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Pioglitazone attenuates complement-
mediated microglial synaptic engulfment in
an Alzheimer’s disease model
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Synapticlossis an early hallmark of Alzheimer’s disease (AD), predominantly driven by aberrant microglial reactivity.
Pioglitazone, a peroxisome proliferator-activated receptor gamma (PPAR-y) agonist with anti-diabetic properties, has
been shown to suppress microglial activity and improve cognitive performance in both AD models and clinical stud-
ies. However, whether its neuroprotective effects involve direct modulation of synaptic architecture remains unclear.
Here, using longitudinal in vivo two-photon imaging, multi-channel immunohistochemistry, super-resolution con-
focal microscopy and three-dimensional reconstruction techniques in an AD mouse model, we analyse synaptic
and microglial interactions.

We show that a 4-week pioglitazone treatment preserves dendritic spine density and enhances spine stability over
time. Mechanistically, pioglitazone reduces synaptic C1q deposition, thereby limiting complement-mediated micro-
glial synaptic engulfment and attenuating synapse loss.

These findings identify pioglitazone as a modulator of complement-dependent microglial synaptic pruning and sup-
port its therapeutic potential in preserving synaptic integrity during early AD pathogenesis.
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Pioglitazone rescues synapses in AD mice

Introduction

The cognitive decline in Alzheimer’s disease (AD) is largely attribu-
ted to synaptic loss and dysfunction, which are closely linked to
microglial function.'® In recent years, a growing body of evidence
has identified multiple mechanisms that contribute to microglia-
mediated synaptic elimination, with the complement-dependent
pathway being among the most thoroughly investigated. In both
AD mouse models and human patients, the classical complement
protein Cl1q has been observed as a key player in regulating synaptic
loss.>”® As the initiating protein of the complement cascade within
the innate immune system,’ C1q preferentially tags and accumu-
lates at vulnerable synapses within the diseased CNS.>”® This tag-
ging leads to the deposition of the downstream complement
protein C3, which subsequently activates C3 receptors on micro-
glia.® The activation of these receptors triggers excessive microglial
engulfment of synapses,”® ultimately leading to neuronal loss.

Mitigating the abnormal microglial activation (a crucial compo-
nent of neuroinflammation’®) has long been a focus for AD treat-
ment. Many anti-inflammatory drugs,’* some not conventionally
used for this condition, have been used in recent years as disease-
modifying therapies for AD, including pioglitazone. Pioglitazone,
an agonist for peroxisome proliferator-activated receptor gamma
(PPAR-y), is traditionally used for treating type 2 diabetes. In the
CNS, pioglitazone has shown anti-inflammatory properties by pro-
moting a shift in microglial activation towards a more neuroprotec-
tive phenotype.’'? In addition, earlier research suggested that
pioglitazone promotes the performance of the AD mouse model
in behavioural tasks related to learning and memory.**** Despite
the growing number of pioglitazone-related studies in AD therapy,
most previous research has focused primarily on the ability of pio-
glitazone to suppress microglial pro-inflammatory properties. The
specific mechanism by which pioglitazone affects synapses, in par-
ticular, whether and how pioglitazone modulates Clqg-tagging at
synapses, and its effects on subsequent synaptic loss, has not
been clearly defined.

To address these questions, we used an AD mouse model, the
APPswe/PS1deltaE9 (dE9) strain,'® and conducted both longitudinal
in vivo two-photon imaging and super-resolution confocal imaging
to monitor synaptic alterations in AD. Additionally, we used iso-
lated synaptosomes and primary microglia, coupled with function-
al assays to decipher how pioglitazone influences these elements
via Clq. Together, our findings revealed that pioglitazone signifi-
cantly reduces Clg-tagging on synapses, dampens microglial
phagocytic activity and stabilizes synaptic density during the early
stages of AD pathology. These results provide new insights into the
role of pioglitazone in synaptic regulation and highlight pioglita-
zone and the related PPAR-y signalling pathway as potential thera-
peutic targets for mitigating complement-dependent microglial
synaptic engulfment in AD.

Materials and methods

GFP-M transgenic mice (Thyl-eGFP-M), which express enhanced
green fluorescent protein (eGFP) in sparse and random subsets of
neurons within specific populations, were originally obtained from
the Jackson Laboratory and maintained as heterozygotes. APPswe/
PS1deltaE9 (dE9) transgenic mice, which express human amyloid
precursor protein (APP) harbouring the Swedish mutation (K670N/
M671L) and a human presenilin-1 variant with a deletion of exon

BRAIN 2026: 149; 668-679 | 669

9, resulting in accelerated amyloid-f (AB) deposition, were obtained
from the Jackson Laboratory. To generate APPswe/PSldeltaE9:
Thy1-eGFP-M mice, APPswe/PSldeltaES9 mice were interbred with
Thy1-eGFP-M (GFP-M) mice. All transgenic mice used in this study
were bred on a C57BL/6] genetic background. The full official stock
names of the mouse lines are listed in Supplementary Table 1.
Both male and female transgenic mice, aged 4 months, were in-
cluded in this study. The number of animals used in each experi-
ment is specified in the corresponding figure legends. Mice were
housed in the animal facility at the Center for Neuropathology,
Ludwig Maximilian University of Munich, in specific pathogen-free
conditions (21°C + 1°C, 12 h light-12 h dark cycle) with ad libitum ac-
cess to food and water. After surgery, each mouse was housed indi-
vidually in a standard IVC Type II long cage. All animal procedures
adhered to the regulations of the Ludwig Maximilian University of
Munich and were approved by the Government of Upper Bavaria.

To evaluate the effects of pioglitazone on synaptic pathology in vivo,
mice were randomly assigned to receive either a control diet or a
treatment diet containing pioglitazone (350 ppm). Both diets were
formulated and supplied by Ssniff Special Diets (Ssniff). Animals
were allowed to feed ad libitum throughout the treatment period.
Dietary intervention began at 4 months of age and continued for
a total duration of 4 weeks, a time window corresponding to the
early phase of amyloid-f plaque deposition and synaptic altera-
tions in the dE9 mouse model.

The surgical procedure for cranial window implantation was per-
formed as previously described.'” In brief, mice underwent cranial
window implantation under general anaesthesia [midazolam
5.0 mg/kg, fentanyl 0.05 mg/kg and medetomidine 0.5 mg/kg, intra-
peritoneally (i.p.)] and were placed in a stereotaxic frame. A 4 mm
craniotomy was performed using a dental drill, followed by immedi-
ate placement of a 4 mm glass coverslip over the exposed cortex.
The coverslip was sealed with dental acrylic, and a z-shaped head-
plate was affixed to the skull for subsequent imaging stabilization.
After surgery, animals received carprofen (s.c.) and metamizole
(i.g.), and were housed individually for 4 weeks prior to in vivo two-
photon imaging.

Two-photon imaging was performed as previously described'” on
isoflurane-anaesthetized mice using a Zeiss LSM 7 MP microscope
equipped with a 20x water-immersion objective. In brief,
eGFP-expressing apical dendritic tufts from layer V pyramidal neu-
rons were excited at 880 nm. Using ZEN software, z-stacks of
424 pm x 424 pm x 350 pm were collected at high resolution
(0.83 pmin xy, 1 pm in z). Imaging sites were consistently relocated
based on the distinct vasculature patterns. To label amyloid-B pla-
ques in vivo, methoxy-X04 (1 mg/kg i.p.) was administered 24 h be-
fore imaging. Dendrites were aligned precisely to their original
locations using baseline session data. Each imaging session lasted
no more than 1 h.
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To assess dendritic spine dynamics accurately, we restricted our
analysis to spines that projected laterally and were clearly distin-
guishable within the imaging plane as previously described.”
Manual classification was applied to each spine as either gained,
lost or stable. Gained and lost spines were defined by their appear-
ance or disappearance between two imaging sessions. Spines that
maintained a consistent position (within 0.5 pm) across two or
more sessions were deemed stable. Spine density was computed
at each time point by dividing the number of spines by the dendritic
segment length. For image processing, z-projections were gener-
ated from 3D stacks using Imaris (Andor Technology), which also
allowed the removal of irrelevant neighbouring structures. The
images were then deconvolved in AutoQuant X3 (Media
Cybernetics), and contrast and brightness were manually adjusted.

Mice were deeply anaesthetized and transcardially perfused with
cold phosphate buffered saline (PBS), followed by 4% formalin.
Brains were post-fixed in 4% formalin for 24 h, then sectioned
into 50-um-thick slices for immunohistochemical analysis.
Free-floating sections were permeabilized in 2% Triton X-100 over-
night, then blocked for 4 h at room temperature in a solution con-
taining 10% normal donkey serum, 2% bovine serum albumin or
I-Block, and 0.3% Triton X-100 in PBS. Sections were incubated
with primary antibodies (see Supplementary Table 1) at 4°C for
24 h, washed three times in PBS, and then incubated with second-
ary antibodies for 4 h at room temperature. Finally, sections were
mounted with fluorescence medium (Dako, Germany). Images
were captured using a Zeiss LSM 900 microscope equipped with
Airyscan 2 (Zeiss) and a 63x/1.4 oil immersion objective.

Western blot analysis was performed to detect the expression le-
vels of Clg (ThermoFisher Scientific), Proliferating Cell Nuclear
Antigen (PCNA, Cell Signaling Technology), Stathmin (Cell
Signaling Technology), Synaptophysin (Cell Signaling Technology)
and Postsynaptic Density Protein 95 (PSD-95, Cell Signaling
Technology) in mouse cortical tissue. Brain samples were stored
at —80 °C until use. For protein extraction, tissues were homoge-
nized in Triton X-100 lysis buffer (Alfa Aesar) supplemented with
1% phenylmethylsulfonyl fluoride and 2% phosphatase inhibitor
cocktail and kept on ice throughout the procedure. The homoge-
nates were centrifuged at 13 400g for 20 min at 4°C, and the result-
ing supernatants were collected for protein analysis. Protein
concentrations were determined using a bicinchoninic acid assay
kit and normalized to the same final concentration across all sam-
ples. Proteins were then separated by 10% SDS-PAGE (Bio-Rad) and
transferred onto polyvinylidene fluoride membranes (Merck
Millipore). Membranes were incubated overnight at 4°C with pri-
mary antibodies, followed by incubation with horseradish
peroxidase-conjugated secondary antibodies for 2 h at room tem-
perature. Protein bands were visualized by chemiluminescence,
and signal intensities were quantified using Image Lab Software
v.6.1 (Bio-Rad).
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Super-resolution confocal imaging was conducted using a Zeiss
LSM 900 microscope equipped with Airyscan 2 and a Plan-
Apochromat 63x/1.4 oil immersion objective. The super-resolution
imaging parameters were optimized to achieve a lateral resolution
of 0.035 um per pixel and an axial resolution of 0.13 um per pixel via
the Airyscan 2 module. All obtained images were subjected to digit-
al processing using the built-in ‘Airyscan processing’ algorithm.
Processed images were then subjected to Imaris v.9.8.2 (Andor
Technology) for 3D analysis. Microglia and lysosomes were recon-
structed using the 3D Surface module, and PSD-95" puncta were vi-
sualized using the 3D Spot module. Quantification was performed
by normalizing the number of lysosomal PSD-95* puncta to the to-
tal microglial volume, providing a precise measure of synaptic
engulfment.

Primary microglia were isolated using the Adult Brain Dissociation
Kit (Miltenyi Biotec) following the manufacturer’s instructions.
Cortical tissues from adult wild-type (WT) mice were sectioned, en-
zymatically dissociated and processed via the gentleMACS Octo
Dissociator (Miltenyi Biotec). The cells were then filtered, centri-
fuged and cleaned using debris and red blood cell removal solu-
tions. The single-cell suspension was then incubated with CD11b
MicroBeads and isolated using MACS LS columns on a
QuadroMACS Separator (Miltenyi Biotec). The isolated microglia
were then centrifuged and resuspended in a medium comprising
DMEM/F12 (Gibco) with 10% fetal bovine serum (Gibco), 15 mM
HEPES (ThermoFisher Scientific) and 1% penicillin-streptomycin
(Gibco), supplemented with granulocyte-macrophage colony-
stimulating factor (ThermoFisher Scientific) and glial cell derived
neurotrophic factor (Sigma) at 10 ng/ml. Subsequently, microglia
were plated on poly-p-lysine-coated glass coverslips in 24-well
plates at a density of 1 x 10° cells per well.

APPswePS1deltaE9 mice treated with either a pioglitazone or control
diet were sacrificed, and cortical tissues were homogenized on ice in
Syn-PER reagent (Thermo Fisher Scientific) supplemented with pro-
tease and phosphatase inhibitors. The homogenates were centri-
fuged at 12009 for 10 min, followed by 15 000g for 20 min to isolate
synaptosomes. The synaptosomal pellets were then resuspended
in fresh Syn-PER. For pHrodo labelling, synaptosomes were incu-
bated with pHrodo Red (Thermo Fisher Scientific) in 0.1 M NaHCO3
buffer (pH 8.5) at room temperature for 2 h. After labelling, the
synaptosomes were washed and resuspended in PBS containing
5% dimethyl sulfoxide for subsequent experiments.

Primary microglia were cultured until day in vitro 5. For negative
controls, cells were pretreated with 10 uM cytochalasin D for 1h
to inhibit phagocytosis. Subsequently, microglia were incubated
with pHrodo-conjugated synaptosomes derived from either
pioglitazone- or control-treated mice for 2h at 37°C in 5% CO,.
After incubation, cells were sequentially washed, fixed, permeabi-
lized, blocked and subjected to immunostaining before mounting.
Imaging was performed using a Leica Stellaris 5 confocal micro-
scope using a 63x/1.4 oil immersion objective, then deconvolved
with the lightning module of LAS X software (Leica).
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Quantification of synaptosome engulfment was conducted using
Imaris v.10.1.1 software (Andor Technology,). Internalized synapto-
somes were identified as pHrodo" puncta within Ibal* microglia,
and the data were normalized to the volume of Ibal-labelled micro-
glial cytoplasm.

All statistical analyses were performed using GraphPad Prism v.10
(GraphPad Software, USA). Repeated-measures two-way ANOVA
with Bonferroni’s multiple comparison test was applied to analyse
time-series data from in vivo two-photon imaging. For normally dis-
tributed datasets, Student’s two-tailed t-tests were used for
two-group comparisons, and one-way ANOVA followed by
Bonferroni correction was applied for analyses involving more
than two groups. Statistical details of the ANOVA are provided in
the figure legends, and post hoc P-values are reported in the corre-
sponding graphs. All values are shown as the mean + standard er-
ror of the mean, and a P-value of <0.05 was defined as statistically
significant.

Results

Tomodel AD, we used the well-characterized dE9 mouse strain. The
model contains genes encoding both amyloid precursor protein
(APP) with the Swedish mutation and presenilin 1 (PSEN1) with
the deltaE9 mutation. This combination effectively recapitulates
certain key aspects of amyloid pathology of AD." In dE9 mice,
sparse amyloid-p plaques can be observed in cortical regions by
4-5 months of age, with synaptic decline emerging in the adjacent
areas,’® months before prominent neuronal death and extensive
plaque accumulation.’® Here, to investigate how pioglitazone
might alleviate synaptic impairment, we used 5-month-old dE9
mice, representing the early stage AD pathology in this model.

Initially, we assessed synaptic alterations caused by this AD
pathology. To visualize synapses and trace their alterations longi-
tudinally, we crossed dE9 mice with Thy1-eGFP-M (GFP-M) transgen-
ic mice, in which the green fluorescent protein (GFP) is expressed in
a sparse subset of pyramidal neurons,?® thereby enabling detailed
morphological analysis of neuronal structures.

To explore how pioglitazone treatment might alter the struc-
tural plasticity of postsynaptic structures, i.e. dendritic spines, in
~5-month-old dE9:GFP-M mice, we used in vivo two-photon micros-
copy. Through the pre-implanted cranial windows, we monitored
changes in dendritic spines located in close proximity to amyloid-
B plaques (<30 pm from plaques).

In vivo imaging of dendritic spines was performed both before
and after a pioglitazone treatment period of 28 days (350 ppm in
chew diet, ad libitum; Fig. 1A). As illustrated in Fig. 1B-E, in dE9
mice, pioglitazone treatment significantly mitigated the decline in
dendritic spines close to amyloid-f plaques. Specifically, treatment
with pioglitazone led to a significant increase in the formation rate
and a marked reduction in the elimination rate (Fig. 1F and G),
thereby resulting in an overall elevation of spine density (Fig. 1E).

Furthermore, previous studies have shown that C1q tags and ac-
cumulates in vulnerable synapses, resulting in their phagocytosis
by microglia.? To investigate the effect of pioglitazone on the vul-
nerability of dendritic spines in AD, we also traced the fate of indi-
vidual dendritic spines across the 28 day period. Our findings
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demonstrated that stable spines, which were identified on Day 1
and still observable on Day 28, were elevated in dE9 mice receiving
pioglitazone treatment compared with those that did not receive
the treatment (Fig. 1H and I).

In summary, our findings suggest that pioglitazone treatment
can promote spine growth and enhance spine resistance to amyl-
oid-p plaques. Jointly, these effects lead to an increased spine dens-
ity and indicate better preservation of cognitive functions in the
context of AD pathology.

Upon confirming the effects of pioglitazone on synapses, we ex-
plored further how pioglitazone affects the microglial engulfment
of synapses, using both the ~5-month-old dE9 mice and age- and
sex-matched WT mice.

To capture the synapses at a micrometre scale accurately, while
preserving their spatial distribution within the microglia, we used
multiplex immunostaining coupled with super-resolution micros-
copy and 3D reconstruction techniques.

As illustrated in Fig. 2A (middle and bottom), microglia accumu-
late around the amyloid-f plaques in the cortical regions of dE9
mice. In comparison to the WT brains, microglia in dE9 mice have
a strongly elevated volume of CD68-labelled lysosomes (Fig. 2B),
which notably contain higher levels of PSD-95-labelled postsynap-
tic puncta (Fig. 2C). This suggests an enhanced microglial engulf-
ment of synaptic materials in the dE9 mice.

Intriguingly, the 28 day pioglitazone treatment (350 ppm in
chew diet, ad libitum) resulted in significant alterations in microglial
behaviours. Specifically, while cycling around the amyloid-f pla-
que, microglia from pioglitazone-treated dE9 mice exhibited re-
duced lysosome presence and fewer engulfed synaptic puncta
(Fig. 2A-C). This leads to a promoted preservation of overall synap-
tic punctain the dE9 brain (Fig. 2D and E), suggesting an ameliorated
AD pathology.

In addition, to assess the effects of pioglitazone on synaptic
pruning in physiological conditions, we also examined microglial
engulfment of synaptic materials in WT mice treated with either
pioglitazone or vehicle. Our results revealed that microglia from
pioglitazone-treated WT mice contained a comparable volume of
CD68-labelled lysosomes to those from vehicle-treated WT mice.
Although the levels of PSD-95" synaptic material were slightly ele-
vated in pioglitazone-treated mice, this difference was not statistic-
ally significant (Supplementary Fig. 1). These findings suggest that
pioglitazone treatment does not alter microglial phagocytosis of
synaptic material in a normal CNS.

Collectively, these results suggest that pioglitazone treatment
partly mitigates the abnormal microglial activity observed in dE9
mice, particularly by reducing microglia-mediated synaptic loss.

Upon confirming the effects of pioglitazone on both synapses and
microglia, we proceeded to investigate whether and how pioglita-
zone regulates Clqg. As previously noted, Clq plays a central role
in AD-induced microglial engulfment of synapses.®? Additionally,
earlier research indicated that Clq promotes synaptic loss in a
similar manner in inflammatory conditions. Given the anti-
inflammatory properties of pioglitazone,’ it is therefore plausible
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Figure 1 Pioglitazone alleviates amyloid-associated synaptic pathology in an Alzheimer’s disease mouse model. (A) Experimental design schematic.
(B) Ilustration of dendritic spine structural plasticity. Arrowheads indicate stable (white), newly formed (green) or eliminated (magenta) spines. (C and D)
Representative in vivo two-photon micrographs of apical dendritic tufts from dE9 mice fed a control diet (C) or a pioglitazone-supplemented diet (D). (E-G)
Quantification of dendritic spine density (E), spine formation (F) and elimination (G) following 28 days of pioglitazone or control diet treatment.
(H) Density of stable spines after 28 days of treatment. (I) Survival rate of pre-existing spines over the 28 day period. n =5 mice per group. Data are presented
as the mean + standard error of the mean. Two-way repeated-measures ANOVA followed by Bonferroni’s multiple comparisons test [E: F(1,8) =26.02, P =
0.0009; H: F(1,8) =6.341, P =0.0359]; two-sided unpaired Student’s t-test [F: t(8) = 5.227, P=0.0008; G: t(8) =2.518, P=0.0359; I: t(8) = 3.260, P=0.0115]. *P<

0.05, *P < 0.001. Scale bars: 5 pm in C and D.

to hypothesize that the attenuation of this process might be attrib-
uted to alterations in Clq levels.

For this purpose, we assessed the C1q levels in the brains of dE9
mice at ~5 months of age. As shown in Fig. 3A and B, the C1q levels
in dE9 brains are significantly higher than in WT brains. In line with

our previous findings, 4 weeks of pioglitazone treatment (350 ppm
in chew diet, ad libitum) drastically reduced the C1q density in dE9
mice.

Given that the Clg-mediated synaptic loss is characterized by
the formation of Clq deposition at the synapses’?' (i.e.
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Figure 2 Pioglitazone reduces microglial engulfment of synapses in an Alzheimer’s disease mouse model. (A) Representative super-resolution images
and three-dimensional reconstructions of cortical microglia from ~5-month-old wild-type (WT), dE9 and pioglitazone-treated dE9 mice. In dE9 mice,
microglia cluster around amyloid-p plaques and display enlarged CD68"* lysosomes that contain engulfed postsynaptic PSD-95" puncta . (B and C)
Quantification of CD68* lysosomal volume (B) and the number of PSD-95" puncta engulfed by microglia (C) across groups (WT + control diet, dE9 + con-
trol diet, and dE9 + pioglitazone). (D and E) Representative confocal images and Imaris-based detection of PSD-95" postsynaptic puncta in the cortex (D)
and corresponding quantification (E) in the same three groups. n=>5 mice per group. Data are presented as the mean + standard error of the mean.
One-way ANOVA followed by Bonferroni’s multiple comparisons test [B: F(2,12) = 220.5, P <0.001; C: F(2,12) =75.87, P <0.001; E: F(2,12) =51.21, P<
0.001]. *P < 0.05, **P < 0.001. Scale bars: 5 uym in A (full view), 2 um in A (zoomed-in regions) and 5 um in D.
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Clq-tagging), We subsequently evaluated the concentration of Clq
within the synaptic materials, both with and without pioglitazone
treatment.

We extracted synaptic terminals (synaptosomes) from the
cortex of ~5-month-old WT mice and from both pioglitazone-
treated and untreated dE9 mice. To confirm the purity of the sy-
naptosome preparations, we validated the absence of nuclear
and cytoplasmic proteins, i.e. PCNA and stathmin, respectively

(Fig. 3C and D). We then assessed the C1q content in these synap-
tosomes. As expected, compared with WT synaptosomes, synap-
tosomes isolated from pioglitazone-untreated dE9 mice contain
higher levels of C1q. Conversely, in dE9 mice treated with piogli-
tazone, a significant reduction in synaptosomal Clq was ob-
served (Fig. 3E and F).

In addition, to support our ex vivo findings described above, we
performed determine  how

functional assessments to
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synaptosomes from different mice led to distinct microglial re-
sponses. To monitor the engulfment of synaptosomes, we conju-
gated them with pHrodo, a pH-sensitive dye that emits a
fluorescent signal upon lysosomal engulfment (Fig. 4A).
Furthermore, we isolated microglia from the cortical tissue of WT
mice and incubated them with these pHrodo-conjugated synapto-
somes. After a 2 h incubation, we observed that WT microglia en-
gulfed a substantial quantity of synaptosomes from dE9 mice
without pioglitazone treatment (Fig. 4B). When synaptosomes
from pioglitazone-treated dE9 mice were applied to WT microglia,
the engulfment was significantly suppressed, approaching levels
close to those of the negative control, which consisted of microglia
treated with cytochalasin D, an actin polymerization inhibitor that
blocks phagocytosis (Fig. 4B).

Interestingly, within microglia, the level of Clq is tightly corre-
lated with pHrodo-conjugated synaptosomes (Fig. 4B-D), which
corroborates the findings on how Clqg-tagging triggers synaptic
loss.”® On top of this, following pioglitazone treatment, we ob-
served a significant reduction in Clg volumes in microglia
(Fig. 4C). Combined with the reduced Clq in dE9 synaptosomes
(Fig. 3E and F), this suggests the suppressive effect of pioglitazone
on the Clg-tagging at synapses.

Taken together, these findings indicate that pioglitazone miti-
gates the AD-induced synaptic loss by suppressing the
Clq-tagging at synapses, thereby reducing microglial engulfment
of synaptic materials.

Discussion

In this study, we demonstrated that pioglitazone, a PPAR-y agonist,
can alleviate synaptic loss at the early stage of AD pathology in dE9
mice, a well-established amyloid-p AD mouse model. In particular,
we found that after 4 weeks of pioglitazone treatment, dendritic
spines close to amyloid-p plaques in the dE9 cortex maintained a
relatively higher density compared with those from untreated dE9
mice. This is attributed mainly to enhanced resistance of dendritic
spines to amyloid-f plaques and their relatively higher growth rate.
In line with this, we observed that following pioglitazone treat-
ment, plaque-surrounding microglia in the dE9 cortex exhibited a
reduced volume of lysosomes containing fewer postsynaptic com-
partments, indicating a dampened engulfment process. Upon fur-
ther investigation, we found that, based on pioglitazone
treatment, less Clq was detected in isolated dE9 synaptosomes,
suggesting reduced C1q deposition. As validated in subsequent ex-
periments, synaptosomes with lower C1q levels were engulfed less
when incubated with microglia from WT mice. Taken together,
these findings provide both observational evidence and mechanis-
tic proof supporting that pioglitazone treatment ameliorates
amyloid-associated synaptic loss by reducing Clq deposition at
synapses (Supplementary Fig. 2).

Given that the majority of pioglitazone-related studies have fo-
cused on its anti-inflammatory properties,?>?* this is the first study
to focus on how pioglitazone directly modulates the central piece of
the immune system (the complement cascade) within the CNS. Our
study provides evidence supporting pioglitazone and the related
PPAR-y pathway as potential therapeutic targets for preserving
synapses in AD and other neurodegenerative diseases.

It is not new to investigate the therapeutic potential of pioglita-
zone in treatment of AD. As mentioned above, preclinical and clin-
ical trials examining pioglitazone (or rosiglitazone) have produced
variable results. Specifically, most of the preclinical studies using
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animal models demonstrated favourable effects of pioglitazone in
halting AD progression,'*?°32 whereas clinical studies with the
same drugs have yielded inconclusive or contentious results.?*3®
There are many possible explanations for this disparity, including
patient stratification, subpopulation heterogeneity and co-
pathologies. One likely reason is the stage of the disease at which pio-
glitazone or other PPAR-y agonists are administered. In both animal
and human studies, most positive therapeutic effects are observed
from animals with less advanced pathology®? or human partici-
pants with mild to moderate levels of dementia (e.g. Mini-Mental
State Examination > 20).>*>7*8 This is consistent with our findings
that the beneficial effects of pioglitazone or similar PPAR-y agonists
are maximized when administered at the early stage of amyloid
pathology, before widespread synaptic and neuronal loss occurs. In
addition, our observation also aligns with a recent case report that
emphasizes the importance of early therapeutic intervention in
AD,* ideally before cognitive impairment manifests.

Given that early intervention with pioglitazone or other PPAR-y
agonists has demonstrated benefits for AD patients, itis essential to
identify disease progression at the earliest possible stage. The cur-
rent widely accepted ATN framework (A =amyloid pathology, T =
tau pathology, N = neurodegeneration)*’ for AD diagnosis becomes
most prominent in the relatively advanced stages of the disease.
Therefore, there is a need for more time-sensitive measures, par-
ticularly those reflecting early AD pathology, such as synaptic dam-
age and aberrant microglial activity. For synapse detection, recent
studies show that several PET ligands targeting synaptic markers,
such as synaptic vesicle glycoprotein 2A (SV2A),*' can be used in
humans. Additionally, C1q in CSF could also serve as a biomarker
for synaptic damage, because both our findings and previous
studies”*>"** report excessive G1q accumulation along with synap-
tic loss in early AD. For microglial measurements, earlier research
also indicates that PET ligands targeting the 18 kDa translocator
protein (TSPO),*>*® or triggering receptor expressed on myeloid
cells 2 (TREM2),*” can be used to determine disease-associated
microglial states. Collectively, these novel biomarkers will help to
facilitate timely interventions, such as pioglitazone administra-
tion, to minimize synaptic loss at the earliest possible AD stage.

Despite the above-described findings, we acknowledge several
limitations in this study. For instance, the precise mechanism
underlying PPAR-y-mediated modulation of C1q remains unclear.
Early studies on diabetes have demonstrated that PPAR-y agonists,
such as pioglitazone or rosiglitazone, can reduce the binding ability
of Clq to adiponectin, a protein that is widely recognized for its
anti-diabetic and anti-inflammatory properties.***° Although
these results pertain to peripheral systems, when considered
alongside our findings, they suggest that pioglitazone or the
PPAR-y pathway might also play a role in modulating the upstream
phase of the Clg-binding and Clq-tagging process in the CNS.
However, it remains to be elucidated whether this modulation in-
volves direct protein-protein interactions or stems from certain
common structural properties of PPAR-y agonists.

Furthermore, as we strived to minimize variables and focus
solely on pioglitazone-induced alterations at synapses, we isolated
synaptosomes from the mouse brains. Earlier research has already
indicated multiple potential sources of synaptic C1q deposition,
such as microglia and astrocytes.’*>' As a result, we cannot entirely
rule out the involvement of other key elements in the CNS, e.g. glial
cells and their interactions, in the pioglitazone-induced alterations
of synaptic Clq. Further studies are required to explore whether
and how these glial cells participate in the regulation of synaptic
C1q following pioglitazone treatment.

920z Aieniga4 9z uo Jasn Nz usbunyuesyig eAneisusbapolnap Jn) wnauaz ssyosinaq Aq | 2Z08E8/899/2/61 /21011 /ulelq/woo dno-olwspeoe//:sdny woJj papeojumoq


http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaf462#supplementary-data

676 | BRAIN 2026: 149; 668-679 J. Zu et al.

A
Synaptosomes (dE9 + control diet)

DAPI [Eln)
~ -

3D 3D

|
. |

"
B

D
*ok ok *ok ok 159 p<0.001
B 15+ —— '
30 dokk ko g P
= % %k %k CD,__
o S ) = - gae
£ Ers =< 104
5o EEJT Sw
%3207 gg _g"é” /
@ 2 =] =5
cE % =ie @ -= /
> = A o E
5 aoog % .- 54 y
2 (=] A
g o 10- o5 571 O 5= p
= B 5 Q. ~
A4S e .
& @ 0- W | 1 ' |
L 0- e 0 10 20 30

& . > .0 pHrodo™ synaptosome volume
S ° & & ¢t per microglia (%)

o

Figure 4 Pioglitazone reduces microglial engulfment of synapses by suppressing synaptic C1q-tagging. (A) Representative images and quantification
of pHrodo-labelled synaptosome uptake by primary microglia isolated from wild-type (WT) mice. Microglia readily engulf synaptosomes derived from
untreated dE9 mice, whereas synaptosomes from pioglitazone-treated dE9 mice show significantly reduced uptake. Cytochalasin D-treated microglia
serve as a negative control for phagocytosis. (B) Quantification of synaptosome engulfment by microglia. Synaptosomes were isolated from control
diet-treated and pioglitazone-treated dE9 mice. Cytochalasin D treatment served as a negative control. (C) Quantification of C1q volume within micro-
glia. (D) Correlation analysis showing a positive relationship between microglial C1q* volume and the amount of engulfed synaptosomes (Pearson’sr =
0.7745, P <0.001). n=>5 mice per group. Data are presented as the mean + standard error of the mean. One-way ANOVA followed by Bonferroni’s mul-
tiple comparisons test [B: F(2,12) =833.5, P < 0.001; C: F(2,12) =116.1, P < 0.001]. **P < 0.01, **P < 0.001. Scale bars: 5 ym in A.
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In addition, this study primarily examined molecular and struc-
tural alterations of synapses close to amyloid-f plaques in early AD.
Although itis widely accepted that synapses serve as the underpin-
ning of cognitive processes,’>>* it remains questionable whether
the pioglitazone-induced synaptic changes around amyloid-p pla-
ques eventually translate into visible behavioural outcomes. One
crucial factor to consider here is the stage of AD. Given that we
used dE9 mice at their earliest AD stage, the structural pathology
is less likely to be reflected in the functional aspects, i.e. behaviours.
Therefore, future investigations should extend the duration of pio-
glitazone treatment to encompass the onset of behavioural path-
ology in the animal model and observe outcomes over a longer
treatment period. Moreover, the dE9 model lacks tauopathy, a cru-
cial component of AD-associated cognitive decline.>**® Although
previous studies have shown that pioglitazone intervention is not
effective on neuronal tau in singular tauopathy,”” it remains to be
explored how pioglitazone might preserve synapses in a similar
pathology or, ideally, in a combined pathology of both amyloid-
and tau. Collectively, these approaches would allow for a more
comprehensive study of the functional consequences of pioglita-
zone administration in AD.

Another limitation of this study is of a more practical nature.
Here, we administered pioglitazone using an ad libitum approach.
Although this method is widely used and we closely monitored
the food consumption of the mice, it remains a concern that un-
wanted variations could arise owing to the unquantifiable nature
of this approach. Therefore, in future studies, for bringing pioglita-
zone use closer to clinical practice, more accurate yet gentle drug
administration methods suitable for long-term use, such as infu-
sion pump implantation,®®*° should be used.

Conclusion

In conclusion, our study highlights the protective effects of pioglita-
zone on AD-associated synaptic pathology at amyloid-p plaques.
We unveiled a previously underexplored mechanism by which pio-
glitazone reduces synaptic C1lq deposition, thereby preventing its
removal by microglia. Given that synaptic function is fundamental
to cognitive performance, our findings suggest that pioglitazone
treatment might offer clinical benefits by slowing cognitive decline
in AD. This is particularly significant given the current bottleneck of
AD drugs in improving cognitive functions.®>®* Moreover, consider-
ing that pioglitazone is widely used in clinical practice and has a
well-established safety profile, our findings are highly translation-
al, because the application of pioglitazone can be extended
smoothly from its conventional indications to AD. Collectively,
our study calls for a re-evaluation of pioglitazone and other
PPAR-y agonists as potential clinical interventions for early-stage
treatment of cognitive decline in AD and other neurodegenerative
diseases characterized by synaptic loss.
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