT]1 levels was
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markers) was performed in 10 coronal sections (40 pm;
bregma position —2.54 mm) from both APP/PS1 L + P
and APP/PS1 VH mice, respectively as previously described
[41]. Briefly, images of plaques were acquired across the ret-
rosplenial dysgranular cortex, somatosensory cortex, audi-
tory cortex, and entorhinal cortex dorsal to the rhinal
fissure according to the stereotaxic mouse atlas of Franklin
and Paxinos [44]. To classify neurites as dystrophic, we
used previously described criteria for synaptic and cytoskel-
etal pathology in abnormal neuronal processes associated
with plaques [45-48]. Confocal z-stack images (1 pm/z-
stack) were collected using the same acquisition
parameters on a spinning disk UltraVIEW VoX 3D Live
Cell Imaging System confocal microscope, with X40
objective and Volocity Imaging software (Perkin Elmer,
USA). A donut-shaped region of interest with a 20 pm radius
was centered over the plaque, the DNs within this region of
interest were then thresholded (NIH ImagelJ version 1.45p)
according to the immunohistochemical signal, and this
threshold level was maintained for all images. Particles
<2.0 um” were not quantified. Using these parameters, we
determined the number, average size, and percentage area
occupied by SMI 312-labeled DNs. Analysis was conducted
by personnel blinded to the animal treatments.

2.10. Statistical analysis

The nonparametric Student ¢ test was used in the analysis
of A deposition, ELISAs, DNs, and Y maze, respectively,
for comparisons between APP/PS1 L + P and APP/PS1
VH mice. In the analysis of Y Maze, real-time PCR and
Western blot two-way analysis of variance was used fol-
lowed by Dunnett’s post hoc test, to compare all groups
with control WT VH mice, while Sidak’s post hoc test was
used for multiple comparisons between all groups. Changes
in body weight were analyzed by repeated measures fol-
lowed by Bonferroni post hoc test. Statistical analysis was
performed using GraphPad Prism software (version 6.0)
with P <.05 (95% CI) considered significant. Values are re-
ported as means * standard error of the mean.

3. Results

3.1. The combination treatment of leptin and pioglitazone
reduced cerebral AP levels and attenuated memory deficits

We tested cognitive performance in APP/PS1 and WT
mice before L + P administration (5.5 months of age;
Fig. 1A), and there was no effect of genotype in Y maze per-
formance at this age. At 7.5 months of age, Dunnett’s post hoc

test demonstrated a significant reduction of spatial short-term
recognition memory performance in APP/PS1 VH mice
compared with pretreatment basal performance. However, Si-
dak’s post hoc test demonstrated that L + P therapy signifi-
cantly attenuated this spatial memory performance deficit in
APP/PS1 mice at this age (Fig. 1A). Student 7 test revealed
no significant differences in the percentage of neocortical
area occupied by fibrillar AP deposits in APP/PS1 mice treated
with L + P therapy relative to VH mice (Fig. 1B.1-4), while
L + P treatment resulted in a statistically significant decrease
in the percentage of hippocampal area occupied by fibrillar A3
plaques as compared to APP/PS1 VH mice (Fig. 1B.1 and 2).
Notably, Student ¢ test demonstrated that L + P therapy did not
result in differences in MOAB-2-labeled AP load in either
neocortex or hippocampus in APP/PS1 mice relative to VH
mice (Fig. 1B.3 and 4). Student ¢ test demonstrated that soluble
AB1_4> peptide was significantly decreased in both neocortical
and hippocampal homogenates of APP/PS1 mice treated with
L + P relative to VH (Fig. 1C.1 and 2). Finally, there was a
significant effect of genotype in the hippocampal APP
mRNA levels. Indeed, we detected approximately a twofold
to threefold increase in APP transcript in the hippocampus
of APP/PS1 mice compared with both WT VH controls and
WT L + P mice (Fig. 1D), which was not unexpected given
that the human mutated APP gene is overexpressed in this
model. However, Sidak’s post hoc test demonstrated that
L + P combination did not alter APP expression in APP/
PS1 mice (Fig. 1D).

3.2. The combination treatment with leptin and
pioglitazone was associated with reduced DN pathology

Abundant neurofilament-labeled DNs surrounding
thioflavin-S plaques were localized to the neocortex of
APP/PS1L + Pand APP/PS1 VH mice (Fig. 2A-F). Student
t test demonstrated that L. + P therapy significantly reduced
the percentage area occupied by SMI 312-labeled DN asso-
ciated with plaques in APP/PS1 mice (Fig. 2G), which was
associated with a significant decrease in the average size
of the SMI 312-labeled DNs (Fig. 2H). In contrast, Student
t test demonstrated that there was no significant difference in
the number of SMI 312-labeled DNs in APP/PS1 L + P
compared with APP/PS1 VH mice (Fig. 2I).

3.3. The combination treatment with leptin and
pioglitazone affected synaptic protein expression

Immunoblotting analysis demonstrated that there was no
effect of genotype and treatments in the expression of the

detected in APP/PS1 mice treated with L + P, while only a statistically significant upregulation of vVGLUT1 was observed in the hippocampus of APP/PS1 VH
compared with WT L + P mice (*P <.05 post hoc Sidak’s multiple comparison test). Finally, L + P therapy significantly increased neocortical GAD65/67 levels
in APP/PS1 mice relative to WT VH mice (*P <.01) and WT L + P mice (*P < .05 post hoc Sidak’s multiple comparison test). In addition, L + P therapy
significantly increased hippocampal GAD65/67 levels in WT mice relative to WT VH controls (*P <.05). The data are presented as a percentage (%) of the
corresponding value in the WT VH control group. Bar graphs represent the mean * standard error of the mean. Statistical analyses were performed by two-way
analysis of variance followed by Dunnett test, unless stated otherwise. Abbreviations: CTX, neocortex; HP, hippocampus.
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Fig. 4. Effect of leptin and pioglitazone treatment on brain glial response. Representative images of both GFAP+ astrocytes (A.1 and A.2) and Ibal + microglia
(A.3 and A.4) surrounding AP plaques in APP/PS1 VH mice and APP/PS1 L + P mice. (B and C) Representative B-actin—normalized immunoblot images and
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pan-presynaptic marker SYN in neocortex/hippocampus
homogenates across groups (Fig. 3A.1 and B.1). However,
Sidak’s post hoc test demonstrated that a statistically signif-
icant hippocampal upregulation of PSD-95 levels relative
to APP/PS1 VH mice was observed using L + P therapy
(Fig. 3B.2). Finally, Sidak’s post hoc test demonstrated a
significant increase in GADG65/67 levels in APP/PS1
L + P mice relative to VH and WT L + P mice in the
neocortex (Fig. 3A.4), but not in the hippocampus
(Fig. 3B.4).

3.4. The combination treatment with leptin and
pioglitazone reduced the glia response to AB pathology and
influenced the expression of genes linked to inflammation
and oxidative stress

Activated astrocytes and microglia were present in the
brain of both APP/PS1 VH and APP/PS1 L + P mice sur-
rounding AP plaques (Fig. 4A). Dunnett’s post hoc test
demonstrated that L + P therapy significantly decreased
both neocortical and hippocampal GFAP levels in APP/
PS1 mice (Fig. 4B.1 and C.1), while in WT treated mice rela-
tive to WT VH, a statistically significant reduction of GFAP
was observed only in the neocortex (Fig. 4B.1). As expected,
Dunnett’s post hoc test demonstrated that Ibal expression
was significantly higher in neocortex/hippocampus homog-
enates in APP/PS1 VH mice relative to WT VH controls
(Fig. 4B.2 and C.2). Interestingly, Sidak’s post hoc test
demonstrated that L. + P therapy significantly decreased
neocortical Ibal levels in APP/PS1 mice (Fig. 4B.2), but
not in the hippocampus (Fig. 4C.2), while it also did not
affect the expression levels in WT treated mice relative to
WT VH controls.

Real-time PCR (RT-qPCR) analysis demonstrated that
L + Ptreatment, relative to VH, was associated with a signif-
icant decrease in IL-1, IL-6, TNF-a, and iNOS transcripts in
the neocortex of APP/PS1 mice (Fig. 5A.1-4). In contrast, a
different profile of expression was present in hippocampus
(Fig. 5B.1-4). Accordingly, Sidak’s post hoc test demon-
strated a significant downregulation of IL-6 mRNA in APP/
PS1 L + P mice compared with APP/PS1 VH mice, and no
statistically significant difference was detected in TNF-o
mRNA levels in either of the groups analyzed. Thus, collec-
tively, our results suggest that L. + P therapy had a significant
impact on the neocortical glial response, as well as the regu-

lation of inflammation, in APP/PS1 mice, but did not have an
effect on hippocampal microgliosis in this model.

4. Discussion

AD is a complex and irreversible neurodegenerative dis-
order characterized by the slowly progressive loss of cogni-
tive function associated with specific pathologic changes to
the brain [1,2]. The underlying pathogenesis of AD is not
fully understood, and although there have been numerous
therapeutic agents proposed for AD, there have been no
effective treatments developed to date. Notably, the main
focus of such investigations has been on single-agent ther-
apies. Given the dearth of currently available therapeutic
candidates, examining and combining drugs that have
been used in human clinical trials for other indications,
but with potential to target pathologic and protective mech-
anisms of relevance to neurodegeneration, may represent a
new approach to ameliorating the sequence of cellular
changes underlying AD. The present study provides the
first experimental evidence for the beneficial actions of
L + P combination in the APP/PS1 Tg model of early
AD pathology.

Experimental studies have demonstrated the beneficial
effect of TZD treatments and leptin therapy on restored ce-
rebrovascular function [20] and improving learning and
cognitive decline in AD [8,12,15,20,49,50]. For example,
rosiglitazone has been reported to prevent memory
deficits induced by AP oligomers in Wistar rats [51]. In
the J20 AD Tg mouse model, treatment with rosiglitazone
reduced memory deficits in object recognition and the
Morris water maze (MWM) test [52]. Rosiglitazone also
improves spatial memory in APP/PS1 mice [53,54]. In
addition, pioglitazone improved reversal learning in adult
A/T bi-Tg mice [50]. In 3xTg AD mice, long-term (4
months) pioglitazone treatment improved learning in a
hippocampus-dependent task [49] and MWM test [55]. In
addition, in APP/PS1 mice, pioglitazone treatment resulted
in significant behavioral improvement evaluated by a
contextual fear-conditioning assay [56]. Importantly, clin-
ical trials showed significant positive effects of pioglita-
zone on cognitive outcomes in patients with mild AD
[22]. However, the pathways through which these drugs
modulate cognitive decline and Af-related pathology are
not yet completely understood. Indeed, some contradictory

L + P mice (*P <.05 post hoc Sidak’s multiple comparison test). A statistically significant reduction of GFAP was observed in WT treated mice relative to WT
VH (*P <.01). L + P therapy significantly decreased GFAP levels in APP/PS1 mice compared to VH-treated mice (¢P <.0001 post hoc Sidak’s multiple com-
parison test). Ibal expression was significantly higher in APP/PS1 VH mice relative to both WT VH and WT L + P mice (* *P <.001 post hoc Sidak’s multiple
comparison test), while L + P therapy significantly decreased neocortical Ibal levels in APP/PS1 mice compared to VH-treated mice (P <.0001 post hoc
Sidak’s multiple comparison test). In the hippocampus, GFAP expression was significantly higher in APP/PS1 VH mice compared to WT VH (¥*P <.0001)
and relative to WT L + P mice (*P < .05 post hoc Sidak’s multiple comparison test). L + P therapy significantly decreased GFAP levels in APP/PS1 mice
compared with VH-treated mice ép<.01 post hoc Sidak’s multiple comparison test). Ibal expression was significantly higher in the hippocampus of APP/
PS1 VH and APP/PS1 L + P mice groups compared to WT VH controls (*P < .0001) and relative to WT L + P (*P < .05 post hoc Sidak’s multiple comparison
test). L + P therapy did not affect the Ibal expression levels in APP/PS1 mice compared to VH treated. The data are presented as a percentage (%) of the cor-
responding value in the WT VH-treated control group. Bar graphs represent the mean = standard error of the mean. Statistical analyses were performed by two-
way analysis of variance followed by Dunnett test, unless stated otherwise. Abbreviation: CTX, neocortex. Scale bars = 20 pm.
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Fig. 5. Leptin and pioglitazone treatment altering the expression of genes involved in inflammation and oxidative stress in the brain. (A.1-4) In the neocortex, RT-
gPCR analysis demonstrated a statistically significant upregulation of IL-1B, IL-6, TNF-o., and iNOS transcripts in APP/PS1 VH mice relative to WT VH mice
(*P <.01) and IL-1B, IL-6, and iNOS relative to WT L + P mice (*P <.001 post hoc Sidak’s multiple comparison test). L + P therapy significantly downregulated
IL-1B, IL-6, TNF-a., and iNOS transcripts in APP/PS1 mice compared to VH-treated mice ép <.001 post hoc Sidak’s multiple comparison test). (B.1—4) In the hip-
pocampus, RT-qPCR analysis demonstrated a statistically significant upregulation of IL-1, IL-6, and iNOS transcripts in WT L + P mice relative to WT VH controls
(*P < .05 and *P <.001), while only IL-1f transcript was upregulated in APP/PS1 L + P mice relative to WT VH controls (*P <.05). In addition, /L-6 and iNOS
transcripts were significantly downregulated in APP/PS1 VH mice compared to WT L + P (*P <0001, *P < .01 post hoc Sidak’s multiple comparison test), while
L + P therapy significantly downregulated /L-6 mRNA in APP/PS1 mice compared to APP/PS1 VH mice éP<.05 post hoc Sidak’s multiple comparison test) and
iNOS transcript compared to WT L + P (*P <001 post hoc Sidak’s multiple comparison test). No changes in TNF-o transcript were found across groups analyzed.
The data are presented as a percentage (%) of the corresponding value in the WT VH-treated control group. Bar graphs represent the mean = standard error of the
mean. Statistical analyses were performed by two-way analysis of variance followed by Dunnett test, unless stated otherwise. Abbreviation: CTX, neocortex.
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data have been reported. For example, results from Heneka
et al. [19] showed that pioglitazone regulates brain Af
levels through a mechanism involving its capacity to
reduce the transcription and expression of B-site amyloid
precursor protein cleaving enzyme 1 (BACEIL). Other
studies demonstrated that the decrease in AP levels pro-
duced by pioglitazone is related to the AP degradation
rather than attributable to its transcriptional regulation ca-
pacity through the amyloidogenic pathway [56,57].
However, there is a growing consensus that the effect
of pioglitazone in decreasing AP pathology is mediated
by the -capacity of this drug to rapidly inhibit
inflammatory responses in the brain and negatively
modulate amyloidogenesis [58]. In addition, the effect of
pioglitazone and other PPARs agonists had variable results
in decreasing soluble AP species [19,59-62], AP plaques
[52-54], or both [19,52,56,63]. Conversely, other studies
demonstrated no effect on AP pathology [20,61,64].
Indeed, in previous studies using APP/PS1 mice,
pioglitazone failed to reduce AP levels significantly, even
when administered for more than 3 months [61]. In
contrast, leptin has a strong in vitro [9,13,14] and in vivo
[9] amyloidogenic effect, attributable to its transcriptional
regulation capacity [10] and inhibition of amyloid precur-
sor protein (APP) processing [12] through the amyloido-
genic pathway. It has been demonstrated that leptin
improves cognitive function by mechanisms of action
closely linked to the regulation of brain AP levels. Our
findings showed that L + P treatment improved short-
term recognition memory loss in APP/PS1 mice and signif-
icantly reduced hippocampal fibrillar AP burden and brain
soluble AB;_4, levels, while not affecting hippocampal
APP transcripts. Thus, our preliminary results suggest
that combination L + P therapy improves hippocampus-
dependent memory and reduces brain A levels, possibly
by a mechanism related to AP degradation rather than
altering processing of APP protein.

Leptin and pioglitazone have been previously shown to
reduce tau phosphorylation [52,65-69]. Notably, the APP/
PS1 mouse model of AD lacks substantial tau pathology
[70] but does demonstrate AP plaque—associated DNs with
these abnormal axons showing accumulations of neurofila-
ments, including the triplet proteins (NF-L, NF-M, and
NF-H), as well as o-internexin [41,42]. Such plaque-
associated DNs may represent one of the earliest forms of
neuronal pathology characterizing the preclinical phase of
AD [71]. NF triplet containing pyramidal neurons, providing
corticocortical connectivity, is also selectively vulnerable to
AD pathology [72-76], and NF-L gene deletion is associated
with increased A deposition in the APP/PS1 model [41]. In
addition, NF-containing DNs are the earliest neuronal
change associated with AP plaque formation in the human
brain [45,46]. In the present study, L + P treatment
significantly decreased neocortical NF-containing DNs,
which may be indicative of reduced damage to corticocorti-
cal circuitry [77].

Because AP induces synaptic loss in AD, we evaluated
expression levels of synaptic proteins as these are impor-
tant molecular markers of AD-affected brain regions.
Synapse loss has been reported to occur very early in
AD [78,79] and has been shown to correlate well with
cognitive decline [78-80]. Using immunohistochemistry
analysis, we have previously demonstrated the specific
vulnerability of excitatory synapses in close proximity
to AP plaques in 9- and 12-month-old APP/PS1 mice
[41,81]. In agreement with previous data [82], immuno-
blotting revealed no changes in SYN expression in both
neocortex/hippocampus homogenates in APP/PS1 mice
compared with WT controls. In addition, our study con-
firms our reported data [81], demonstrating that vGLUT 1
and GADG65/67 expression was unchanged in APP/PS1
mice compared with WT mice. We also observed an in-
crease in hippocampal GAD65/67 expression in WT
treated mice compared with WT VH controls, a result
that was unexpected but which may highlight the involve-
ment of leptin in synaptic plasticity [83]. Accordingly,
leptin activates a postsynaptic molecular signaling
pathway to potentiate developing GABAergic synapses
in the hippocampus [84]. Indeed, obese diabetic mice
lacking leptin receptor (db/db) have a reduced density in
dendritic spines and an immature pattern of synaptic
proteins [85-88]. Interestingly, L + P treatment
significantly increased hippocampal PSD-95 levels in
APP/PS1 mice, perhaps reflecting the effectiveness of
combination therapy on reducing postsynaptic damage,
potentially by compensatory mechanisms, that correlates
with the behavioral deficit observed in APP/PS1 mice.
Indeed, PSD-95, the most abundant scaffolding protein
in the excitatory postsynaptic density [23], has been
shown to decline in association with progression of mem-
ory deficits in AD [89,90].

Inflammation and the immune response have been pro-
posed to contribute to the pathogenesis of AD. Reactive
glial cells associated with AP plaques and its inflamma-
tory components may contribute to the synapse loss and
dysfunction in AD [91]. Furthermore, we were particu-
larly interested in the effect of L + P treatment on the in-
flammatory response associated with AD, as the role of
pioglitazone in inflammation in AD has been extensively
investigated previously. For example, the capacity of
this agent to rapidly inhibit inflammatory responses in
the brain has been demonstrated in several murine models
of AD [19,20]. Conversely, the role of leptin in
inflammation in AD is poorly understood. Leptin has
been associated with inflammation and immune
responses [92], and an active interaction of the central
nervous system with the immune system through cyto-
kines and other inflammatory factors has been described
[93]. The present study confirms reports [94] demon-
strating a significant increase in GFAP and Ibal expres-
sion in both neocortex and hippocampus of APP/PS1
mice relative to WT controls, which corresponded with
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a general upregulation of IL-1B, IL-6, TNF-a, and iNOS
transcripts. However, L + P treatment was associated
with significantly reduced neocortical expression of
GFAP and Ibal proteins in APP/PS1 mice, concomitant
with the downregulation of IL-1B, IL-6, TNF-a, and
iINOS transcripts to the basal mRNA levels detected in
WT control mice. In the hippocampus, the treatment
was associated with reduced expression of the astroglial
response, corresponding with a significant downregulation
of iNOS transcript [19], while reactive microglia were
relatively unaffected, perhaps reflecting differences in
the effectiveness of L + P treatment in the two brain re-
gions tested.

Another unexpected finding of this project was
increased hippocampal Ibal protein concomitant with
the upregulation of /L-1B, IL-6, and iNOS transcripts in
WT L + P treated mice, which may support the involve-
ment of leptin in neuroinflammation. Previous reports
have shown that this hormone modulates the activation
of both peripheral immune cells and brain microglia
[95,96]. Furthermore, in the aging brain, there is a
decline in the normal antioxidant defense mechanisms
[97] as well as a vascular disease progress [98]. Reflecting
an inflammatory component, iNOS is expressed in macro-
phages and glial cells in response to proinflammatory cy-
tokines under pathologic conditions such as AD, in which
there is increased permeability of the blood-brain barrier
(BBB). However, it has also recently been determined
that iNOS can also serve as a negative feedback regulator,
preventing the influx of inflammatory cells by restoring
the integrity of the BBB [99]. Our data indicated that
combination L + P therapy significantly upregulated
iNOS expression in WT treated mice, which may confer
a defense against the normal changes in the vasculature
preventing the influx of inflammatory cells to the brain.
Future studies will be necessary to further explain these
unexpected results; however, they may highlight the
involvement of leptin in immune responses and inflamma-
tion within the brain.

In summary, the data reported here provide the first pre-
liminary experimental evidence for the beneficial effect of
combining leptin and pioglitazone drugs in treating AD.
Our data support the potential effectiveness of combinatorial
therapies for the possible inhibition of AD-related patho-
logic brain changes. However, as both leptin and pioglita-
zone compounds were not tested independently under the
same experimental conditions, future studies will be neces-
sary to further determine whether combining L + P treat-
ment might be more beneficial than using both drugs
independently on improving learning and the regulation of
brain A levels in AD.
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RESEARCH IN CONTEXT

1. Systematic review: The lack of effective treatment
for Alzheimer’s disease (AD) has promoted a call
for the development of combination therapies to
tackle the multifactorial nature of AD. The drugs lep-
tin and pioglitazone have shown substantial promise
as monotherapies in AD. However, no studies have
investigated the effects of these therapeutic agents
in combination for AD.

2. Interpretation: We studied the impact of acute com-
bined leptin and pioglitazone treatment on the trans-
genic APP/PS1 mouse model of AD. Our results
support that the neuroprotective effect of leptin in
combination with the anti-inflammatory action of
pioglitazone significantly reduces the pathologic
features that characterize AD.

3. Future directions: Our data provided evidence for syn-
ergistic actions of leptin and pioglitazone, which may
suggest a novel and improved therapeutic approach
for treatment of this devastating disease. Future
studies will be necessary to further support the use
of this combination therapy in the treatment of AD.
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