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Mechanism of bone-derived factors in exercise-induced depression improvement

PENG Haixia, HUANG lJiating, XUE Ke, LI Haonan, ZHOU Xinyue, XU Ran, CHEN Xianghe™

(College of Physical Education, Yangzhou University, Yangzhou 225000, China)

Abstract  Research on organ-interaction depression mechanisms is a current hotspot in neuroscience. As a vital endocrine
organ, the skeleton secretes bone-derived factors into the bloodstream, including uncarboxylated osteocalcin (UcCOCN),
lipocalin-2 (LCNZ2), and Dickkopf-related protein 1 (DKK-1). These factors then act on tissues and organs such as the adrenal
glands and hypothalamus, and can cross the blood-brain barrier to enter the brain; there, they influence neuroendocrine systems
(such as glucOCNorticoids and corticotropin-releasing hormone), modulate neurotransmitter secretion (such as serotonin and
dopamine), affect blood metal ion concentrations (such as iron and magnesium), and mediate core signaling pathways such as
PGC-1a/I1I, FNDC5/BDNF, and GSK-3p/B-catenin. These changes affect brain structures such as the hippocampus and
prefrontal cortex, regulating depression onset or improvement. Exercise significantly improves depression, with mechanisms
closely linked to increased expression of osteogenic factors such as ucOCN, LCN2, and DKK-1, which regulate neuroendocrine,
neurotransmitter, and gene expression. While current research mostly focuses on the mechanisms of individual factors acting
alone, comprehensive reviews remain scarce. This review explores the mechanisms by which osteogenic factors promote
exercise-induced depression improvement by assessing existing research findings and identifying key issues. These findings
contribute to further elucidating the functions of osteoendocrine signaling and open new theoretical perspectives and research
pathways for investigating depression pathogenesis and exploring exercise-based interventions.
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(osteoblast, OB) BEJH 2 F g i 15 8 A M AEYNEHEIRSEE 5 0+, RADCE & TR, &
A g2 REAFIEEAT T Z TGN, BFRORIL, B R TR R AR e B AR
)EH[S—IZ]O

BRI 45452 (undercarboxylated osteocalcin, ucOCN) & —Fh i OB &k mttEH, BfA
735 M i BE R (blood brain barrier, BBB) HIRE S, 17674 &5 BEAQ o Ak # Sdg A IS, B &
B ucOCN w] g e i Ar i) ek st s, —J7im, HulfEdk 2 Ei% (dopamine, DA) 1 5-32 i
(5-hydroxytryptamine, 5-HT) &5 % 28 w20 38 o7 () 70 Wb FHOBE T, 4] y-2 2L T R (y-aminobutyric
acid, GABA) & KR MGEIAEWR; 5 — 4 1H, ucOCN BT o3 B 5% 2 #EPT Cinsulin resistance,
IR) Wi Ca?ti@iE i L1 Ezrin B2 AMIRIE, WS CA3 X RIEAE A1 55 i X #f 2 o 4 il Th e a4
AT B4 A AR 5290, b Ah, R f g ot ucOCN 2 FAR IR (1) ML, BFFE KB, ucOCN
B LA TEAME B (protein kinase B, Akt) /KF, B EEWA M EMERLEA
(mammalian target of rapamycin, mTOR) il i [A]#:4#]#% K ¥ «B (nuclear factor kappa-B, NF-xB)
SR AR BRI, AT S A A AR SO AT (1 5% fh 5 9120231 (L ngt, ucOCN &R i
WIEYE =R iR 7 Cadenosine triphosphate, ATP) /K~F, @ik i#id Ml T4t 52 )2 (medial prefrontal
cortex, mPFC) ATP 324k (adenosine triphosphate receptor, P2X2) , {2k CA3 [X. F177 [H] 2 fig
XAE A, b OCBMATE IR, SEIE i e,

fI§ i1z # & A 2 Clipoprotein 2, LCN2) i OB 4y, @it 4 F B -EAA-5 LR
(hypothalamic-pituitary-adrenal, HPA) %, F&/K Mi% B 5l (corticosterone, CORT) /K F, it
T 03 £ P AN S AR AT 9 [8), thAh, LCN2 Al i H 4 48 J0 52 44 24p3R 15 4P 22 Jn KR, J@ it
I FRARAS R A ) R Rh 22 2R G0N I 0T 4 IR B O S T SOUIE N S JORL 4 i K A i 22 T IR
K B (52 AR Th e % USSR X ) M %4, &N SN IEE S I RE4T
NI R, 26281, OB 433k Dickkopf #H5<E H 1 (dickkopf-related protein 1, DKK-1) {F>4 Wnt i@ %
PR, NMERER TR RS, BF FiESHA G B-1ENEE (B-catenin) 1K ILKF-F
GSK-3B (Ser9 fii fi) HIBEER LK, HETT 5 806 DR B0 A AT A r kAP, ek, FH I DKK-
1565 Wt I8 S HIHI S, PIEOE RS LR P SR SO R, R R R R RRIA KT, BRI
ARREAT 0SU, RR T4 4i M A= K B 7 (fibroblast growth factor 23, FGF23) & VB 4 fl OB 7
WHEEMER T, JERIE, FGF23 i RIES KM Klotho /KF, #MH] N-FERKLER (N-methyl-
D-asparticacid, NMDA) SZ2&IhfE, FFi/0 5 A5 2 F NMDA 52 £ 1) GIUN2B I 3 (1) 58 fith 5 & £&
B S EANAL R AR, [HE, FGF23 782 BRI AN EE P [R5 128 B (1 3R IE,  H00 1) Tl R oA R o A1 ot T ok
FE, AE45H 5 Rl my B IR R AT I IR BE A 22 T A B IR, RIS BB R A, FE SR A A 2
12,88 3 T BE 1038, i FGF23 B AT &R A T (BB T BT H) IR E R SCGE MARE
(438

IZ B0 T IR ) 250 A A A HL B (R 15181 ucOCN Mo /7 22 i s U, B 8h A 2 ik OB
UcOCN f13R7&, ucOCN Al % i BBB J&5 5 & o 4l i 2 & G & (B B2 /& 158 (G protein-
coupled receptor 158, Gprl58) &84, L iAMJEYE#I & E =K+ (brain derived neurotrophic factor,
BDNF) ik, BEIMAE 5-HT. DA S22 56 01 (¥ 0 ih, AT St AR . BEAh, ucOCN 38 Al sd i i
LS B RR B B (adrenocorticotropic hormone, ACTH) . ¥ Fi# & (glucocnorticoid, GC) %
TN W R A AN % -6 Cinterleukin-6, IL-6) . PR FEIA F-a (tumor necrosis factor-alpha,
TNF-0) SFHPEe 5% R R IE R Z g M AR, (R BARNLRI Tt — P05, 83hiev] Bl OB 73 b
HIEIER T LCN2 B3k, LCN2 #EANMEIEH %% BBB f5, MYXAT5 T LB O R KRR ZE 4
(melanocortind-repeptor, MCA4R) %54, {EHEth &N ik A4 o B R R ThaE, 16 Re % im it 41
EAE T ARMPUELRE S, SGER T AL N X A T S5 M T RE SR A AR R, Ak, iE
e DKK-1 RIE, R 75 5@ 5 Wnt/B-catenin Al PISK/AKt [0, M Bt Kk R 4
AOFEAT WO, 1 56 F FGF23, iz ahn] Gl ik i H R IA RSOl G AR i B 19, AEAH 2 T AL BT 72
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1.1 ucOCN

ucOCN 1] % it BBB {2 @E A7 0 T |l ORI 8 5 2R B 55 i [X 4 W4 DA R 5-HT 45 FLfi%
KA, T B R PO, B SR B, 7E/NE OB AR MEfIFR ucOCN J&, ucOCN™ /MR &
DL AR FEAT Ry, T AMJEPE ucOCN %M 78, AMUATES R BBB, 5 MMl ALL 40 e, Wik al K&
Wi s &, w2 DA I 5-HT &5 B A 2236 5T (1 73 Wb A4 GABA & 1R FE 14
ARAEREY e rE G IR, IS SR R N, S CaftiEiE, M RiAE A Ezrin ERIE, R
PTG, JF 4k RR 2 AR5 20 M AN B TR A B Y T REAR S, AT 2B ucOCN /N BRI I AR # 47
A, Ah, ucOCN @ik #lif] NMDA 2R3 FEBE, VR 45 18 2 (385 111 (calmodulin-dependent
protein kinases 111, CaMKID &M, FiHBRKZA o-2 FE-3-F2H-5- P £ -4- 72 {k (a-amino-3-
hydroxy-5-methyl-4-isox-azolepropionic acid receptor, AMPAR) #£it, NS E KM ML KK 7 2
(eukaryotic elongation factor 2, eEF2) Wy Z:MER ik, H4hni 5 pz = BDNF ()R i&, thid i k&
BRREIRS GABA BR 1P, KIF<H - B /£ F 8, ucOCN 4§57 45 4 5 CA3 [X
) Gpri58 *Zfk, BIEMIM{E S HB B, it BDNF MEIE 5%, IF LA N =B VLEE 2 &k
(inositol-1, 4, 5-trisphosphate receptors, IP3Rs) [3iA, MTIfEHE 5-HT S5 B e 208 i 1) & Bl 5 R
W RIEPUIIERVE AU, S GC B IR B BB R Ccorticotropin releasing hormone,
CRH) "] FE/NRAMACKEAT 9. 171 ucOCN W AEF T8 b i B i PR A 48 i 9 53 I, ik GC 40 i, A
T A AR IR A 1S 48), Wi 7 R B, FIOE £ 35 I3 ucOCN KRR G, HPA Hhgis, 580U
5 ACTH Zrilh i, dEmmis| & el By NS oit, M Saxt HPA i) 5/ i
5 14T]

AN, ucOCN X AE W% 38 i 4001 5T 4 f2 2 (prefrontal cortex, PFC) Flif 5 [X [f) NF-xB 15 5%
PESK g MR REAT A . B AT /> % -10 Cinterleukin-10, 1L-10) FE A 2-1p Clnterleukin-1p, IL-
1B) SFRAE TR, HE1A AKUmTOR {5 Sk, #E— Bl NF-xB /3 [0 20 [ B, B35 it 5 Al
5 B B TR I AN TN BE, AT DA 28 G 2 4T 00 7 3R e T 1 e A R 12021 ik B, ucOCN
A0 mPRC Hh BT IR A I N VR M ATP BTSSRI I P2X2 i@ 2 R IEHUIAR/E IV, ghbh, fRk4bhst
KR K W], ucOCN At AKUmTOR 425} PCL12 i R E & R4 1E 0, UL ERF R, HIE
UCOCN T T N il MR IRITAIMTh . X &3 i ds A& o 8k, N SH-
G, 25 HIAERE 0 BRI AR . AR, 18302 @ I R #E ucOCN K H NI R 5 R FEPUI AR AR
M, BRI A B, AR — PRI
1.2 LCN2

LCN2 J& 1 OB 73l I4F S MR ERAH DG BE 11, TRBEFR A 24p3 R b P b 41 i A Jie Il AH G i 2 1 5051,
WEFE R B, LCN2 fEif M L ARG EEZMEM, H5id BBB 5 MCAR 4G, f£F = 55
( paraventricular nucleus of hypothalamus, PVN) i A] 5|2 Ca?* Py It I ¥ i ¥F 0 B8 R 7 Ccyclic
adenosine monophosphate, cAMP) {2t {2 FR i 3 B IS Z< (thyrotropin-releasing hormone, TRH) I
CRH 43iih, et asee 47 A02, OB LAk PEmifR LCN2 J5, LCN27/N R ER I H A R F AL A 17
NHAEAREAECZER, DS R S WA E SE ST A R IXIER-iE S 1E
) H 0 JURE R A A ot 22 0 25 IR T3, v T S O 1 8 e 4 AR N B, X R IR E U A B TE
FIARAS 5 fioi X 30 2 S v o LA 2 TR B, AN [EI I X A 22 o 4l B IR 1Y) LCN2 m] R o i 45 4k
TR MMM TS A KRR, BB IR EERRAC, 4080 £ K B 2 1R R A A
(monoamine oxidase, MAO) FIE 4 (LG (aldehyde oxidase, AOQ) i&EME, S 5-HT & it & i
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R R, 5 FANERREAT BSOS, LCN2 1R NI E PR EE &7, 5 24p3R 4544 WAL 5 BRIk &
TIREE, BIERBIEEMZLET (5-HT. DA 25 MR AL, JhOEbE S22 B KOs e 0 R DT i
R MAO HERURIERVEE T, SEOULA M IE 50 5T g/, 3k 1T 5 B I R0 2234 5T D) R 25 L A
FAROESOL, zx FRTIR, LCN2 83T 520 B i 2 48 8 R ANk B8 1 IR B R AR, 3R IX W] B 2 12 sh Bt
AR B SC AL
1.3 DKK-1

HURTE DKK-1 2 HIAR & A AUR R i s 4% R 1« 8 ME LY RN AT 2 5 CORT 7K-Fi%5 % DKK-1
Fik R, i PR L BRI TF A BB (glycogen synthase kinase-3B, GSK-3B) Ser i i 3 Bl 1k
K, TN R Ak ) RERE RS B 2 I CAZRE 2 AR, KANERFEAT 08U, BRI, DKK-1 RiEF
W, FIERR GC X GSK-3p/B-catenin AL HIAMHIVEF, AF S Hl 1) 38T OE BE 08 A 250 /N BRATAR A
FI AN I RE B, $27R% GSK-3p/B-catenin 42 1l LR 44 i M & o I R A g AL 8 . B4,
DKK-1 #EAE[H B-catenin iERERLILIE T AMA 7 (T-cell factor, TCF) /itk L3 3% K 7 (lymphoid
enhancing factor, LEF) [J#E35E [K ik Rk {2 o 25 A2 162031, Wi FeiiE s, 3R 5 A 0 B 15 235 DI A o
R BR A 18 1 R AT I 0 P R AN 3 Cchronic unpredictable mild stress, CUMS) % Z& ANMY S S A HL 7R 2>
P B A RE Y, X — 5 CUMS 2 #2 Mg o o GSK-3BSer9 1 B-catenin % 14 % D) 4
K. DKK-1 fER Wnt #5507, vl FHE Wnt Befk 52456, fRBR Wint X5 R i GSK-3p 18 % [ 417
i, BEANE] B-catenin/ TCF /i 31 N IR R #65% . M, DKK-1 &35 A #5E Wat/B-catenin 155
W, S AALAEAT NS, iR, B JEPER T DKK-1 A5 GSK-3p/B-catenin k4% Sk i 44 K .
GSK-3B i 1E 5 K M FIAR S 28 35 A () v 5 A0 XA 9 [ X 3 A o A4 R 22 S Oy T ke e PEAE L, CE AT
H 2% & B0 J5 1 RAT R 5 R I GSK-3p ¥ 14 W 5 48 ntese61, ¢ |, DKK-1 A] 4 [ i #2 Wnt/GSK-3p/B-
catenin {55 1@, M SME KA WA RfEE . AN, TS5 MR K EKE,
2 Y 2 VAT B R R 1R OB A, O DRI B BT A AR 1R 1 R L3 (i 138 A FE AR A
1.4 FGF23

FGF23 & —MAE7E T KIds g # A & BRI B IR E O, 25 SWE AN FHI
I RAEAE ], PEIRGE, FEIALEE E FGF23 WEFRZETIEE, mMESRE 7. R TrEEEY
TR EE T RS, XA EE FGF23 KT 5. %M e RE TR bi>x. RE, BaH
FC 22 Nl R AR W T A SC PRI 9T, B = A N AP BLRE SR ELBAIE YR R SCRF FGF23. &8 B 1 AR 1] 1Y)
T 28 58 R4 1 ORIk . (HIX A RIS ) HE ) FGF23 B AR SR 4L 1 I8 76 I SR o
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Table 1 Mechanisms of bone-derived factors in modulating depression

EEER T SR L

Osteogenic factor Influence Mechanism

ik BBB SH AR ALl it B EIFI T e E e S, DAY, 5-HTT, GABAJ, #IAR/KF B,
Through BBB-mediated coupling with the ventral midbrain A11 cell group, hippocampal transverse temporal gyrus, and
brainstem neurons, DAT, 5-HT1, GABA|, depression level|.
NMDA|, CaMKIIl|, AMPAR?, HP %2 BDNF{, &% 1, GABA|, FUilsfEHI,
NMDA |, CaMKIII|, AMPAR?, BDNF1 in HP cortex, glutamate?, GABA |, antidepressant effect?.
5T CA3 IXAPL ek b Gprl58 454 3% #E 5 X BDNF, #E i IP3Rs, 5-HT?T, HUilasfEf1e4,
Binds to Gpr158 on the membrane of hippocampal CA3 neurons, activates the target gene BDNF, and then upregulates
[P3Rs, leading to increased 5-HT levels, antidepressant effect?.
A4 GC 8L CRH, ucOCN 1EHT'5 EIR I B AU B, GCl, HHRZK T | [4540],
Injection of GC or CRH, ucOCN acts on the endoplasmic reticulum of the fasciculata zone cells in the adrenal cortex,
resulting in decreased GC levels and reduced depression level.
ucOCN FHE B34 1075 ucOCN, HPA $IiG, RRBEL ACTH S /0, MOl ik, W& o8, [
BT AT HPA A7), T ZNE L ucOCN I e & 2701, IR KF |, MES RIER M|, Ca?*illiE?, HH Ezrin
ik, PRETTANN AP ANl BRI AN AN SE DD RERIRERS, B ucOCN/ R IR AT A 02,
Depressed patients exhibit decreased serum ucOCN levels, which activate the HPA axis, leading to abnormal cortisol and
ACTH secretion, reduceplasticity, neuronal damage, and concurrent inhibition of hippocampal negative feedback
regulation of the HPA axis. Exogenous ucOCN, however, increases insulin secretion, thereby reducing insulin resistance
levels, decreasing hippocampal inflammatory responses, enhancing Ca?* channel activity, increasing Ezrin protein
expression, promoting neuronal cell regeneration, and maintaining the functional homeostasis of astrocytes and microglia.
This improves depressive behaviors in ucOCN~/~ mice.
SRR BT IR TE ATPY, NI PRC ) P2X2 Jlid ATP & B HTMAL R A8,
Endogenous ATP1 in astrocytes, and the P2X2 adenosine triphosphate receptor in the medial prefrontal cortex exerts
antidepressant-like effects via ATP.
%34 BBB 55 MC4R %%y, £ PVN [ 51 Ca** IR H#E cAMP,TRHTAI CRHT, fEHMB 4T 402,
Through the interaction between BBB and MC4R, it can induce Ca?' influx and activate cAMP, TRH?, and CRH? in the
PVN, promote depression-like behavior.
5 24p3R SiE )5, BRESFIREE], FURSEAREIE R 5-HT Al DA SRS SREL GRS Bam kL) BT i o i
KM P ITIETEE MAO 7R PR, LRGSR, AR50,
Following binding to 24p3R, iron concentration |, monoamine neurotransmitters (5-HT, DA, etc.) exhibit metabolic
disruption (with reduced receptor density and activity); meanwhile, the depletion of monoamine neurotransmitters in the
brain leads to MAO accumulation, catecholamine neurotransmitters |, and depression level 1.
R PEL AR AR /N R 2 2J 012 5 BE J1 |, CORT {# DKK-11, GSK-3p Ser3 BEER{L 061, K1,
Chronic restraint stress impairs learning, memory, and cognitive function in mice. CORT increases DKK-1 expression
while decreasing GSK-3p Ser3 phosphorylation, thereby promoting depression level..
DKK-1 DKK-1]H, GC /i F¥] GSK-3B/B-catenin IRALHIHIE, /NRIVALAKT-|, 5 2JL 1268 /1180,
When DKK-1|, the GC-mediated GSK-3f/B-catenin pathway is activated, resulting in | depression level and 1 learning
and memory abilities in mice.
DKK-1 2Ki%, ¥ Wnt/B-catenin i&4%, LA | B06s],
DKK-1 inactivation activates the Wnt/B-catenin pathway and reduces depression level.
FGF231107), BRBSFIREE |, BEETIREE L8, HMHIK 1.

FGF231, iron ion concentration|, magnesium ion concentration|, depression levels?.

LCN2

FGF23

2 BEFEERFESIHEMRHRAERILE

2.1 ucOCN

ZE R MCEIAR I EE TR, HTlid ucOCN 5 1 28 38 I 43 Wb Sk i 3t AR 118691 Il PR F 95 48
H, MEMAEEIZE) (3~5 WA, 35 min/ik) BEFEARIIAREE e aF & 3% MG GABA /KF I B &R
WP LR AR ANARTO,, Hb e FEAEBE A L3 ucOCN Fhir, 5 LR &is i As ik 2 53 IEM <0, zhi))
WEICIESE, 7 2 RUBEIR & FF PN R A, HGEsh @i s ucOCN Rik, Mg /N RANAREELT
N2, #E CUMS #5515 SHMAR K AR g, 8 J& i 18 3 [RIFE v LA S ucOCN [ 43k, 2k
HHAVASEEAT A, BEFRE— 2 KL, XM a5 ucOCN 52/ 5-HT /K- FHmfil GABA 7K1 [%
i okl xRW, 2zt Ll ucOCN ik 5 ik b 28 38 S5 10 0, 3BT R A% T B I P Am AR A
o EAFEERZE, B83h%) 5-HT. DA Fl GABA & it fAEAEH, A RefK M T ucOCN #E [n] %
i Gpr158/BDNF {55l #4781, DL J B 1L-6 FiAHEm (e 3R 5 R o A h 5o, izzh |
W ucOCN FRikJ5, enldt 2 M7 R MAacER, RS EmEE. ACTH fil GC 14
WAUBB  HPA iR R AR R S 2 — B, BFRAIL, 6 AUFikizsh (6d/JE, 50 min/d) dEid k-
P ucOCN ik, E HPA Hli, #f— B E3EifE CRH. GC 1 ACTH HI/KF, 303 1 kS ki
SHUNRIEEEAT N, B, XU RE, UM ucOCN A5 (#4388 R 5 IR I8 Bl R FE BT
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ALk, ucOCN ik ] S AR E G e T ATREAR o AR 7RI, 8 JA B iz 3 T HiliE 35 24
7 IR S AE AR S, RBUNMLE ucOCN AKFFHm, L& C xME [ (C-reactive protein,
CRP) Al TNF-a %5455 95 P K1 /K P FRAR 485, st 7 2 8H, i@ shie i@t i ucOCN FKik, 0
il IL-6+ 1L-8. TNF-o %5 %0 N F/KF, SCEMAREAT B, HALHE ucOCN F£ik L kEIEE 5
15 N 0% 2 A (signal transducer and activator of transcription, STAT) 4% A4 i &b 5 25 (%
fiff Cextracellular regulated protein kinases, ERK) &4 K HN#E S+ IL-6 A1 IL-8 mRNA K EHKIEE
Ko WAL, BOEENFRAMMATAER Nrf2/HOL 15 5 @A SIS AL RIS N, AT S (e 3t & 4
KK TS M (nerve growth factor inducible, VGF) 1 BDNF ik, #F 1M i2 i #h 28 2 B 5 25 ok o 3 40
AREARETE8], g Ah, ucOCN B R JEL YT PFC o 2 AN & s il i R FEDLIARI/E . B, NGF-
TrkA B9, PGC-1a) /FNDC5) /BDNFPURI miRNAs/PGC-1a/KATsPUZ (5 53l % . LA LR, &
5 L ucOCN £k )5, WEENSFMHELEMR (EFE5-HT. DA% | #MEN S (Rt kR mE.
ACTH %5) | #&fs (MM IL-6. TNF-o %5, {2€#f VGF. BDNF % K #i& NGF-TrkA. PGC-
1o/FNDC5/BDNF %) Z MR SCEMAL. Ft, XEEHE L [F S FF, ucOCN &1z 3 KDL 2%
NI AZ OB PR TR T2 —, H Tl R e A I T W MR N W (HPA FhINREED W& Gk =
KCHE L, FFSEA BT Gprl158/BDNF. STAT/ERK. Nrf2/HO1. NGF-TrkA %424 Fifs 5145
[F) 50 AR AR
2.2 LCN2
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Figure 1 Molecular mechanism of bone-derived factors mediating exercise antidepressant effect
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