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Alzheimer-like model

ABSTRACT

Alzheimer disease (AD) is associated with age-related synaptic
degeneration, neuroinflammation, and impaired autophagy. The
present study aimed to investigate the age-dependent neuropro-
tective effects of relaxin-2 (RLN2) in amyloid-beta 1-42 (Af3,_,,)-
-induced AD-like pathology and hypothesised that RLN2 would
provide greater therapeutic benefit in young than aged mice.
Young (3—4 months) and aged (12-14 months) mice were intrace-
rebrally (i.c) injected with amyloid-p (AB,_4) to develop an
AD-like phenotype and treated with RLN2 or a control. Western
blot analysis of hippocampal tissues was performed to assess the
expression levels of ionised calcium-binding adaptor molecule 1
(Ibal) (microglial activation marker), NOD-like receptor family
pyrin domain—containing 3 (NLRP3) inflammasome components,
and mechanistic target of rapamycin (mTOR) pathway activity.
Neuroinflammation was determined by interleukin-1 beta (IL-13)
and tumour necrosis factor-alpha (TNF-a), while synaptic integ-
rity was assessed by synaptophysin and PSD-95. The Morris
Water Maze (MWM) and Novel Object Recognition (NOR) tests
were used to measure cognitive and memory performance.
Neuroinflammation markers IL-13 and TNF-a were significantly
elevated in AP,_,-injected mice, with aged mice showing a
greater increase than young mice. RLN2 treatment markedly
reduced IL-18 and TNF-a levels in young mice, whereas the
reduction was limited in aged mice. RLN2 treatment had a sig-
nificant inhibitory effect on hippocampal NLRP3 signalling,
reduced mTOR signalling, modulated autophagy-related protein
expression, preserved synaptic proteins, and improved cognitive
and memory performance (decrease in the MWM escape latency
and increase in the NOR discrimination index). RLN2 was not
effective in the aged mice, and there was persistent inflammatory
activation, impaired autophagy, minimal improvement in synap-
tic recovery, and a moderate improvement in cognition. These
findings suggest that RLN2 could be a potential therapeutic can-
didate for early-stage AD by targeting neuroinflammation,
mTOR-mediated autophagy-related dysregulation, and synaptic
loss, while also potentially providing a basis for age-based strati-
fication of treatment responsiveness; however, further studies are
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required to determine its utility as a biomarker of treatment
response or disease progression. Overall, RLN2 exerted neuro-
protective effects in i.c. Af,_,-induced AD-like pathology in an
age-dependent manner.

Keywords: relaxin-2, synaptic integrity, microglia, NLRP3 inflam-
masome, autophagy

INTRODUCTION

Alzheimer disease (AD) is an age-related progressive neurodegenerative disease that
is associated with cognitive deterioration, synaptic anomalies, and neuronal loss (1).
Synaptic damage is among the first of the pathological processes in AD, and it is closely
related to cognitive impairment rather than to the amyloid plaque burden alone (2). The
growing body of evidence suggests that age-dependent neuroinflammatory responses and
impaired cellular clearance systems that are dependent on age play a critical role in syn-
aptic vulnerability during the initial phases of AD development (3).

The immune cells of the central nervous system are called microglia, and they have a
dual and opposing role in maintaining synaptic homeostasis and regulating neuroinflam-
mation (4). Within the framework of AD, chronic microglial stimulation results in an exces-
sive response and inappropriate production of pro-inflammatory cytokines, in particular,
through the activation of the NLRP3 inflammasome (5). Activation of NLRP3 facilitates
the maturation and release of IL-13 and TNF-«a that enhance synaptic loss and cognitive
decline (6). Notably, ageing increases microglial priming, making the aged brain more
vulnerable to inflammation-induced neurotoxicity.

In line with neuroinflammation, the dysregulation of the mTOR signalling pathway
has emerged as a core AD pathological feature (7). mTOR hyperactivation inhibits auto-
phagy, a lysosome-dependent degradation pathway that is essential for the clearance of
misfolded proteins and damaged organelles (8). Impaired autophagic flux contributes to
the accumulation of A, loss of synaptic proteins, and prolonged inflammatory signals.
Emerging evidence indicates that there is a functional crosstalk between NLRP3 inflam-
masome activation and mTOR signalling, which places the NLRP3-mTOR-autophagy axis
as a critical controller of synaptic integrity in AD (9).

RLN2 is an insulin-like hormone from the corpus luteum that relaxes pelvic ligaments
and softens the uterus during pregnancy (10). In addition to these reproductive roles,
RLN2 has lately become a major focus of interest due to its antioxidant, anti-inflammatory,
cytoprotective, vasodilatory and antifibrotic effects, particularly in the cardiovascular and
central nervous systems (11). The biological action of RLN2 is regulated by its binding to
the relaxin family peptide receptor-1 (RXFP1), which is present in neurons and glial cells
and is involved in the control of immune and glial functions in the brain (12). Research
indicates that RLN2 may suppress vascular and cellular inflammation and reduce oxida-
tive stress by increasing reduced glutathione levels (13). It suppresses the excessive activa-
tion of innate immune pathways, including the NLRP3 inflammasome, as part of its anti-
fibrotic actions (14). Moreover, RLN2 has been shown to inhibit neuronal apoptosis via the
extracellular signal-regulated kinase — neuronal nitric oxide synthase —nitric oxide (ERK-
nNOS-NO) signalling pathway as well as to control intracellular homeostatic activities
such as autophagy, which is important for neuronal survival and protein quality regula-
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tion (15). The neuroprotective efficacy of RLN2 is also supported by evidence that it
improves neurological recovery, minimises oxidative stress and oedema, inhibits pro-in-
flammatory cytokines, and induces a switch from pro-inflammatory M1 microglia to a
neuroprotective M2 phenotype by regulating nuclear factor kappa B (NF-kB) and signal
transducer and activator of transcription 6 (STAT6) signalling pathways (16). Though the
direct evidence of the role of RLN2 in AD is still scarce, all these data indicate that this
peptide could have neuroprotective activity by controlling neuroinflammation, oxidative
stress, and cellular homeostasis, which play a crucial role in neurodegeneration.

Mechanistically, RLN2 can mediate neuroinflammatory and neurodegenerative
mechanisms by regulating the mTOR signalling pathway, one of the main controllers of
autophagy and cellular metabolism, which also interacts with the activation of the inflam-
masomes. The interplay among NLRP3 signalling, mTOR activity, and autophagy is
becoming more evident as an influential factor in the maintenance of synapses and neu-
ronal survival during neurodegenerative diseases. Nevertheless, despite these encourag-
ing findings, the possible neuroprotective effect of RLN2 in AD has not been well under-
stood, particularly with regard to its capacity to preserve synaptic structure. Moreover,
ageing, which is the most potent risk factor for AD, significantly changes the state of hip-
pocampal activation, inflammasome signalling, and autophagic efficiency, which can
affect the ability to respond to modulatory molecules like RLN2. Hence, investigating
whether RLN2 can offer age-specific neuroprotection by regulating the NLRP3-mTOR-
-autophagy axis could provide significant insights into the processes that contribute to
synaptic loss and its protection in AD-like diseases.

Therefore, this study aimed to investigate the age-dependent neuroprotective effects
of RLN2 in AB,_,,-induced AD-like pathology, particularly through the modulation of the
hippocampal NLRP3-mTOR-autophagy axis, neuroinflammation, synaptic integrity, and
cognitive function. We hypothesised that RLN2 would exert greater neuroprotective
effects in young mice than in aged mice by reducing neuroinflammation and improving
autophagy, synaptic function, and cognitive performance.

EXPERIMENTAL
Materials and reagents

Synthetic APs-4> was obtained from (Sigma-Aldrich/Merck Chemicon, USA, AG972,
>97 % purity). Recombinant human RLN2 was purchased from (Abcam, UK, ab63227,>95 %
purity). Primary antibodies against Ibal (Abcam, ab178847, 1:1,000), NLRP3 (Proteintech,
USA, 30109-1-AP, 1:3,000), ASC (Proteintech, 10500-1-AP, 1:2,000), p-mTOR (Proteintech,
67778-1-1g, 1:1,000), p-p70S6K (Cell Signaling Technology, USA, 9234, 1:1,000), LC3 (Cell
Signaling Technology, 2775, 1:1,000), p62 (Proteintech, 18420-1-AP, 1:1,000), synaptophysin
(Proteintech, 17785-1-AF, 1:1,000), PSD-95 (Proteintech, 20665-1-AF, 1:2,000), and B-actin
(Proteintech, 66009-1-Ig, 1:5,000) were used for Western blot analysis. Horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit IgG secondary antibody (Proteintech, Cat. No.
SA00001-2, 1:5,000) and HRP-conjugated goat anti-mouse IgG secondary antibody
(Proteintech, Cat. No. SA00001-1, 1:5,000) were used as secondary antibodies for Western
blot analysis. Mouse IL-13 and TNF-a levels were measured using ELISA Kkits from
Elabscience Biotechnology Inc., USA (Cat. Nos. E-EL-M0037 and E-EL-MO0049, respectively),
according to the manufacturer's instructions.



D. Wang et al.: Relaxin-2 protects synaptic integrity via hippocampal NLRP3-mTOR-autophagy pathways in an age-dependent
Alzheimer-like model, Acta Pharm. 76(3) (2026) 260023.

Animals and experimental design

In the current study, male C57BL/6] mice were used and kept under normal laboratory
conditions (12 h light/dark cycle, regulated temperature and humidity) and allowed ad
libitum access to food and water. Animals were divided into two age groups: young (3—4
months) and aged (12-14 months) mice. The study was approved by the Chengdu University
of Traditional Chinese Medicine Laboratory Animal Ethics Committee (Ethics Number:
CDUTCM-2609186).

The study involved a total of 36 mice, comprising 18 young mice and 18 aged mice. In
each age group, animals were randomly allocated to six experimental groups (1 = 3 mice
per group): (i) Sham control, (i) AP,_y,, (iii) AP,_4, + RLN2 (50 ng), (iv) AB,_y, + RLN2 (100 ng),
(v) AP;_g + NLRP3 inhibitor, and (vi) Af,_,, + mTOR inhibitor.

The experimentation was approved and carried out in accordance with the provisions
of national and international standards for the use and care of laboratory animals.
Randomisation to groups was done, and both behavioural and biochemical studies were
conducted by investigators who were not aware of the treatment conditions.

Preparation of Ap,_,, peptide and recombinant RLN2

Synthetic AB,_,, was dissolved in pharmacological-grade phosphate-buffered saline
(PBS) to attain a final concentration of 1 mg mL™ and left to incubate at 37 °C for a 72 h
period to facilitate oligomer formation. Aliquots were frozen at —80 °C and thawed just
before intracerebral injection.

To prepare a stock solution, recombinant human RLN2 was purchased in lyophilised
form and reconstituted in sterile PBS as per the instructions given by the manufacturer.
The solution was gently swirled so that it could thoroughly dissolve and then filtered
through a 0.22 um sterile syringe filter. Aliquots were frozen at —80 °C until required.
Fresh working solutions containing the working solutions were made by diluting the stock
solution with sterile PBS to the required concentration immediately before administration.

Intracerebroventricular injection of ABy_y,

Mice were anaesthetised using ketamine (100 mg kg™) and xylazine (10 mg kg™) and
placed in a stereotaxic apparatus. Ap,_,, (3 pgin 3 uL PBS) was injected into the right late-
ral ventricle at the following coordinates with respect to bregma: anteroposterior —-0.22 mm,
mediolateral +1.0 mm, dorsoventral -2.5 mm. Sham-operated mice were injected with an
equal amount of PBS. The injections were administered at 0.5 uL min~" and the needle was
left in place for 5 min to prevent backflow.

RLN?2 and pharmacological treatments

RLN2 was used intracerebroventricularly at the dose of 50 ng or 100 ng per mouse (17).
The treatment was started 24 h after the injection of AP, ,, and was administered daily
throughout the experimental period. Vehicle injections were administered to the control
animals. To identify pathway involvement, mice were treated with the selective NLRP3
inflammasome inhibitor (MCC950) or the mTOR pathway inhibitor (rapamycin) at doses
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that had been previously tested to determine their effects. MCC950 was administered at a
dose of 10 mg kg™ body mass (intraperitoneally), while rapamycin was administered at
5 mg kg body mass (intraperitoneally) (18, 19). For the combination treatment, RLN2
(100 ng) was combined with either of the inhibitors to determine whether there were
additive or overlapping effects.

Behavioural assessments

Morris Water Maze (MWM). - The MWM was used to determine spatial learning and
memory. The equipment comprised a round pool (120 cm diameter, 40-50 cm in height)
that contained water (22 + 1 °C) which had been made opaque using non-toxic white paint.
In the centre of one of the quadrants, a transparent escape platform (10 cm diameter) was
submerged 1 cm below the water surface and maintained in place during the entire acqui-
sition phase. Mice were trained on five consecutive days with four trials per day. In every
trial, there were four semi-random starting positions, with the mice facing the wall of the
pool. The mice were released and given 60 s to find the hidden platform. If a mouse was
unable to locate the platform in 60 s, it was gently guided to reach the platform and given
15 s to stay on the platform. The video-tracking system was used to record the escape time
(latency to reach the platform), swimming speed, and path length. The probe trial was
conducted 24 h following the last training session to determine the retention of memory.
In this experiment, the platform was removed, and the mice were given the opportunity
to swim freely within a period for 60 s. The time spent in the target quadrant, number of
platform crossings, and search strategy were measured and analysed.

Novel object recognition (NOR)

The NOR test was used to measure recognition memory. The device was made up of
a square open field arena (40 x 40 x 40 cm) with opaque walls. It was a three-stage test, which
included the habituation, familiarisation, and test phases.

At the habituation stage, mice were given the freedom to roam freely in the empty
arena, over the period for 5-10 min each day for two days. During the familiarisation
phase, two identical objects were introduced into the arena, and every mouse was given
10 min to explore them. Exploration was considered when the nose was directed toward
the object at a distance of <2 cm and/or when the object was touched. Sitting or climbing
on the object was not considered exploratory behaviour.

One of the familiar objects was changed to a novel object, which was of different
shape and texture yet of similar size after the 24-h retention period. Mice were once more
given 5 min of free exploration. The time spent searching the novel and the usual things
was documented. The recognition memory was measured in the form of the discrimina-
tion index (DI), which was:

DI = Tr\ovel - Tfamiliar
Tnovel + Tfamiliar

Between the trials, all of the apparatus and objects were washed with 70 % ethanol to
remove olfactory cues. An experimenter who was blinded to the treatment groups per-
formed behavioural testing.
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Tissue collection and hippocampal homogenization

Mice were anaesthetised and euthanised after behavioural testing. Brains were
quickly dissected, and the hippocampi were dissected on ice. The tissues were homo-
genised using ice-cold radioimmunoprecipitation assay buffer (RIPA) containing protease
and phosphatase inhibitors. Samples were centrifuged at 12,000 g for 20 min at 4 °C, with
the supernatants collected. Protein concentration was determined using a bicinchoninic
acid (BCA) assay.

Western blot analysis

Protein (30-40 ug) was separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) mem-
branes after electrophoresis. Primary antibodies against Ibal, NLRP3, ASC, cleaved
caspase-1, phospho-mTOR, phosphorylated p70 ribosomal S6 kinase (phospho-p70S6K),
microtubule-associated protein 1 light chain 3 (LC3), sequestosome 1 (p62), synaptophysin,
postsynaptic density protein 95 (PSD-95) and (3-actin were then incubated with the membranes
overnight at 4 °C after blocking. After incubation with HRP-conjugated secondary
antibodies, protein bands were visualised using enhanced chemiluminescence with a
UVP ChemiStudio Plus Imaging System (Analytik Jena GmbH, Germany) and analysed
using VisionWorks software (Analytik Jena GmbH). Densitometric analysis was performed
using Image]J software (National Institutes of Health, USA).

Assessment of autophagy-related proteins

Autophagic activity was assessed by measuring the expression of autophagy-related
proteins, including LC3 and p62, using Western blot analysis. The LC3-1I/LC3-I ratio and
P62 protein expression were analysed to evaluate changes in autophagy-related processes
in the hippocampal tissues.

Measurement of IL-1p and TNF-a by ELISA

The cytokines (IL-13 and TNF-a) in the hippocampus were measured with the help of
commercially available sandwich enzyme-linked immunosorbent assay (ELISA) kits in
accordance with the manufacturer’s protocol. The 96-well plates, which had been coated
with antibodies, were incubated at room temperature with equal amounts of protein sam-
ples. Biotinylated detection antibodies and HRP-conjugated streptavidin were added after
washing. The development of colour was carried out with the help of tetramethylbenzi-
dine substrate, and the absorbance was measured at the wavelength of 450 nm. Standard
curves were used to determine the concentration of cytokines, and the results were
expressed as pg mg™! protein.

Statistical analysis

All data are presented as mean + SEM. Statistical analyses were performed using one-
-way ANOVA for comparisons among multiple treatment groups within each age group
and two-way ANOVA to assess the effects of age and treatment and their interaction (age
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x treatment), followed by Tukey’s multiple-comparisons test. Statistical analyses were per-
formed using GraphPad Prism (version 11.0). Differences were considered statistically
significant at p <0.05.

RESULTS AND DISCUSSION

RLN2 suppresses hippocampal activation and NLRP3 inflammasome signalling in
an age-dependent manner

Intracerebral injection of A{3,_,, to strong hippocampal activation and inflammasome
maturation in young and aged mice, as indicated by high levels of Ibal, NLRP3, ASC, and
cleaved caspase-1 (Fig. 1). The use of RLN2 led to a significant dose-dependent reduction
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Fig. 1. Age-dependent suppression of hippocampal activation and NLRP3 inflammasome signalling by
RLN2: a) representative Western blots of Ibal, NLRP3, ASC, and cleaved caspase-1 in the hippocampi
in young mice; b) densitometric analysis of Ibal, NLRP3, ASC, and cleaved caspase-1 protein levels in
young mice; c) representative Western blots of Ibal, NLRP3, ASC, and cleaved caspase-1 in hippocampi
in aged mice; d) densitometric analysis of Ibal, NLRP3, ASC, and cleaved caspase-1 protein levels in
aged mice. *p <0.05 and ** p < 0.01 vs. control group; * p < 0.05 and * p < 0.01 vs. Ap group.
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in the expression of the Ibal protein and the components of the NLRP3 inflammasomes in
young mice, with the effect of the 100-ng dose being stronger than that of the 50 ng dose.
Conversely, aged mice showed only partial attenuation of hippocampal activation and
inflammasome signalling following RLN2 treatment, which suggests that the age-related
attenuation in the responsiveness to RLN2-mediated anti-inflammatory effects was
significant.

Hippocampal microglial activation and NLRP3 inflammasome signalling have now
been identified as a key mediator of neuroinflammation and synaptic dysfunction in AD
(20). Research has demonstrated that AP activates the NLRP3 inflammasome, which
results in caspase-1 activation and the production of IL-1@3, which further worsens neuro-
nal damage and accelerates cognitive impairment (21). Consistent with these reports, we
found that there was strong upregulation of Ibal, NLRP3, ASC and cleaved caspase-1 after
administration of Ap,_,, in young and aged mice.

Particularly, our data build upon previous findings that show that RLN2 suppresses
hippocampal activation and inflammasome signalling in, again, a distinct dose-depen-
dent manner, particularly in young mice (16). Previous studies have indicated anti-inflam-
matory effects of RLN2 in peripheral immune cells and vascular tissues, including the
inhibition of inflammasome-mediated cytokine production (22). Nevertheless, limited
evidence has been available to support the idea of RLN2-regulated hippocampal inflam-
masome activity in Alzheimer’s disease-like conditions. The findings of our study provide,
to our knowledge, the first in vivo demonstration that RLN2 can regulate hippocampal
NLRP3 signalling in the brain and that this ability is significantly reduced with age. The
partial responsiveness of aged mice is in line with the notion of hippocampal priming
during old age, whereby aged microglia show an increased basal inflammatory tone and
a decreased response to anti-inflammatory cues (23). This observation may be one of the
reasons why RLN2 is less effective in inhibiting inflammasome signalling in the aged
brain.

In order to determine whether RLN2 alters hippocampal activation and inflam-
masome signalling under an age-regulated setting, we assessed the hippocampal expres-
sion of the microglial marker Ibal and key components of the NLRP3 inflammasome.

RLN?2 differentially regulates mTOR hyperactivation and autophagic-related protein
expression in young and aged mice

Considering the established connection between inflammasome activation, mTOR
signalling and autophagy, we then analysed the ability of RLN2 to modulate mTOR path-
way activity and autophagy-related protein expression. The administration of Af,_,,, as
shown in Fig. 2, caused considerable phosphorylation of mTOR and its downstream protein
p70S6K in young and aged mice, accompanied by alterations in autophagy-related protein
expression, as indicated by changes in the LC3-II/LC3-I ratio and p62 levels (Fig. 2). RLN2
treatment had a profound inhibitory effect on the hyperactivation of mMTOR and modulated
autophagy-related protein expression in young mice in a dose-dependent manner.
Conversely, aged mice exhibited sustained mTOR activation and altered autophagy-related
protein expression even after RLN2 administration, with slight changes in LC3 conversion
and continued p62 accumulation. The results indicate that the process of ageing reduces the
ability of RLN2 to normalise mTOR-autophagy signalling in response to Ap,_,,.
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Abnormal mTOR signalling and autophagy dysfunction are typical characteristics of
ageing and AD (24). The hyper-phosphorylation of mTOR inhibits autophagy-mediated
degradation of A and damaged cellular components and thus maintains neuroinflamma-
tion and loss of synapses (25). In line with previous reports, we did find significant mTOR
hyperactivation and altered autophagy-related protein expression after exposure to AB,;_,,
in the two age groups. We found that RLN2 in young mice suppresses mTOR and modu-
lates autophagy-related protein expression, as indicated by reduced p-mTOR and p-p70S6K
levels, changes in the LC3-II/LC3-I ratio, and reduced p62 levels. These findings are con-
sistent with those of previous studies that have shown that mTOR inhibition enhances
autophagy and cognitive functions in AD models. Notably, our investigation is the first, to
our knowledge, to associate RLN2 signalling with mTOR-autophagy regulation in the con-
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Fig. 2. RLN2 differentially modulates mTOR hyperactivation and autophagic flux in young versus aged
AP,_j-treated mice: a) representative Western blots of p-mTOR, p-p70S6K, LC3-I/II, and p62 in the
hippocampi of young mice; b) densitometric analysis of p-mTOR, p-p70S6K, LC3-1/II, and p62 protein
levels in young mice; c) representative Western blots of p-mTOR, p-p70S6K, LC3-I/II, and p62 in the
hippocampi of aged mice; d) densitometric analysis of p-mTOR, p-p70S6K, LC3-I/II, and p62 protein
levels in aged mice. *p < 0.05 and ** p < 0.01 vs. control group; * p <0.05 and # p <0.01 vs. AR group.
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text of Alzheimer-like pathology. Conversely, aged mice exhibited sustained mTOR acti-
vation and altered autophagy-related protein expression even after RLN2 administration.
This finding aligns with previous data showing that the ageing process impairs lysosomal
function and autophagic capacity, which makes autophagy-inducing interventions less
efficient (26). Therefore, it is possible to state that ageing also places a mechanistic limit on
the RLN2-mediated restoration of cellular homeostasis.
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Fig. 3. Age-dependent effects of NLRP3 and mTOR inhibition on hippocampal autophagy in AB,_,,-
-treated mice: a) representative Western blots of NLRP3, p-mTOR, LC3-II/LC3-I, and p62 in the hippo-
campi of young mice in the presence of NLRP3 inhibitor (MCC950); b) densitometric analysis of NLRP3,
p-mTOR, LC3-1I/LC3-I, and p62 protein levels in young mice following MCC950 treatment; c) represen-
tative Western blots of NLRP3, p-mTOR, LC3-II/LC3-], and p62 in the hippocampi of aged mice in
presence of NLRP3 inhibitor (MCC950); d) densitometric analysis of NLRP3, p-mTOR, LC3-II/LC3-L,
and p62 protein levels in aged mice following MCC950 treatment; e) representative Western blots of
NLRP3, p-mTOR, LC3-II/LC3-I, and p62 in the hippocampi of young mice in presence of mTOR inhibi-
tor (rapamycin); f) densitometric analysis of NLRP3, p-mTOR, LC3-1I/LC3-I, and p62 protein levels in
young mice following rapamycin treatment; g) representative Western blots of NLRP3, p-mTOR, LC3-
-II/LC3-1, and p62 in the hippocampi of aged mice in presence mTOR inhibitor (rapamycin); h) densito-
metric analysis of NLRP3, p-mTOR, LC3-II/LC3-I, and p62 protein levels in aged mice following
rapamycin treatment. *p < 0.05 and ** p < 0.01 vs. control group; * p < 0.05 and * p < 0.01 vs. AP group.
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Fig. 3. Continued

Inhibition of NLRP3 or mTOR mimics RLN2-mediated restoration of hippocampal
autophagy in young but not aged mice

To determine whether RLN2 acts through the NLRP3-mTOR-autophagy axis, phar-
macological inhibitors of NLRP3 or mTOR were used to evaluate their effects in AP,_,,-
-treated mice. In young mice, both NLRP3 and mTOR inhibition reduced NLRP3 and
mTOR activation and modulated autophagy-related protein expression, as indicated by
increased LC3-II/LC3-I ratios and decreased p62 levels (Fig. 3). Pharmacological inhibition
of either NLRP3 or mTOR produced effects similar to those observed with RLN2 treatment
in young mice, supporting the involvement of the NLRP3-mTOR-autophagy pathway in
RLN2-mediated modulation of autophagy-related protein expression. By comparison,
aged mice demonstrated only partial changes in autophagy-related protein expression
after NLRP3 or mTOR inhibition, indicating that this signalling axis is less responsive in
aged mice.
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Young mice treated pharmacologically to inhibit NLRP3 or mTOR showed effects
similar to those of RLN2 in suppressing inflammasome-related signalling and modulating
autophagy-related protein expression. These results support the involvement of the
NLRP3-mTOR-autophagy axis in RLN2-mediated effects. This is consistent with a grow-
ing body of literature that reveals reciprocal crosstalk between inflammasome activation
and mTOR signalling, with NLRP3 activation promoting mTOR hyperactivation, which
may further inhibit autophagy and enhance inflammation (27). However, in older mice,
NLRP3 or mTOR inhibition had only partial effects on autophagy-related protein expres-
sion, which adds to the idea that age-related impairments in intracellular clearance sys-
tems constrain the efficacy of therapeutic interventions (28). This age-related resistance
could be a manifestation of changes in lysosomal integrity, mitochondrial performance, or
epigenetic regulation.

RLN?2 preserves synaptic integrity preferentially in young ApB,_,,-treated mice

Since synaptic loss can be identified as a determining factor of cognitive deterioration
in Alzheimer-like pathology, we examined the hippocampal expression of the presynaptic
marker, synaptophysin, and the postsynaptic density protein, PSD-95. AB,_,, suppressed
the expression of synaptic proteins in both young and aged mice (Fig. 4). RLN2 treatment
was effective in maintaining the levels of synaptophysin as well as PSD-95 in young mice,
and the highest levels of protection were observed at the higher dose. However, with aged
mice, RLN2 caused only a slight recovery of synaptic markers, consistent with the limited
modulation of autophagy-related protein expression and persistent inflammatory signal-
ling observed in the present study.

The best pathological correlate of cognitive impairment in AD is synaptic loss. In line
with the previous reports, AB,_,, caused a significant reduction in hippocampal synapto-
physin and PSD-95 levels in young and aged mice (29). RLN2 preserved presynaptic and
postsynaptic markers in young mice, which is consistent with previous data suggesting
that suppression of neuroinflammation and modulation of autophagy-related processes
may help preserve synaptic integrity (30).

Effect of RLN2 on neuroinflammatory cytokines (IL-1p and TNF-a) in young and aged
mice

A significant rise in both cytokines was observed following intracerebroventricular
injection of Af,_,, compared with sham control animals, which supported the induction of
a neuroinflammatory state. In young mice, AB,_,, administration significantly increased
IL-1B and TNF-a levels compared with sham controls (Fig. 5a,c). Similarly, AP, ,, admini-
stration increased IL-13 and TNF-a levels in aged mice compared with their respective
sham controls (Fig. 5b,d).

RLN2 treatment brought about a significant anti-inflammatory effect on young mice.
The IL-18 and TNF-a levels were moderately suppressed with administration of RLN2 at
a 50 ng dose, and a more pronounced effect was found with administration of 100 ng of
RLN2, which reduced the levels of the two cytokines to levels closer to those of the sham
controls. This implies that RLN2 effectively attenuated Af,_j,-induced neuroinflammation
in young mice.
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Fig. 4. RLN2 preserves synaptic integrity in an age-dependent manner following AB,_,, exposure:
a) representative Western blots of synaptophysin and PSD-95 proteins in the hippocampi of young
mice; b) densitometric analysis of synaptophysin and PSD-95 protein levels in young mice; c) represen-
tative Western blots of synaptophysin and PSD-95 proteins in the hippocampi of aged mice; d) densi-
tometric analysis of synaptophysin and PSD-95 protein levels in aged mice. *p <0.05 and ** p <0.01 vs.
control group; * p <0.05 and # p <0.01 vs. AB group.

Conversely, aged mice responded partially to RLN2 treatment. Though both doses of
RLN2 decreased IL-13 and TNF-a concentrations relative to untreated A{,_,-injected aged
mice, the decreases in concentration were less pronounced, particularly at the 50-ng dose.
At 100 ng RLN2, cytokine levels remained elevated relative to the respective sham controls,
indicating incomplete suppression of Af,_,,-induced neuroinflammation in aged mice.
Overall, these results indicate that RLN2 attenuated Ap,_,,-induced increases in neuroin-
flammatory cytokine levels in both young and aged mice, with a more evident reduction
observed at the 100-ng dose.

RLN?2 improves cognitive function in an age-dependent manner

Molecular results were closely correlated with behavioural results. RLN2 had a
marked positive effect on spatial learning, memory retention, and recognition memory
in young mice but produced only slight cognitive enhancement in aged mice. Such find-
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Fig. 5. Measurement of neuroinflammatory cytokines in hippocampal tissue. Hippocampal levels of
IL-1p and TNF-a were quantified using ELISA in young and aged mice across different experimental
groups. Levels of: a) IL-13 and b) TNF-a in the young mice, and levels of ¢) IL-1 and d) TNF-« in aged
mice. *p <0.05 and ** p < 0.01 vs. control group; * p <0.05 and * p <0.01 vs. AR group.

ings can be explained by clinical and preclinical evidence that inflammation- or proteo-
stasis-based therapeutic interventions become increasingly effective during the early
stages of disease progression. Together, our results provide evidence to support a model
whereby RLN2 has neuroprotective properties by suppressing hippocampal NLRP3 and
modulating mTOR signalling, modulating autophagy-related protein expression, and
maintaining synaptic integrity, leading to improved cognitive functioning. These effects
are however, very age-dependent, with the efficacy being greatly reduced in the brains
of the aged mice.

Spatial learning and memory were measured using the Morris Water Maze in order
to evaluate the functional relevance of RLN2-mediated molecular and synaptic actions. As
compared to the controls, the AP, ,,-treated mice at both ages showed a significantly
higher escape latency in the acquisition trials and a shorter duration spent in the target
quadrant in the probe trials (Fig. 6). The efficacy of RLN2 treatment in enhancing learning
and memory retention was more evident in young mice, as demonstrated by the reduction
of the escape latency and increased target quadrant occupancy. Conversely, aged mice
showed moderate behavioural improvements after RLN2 treatment, indicating a decrease
in cognitive responsiveness as age advances.
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Fig. 6. RLN2 improves spatial learning and memory preferentially in young AP, ,-treated mice:
a) escape latency during acquisition trials in young mice; b) time spent in the target quadrant in
young mice; c) escape latency during acquisition trials in aged mice; d) time spent in the target quad-
rant in aged mice. *p < 0.05 and ** p < 0.01 vs. control group; * p < 0.05 and * p < 0.01 vs. AP group.

The recognition memory was also tested using the Novel Object Recognition test.
Recognition memory performance in young and aged mice was greatly affected by Ap,_,,,
as indicated by the decreased exploration of the novel object as well as decreased discrimi-
nation indices (Fig. 7). Treatment with RLN2 substantially improved recognition memory
in young mice in a dose-dependent manner but not in aged mice. Such results also support
the presence of an age-dependent therapeutic window of RLN2-mediated cognitive
protection.

Proposed model of age-dependent neuroprotection by RLN2

On the basis of the results of the experiment, a schematic diagram of the age-depen-
dent neuroprotective effects of RLN2 is proposed (Fig. 8). AB,_, stimulates hippocampal
NLRP3 inflammasome signalling and mTOR hyperactivation, which are associated with
alterations in autophagy-related protein expression, synaptic degeneration, and cognitive
impairment. RLN2 suppresses NLRP3-mTOR signalling, which is associated with modu-
lation of autophagy-related protein expression in young mice and, consequently, preser-
vation of synaptic integrity and cognitive ability. Persistent inflammatory stimulation and
altered autophagy-related protein expression in aged mice may restrict the efficacy of
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Fig. 7. RLN2 enhances recognition memory preferentially in young A3, ,-treated mice: a) exploration
of the novel object in young mice; b) discrimination index in young mice; c) exploration of the novel
object in aged mice; d) discrimination index in aged mice. *p < 0.05 and ** p < 0.01 vs. control group; *
p<0.05 and # p <0.01 vs. AB group.

RLN2, establishing an age-sensitive therapeutic window of opportunity. This model
underscores RLN2’s potential as an early-stage therapeutic agent and as a guide for
age-stratified intervention in Alzheimer’s disease.

Limitations and future directions

Although the present research offers mechanistic insights, the small sample size of
each group and the application of an acute Ap,_,, model are limitations, as they might not
fully recapitulate chronic disease development. Additionally, NLRP3, mTOR, and auto-
phagy-related proteins were assessed in whole-hippocampus homogenates; therefore,
these changes cannot be attributed specifically to a single cell type and may reflect con-
tributions from multiple hippocampal cell types. Future studies using cell type-specific
isolation or co-localisation approaches are warranted to confirm cell-type-specific
involvement. Further research should examine long-term RLN2 administration, recep-
tor-specific signalling, sex-dependent effects, and validation in transgenic AD models.
Moreover, it would be important to determine whether RLN2 can be combined synergis-
tically with lifestyle or metabolic interventions that promote autophagy to increase its
efficacy in ageing.
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Fig. 8. Schematic model illustrating the age-dependent neuroprotective mechanism of RLN2 in
Alzheimer-like pathology. Proposed model showing that Af3,_,, causes hippocampal NLRP3 inflam-
masome and mTOR activation, resulting in alterations in autophagy-related protein expression, syn-
aptic degeneration, and cognitive deficits. RLN2-mediated inhibition of NLRP3-mTOR signalling is
associated with modulation of autophagy-related protein expression in young mice, leading to the
maintenance of synaptic integrity and cognitive performance. Persistent inflammatory stimulation
and altered autophagy-related protein expression in aged mice may limit the efficacy of RLN2, which
characterises an age-sensitive therapeutic window.

CONCLUSIONS

This paper indicates that RLN2 is neuroprotective against Af,_,,-induced pathologi-
cal alterations associated with Alzheimer’s disease in a distinct age-dependent fashion.
Hippocampal NLRP3 inflammasome activation, mTOR signalling, autophagy-related
protein expression, synaptic integrity, and cognitive performance are favourably modu-
lated by RLN2 in young mice, whereas these effects are significantly reduced in aged
mice. These results identify the hippocampal NLRP3-mTOR-autophagy axis as a poten-
tial mediator of RLN2 effects and emphasise the importance of ageing as a major factor in
determining therapeutic efficacy. Together, the findings establish an age-sensitive thera-
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peutic window and support the potential of RLN2 as an early-stage intervention in
Alzheimer’s disease, highlighting its potential as a therapeutic agent to target neuro-
inflammation, modulate autophagy-related processes, and preserve synaptic function.
Additionally, the age-dependent efficacy of RLN2 suggests the possibility of age-based
stratification of therapeutic responses, although further studies are required to determine
whether RLN2 could serve as a biomarker for patient stratification or therapeutic response
monitoring.
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