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Research Progress of Common Mechanically Sensitive Ion Channels in

Bone Metabolism and Related Diseases

ZHANG Miao', ZOU Jun', YANG Jie**
(‘Chool of Kinesiology, Shanghai University of Sport, Shanghai 200438, China,
Affiliated Sport School, Shanghai University of Sport, Shanghai 200438, China)

Abstract Skeletal adaptation to mechanical stimulation is important for maintaining bone metabolic ho-
meostasis. This adaptation relies on mechanically sensitive ion channels in bone’s mechanically sensitive cells
(osteoblasts, osteoclasts, osteocytes, mesenchymal stem cells, etc.) to convert extracellular mechanical stimuli
into intracellular chemical signals. TRP and PIEZO are important mechanically sensitive channels involved in the
regulation of bone metabolism. Studies have shown that the ion channels are mechanically sensitive, such as os-
teoblasts (PIEZO1, TRPM3, TRPV4, TRPV2 and TRPML1), osteoclasts (TRPV6, TRPV1 and TRPAT1), osteoclast
precursors (PIEZO1, TRPC3 and TRPC6), osteocytes (TRPV4 and PIEZO1) and mesenchymal stem cells (TRPM7,
PIEZO1 and PIEZO2). However, the functions and downstream effectors of some mechanically sensitive ion chan-
nels are still unknown and controversial. The main types and functions of mechanically sensitive ion channels re-
lated to bone metabolism are reviewed to provide a reliable theoretical basis and a new method for bone remodeling
and the treatment of bone diseases.
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B AN YERE B R A R s R L B AR RE AN
HARUTRAS IR EE, MRS T8 m i iR
A O E MR M i ) SR B A
RV BILAR 3 AT DA i iy T R i B A, 30 T 5 iy
SEAE AN )RR P WU R I 5 A
A FEEE . S MR BR A M B S AR
NS T o XS UE = i 40 i 22 1 LA
U TE A % 4 A A5, kI i 45 B AR A G
WU B2 P P A B S B4, i ARG A D R AT B
A B SCE AI . SRR, Eaii. B
A 2 6e 7 4k D RE 1 18] 78 51 48 Jf A At i 248 i 44
M E D 2 RERYIA) 78 ol 40 L AE 2 Bl R 2 A R
R B AN, B H B A2 RE 1) 3 A 9 A
AR R AR R R AR AR P 2 AT
B A% B R AR B A ELR A, BT R 2 A% B4R
B 20 0 E A ) R A T O A TR R, o S R )
90%~95%, fEH i+ E . BAAF RIS, L
AT 8 R B B TR, A 2H 2% A e A
Bk S22, 32t 17 3 N 4% Kl F-xB(nuclear factor kappa-B,
NF-kB)&E H .+ %K1 kB2 A4 3E A0 7 BLAK (receptor
activator of nuclear factor-kB ligand, RANKL). %/
li# % E2(prostaglandin E2, PGE2). NO. & Z=FEA
KA ¥ -1(insulin-likegrowthfactor-1, IGF-1). J{£f- 4
2 A A= 4K [K] 723 (fibroblast growth factor 23, FGF23)+
‘B R H (osteoprotegerin, OPG)FI%] & ¥ -6- 1 iR
iU (glucose-6-phosphate dehydrogenase, G6PD)%%
3 UAE SN T, R B ORI B T O R U A A
AT RERCATRTT B AR 2 ELIH BV AERE i

H AT, 5 WA SS LR BUEoE 1E iR E /b
J7 BN T~ 1818 (degenerin/epithelial sodium channel,
DEG/ENaC). WA 524K Hi{i/ (transient receptor po-
tential, TRP)IHIE . UL 1#H1E (two-pore-domain po-
tassium channel, K2P). Piezoi@ g%, H A TRPAI
PiezoiliE /2 H A AF 7 5 2 NI U BS 1l i, iX
e 2B A1) /G N I % N '8 7) 7 N S SO NV I =
$i1 755 22 BRI A ™ A ey 2T

BRI, BN bR A i Piezo I v g ki
TE RS, W80/ I3 2R ) P A U7 T e ok i #HL 4 A
[’ Piezol M1 Piezo 2}, J RS 43 A A, 5 W SO rs
FE e, 2 S ECH AR B KR Y. B —
TR T B, R R B 400 B B 4 o ) Piezo2 %)
HEICATAT S0, T A4 IR SZ h 22 T0 A0 i Piezo2 R

RIxiiz FECEHEMBECTEEARY., AT
FBL, RIS
I HE 1 ARAE i B, M A] SR AT R R Al
A ASIC2RIASE N . Hhen] W, HUREURGHEIE 5
LR 5 5 RIB AT AT eV S 22 R i P R R A
b, AR SO SRR AR 5C AL R S
RAEFIRE, MAUMBUR S 788 7% 800 E
TRIR, BIR BRTT 3508 S AG T T

1 BBV RS FEERB
IhgE

H HI7G < TRPH Piezoifid 14 B A I 755 %2
BA Ca #A IS, BT MR, 5]
IS MThREI AR, RS, TRPH
KT 19754F & R R I, 8 Tk A Ul U= E
HAEre& 7MIER . TRPC. TRPV. TRPM. TRPN.
TRPA. TRPPAITRPML, 7& £ Fii 401 1 56 Bt o
A3, TRPIEIE 6/ E5 I L F 3k, S Ml P R N-di A
C-Ui R P Z AT B 77~ , TRPV(2-4). TRPA2,
TRPM3. TRPM7. TRPCIFITRPCO6A & T MU A
2 TilIE #, 1ff TRPM7. TRPM3. TRPV4. TRPV2.
TRPMLI. TRPV6. TRPVIMITRPAI%Z: 5T iliE L
PR EBURRAEATS T Bk — AR TP,

20104F R} 22 K8 IR R I Piezold I8, & 7o VR 44
PFICa™ L, J& T ARiE BB 7l iE, A Piezol M
Piezo2 § Fili 2 AU 40, 524~36 N5 R X, H12 5001
RABEMR M . PiezofE BUH tHAH ML 3 20 i Al [A]
7000 T4 0 55 22 Fh 20 i R 0, AT A 0 g A
BYAT) 77 7 A g REUSS0 gy i R PR AL AR 2 d
Piezol fPiezo2if T 4l B #L TPV, W 50 & BAL, i b
B A Piezol J&, #AE/INBROR A2 B R AR H T
AR PP 22 7040 i Piezo 215k 5 S BUE A 56
TR E AR 2 r bR i tH 40 i (1) Piezo 11
Piezol/20 , BUE o A A0, B W WSORE BE n g, S0E
Piezol M Piezol/2315 Ja, A i B /b1 S 281 H &
/D G DAY LY. R, Piezol MIPiezo2 Y% &
T SRR 1 25 98 (1) BARHL AT A7 AR AR 22 4 R 2

2 BRI MRS TIBIEE N IRE
21 EEBERFTHSRETRES SEEER
LFHAN R

S SFEHUBRD T LB U T,
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(i1 TRPML1. TRPM3. TRPV1. TRPAl. TRPV2
A TRPVASE )KL . /NEUBCH A TRPML 1 i b
J& , B AN 2 A0 T B 5 B IR B B A
B Ui )G, Ca* w] LB i TRPM3 A1 TRPV 4 i i3k
T A A A 4 Ca® ¥R B, FEUNF-Kb. RANKLA!
NFATcUEPER 58, - RSO REIPRe ., i 7E R, 2k
FiE M A IR E A B (cyclooxygenase, COX)H] DLid
It TRPVAIEIE , 3 1M 4 i 4 7346, 1 TRPVI,
TRPA LEIE N B 2 5% F2 B0, SR 57— Tud it
23 93081 B 40 B TRPV2 AT TRPVA43E 14 ) 52 56
WERA, A 06 TRPV2 3R IE 585 P A vl g Bk, 1
TRPV 438 38 4 FH 7 5 48 A 4 Ca® ¥R FE AR 40 BT,
PR AR5 R AR, 43 ol A P Ak B 0 AR S 7 S
SR IRk S RIS | Piezo 13615, R 4340 b 76 3 (A
RIB AR ; T H LI IREE N Piezol &GN, i 55
HRRE 7738 5 Rk /N BB A R Piezo ] 5 & T BB
O], B> BN 5 — U A AR IR B T R
B 40 ) Piezo 14 5 850H R B 5 BRI

EH LA DL, i 40 B A ) Piezo 16 22 4K IR HL G
A 7 AR BN AT S T 40 L H TRPML TG L
WU E , TRPV2AI TRPM3 1] g B A WU U
W9 % 2 I TRP VAR WU ESURR AT 75 EE LR SRR T
2.2 5B MRYE MBI RS FiEE

2 % R 1 4 i E W A0 PR R VR I
(macrophage colony-stimulating factor, M-CSF)#ll
RANKL 53 B i 5 A4 40 B 4 A0 T K

AT, A 48 TRPCL. TRPVI,
TRPV2. TRPV4FITRPV5Z 5541 A 4b Ca® ik
RS e TRPVG G, IEH B 41 i S 1
I, R i v ARG 0 92, T TRPC6R R4 535
INREARIR BN GEERE PR B B D, BN
T AR T v BB BB 5 (R AR AR SEER 2R BT, Ak
PRYERNFE TRPC3 G, AN Ca> WK EE3E 0, 98055
TRPCOHR R T U 5, {FURN 40 i 23 AL g
Ko SRR P A e A B B ), M TRPVI/TRPAI
e bR e, PR R B IR OCIK (calcitonin gene-
related peptide, CGRP)FRIA [FI%, #i Jdp 2%z s
NF-kBiE M, ZES2 05 B 4 M ) Rt 9o 4 bR /N Bl

MITRPMLIFE N 5, RANKL S Ca> 75 Sk 55, B
PRI 20 B 43 YA R P T R ¥ (tartrate-resistant acid
phosphatase, TRAP)RE /)5 , & WSk, B i
AN 5 24 R BSR4 B R 1Y TRPM3 A TRPVA4HE A
A, R R P 4 O 1) A Te RV B 40 P 23 A0 3
PR 3 O NNTTRS 5= @i & 11 At 1
A FH B 2 v 175 5 R R Wk 2 i e B 4 i
IS, Piezo 1 9 B0 FF R I AL 2(cyclooxygen-
ase-2, COX2)MIPGE2, it 1M A NF-«BA5 5@ %, hn
T A R R R Y R, AL e R S e T
TRPV6. TRPC6. TRPC3. TRPMLI. TRPVI.
TRPA 1M1 Piezol 2 5 R AW 40 M i) AR A, 38 i
T
2.3 B ZHAEAE K HLR R B

BRI, G Caspase-9F Caspase-33
ik B, IS MAPKs A Erk1/245 5 1@ 26 , 2w
ATF4WEIL , BN 2 5 i 4 H B-catenin il
ERKAARZZK3G 0, o] 400 v 4 ML 1 70, - 48 e 53
W R 2 5 AR R T, 3T
AR I, 1B 41 Y OPG/RANKL/RANK (receptor

activator of nuclear factor x)F1 Wnt/B-catenin/5 525 142

WS HiREEEELRE,; HAMEH TR, & 408
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AR I, AT 7R DRI
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P11 (calmodulin-dependent kinase 11, CaMK 1II), 1]
TRAL TR 1 ) 0l %5 (b ot M B 40 i Y ) Piezo 1
IE , {8 YAPIA TAZIE P3G 58, $0H] Wntl 32145,
AU AR , A0 1) Piezo1-Aktf5 5 8 %
PO, 4HMI N Ca® IR BT T, SostRIE RS, BIIL
SIS, A ) Piezo IR FR IS, 3 BUE A MIAL
PR FEAIS, BT kb, 8RR TR,
B 41 i P TRPVSAITRPV6IS A 43 A, 8 52 HAL bk i
JECME AU AT, K] e, TRPVARIPiezo 142 & 41 i)
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VAL £ 407 75 5 B A MY B, T TRPV2. TRPM3
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P ) TRPV6. TRPC6. TRPC3. TRPMLI.
TRPV1. TRPA1FIPiezol Z 5 #5141 g 11 4= B,
AN ; 40 B TRPVAR] Piezo LIE N iAE &
AR 1) O B RURK B8 Il .

3 MSCsH RIS FEiE

8] 78 5 T- 41 il (mesenchymal stem cells, MSCs)
T — P LA R 4B e K B IR T RE T 4
AT RCE AR AR BE RS, 23
AW AE BRI 2 RS, AR, &
B LA 38 T 42 14E MISCs 1) B i 434 PR A 5 S R
15/ G = TR e i 5 = o S AL (SR SRR DT DY I
7, FEBMSCs(bone mesenchymal stem cells, BM-
SCs)ZET 3N, HATKI, MSCsH 2 P Ll Uk
iHiE: TRPP3. TRPM8. TRPM7. TRPC6AIIPiezol %,
H A XFMSCH AU T 1) 5 B 1 A 56 4 1 B

AW FeTE H, TRPP3AI TRPMSYE MSCs#lf %
ik, Z5REERARIIRES, AL, TRPMSLZ 51
15 MSCsHUE L BEFE Y, 53 — TR 50 R B0, s
f1 2 545 BMSCs 40 i & 3, 33 1M 242 BMSCs
FEAECE ), TRPM7XFMSCsHI T RE 45 £ 5
XIAOZE SR I, TRPM 7R B H A2 A5k /7, (e ff
Ca”" il it TRPM 7 IE A A, ik 5 b LR
— R % 44K 2(inositol trisphosphate receptor type 2,
IP3R2)B i Ca®, M HENFATCIAZ & r B s 734k 1
LIUZIMSCHtiIN 1.2 palfitf& 874 71, & BLTRPM7
S H Ca? NRIE £, H Osterix®iA 5, {H Runx2
TR A BMSCSTE M BCE it #2 9, TRPM7
Fak _FiA, 40 B i B C(phospholipase C, PLC)#% ¥
I, Smad1ZRIBIG NN, AL RCE 7 AR EVIRIE Eey,
WA 5 52 B AEVUORIECR , TRPM AT gei i Xz
JI RS B AT B R BT AR AR A F Ca B U,
1753 NFATC1 2556 S K T R A MO AZ R Ao, i S R 36
I, AL FEMSCs ] BE AR

A F AR 5 7K K 505 MSCs HH ) Piezo 1383, &
IERK1/2. P38FIMAPK(E 5 il RIA 1, BMP2
AR 73 - (Runx2 . Osterix ALPFICOLIAI)
FEAKIE N, AL R A AT R A 5 IE B
T Piezol EE/ R HINUMG 1 254 5, BUIR 70 A 2
B U0, OF 6 T 41 M 1 Piezo 1 /238 1 B 5268
Hl, ERK1/2FIMAPKAS 5 18 B % 80, (et 4 86+
AR e 7Y, f# F Yodal i MSCs ) Piezo1id

15, TR PYK2H MEK/ERKAE 5 18 it g ik —
AR, IR MSCsiT A 5 U2, PRtk AIUAIORIE0E
id TRPM7fPiezo 1155 S MSCsHh 58 Al A B 41k, BET
DO T R AR o

4 HIWEREFEERERS | A B ER

MU BURE E 2 5 2 M AEEIRE, BER
IE T B R B B 20 LIRS B
NRERMEE MY . TR AL . . AR
B A U R B RS R B R R

H 7, 3 X TRPIEIE & [ 5% 1A S5 F 72
B, f#FHTRPACE B 5 40 e 41 i Hh 41 28 1 Gly34,
98 Z4H O R ANKCL 73 V06 388 11, 5 200 L T 47 4 o 3
W, HoIa kg o A hn, B .yl
Gk = TRPVI/TRPAINY, & i msg n, a2 4%
B AN A A 1 2, TR PR R 8 28 S R4
oy AT B BRI BE A B, R Ca? IR T
i, BUE AR 4 (TRPV2-45 1 1 BE iF-NFATAE 5 18
PE-RANKL)F A Y5, 5 35005 B 2 A3, B i
MG —DINE, Ak, I o b B R R
FOR I, 28 R P A 4 PR T A 4
HHTRPC33%1k F I B 4 A AN i 4 i i TRPV 4
BRI RAESK G FEEERREEHBEEAE, 4
TRPVAEIE TG, SOX9HE /K T34 in, 3Lk 4K
TR SR8 23 AT B0 KA A A 3 o B o A
JiE S B 4T, R BLCa* il i TRPV2IM IETRPV4
HENGHM, 51 RS I T AR e B P g, 3 SO
HAHFE T, BEEIRDP, Piezotk At S 51
M I R A Piezo2 2k IR R A2 A Ji5 16 G 8056
v AR i ThRe A B OR B BEAS, 5 R v Ok T
ZALUS BeAb, a8 AU bz AR S Piezo LB 1E, AT LA
AR 33 I A5 43 S PR BORD I8 A R 5, 33 T TS5 B A
M FH WA TR, @k Sostia, /I
SRR A S T bR, B-catenin ik i, {HBMPAE
5 ARIB AR KA SR,

TRPVA{E Ay —Ff 5 B 1 15 T 26 mT i 15 B AR
WS, — B RERESERR, B S 80s kel
G R R RS . TRPC3IE I8 5 3 2 3k 5 Wiz,
S 3B 2 AR, TRPV1/TRPA T 3E0% B 40 Ao 48 4,
IO R 88 %5 . TRPV2AIPiezol T BEIE i I 72 il B
SR T, R T IR A AL 43 S AR, 3 T
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AR A A B AR . BE AR,
a1 T = TR N I e N T o i e R 1 B
SRl IR RS S R ) A= g T k= AT S A
B, BUH 20 Bt — 0 RS T R A . R A
MW E AR S 5 RS W IBGERE . JARET T
VAR s IS s I WA IR N AR = R
R T T G = = L = S G U R Z 3%V E <SS
BRI, B AR ALk R 5 7l 1 2 BN TRP AN
PiezodIE K 1 (R 1), FFRIE X LR 15 A
WHAH S 1 Piezol Al TRP K R IH13K 4 B8 TIHIE &R A
S0 I HLEE SR (B ). B 4 2 A 1
Wb UK 2 T IEIE A : Piezol. TRPM3. TRPV4,

TRPV2FI TRPML1; il B 4 i 53 A 0Lk Ak 25 1
& : TRPV6. TRPVIAITRPAL; Piezol. TRPC3
I TRPC6; B 4L 7345 A TRPVAFI Piezo 1 WL B
JE&E TiEIE; TRPM7. Piezol fPiezo2 /3 ffi fEMSCs.
MLk 30 3 I X e B T 3 O o N 1 Cat iR
B, S RN AT (RANKL. NFATcl. NF-
kB. Sost&), @45 B AU S 518 % (BMP.
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JRES TR IE S 2 M YO R A K TRPC3,
TRPV4FITRPV2H] fig 5 1 & ik /> 5K, Piezol 1] fig
YRR IEH & UL E A K, Plezo2 ) 57 H Kk K
2= S8t i o 250, TRPVIAITRPAL S & 88 4 9
JAR G R BRI, 2 FhE MR vT RE A2 BT AL
BR800 e R T, 3 BUN A 2k
YHIE B [RLIHG, XoP ATLm RE 2 — J0 4 E ARA F)
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Table 1 Various types and functions of mechanically sensitive ion channels related to bone metabolism

giiiich PUb e FilmE (F5idit T+ Al R
Cell Mechanically Signaling pathway Intervention Functional References
sensitive ion
channel
Osteoblast Piezol Piezol1-YAP1/TAZ-Wnt Microgravity/ Expression of osteogenic differentiation [38]
compressive factor

Osteoblast Piezol Unclear Knockout Bone mass and bone strength [39]

Osteoblast TRPM3/TRPV4 TRPV4-Ca*-NF-kb,RANKL, Stress Accelerates bone resorption [35]
NFATcl

Osteoblast TRPV4 NOX2/ROS-TRPV4-Ca* FSS Inhibits osteogenic differentiation [36]
-CaMKII

Osteoblast TRPV2 TRPV2-Ca** Antagonists of Inhibition of Ca®* flow [37]

TRPV2 and TRPV4
Osteoblast TRPMLI1 Unclear Knockout No change [34]
Osteoclast TRPV6 Unclear Knockout The number of osteoclasts increases and [42]
the area of metaphysis increases

Osteoclast TRPV1/TRPAL TRPVI1/TRPA1-CGRP-Jdp2-NF-kB Knockout Inhibits osteoclast maturation [44]

Pro-Osteoclast ~ Piezol Piezo1-COX2-PGE2- NF-kB Stress Accelerates osteoclast differentiation [45]

Pro-Osteoclast ~ TRPC TRPC3/TRPC6 -Ca**-NF-kB, Silent TRPC6 Promotes osteoclast differentiation and [43]
RANKL, NFATc1 Expression bone resorption activity

Osteocyte TRPV4 TRPV4-Ca*'-CaMK 11 FSS Inhibits sclerosin formation [54]

Osteocyte Piezol Piezol-Akt-Sost Stress Regulation of bone remodeling [55]

Osteocyte Piezol Piezol-YAP1/TAZ-Wnt Compressive stress Promotes osteogenic differentiation [38]

MSCs TRPM7 TRPM7-Ca*-IP3R2-Ca* -NFATcl Stress Promotes osteogenic differentiation [66]

MSCs TRPM7 TRPM7-Ca**-PLC -Smad-Osterix FSS Promotes osteogenic differentiation [67-68]

MSCs Piezol Piezol- ERK1/2, P38, MAPK- BMP2-  FSS Promotes osteogenic differentiation [79]
Runx2, Osterix- ALP, COL1A1

MSCs Piezol Piezo1-BMP2 Mechanical force Promotes osteogenic differentiation and [70]

inhibitory adipogenic differentiation
MSCs Piezol Yodal- Piezol-PYK2, MEK/ERK Agonists Yodal Facilitates migration of MSCs [72]
Pulp stemcells  Piezol/2 Piezo1/2-ERK1/2, MAPK Ultrasonic Promotes osteogenic differentiation [71]




1930 k-
[ TRPM7-Ca>*-IP3R2-Ca>-NFATc1
@ TRPM7-Ca-PLC-Smad-Osterix
Piezol1-ERK1/2, P38, MAPK-BMP2-Runx2, Osterix
MSCS — -ALP,COLI1Al
3 Piezo1-BMP2
% Yodal-Piezol-PYK2, MEK/ERK
. 18 L Piczo1/2-ERK1/2, MAPK
% 9 2 Osteoblast:
/ § Piezol-YAP1/TAZ-Wnt
/ TRPV4-Ca*-NF-kB, RANKL, NFATcl
/ N NOX2/ROS-TRPV4-Ca*-CaMKII
TRPV4-Ca*-CaMKII
Mechanical
stimulation Piezol-Akt-Sost
N Piezol-YAP1/TAZ-Wnt
L Osteocytes
g
g TRPV1/TRPA1-CGRP-Jdp2-NF-kB
3 "
S # B+ Piezol-COX2-PGE2-NF-«B
D% B TRPC3/TRPC6-Ca*-NF-kB, RANKL, NFATcl
~  Osteoclast
Bl BREEXEPiezol MITRPRIZHE FIRIEE A S 5N AEMANNE SIRE
Fig.1 Bone metabolism-related ion channel proteins of the Piezol and TRP families are involved in
intracellular mechanical transduction pathways
MLHAL 3 Bk — B R A2 4 , H HEHNBITTZ lacunar-canalicular interstitial fluid flow [J]. Comput Methods
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