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Sex differences in joint homeostasis:a new perspective on aging mechanisms
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Abstract

Knee osteoarthritis is an age-related disease that also exhibits sex differences, with
a substantial increase in prevalence among postmenopausal women, suggesting an
important role for endocrine changes in disease pathogenesis. However, the ovariectomy
model, which has been widely used to study menopause-associated knee osteoarthritis,
induces an abrupt loss of ovarian hormones and therefore fails to recapitulate the gradual
endocrine transition that occurs during natural menopause. In this review, we summarize
findings from studies using a natural menopause model established by our research team
and discuss the mechanisms by which age-related endocrine remodeling contributes to
the disruption of joint homeostasis. Furthermore, we propose a conceptual framework
that views sex differences not as static biological attributes, but as dynamic biological
variables that change according to endocrine status. Finally, we highlight the importance
of investigating age-related diseases within the broader context of the female life course,
encompassing not only menopause but also pregnancy, childbirth, and lactation.

Keywords : Sex differences, Osteoarthritis, Sex hormones, Natural menopause model,

Molecular mechanisms
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Sex differences in vertebrate lifespan and aging driven by germ cells

Kota Abe, Tohru Ishitani

Department of homeostatic regulation, Division of cellular and molecular biology, Research

institute for microbial diseases, The University of Osaka

Abstract

Sex differences in lifespan and aging, that is, the longer lifespan of females than males,
are widely observed not only in humans but also across many animal species. However,
the biological factors underlying these sex differences remain largely unknown. Using
an extremely short-lived vertebrate model, African turquoise Killifish, we found that
germ cells are key determinants of sex differences in lifespan and aging. Germ cell
ablation extended lifespan in males but, conversely, shortened lifespan in females, thereby
equalizing lifespan between the sexes. We further found that sex-specific regulation of
distinct endocrine signals is critical for germ cell-mediated control of lifespan and aging:
testosterone and vitamin D in males, and estrogen and IGF-1 in females. In this article, we
discuss the molecular mechanisms underlying a germ cell-centered, sex-specific system
that regulates systemic aging, as well as the evolutionary conservation of this system.

Keywords : Females' longevity advantage, Germ cells, African turquoise Kkillifish, Endocrine
hormones
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Sex Hormone-Mediated Mechanisms Underlying Sex Differences in Pain

Abstract

Sex differences have been observed in both the prevalence and pathophysiology of
chronic pain disorders, drawing increasing attention to the importance of sex-specific
mechanisms in pain. Sex hormones, including estrogens and androgens, play critical roles
in mediating these differences. We recently elucidated a mechanism by which androgens
regulate pain thresholds through the androgen receptor (AR) expressed in primary
sensory neurons. AR is also expressed in a high proportion of primary sensory neurons
containing calcitonin gene-related peptide, suggesting that this neuronal population may
represent a key target of androgen action. Furthermore, sex hormone levels fluctuate
with aging and are known to influence the development and exacerbation of chronic pain
by modulating the functions of neuronal and immune cells. Elucidating the mechanisms
through which sex hormones act on these cell types is expected not only to deepen our
understanding of sex differences and individual variability in pain but also to facilitate the
development of personalized pain medicine.

_24_



FEBEEALIFIE 50 (3) +25-30, 2026

[#85K]
FAMATFRYZHR LI Za YT A= b7 7 V=il
TIVINA =DM
WL T
TN KRBtk R 78k OBT st > & —
=

7 VYA < —J5 (Alzheimer's disease : AD) 1Z4&MEI2% <\ FREEMEFTIC & BHAE Ze M8
AT Ho LML, TOGTEBIIH/ICIIHHIN TRV, AT, TERBESN
[Resistance| & [Resilience] D&% b & 12, AD O EZ ZLOBE > SHT 5. §F
2o 73304 F B (AR) RBEY) VBILY 7 OEEZD L 0% IH$ % resistance B 12745
HLU., ZLIESY I 20270 70F— 7 7 V—HEEIKT & A B RFEREDBHE IO W TRA
T 5, 6T, WHTIET A MRATu r a2k G protein-coupled receptor family

C group 6 member A (GPRC6A) #A-L T3

raz7)ToF— b7 7 V—%ERLL, A

BT T v AT S Z & T resistance ##MEFFT W REMEIC O W THEHR T %0 TV
A —IRICBIT A WAL T 22 LIX. H7-% TP - GO O 5 & UIRFS

N5,

F—TJ—R:HE 7TIVLINAL T —HE,

FUSIC

T IV A < =35 (Alzheimer's disease, AD) (&7
i DORBAGED 6 EILL L% 5o, ZOEZNTETEFITITH
eI AET B Mo AD BE O 2/3 3 LETH D,
45 KT D AD (X2 B HEEEE ) A 7 139 T 10
M1 N LT Tids M1 Ae. ol
2B N LA ENT WD, Fo, KEESRIC
N CABHBEBE DT LI O AT N 2 & IR S
nTwa?,

IR B O Bk 2 % 5 R T, [Resilience] &
[Resistance| &\ ) 2B IR TWE Y, AD DX
MRIZB VT, resilience & 1&. MR EEY) X 7 HT
R7IAfFBAL). BREY VEILS T DL REE
5 87 BOERE (AD ) 2 LT ks
IEFICHEFF SN BN 24T o — 7. resistance & I3,
B THo72 VBN A7 BB -7 0T 5I2b0hb
53, ADHHOERZDO L DOE [, b 2D WITEIE
EHNERT,

ADIZBIFAMAL, ZO200ATHWTEX S

WSS L BAT

T 8128582 i i s X Y 3-1-1
TEL : 092-642-6320

Email : akiko-k@dent.kyushu-u.ac.jp

I7ar7)7 A= T7 7 V-,

FTAMATT

REtED D 2o LMEid. BRIRMIC AD & 2sh s T
DM BT, Sty — FitlEIcs
WTE W resilience # 7R 2 EAM SN TWE DY, L
L. —HTEREIZY IHEEL APOER»BMLY
LUETH Y. HIETEHAH 3 5 resistance 25X 1Y
ARV REMEAVRIE STV B B, Tabb, FHEE
BN HESTT S —H Ty H\W Resilience 12 & - T2
HIBERE DS — BB RIHERF S N2 A%, FREBAM DD 5 B %
itz % & Resilience 25#E L. 2l 7 ZBAARREAC T~
TTHEV)ETUNEZSNL, THUIK L THMEI
AD JHELZ D D DITHT 5 resistance A3 W HEPEDTR
BEhTwbd, B EHOBEEZNET 2] 23
Z B TFREBIMTH S ) ho ARTIE. BN FHEAM
faTHsrIzur) TIZEH L, BUEIEEZELTK
LD HEOLNVTHRT L7 A PATT BT
PREEVE % s, Bl @ Resistance #4f & AD
L DOPEIZOWTHEHT 5,

1. =o0U7D&ELE AD

RN D EFIRFEICBWT, I 7127 7R
By Ve R TH2AEMILE LCokilziH)
— T WEAROR AT 2 EREDHWF L LT
PIEET A M A Y2l L, NEEEZHEREL T»
U, BREWZ LI, EFREOI 7 as ) 7ICh ik
DAL A A TIRREISEHEEL . A ATIETH

_25_



B1 #—bh;773I—EEETIC KD Disease-associated microglia (DAM) H'5S Senescence-associated microglia

(SAM) ~DExiR

EEIRED=-7071J7 (homeostatic microglia) 1&. BMARDEBMEH#REZIE>TWD. 7ILYI\A~X—K (AD) Tl 7
SO KRB (AB) JS—VRABICERULES7OJUTIE DAMAERIBRAZLESE, EBEHESHDCETABDRE
[CBH59d, —FH. 7— T 7I—HEDESINSE. ABTS—IUhBBEEUL. ABJUPSVABEMETIDHIETAD

DERICESTDHEEZ SN D,
Xk [9] BKRU [11] Z8B(CEEER.

RS BB E 2SR 5 2 s shTwa 7,
T, ZOWEITEARIVE Y LM L THEFES S 2
Lirh. 2707 T OWHEIIZERN RS
bEEZHNBT, E510, TO XD REBRRTEEC
MZ Ty IEGICED RV E VBRESOEMNICE > TI 2
07 TR - BRI LA S ) . AfThE
RBEAEFEOI T, SIEIGEDRYE & v o E R LH
E:, 2 [8]0

ALY 7 a7 ) 71 LIE LIS o184 K E o v T
LLCHEMENDD, TORBARIEBITREZD D D
X0, BEy Ry EREEL 2B O R
ExRRET AT L7z [clearance failure| (2d
5LbEFEZOND, FEBE MEIHE ) BB
HAERLHRGIERE T 2 ICEP LTS T L
PHESINTWE, 72, ZILI 7127 71d neural
debris (2@ BT % —F, SCRERBEIC BV TE G
REYNEL S DAL T LTS Y,

WAE, A= b7 7 VRO A, kI ur)
T ORMAR ZEET L ECTEELRRGRTTHAHI L
Do TE22Y AD BTIE, RIS 7
BIETHB/ S Y — ~ % 3 D Disease-associated microglia
(DAM) : Xigh2 27 uz ) 7HlluEMs RT3
ERMSNTV2 Y, DAM BARRNZH0LZ LT
ABDOKE  HRICHFGTLEEZLNBY . TOMEH
WA =177 V=GB ATRTHL Z EPHL 2L
o T&z, FEBE. Atg7 (autophagy related 7) % Atgl4
(autophagy related 14) O KX > TH—F 7 7
V—MEEINLE, 3707 TDODAM Y —H —
BT OB TA 5T, Mig#ft~—r—Tdh 5
P21 R AR W FEBIAL (senescence-associated
secretory phenotype:SASP) B [N 1 T & %5 Mmp-12
(matrix metalloproteinase-12) ® 3§ A% EH L. SASP
RS B LBIE I 2 1 27 ) 7 (senescence-associated
microglia; SAM) N T 5 2 EAURE N0, %
oo TOSAM BT IuA F7I—os508ERL, AB

PBHETIRNPETTLIEIRENTVS, T4b
H, ADIZBIF 54— b7 7 V=4 4L, DAM % %A1k
37077 (SAM) NEHEH E 45 2 & T AD JRHEO
HEREEZEET 2 EE 2502 (K1),

ZOEIIE, =17 7 V-EEEOMEFHEII 2 u )
T BB LEEHET 2HEELRTTHY,. AD
WHZHT T A resistance * XX AT HMEO—D L E 2
bbb,

2. Zo0JU7DA—RI7I—&4E

Tld. A= b7 7 V=GR ERTET H2D1E59
o MixEL S FEF MRS B W TR Tld e wIRE
TOF— b7 7 V—={EERE I HARTR N Z & D3
ENTVB M DN IR RE D P R
T DOWEEIHEIC D RS A REMEDH 5 o

AD OFFHZEALIZ, —fIC AL DOEREITH TS VK
HOHERT 5, FERINE W IRI AT S, AB
DEBILEOE ) s dH 2", s5i2y
WHEUCB L Cld, WEENETB L O PET A X =Y~
TIPS, LHEDIE) DY T OERPLYHETDH S
CTEHRERTWAE DY, s omiiE, XTI A
BB LY I T 5 resistance D3 L D b A
AR REE 2 RIE LT\ B,

COFFIE, A= b7 7 V—EEoMEEY LT
WLWREMED D LD, F— 7 7 V=3B RE 5 ~
IR BRWEER ST A VA E T OREICEE &%
R2LTBEBY, TORBEKTIZABRY 7OSHRZMR
HELI Do KHEOF— b7 7 V=3B EL D R
CLo—HELT, BRI ZA ba s v o2z
LR, X P RARIEMEIE (X chromosome inactivation
XCD) »5o®BAEHINTwD, FEE BCL2 (B
cell lymphoma 2) ® ULKI (unc-51 like autophagy
activating kinase 1) & &, *F—b+ 77 VY-S T
A ba s K ER a (2 X 2 5B 21 Tvwp Y,
51T, WIS BB ERB ¥ 7 F VS ATG7 D%

_26_



M2 FXMRFOY-GPRCBA YIFIVICKDZoOTUTA4— T 7 I—HliEiES AD NDRE

TABRZATOVIFHEEZEA TH S GPRCBA Z/ LT ERK-mTOR ¥ JF)LZIHEIL. =007 U7DA— T 7I—7%&5E
MDD, TOMR. ABTUFPSVANMBESN. AD [CXT B resistance DHEFFICEH ST EEX 51D, AD TIFRAT
IVFZURBRBICEDBIEV. GPRCBA Y IFILAELT H—7. BHTETAMRTOVARREFZTLCZoO0JUT

DA—hT7I—7ZBET Do

HE#zALTFHF— 77V —%2#iL. ApOERE
sz bW snTB), AT VY 7FL
DI TIEA = N7 7 VO TIID %235 W BEEAS
HoM, Fz M EE > T—Eo#ET Tk XCT A
SOJPATENMTEH I L MO TE D, X Ffhfhk ki
LGS B4 — 7 7 ¥V — BB ST OF BRI
WETLLEZSND T,
nesomiix, [Zhot— 17 7 Y —EEEW ]
ERZABEZTTHRL, [BHETEA -7 7 V=16 %
HEFET 2 HRREDMATE T 5] LT 2L ETE %, T
. BB THBER&E VA — 7 7 Ui & R
T LG TREBIMTHS 9 He BEITBIFSH AD AL
\ZxF9 % resistance X 2 A0 TR E LT, BHEH
ENTVBEDNRTFANATOAY YT F NV THbD,

3. BHEORZRETDIEEELTOTRAMRFOVIC
&BF4— T 7 I—HliE
ZHETIREARICENZ 2 b a s v LAV ST
L. SRR E ) L AVICE TR T T 52
EmenTws Y, —J BkoF A AFu L
N LI E EDIEAIETT 200, AEZET
TEEL D DBV L NUAHER S LY, s 2 b
AT 0 VRO T ILGEARRECT R 7 VY A < =3
DY A7 LOBMEIHESN TS, S5I1C, KT X b
250 YMFEDBMIZAD VA7 HBEL b I E0H
HEhTwa ", F720 WIVRAACBITST Y Fa
7V R BRI T R AE ) A 2 L BT B
ZEbHEIATYEY, chASsomRIE. FA MR
7O AP BY L MoOEE R XL T D

WREME 2RI L T b,

AR MCER L2 ABRMEE I 707 ) 7ITHY 54
I, A= T7 7V —%FET LI LTEOHHERE
THIENWESRTWEY, $4bb, 3705
TRAPBEOFEELRHCTTH S, HEERL T B
PARNEYTHAETAMATFOYRIZOT ) TOF—
P77 Y- L, A S OB ZIHT B RENEZ R
72,

b b EEBRC, —E8D AD EFIL Y ZAIZBWTH
BT I I DT Ao BxFAD 7 A Tlid, [
CHETHIKT 2L AZDEBABOEREFI LD LT
BIRHEAA A L D BWETH AL ENMSO TV,
Talx, SoM#EICT A AT O UYL TWw B EE
PEE MG L7zo + AD 5xFAD 7 ZDFEH 245 LT
TAMATR Y UNRVER TS5 L, BT & R
L CTHA A B BERE OB AR SN 720 R S B WE (A
LrL) X =1 77TV =m0l T TI—%
NIETHDHpR2bIzur Y TICHERL, A—F7 7
V=i AR SN, —H, TAMATO Y E
MHT LI ETINLDEIFEHEEIN, HIT, b
I AD BEHREWMOMITICBVTH, KT ALE
BB pR2DER/PHETHY, YT AETFTIVEE
ETHREPBLRTVEP, ZhonHRIE, 72
b AT T HAEN R — b7 7 U —HlER, BB
% AD JHBLD resistance # Z 2 AT HRBEOOE D
THHWREMEEZREL TS, Thbb, BT
sarzZuToOrYT Ty AR ERIRED S HERE X
NHZ Lo T ABOFERAIH S, LW E
resistance 2SHEIF SN TV A REMEDSE 2 b5,

_27_



EER ik

S

DOESICHE S

MHRILE Y DEF) (BRI IE B & Y E1E)

BRICHES TX Sy ORBARET

TR ZT OB IS WRAL IET T 2 AN
EEABL ML Y BELHE

*— b7 7Y —RIERE

(ATG7, BCL2, ULKI 75 &) FB®IEDZEAL,

¢ ERYITFINICEDF— 7 7Y —EEEET ¢ 7AFZRTAY-GPRC6A-ERK-mTOR ¥ 7' F )L

BEEN LA — b7 7V —TEML

o MEBIC & B X RBEEHETEEL (XC) 0&icE
24— b7 7Y —BEREEFRREOEL

207 THE~NOEE & A7 7Y FHEOET

¢ ABKRERUET OREEM

o A= b7 7Y IEES
¢ ABOUT TV REHE

F7 AD READEE

AB /&I EREICKT 5 resistance & F

AB /& 7 EEAD resistance #fF

%1 ADI[CBIFDA— T 7 I—HlEEEBEOMNE & resistance NDEE
AB /FOEBREICK T D resistance ZREIT D EEZ SNDEFUEBERFETEDC, WHTEFIA NOT VYV ITF
JUA XClDZEL, BUHTIEFTAMATOY -GPRCBA Y I FIVICKDZT/OTUTF— ST 7 I—EBHDHITH. ZTNZEFN

resistance [CFEENIF T IREMEN DD,

Tld, FAMAT YR EDE ) BRAHNZALTS
yarZITOF—r 77V —%HELTVWEDESLD
Mo Bk, FAMATFOVOEHEIBAT v Fayr v
ZHR% A L7z genomic RERGHIH & L CHEINT
&7z L2L. 3270279 TIET7 Y Fary v ik
DFEBHZ L . genomic ZHEMHEDA TR TE %
W, —Ji, 32717 7Ii2ld, non-genomic % ¥ 7 F
V% A5 B MR 52 24K G protein-coupled receptor
family C group 6 member A (GPRC6A) »7F1ET % 2,
GPRC6AIE, TAMATHRYZYF Y FE L, BN
MBI Y 7 F Vv 2 B LS ¢ 2B 2 e 35 2%,

Iz v s 7RI MG6 % F v 72 f#FTic X 0,
FAMATO VI ERKL/2 DY) YEEALZHIHIL. Fiko
mTORCL ¥ 7 F L & Jfill§ 5 Z L A S h & 7 5 722,
mTOR IZF =+ 77 V—OEELRMHKNTFTH L L
Mo, ZORBEOWMENIF— 1T 7 7 V—oitibico
asn P, R FA AT O UEIET TR A BRI
WKLo THRESNL ;=T 7 V=D EHITLHET L2
ERFER L7z F72, SRR L2 ABrae RTF NE
MG6 ML) A F 4, FACS I & 5 HOLIREE O R 3
TAPDHRENELZEZA, TA AT VHEAET
TIZABDOGIRPTLHET HZEIBBLTVE, Zh
5DOVER X GPRC6A @/ v 7 777 ¥ R SBR[ 512
Lo TINHEDOERMIFHET A ML, TAMATH
v 1 GPRC6A-ERK-mTOR a2 A LTIz a7 )7
D7) T T v AR HEFE L. AD JREEND resistance
EXZTWwHREEZLND (M2),

4. ®¥&EYVJFI)LE GPRCBA

BRZE VLT 212, GPRCAA 137 A M A 571 ¥ 13T
BTIWVEFZ U RFNZF U EOERENET I JERICYH
BB HHEL U —E LTHSNRT WA B0, SE4E,
AD BEDORWTIE 7 VF= AR ESAELTB Y.,
W7 VX VilEO EAPRE SR TW S, 72,
I7as7 ) 7285 Arginase 1 (Argl) OFEREIL T 1

TUVEFZ B2 LSS, ABERHMPARRIKT 251
SR F NS, Arginine UHEREZD L D) AD
WRETIRIC B S-§ B REMEAVRIBE S hTwa P, £ 512,
AD TIZHWHLFEIC BT 5 GPRC6A DFEHLH EH L Tw
BT ENHEINTEY, A GPRCOA ¥ 7 F VB
552 Db OAELL TV AW REEATRIE ST v B &,

S BT A, Ma & 13 #f % E 2 B v T arginine-
GPRC6A-mTOR #xH A7 v FBIKICHE G+ 52 &
S L7227 L = o8
GPRC6A #4rL T ERK-mTOR ¥ 7 F V% i L. +—
N7 7YV —%WHITEIETY IOERRY VIBILE
RifETHEEZLRTWEP, —), Fxiz3Izurs
YT7IZBWT, 7AMATT YA GPRC6A 4 L T
ERK-mTOR ¥ 7 F V&L, +— 7 7 ¥ —% 4
T HIETABDZ )T IV A% METLHILEER
W72 2,
INLOMBERAT SHE. GPRCOA ITFINVE Y ¥
TFNVEREY TFVERETDZHEKTHY, TDE
BB o I PR OBUNBREEIC K > TR E A
LU REMEDSH Do IAEDHE A S, GPRC6A X I 7 1
77 TIIRERLEIS F— b7 7 U=l R
I BWTIZ Y THRHERICH G356 2 L29RE D
DB MENHE D BB LR AT A - LT
MBS HZEDRTE D3 Mgt d) 7 2 b 2
FOMET & AD DMICBIT B 7V F = A HRF A
FRFICETTH LT, 32070702 )T 5V Ak
T &AL BT 5 7 o i PSR 253647 L A
U. AD JRFLICHT T 5 resistance IR FTO—RE 4B Z &
MWEZHNS,

5. &HbI(C

AEGTIE FICHEIC BT 27 R AT 0 AR 2
Irurz)7TA— b7 7 VM H L. resistance
DBEH S AD OPEFEIZOWTHRRE (F1)o —T,
ZPETIE ADFREAEAE L C OBk 2 MEE T 2

_28_



resilience DSHLER I E W 2 E A ST W BB, STAE,
TANBHFA MIBIFSZA My Y25 KR (ERB)
¥ 7 F v E RGBSR R IS B 59 B 2 LA
WHINTBY . THITIFEN 7% resilience #HE D fFAE
WRBERTWE N, F720 BT, ML 57
A+ A58 K TSI Z T mosaic loss of chromosome
Y (mLOY) 2SI E Y A 715352 L bk
HENTWE T, S5k, H—0RBA TR Y 7 F L
AR & 35720 Th {, BIRITHES SV E VB
RRBRBIOZA, Nk & b %) FafhLbr o7z
Z a5, BN O resistance & resilience A3 &
DEICBEINLODEIFT L ENEEE LD
72259, BYIZBT B resistance i & LB 5
resilience #RE DM 2 MA WIS 2 2 & T,
LDV R 1 = XL DRGNS 92 7% 5 2 &AW
b,

SE3

1. Rajan KB, Weuve ], Barnes LL, et al. Population
estimate of people with clinical Alzheimer’s disease
and mild cognitive impairment in the United
States (2020-2060). Alzheimers Dement. 17:1966-
1975, 2021.

2. 2023 Alzheimer’s disease facts and figures,
Alzheimers Dement. 19:1598-1695, 2023.

3. Arenaza-Urquijo EM, Boyle R, Casaletto K, et al.
Sex and gender differences in cognitive resilience
to aging and Alzheimer’s disease, Alzheimers
Dement. 20:5695-5719, 2024.

4. Palmer JA, Kaufman CS, Vidoni ED et al.
Sex differences in resilience and resistance to
brain pathology and dysfunction moderated by
cerebrovascular response to exercise and genetic
risk for Alzheimer’s disease. ] Alzheimers Dis 90:
535-542, 2022.

5. Buckley RF, Mormino EC, Rabin JS, et al. Sex
differences in the association of global amyloid
and regional tau deposition measured by positron
emission tomography in clinically normal older
adults, JAMA Neurol. 76:542-551, 2019.

6. NiJ, Xie Z, Quan Z, et al. How brain ‘cleaners’
fail:Mechanisms and therapeutic value of
microglial phagocytosis in Alzheimer’ s disease.
Glia 72:227-244, 2024.

7. Villa A, Gelosa P, Castiglioni L et al. Sex-specific
features of microglia from adult mice, Cell Rep 23:
3501-3511, 2018.

8. Yanguas-Casas N, Crespo-Castrillo A, Arevalo MA.
Aging and sex:Impact on microglia phagocytosis.
Aging Cell 19:1-13, 2020.

9. Choi I, Wang M, Yoo S et al. Autophagy enables
microglia to engage amyloid plaques and prevents
microglial senescence, Nat Cell Biol. 25:963-974,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

_29_

2023.

Keren-Shaul H, Spinrad A, Weiner A et al. A
unique microglia type associated with restricting
development of Alzheimer’s disease. Cell 169:1276-
1290.e17, 2017.

Amin S, Liu B, Gan Li. Autophagy prevents
microglial senescence. Nat Cell Biol. 25:923-925,
2023.

Shang D, Wang L, Klionsky D] et al. Sex
differences in autophagy-mediated diseases:
toward precision medicine, Autophagy 17:1065-
1076, 2021.

Liesinger AM, Graff-Radford NR, Duara R, et al.
Sex and age interact to determine clinicopathologic
differences in Alzheimer’s disease. Acta
Neuropathol. 136:873-885, 2018.

Wei Y, Zhou J, Wu ], et al. ERf promotes A f
degradation via the modulation of autophagy, Cell
Death Dis. 10:565, 2019.

Congdon EE. Sex differences in autophagy
contribute to female vulnerability in Alzheimer’s
disease, Front Neurosci. 12:1-16, 2018.

Ober C, Loisel DA, Gilad Y. Sex-specific genetic
architecture of human disease. Nat Rev Genet. 9:
911-922, 2008.

Marriott RJ, Murray K, Flicker L, et al. Lower
serum testosterone concentrations are associated
with a higher incidence of dementia in men:The
UK Biobank prospective cohort study, Alzheimers
Dement. 18:1907-1918, 2022.

Jayadevappa R, Chhatre S, Malkowicz SB, et
al. Association between androgen deprivation
therapy use and diagnosis of dementia in men
with prostate cancer. JAMA Netw Open 2:
€196562-€196562, 2019.

Cho MH, Cho K, Kang HJ, et al. Autophagy in
microglia degrades extracellular f-amyloid
fibrils and regulates the NLRP3 inflammasome.
Autophagy 10:1761-1775, 2014.

Du H, Mizokami A, Ni ], et al. role of testosterone
signaling in microglia:a potential role for sex-
related differences in Alzheimer’s disease, Adv Sci
12:2413375, 2025.

Sil A, Erfani A, Lamb N, et al. Sex differences in
behavior and molecular pathology in the 5XFAD
model, ] Alzheimers Dis 85:755-778, 2022.

Pi M, Parrill AL, Quarles LD, GPRC6A mediates
the non-genomic effects of steroids, ] Biol Chem
285:39953-39964, 2010.

Pi. M, Kapoor K, Wu Y, et al. Structural and
functional evidence for testosterone activation of
GPRC6A in peripheral tissues, Mol Endocrinol 29:
1759-1773, 2019.



24.

25.

26.

27.

28.

Rabanal-Ruiz Y, Otten EG, Korolchuk VI.
mTORC]1 as the main gateway to autophagy.
Essays Biochem. 61:565-584, 2017.

Christiansen B, Hansen KB, Wellendorph P et

insufficiency precipitates amyloid- f# deposition
and hastens behavioral impairment in a mouse
model of amyloidosis, Front Immunol 11:582998,
2021.

al. Pharmacological characterization of mouse 29. Menzies FM, Fleming A, Caricasole A, et al.
GPRC6A, an L- a -amino-acid receptor modulated Autophagy and neurodegeneration:pathogenic
by divalent cations, Br J Pharmacol. 150:798-807, mechanisms and therapeutic opportunities, Neuron
2007. 93:1015-1034, 2017.

Pi M, Nishimoto SK, Quarles LD. GPRC6A : Jack of 30. Itoh N, Itoh Y, Meyer CE, et al. Estrogen receptor
all metabolism (or master of none). Mol Metab. 6: beta in astrocytes modulates cognitive function in
185-193, 2017. mid-age female mice. Nat Commun. 14:6044, 2023.

Ma C, Campbell K, Kovalenko A, et al. Nutrient 31. Dumanski JP, Lambert JC, Rasi C, et al. Mosaic

sensing receptor GPRC6A regulates mTORC1
signaling and Tau biology. Neurobiol Dis. 216:
107054, 2025.

Ma C, Hunt ]JB, Selenica MLB, et al. Arginase 1

loss of chromosome Y in blood is associated with
Alzheimer disease, Am ] Hum Genet. 98:1208-
1219, 2016.

Testosterone-dependent regulation of microglial autophagy and

sex differences in Alzheimer’s disease

Alzheimer's disease (AD) exhibits marked sex differences in both prevalence and
disease progression, yet the molecular mechanisms underlying these differences remain
poorly understood. In this review, we discuss sex differences in AD from the perspectives
of resistance and resilience, two concepts recently proposed to explain individual
susceptibility to age-related diseases. We focus on resistance, defined as the ability to
prevent or delay pathological changes, and summarize recent findings demonstrating that
age-related impairment of microglial autophagy disrupts amyloid- f (A ) clearance. We
further discuss our recent findings that testosterone enhances microglial autophagy via
the G protein-coupled receptor family C group 6 member A (GPRC6A), thereby promoting
A B clearance and potentially contributing to the maintenance of resistance in males. A
better understanding of the mechanisms underlying sex differences in AD may provide
new opportunities for developing preventive and therapeutic strategies against brain aging
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