Research Papers FiiEkik=y

0) )L S i R
Progress in Biochemistry and Biophysics
' '12025 ,52(8):2117~2130

www.pibb.ac.cn

BE Z M RAE I MM A TR T RS
KU B /R OR g BRI /N BRIA R T BE”

ﬂ'( ,%21,2)** g{f‘ 5:’5&1,2)** /H' E;l,z) ,E_%%l,z) T ;‘1,1,2)***
(VAL Tl R A ARl S e T AR, R 3001305 2 b LY i i S TARE AR E (b Talkk2%), K 300130)

WE BB BEEZLME R (repetitive transcranial magnetic stimulation, rTMS) J&—FhIRE AR RS A, HIGT7HT
IRPUEBN (Alzheimer’s disease, AD) #2457 —FhAE2¥y ik, AR, PACT-IZHE AD R EFIR RE, nim
PR TCRIET W AT 50005 AD MIAAIES . £585F (Ca™) FRARMT S AD MRS UIAESC, vl Z A=k s st
MR AE o ABIESE B LETRTT rTMS S 7538 i 40 ) i 2 JC BRAE T sl 3 A B AR AR i AD /D BUAHIBESS , ATy rTMS 7EIR YT
AD R BOE B FISC YAl . F7iE APP/PS1 AD/INRZM 21 0.5 Hz AR A 20 Hz =83l ' TMS 2R3, 3 i 38 ) (AR
KR B SR PG IRIT 45 5 o R B G B 43 1 (ELISA) Jy il e 45 4 /N BUR SR b 2 BEH K (GSH) . 1A &
(MDA) , ALY LR (SOD). Fe {7k, fdi/f] Erastin 55 HT-22 AHMIERIE T, Lo mo IBREHI AL B /S , CCK-8
LA TEY:, Fluo-4 AM BTN 852 Fe A b, SR 5E%/NEAELL, AD/PNRFID BERIAFIBES FBE, [
HF R BT T AT RO P9 85 B T B S T o R BRI f TMIS TR Y7 BB S (B 35 s AD /N RO AR, HLRBRSAI ] AD /)

SRR TR T I N B B TS W I . SR8 BRI Ei A2 0 Ml VAR RE A A A0 AD /NI BERRERT: , S Fif

RO AT R SR 1o P R A T B A P B T AR S

K

FESES Q274 DOI: 10.16476/j.pibb.2025.0023

Bl R o HF 9% (Alzheimer’ s disease, AD) &
AR NP R R E, CARE R AT
APk, HET, Sh=RBERHIE . BERE 5EE
FHSE AN HITBE ) B BEAEL AT T TR
I, fEFT > R IR AR R FE ML I e A 300
IRIT TR RAE AT

BRAET R — R A EsE T R, A
1o, USRI A WEAN], R BRI 1Y
BBt Al 2 Ak, ERAET R R IA 2
e ZGePs , JUHR M 2R AT PR e 1 I FE AL
il B B REE, AD B KN AR R DU . &
BEH BK (glutathione, GSH) #Eu& Fil g it i A 1k,
RNHIET TR AD B — DR W, %
B 23 A AN IR 2 TR T, TH RN Pk
AR, JFHO W RIS AD HERE 0 I,
B [ ERAE T AT BRI 1005 AD s ik F b A8 Ak 4 1
) — A RS i

BIRpIERR , R 2GR, BRAET, PSR,

IHIIhE
CSTR: 32369.14.pibb.20250023

PR T (Ca™) AN —fEliZ—, 24
FEARFM IO Reny el Ca 2 5 K rh iy il
SEFR | ACICAFAE RN SE fik o] SR S A B AR L b
Z2IUA] Ca” A M i EEBURR,  Ca™ FRASTELE R pf
ZIorUiRerh R A EEAEH Y, AR, gt
HFSE Y Ca” RS K BL 2 R AD i Ji R 2 — P
Ca” FIERTERN 2T RRIE T h I GV E T . AT
A2 5752 (reactive oxygen species, ROS)
A SRR SRS ] 3, IR Rl A
ROSES M EAEH . (HBTEENZ, 2. Ca Ml
ROS {55 Z MMM BAE 2R 1Y, PRAiF 22
= MR ARPL2ARES (52077057, 52207251) ANf-bay [ 4kFLF
4 (F2022202023) HHIWH
s JEHNH—AEH
s JHIHIR R o

Tel: 14722020113, E-mail: dingchong@hebut.edu.cn
Wi F0: 2025-01-15, 332 FHH]: 2025-04-27




2118~ EMUEEEYIEER

Prog. Biochem. Biophys. 2025; 52 (®)

LYt A AL B AT ROS 7 A5 (1) 88 11 B2 Ca? MK
PERY . BB ROSHGIN, s Ca fF 5l
Fead ok, Ca* J Valie s R Az g i SR AL AT 2
R I e R/ A AR ) Fe iz s R g (AL
PP 0T ) RIRSNERIET: " AR
W1, MBTESIE MR ERIE T bR, ATREAE T R
PEFP IR 2R (ferrostatin-1, Fer-1) ] ',
LORE, PIETMESER AR Z R K R AT 4y,
It HARTE AD 9 & EHILHI vh A 45 4 F 2L VE ]

2 % 5 G H 3 (repetitive transcranial
magnetic stimulation, rTMS) {Eh—#P4¢ 4 HIcA
RYT 7 AR MR 2 RGP TS ANGY 7 Pk
3 1T BN, R N T AD PO
rTMS 3 it [ 4 fii DXt I e 9 Ak g ke, SI2 B
H bR XA D RE 2% i Ik 45 . HAE ADVRYY
D5 TVE FIALSIE B AN 2T s a. it F m sy ek
AT IR AL, Y B SR A R B (R W] 21k
AT b, A IR i A A A5 T 2
R sRE . I PRIEYE s, rTMS T3l 5 i &
JCHAAREIZRIE L, (A i 2 AR e M A A
R AR L B IR DTRR X 2872
A5 SR RE B B AR DG e Y S A,
R3E H A R 2 v TMS 1 %Ay 1 Y G i e A
F L EIMS T, AT 1 Hz e 8 2o e
B, TR T 1 Hz (R A 2 AR >0 R
I PRAFFE 2B, rTMS X AD B 8l A 11 1) e s
s B BRI, A T I R A5 v 22 11 e 43
W, TE AD BRI Y R)IG YT b, R A A8 ' TMS
PIZ I X AD -T2 A T BE AT 1 iR .
Tan 55 2" il Zhang 55 ) & 81, {55 rTMS 7] 3%
AD %A [N 1R 6% o 1 Chen 55 ' I Choung
A PRI, AR R TMS X S AR /N R 25
] TARICI S i shRe 1A BURAE ] . (EARES T
&40 (1 Hz), @45 (10 HzA120 Hz) T BIRCR
Wi, 25 BRTR, 7EXT rTMS i3 AD #5280 LR IA
AR AR SE & B A ' TMS A rTMS 3
HBAEHT, B TR A = 43 04 4 22 S 4518
A—s

AW FE R FH APP/PS1 BUR; H [ AD #5551/,
PRI ITMS B P2 QR AP AL o S50 B 2R JH s A
(20 Hz) 5% (0.5 Hz) WFP rTMS T 17 48,
T A 14 d IESERIEL, B TEAE S AN [ G )
VG o PRI BT T R A A A DA R ) B R
5> AL . BFSESS R RBT, E 4 20 Hz FIIA

0.5 Hz rTMS ¥ fig b #3558 AD /NN AT g .
1 0 8 W Bt 43 #1 (enzyme-linked immuno sorbent
assay, ELISA) Kyl G s 1A R30G5
Tl AD /NI S e ongkat T, i — 2R
R, MENESHEE 25 T K Erastin 355 09 44 i
BRBET, X b2 240 it fin 0.5 Hz #1120 Hz (17
RG] AR R 4 B ke T 30 o ey
LN Ca Wk B, XS4 SRR, rTMS 7] figid i
AT 2 AD /N EOA ARG , H R AL
IV KA N SRR

1 M7

1.1 zh#

C57 PRH: S R e )32 0 FH T4 s 2L 50 4
H5E IR K I FE PR S 06 Bl AR . APP/PST /)N FRUE: DA
C57 /N BAE TS 5t s N APP LA B N -2
B 1R FER AD BRI/ . APP/PST /MR
TN B B TE 3~12 H 1N Bl 25 AF % 09 386 g g
N e

TEARBEFE T, R 24 FUEPE APP/PST XU
K AD #8/N FRUFD 8 UMM CS7BL/6T /NRR, 4R 1% 4
A, KE25~30 g, RFETHAELYRHE (KH)
HBRAT . ANRSCHSZ | IS R SR, IR
BFHEER (24x1) °C, &Y MIKK, b
HE /G R 12 ho ool I M MRS S K AD ALY
/NEBENLS> A AD+Sham 2 . AD+L rTMS 4 #1 AD+
HrTMS 4, C57BL/6J/INEAE N Control 41, %F4H8
Ry, ZahP) s a3 N A 4R h E AR OCHE B
AR AT, e Tl R A Y B 2R B 5 2
FHt (45 . HEBUTaCUC2022028), HAFFASE
Sl AL
1.2 R

TEARSZIR T, 30 FH B 2 R RIOR 4ok B Tt
DR TERHE A PR A F], BARAIS S CCY-1A #l4:
PR AL, & AR v I R T Ry i FH T sh 5
S ER LR, U RS RS I . 2l
M 64 mmx30 mm, M E ALK 56 mm, NEES
JE BN 14 mm, ZBEIM SR 23 mm. /NRIREE
TH I E B — L T TR A SRR AR AR N, 2R
SNSRI XS 5, AT/ N . X
AD+L rTMS 4, SC5 S 50445 0.5 Hz /9 I 4 Al
0.3 T () Il 8 ok B ( 2k BBl A K fi 1 1 14%,  HJY
227T). F5004fkm/d 47518 . AD+H rTMS 41
SEER SR 20 Hz Y A50FT 0.3 T RYJIEGREE , 20K



W, F: EELHERIHET R mMMETRIE TSRS

2025; 52 (&)

B E PR AN N BRI N T BE 2119+

500 fkeh/d, EZE14 d. [RIEHZA T BE4H Al Sham
2H/N R OO R, B2 ps o i B0, /N
S —rE s, (/N BT BN FE USRI

or

KREL 1 8:00~10:00 FEA T . ASAFE LI TR
)22 HEN A 1 s .

Ie 50 pulses %|
0.5 Hz

>l

1] <= J[fe=2s=={[[[ ===l

j«—100 s —>|

Behavioral test Sacrifice

|&—50 pulses —>|
20 Hz
>k
[[1e < [llfe—>—{l[[ +== Il
e— 255—>
—
P
D l 14d

APP/PS1

} >

9d

Fig.1 The experimental timeline of rTMS treatment and behavioral tests
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Fig. 2 Flow chart of the novel object recognition experiment
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Fig.3 Cognitive index of novel object recognition test

(a) Cognitive index of test phase 1. (b) Cognitive index of test phase II. *P<0.05, ***P<0.001; n=8.
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Fig. 4 Data analysis of Morris water maze test

(a) Alterations in the escaping latency of all mouse groups during the 5-day training phase. (b) Trajectory plot of the test phase. (c) The time of first

arrival at the platform. (d) Time spent in the quadrant of the platform. (e) Time spent in the target quadrant. (f) Number of platform crossings. "P<
0.05, ""P<0.01, ™" P<0.001, n=8. “P<0.05, *P<0.01, "*P<0.001 vs AD+Sham, n=8.
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20 (P<0.01), AD+L rTMS ZHHIXS B 2H 2 8] G i 3%

PE2E R, JF AR 2K T AD+H rTMS 4 (P<
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Fig. 5 rTMS treatment reduced iron levels and oxidative stress markers

(a) GSH concentration in the hippocampus tissue of mice. (b) MDA concentration in the hippocampus tissue of mice. (¢) SOD concentration in the

hippocampus tissue of mice. (d) Iron concentration in mouse hippocampal tissue. *P<0.05, **P<0.01, ***P<0.001; ###P<0.001 vs AD+Sham; n=3.
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Fig. 6 Effect of rTMS on cell activity
(a) Pre-experiment to determine the concentration of erastin. (b) Effect of rTMS on normal cell viability. (¢) Effect of rTMS on ferroptosis cell

activity. ¥P<0.05, **P<0.01, ***P<0.001 vs Control; “**P<0.001 Control+L rTMS vs Control+H rTMS (b) and Erastin+L trTMS vs Erastin+H rTMS (c).
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Fig.7 Effect of rTMS on intracellular Ca** content

(a) Effect of magnetic stimulation on Ca*" content in normal cells. (b) Effect of magnetic stimulation on Ca*" content in ferroptosis cells. ***P<0.001

vs Control; “*P<0.001 vs Erastin+H rTMS; n=8.
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Fig. 8 Correlation analysis between iron metabolism indices and cognitive functions

Correlations were assessed between the cognitive indices of the new object test phase I (a, e, i, m), the cognitive indices of the test phase II (b, f, j, n),
the duration of stay in the platform quadrant during the water maze test phase (¢, g, k, 0), the time taken to reach the platform for the first time during
the water maze test phase (d, h, 1, p), and the levels of MDA in the hippocampal region, SOD activity, GSH content, and divalent iron ions in the
brains of the mice. The normality of the data was evaluated using the Shapiro-Wilk test. If the data failed to meet the normality assumption,
logarithmic transformation was applied or nonparametric tests were directly employed. Depending on the distribution characteristics after
transformation, either Pearson (for normally distributed data) or Spearman (for non-normally distributed data) correlation analysis was ultimately

selected to assess the correlations between variables. P values are correlation analyses and r values are correlation coefficients.
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Repetitive Transcranial Magnetic Stimulation Ameliorates Cognitive
Dysfunction in Alzheimer 's Disease Mice by Inhibiting Ferroptosis and
Maintaining Cytoplasmic Calcium Homeostasis*
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Abstract Objective Repetitive transcranial magnetic stimulation (rTMS), a non-invasive brain stimulation

technique, offers a non-pharmacological therapeutic option

for the management of Alzheimer’s disease (AD).

Studies have demonstrated that ferroptosis plays a pivotal role in the pathological onset and progression of AD,

and the inhibition of neuronal ferroptosis can significantly ameliorate cognitive impairments associated with AD.
The imbalance of calcium ion (Ca*") homeostasis is intimately associated with the pathology of AD and serves as

a catalyst for the induction of ferroptosis through various pathways. This study is designed to investigate whether

* This work was supported by grants from The National Natural Science Foundation of China (52077057, 52207251) and Hebei Natural Science
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rTMS can ameliorate AD by inhibiting neuronal ferroptosis or maintaining calcium homeostasis, ultimately
establishing a theoretical and experimental framework for the utilization of rTMS in AD treatment.
Methods APP/PS1 AD mice were subjected to both 0.5 Hz low-frequency and 20 Hz high-frequency rTMS
treatments, and the efficacy of these treatments was evaluated using novel object recognition and Morris water
maze tests. ELISA was employed to quantify the levels of glutathione (GSH), malondialdehyde (MDA),
superoxide dismutase (SOD), Fe** within the hippocampi of mice from each group. HT-22 cells were induced to
undergo ferroptosis via Erastin treatment, and subsequent to high- and low-frequency magnetic stimulation, cell
viability was assessed using CCK-8 assay, while intracellular calcium ion concentration fluctuations were
monitored using Fluo-4 AM. Results The findings revealed that, when compared to normal mice, AD mice
displayed a notable decline in cognitive function, accompanied by a substantial increase in ferroptosis levels and
intracellular calcium ion concentrations. Both high-frequency and low-frequency applications of rTMS were
found to significantly ameliorate cognitive impairments in AD mice, while also effectively mitigating the
abnormal augmentation of neuronal ferroptosis and intracellular calcium ion levels. Conclusion The present
study underscores that both high-frequency and low-frequency rTMS exhibit efficacy in alleviating cognitive
dysfunction in AD mice, potentially through the modulation of ferroptosis and intracellular calcium ion

homeostasis.

Key words Alzheimer’s disease, repetitive transcranial magnetic stimulation, ferroptosis, calcium homeostasis,
cognitive function
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