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ABSTRACT

The development of disease-modifying therapeutics for Alzheimer’s disease remains challenging due to the
complex pathology and the presence of the blood-brain barrier. Previously we have described the investigation of
a brain-penetrating multifunctional bioreactive nanoparticle system capable of remodeling the hypoxic and in-
flammatory brain microenvironment and reducing beta-amyloid plaques improving cognitive function in a
mouse model of Alzheimer’s disease. Despite the linkage of hypoxia and inflammation to metabolic alteration,
the effects of this system on modulating cerebral glucose metabolism, mitochondrial activity and synaptic
function remained to be elucidated. To examine this, a transgenic mouse model of Alzheimer’s disease
(TgCRND8) in vivo were treated intravenously with beta-amyloid antibody-conjugated (Ab), blood-brain barrier-
crossing terpolymer (TP) containing polymer-lipid based manganese dioxide nanoparticles (Ab-TP-MDNPs).
Alterations in cerebral glucose utilization were determined by [*F]FDG-PET imaging in vivo, with glucose
metabolism and mitochondrial activity analyzed by biomarkers and studies with primary neurons in vitro.
Synaptic function was evaluated by both biomarkers and electrophysiologic analysis. Current study shows that
intravenously administered Ab-TP-MDNPs enhanced cerebral glucose utilization, improved glucose metabolism,
mitochondrial activity, and increased the levels of neprilysin, O-glycosylation. The consequence of this was
enhanced glucose and ATP availability, resulting in improved long-term potentiation for promoting neuronal
synaptic function. This study highlights the importance of targeting the metabolism of complex disease pa-
thologies in addressing disease-modifying therapeutics for neurodegenerative disorders such as Alzheimer’s
disease.

1. Introduction

However its originating causal role in AD pathology remains contro-
versial, in part due to the known contributions of other neuropathologic

Alzheimer’s disease (AD) is a neurodegenerative disorder charac-
terized by cognitive impairment with complex etiology. This multifac-
eted pathology of AD poses significant obstacles to finding effective
disease-modifying therapies. Additionally, constraints of the blood-
brain barrier (BBB) add further challenges to efficiently delivering
therapeutics to disease loci [1]. To date, amyloid p (Af) has been a prime
target in the development of disease-modifying therapies for AD [2-4].

factors in AD progression [4].

Brain hypometabolism either primary or secondary to vascular
hypoperfusion is a key feature of AD [5,6]. As one of the body’s most
active organs in terms of glucose utilization, the brain depends inti-
mately upon supplies of glucose as its primary source of energy. Indeed
in AD, glucose hypometabolism is observed well before symptomatic
disease onset, suggesting a significant role for glucose impairment in the
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development of AD [7]. Specifically glucose utilization within the brain
undergoes an ~50% reduction during the early stages of AD, correlating
with a decline in cognitive function [8,9]. Therefore, therapeutic in-
terventions have been explored to improve cerebral metabolism in AD
[10], including supplementation with lactates [11]. While preclinical
results showed promise [10,12], clinical data indicate that this thera-
peutic effect would likely be limited to the early stages of disease pro-
gression, though it remains a major target within the current clinical
trial pipeline [13].

Synaptic dysfunction is also a prominent early hallmark of AD [14].
Given its noted effects on cognitive memory in AD, drugs aimed at tar-
geting synaptic dysfunction have been explored clinically [15]. How-
ever modifiers of synaptic function are currently limited to symptomatic
alleviation, suggesting that synaptic dysfunction is just one aspect of the
greater neural dysfunction observed in AD [15]. The root causes could
include not only direct synaptic effects mediated through toxic isoforms
of A, but also metabolic dysfunction and oxidative stress [3].

To address the above issues, this study explores the potential
multimodal effects of Ab-TP-MDNPs in altering the metabolic and syn-
aptic dysfunctions observed in AD. Ab-TP-MDNPs employ an efficient
brain-penetrating drug delivery technology, leveraging a unique
terpolymer (TP) system developed in our laboratory to retard reductions
in neural function seen in AD. The terpolymer consists of starch grafted
poly(methacrylic acid) and polysorbate 80 to facilitate endogenous
apolipoprotein E addition, promoting transfer across the BBB via low
density lipoprotein receptor-mediated transcytosis [16-21]. The surface
of nanoparticles is decorated with anti-Ap antibody to promote adher-
ence to Ap plaques and oligomers within the brain [16]. Due to their
payload, Ab-TP-MDNPs subsequently react with plaque-associated
reactive oxygen species (ROS) detoxifying them to generate non-toxic
local Oj. This reaction addresses several key issues in AD pathology
beyond hypoxia and toxic ROS. In our previous investigations we have
determined the efficacy of Ab-TP-MDNPs in reducing oxidative stress
and neuroinflammation, aiding local vascular normalization, thus
enhancing Ap clearance and ultimately improving cognitive function in
an AD mouse model [22]. In the present study, we examine the potential
of intravenously administered Ab-TP-MDNPs to utilize the above func-
tions to improve glucose utilization and metabolism within the brain of a
transgenic mouse model (TgCRNDS strain) of AD to enhance cerebral
neuronal function. The proposed mechanism and outcomes of
Ab-TP-MDNP treatment are illustrated in Fig. 1. The results demonstrate
that Ab-TP-MDNP treatment enhances brain glucose utilization, result-
ing in improved energy metabolism to support neuronal function. This
improvement in CNS function was assessed using both functionally and
electrophysiologic measures, [“¥F]JFDG (fluorodeoxyglucose)-PET
(positron emission tomography), CT (computed tomography); together
with previously identified biomarkers.

To the best of our knowledge this study is the first attempt to assess
functional and metabolic aspects of cerebral neurons in AD following the
application of a multimodal nanoparticle treatment, in order to gain a
comprehensive understanding of therapeutic outcomes associated with
manganese dioxide nanoparticle treatment. These findings thus provide
valuable insights into further optimizing such technology further,
facilitating its transition toward clinical application for the treatment of
AD.

2. Materials and methods
2.1. Materials

Soluble corn starch (molecular weight [MW] = 11,000 g/mol),
methacrylic acid (MAA), sodium thiosulfate (STS), potassium persulfate
(KPS), polysorbate 80 (PS 80), sodium dodecyl sulfate (SDS), N-(3-
(dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC),
ethyl arachidate, dextrose, phosphate-buffered saline (PBS), and Triton
X-100 were purchased from Sigma-Aldrich, Canada (Oakville, ON,
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Canada). All chemicals were of analytical grade and used without
further purification unless otherwise indicated.

2.2. Formulation and characterization of Ab-TP-MDNPs

Brain-penetrating Ap-targeted nanoparticles (Ab-TP-MDNPs) were
synthesized as previously described [16]. Brain permeable terpolymer, i.
e., poly(methacrylic) acid (PMAA) and polysorbate 80 (PS80) grafted
starch (St) (PMAA-PS 80-g-St) was synthesized to prepare polymer-lipid
nanoparticles [16-20]. Anti-Ap antibody 4G8s functionalized
terpolymer was obtained by conjugating 4G8 (Biolegend 800703, San
Diego, CA, USA) to the polymers using well-known 1-ethyl-3-(3-dime-
thylaminopropyl) carbodiimide (EDC) chemistry. Briefly,
Ab-TP-MDNPs were prepared using a modified “one-pot” synthesis
method. The formulation process begins with the synthesis of precursor
MnO; from KMnO4 using polyvinyl alcohol as a reducing agent and
incorporating these precursor small metal particles into the
polymer-lipid matrix. The final MnO; carrier polymer-lipid particles
were self-assembled using 4G8 functionalized terpolymers and low
melting point lipids under ultrasound sonication at 80% peak (Hielscher
UP 100H probe ultrasonicator, Ringwood, NJ, USA). Lastly, the obtained
nanoparticles solution was purified against doubly distilled deionized
water (DDIW) using the Minimate™ Tangential Flow Filtration Systems
(Pall Corporation, Mississauga, ON, CA) and the purified nanoparticles
were lyophilized in the presence of a cryoprotectant glucose (1 w/v%) to
obtain the dried powder for further use. The particle size and zeta po-
tential of the lyophilized Ab-TP-MDNPs were measured using the Mal-
vern Zetasizer Nano ZS (Worcestershire, UK) (data not shown). The
concentration of MnOs in the polymer-lipid formulation was confirmed
by measuring the Mn metal ion concentration using an inductively
coupled plasma atomic emission spectroscopy (ICP-AES, Optima 7300
DV ICP-AES, PerkinElmer Ltd, Boston, MA, USA) method.

2.3. Animals

TgCRNDS transgenic mice (AD mice) and their wild type (WT) lit-
termates were bred at the Krembil Discovery Tower (KDT), Toronto, ON,
Canada [23], and were transferred for experimental work to the
Spatio-Temporal Targeting and Amplification of Radiation Response
(STTARR) facility within the University Health Network (UHN). All
experiments were approved by the Animal Care Committee at UHN. The
TgCRND8+ AD mouse strain was developed and characterized as pre-
viously described [23]. Random distributions of male and female mice
were used in the experiments to minimize any possible bias, and the
observer blinded as to treatment. All animal care procedures undertaken
were performed in accordance with the Guide to the Care and Use of
Experimental Animals established by the Canadian Council of Animal
Care and were approved by the UHN Animal Care Committee (AUP
5703).

2.4. ["*FJFDG-PET/CT imaging

Six-month-old AD mice were treated [V with 100 pmol Mn/kg b.w. of
Ab-TP-MDNPs or vehicle control twice weekly for 2 weeks. The animals
were subjected to ['*F]FDG-PET/CT measurement 3 days prior to
(baseline) and 3 days after the last treatment (post-treatment measure-
ment). The animals underwent overnight fasting before the scan and
blood glucose concentration was obtained from a blood sample prior to
radiotracer injection to ensure adequate cerebral absorption of the
glucose upon administration of [‘F]FDG radiotracer. Then, the animals
received intravenous [*F]FDG (8.80-20.11 MBq; mean 13.52 MBq) 60
min before the [**F]FDG-PET scan for 20 min. The ['*F]FDG-PET images
were reconstructed using ordered subset expectation maximization
(OSEM) with 4 subsets, 4 iterations as well as attenuation and scatter
correction. The reconstructed PET resolution was 400 pm isotropic.
Prior to PET imaging, CT images were acquired with 50 kVp, 980 pA and
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Fig. 1. Schematics illustrating proposed effects of Ab-TP-MDNP treatment in the brain of a mouse model of AD. (A) Intravenously administered Ab-TP-MDNPs can
exert several beneficial effects, including generating oxygen, reducing local oxidative stress, enhancing the mitochondrial TCA cycle to promote more efficient energy
production in affected neurons. The improved production of local adenosine triphosphate (ATP) in affected brain regions aids in promoting neuronal synaptic
signaling, ultimately promoting better cognitive network activity and memory retention. (B) Schematic diagram showing that the basic chemical reaction of
manganese dioxide in the Ab-TP-MDNPs. This activity can block Ap-induced oxidative stress and associated vascular dysfunction resulting in hypoxia which can
compromise mitochondrial function, ATP production and triggers ROS generation. These events within the brain microenvironment culminate in altered metabolic
activity in the brain.
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300 msec exposure time. CT scans were reconstructed using voxel and
slice thickness settings resulting in an isotropic voxel size of 125 pm. PET
and CT images were automatically co-registered with Mediso’s Nucline
nanoScan® 3.00.020.0000 software (Budapest, Hungary). Images were
analyzed using Brain Atlas software (Invicro VivoQuant® 2021, Boston,
MA, US) for automated brain segmentation and derivation of regional
PET uptake volumes-of-interest (Siemens, Berlin, Germany).

2.5. Immunohistochemistry

Mouse brains were harvested following perfusion with saline, fol-
lowed by 10% neutral buffered formalin. Tissues were then processed
and embedded in paraffin. Sectioning was performed on a Leica RM2125
microtome (Wetzlar, Germany) at 7 pm. Following heating, sections
were processed through a series of xylene and ethanol baths prior to
rehydration. Sections were then treated with 3% Hy05 for 15 min at
room temperature to inactivate endogenous peroxidase activity for 40
min in methanol containing 1% HyO,. Briefly following rehydration
endogenous peroxidases were quenched by incubating the sections for
40 min in methanol-containing 1% H3O2. Following rinsing, sections
were stained with primary antibodies against MCT2 (sc-166925 HRP,
Santa Cruz, Dallas, TX, USA) following the manufacturer’s instructions
overnight at 4 °C. Following washing in blocking buffer for 3 x 5 min,
this was followed by 1 h in goat anti-rabbit IgG, washed, and 1 h in
avidin-HRP at room temperature. Sides were visualized by 5-10 min
exposure in diaminobenzidine (DAB, 1 mg/ml in 0.1 M Tris-HCl [pH
7.5]) with hydrogen peroxide (0.03 % final concentration). Counter-
staining was performed using CAT hematoxylin (CATHE-MM, 1:5, Bio-
Care Medical, Etobicoke, ON, Canada) for 2-5 min for each slide. Slides
were covered with either EcoMount (BioCare Medical, Etobicoke, ON,
Canada) or Vector Express Mounting Medium (H-5700, Vector Labora-
tories, Newark, CA, USA) and visualized under a Hamamatsu Nano-
zoomer 2.0HT (Hamamatsu Photonics, Shizuoka, Japan) slide scanning
microscope at 20x or 40x magnification. Images were analyzed and
quantified using Hamamatsu NDP.view2 and ImageJ software.

2.6. Western blotting assay

Brains were homogenized in 1 mL of 1x radio-immunoprecipitation
assay buffer (RIPA) buffer (pH 8.0) supplemented with 100 pL of 1X
protease inhibitor mixture, and 200 pL each of 1x phosphatase inhibitor
mixtures 1 and 2 (Sigma-Aldrich, St. Louis, MO, USA) per 10 mL of ice-
cold buffer. One ml of buffer was used per 40 mg of brain tissue disso-
ciated using a homogenizer (Fisher Scientific High Viscosity Homoge-
nizer PowerGen 1000 S1, Waltham, MA, USA). Following 15 min of
dissociation in ice-cold buffer, homogenates were centrifuged at
14,000xg for 10 min and the supernatants obtained. Protein concen-
tration was determined by Pierce BCA Protein Assay Kit (Thermo Sci-
entific, Waltham, MA, USA). Protein samples were heated at 95 °C in 4X
sample loading buffer (final: 2 % SDS) for 5 min prior to addition and
separation by polyacrylamide gel electrophoresis (Bio-Rad, Hercules,
CA, USA). Samples were then transferred onto polyvinylidene difluoride
(PVDF) membranes (Bio-Rad, Hercules, CA, USA) for electrophoretic
transfer. Following 1 h of blocking in 5% goat sera 0.1% Tween-20,
PVDF membranes were incubated with primary anti-OGlcNAc
(1:1000, 9875, Cell Signaling, Danvers, MA, USA), TOMM20
(1:10000, Ab186735, Abcam, Mississauga, ON, Canada), synaptophysin
(1:2000, Ab52636, Abcam, Mississauga, ON, Canada), PSD-95 (1:1000,
Ab18258, Abcam, Mississauga, ON, Canada), p-AKT (1:2000, #4060,
Cell Signaling, Danvers, MA, USA), or anti-B-actin antibody (1:1000,
Ab8226, Abcam, Mississauga, ON, Canada) at room temperature for 1 h.
The membranes were then washed and incubated with appropriate
secondary antibodies for 1 h prior to luminol-based development using
enhanced chemiluminescence horseradish peroxidase substrate
(Thermo Scientific, Waltham, MA, USA), with images captured by
ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA), and
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analyzed by Image Lab Software (Bio-Rad, Hercules, CA, USA). The band
intensities of the target proteins were normalized to f-actin for each
treatment group.

2.7. Engyme-linked immunosorbent assay (ELISA)

AD mouse brains were removed from mice 24 h after the last treat-
ment of Ab-TP-MDNPs. Whole brains were homogenized as described
above. Supernatant were then collected and used to measure protein
content of mouse neprilysin (EM55RB, Invitrogen, Waltham, MA, USA)
as per the manufacturer’s instructions. xMark Microplate Absorbance
Spectrophotometer (Bio-Rad Hercules, CA, USA) was used to measure
the level of neprilysin.

2.8. ATP bioluminescence assay, enzymatic lactate assay

AD mouse brains were removed 24 h following their final treatment
with Ab-TP-MDNPs. Whole brains were homogenized as described
above. Supernatants were then collected and monitored for lactate
(Ab65530, Abcam, Mississauga, ON, Canada) and ATP levels
(11699709001, Roche, Basel, Switzerland) as per the manufacturer’s
instructions. Xenogen IVIS spectrum imager (Caliper Life Sciences,
Hopkinton, MA, USA) was used to measure the ATP level, and xMark
Microplate Absorbance Spectrophotometer (Bio-Rad, Hercules, CA,
USA) was used to measure the lactate level.

2.9. Live imaging of primary cortical neurons

Eight-well chambered glass coverslips (Nunc, 12565338) were
coated with 0.1 mg/ml poly-L-lysine (Sigma, P1399) solution overnight
at 4 °C, then washed 3 times with DDI H,0 and allowed to dry for 1 h.
Cortices were dissected from post-natal day 0 (PNDO) CD-1 mice, the
dura removed and gently triturated to dissociated to single cells, filtered
through a 70 pm filter, and numbers of trypan blue-excluding (viable)
neurons determined following dissociation. 60,000 trypan blue
excluding cells were seeded per well of an 8-well plate in 300 pL of
DMEM (Sigma, D5796) supplemented with 10 % FBS and 1% penicillin-
streptomycin-glutamine (PSG) (Invitrogen, 10378016) for the first 24 h.
The following day the media was completely swapped to serum-free
Neurobasal media (Gibco, 21103049) supplemented with 2% B-27
(Gibco, 17504044) and 1% PSG. A 50% media swap was performed
every 3-4 days. 1 pM cytosine arabinoside (Sigma, C6645) was added
after one day in Neurobasal media and refreshed for the first media swap
only to inhibit glial cell growth. Neurons were cultured at 37 °C in a
humidified 95% air 5% CO5 for 9-10 days prior to the experiment. On
the day of the experiment cells were incubated with 1.5 pM of the live
cell nuclear marker Hoechst 33342 (Invitrogen, H1399) for 1 h, after
which the media was swapped to fresh Neurobasal media containing
100 nM TMRM (Setareh Biotech, 6275) to monitor mitochondrial ac-
tivity in real time. Cells were then treated with 5% dextrose vehicle, 15
pM Ab-TP-MDNPs, 50 pM Hy05, or a combination of 15 pM Ab-TP-
MDNP/50 pM H20; and imaged at 37 °C, 5 % CO3 every 30 min using a
WaveFX spinning-disk confocal microscope equipped with a Hama-
matsu EM-CCD C9100-13 camera. Images of selected regions were
examined using Volocity software starting 1 h after the initiation of
treatment and continuing for 6 h following treatment. Images at 6 h
were normalized to time zero images. At 6 h, 10 uM calcein AM (Bio-
legend, 425201) was added to the media and imaged after 30 min to
observe overall cell viability.

For testing the effect of Ab-TP-MDNP on oligomeric Af-induced
mitochondrial dysfunction, primary neurons were pre-treated with 10
pM oligomeric Ap42 for 9 h, followed by addition of 15 pM Ab-TP-
MDNPs for 1 h. Imaging was performed on a Zeiss AxioObserver.Z1
inverted widefield microscope equipped with a Hamamatsu ORCA-Flash
4.0 camera and LCI Chamlide stage-top incubator. Regions were selected
Zeiss Zen software (Blue edition).
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2.10. Hippocampal slice preparation

Hippocampal slices were prepared as described previously [24,25].
Briefly, six-month old mice were deeply anesthetized with isoflurane
(5%) and decapitalized. Brains were rapidly removed and placed in
ice-cold ACSF solution 1 containing 205 mM sucrose, 26 mM NaHCO3,
10 mM glucose, 2.5 mM KCl, 1.25 mM NaHPOy4, 5 mM MgSOy4, 0.5 mM
CaCly. The solution was constantly bubbled with 95% 0,-5% CO, and
the brain allowed to cool for 2-3 min. The brain was sliced into 350 pm
coronal live sections using a vibratome (VT1200 Leica). Slices were then
transferred to a holding chamber containing bubbled artificial cere-
brospinal fluid (ACSF) solution 2 containing 124 mM NaCl, 26 mM
NaHCOs3, 10 mM Glucose, 3 mM KCl, 3 mM NaH5PO4, 1 mM MgSOy, 2
mM CaCl,. Slices were allowed to recover at 31 °C for 40 min and at
room temperature for another 30 min.

2.11. Electrophysiological recordings

Extracellular recording using hippocampal slices were performed in
a submerged flow chamber system (Warner Instruments). Oxygenated
ACSF was perfused at a rate of 2 ml/min at 31 °C. Bipolar stimulation
electrode (FHC: MX21XEP(RM1)) were placed at Schaffer collaterals
within the stratum radiatum of hippocampal slices. Recording elec-
trodes was fabricated with a Sutter P1000 puller and filled with ACSF at
1-2 mQ resistance placed into the CAl area. Field excitatory post-
synaptic potentials (fEPSP) were measured from recording electrode
evoked via stimulation of Schaffer collaterals. Field EPSPs were ampli-
fied using a Multiclamp 700B amplifier (Molecular Devices, USA) and
digitized at 40 kHz. WinLTP software was used to record the fEPSPs onto
PC computer. Stimuli (100 ps duration) were delivered once every 30 s
using a DS3 constant current stimulation isolator (Digitimer, UK). After
obtaining optimal fEPSPs, electrodes were allowed to stabilize for 10
min. Input-output curve was generated by gradually increasing the
stimulation intensity. Online real-time data analysis was monitored to
ensure a stable baseline, following stable baseline recording for 30 min,
a compressed theta burst was given (cTBS, each TBS consisted of 5 burst
at 5 Hz, with each burst composed of 5 pulses at 100 Hz, three TBS
episodes were delivered at 10 s interval), delivered to induce long term
potentiation (LTP). Following cTBS stimulation, a subsequent 1-h
recording was performed.

2.12. Electrophysiology data analysis

Data are presented as mean + SEM. N represents number of slices
from different animals. Rising slope of fEPSPs was analyzed to examine
response intensity. The amplitude of fiber volleys was analyzed for input
output curve. For LTP experiments responses were normalized to the last
5 min of baseline prior to ¢TBS stimulation. Statistical significance was
assessed using one-way ANOVA and followed by post hoc LSD multiple
comparison test (SPSS). For input output curve statistics, repeated
measures ANOVA was used and followed by post hoc LSD multiple
comparison test (SPSS). Significance is denoted as *p < 0.05.

2.13. Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 (San
Diego, CA, USA). Data were analyzed using either t-test, Fisher’s exact
test, or ANOVA test followed by Tukey’s multiple comparison test as
appropriate. Data are represented as mean + SD. p 0.05 results were
considered statistically significant.
3. Results

3.1. Ab-TP-MDNPs increase cerebral glucose utilization

In light of the pivotal role of oxidative stress and hypoxia in cerebral
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glucose metabolism in AD mice, we investigated the therapeutic effects
of Ab-TP-MDNPs on cerebral glucose utilization in vivo using [IBF] FDG-
PET/CT imaging. In conjunction with CT such imaging allows for the
localization and segmentation of glucose uptake in different brain
compartments (Fig. 2A-1, 2A-2), ['8F]FDG-PET is the most validated
imaging modality to measure glucose utilization in the brain using ra-
diotracers [7]. Ab-TP-MDNPs were synthesized as previously described
[16] (Fig. S1) and administered intravenously twice a week for two
weeks. To access brain function, PET/CT scans were performed before
and following treatment (Figs. 2A-3). The pre-treatment scans for each
animal served as their respective baseline measurements to account for
individual variability. After 2 weeks of treatment an increase in cerebral
glucose utilization was observed in several brain regions, including the
cortex and hippocampus. Compared to vehicle (Veh) controls,
Ab-TP-MDNP treatment resulted in an increase of 35-70% in cerebral
glucose utilization, depending on the region, with a remarkable 48%
increase in the cortex, and 66% increase in the hippocampus, without
altering the expression level of glucose transporter protein type 3
(GLUT3) in the brain (Fig. S2). By contrast cerebral glucose utilization in
the control treatment group exhibited a decreasing trend below the
baseline, while Ab-TP-MDNP treatment showed an increase of 31-46%
above the baseline. Remarkably Ab-TP-MDNP treatment demonstrated
an increase in cerebral glucose utilization across all brain regions,
implying a widespread and comprehensive impact of nanoparticles on
oxidative stress and hypoxia throughout the brain during the brief
period of AD treatment in our studies.

3.2. Ab-TP-MDNPs improve glucose metabolic efficiency

The brain microenvironment of AD plaques presents regions of low
oxygen, promoting a shift in metabolism toward glycolysis reducing
available neuronal ATP [26,27]. Owing to the reactivity of encapsulated
MnO, along with the disease site-targetability, Ab-TP-MDNPs can
locally generate oxygen in regions of AD injury containing elevated
concentration of HyOy [16,22], which may induce more efficient
oxidative phosphorylation (Fig. 1B).

A consequence of poor glucose utilization linked to AD is the pres-
ence of O-linked-N-acetylglucosaminylation (OGIcNAc)  post-
translational modification of proteins, which arise under conditions of
abundant glucose [28], known to exhibit protective effects against the
AD-induced toxicity [29]. Consistent with increased glucose utilization
in AD brain shown in Fig. 2, Ab-TP-MDNPs increased the levels of
OGIcNAc by 70% (Fig. 3A).

Owing to high lipid content, regions of significant free radical gen-
eration in neurons such as the mitochondria in neurons are strikingly
susceptible to the effects of hypoxia and oxidative stress [30]. To
exacerbate these effects, the high glucose consumption and energetic
demand of neurons make them vulnerable to even brief interruptions in
oxygen supply; particularly if vascular availability to glucose is already
limited [5]. Because of this, mitochondrial dysfunction is known to
contribute significantly to the observed effects of AD [26,31]. To study
the influence of anti-oxidant and oxygen-generating Ab-TP-MDNPs on
mitochondria in AD mouse brain, we determined the level of translocase
of the outer mitochondrial membrane complex subunit TOMM20. As
shown in Fig. 3B, levels of TOMM20 in the whole brain homogenates
increased 25% following 2 weeks of Ab-TP-MDNPs treatment. Because
of efficient delivery of glucose to brain cells and improved mitochon-
drial function, ATP levels were observed to increase 32% following
treatment within the brain microenvironment (Fig. 3C), improving
critical energy resources for impaired neurons. A consequence of
improved mitochondrial function and enhanced oxygen production
from Ab-TP-MDNPs treatment can shift the glucose metabolism into
more efficient oxidative phosphorylation from anerobic glycolysis. To
investigate the effects of Ab-TP-MDNPs on metabolic reprogramming,
we measured lactate levels in whole brain homogenates following
Ab-TP-MDNPs treatment. As shown in Fig. 3D, Ab-TP-MDNPs treatment
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Fig. 2. Ab-TP-MDNPs improve glucose utilization in AD brain. (A-1) Representative example of [**F]JFDG-PET/CT scan in the experimental group. (A-2) Example of
6-month old AD mouse (random distributions of male and female mice) treated IV with 100 pmol Mn/kg body weight (b.w.) of Ab-TP-MDNPs (NP) or vehicle (Veh)
(4% dextrose) (control group) twice weekly for 2 weeks, ['*F]FDG-PET measurements taken before and after the treatment. (A-3) Representative example of brain
segmentation of CT scan using Brain Atlas software. (B) Cerebral glucose utilization assessed by [**F]FDG-PET/CT in AD mouse brain pre- and post-treatment with
either Ab-TP-MDNPs or Veh, (B-1) representative brain images are shown. (B-2) Cerebral glucose utilization values were normalized by individual pre-treatment
values and compared between two treatment groups. (B-3) Cerebral glucose utilization was compared between pre- and post-treatment within the Ab-TP-MDNPs
treated animals. Scale bar equals 100 pm. The data are presented as mean + SD (n = 6 per group). Individual values are presented as dots for both vehicle and
NP-treated mice. Asterisk(s) (*) denotes a significant difference at *p < 0.05, **p < 0.01, ***p < 0.0001) compared to vehicle treatment. N.S. — not significant.
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Fig. 3. Ab-TP-MDNPs improve the efficiency of glucose metabolism. Six-month old AD mice (random distribution, male and female mice) were treated IV with 100
pmol Mn/kg body weight of Ab-TP-MDNPs (NP) or vehicle (Veh) (4% dextrose) (control group) twice weekly for 2 weeks (Fig. 3A-F, Treatment schedule follows that
in Fig. 2A, n = 5 per treatment group). (A) Western blot analysis for OGlcNAc in whole brain homogenates of either Ab-TP-MDNPs or Veh treated animals showing 3
representative band images (A-1) and its analysis (A-2). (B) Western blot for TOMM20 (outer mitochondrial marker) in whole brain homogenates of either Ab-TP-
MDNPs or Veh treated animals showing 3 representative band images (B-1) and its analysis (B-2). (C) Level of ATP measured by ATP bioluminescence kit in the AD
brain homogenates. (D) Level of lactate measured by enzymatic lactate assay kit in the AD brain homogenates. (E) Representative IHC images (E-1) and corre-
sponding quantification (E-2) of the neuronal lactate transporter MCT2, in the hippocampus and cortex of AD mouse brain. The scale bar corresponds to 100 pm. (F)
Levels of neprilysin as measured by ELISA in the AD brain homogenates. For Fig. 3A-F, data are presented as mean =+ SD. Individual values are shown (dots) for both
vehicle and NP-treated mice. (G) Effect of Ab-TP-MDNPs on mitochondrial activity: Quantification plots (G-1) and representative CLSM images (G-2) demonstrating
the effects of Ab-TP-MDNPs on mitochondrial activity in mouse cortical neurons following H;O, treatment. Data are presented as mean + SD (n = 8). Scale bar
Eepresents 20 pm. Asterisk (*) denotes a significant difference at *p < 0.05) compared to vehicle treatment.

<

promoted a reduction in brain lactate levels by 15%, consistent with
improved mitochondrial function in the treated AD brain (Fig. 3B).
Similarly, consistent with a drop in local lactate, Ab-TP-MDNP treat-
ment reduced expression of monocarboxylate transporter 2 (MCT2), the
major neuronal lactate transporter in the brain by 63% in the cortex and
77% in the hippocampus (Fig. 3E). In addition, we determined the
expression of neprilysin, a major A degrading enzyme whose regulation
is suppressed by hypoxia, and found that the treatment with
Ab-TP-MDNPs increased its level by 25%, which could enhance Ap
clearance from the brain (Fig. 3F).

To further investigate the effects of Ab-TP-MDNPs on mitochondrial
function in real time, we examined mouse cortical neurons in vitro,
monitoring both mitochondrial potential using tetramethylrhodamine
(TMRM) together with a marker of overall cell viability (Calcein AM) in
the presence of HyO5 (Fig. 3G). While treatment with Ab-TP-MDNPs
alone did not alter cell viability or mitochondrial activity, introduc-
tion of HyO» to primary cortical neurons exhibited an acute and signif-
icant reduction of mitochondrial membrane potential in the presence of
50 pM H20, with retraction of neurites over a period of 24 h (Figs. 3G-2,
H,07). By contrast, treatment with Ab-TP-MDNPs in the presence of
H20;, noticeably protected neuronal morphology and mitochondrial
activity (Figs. 3G-2). Given the known effects of Ap oligomers on neu-
roinflammation and ROS generation, we further examined the ability of
Ab-TP-MDNPs against oligomeric Ap-induced mitochondrial dysfunc-
tion. As shown in Fig. S4, Ab-TP-MDNPs treatment reduced AB-induced
damages in mitochondrial activity of the primary neuronal culture.

3.3. Ab-TP-MDNPs enhances synaptic function

Impaired glucose metabolism and lack of ATP can adversely affect
neuronal function, including memory formation in the brain. A critical
aspect of memory formation involves activity-dependent strengthening
of synaptic response following high-frequency stimulation, termed long-
term potentiation (LTP) [32]. To study the potential of Ab-TP-MDNPs on
enhancing synaptic function, Schaffer collateral stimulation-induced
field excitatory postsynaptic potentials (fEPSP) were recorded extra-
cellularly in the CA1 striatum radiatum region of hippocampus from
coronal mouse slices. As shown in Fig. 5A, c¢TBS stimulation induced a
reliable LTP (177.52 + 7.95 compared to baseline) from WT mice.
Though the current set did not achieve statistical insignificance due to
inherent high variation in these animals, the same cTBS stimulation
induced reduced LTP (157.50 + 12.33) in AD mice compared to WT
controls, in line with the previous reports on hippocampal synaptic
disruption in TgCRND8 mice [33]. As shown in 4B-3, impaired LTP in
AD mice treated with Veh (157.50 + 12.33) was fully rescued by
Ab-TP-MDNPs treatment (202.45 + 13.29). Basal excitatory synaptic
transmission was reduced in both treatment groups in AD mice, as
assessed by their input-output (I/O) curve. Consistently, maximal syn-
aptic response was observed to be reduced in AD mice (WT = 1.73 +
0.16 mV, Veh treated AD = 0.82 + 0.24 mV, NP treated AD = 0.64 +
0.09 mV). These results suggest that Ab-TP-MDNP treatment may have
therapeutic effects on mitigating LTP dysfunction. Western blotting
examining synaptic proteins 2 weeks following Ab-TP-MDNP treatment
also supports a role in synaptic function in that Ab-TP-MDNP increased

presynaptic levels of presynaptic protein synaptophysin by 35%
(Fig. 4C). Postsynaptic density protein 95 (PSD-95) demonstrated a
trend toward increasing expression but was not statistically significant.
Consistent with their role in promoting hippocampal LTP and synaptic
plasticity [34,35], levels of phosphorylated PKB/Akhenaten (p-AKT)
increased by 102% following Ab-TP-MDNP treatment. These results
suggest that Ab-TP-MDNPs treatment can improve synaptic function and
enhance LTP in this AD mouse model.

3.4. Histopathological evaluation of long-term Ab-TP-MDNP treatment

As an initial step to assess the relative safety of this novel AD treat-
ment, we conducted the histopathology examination of major organs in
animals treated with Ab-TP-MDNPs over 8 weeks period. Representative
histological images of the major organs are presented in Fig. 5A, along
with the independent pathologist report included in the supplemental
materials (Fig. S5). Histopathological analysis revealed no significant
adverse effects the major organs of Ab-TP-MDNPs treated animals as
compared to those in the control group treated with vehicle (Veh).
Furthermore, we monitored the body weight of the animal throughout
the 8 weeks of treatment and found no significant changes following Ab-
TP-MDNP treatment (Fig. S3). These results collectively support the
relative safety of Ab-TP-MDNP treatment as a potential disease-
modifying therapy for AD.

4. Discussion

Our studies have demonstrated the ability of Ab-TP-MDNPs to reach
disease-affected regions in the brain and effectively address cerebral
glucose metabolism and synaptic function, which are critical to the
development of AD. Following IV administration, Ab-TP-MDNPs were
successfully transported to the brain through a terpolymer-based brain-
drug delivery platform and improved the efficiency of glucose utilization
and induced metabolic reprogramming in part by improved mitochon-
drial function, leading to enhanced ATP generation. Consequently, this
approach was observed to improve synaptic function likely through the
provision of additional energy resources to brain to promote proper
neuronal function, contributing to the multifunctional actions of Ab-TP-
MDNPs that break the pathological and pathogenetic cycles [22].

Ab-TP-MDNPs effectively enhanced glucose utilization in the brains
of the moderate stage of AD. Ab-TP-MDNPs treatment appears to exert
these effects by reducing oxidative stress and hypoxia, which represent
substantial roles in the pathology of AD. Hypoxia and oxidative stress
are thought to trigger vascular dysfunction through aberrant activation
of angiogenesis in part through the hypoxia-inducible factor-1 (HIF-1)/
Vascular endothelial growth factor (VEGF) pathway, inducing disrup-
tion in the development and contractility of vessels [36,37]. Impaired
blood flow consequently impedes the delivery of essential nutrition and
oxygen required for brain metabolism, reducing the energy substrates
for normal function [22,38]. Consistent with this, control treated ani-
mals exhibited a decreasing trend in cerebral glucose utilization even
during the 3 weeks of experiment, indicative of disease progression to-
ward advanced stage. In contrast, Ab-TP-MDNPs treatment effectively
counteracted and rescued the hypometabolic state induced by AD in the



E. Park et al. Biomaterials 318 (2025) 123142

A =
T
"_%‘ LTP measured ’
4-moold B 100 pmol MnOz2/kg, 1 treatment/week \.
AD mouse o N Histopath
Day 0 Veh or NP treatment for 8 weeks 56 60 Examined
B-2
300 o WT B-3 B-4
_ o AD+Veh 300+ 0=0.14 _2.5- "
@ 250 ¢ o AD+NP - > —
= : £ o= <204 ——
£ 200 8004 23 S
o K4 €154
o [] =
s 150 o = S p=0.69
o iy 2 1.0+
i o 100
CRND8+vehicle ﬁ.'.l 100 8 o
= W & 0.5 ﬁ
50 =
1 . Y Y y Y 0 T T T 0.0 T T T
0.5mv g 29 i 40 _60 &0 WT AD AD WT AD AD
o Time (min) Veh NP Veh NP
2 B-5 B-6
= WT 1.5
<121 -« AD+Ven z ﬁi
CRND8+NP E 4 AD+NP k1 Ej
+| — T p
> 0.8 3— 1.0+ % T*p-0.0Z
2 ] 9
o ; o s
T oA i , $ 0.5 éﬁf } |*p<0.001
@ 1 - :
E ; /i g ¢ i = WT
- 0.0 e AD+Veh
0.0 & . i . , -4~ AD+NP
0 50 100 150 200 00 02 04 06 038 1.0
c Stim intention (uA) Fiber volley (mV)
Veh1 Veh2 Veh3 NP1 NP2 NP3 2.0+ . 2.0+ 15 _ )
= —
S S Ges SeS s @me  PSD95 S T c p=0.072 —
S 1.5 £154 — £ .
. = [$] [5) 1.0
S S e S S aae  Synaptophysin .= T kg s -
21.04 5 1.0 c
.- . p-AKT 3 =
- T8 08 wg g a < 05
© 0.5+ o 0.5
S — W o " (-actin .
0.0- 0.0- 0.0
Veh NP Veh NP Veh NP

Fig. 4. Ab-TP-MDNPs enhance LTP and synaptic function in an AD mouse model. (A) Four-month (mo) old AD mice (random distribution, male/female) were treated
IV with 100 pmol Mn/kg body weight (b.w.) of Ab-TP-MDNPs (NP) or vehicle (Veh, 4 % dextrose) weekly for 8 weeks and LTP measured via electrophysiological
recording. (B) Field recording of hippocampal slices for untreated WT versus Veh or NP-treated AD mice (n = 8-20 per group). (B-1) Representative traces from
immediately before cTBS or 5 min following final cTBS. (B-2) Evoked field EPSPs recorded from the CA1l of mice slices. cTBS stimulation induced a reliable LTP
(177.52 + 7.95 of baseline - grey) in WT controls. ¢cTBS induced reduced LTP (157.50 + 12.33, red) in Veh treated AD mice, while LTP was fully restored in Ab-TP-
MDNPs treated AD mice (202.45 + 13.29, blue). (B-3) Graphical LTP representation of Ab-TP-MDNPs treatment in AD mice. (B-4) Summary bar graph presenting
impaired maximal synaptic response of AD animals treated with either Veh or NP and WT mice. (B-5) Input output (I/0) curve relating the stimulation intensity and
presynaptic fiber volley amplitude. (B-6) I/O curve relating slope of the fEPSPs to presynaptic fiber volleys at various stimulation intensity. (C) Representative images
of Western blot analysis for PSD-95, synaptophysin and quantification of these markers and p-AKT of whole brain homogenates for vehicle or Ab-TP-MDNPs treated
animals. Six-month (mo) old AD mice (randomly distributed male and female mice) were treated IV with 100 pmol Mn/kg body weight (b.w.) of Ab-TP-MDNPs (NP)
or vehicle (Veh) (4% dextrose) (control group) twice weekly for 2 weeks (Treatment schedule follows that in Fig. 2A). The data are presented as mean + SD (n = 5-10
per group). Asterisk(s) (*) denotes a significant difference at *p < 0.05) compared to vehicle treatment. N.S. — not significant. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Kidney

Fig. 5. Repeated i.v. injection of Ab-TP-MDNPs for 8 weeks does not induce pathological morphology. Histopathology analysis of major body organs of AD mice after
long-term Ab-TP-MDNPs treatment. Four-month (mo) old AD mice (random distribution of male and female mice) were treated IV with 100 pmol Mn/kg body weight
(b.w.) of Ab-TP-MDNPs (NP, green) or vehicle (Veh) (4% dextrose) (control group, orange) once weekly for 8 weeks (Treatment schedule follows that in Fig. 4A).
Representative images of H&E-stained major body organs (heart, liver, spleen, lungs, and kidneys) of mice treated with Ab-TP-MDNPs (NP) or vehicle (Veh) (4%
dextrose) (control group). Scale bar equals 100 pm. No significant change in the Ab-TP-MDNPs treatment groups was found. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

brain, which occurred across several regions of the brain.

AD is associated with reduced cerebral glucose utilization across
multiple regions of the brain, as supported by both preclinical and
clinical data [39,40]. In addition to the medial temporal lobe, AD pa-
thology disrupts neuronal functions in a variety of centers of the brain,
particularly as the disease advances [41]. Our findings demonstrate that
the therapeutic effects of Ab-TP-MDNPs are not confined to a specific
region, but rather may promote these effects over disseminated brain
regions wherever pathology exists.

The presence of hypoxia and oxidative stress can induce alterations
in the aerobic versus anerobic mechanisms by which glucose is utilized
to create ATP [42]. Such shifts in the glucose metabolism reduces ATP
within the localized brain microenvironment (30-38 ATPs vs. 2 ATPs).
Impairment in the ability to efficiently utilize glucose is additionally
exacerbated by mitochondrial dysfunction arising from neuronal hyp-
oxia and oxidative stress [43], which further impair glucose utilization
[44]. Ab-TP-MDNPs treatment aids in re-establishing glucose meta-
bolism by enhancing aerobic environment, resulting in a more abundant
cellular ATP supply. Apart from its intracellular functions in neurons,
persistent glycolytic activity impairs the microglial ability to detect and
remove A, potentially exacerbated by histone lactylation [45,46].
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Interestingly, a decrease in lactate transporters was observed in animals
treated with Ab-TP-MDNPs, which may be an adaptive response to the
reduction in lactate production upon metabolic reprogramming.

While the involvement of OGlcNAc is well-acknowledged in the
pathology of diabetes, recent research has revealed its implication in AD
[29]. Like phosphorylation, OGlcNAc controls biochemical signaling by
altering the stability or activity of the proteins. Within the brain, the
expression of OGlcNAc enzymes have been shown to be 10-fold higher
than in peripheral tissues [47], with OGlcNAc playing significant roles
in metabolism, stress response, and synaptic plasticity [28]. In the AD,
OGIcNAc has been shown to be reduced in response to diminished
glucose availability, and this feature has emerged as a potential link
between glucose hypometabolism and the progression of AD [48].
Notably, reduced OGlcNAc in amyloid precursor protein or tau can alter
its cleavage and phosphorylation, leading to the formation of toxic
protein isoforms with their subsequent accumulation in the brain [49].
In our current investigation, Ab-TP-MDNPs treatment exhibited an in-
crease in OGlcNAc level of the proteins in the AD brain, supporting its
therapeutic benefits in AD. This could be attributed to the enhanced
glucose utilization and availability in the brain from the Ab-TP-MDNPs
treatment.
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Neurons require higher amounts of energy compared to other cells,
utilizing significant portions of their energy toward synaptic trans-
mission and maintenance of resting/action potential [50]. Therefore,
lack of sufficient energy reserves in the brain can contribute to synaptic
dysfunction, including cellular mechanisms underlying learning and
memory [51]. While overtly neuronal survival is not significantly
reduced till more advanced stages of AD, synaptic activity is signifi-
cantly disrupted even before cognitive symptoms are detectable, making
it as a most relevant marker for cognitive dysfunction and progression of
AD [14,52]. Our findings indicate that Ab-TP-MDNPs treatment can
potentially mitigate LTP impairment in AD. Western blotting analysis
also showed higher levels of synaptic proteins following Ab-TP-MDNPs
treatment, suggesting improved synaptic signaling between neurons,
although this treatment did not appear to restore the decreased maximal
response of fEPSP. Given the complex synaptic regulation in the brain,
further investigations such as the involvement of NMDA receptors,
would provide more comprehensive mechanistic insights of the treat-
ment’s effects. The capacity of Ab-TP-MDNPs to enhance ATP avail-
ability in the brain may facilitate the maintenance of membrane
potential and the synthesis and release of neurotransmitters [6]. The
correlation between improved synaptic function and elevated glucose
utilization could be a chicken-and-egg situation, wherein it is possible
that enhanced neuronal activity in response to the treatment leads to an
increase in glucose utilization within the brain, or vice versa. Regardless
of the precise relationship, these findings demonstrate that
Ab-TP-MDNPs treatment improves cerebral glucose utilization and at-
tenuates synaptic dysfunction, which play critical roles in the develop-
ment and progression of AD.

The findings presented herein offer compelling evidence supporting
the therapeutic efficacy of Ab-TP-MDNPs in addressing cerebral glucose
metabolism and synaptic function in AD, as evidenced by extensive in
vivo functional examination using ['*F]JFDG-PET/ CT and electrophysi-
ologic examination. Through metabolic reprogramming of glucose uti-
lization, Ab-TP-MDNPs increased the ATP availability thereby
supporting proper synaptic function. Our study highlights the promising
strategy of combining use of brain-targeting nanotechnology with multi-
targeted approaches to achieve enhanced therapeutic effects. By
applying this understanding of AD and its affiliated pathways, this
strategy advances the field to explore deeper into the development of
these disease-modifying treatments not only for AD but other complex
neurodegenerative diseases.
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