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Abstract

This article conducts a comprehensive and in-depth review and proposes a brand-new paradigm
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named the “lipid-bone Metabolism Axis”, which emphasizes that cholesterol, a key substance, is a
central regulator for bone homeostasis. Meanwhile, the interaction mechanism between lipid me-
tabolism and bone homeostasis has been clarified. This clarification work actually provides an in-
dispensable theoretical basis for obtaining a multi-dimensional perspective in the prevention and
treatment of osteoporosis. Firstly, the content aimed at analyzing the molecular mechanism is car-
ried out, with a focus on exploring signaling pathways such as SREBP2-IRF7 and Wnt/$-catenin in-
volved in the regulation of bone remodeling by lipoproteins and adipokines represented by APOA1
and LDL-C. Secondly, an analysis was conducted on the epidemiological association between
dyslipidemia and osteoporosis, as well as the value of this association in the fields of diagnosis and
prognosis. This review was originally intended to achieve the goal of establishing a precise preven-
tion and treatment system named “Lipid Metabolism-bone Homeostasis”. However, in the face of
the severe challenges in diagnosis and treatment when hyperlipidemia and osteoporosis coexist, its
efforts were set to provide a solid theoretical basis in an attempt to properly handle this predica-
ment.
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1. 518

B BUBLAAE (Osteoporosis, OP)/Ey— A 5 LA E Bl DL A A B 1 o 205 1) 38 52 B R S5 AR 1 T 36 [ 44
BRI A B V7, ER T SRR 1T B0 B I A B S BT X R, 15 2 AR O ) T KU
WL IR e ARIERAT IR A A ORI L], ERBEEN, QA8 E S NTEZ R R2E, H
FHAERS AL T 50 % DA EaX AN B Lot i I B AR 2, VB 2 i Sk N BN, AR T
20%~40% [1]. PEBBKOL A E RS B, 20840 B0 FE ok B R 1o PRIX )L 08 R IE K% (1) B B A RE IS
BFACH TR SRR, BEAEEE . X—EFRI, CET A3 AT H— MNP RS
JLMi[2]. IEFER, MR S ERESZENEE L HEZRE, T “Ng - 2R 10
ME& o ASSCK FLIAHE SO — AN RSV SR B IR BUARADIRES (LU IE[E B & A i oA AR, il — &
HIFARAE 54> 7 (I SREBP2). 4RME K (U1 Wnt/g-catenin, NF-«B, BMP/TGF-p) LA T-M%%, XA
VAR BCR A A T IR E TR R B A A T e OO R A TIT AR R B A S 1 A B S B R AE R
L0 R R T 2 T B BB S AR08 (B AL, (R AT R 3 B AR S 478 1 R 7 SR
PEHE RIS . BRI - B AR R RO T N T T TSRS, AR T R R E B (E
1)

2. BBEEEEEERIFEN S FHLE
2.1. A 32 PB[EER E - E 40 a0 B {ER

B BE B IER © LR = AR R T, SR MU PREE EEE X, B &R
ANOESIEIE, FEET LIRS TR TR — i R . EH) Sk Mo 425 b, b R

KEGE B LB E R o E 45 A 1 2 (SREBP2)IX 258 i IR E kR A E/EFI I : SREBP2 & T3t =M
FRF 7 (IRFNAEZ, N NF-«B 15 5 P2 A MG R, Bk 2030665 4u i e e, RN X e
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(B Sk e A LA PR s T2 % SREBP2 191, il i g 4 tH LR 40 i 26 i 8 22 DA K R
(I IL[3] 0 S AN, A5 — Al nu JIE [ B 67 2 Ak (CS) A RH [ AR B AR DG, & i LA R 7 =0t AMPK-Sirtl
XAVEE =R, AR ETEIKER . BRI AREEIER, A TRt NF-«B g shae /1=
—ERE, WYFRIGIER . BEE, BE AU o SR BCE B, T LB E AR AN i 2
ARTIRPRGL, Wi 2 Park 46 A7E 2023 AE8050 3 T IX MG TE[4]. MBI B SKAEKIX TR S, IEHIK
JEE 4] fH [f] % fE A ) Hedgehog 15 5@ % HLf¥) Smoothened (SMO)AZ244&, 32 i 40 Mo i 18 F = A= HE S,
1M HAXANSZ R SRR [ B AR 45 G 80 2, % Sk 0 28 ORI ST S 5 AH 2 SRR I [B] . Rl — B,
—Ffy CYP27AL (g, EACH AR 27-Fe AR IH [ (27-HC), EREEAKRE, MAEELETE LXRE %
e, BN —MRIPLRARMER, ERabE A 6], Bz, HERELRE . AT
T, L 4R Sk A KR RIS 30 1) R~ 1

FEE B2
MEME | BN HEMRR | BRI
( BB E R/ A E R ) \

SPEBP2
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Figure 1. Schematic diagram of the lipid-bone metabolism axis in regulating bone homeostasis and pharmacological interventions
1 BE - BRGHIBEERSRAY T REE

2.2. FERBEEER A E 4H AR E RS R R

e JIEL T R B A E R LR A ARV, AR SRRSO AL, X RBURK RN R ek
s, Mo 5 IRAINET, B SEBRER RRR 5 TS SRR, T 5 i R % AN 7 T 2 8] (9 95 K
FEAFER AW ATE 2 o ARG SR AR T, 7 BH [ 82 (7-K C) e i i 1d ik miR-107-5p &%, DL—#h
AR AVERINEIDH] MKPL (RI 222 J5UR AL B B A B IR ME-1), A5 28U MAPK X 26l BB R 5, %
AL —EFLSE L HESIRA B 40 LR 52 7 11484k, JETTT Y B B R HRPIRIL[ 7] A BT FTHa T, 1R 27-F2 54 )H
[ A5 (27-HCY X KRV, 7E—LRULN, il (R Al 2o i A D g b AOAS IR LA R ROl IntREr i
RIERE[8] [9] VERIPH LR KA, A — R BT B 3 M (ox-LDL) Bt )L, SR SAEE LM
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FA T REGER . B A OLRY AYBEAAR, AR RE ELAONS A i Sk (0 40 B A 375 1k 28 e 4 1
T RE TS T IX LEGH A B TR DL, 2 T A W REAE AT SR B RE I S5 [10] 7R IR PR SR PR AE 2,
SEGE R LLNG T LT T e H [ AR 9N, b AT 0 0 R T 7 - O P (7-K C) A 7 - P2 ik JIEL 5] I (78-HC)
Mo, A HRCR R T, T EL AL B P PRI A 1 B R LR T AR DL 8, A7 AR BE LT
%

2.3. BEENEFERNEESRTRNY

O et Sk A U 8 55 A B BRI B AR SR I U R R s AR IE AR BEIR PR, 6 PR SR
BRERVAZVLAT DR BRMEEEERZ 1, STt 51K — LR kA G [11] 01X 3 ) i
17 FARHEAE T — LS 5 7 T I I — PP DR S  TEIX AP 0% R B, SREBP2 I 27-F2 56 JIH [#] i (27-
HC) il A G2 “RRIERRIARTT” F1 AR E AR TE” IXFERIRE . HYISkIE, SREBP2 K3
IRF7 X & BEAEXT NF-«B 15 SRS BIFDHIE R, 3 i S il B A Mo 20 VG 8K AHXS L, 27-HC @it ik NF-
kBIPPIB XA HIHIRIL K, HES) T RAEAH G E RS2 MG B3] ARFEATIEERIMACFER 772, fE3R
775 ST T, BVF AT DAER 0] AR ] A Qi 72 L L g (5 — Y CYP27AL $IFR I Z4R: 7), R2%ikik
A B S A4S/ — B8 [12] [13]0 BT, R E TR 7 T P B ATt R B IR . b dn it
BRE RN ZH LK -3 JEIIER, Wl fesxxd 7-H6H [E B (7-KC)FE A0 i b= AR AN RS2 m A — & 14
TERI[14]. DAEWE, Z2/2Re BB AT XA e ZHLE T ik, 0 Vr ik e A VR F ] B2 7 1k AR KRR SO 72
HOIRM EAR R RE I, AN SEBURS HEIR T IXAS B bR, Aidix B B2 ROUE A KIG R . Bk
BUHI R AT AN 7 1 LB R AE AR P A O RS A, A D B AR oo R[] RS T 25 2 o B e A2
PRt 7 ER AL . HE—DH, XL 2 004 IUE T IEER 40 Wnt/-catenin, BMP/TGF-8 517 1E) V2 1)
A, FEER R — AN IR BRI SS ,  T s 00 B (BRSSO RX AR 0 T I I
HE AR A BAEH AT R G .

3. BulMES BRI ML%
3.1. Wnt/g-Catenin @

SR A KRN AE R RS RS IX R -, Wnt/g-catenin B8RS B IER . & KM@ it -
ERME AR E AR R, AT E TR e U R E B R (52 Runx2 1 Osterix) (I IA#H < 1 i
o ZJaWe, IXANEFE M2 (2 A% R 78 52 20 M 51 e AR BE Sk A AL 55748, G ik Sk B
(R T AR 45 B 45 S — 28 [15] . BRAT T H B, B kARSI LI 4 e, X BA A e E 2
JRERIWE , WA AT XA — 5 R AR 2 B 7 SRR o B2 T DR & B A BL S A A ) S Se i) AR i 0 3
X AN EE AR, WVt Re L Sk K% A el 281, A A1 Bergamottin ¥ RARL A7),
A N A E AT AT LUIE I I Wint/g-catenin {5 51X FE R A0, 76 5= 75 THI 38 55 7] 78 53 40 ML (M SCs) 1
HOAS, WHZAEVIBR N SN R A B, X 3k B R PR LA — SR G E I [16]. 55e, A —
Py R 2 A= K FREEE 1 6 (EGFLG) IR VE, M —F Al Wnt/B-catenin AHICI IR EE, — 245 Bh i (1 2k
AR B Sk T BB R, A K B PR I A B Sk PR AR B FE AR PR [17] . EARERE T, WntiBIEH I Cf
MGEAEH, TER BMP/TGF-4 X MO B H BB A ERZ IR KXW —FiLRE G5 H i, &
A E TR [ 15]

3.2. BMP/TGF-p @&
BMP/TGF-8 iX K K F R # B kB E L& MSCs KB TR EER K. INMNFIBEREAERAES
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AN—FERIVER]: 152 BMP-2/7 iX25 BMP {55, ‘& ftik Smadl/5/8 KA BEER I, M e i 5 I8 22 ik i
FERTT R R  HEE 1 ST 18] SR 1M 5 Z AN R 142 , TGF-B1 7RI LU i i 4, 248 Bhiid Smad3
Xt B R BIIHIER, B s 4 i FE[18] . B2 b T AN X FERRE R, TGF-41
BRI I m, ATRE R SCBE R Wnt (R EE Sk AR K@ AR = AR E A, L SR O T A
JEARAREE S 18], At L WA R 1S Mastd IXFEAE T RUFRIMER 7, B nT LUBIEXT Sox9 24T
Ak, TR BT B AR EIE T, X AE—E FE R 3 T IRATXT TGF-B1 (55 M4 T AR[19].
X TGF-p1 K IAGEL TG R, A5 —Fhod 4 Irisin FIMLAIR FiA3 B — @ R iR el eedt. A
Wt R, & A 7T g LLEEFR 0%, % TGF-1/Smad2/3 15 5 74— & T30, SR 5 143 B AN 4 /N R,
HBCE M BE SIS — Se 755 [20] . 55 NI, BMPITGF-B 1% 2538 % v A& [ O Bt EE 1 FH 9% . & PR Notch
ZRHR KRB IE T, GESMEFEIMHEEAER. BT—&, W7 —MRE IR Z[21].

3.3. Notch 5 Hedgehog B

Notch F1 Hedgehog (Hh) {5 53 % 78 % 28 K DL SRR IEFRAS T, RIEEA K 5 & I TTER,
SROIEFRE B IR B 5FEFIE—E B R Notch 55 1S EMSSEAIML 2 AIAH B #%fh, {5 Jagged-1 XAEH)
VG, EATRSZ AR =AM E R S, 23 i i BT 1) — S0y NICD 13843 4 5%t ok« NICD B J5 7] LA 3l
Hes/Hey X 25 H AR BE R AT RIE, 5T 40 K 704 1) — @ M BUR, DU RE i o7 206 e iz A~
AR CARA[22] 0 A INEEE kAT 2R, A—MrfH Jagged-1 BRI AP0p kL, & REET
JE 3 Notch 155, X8 Sk FE R R B B 1k DL K I 3 A B FHEBh AR, e & Ak B Sk F A R /048 5 [22]
(B G ARATE AR PIRES,  Fh g S PERE R I X R, 22 Noteh (55 AN IE R [035EL, 0]
RE AL 2 0T B i 255 0T 40 L 1) B 7 ) R PR A P R S, X BA T SR B E A R T T AR I [23] 0 ARG R,
HREEEERT Notch AZAE 2P (1R -3 Wb BEA ) 573X 28) i AR A 4 LE B T UK S IR TT W] RETE[24] . HM40
e, Hh AR EE R T Gl kg AEKr), I HMFARE BREER Z AR (PTHIR)E — 1
SESERE R I R R IEFR : PTHAR SEAEHIH] Hh (55, ki TRk, Brek T, & Hh 3%
FEAER IGFL B S T I T, AHES i Sk B R Ntk . ANk ie, ax ANk R e Tz [ 1 S8 R/ T
RedrAE R AOTIEMTT), HARGTTE R — PR . WTREE AV IRIER, W RN PTHIR ¥ 7 4k Hh
SIEEH IGFL This, A B EER NP B, IX 8] T RESFh R R PEAE — S o X SR 2 115 Bl el —
LU, Notch Al Hh X AR A2, ANE R SR IER IRINHE, 82 S B I %, G R &
BER . HHWE, IR TT IBLEFIE A IE, KRBT — S Re G WM E AT . 55N
A AR N T AR RIS I R, T BRI LN S 2R N T R S IR L . 41T A AWTE
Bee M ) [T Jee AL LR B ORI 0, Ay TSR 29 S — 7T, R 1 T TR TT SRR R AE AR WAL .
oK, AT E SR IR 29 DR O T B RIS B FL IR PR R B AL T 1

4. MBLYHFRIPB
4.1, fITREBERIFER

fyTIX 20, BT REFRARMNG, RN B S A S EL B B M R BUR . B R HE A I SR B A
FR A Bl 2R F R R A DR BE AR I ], LB TS R AR R -2 (BMP-2) 3R IA A AT T, IXFEREIEXT Ak
P Ak DL B B R O AT AR B B R, T B X A A B P 1 AR A R [25] 0 KR ST 5
XTI AR L TR SR MR 1% Seo 8 \AE 2023 SEMUBA SR 7T or, T 28048 F AN R giAs
PR RS A B R R, 17 HAHEAE RS A B A SRR B2 B H 57 & (cDDD)ik 2| 5 i 1095
FITE, B3 X2 B R E R L 78% (R 2 J5 1 HR &2 0.22, 95% CI Yu [l 7E 0.15 £ 0.33), 4% 72 80
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G EMEFEEE, [FRINEFAOLT LR W [26]. EUF, AR BEALO G (RCT) 4R & 20 ik
B, AT RG0S 1 % E (BMD) B TH I BCR AN AR I B R TN BT, mbEMER B3 S, AR
AZ A 11%), MHEXFER CTX XKML bR T 201 1F It A KA R [27]. XA E
U ELF JE IR DL, DA E BETERFIRAOAE IR 2ORMERE: 2024 4 Arabi S5 NS — TRER 5 73 4T 7 »
T TREGIIRENS & | 1A Bk 1k B IR B (B-ALP) (/KT N B (Z R MEE-1.1 U/L /4, p {5 0.03), X 1B
T RRE X E BRI RER, BRI K (L BE B A 2L B T RS2 A8 B0 o) e e 49 T
iR BRI S R RRE (15 2R SEELI [28] -

4.2. RBREFF BIATTRIG AL

XL RIGYT . B 5 BITHE R Bk, ZERBYERF R, FIEiLE, —JF
s REfe b S AE R B Z Y, PR SRR, 2 )5 P AR T A B U IR X SR 1R Sk R i
25, ERERITTE, TR SO ORI 25U, AR5 e Sk i A BRI 3 XU S o AR UL
TR IR0 R TH A SR B BRI 4 RS A R, (H AR AR A, tAKEE, T
RE =SB — L HABRIR . RIEFEK, XM, FHN—MArIr, WA ZINT Rk,
FEPETHE SR BRI 4 RS X A b, U RER B S 4 — S8, (ERADMRERMARLEX . A
WEURH, XA TRV F R LA B IR A 2, I H A e BE PR A E i LA, R T
ZEAZ MU RR[29]0 BRVFRRIN I AMEAEIXRE: FIRFSLIAAR(— K 20 pe)iftyr KMt 18 2 24 DA, )5 Hplidt
EPELHT, BFBOXFE BRI A B A R S — (B A E 12.9%). AR, ERAFHMET Bp, H Sk B R
REARPROBL PR . i DASHEE S EOUBR IR &L, XA BRI L AR “RE(E” o A MR LT
(Gt RIHFSLMARR, HE RIET pt, SRE DB &), 4l 36 PAES, PIFEReihd krE
AR LB R BPIRAS 10 B AR th B0 DUB (R HE AL B B IR AL [30] . R PR BB, X T 1k
FE RSB RREL 10 B, ARSRTR TIPSR, ARSI “ 29K IO, 7545 4 B R B b S5 (L
WiE CTX Z2KM). ZREHME TR BRNIFAAFE, 83 ATH M IR0, SRS 5 H )5 2hih
T TBUB1]. EARARORIATT A I R, A S B WAL L B DUIRZS 115, AN E AT LARE AR A
FERR K RES 25, BT 5 XUR IR S B kA Bia th Bos @i 7y, AR IR IR SE B P i
2SI 1 2 S PR R AR IR B T, AR /KT 5 B 3 XU 2 T8 74E (1 R 2 SRR
AT FOB AL S B AR HES . T SOR H SeiX SR R U TT HE,  FFR R IMA IR I AT BEE A2

5. ImRF L SHEAR

IEAESR, MR K5 B AR R Sk R UL B A S R B . 2 T AR, I R
15 5 2 MR AT TS AR 2 1) U Y 0 YRR, o) “RRIGHBRAT 7 f 8 — PR R SEms S 7 Pkl &
e, AR5 FE g R I & 52 (LDL-C) - ARl bk 2 45 . Kang %5(2023) (M T REPERF St 8 0, Xt T2 4R M & 47
&, LDL-C /K FERRIET-HE U B L R HP) sl T 2.31 mmol/L, 24 LDL-C ik T-thils FHE R,
BF BT AR B MR R SS HR = 0.42), $&/R K LDL-C /KPR A JE A B TS 37 fa i K1 2 [32]
FLUR, % P AR 1 IE[E BE(HDL-C) th Jf 3R i A 25 - Barzilay %5(2022) ¥ K B BABIAJF 72 [R) #f & B HDL-
C SHEARE AT M2 U BORHK. i 1d R (<1.09 mmol/L)idt &t id & (>1.68 mmol/L), FLIXRG 2
EKE, KU EL(HR) 23708 1.50 A1 1.78 [33]. 45 LATAR, XU RIEAEERIGKER: WT&HFH
JR B B B PT 2R B, TR R B R G YT U2 LDL-C B ZARAG/KT) ks A ETE . B
A7 0 ML 4 P 5 T i LA 3R 25 508 B IR EL AR, AT RE R 70 20 5 R B VB E KU . BRIk, SRR
BT XoF 2 N B 8 AN A P I A 7 B SRS, 76 TN/ 3R 23 51 B XU 22 1) 3-SR e - [32] [33] o T %
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M5 B B AR e M 2 K R I 29 SR PR, JRAT ok 5 7 45 O R B2l b, 4R At
XHERIAR R T 17, JCHRAEF LY RIREEY) L2 2 2 B8 SRS 7 T 3R R

6. MEERE

e I MILAE 55 S5 s (OP) L9 7 B2 v [ 2 A A S T Wi ) B K Il PR PR A 1% 52— 2R IR 245 it
VTR BRI OV AE RE T M A2 400, IR FRATTHR T i B MU 51 B DR 37 RO ARSI SRS o AESX AR 0L
H, & PCSK9 il FIXZSF M FE AR 254, B IEAE R RS . EMEF AR JiHtbit
LDL-C #UE PR, BIAEIERA R LR AL Chen 55 NAE 2024 4 FF Ji& 1) o 45 /R BEALAL 77 THI AR 9
WK, X PCSKQ BEATHIIX 4 JLERAHNS e — L ) 5 FEAZAE R IBG, 10 HORHUAR B Meta 70 M tHAIESE T &
AT EIT IR, RV EHFEE AT LA R IL[34]. X WA E REL IBLL & E RN A4 )L
MR I, FF A AT RELE ELBCHE i 3t AR I I 5 T A R R AR I B 20 TRANTE R ARt LN, £ 8
RIRMEAEYIHIS 5, KT — RGO M LA RE B R G AL . 28011, BRI DL — e R RE 4
PCSK9 #e sk CRMEREFFIC 35% /e f), JF HBEELHACHE R, IEafMlIpls: 2R, KEGIEILRITT
O B AT ORGP RICR[35] [36] X 4T FEAS AT ELAR 24 B2l BN o 7 PR 285 5 e — i 25 75 3K,
SRt T — A L Rr ) 0 BB o (H BRI AP R 5 5 VR OIS E B L SR B R C, DRI Tl K8 B Bl =
AR BARTE, ARRKWT IS AR EIEE LR JL: — 2P RS G - AR SS9 5 (i
PCSK9. CYP27TAL) B AL 254; —RAM KRB S Z A, WEh RS SR PiaER;
ZRES ARSI AR (RS AR S . REORE, A5 I8 B R MUE A SR AL R A
AETRPIRI , BV 5[] R AT Y AR P il ) (L PCSKO #RIFI)PE 4 B PEIR T I ad b . KM 2
NSRRI, DLACE BEM R R RS TS S RE D 4 Akt ok, ITTAL B — 8 N2 AN J5 T HEAT HE T T
B Ea YT A AR .

SE

[1] Salari, N., Darvishi, N., Bartina, Y., Larti, M., Kiaei, A., Hemmati, M., et al. (2021) Global Prevalence of Osteoporosis
among the World Older Adults: A Comprehensive Systematic Review and Meta-Analysis. Journal of Orthopaedic Sur-
gery and Research, 16, Article No. 669. https://doi.org/10.1186/s13018-021-02821-8

[2] Sopina, L., Hitz, M.F., Thygesen, L.C., Langdahl, B., Ladefoged, B.T. and Kruse, M. (2025) Healthcare and Productivity
Cost of Osteoporosis: A Danish Register-Based Quasi-Experimental Study. Osteoporosis International, 36, 865-874.
https://doi.org/10.1007/s00198-025-07453-w

[3] Kim, H., Choi, I.LA., Umemoto, A., Bae, S., Kaneko, K., Mizuno, M., et al. (2024) SREBP2 Restricts Osteoclast Differen-
tiation and Activity by Regulating IRF7 and Limits Inflammatory Bone Erosion. Bone Research, 12, Article No. 48.
https://doi.org/10.1038/s41413-024-00354-4

[4] Park,J.H., Lee,J., Lee, G., Kwon, M., Lee, H.1., Kim, N., et al. (2023) Cholesterol Sulfate Inhibits Osteoclast Differentiation
and Survival by Regulating the AMPK-Sirt1-NF-«xB Pathway. Journal of Cellular Physiology, 238, 2063-2075.
https://doi.org/10.1002/jcp.31064

[5] Smith, A.E., Sigurbjornsdéttir, E.S., Steingrimsson, E. and Sigurbjérnsdottir, S. (2022) Hedgehog Signalling in Bone
and Osteoarthritis: The Role of Smoothened and Cholesterol. The FEBS Journal, 290, 3059-3075.
https://doi.org/10.1111/febs.16440

[6] Abdalkareem Jasim, S., Kzar, H.H., Haider Hamad, M., Ahmad, I., Al-Gazally, M.E., Ziyadullaev, S., et al. (2022) The
Emerging Role of 27-Hydroxycholesterol in Cancer Development and Progression: An Update. International Immunophar-
macology, 110, Article 1D: 109074. https://doi.org/10.1016/j.intimp.2022.109074

[7] Li, G, Sul, O, Yu, R. and Choi, H. (2022) 7-Ketocholesterol-Induced Micro-RNA-107-5p Increases Number and Ac-
tivity of Osteoclasts by Targeting MKPL1. International Journal of Molecular Sciences, 23, Article No. 3697.
https://doi.org/10.3390/ijms23073697

[8] Dai, L., Wang, J., Meng, L., Zhang, X., Xiao, T., Deng, M., et al. (2025) The Cholesterol 24-Hydroxylase CYP46A1

Promotes A-Synuclein Pathology in Parkinson’s Disease. PLOS Biology, 23, e3002974.
https://doi.org/10.1371/journal.pbio.3002974

DOI: 10.12677/acm.2025.15113165 834 Il R 125 23k i


https://doi.org/10.12677/acm.2025.15113165
https://doi.org/10.1186/s13018-021-02821-8
https://doi.org/10.1007/s00198-025-07453-w
https://doi.org/10.1038/s41413-024-00354-4
https://doi.org/10.1002/jcp.31064
https://doi.org/10.1111/febs.16440
https://doi.org/10.1016/j.intimp.2022.109074
https://doi.org/10.3390/ijms23073697
https://doi.org/10.1371/journal.pbio.3002974

ke, fTRR

(9]

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Dai, L., Wang, J., Zhang, X., Yan, M., Zhou, L., Zhang, G., et al. (2023) 27-Hydroxycholesterol Drives the Spread of
A-Synuclein Pathology in Parkinson’s Disease. Movement Disorders, 38, 2005-2018. https://doi.org/10.1002/mds.29577

Wang, X., Ma, T., Chen, K., Pang, Z., Wang, H., Huang, J., et al. (2021) Accumulation of LDL/Ox-LDL in the Necrotic
Region Participates in Osteonecrosis of the Femoral Head: A Pathological and in Vitro Study. Lipids in Health and
Disease, 20, Article No. 167. https://doi.org/10.1186/s12944-021-01601-x

Akhmetshina, A., Kratky, D. and Rendina-Ruedy, E. (2023) Influence of Cholesterol on the Regulation of Osteoblast
Function. Metabolites, 13, Article No. 578. https://doi.org/10.3390/metabo13040578

Chen, F., Lu, Y., Lin, J., Kang, R. and Liu, J. (2023) Cholesterol Metabolism in Cancer and Cell Death. Antioxidants &
Redox Signaling, 39, 102-140. https://doi.org/10.1089/ars.2023.0340

Wang, L., Duan, W., Ruan, C., Liu, J., Miyagishi, M., Kasim, V., et al. (2025) YY2-CYP51A1 Signaling Suppresses
Hepatocellular Carcinoma Progression by Restraining De Novo Cholesterol Biosynthesis. Biochimica et Biophysica Acta
(BBA)—Molecular Basis of Disease, 1871, Article ID: 167658. https://doi.org/10.1016/j.bbadis.2025.167658

Vejux, A., Ghzaiel, I., Mackrill, J.J., Dias, I.H.K., Rezig, L., Ksila, M., et al. (2025) Oxysterols, Age-Related-Diseases
and Nutritherapy: Focus on 7-Ketocholesterol and 7-Hydroxycholesterol. Prostaglandins & Other Lipid Mediators, 178,
Avrticle ID: 106993. https://doi.org/10.1016/j.prostaglandins.2025.106993

Marini, F., Giusti, F., Palmini, G. and Brandi, M.L. (2022) Role of Wnt Signaling and Sclerostin in Bone and as Thera-
peutic Targets in Skeletal Disorders. Osteoporosis International, 34, 213-238.
https://doi.org/10.1007/s00198-022-06523-7

Wang, X., Tian, Y., Liang, X., Yin, C., Huai, Y., Zhao, Y., et al. (2022) Bergamottin Promotes Osteoblast Differentiation
and Bone Formation via Activating the Wnt/g-Catenin Signaling Pathway. Food & Function, 13, 2913-2924.
https://doi.org/10.1039/d1fo02755g

Shen, J., Sun, Y., Liu, X., Zhu, Y., Bao, B., Gao, T, et al. (2021) EGFL6 Regulates Angiogenesis and Osteogenesis in
Distraction Osteogenesis via Wnt/g-Catenin Signaling. Stem Cell Research & Therapy, 12, Article No. 415.
https://doi.org/10.1186/s13287-021-02487-3

Zou, M.L., Chen, Z.H., Teng, Y.Y., et al. (2021) The Smad Dependent TGF-4 and BMP Signaling Pathway in Bone
Remodeling and Therapies. Frontiers in Molecular Biosciences, 8, Article ID: 593310.
https://doi.org/10.3389/fmolb.2021.593310

Kim, P., Park, J., Lee, D., Mizuno, S., Shinohara, M., Hong, C.P., et al. (2022) Mast4 Determines the Cell Fate of MSCs
for Bone and Cartilage Development. Nature Communications, 13, Article No. 3960.
https://doi.org/10.1038/s41467-022-31697-3

Sun, B., Wu, H., Lu, J., Zhang, R., Shen, X., Gu, Y., et al. (2023) Irisin Reduces Bone Fracture by Facilitating Osteo-
genesis and Antagonizing TGF-g/Smad Signaling in a Growing Mouse Model of Osteogenesis Imperfecta. Journal of
Orthopaedic Translation, 38, 175-189. https://doi.org/10.1016/j.jot.2022.10.012

Zhou, B., Lin, W., Long, Y., Yang, Y., Zhang, H., Wu, K, et al. (2022) Notch Signaling Pathway: Architecture, Disease,
and Therapeutics. Signal Transduction and Targeted Therapy, 7, Article No. 95.
https://doi.org/10.1038/s41392-022-00934-y

Deng, Y., Li, R., Wang, H., Yang, B., Shi, P., Zhang, Y., et al. (2021) Biomaterial-Mediated Presentation of Jagged-1
Mimetic Ligand Enhances Cellular Activation of Notch Signaling and Bone Regeneration. ACS Nano, 16, 1051-1062.
https://doi.org/10.1021/acsnano.1c08728

Tomasoni, C., Arsuffi, C., Donsante, S., Corsi, A., Riminucci, M., Biondi, A, et al. (2023) AML Alters Bone Marrow
Stromal Cell Osteogenic Commitment via Notch Signaling. Frontiers in Immunology, 14, Article ID: 1320497.
https://doi.org/10.3389/fimmu.2023.1320497

Medina, E., Perez, D.H., Antfolk, D. and Luca, V.C. (2023) New Tricks for an Old Pathway: Emerging Notch-Based
Biotechnologies and Therapeutics. Trends in Pharmacological Sciences, 44, 934-948.
https://doi.org/10.1016/j.tips.2023.09.011

Chamani, S., Liberale, L., Mobasheri, L., Montecucco, F., Al-Rasadi, K., Jamialahmadi, T., et al. (2021) The Role of
Statins in the Differentiation and Function of Bone Cells. European Journal of Clinical Investigation, 51, e13534.
https://doi.org/10.1111/eci.13534

Seo, D.H., Jeong, Y., Cho, Y., Kim, S.H., Hong, S., Suh, Y.J., et al. (2023) Age- and Dose-Dependent Effect of Statin
Use on the Risk of Osteoporaotic Fracture in Older Adults. Osteoporaosis International, 34, 1927-1936.
https://doi.org/10.1007/s00198-023-06879-4

Biswas, P., Thorenoor Kumaraswamy, S. and Hilgers, R. (2025) Efficacy of Statins in Postmenopausal Osteoporosis: A
Systematic Review and Meta-Analysis. Cureus, 17, e86425. https://doi.org/10.7759/cureus.86425

Arabi, S.M., Chambari, M., Bahrami, L.S., Jafari, A., Bahari, H., Reiner, Z., et al. (2024) The Effect of Statin Therapy
on Bone Metabolism Markers and Mineral Density: Aa Grade-Assessed Systematic Review and Dose-Response Meta-

DOI: 10.12677/acm.2025.15113165 835 Il R 125 23k i


https://doi.org/10.12677/acm.2025.15113165
https://doi.org/10.1002/mds.29577
https://doi.org/10.1186/s12944-021-01601-x
https://doi.org/10.3390/metabo13040578
https://doi.org/10.1089/ars.2023.0340
https://doi.org/10.1016/j.bbadis.2025.167658
https://doi.org/10.1016/j.prostaglandins.2025.106993
https://doi.org/10.1007/s00198-022-06523-7
https://doi.org/10.1039/d1fo02755g
https://doi.org/10.1186/s13287-021-02487-3
https://doi.org/10.3389/fmolb.2021.593310
https://doi.org/10.1038/s41467-022-31697-3
https://doi.org/10.1016/j.jot.2022.10.012
https://doi.org/10.1038/s41392-022-00934-y
https://doi.org/10.1021/acsnano.1c08728
https://doi.org/10.3389/fimmu.2023.1320497
https://doi.org/10.1016/j.tips.2023.09.011
https://doi.org/10.1111/eci.13534
https://doi.org/10.1007/s00198-023-06879-4
https://doi.org/10.7759/cureus.86425

ikfte, R

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

Analysis of Randomized Controlled Trials. Advanced Pharmaceutical Bulletin, 14, 591-603.
https://doi.org/10.34172/apb.2024.051

Cosman, F., Langdahl, B. and Leder, B.Z. (2024) Treatment Sequence for Osteoporosis. Endocrine Practice, 30, 490-
496. https://doi.org/10.1016/j.eprac.2024.01.014

Kamanda-Kosseh, M., Shiau, S., Agarwal, S., Kondapalli, A., Colon, I, Kil, N., et al. (2024) Bisphosphonates Maintain
BMD after Sequential Teriparatide and Denosumab in Premenopausal Women with Idiopathic Osteoporosis. The Journal
of Clinical Endocrinology & Metabolism, 110, e791-e801. https://doi.org/10.1210/clinem/dgae240

LeBoff, M.S., Greenspan, S.L., Insogna, K.L., Lewiecki, E.M., Saag, K.G., Singer, A.J., et al. (2022) The Clinician’s
Guide to Prevention and Treatment of Osteoporosis. Osteoporosis International, 33, 2049-2102.
https://doi.org/10.1007/s00198-021-05900-y

Kang, X., Tian, B., Zhao, Z., Zhang, B. and Zhang, M. (2023) Evaluation of the Association between Low-Density
Lipoprotein (LDL) and All-Cause Mortality in Geriatric Patients with Hip Fractures: A Prospective Cohort Study of 339
Patients. Journal of Personalized Medicine, 13, Article No. 345. https://doi.org/10.3390/jpm13020345

Barzilay, J.1., Buzkova, P., Kuller, L.H., Cauley, J.A., Fink, H.A., Sheets, K., et al. (2022) The Association of Lipids and
Lipoproteins with Hip Fracture Risk: The Cardiovascular Health Study. The American Journal of Medicine, 135, 1101-
1108.e1. https://doi.org/10.1016/j.amjmed.2022.05.024

Chen, D.Q., Xu, W.B., Xiao, K.Y., et al. (2024) PCSKJ9 Inhibitors and Osteoporosis: Mendelian Randomization and
Meta-Analysis. BMC Musculoskeletal Disorders, 25, Article No. 548. https://doi.org/10.1186/s12891-024-07674-w

Han, L., Wu, L., Yin, Q., Li, L., Zheng, X., Du, S., et al. (2024) A Promising Therapy for Fatty Liver Disease: PCSK9
Inhibitors. Phytomedicine, 128, Article 1D: 155505. https://doi.org/10.1016/j.phymed.2024.155505

Liu, C., Chen, J., Chen, H., Zhang, T., He, D., Luo, Q., et al. (2022) PCSK9 Inhibition: From Current Advances to
Evolving Future. Cells, 11, Article No. 2972. https://doi.org/10.3390/cells11192972

DOI: 10.12677/acm.2025.15113165 836 Il R 125 23k i


https://doi.org/10.12677/acm.2025.15113165
https://doi.org/10.34172/apb.2024.051
https://doi.org/10.1016/j.eprac.2024.01.014
https://doi.org/10.1210/clinem/dgae240
https://doi.org/10.1007/s00198-021-05900-y
https://doi.org/10.3390/jpm13020345
https://doi.org/10.1016/j.amjmed.2022.05.024
https://doi.org/10.1186/s12891-024-07674-w
https://doi.org/10.1016/j.phymed.2024.155505
https://doi.org/10.3390/cells11192972

	脂–骨代谢轴在骨质疏松症中的研究进展
	摘  要
	关键词
	Research Progress of the Lipid-Bone Metabolism Axis in Osteoporosis
	Abstract
	Keywords
	1. 引言
	2. 胆固醇调控骨代谢的分子机制
	2.1. 生理胆固醇浓度对骨细胞的调控作用
	2.2. 高胆固醇浓度对骨细胞的病理影响
	2.3. 胆固醇双向调控的总结与治疗意义

	3. 核心信号通路交叉网络
	3.1. Wnt/β-Catenin通路
	3.2. BMP/TGF-β通路
	3.3. Notch与Hedgehog通路

	4. 现有药物的骨保护效应
	4.1. 他汀类药物的骨保护作用
	4.2. 双膦酸盐序贯治疗策略优化

	5. 临床争议与挑战
	6. 小结与展望
	参考文献

