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Abstract

Aim: Melatonin has been found to inhibit the induced Tau hyperphosphorylation in cellular and animal models.
However, the underlying mechanisms are not fully understood, especially with respect to the ability of melatonin to
control Tau-related pathologies and neuronal damage.

Methods: 6-month-old male P301S mice were employed to evaluate the effects of intranasally administered
melatonin (10 mg/kg) on tauopathy progression and ferroptosis. HT22 and DA cells were also employed to
further uncover the mechanism of melatonin on Tau hyperphosphorylation and neuronal iron metabolism.

Results: We verified that intranasal melatonin administration effectively improved Tau hyperphosphorylation via
modulating the activity of several kinases, accompanied by a stifling of synaptic loss, neuronal degeneration,
neuroinflammation, and oxidative damage in P301S Tau transgenic mice. Moreover, restoration of ferroptosis-
related indicators such as iron accumulation in hippocampal neurons, iron metabolism, and activating Nrf2/GPX4
signaling also contributed to the underlying mechanisms by which melatonin supplementation ameliorated
behavioral deficits of the mice. Interestingly, we found that melatonin treatment may stimulate astrocytes to
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secrete hepcidin in vitro, which in turn helps alleviate neuronal iron efflux and Tau hyperphosphorylation in stressed
conditions.

Conclusion: These findings provide compelling evidence that melatonin plays a role in improving tauopathies and
ferroptosis in neurodegenerative disease.

Keywords: Tauopathy, melatonin, ferroptosis, hepcidin, astrocytes

INTRODUCTION

Tauopathies are a heterogeneous group of neurologic diseases characterized by abnormal deposition of Tau
protein in nerve cells, of which Alzheimer’s disease (AD) is the most common'’. Under physiological
conditions, the phosphorylation degree of Tau is in dynamic balance through the regulation of protein
kinase and phosphatase, and then plays different functions according to the needs of the body, which is
conducive to physiological processes such as cell morphology construction and signal transduction®.
However, in tauopathies, Tau is abnormally hyperphosphorylated to eventually form paired helical
filaments (PHF) and neurofibrillary tangles (NFTs), which are toxic to neurons™. In the absence of proven
efficacy of AB targeted therapy in treating AD, therapeutic strategies aimed at slowing, preventing, or
clearing tauopathy are considered promising target candidates, although there are currently no fully
effective new therapies with low toxic side effects™?.

In fact, therapies that target Tau production are relatively lacking", making it particularly important to
develop drugs that can directly or indirectly interfere with abnormal hyperphosphorylation of Tau. In
addition to the role of glycogen synthase kinase 3p (GSK38), cyclin-dependent kinase 5 (CDKS5), and protein
phosphatase 2A (PP2A), Tau phosphorylation may also be affected by metal ions, including iron'”. As the
most abundant transition metal in the brain, iron is known to accumulate excessively in the brains of
patients with neurodegenerative diseases such as AD. Iron overload drives a series of events such as glial
activation, the formation of Ap plaques and Tau tangles, and even neuron loss”*, accelerating the
progression of AD and cognitive decline. Accordingly, iron chelators have attracted attention, which play
neuroprotective and neurorepair functions in multiple modes for multiple causes of AD"*.

A study has found that people with AD have reduced melatonin levels in the cerebrospinal fluid, serum, and
brain compared to healthy people of the same age". Moreover, as a natural and multifunctional
neurohormone, the neuroprotection of melatonin in AD from animal models to early patients has also been
confirmed by a series of studies"*'*. The mechanism includes interfering with the maturation of amyloid
precursor protein (APP), inhibiting the secretion of APP into various cells, and affecting the function of
secretases by regulating the regulatory network of secretion enzyme expression, thereby inhibiting the
processing of amyloidosis APP and directly inhibiting the production of AB. Additionally, melatonin
prevents Ap accumulation and reduces its neurotoxicity by interacting with Ap"”. Furthermore, melatonin
can improve Ap-induced neurotoxicity and promote Ap clearance through lymphatic drainage, blood-brain
barrier transport, and degradation pathways"”**. In addition, melatonin has been shown to distinctly block
Tau hyperphosphorylation in neuronal cell lines and animal models. In vitro, melatonin can reduce Okadaic
acid-induced Tau hyperphosphorylation"”, and also interact with Tau repetition domains to mediate its
aggregation. In vivo studies have shown that besides improving Ap-induced Tau
hyperphosphorylation"**", exogenous melatonin supplementation improves oxidative stress,
neuroinflammation, and Tau hyperphosphorylation induced by intraventricular injection of AAV-
hTauP301L virus vector by restoring autophagy flux*?, and the miR-504-3p and CDKS5 axis is believed to be
involved in the mechanism of melatonin ameliorating Tau-related pathology*’. However, the diversity of its
biological functions and the complexity of the pathogenesis of AD indicate that further research on the
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neuroprotective mechanism of melatonin is necessary, which will be beneficial to its application in clinical
practice alone or in combination”*. Interestingly, many studies have confirmed that melatonin has the
efficacy of inhibiting ferroptosis with its iron chelation. Melatonin is reported to inhibit hyperglycemia-
induced ferroptosis by activating the nuclear factor erythroid 2-related factor 2 (Nrf2)/HO-1 signaling
pathway in type 2 diabetic osteoporosis”*”; ferroptosis in steroid-induced osteoporosis can also be inhibited
by activating the PI3K/AKT/mTOR signaling pathway”". There is also some therapeutic effect on
ferroptosis in acute kidney injury models”’. Combined with the iron-chelating activity of melatonin and its
ability to directly remove free radicals™, we speculated that melatonin plays a potential role in inhibiting
tauopathies and ferroptosis in AD brain; however, the possible inhibitory effect remains to be elucidated.

In this study, 6-month-old P301S Tau transgenic (Tg) mice were administered noninvasive intranasal
10 mg/kg melatonin for 12 weeks to evaluate whether melatonin could effectively alleviate the state of AD-
related tauopathy and whether the inhibition of ferroptosis is an underlying molecular mechanism.

METHODS

Animal treatments and sample preparation

Melatonin (M5250, Sigma-Aldrich) was dissolved in 100% ethanol and subsequently diluted to 12.5 mg/mL
with normal saline before use. P301S Tau Tg mice on a C57BL/6 background, originally purchased from the
Jackson Laboratory (Bar Harbor, ME, USA), were used as a model of tauopathy. The transgenic mice and
wild-type (WT) mice were housed in individually ventilated cages with free access to water and chow in a
temperature-controlled (22-25 °C) animal room and were maintained on a 12-hour light/dark cycle.

Six-month-old male P301S mice were intranasally administered melatonin (10 mg/kg; Sigma Aldrich,
M5250) or saline in one nostril (eight mice per group) per day for 12 weeks. The general health and body
weight of the mice were recorded daily. Ten weeks after the intranasal melatonin treatment, the mice were
subjected to the Morris water maze (MWM) and nesting tests. After the behavioral experiments, mice were
sacrificed under sodium pentobarbital anesthesia. The brains were immediately removed, and the left and
right hemispheres were separated on an ice-cold plate. The left hemisphere was fixed with 4%
paraformaldehyde and embedded in paraffin for morphological assessment. The right hemisphere was
frozen at -80 °C for biochemical analyses.

Behavioral experiments

MWM tests, open field test (OFT), and nest construction tests were carried out to assess the cognitive and
behavioral performance of P301S mice that were treated with melatonin or saline intranasally as previously
described"*"l. For each trial, the performance was monitored and analyzed with the SMART 3.0 computer
program.

ICP-MS system

For the inductively coupled ground mass spectrometry (ICP-MS; Agilent Technologies Inc) analysis, WT
mice were treated with melatonin (10 mg/kg) in one nostril. The mice were sacrificed at specific time points
(0, 15, 30, and 60 min). The brain samples were prepared, and the concentrations of melatonin in the whole
brain (including the olfactory bulb, cortex, and hippocampus) were analyzed by the ICP-MS system as
previously described"?.

Histochemical staining

To survey iron accumulation in the mouse brain, 3,3,-diaminobenzidine tetrahydrochloride (DAB)-
enhanced Perl’s staining was employed as previously described"”. For immunohistochemistry, the paraffin
sections of the brain tissues (5 um) were dewaxed and rehydrated, and antigen retrieval was performed by
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boiling the sections in citric acid buffer for 3 min with a microwave oven. The sections were then incubated
overnight with mouse anti-microtubule-associated protein 2 (MAP2; 1:400, Sigma-Aldrich), mouse anti-
glial fibrillary acidic protein (GFAP; 1:200, Santa Cruz), goat anti-hepcidin (1:200, Santa Cruz), or rabbit
anti-ionized calcium-binding adaptor molecule 1 (IBA1, 1:100; Abcam) at 4 °C. The next day, the sections
were treated with the appropriate HRP-conjugated secondary antibodies and detected with 0.025% DAB
according to the immunohistochemical kits. For Nissl staining, coronal sections (5 um) were prepared and
stained with Nissl staining solution (Beyotime Institute of Biotechnology) for 10 min. The sealed sections
were observed, and images were collected using a microscope (DM4000B; Leica).

For immunofluorescence, the brain sections (10 pm) were incubated overnight at 4 °C with primary
antibodies: mouse anti-Tau-p-Ser396 (1:400; Sigma) and rabbit anti-glutathione peroxidase 4 (GPX4; 1:200;
Santa Cruz). For double staining, a mixture of primary antibodies was used. Antigen visualization was
accomplished using fluorescein isothiocyanate-conjugated donkey anti-rabbit IgG (1:200; Jackson) and
Texas-Red-conjugated donkey anti-mouse IgG (1:200; Jackson) for 2 h at room temperature. The images
were examined using a confocal laser scanning microscope (SP8; Leica).

Cell culture and treatment

Mouse-derived astrocyte line D1A and mouse hippocampal neuronal cell line HT22 were used for the
in vitro studies. D1A cells and HT22 cells were cultured in high glucose DMEM containing 10% fetal bovine
serum at 37 °C in a humidified 5% CO, air. After the cells reached the third generation, serum-free medium
was added for 12 h before drug treatment. Cells were then treated with the medium vehicle, ferric
ammonium citrate (FAC; 100 pM, Shanghai Testing Company), melatonin (50 puM), or FAC + melatonin for
24 h. Then, cells were harvested for subsequent experiments.

For coculture, the medium was extracted from D1A cells of each group, and fresh culture medium was
respectively mixed in a 1:1 ratio and used to treat HT22 cells. After 24 h, the HT22 cells were collected for
western blotting immunoassay.

Western blotting immunoassay

Frozen brain tissues or cells were lysed in a sample buffer [0.1% sodium dodecyl sulfate (SDS), 0.5%
deoxycholic acid, 1% Nonidet P-40, 150 mM NaCl, and 50 mM Tris, pH 8.0] supplemented with a cocktail
of protease inhibitors (Sigma-Aldrich) and were processed for immunoblot analysis as previously
described”. The primary antibodies used for this study are shown in Table 1.

Real-time polymerase chain reaction

The total RNA was extracted from cerebral cortex tissues using TRIzol reagents (Invitrogen). One
microgram of total RNA was reverse transcribed to cDNA using GoTaqR 2-Step RT-qPCR System
(Promega) and the cDNA obtained was used for subsequent polymerase chain reaction (PCR) reactions. All
PCR reactions were performed in a total volume of 10 pL: DNA polymerase activation at 95 °C for 10 min,
and 40 cycles of denaturing at 95 °C for 15 s, and annealing and extension at 56 °C for 10 s. The following
PCR primers were used: hepcidin: forward, TGTCTCCTGCTTCTCCTCC and reverse,
ATGTCTGCCCTGCTTTCTT; glyceraldehyde-3-phosphate dehydrogenase (GAPDH): forward,
GCCTTCCGTGTTCCTACC and reverse, AGAGTGGGAGTTGCTGTTG. The mRNA expression was
calculated using AACt (threshold cycle, Ct) values normalized to GAPDH.

Biochemical analysis
To quantify oxidative stress indicators, the brain tissues of the mice were weighed and homogenized in
0.1 mol/L ice-cold PBS buffer. The homogenate was centrifuged at 1,000 g for 10 min at 4 °C. According to
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Table 1. List of biological reagents antibody

Antibody Source Manufacturer Dilution
Calpain1 Rabbit Abcam 1:2,000
Caspase 3 Rabbit Cell Signaling Tech 1:2,000
CDK5 Rabbit Abcam 1:2,000
p-CDK5 Rabbit Sigma-Aldrich 1:2,000
DMT1 Mouse Alpha diagnostic 1:2,000
FPN Rabbit Abcam 1:2,000
FTH Rabbit Cell Signaling Tech 1:2,000
GFAP Rabbit Sigma-Aldrich 1:2,000
GPX4 Rabbit Santa Cruz 1:1,000
GSK3a/p Rabbit Cell Signaling Tech 1:2,000
p-GSK3p (Ser9) Rabbit Cell Signaling Tech 1:2,000
p-GSK3o/P (Tyr279/Tyr216) Rabbit Cell Signaling Tech 1:2,000
Hepcidin Goat Santa Cruz 11,000
IBAT Rabbit Abcam 1:1,000
IL-1B Rabbit Santa Cruz 1:1,000
IL-6 Rabbit Santa Cruz 1:1,000
MAP2 Mouse Sigma-Aldrich 1:2,000
Nrf2 Rabbit Proteintech 1:2,000
NeuN Rabbit Cell Signaling Tech 1:2,000
PSD-95 Rabbit Cell Signaling Tech 1:2,000
P35/25 Rabbit Cell Signaling Tech 1:2,000
PP2A Rabbit Cell Signaling Tech 1:2,000
SOD1 Rabbit Cell Signaling Tech 1:2,000
SYP Mouse Sigma-Aldrich 1:1,000
Total Tau Rabbit Cell Signaling Tech 1:2,000
p-Tau (Ser202) Rabbit Cell Signaling Tech 1:2,000
p-Tau (Ser396) Mouse Sigma-Aldrich 1:2,000
p-Tau (Ser404) Rabbit Sigma-Aldrich 1:2,000
p-Tau (Thr181) Rabbit Cell Signaling Tech 1:2,000
p-Tau (Thr231) Rabbit Sigma-Aldrich 1:2,000
xCT Rabbit Abcam 1:2,000
TF Rabbit Cell Signaling Tech 1:2,000
TFR1 Mouse Abcam 1:1,000
TNFa Mouse Santa Cruz 1:1,000
GAPDH Mouse Cell Signaling Tech 1:5,000
B-actin Mouse Sigma-Aldrich 1:10,000

CDKS5: Cyclin-dependent kinase 5; DMT1: divalent metal transporter 1; FPN: ferroportin; FTH: ferritin heavy chain; GFAP: glial fibrillary acidic
protein; GPX4: glutathione peroxidase 4; GSK3a/p: glycogen synthase kinase 3a/pB; IBA1: ionized calcium-binding adaptor molecule 1; IL-1:
interleukin-1B; MAP2: microtubule-associated protein 2; Nrf2: nuclear factor erythroid 2-related factor 2; PSD-95: postsynaptic density protein 95;
PP2A: protein phosphatase 2A; SOD1: superoxide dismutase 1; SYP: synaptophysin; xCT: cystine-glutamate antiporter; TF: transferrin; TFR1:

transferrin receptor 1; TNFa: tumor necrosis factor a; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

the manufacturer’s instructions of commercial kits (Jiancheng Biology), Gamma-glutamyl-cysteinyl-glycine
(GSH), malondialdehyde (MDA), and reactive oxygen species (ROS) levels in the supernatant were detected
using a microplate reader (Synergy/H1, BioTek).
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Statistics

The differences between the means were counted using Student’s t-test for in vivo. One-way ANOVA was
employed for in vitro. The results are expressed as the mean + standard error of the mean (SEM). All the
data were calculated using Prism (GraphPad Software Inc.), and the differences were assumed to be
statistically significant if the P < 0.05.

RESULTS

Melatonin improves the autonomous behavior and cognitive ability of P301S mice

In this study, P301S transgenic mice were employed, which have a large number of NFTs and significant
neuronal degeneration™. The experimental flow chart is shown in Figure 1A, and HPLC-MS experiments
using 8-month-old WT mice were first performed to analyze the efficiency of melatonin entry into the
brain. As shown in Figure 1B, at the time point we monitored, melatonin concentration peaked 15 min after
administration of melatonin.

Next, several behavioral experiments were conducted. In MWM experiments, there was no significant
difference in the mean escape latency between the two groups of mice in the visual platform, indicating that
melatonin treatment did not affect the motor ability and vision of the mice. During the hidden platform
period, melatonin-treated mice found the platform in significantly less time and with a shorter path length
than vehicle-treated mice [Figure 1C and D]. In the shuttle experiment, mice in the melatonin-treated mice
crossed the original platform location significantly more times than mice in the vehicle-treated mice
[Figure 1E]. The data indicated that melatonin treatment can significantly improve the learning and spatial
memory ability of P301S mice. In OFT, we found that there was no significant difference in the total
movement distance between the two groups of mice, indicating that melatonin treatment had no effect on
the motor ability of mice; however, the time of activity in the central region of mice in the melatonin-treated
mice was significantly higher than that in the vehicle-treated mice [Figure 1F-H], indicating that after
melatonin treatment, the anxious behavior of P301S mice was reduced and the exploration instinct was
enhanced. In addition, we executed the nest construction test to survey the effect of nasal melatonin
treatment on the social behavior of the P301S mice, and the melatonin-treated mice exhibited better than
the vehicle-treated mice [Figure 1I].

Melatonin improves Tau hyperphosphorylation in P301S mice through multiple pathways

To investigate whether the improvement of cognitive behavior in P301 mice by nasal administration of
melatonin involves inhibition of Tau hyperphosphorylation, we detected the phosphorylation levels of Tau
at serine (Ser) and threonine (Thr) sites using western blotting. The results showed that compared with the
vehicle-treated mice, Tau phosphorylation levels at Ser 202, Ser 396, Ser 404, and Thr181 were significantly
reduced in the melatonin-treated mice [Figure 2A-E], but no significant changes were detected at Thr231
[Figure 2A and F]. There was no significant difference in total Tau levels between the melatonin-treated
mice and the vehicle-treated mice [Figure 2A and GJ.

Next, several kinases and phosphatases associated with Tau phosphorylation were detected. As shown in
Figure 2H, marked reductions in calpain 1 level and the ratios of p-CDK5/CDK5 and P25/P35 were
observed in the melatonin-treated mice compared with those in the vehicle-treated mice [Figure 2H-K].
Moreover, the p-GSK3a/p (Tyr279/Tyr216)/GSK3a/p ratio in the brains of the melatonin-treated mice was
significantly higher than that in the brains of vehicle-treated mice [Figure 2L and M], but the level of the p-
GSK3p (Ser9)/GSK3p was not significantly decreased (Figure 2L and N, P > 0.05). In addition, quantification
of the western blotting data showed that the melatonin treatment significantly increased the level of PP2A
[Figure 2L and O].
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Figure 1. Melatonin improves the autonomous behavior and cognitive ability of P301S mice. (A) The experimental flow chart; (B)
Melatonin content in the brain of WT mice. n = 3; (C and D) The escape latency and path length of melatonin-treated P301S mice were
reduced in the hidden platform tests of the MWM,; (E) The passage times of P301S mice were increased by melatonin treatment; (F)
Total movement distance of P301S mice in open field exploration; (G) The time of activity was increased in the center of the open field
during OFT; (H) The movement tracks of P301S mice were shown in OFT; (1) The ability to construct nests of P301S mice was
ameliorated by melatonin treatment. Data represent the mean + SEM (n = 8). ‘P < 0.05. WT: Wild-type; MWM: Morris water maze;
OFT: open field test; SEM: standard error of the mean.

Melatonin relieves synaptic dysfunction and neuronal damage in P301S mice

Next, we verified the neuroprotective effect of melatonin treatment on P301S mice. Compared with the
vehicle-treated mice, the hippocampal CA1 region of melatonin-treated P301S mice had stronger Nissl
staining, suggesting increased Nissl bodies and enhanced neuronal protein synthesis [Figure 3A]. Further
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Figure 2. Melatonin ameliorates Tau hyperphosphorylation in P301S mice via multiple pathways. (A-G) Western blotting results
showing the levels of phosphorylated Tau at sites Ser202, Ser396, Ser404, Thr181, and Thr231in the brain of melatonin/-vehicle treated
P301S mice; (H-K) Immunoblotting analysis of calpainl, p-CDK5, CDK5, and P35/25 in the brains after melatonin treatment; (L-O)
Immunoblotting analysis of p-GSK3p (Ser9), p-GSK3a/B (Tyr279/Tyr216), and GSK3p in the brains after melatonin treatment. B-actin
served as the internal control. The values are presented as mean = SEM (n = 8). ‘P < 0.05. CDKS5: Cyclin-dependent kinase 5; GSK3:
glycogen synthase kinase 3f; SEM: standard error of the mean.

examination revealed that the immunohistochemical positive staining of MAP2 (a neuronal marker) was
significantly enhanced after melatonin treatment [Figure 3B]; meanwhile, the expression levels of MAP2,
NeuN, synaptophysin (SYP), and PSD95 were significantly increased in the brain tissue of melatonin-
treated P301S mice [Figure 3C-G]J.

Melatonin inhibited neuroinflammation in the brain of P301S mice

Inflammatory factors, which are secreted by microglia and astrocytes, promote excessive Tau
phosphorylation. Tau hyperphosphorylation further stimulates microglia and astrocytes, causing the release
of more inflammatory factors, thus forming a vicious cycle and exacerbating the pathological process of
ADM. To verify whether melatonin inhibits inflammatory responses, we used immunohistochemistry to
detect the astrocyte marker GFAP in the brains of P301S mice. As shown in Figure 4A, astrocytes in both
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Figure 3. Melatonin relieves synaptic dysfunction and neuronal damage in P301S mice. (A) Nissl staining indicating the functional
states of neurons in the hippocampal CAT region of melatonin- and vehicle-treated P301S mice. Scale bar = 20 um; (B)
Immunohistochemical staining results of MAP2 in the hippocampal CA1 region of P301S mice. Scale bar = 50 um; (C-F)
Immunoblotting results showing the levels of MAP2, NeuN, PSD95, and SYP in the P301S mouse brains after melatonin treatment.
GAPDH served as an internal control. Values are represented as mean + SEM (n = 8). P < 0.05. MAP2: Microtubule-associated protein
2: PSD95: postsynaptic density protein 95; SYP: synaptophysin; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; SEM: standard
error of the mean.
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the vehicle-treated mice and the melatonin-treated mice exhibited varying degrees of cell activation, which
was manifested as cell body hypertrophy, swelling, and increased processes. However, the melatonin-treated
mice had fewer protrusions and significantly reduced aggregation of astrocytes, indicating that the
activation of astrocytes in the P301S mouse brain was inhibited after melatonin treatment. Moreover, we
also examined the expression distribution of microglial marker IBA1 in the two groups of mice. As shown
in Figure 4B, compared with the vehicle-treated mice, the number and activation degree of IBA1 stained
positive cells in the hippocampal CA1 region of mice in the melatonin-treated mice were significantly
reduced, indicating that the excessive activation of microglia in the P301S mouse brain was also inhibited
after melatonin treatment. In addition, we found that compared with the vehicle-treated mice, melatonin
treatment significantly downregulated the expression levels of GFAP, IBA1, tumor necrosis factor o
(TNF-a), and IL-6 by western blotting; however, no significant change in interleukin-1p (IL-1B) expression
was detected in the brain of P301S transgenic mice [Figure 4C-H].

Melatonin retards the iron deposition process in the brain of P301S mouse brain

The inhibition of Tau pathology in AD by iron chelators has been confirmed""'”. Based on the iron
chelation ability of melatonin®, we next examined the iron deposition using Perl’s staining in the brain of
P301S mice. As shown in Figure 5A, there were brown particles in the iron-stained positive neurons in the
hippocampal CA1 region of P301S mice, while the number of iron-stained positive cells in the melatonin-
treated mice was reduced compared to the vehicle-treated mice. We examined the effects of melatonin on
iron metabolism-related proteins in the brains of P301S mice. The results showed that ferritin heavy chain
(FTH) expression was significantly decreased after melatonin treatment [Figure 5B and C], further
indicating that melatonin treatment can significantly reduce the iron content in the brain of P301S mice.
Moreover, the expression levels of ferroportin (FPN) were clearly upregulated [Figure 5D], and the
expression levels of transferrin (TF) and transferrin receptor 1 (TFR1) were significantly downregulated
[Figure 5E and F], but no significant change was detected in the expression level of divalent metal
transporter 1 (DMT1) [Figure 5G] after melatonin treatment.

Melatonin increases hepcidin expression in the brain of P301S mice

Given the prominent role of hepcidin iron regulation, fluorescence quantitative PCR and western blotting
techniques were utilized to detect the expression levels of hepcidin mRNA and protein in the P301S mouse
brain. We found that compared with the vehicle-treated mice, the mRNA and protein levels of hepcidin in
the brain of P301S mice dramatically increased after melatonin treatment [Figure 6A-C].
Immunohistochemical staining results showed that the cortex and hippocampus had brown-yellow positive
staining in both groups of mice. Compared with the vehicle-treated mice, the positive staining intensity in
the cortex was stronger in the melatonin-treated mice, while the change in the hippocampus was not
obvious [Figure 6D]. These results suggest that the changes in iron metabolism in the brain of P301S
transgenic mice after melatonin treatment may be regulated by in-situ synthesis of hepcidin in the brain.

Melatonin inhibition of iron-induced Tau hyperphosphorylation in HT22 cells involves hepcidin
secreted by D1A cells

To determine which cells in the brain melatonin can stimulate upregulation of hepcidin expression, we
conducted a series of cell experiments. HT22 cells were treated with FAC to induce Tau
hyperphosphorylation in hippocampal neurons similar to P301S mice and to evaluate whether melatonin
can regulate iron metabolism in the cells. As expected, melatonin treatment significantly inhibited FAC-
induced Tau hyperphosphorylation at Ser 202, Ser 396, Ser 404, and Thr181 [Figure 7A-E]. Further
detection revealed that melatonin significantly inhibited the expression of hepcidin in HT22 cells, while
promoting the expression of FPN; however, hepcidin expression was significantly upregulated in HT22 cells
treated with FAC, while FPN expression was only weakly downregulated. Compared with HT22 cells
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Figure 5. Melatonin retards the iron deposition process in the brain of P301S mouse brain. (A) Perl's DAB staining of the hippocampal
CAT1 region in P301S mice. Scale bar = 50 um; (B-G) Western blotting analysis and quantification of DMT1, FPN, TFR, TF, and FTH with
-actin as an internal control. Values are represented as the means + SEM (n = 8). ‘P < 0.05. DAB: 3,3,-Diaminobenzidine
tetrahydrochloride; DMT1: divalent metal transporter 1; FPN: ferroportin; TFR: transferrin receptor; TF: transferrin; FTH: ferritin heavy
chain; SEM: standard error of the mean.

treated with FAC alone, hepcidin was downregulated when melatonin and FAC were co-treated, and FPN
still showed an upregulated trend [Figure 7F-H]. These results indicate that melatonin treatment can
directly affect the iron metabolism of HT22 cells, but its effect is diminished in cells where Tau
hyperphosphorylation has been induced by FAC. In other words, the increase of hepcidin in the brain of
P301S mice had little to do with neurons.
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Figure 6. Melatonin increases hepcidin expression in the brain of P301S mice. (A) Immunohistochemical staining results of hepcidin in
the cortex and hippocampus of P301S mice. Scale bar = 50 um; (B and C) Western blotting analysis and quantification of hepcidin with
B-actin as an internal control; (D) The hepcidin mRNA levels in the brain of P301S mice were significantly upregulated after melatonin
treatment with GAPDH as an internal control. The values are presented as mean = SEM (n = 8). P < 0.05. GAPDH: Glyceraldehyde-3-
phosphate dehydrogenase; SEM: standard error of the mean.

In fact, in addition to neurons, hepcidin immune responses were also detected in GFAP-positive glial
cells™. To investigate whether the upregulated hepcidin in the brain of melatonin-treated mice might
originate from astrocytes, we examined the expression levels of hepcidin and FPN in D1A cells treated with
FAC and/or melatonin, and HT22 cells treated with D1A cell medium. In D1A cells, compared with FAC
alone, the expression level of hepcidin was significantly increased after FAC and melatonin combined
culture, while the expression level of FPN was significantly decreased [Figure 7I-K]. These results indicated
that melatonin treatment stimulated hepcidin expression in FAC-stressed astrocytes.

Further detection of HT22 cells cocultured with D1A showed that the expression level of hepcidin in HT22
cells in D1A medium treated with FAC and melatonin was slightly downregulated compared with that in
D1A medium treated with FAC only, but the level of FPN was significantly increased [Figure 7L-N]J.
Interestingly, the D1A medium treated with medium and FAC significantly upregulated the levels of GPX4
but had no significant effect on Tau phosphorylation at Ser202, Ser396, and Thri81 [Figure 70-S]. These
results indicate that under an iron overload environment, astrocyte products after melatonin treatment can
stimulate the efflux of iron ions from neurons, thereby inhibiting oxidative damage and ferroptosis in
neurons. P < 0.05.

Melatonin alleviates oxidative stress response and ferroptosis in the brain of P301S mice

Melatonin has been shown to rescue ferroptosis in various cellular and animal models of noncancerous
diseases™. To investigate whether melatonin can inhibit Tau-induced ferroptosis by acting as ROS
scavengers or metal chelators, we first measured the expression of GPX4 in the brain tissue of P301S mice.
Immunofluorescence double labeling results showed that nasal administration of melatonin clearly
enhanced the positive signal of GPX4 while reducing p-Tau (Ser396) expression [Figure 8A and B]. Then,
we demonstrated that the protein expression levels of superoxide dismutase 1 (SOD1), GPX4, Nrf2, and
xCT statistically increased in the brain of P301S mice after melatonin treatment [Figure 8B-G]. Accordingly,
the levels of ROS and MDA in the brain of P301S mice were significantly decreased, while the content of
GSH was increased after melatonin treatment [Figure 8H-]], indicating that melatonin can effectively relieve
the oxidative stress caused by iron overload in the brain of P301S mice, and thus reduce the occurrence of
ferroptosis.
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Figure 7. Melatonin inhibition of iron-induced Tau hyperphosphorylation in HT22 cells involves hepcidin secreted by D1A cells. (A-E)
HT22 cells were untreated or treated with 50 uM melatonin, 100 uM FAC, 50 pM melatonin + 100 uM FAC for 24 h. Cell lysates were
then collected from these cells and subjected to western blotting analysis to evaluate Tau hyperphosphorylation at Ser202, Ser396,
Ser404, and Thr181 using their antibodies; (F-H) The expression levels of hepcidin and FPN were tested by immunoblotting in HT22
cells; (I-K) The expression levels of hepcidin and FPN were shown in D1A cells after melatonin and/or FAC treatment; (L-N) The HT22
cells, which were treated respectively with melatonin- and/or FAC-treated D1A cells media, were subjected to western blotting analysis
using hepcidin, FPN, GPX4, p-Tau (Ser202), p-Tau (Ser396), p-Tau (Thr181), and T-Tau antibodies. B-actin was used as an internal
control. Values are represented as the means + SEM (n = 3). P < 0.05 compared with the Control group; “P < 0.05 compared with the
FAC group. FAC: Ferric ammonium citrate; FPN: ferroportin; GPX4: glutathione peroxidase 4; SEM: standard error of the mean.
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Figure 8. Melatonin alleviates oxidative stress response and ferroptosis in P301S mouse brains. (A and B) Immunofluorescence labeling
and confocal microscopy analysis showing the expression of GPX4 (red) and p-Tau (Ser396) (green) in the cortex and hippocampus of
the P301S mouse brains. DAPI was used to detect the nuclei (blue). Scale bar = 25 um; (C-G) Western blotting analysis showing that the
protein expression levels of SOD1, GPX4, Nrf2, and xCT were significantly increased in melatonin-treated mice. B-actin served as the
internal control; (H-J) GSH, ROS, and MDA production levels in the brains of P301S mice, as detected by the DCFH-DA method. Values
are represented as mean + SEM (n = 8). P < 0.05. GPX4: Glutathione peroxidase 4; DAPI: 4',6-diamidino-2-phenylindole; SOD1:
superoxide dismutase 1; Nrf2: nuclear factor erythroid 2-related factor 2; xCT: cystine-glutamate antiporter; GSH: gamma-glutamyl-
cysteinyl-glycine; ROS: reactive oxygen species; MDA: malondialdehyde; DCFH-DA: 2',7'-dichlorofluorescein diacetate; SEM: standard
error of the mean.
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DISCUSSION

Growing evidence has confirmed that melatonin has a powerful neuroprotective effect and therapeutic

[16-25

potential for neurodegenerative diseases"**". In this study, we confirmed that long-term treatment with
melatonin can effectively alleviate behavioral deficits in P301S transgenic mice using nasal administration,
which involves reducing Tau hyperphosphorylation, iron deposition and related oxidative stress, and

ferroptosis.

The brain of P301S transgenic mice exhibits characteristics such as NFTs, synaptic dysfunction, and
neuronal damage, which have been widely used in the study of neurodegenerative diseases such as AD".
Previous studies found that compared with WT mice, the brain of 8-month-old P301S transgenic mice
showed relevant indications of increased iron content and ferroptosis"”. Although it has been reported that
melatonin inhibits Tau hyperphosphorylation, systematic studies have been lacking, and whether its
neuroprotective mechanism is involved in inhibiting ferroptosis remains to be clarified.

As expected, the results of ICP-MS and behavioral experiments confirmed that intranasal administration
resulted in a peak of melatonin concentration in the brain and effectively improved cognitive behavioral
deficits in P301S mice. As evidenced by previous cell line experiments and animal studies"*”*”, intranasal
administration of melatonin also exhibits promise in mitigating Tau hyperphosphorylation at multiple sites
in the brain of P301S mice. In tauopathies of AD, hyperphosphorylated Tau is related to various protein
kinases and protein phosphatases, especially CDK5, GSK3p, and PP2A"™!. In fact, various mechanisms by
which melatonin inhibits tauopathies (such as the inhibition of CDK5"* and GSK3p"?, and the activation of
PP2AP*")) have been reported. Here, we systematically examined this with the P301S Tg mice, and found
that the expression levels of p-CDK5 and P25 were significantly reduced after melatonin treatment,
indicating that CDK5 activity was inhibited"*”. Meanwhile, it was found that the phosphorylation level of
GSK30/p at Ser 21/9 did not change significantly, but its phosphorylation level at Tyr 279/216 was
significantly reduced, indicating that melatonin inhibited the activity of GSK3B by inhibiting the
autophosphorylation of Tyr 279/216"*. In addition, compared with the vehicle-treated mice, the expression
level of PP2A in the brain of melatonin-treated mice was significantly upregulated, suggesting that
melatonin promoted the expression of PP2A, which may catalyze the Tau dephosphorylation'*.

Growing evidence suggests that synaptic dysfunction and neuronal loss are key pathological features of AD,
and that pathological Tau dissociation from microtubules and mislocalization into presynaptic and
postsynaptic neuronal compartments induce synaptic dysfunction in multiple ways"“*. In addition to the
hyperphosphorylated Tau and tangle development in the brain of P301S mice, it also showed obvious
synaptic dysfunction and neuron loss in the CA1 region of the hippocampus"”. Melatonin has been found
to significantly reverse D-galactose-induced synaptic dysfunction by increasing levels of memory-related
presynaptic and postsynaptic protein markers"*” and restoring induced neuronal death by kainic acid“” and
prion protein””. Melatonin pretreatment can also significantly reduce the dendritic length and complexity
of primary neurons, and decrease synaptic protein and neuronal death caused by acidosis"*”. Consistently,
we found that after nasal administration of melatonin, the expression levels of neuronal dendrite marker
MAP2, neuronal marker NeuN, presynaptic marker protein SYP, and postsynaptic marker PSD95 were
significantly increased, and the intensity of Nissl staining was also enhanced, indicating that melatonin
treatment could effectively improve synaptic plasticity and neuronal function in P301S Tg mice.

Although the mechanism of neuronal dysfunction remains unclear, tauopathy has also been linked to
ferroptosis">*!. The main characteristic of ferroptosis is the accumulation of a large amount of iron and
lipid peroxidation during the process of cell death. Its inducing factors can directly or indirectly inhibit
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GPX4, leading to a decrease in cellular antioxidant capacity and ROS accumulation, ultimately resulting in

51]

ferroptosis™. Previous studies have shown the phenomenon of increased oxidative stress”, and we have

also confirmed the presence of lipid peroxidation and elevated iron content in the brain of P301S transgenic

mice"”. Given the strong iron chelating ability”* and free radical scavenging ability"”

, we speculated that
melatonin may inhibit neuronal oxidative stress and ferroptosis, thereby exerting a certain neuroprotective
role. In fact, melatonin has been shown to rescue ferroptosis in various cellular and animal models of
noncancerous diseases. In our system, attenuated Perl’s staining intensity and reduced ferritin confirmed
decreased iron deposition in the hippocampal CA1 region of melatonin-treated mice. Moreover, reduced
TFR1 and increased FPN supported that melatonin may reduce the iron deposition in the brain of P301S
mice by reducing cellular iron input and increasing cellular iron efflux®”. Besides protecting hippocampal
neurons by affecting iron metabolism, we found that melatonin treatment in P301S mice also reduced the
production of ROS and MDA, and increased the expression of SOD1, GPX4, xCT, and Nrf2, which plays an
important role in oxidative stress and ferroptosis balance”**?. Meanwhile, the content of GSH also increased
significantly after melatonin administration, indicating that melatonin treatment can significantly improve
the oxidative stress in the brain of P301S mice and inhibit the occurrence of ferroptosis*. Interestingly,
previous studies have confirmed that melatonin has powerful anti-inflammatory properties in addition to its
antioxidant and iron-chelating functions”. A study found that ferroptosis is implicated in inflammation in
hepatocytes™. In this study, we detected that the expression levels of GFAP, IBA1, TNF-o, and IL-6 were
significantly reduced in the melatonin treatment mice, and the protrusion and aggregation degree of
astrocytes in the cortex and hippocampus were also significantly decreased, indicating that the
inflammatory response of P301S mice treated with melatonin was inhibited. These results suggest that the
neuroprotection of melatonin can be achieved either by directly inhibiting neuroinflammation or by
reducing the release of inflammatory factors induced by ferroptosis”®. These studies suggest that melatonin
may play an anti-AD role by inhibiting ferroptosis in P301S Tg mice.

It is well-known that hepcidin reduces iron load by degrading FPN, but the role of hepcidin in regulating
brain iron homeostasis is still controversial®”. It has been found that hepcidin can contribute to iron
accumulation in AD brain tissue™. Other studies have shown that hepcidin in the brain of AD is
reduced™, and when hepcidin is supplemented externally or overexpressed in the brain, the iron content
and iron-induced oxidative stress in the mouse brain can be significantly reduced'*”. Here, we found that
melatonin treatment can significantly increase the mRNA and protein expression of hepcidin in the brain of
P301S Tg mice. However, immunohistochemical staining results showed a significant increase in hepcidin-
positive signals in cortical cells of melatonin-treated mice, while there was no significant change in the
hippocampus. Similarly, in vitro, we did not find that melatonin could increase the expression of hepcidin
in hippocampal neurons of mice exposed to high iron, and even showed a downward trend. Therefore, we
made a reasonable conjecture that melatonin-induced upregulation of hepcidin in the P301S mouse brain
does not occur in neurons, but in other cells, such as astrocytes. In fact, it has been thought that in addition
to liver cells, various types of cells in the brain can also synthesize hepcidin in situ, especially glial cells'*”. Tt
has been found that astrocyte-derived hepcidin may interact with FPN of brain microvascular endothelial
cells (BMVECs)', thereby regulating brain iron uptake®. Moreover, astrocytes respond to intracellular
high iron levels and subsequently increase the secretion of hepcidin, thereby regulating total brain iron
levels through the hepcidin/FPN pathway'*’. Interestingly, we found that although melatonin did not
directly stimulate the expression changes of hepcidin in D1A cells, it could significantly reverse the decline
in hepcidin induced by FAC and inhibit the upregulation of FPN caused by FAC, suggesting that melatonin
treatment increased the expression of hepcidin in astrocytes but not neurons under iron overload
environment. The increase in hepcidin in astrocytes may further mediate the endocytosis and degradation
of FPN, thereby reducing the release of iron ions from BMVECs, and ultimately rescuing neurons from
damage®. In addition, we found that melatonin directly stimulated the expression of FPN in HT22 cells,
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without causing significant upregulation of FPN in D1A cells. When HT22 cells were cocultured with D1A,
both melatonin and FAC treatments significantly upregulated the expression of hepcidin and FPN, and the
combination of the two treatments not only failed to significantly reduce hepcidin, but also significantly
increased FPN. These results suggest that melatonin stimulates astrocytes to produce certain metabolites,
which have a more significant impact on the expression of FPN in neurons. Of course, the current results
also make us rethink the relationship between hepcidin and FPN in the AD model of mouse brain.

The limitations of this study should be considered when interpreting the results. It is important to address
that the sample size of mice may limit the generalizability of the data. It would have been more interesting
and important for conclusion if we had performed co-staining hepcidin and FPN with neuronal and
astrocytic markers in vivo. In addition, the role of microglia and hepatic hepcidin in our experimental
system may need to be explored or excluded. Of course, future studies should aim to highlight the exact
mechanism by which astrocytes rescue neuronal tauopathy and ferroptosis after melatonin treatment.

In conclusion, our study demonstrates that nasal administration of melatonin can exert neuroprotective
effects through its powerful free radical scavenging ability, anti-inflammatory and antioxidant activities, and
iron chelation ability, thereby inhibiting Tau hyperphosphorylation and ferroptosis in P301S transgenic
mice. This systematic analysis of melatonin is expected to offer vital evidence and a target for the prevention
and treatment of tauopathy.
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