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H3 relaxin mediated neuroprotection in Alzheimer’s disease 
pathology induced by streptozotocin in mouse models: Impact 

on memory improvement, autophagy and PI3K/Akt-mTOR 
signalling pathway

ABSTRACT
Alzheimer's disease (AD) is characterised by β-amyloid (Aβ) plaque 
accumulation and tau hyperphosphorylation. H3 relaxin, a neuro-
peptide, is known to exert neuroprotective effects. In this study, we 
investigated how H3 relaxin confers neuroprotection in a streptozoto-
cin (STZ)-induced mouse model and modulates PI3K/Akt-mTOR 
signalling. Mice were divided into four groups (n = 6 per group): 
control (saline), STZ, STZ + H3 relaxin, and STZ + donepezil. Following 
STZ induction, H3 relaxin (1 µg per day) was administered intra
cerebroventricularly (ICV) for 14 consecutive days, whereas donepezil 
(2.5 mg kg–1 per day) was administered orally for the same duration. 
Cognitive performance was assessed using the Morris water maze 
(MWM) test. Aβ deposition in the cortex was evaluated through 
immunohistochemistry. Western blotting was conducted for tau phos
phorylation, PI3K/Akt/mTOR signalling, and autophagy markers in 
the hippocampus. Oxidative stress and inflammation markers were 
measured using ELISA. H3 relaxin markedly improved memory by 
decreasing escape latency and duration while spending more time in 
the target quadrant in the MWM test. Additionally, H3 relaxin 
reduced Aβ plaque burden and tau phosphorylation (Ser396/404) 
while enhancing PI3K/Akt-mTOR signalling. Oxidative stress was 
attenuated, as evidenced by increased GSH and HO-1 levels and 
reduced MDA and H2O2 concentrations. Moreover, markers of 
inflammation, NF-κB and TNF-α were suppressed. Overall, H3 
relaxin ameliorated cognitive deficits in STZ-induced AD mice 
through modulation of impaired PI3K/Akt-mTOR signalling, reduc-
tion of Aβ and tau pathology, and promotion of autophagy.

Keywords: Alzheimer's disease, streptozotocin, H3 relaxin, neuro-
protection, memory improvement

INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenerative disorder and 
involves a gradual decline in cognitive skills, progressive amnesia, and changes in behaviour 
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(1). Due to global improvements in healthcare systems and life expectancy, there is a 
rapidly rising elderly population, which in turn increases the projected prevalence of AD 
(2). Report estimates that by 2025, there will be 7.2 million Americans older than 65 years 
suffering from AD, inducing a higher mortality rate than breast and prostate cancer 
combined (3).

The pathogenesis of AD is not fully understood (4). It is said to result from a combina-
tion of factors: the build-up of amyloid-beta (Aβ) plaques, the development of senile neu-
rofibrillary tangles (NFTs) from tau protein hyperphosphorylation, inflammation in the 
brain, oxidative stress and disruption of synaptic function (5). Important molecular com-
ponents of AD are the alterations in the signalling of the PI3K/Akt-mTOR pathway, as this 
influences the rate of neuronal death, metabolism, and synaptic activity (6). The activation 
of PI3K leads to downstream inhibitory activity on GSK-3β, thereby reducing the produc-
tion and hyperphosphorylation of tau protein (7). On the other hand, the dysregulation of 
this pathway, particularly due to excessive mTOR activity, worsens tau pathology by fail-
ing to clear tau proteins through autophagy and accelerating neurodegeneration (8). The 
intracellular degradation process of autophagy is extremely important because it helps in 
maintaining equilibrium in the neurons by removing damaged organelles and aggregates 
of proteins (9). Initially in AD, there is a protective mechanism provided by autophagy (10). 
Unfortunately, in the course of the disease, autophagic flux becomes impaired (11). The 
markers typically used to track the steps of the autophagy process are LC3 and the other 
known markers are ATG5 and beclin 1, which are classified under autophagy-associated 
proteins (12). The conversion of LC3-I to LC3-II (lipidated version) is considered an indica-
tor of autophagosome formation and determines the rates of autophagy, and therefore, this 
process is extensively investigated nowadays (13). Key contributors to the formation and 
working of the autophagic machine are ATG5, which is essential for the elongation of 
autophagosomes, and beclin 1, which initiates the nucleation of the autophagosomes (14). 
These proteins have shown decreased levels, which have been correlated with deficient 
autophagy and elevated levels of Aβ in AD animal and cellular models (15).

H3 relaxin or insulin-like peptide-7 (INSL7) is a neuropeptide of the insulin/relaxin 
family that is believed to modulate stress, feeding, and higher-order functions, including 
cognition (16). It is mainly produced by the neurons of the nucleus incertus (NI) in the 
brainstem and acts through its RXFP3 receptor, which is abundantly expressed in brain 
regions pivotal for emotion, memory, and arousal, such as the limbic system, hypothala-
mus, thalamus, and neocortex (17). H3 relaxin can also interact with RXFP1, although this 
receptor is better known for its functions mediated through relaxin-2 (18). Importantly, 
RXFP3 signalling has also been correlated with stress, anxiety, and depression-related 
behaviours, where pharmacological modulation in the form of activation tends to lead to 
anxiolytic and antidepressant-like effects in rodent models (16).

Based on the literature, there is limited information on the role of H3 relaxin and its 
receptors in the context of neurodegenerative diseases such as AD (19). Conflicting evi-
dence suggests that RXFP1 and RXFP3 are expressed in brain regions that are known to 
be affected in AD; however, whether their expression or function in the context of the 
disease is altered remains unknown (17). The role of H3 relaxin signalling in neurodege
neration, particularly its regulation of autophagy and the PI3K/Akt-mTOR signalling path-
way, is an area where novel neuroprotective mechanisms may be explored.
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This study focused on the therapeutic effects of H3 relaxin within the context of strep-
tozotocin (STZ) induced AD neurodegenerative changes in mouse models. We evaluated 
cognitive capabilities, alterations in autophagy-related markers, and changes in the PI3K/
Akt-mTOR signalling pathway. We aim to clarify the possible role of H3 relaxin in amelio-
rating Alzheimer’s pathology in the context of neuroprotection against memory loss.

EXPERIMENTAL

Animals

For this current experimental study, we used male Swiss Albino mice aged 8 weeks 
old and weighing 20–30 grams purchased from Guoruiyinuo Co., Ltd., China. The mice 
were kept under laboratory conditions where they could freely access food and water, with 
a temperature maintained at 25 ± 5 °C. Lights were on for 12 hours each day. Before starting 
the experiments, the animals underwent a two-week period of acclimatisation. To reduce 
confounding effects related to circadian rhythms, all tests were conducted daily at the 
same time.

The study protocol was approved by the ethical committee of the Shaanxi Aerospace 
Hospital, Xi'an, China (SAH/23.2022). All animals were treated humanely, with efforts 
made to minimise discomfort and suffering throughout the study.

Drugs

Donepezil and streptozotocin were obtained from Sigma-Aldrich, USA. Synthetic H3 
relaxin was obtained from Phoenix Pharmaceuticals, USA (Cat# 035-36) as a lyophilised 
powder. The peptide was reconstituted in sterile distilled water to prepare a stock solution, 
aliquoted to avoid repeated freeze-thaw cycles, and stored at −20 °C. Working solutions 
were freshly prepared prior to administration.

Induction of Alzheimer’s disease

Alzheimer's disease was induced through intracerebroventricular (ICV) injection of 
STZ by following the freehand technique (20). A concentration of 3 mg kg–1 STZ (dissolved 
in 0.9 % sterile saline) was given to the mice. The mice were anaesthetised through intra-
peritoneal (i.p.) injections of xylazine (10 mg kg–1) and ketamine (80 mg kg–1) (21). The tech-
nique involves holding the head of the mouse by applying downward force over the ears. 
The bregma can be found by sighting an equilateral triangle made by the two eyes and the 
mid-point of the skull. The needle was thus inserted about 1 mm lateral to this point and 
advanced through the skin and skull. It was noted that mice resumed normal behavior 
after STZ injection within an average of 1 minute.

Experimental design

The animals were randomly divided into four groups of six animals each. Group 1 
(control) received an ICV injection of 3 µL 0.9 % sterile saline. Groups 2, 3, and 4 received 
two ICV injections of STZ (3 mg kg–1 in 3 µL 0.9 % sterile saline) on day 1 and day 3 to 
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induce an Alzheimer’s-like cognitive impairment model. Group 2 served as the STZ-only 
group, while Groups 3 and 4 received post-STZ treatment. Group 3 received synthetic H3 
relaxin administered intracerebroventricularly at a dose of 1 µg kg–1 per day for 14 consec-
utive days, spanning the final two weeks prior to the experiment’s conclusion. Group 4 
received donepezil administered orally at a dose of 2.5 mg kg–1 per day for the same 14 
consecutive days, following STZ induction. Thus, both H3 relaxin and donepezil were 
administered for 14 days (2 weeks). During this treatment period, mice in the STZ-only 
and control groups received the corresponding vehicle in the same schedule. Behavioural 
assessments were conducted using the MWM probe test and object recognition tests 24 
hours after the last dose of treatment, with care taken to minimise circadian variability in 
behavior pre-and post-testing. After behaviour testing was completed, the groups were 
split into two sets (n = 6) each. Mice were euthanised through an overdose of thiopental 
(200 mg kg–1, intraperitoneally), without transcardial perfusion and ICV injection accuracy 
was confirmed via visual inspection, and brains were excised immediately. The animals 
were then divided into two sets. Whole brains of one set were preserved in 10 % forma-
lin-saline for immunohistochemical analysis. Brains from the second set were divided into 
two hemispheres; left hemispheres were used for biochemical analysis by Western blot, 
while right hemispheres were used for ELISA studies.

Morris water maze test (MWM)

The MWM features a round pool made of stainless steel (150-cm diameter, 60-cm 
height) filled with water to a depth of 30 cm and maintained at room temperature. The 
pool was split into four quadrants (NW, NE, SE, SW) by two crossing threads attached to 
the rim, which were labelled as north (N), south (S), east (E) and west (W). There was a 
submerged wooden platform (10 cm wide, 28 cm high) painted black, placed 2 cm beneath 
the water surface at the centre of one quadrant. It was made invisible by non-toxic pow-
dered skim milk, which was used to opacify the water. Control mice were able to learn the 
location of the platform quickly. The test lasted 5 successive days. Each day from 1–4, each 
mouse participated in two consecutive trials with fifteen-minute breaks in between. Mice 
who found the platform within two minutes stayed on it for 20 seconds, while those who 
couldn't find it were assisted to the platform and allowed twenty seconds of rest.

Mean escape latency (MEL), which is the time required to find the platform, was 
recorded over the four-day acquisition phase (22). Subsequently, on day five, a probe test 
was conducted where the platform was removed to test recall by allowing each mouse to 
explore the arena for 60 seconds. The duration spent in the target quadrant was recorded.

Object recognition test

The object recognition test was done in a wooden box measuring (30 × 30 × 30 cm) for 3 
days straight. Day 1 (habituation) involved a 10-minute exploration of the empty box. Day 2 
was dedicated to familiarisation. Mice were allowed to explore the box with two identical 
objects (of the same size, shape, and colour) placed in the far corners for 10 minutes. During 
the third day (test phase), mice were given 5 minutes to explore the box where one of the 
previous objects had been replaced with an entirely different one. All features of this object 
were novel. The box and objects were cleaned with 70 % ethanol between trials in order to 
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remove odour cues. Cognitive function was assessed via the recognition index (time spent 
exploring the novel object divided by total time spent exploring the two objects) and the 
discrimination index (DI) (difference between time spent exploring novel and familiar 
objects divided by the total time spent), with values ranging between –1 and +1. A positive 
DI indicates preference towards the newer object, while a negative DI means preference 
towards the previously familiar object, and zero indicates no particular preference.

Western blot analysis

Tissues were lysed in RIPA buffer. It was followed by centrifugation at 16,000 × g for 
30 minutes at 4 °C. The supernatant was then collected, and protein concentration was 
measured using the Bradford assay. After tissue lysis, 20 µg of proteins was isolated and 
resolved on 8–10 % SDS-PAGE. Subsequently, proteins were transferred to PVDF mem-
branes and blocked with 3 % BSA in Tween-TBS. It was followed by washing and subse-
quent incubation with the primary antibody. The primary antibodies used were anti-PI3K 
(Cell Signaling Technology, The Netherlands, Cat.# 4292, 1:1000), anti-p‑PI3K p85 (Tyr458) 
(Cell Signaling Technology, Cat.# 4228L, 1:1000), anti-Akt (Abcam, UK, Cat.# ab8805, 
1:1000), anti-p‑Akt (Ser473) (Thermo Fisher Scientific, USA, Cat.# 200‑301‑B19, 1:1000), anti-
mTOR (Cell Signaling Technology, Cat.# 2972, 1:1000), anti-p‑mTOR (Ser2448) (Cell 
Signaling Technology, Cat.# 2971, 1:1000), anti-tau (Ser396) (Abcam, Cat.# ab109390, 1:1000), 
anti-tau (Ser404) (Thermo Fisher Scientific, Cat.# 44‑758G, 1:1000), anti-beclin 1 (Cell 
Signaling Technology, Cat.# 4122, 1:1000), anti-LC3‑I/II (Novus Biologicals, USA, Cat.# 
NB100‑2331, 1:250), anti-ATG5 (Novus Biologicals, Ca.t# NBP1‑49751, 1:1000), and anti-β‑actin 
(Sigma‑Aldrich, USA, Cat.# A5316, 1:1000). 

Membranes were treated for 1 hour with HRP-conjugated anti-rabbit (Cell Signaling 
Technology, Cat.# 7074, 1:5000) or anti-mouse (Cell Signaling Technology, Cat.# 7076, 
1:5000) secondary antibodies, followed by Clarity™ Western ECL substrate detection (Bio-
Rad, USA, Cat.# 1705060) and densitometric analysis relative to β-actin using a Bio-Rad Gel 
Doc™ imaging system. Blots were performed using hippocampal/cortical lysates from 
n = 6 mice per group, and each experiment was repeated three times.

Immunohistochemistry research

Formalin-fixed, paraffin-embedded brain sections (8 µm thick) were stained for β-amy
loid (Aβ) using anti-Aβ antibody (clone 6E10, recognises Aβ1-16; mouse monoclonal, 
Abcam, Cat# ab2539, 1:500 dilution). Immunoreactivity was analysed in the frontal cortex 
(cerebral cortex). In this case, section dewaxing was conducted first, followed by antigen 
retrieval using microwave ovens in 3 % hydrogen peroxide solution. Primary antibody 
incubation was performed using 0.1 % Tween 20/Tris Buffered Saline (TBS) and 5 % non-fat 
dry milk for 15 hours at room temperature. As part of controlling nonspecific staining, a 
sample devoid of primary antibodies was introduced. HRP-labelled secondary antibodies 
were applied for 1 hour, followed by detection using diaminobenzidine and counterstain-
ing with hematoxylin. Immunohistochemical scoring of Aβ plaques was performed 
semi-quantitatively: 0 (no staining), 1+ (0 to 10 plaques), 2+ (greater than 10 dispersed 
plaques), 3+ (staining of most cortex) or 4+ (staining of cortex approaching confluent) (23). 
Quantification was achieved through the use of ImageJ (v1.46a, NIH, USA) for three ran-
dom fields of view on each section.
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ELISA

Following isolation of the left cerebral hemispheres, hippocampal samples were care-
fully dissected under a stereomicroscope using anatomical landmarks and sliced on an 
ice-salt mixture to prevent protein degradation, maintaining proteins for further analyses. 
The tissues were then weighed and homogenised in phosphate-buffered saline (PBS, pH 
7.4) supplemented with a protease inhibitor cocktail to achieve a 10 % (m/V) tissue homoge
nate. After homogenising, samples were subjected to high-speed centrifugation at 12,000 
× g for 15 min at 4 °C to remove cellular debris. Clear supernatants were collected, ali-
quoted, and stored at −80 °C until further analysis.

Total protein concentration in each sample was determined using a bicinchoninic acid 
(BCA) protein assay, and ELISA results were normalised to protein content (per mg pro-
tein). Using specific ELISA kits, the levels of various important oxidative stress markers 
GSH (Cayman Chemical, USA, Cat.# 703002), HO-1 (Abcam, Cat.# ab207093), MDA (Sigma-
Aldrich, Cat.# MAK085), and H₂O₂ (Abcam, Cat.# ab102500) and inflammatory mediators 
TNF-α (R&D Systems, Cat.# MTA00B) and NF-κB (Abcam, Cat.# ab176648), were quantita-
tively assessed in triplicates according to the manufacturer’s instructions. Absorbance was 
measured using a microplate spectrophotometer (BioTek Synergy™ HTX, Agilent 
Technologies, USA), and concentrations were calculated from assay-specific standard curves.

Statistical analysis

Data are expressed as mean ± SEM. Statistical analysis was performed using GraphPad 
Prism (v7, GraphPad Software Inc, USA). Comparisons among multiple groups were car-
ried out using one-way ANOVA followed by Tukey’s multiple comparison test. The 
Kolmogorov-Smirnov test was used to assess normality, and Bartlett’s test assessed the 
homogeneity of variance. The ROUT test was used to identify outliers. The value of p < 0.05 
was considered statistically significant.

RESULTS AND DISCUSSION

Effects of H3 relaxin on animal behaviour and cognitive function in the novel object 
recognition test

Memory impairment is a well-established diagnostic criterion of AD (24), and it was 
also conspicuously evident in our STZ model, as demonstrated by increased MELs and 
reduced time spent in the target quadrant during the MWM test, along with impaired 
object recognition performance. Administration of H3 relaxin led to a remarkable improve-
ment in cognitive functions, which was indicated by a decrease in escape latency and an 
increase in spatial memory retention at comparable levels to donepezil, a quintessential 
drug for managing AD symptoms. These findings strongly suggest that H3 relaxin can 
reverse STZ-induced memory deficits.

MWM test was carried out to evaluate the spatial learning and the memory of animals 
that underwent STZ administration, with comparison to both control and donepezil- 
-treated groups, to gauge the impact of H3 relaxin. Throughout the study, the animals 
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underwent marked changes in behavior, particularly in relation to locating the hidden 
platform. During the first three days post-STZ injection, animals showed a steady decline 
in the time taken to reach the platform, suggesting a degree of learning, although the STZ- 
-treated group showed the highest MEL. Overall, compared to the control group, STZ- 
-treated animals navigated the space with the greatest impairment.

During the second, third, and fourth trial days, STZ-treated mice showed notable 
increases in latency compared to control cohorts, demonstrating the cognitive impact of 
STZ. However, there was no significant difference between the groups when treated with 
either H3 relaxin or donepezil, as there was significant reduction in MEL without apparent 
differences across groups. This suggests that both H3 relaxin and donepezil improve STZ- 
-induced spatial learning deficits, although a direct comparison between the two treat-
ments was not performed.

On the day of the test when the platform was taken out to assess the memories of the 
control animals, the STZ group had a distinctly lower amount of time spent at the target 
quadrant, suggesting impaired memory retention. Treating them with either H3 relaxin or 
donepezil ameliorated this deficit, with treated animals spending a greater amount of time in 
the target quadrant compared to the untreated STZ group, without significant differences 
between the two treatments. Collectively, these observations indicate that H3 relaxin admini
stered to STZ-treated mice significantly improved spatial memory retention, achieving effects 
that were indistinguishable from those observed in the donepezil-treated group (Fig. 1a,b).

To further evaluate cognitive and memory deficits caused by STZ, the novel object 
recognition test was performed with emphasis on the effects of H3 relaxin. This test mea-
sures an animal's capability to recognise the difference between new objects and those that 
have been previously encountered, in order to demonstrate recognition memory (25). STZ- 
-treated animals had a much lower preference towards the novel object, and this was shown 
by a decrease in the time spent exploring the object relative to control animals, confirming 
significant memory impairment. Treatment with H3 relaxin substantially restored memory 
and increased the time spent exploring the novel object compared to the STZ group.

Also, STZ-injected mice demonstrated a reduction in the discrimination index, calcu-
lated by the difference in time spent on novel and familiar objects, relative to the controls. 
H3 relaxin treatment improved this discrimination deficit, for the novel object compared 
to the STZ group. These findings underscore the potency of both compounds in offsetting 
the STZ-induced recognition memory deficits with no significant difference between H3 
relaxin and donepezil in their restorative efficacy (Fig. 1c,d).

H3 relaxin effects on amyloid plaque deposition and tau hyperphosphorylation

Accumulation of Aβ plaques and hyperphosphorylated tau are two hallmarks of AD 
pathology (26). The reduction of Aβ plaques and tau phosphorylation at Ser396/Ser404 
observed after H3 relaxin treatment illustrates the characteristic signature of its effects on 
these hallmark neuropathological features of AD. Although donepezil treatment demon-
strated slightly greater clearance of Aβ plaques compared to the H3 relaxin group, H3 
relaxin treatment still produced a significant reduction in Aβ plaques, supporting its 
potential disease-modifying effects (27). These results may stem from changes in autophagy 
modulation and PI3K/Akt/mTOR signalling as both pathways are essential for the homeo-
stasis of cellular proteins and tau metabolism (28).
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As expected, the control group showed no signs of amyloid plaque deposition in the 
brain slices they analysed. However, the STZ-treated group showed significant amyloid 
accumulation, indicating the development of neurodegenerative pathology. This effect is 
associated with impaired brain insulin signalling, leading to dysregulation of the PI3K/
Akt/mTOR pathway, activation of GSK-3β, increased amyloidogenic amyloid precursor 
protein (APP) processing, reduced Aβ clearance via insulin-degrading enzyme (IDE), and 
enhanced neuroinflammation through the AGE/RAGE/NF-κB pathway, as reported in 

Fig. 1. a) Mean escape latency (MEL), time needed to find the hidden platform during the training 
trials; b) time spent exploring the target quadrant in the probe trial was taken as an indicator for 
memory retention after the platform was removed; c) time spent on the novel object relates to activity 
aimed at recognizing something new; d) the discrimination index was calculated as the difference in 
time spent interacting with the novel object versus the familiar one, which indicates recognition 
memory capacity. Each experiment included biological replicates (n = 6) and was performed in trip-
licate. # p < 0.05, vs. control group, and *p < 0.05, vs. STZ group.
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STZ-induced and transgenic AD models (29). H3 relaxin treatment decreased the number 
and size of amyloid plaques, while donepezil treatment almost completely removed the 
plaques in most of the regions examined. These results clearly reveal that H3 relaxin 

Fig. 2. Effect of H3 relaxin on frontal cortical histopathology and p-tau expression in STZ-induced 
Alzheimer-like mice. a) Photomicrographs of the frontal cortex of mice after STZ administration and 
treatment with H3 relaxin. (I) Cortex of control mice showing normal histological architecture of the 
brain. (II) Cortex of STZ-treated mice shows extensive neuronal degeneration and prominent amyloid 
plaque deposition (arrowhead). (III) Cortex of STZ + H3 relaxin-treated mice demonstrates restored 
histological architecture with reduced neuronal loss and mild amyloid plaque deposition (arrowhead). 
(IV) The cortex of donepezil-treated mice displays near normal histological structure with sparse amy-
loid plaques. Sections were stained with hematoxylin and eosin (H&E) and images captured at 40× 
magnification. Scale bar = 50 µm; b) expression levels of p-tau (Ser 396/404) assessed by Western blot-
ting; c) densitometry analysis of the Western blot was performed using ImageJ. Protein levels were 
normalized to β-actin, and data are presented as mean ± SEM. Each experiment included biological 
replicates (n = 6) and was performed in triplicate. #p < 0.05, vs. control group, and *p < 0.05, vs. STZ group.
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effectively reduced amyloid burden, with effects that closely resembled those of donepezil 
(Fig. 2a).

The AD model with STZ showed distinct protein expression changes within the hip-
pocampus that are associated with neurodegeneration. More specifically, tau protein was 
hyperphosphorylated, demonstrating an Alzheimer’s-like pathology and markedly 
increased levels compared to control groups; however, H3 relaxin treatment significantly 
lowered the hyperphosphorylation of tau protein (Fig. 2b,c).

Influence of H3 relaxin on expressions of autophagy-related proteins

Autophagic processes are essential for the degradation of aggregated proteins such as 
Aβ and hyperphosphorylated tau (30). STZ has been shown to impair autophagic flux with 

Fig. 3. H3 relaxin upregulates autophagy-related protein expression in STZ-induced Alzheimer-like 
mice. a) Western blot analysis showing the protein expression of LC3-II, LC3-I, ATG5, and beclin 1; 
b) and c) densitometry analysis of the blots was performed using ImageJ. Protein expression was 
normalised to β-actin. Each experiment included biological replicates (n = 6) and was performed in 
triplicate. #p < 0.05, vs. control group, and *p < 0.05, vs. STZ group.
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decreased ratios of LC3-II/LC3-I, along with reduced expression levels of beclin 1 and 
ATG5. These findings are consistent with reports of defective autophagy in AD, which 
contributes to the accumulation of neurotoxic proteins (31, 32). H3 relaxin treatment 
restored these markers of autophagy-related markers, suggesting enhanced formation of 
autophagosomes and improved autophagic degradation. Considering the interplay 
between PI3K/Akt/mTOR signalling and autophagy, it is reasonable to suggest that H3 
relaxin restored autophagy through modulation of these signalling pathways. These 
results highlight H3 relaxin as a possible candidate for modulating cellular proteostasis 
and slowing neurodegenerative progression.

To understand the extent of the modulatory effect of H3 relaxin on autophagy, we 
assessed the levels of prominent autophagy proteins, namely LC3, ATG5, and beclin 1, 
using Western blot analysis. The STZ murine model exhibited a significant decrease in the 
ratio of LC3-II to LC3-I (LC3-II/I) as well as the relative expression levels of ATG5 and 
beclin 1, when compared to the control group (Fig. 3). This suggests that the STZ group 
demonstrated suppressed autophagic activity.

As noted, H3 relaxin treatment restored the level of expression of proteins involved 
in autophagy. The ratio of LC3-II to LC3-I (LC3-II/I), a widely accepted marker of autopha-
gosome formation, was enhanced in the H3 relaxin-treated group compared to the STZ 
group, demonstrating enhanced maturation and accumulation of autophagosomes. In 
addition, the levels of ATG5, a crucial component in the elongation of autophagosomes, 
and beclin 1, an essential pro-autophagic factor that begins the nucleation of autophago-
somes, were shown to markedly increase with treatment of H3 relaxin. These findings 
imply that H3 relaxin mitigates the STZ induced slowdown of autophagy in STZ-treated 
mice, in effect restoring the autophagic process and supporting cellular metabolic homeo-
stasis under pathological conditions.

The impacts of H3 relaxin on oxidative stress markers and neuroinflammation

STZ-treated mice displayed elevated levels of MDA and H2O2 while showing low 
amounts of antioxidants such as HO-1 and GSH. This observation reflects impaired syn-
aptic and neuronal redox capacity. In regard to redox balance, administration of H3 relaxin 
significantly enhanced antioxidant defences and limited lipid peroxidation. Such an anti-
oxidant effect could support the neuroprotection observed previously since diminished 
oxidative stress is known to improve synaptic function and enhance cognitive perfor-
mance in AD models (33).

Neuroinflammation, which is associated with AD, is understood to exacerbate amy-
loid- and tau-related pathologies (34). In the context of the disease model, it was noticed 
that the exogenous administration of STZ led to an increase in TNF-α and NF-κB, both of 
which are indicative of an inflammatory response. Given the well-established reciprocal 
regulation between NF-κB and the antioxidant transcription factor Nrf2, this heightened 
inflammatory state may indirectly reflect an impairment of Nrf2-mediated cytoprotective 
signalling, which has been widely reported in STZ-induced Alzheimer’s disease models. 
Furthermore, treatment with H3 relaxin markedly suppressed these inflammatory mark-
ers, alongside donepezil, indicating a robust anti-inflammatory effect. These results are 
consistent with previous findings that demonstrated RXFP3 activation, the receptor medi-
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ated by H3 relaxin, leads to reduced inflammation and anxiety-like behaviour (35). Thus, 
the reduction of neuroinflammatory processes is likely to be a key contributor to the 
observed improvements in memory and neuropathology in this model.

The STZ treatment resulted in pronounced oxidative stress in the brain relative to its 
control group, indicated by an imbalance in oxidative stress biomarkers. In particular, 
STZ-treated animals showed reduced levels of heme oxygenase-1 (HO-1) and decreased 
glutathione (GSH), which are important cellular antioxidants. Concurrently, elevated 

Fig. 4. Impact of H3 relaxin on different markers of oxidative stress and neuroinflammatory markers 
in the brain. a) Concentration of MDA, a by-product of lipid necrosis inflammatory processes; b) 
amount of H₂O₂, assessing the oxidative load; c) amount of GSH, an indicator of the potential to 
donate electrons; d) content of HO-1, an antioxidant due to its high catalytic activity. The levels of 
TNF-α (E) and NF-κB (F) were determined. Each experiment included biological replicates (n = 6) and 
was performed in triplicate. #p < 0.05, vs. control group, and * p < 0.05, vs. STZ group.
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levels of MDA, an indicator of lipid peroxidation, and hydrogen peroxide (H2O2), a marker 
of oxidative stress, were observed.

Both H3 relaxin and donepezil treatments were effective in reversing STZ-induced 
alterations. In both cases, there was an increase in GSH and HO-1 levels, accompanied by 
reduced MDA and H2O2 concentrations. These findings demonstrate that H3 relaxin and 
donepezil exert comparable efficacy in mitigating oxidative stress (Fig. 4a–d).

Neuroinflammation was measured as one of the consequences of STZ-induced neuro
degeneration by monitoring key pro-inflammatory mediators. Mice injected with STZ 
exhibited a marked upregulation of NF-κB and increased TNF-α concentrations in brain 
tissue. The physiological imbalances further point towards the amplification of an inflam-
matory response. 

Administration of H3 relaxin or donepezil significantly attenuated neuroinflamma-
tory markers in STZ-treated mice. Both treatments reduced TNF-α and NF-κB levels, 
thereby suppressing STZ-induced inflammation. The observed effects following H3 
relaxin and donepezil treatment indicate that both agents possess anti-inflammatory 
activity of comparable magnitude (Fig. 4e,f).

The impact of H3 relaxin on the PI3K/Akt/mTOR pathway

The dysregulation of the PI3K/Akt/mTOR pathway profoundly affects cell survival, 
synaptic plasticity, and regulates tau phosphorylation as well as autophagy activity (36). 
STZ administration is reported to downregulate the phosphorylation of PI3K, Akt, and 
mTOR, which was consistent with the AD model’s suppressed pro-survival signalling 
environment (37, 38). Treating the AD model with H3 relaxin showed a restoration of phos-
phorylation levels for these proteins, suggesting that the pathway is reactivated. This is of 
particular importance since PI3K activation also corresponds with the blockade of GSK-3β, 
one of the key players in tau hyperphosphorylation, while proper mTOR regulation facili
tates the maintenance of balanced autophagic flux (39). These findings are in agreement 
with other studies showing that reinforcement of the PI3K/Akt pathway improves tau 
pathology and neurodegeneration in AD models (40).

The STZ-induced AD model in mice is characterised by distinct molecular changes in 
the hippocampus, a region highly susceptible to AD-related changes. As part of this 
remodelling, a marked reduction in the phosphorylation status of key signalling proteins 
within the PI3K/Akt/mTOR pathway was noted. In particular, STZ treatment resulted in a 
significant reduction in the level of phosphorylated forms of the proteins: p-PI3K, p-Akt 
and p-mTOR, while there was no significant change in the total amounts of the proteins 
PI3K, Akt, and mTOR. This decrease in the ratio of phospho-proteins to total proteins 
suggests impairment of the PI3K/Akt/mTOR signalling pathway, which is critical in neu-
ronal death slowing, synaptic integration, and autophagy regulation, all of which are 
impaired in AD.

Equally important, treatment with H3 relaxin resulted in a significant increase in 
levels of the phosphorylated forms of PI3K, Akt, and mTOR compared to the STZ-treated 
group, indicating a restoration of pathway activity (Fig. 5). These results imply that H3 
relaxin may exert a modulatory effect on STZ-induced neurodegenerative processes, 
potentially mediated through activation of the PI3K/Akt/mTOR signalling axis.
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Fig. 5. Effects of H3 relaxin treatment on the PI3K/Akt/mTOR signalling pathway. a) Western blot 
analysis showing the expression and phosphorylation status of proteins involved within the PI3K/
Akt/mTOR signalling pathway for each group of the experiment, portraying both phosphorylated 
and non-phosphorylated forms of PI3K, Akt, mTOR, and their upstream components; b), c) and d) 
represented ratio analysis of densitometric analysis for p-PI3K/PI3K, p-Akt/Akt, and p-mTOR/mTOR, 
respectively, were analysed quantitatively using ImageJ. Each experiment included biological repli-
cates (n = 6) and was performed in triplicate. #p < 0.05, vs. control group, and *p < 0.05, vs. STZ group.
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CONCLUSIONS

This study demonstrates that H3 relaxin provides significant neuroprotective effects 
in a streptozotocin-induced murine model of Alzheimer’s disease. By improving cognitive 
performance and reducing Aβ and tau pathologies, H3 relaxin modulates the PI3K/Akt- 
-mTOR signalling pathway, enhances autophagy activity, and attenuates oxidative stress 
and neuroinflammation. These results indicate that H3 relaxin may represent a potential 
therapeutic agent for disease modification in Alzheimer's. However, further studies are 
required to evaluate its long-term efficacy, optimal routes of administration, and transla-
tional feasibility for clinical use.
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