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Mechanoreception and subsequent cellular/molecular mechanisms of signal transduction pathways in response to
mechanical stresses, including hemodynamic factors, passive stretching, and exercise, are ubiquitous in living organ-
isms. Of these, the cardiovascular system involving the heart and blood vessels is known to be particularly sensitive to
mechanical stimuli, for example, stretching and intraluminal pressurization, which might mimic an acute and/or chronic
change in blood pressure and flow, induce a variety of responses including contraction, activation of various kinases and
ionic channels, production of vasoactive substances, gene expression, and phenotype changes. We have started to clarify
the mechanisms underlying this basic principle in the cardiovascular system as it is now generally considered that obesity
and a lack of exercise are serious risk factors for cardiovascular diseases such as hypertension, atherosclerosis, and type
2 diabetes. We further extended our research field of mechanotransduction into adipocytes, skeletal muscle cells, and
pancreatic beta cells, all of which are related to the core concerns in cardiovascular disease, including the so-called meta-
bolic syndrome. In the present article, we discuss briefly the prologue to our study of mechanotransduction and several
topics in the recent progress in this interesting area. We also emphasize that it is important to recognize biomechanical
factors and control them not only for improvement in our knowledge of health and disease but also for the development
of new drugs.

Key words——mechanotransduction; pulmonary hypertension; phospholipase A,; adipocyte differentiation; skeletal
muscle; glucose uptake
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Fig. 1. Peripheral Mechanisms for Pain Sensation in Somatic Area and Visceral One
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Total Muscle Length (%) | speed: 10 cm/sec
170 duration: 30 sec
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R [Ca®*]; (nM)
1.35 - ~ 1000
Fza0/F3s0 L 500
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075 - L 50
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-4 or -
10°* M Papaverine

Muscle Wet Weight: 1.4 mg

Fig. 2. Typical Mechanical Response to Quick Stretch and Intracellular Ca2* Signals of a Canine Cerebral Artery Loaded with

Fura-2

Note that contractile activity shown as hatched area of the mechanogram and Ca?* signals are totally eliminated after treatment with papaverine.
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Fig. 3. Proposed Dual Pathway of Stretch-induced Production of Prostaglandins in Endothelial Cells
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[ — i
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Fig. 4. Tyrosine Phosphorylation and PDGF-Rf Overexpression in Pulmonary Artery
A) Immunoprecipitation analysis of stretch-induced tyrosine phosphorylation and PDGF-RS overexpression in cultured smooth muscle cells derived from rab-
bit pulmonary artery. B) Quantitative RT-PCR analysis of PDGF-Rs in pulmonary arteries of rats with monocrotaline (MCT)-induced pulmonary hypertension.
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Fig. 5. Schematic Diagram Indicating Stretch-induced Inhibi-
tory Effect on Adipogenesis
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Fig. 6. Cascades of Intracellular Signaling Leading to Glucose Uptake in Response to Exercise and Insulin
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amide ribonucleoside (AICAR) % B#IC/EH S
% &, GLUT4 Ol T EtE SN 5.4 L
ML, AMPK® o712y FODKRIF> XA
T A TRE BRI RMICGERIRBE I 2T X
TITEBNT K 2 HEED A A OB ER A Lol
FlENT, 9 BRGIGERICHB TS AMPK &7 &
BEELD A BB L 72, 49 X 512, AMPKe2 /
VTR TATHEENTK DB AS DM
WE I LI S NN Lo T, T
B A LIS FERD A A DN AMPK O AT
WEHRBATERN. O 200, Hx OEFRH T,
Bl ZA A ACHE 1 PE S MBAN Ca2t IRED BF, Hb
T2y FF—F I (CaMKID) OBFE, 7O
1 >FF—EC (PKC) BRENBALNDLDI
o7,

11. RbLyFOLTFY YT

BEMICHT 22 ML v FIiX, Akt/PKB %
pP3SMAPK ZEMALT A 2 ENHMENTNS. ¥ K

I, DNONEIIITAERBHITHTEZA MLy FIZ
&% GLUT4 DM DT EHEEL D A A Z fiE i
9 5 —EHOMIEANE R EEE T L. 2O
#, AMPK &9, Akt/PKB KT
p38MAPK MGt N5 Z &N o /= (Fig.
N.Dibs, ZIA A RBREAAY >
DU FINRBOBIELEE A D, B Z 3 OIEK
THIILIC BT 2 RS F(A N /228 —)
DEMRIZMD & WD IR RZ 21T 7270,
AT 7Y o MEEEET v IV (BT,
TRP F + % JI) IZH1A, PKC, CaMKII 72 & & A
NI TG AT 3 > TIHEEEEIND T TH
%, WFRIZEELA > 2 > OHWARRERAL
WCRDBERBEEZZDEE, 1A COBEDS
WA 22 22T FI)IAEHALRR IR B D % 5 & il
T2 EITXDMBEDORETNTE S HEMENH
0, BEEDY—47y FEL T TEEEEDNS.
12. TIHHYAXOHLOER

IUHHA AR INETRERNOZRILF—DFE
FANT O AWEOHMNEASINTE ., T THA
AR BB HHEANDZ N Ly FEO R
PR E G525 ALYy FIX, iz Iy RS
H, KOFRES L TIHERCERRZDO Y —I YT >
NOHDOHDNHEFAINTE =, BRHFANDZX ML
v PR ICER# 2 UE S8 G5. Lrbed
MBNS 70 27081 2R B E Lisng
A URBOIEETH . HlAHS TEHEKNE)
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Fig. 7. Effects of Insulin (ins), Electrical Stimulation (ES) and Passive Stretching (Str) on Glucose Uptake (Panel A) and AMPK

Activity (Panel B) in Isolated Hinidlimb Muscles of Mice

Values are mean=+S.E. *p<{0.05 and not significant (NS) vs control (cont). Modified from Ito et al.?

NERLSTH, AOOENERHNOA L v F %
FEEITHEHOUEICTHEND T EAURBEIN TN
2.3 EEHTDET YA XI3RHEE TS
LDHI5T, BEHNRINIFRNEE 525,
B A% 5~ O i R 1013 Akt/PKB, p38MAPK % i
HEL, GLUT4 D hF > A0y — ar LA
DAY IR UITHERD IAS Z(RHET 5.

13. AR/ MNFLRF02 3 BIEARITT
MR EEYE L RIVE Vi EDILE - R TIC
NI DERKEDOE R, EEETIIHEEA
BAfR DEYE EMRTNE— A 725, FRROFiEE A
NI RNTUAT 7> aOMFEICHIRHL, Adik
b2 i EOMME—RIEELTIRASDZ L
T, EHZEUTOMNBET, ZOHHOHZEICIEM
MIZRDA ZENRYEREDLNS., ZITIE, Ab
J NI AT a O E, RIEEHETERD
AT EDIDITENTNEEZZTHRZN,

4. fSMEEREEREAN/ VIR
3>

it v I FESRE VR R MR i I EE 2 o & U T, Ak
RIZFATNHDHD0, FEL CTEHNENRE
O SR 7 S0 [ROXVE Vo7 15 1285 N RON AW TiF ik s )
EFU T EED, MO TFEHROEBENEEMEREET
HBH. 20064FE3 HATRETITODNLEAEEZKS
SEYPEIEICBI T 55 70 [l H AR FRER MY
VR AV NG 1= VA A NE SR PAs -1 ]
P)WIZBNTD, FHLEAROER A DB AN

EINDZEEDITEOEYBROMEROFEIHEDIC
2otz BUIE, EMPHEICERINS2HDELT
&, TaXEHA o) B (FE, epoprostenol ;
#1, beraprost) ® NO DA, T2 RtU %
AKFE LS (bosentan) 121 %, 5 & phosphodieste-
rase [HZ 3 (sildenafil, zaprinast Z&. HMWE T
YRR BRI RER) RENHD. WTh
HIMERREZEFIE2EETHD. /2, &<
13 TXA, &R EHR S TP SRR E D at
INTET.

EHEEARNTIE, [MERIE low-pressure ] (—10
mmHg) DOIMETH D, KRIEFRITHRS LKL X
WDATZFIVA R L AUDNFEEL TWRW &G
ENDZOITHLT, M&smETEL TIE (—25
mmHg<) ALEBEOEERE, AHZHIV AR
L 2 BRI X 2 RMENE DKL A38H 5 20 I i fE 5
BNCEEHBND. Lo T, MEIIRCHEEI/R AT
ZANWNARUVANFEEL TWDEZEIEZHSNTH
5. DNOIIZDOBEI/S ATV A B L A DT
AT B T EAYRREE R I M ORERE R O —K &
BoOTWBHDOTIRRWNEEZEZ TN,

BEIIZ AT HIVA N ZFBEEICEGT2RF &
LT1) KK E sPLA, XU 2) PDGF-RS 12D
WTHREBOE N 5ERL THZN,

fEREGEE T IV AOA RO® /7085 %5
RO ImEZEFAELZF v b (BUF MCT-PH
Fv ) DO U BRI, EREICHRT
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S NICBEESERL TV, £z, EIERHY
LNV OS8R Rt IC B A S 2 EITX D, X
fi + s 2 B ICHE DRI IUE BE N B K Z 30
—50% DHFETHEINS. 2 ZOFREMSIINE
FrEZEOE L NIV ORI PGH, DEANH S
hét&%V,%@W@%@ﬁW% 3, sPLA, [H
EHEMBEICRX D ERITHKRT 5.9 Jifim fEEIZ L
VUV i 75 B B AL A% C D R R % 2 &
NHLGNTVWD, INSEMET S &, MBiRknE
JHAEEIZ, SPLA, ICK A7 IF RCBEAHDMOEE
MbBHEBLNS. BRIBADZHIVA L RITL
S THU % PGH, A3, JifiE i EFEE T BR U TS
IR JE AT T sPLA, 12 K U PEA S Ul By IR ILAR & 3% &
T5., ZOZE, BIEENELTEALES,
sPLA, [H 5 38 o Jifi i IfiL 5 5E ~ O 3 9L K 1T 8 5
AR b H D EEZD.

AHZHIVA N L ZIZ X % PDGF-Rp i 5 3
2, —EOBEMEREEEL TR/ 7085 ViERME
ffis e v b (MCT-PH 5 v k) DJHEE % #5
T HAHEEMHEE, bbb #D TREE L 21959
(Fig. 8). &iff, Schermuly 55V%, MCT-PH T v
KR OMEEEEMMELE< 7 A, 35123k MEF
P it 155 1 O il A% 1 33 Wy T PDGF-RB O i 3¢

Prolulemtmn

Increased pulmonary artery blood pressure

Pulmonary artery
(Smooth muscle)

Severe tissue remodelings

Further increase in
mechanical stresses CEREUED,

Late phasé

Hypertrophy of pulmonary artery

The vicious cycle
of events

HeERWH L~ AT, PDGF-RE H&H/-F 0O
PrFF—E D ATP #HiMHEE TH % STISTI
(imatinib) 7% fi W\ 72 FEERIGHE A RIIFZE/0 5, MCT-
PH 5 v h KOMEEEEME PH < ™7 2 DR EiE %
HL TS, D T2 ReY A3mENEMER S
BWTHEFHIER EDO I FRIETEANGEZ 2 &
NHSND, ffid iEAEICEE LT, R s IGHEE
HaRHDIZ Rt 02 0ZEMEK (ETy KT
ETy) OFREBDMMAA CRAENIIEE> TWa T &
MBS NIT/R D, FEEE, bosentan 72 ED T Rt
U > RRETEEND N E 2 Z O R TR S
NTW5, fimimEERERICIE, T>FtY >0
ENIZH, AN ANV AEESFTHO, sPLA,
ik F Yy JEER #18 PGH, < interleukin-6 72 & O Y 1
NhA HEOEEADEED (R, ZhoDA
N7 AL AR E S TRIOESHIER 2N ET 5
RIZENE, e U ESE R IR ATRE T H 5 5.

15. BERFMIRRUOEBHDOA N/ N F X5 Y
Ta A

FEMIE LB/ EAYRY v 72> RO—LA
CEEET MBI BNT, AANZHAINARNL X%
HHAa S BE O BN FEE ISR 2 2 & 2E 2 -5
&, BEOHEY EDOHIZK 2 TN N O R

Streichmg

Increase in
mechanical stresses

Overexpression of PDGF-Rp

Proliferation

Mid phase

% poer-rp

Fig. 8. Proposed Mechanism for Overexpression of PDGF-Rf in Pulmonary Artery during Development of Pulmonary Hyperten-

sion

A vicious spiral model for pulmonary hypertension associated with remodeling of pulmonary artery. Modified from Tanabe et al.!%?
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DERDEMiEHGETZZENEZENS. AL
v FIZK BRI O b Mf O EFE, IEHHL%
BT 2 IEMMEOEA - BEHoMAG &L, 77
VU Y UEEER (TDZ) I EDA > 2D Kbk
WEEEOMAZIMO EFTHS. TDZ 1T,
PPARy IZMT B EMU T > RTHO, 751 K%
DFUIREEBET T 1« BAA 2 EFEAT /NN
filmzEel, INFRLDAF 2 RE, 12
P ERETLAEETY T A RN EEET D
FERACHERGRIIE D 7 R N —> 2 2HET 5, —74,
TDZ DRED 1 DELT, EMmAFEINS RN
MBHBIENERMINTNWS, LEA-T, FlAE
TDZ #%5IZE LT, AAZHIVA ML A Z@EY)IC
AT 2Z LIk, EYOIRET 74 > F 21—
2T HHERICEN OGS I NS (Fig.
9). 2,52)

A TN = KHEEE KRB JELIS) Ik D,
FEIZZ < EENS EHEAEMN -3 JEIiEE (PU-
FAs) @ —ffi EPA (eicosapentanoic acid) 7%, 7t
Bkt X N EIHIT D Z LA, 2005 FERICHS
M EN T BB IR 4 S PPARy Dif
PELRREE 1L EPA S THEMZEZT S, AN
Z NV ZZEBUNCHAT S LIk, B
LI DT & B PN R DO RITEN O 15 % vl e
Wb 5.

BEHNOZANL Yy FI3A R REAL AN
CROMIETH D, AMPK iGN & 89 5 AICR
F—Rll], T4 ZIRBELBEbNZ TV
B KNI & 2B HEOE SR SR A 2
ZEMTES (Fig. 6). AMPK Zi5M L L, HERL
DIABCIEMRE R ZREL, BRELTA R
P OWREICESA N T TO— il 7T 4R
RO FUREIRE) PRBEIN TV, AT, A
NI NTOAT T a WkzEnL, >
ST FIVIEHEEREK IR D B0 T 2GS 2 2 &I
X0, MEHERE S > 2D ARPUE DK E B
FRIENEEZTHD L L 7z,

16. &HYIC

Al ZHIE T HMPECEZEZREIE S DI
X, AR 2NN TFOGFEEERH#L, <
D FFA & FENZ MG TH 72202 0w TN
ZEMROBND, FEEEMEDET, AlEE%EH
BIAN ) NI ORT I a Vgl dT 2 EE

2 _ ki E 35
T
s s 15 | T
58 ‘ ) ‘
e 11
gE -
0 ND i

(-) Rest Stretch Rest Stretch
Vehicle Troglitazone

Induction medium

Fig. 9. Effect of Troglitazone on the Stretch-induced Inhibi-
tion of Adipocyte Differentiation of 3T3-L1 Cells
Triglyceride accumulation after maturation period for differentiated
3T3-L1 cells with (solid bar) or without (open bar) cyclic stretching (130%,
1 Hz), and in the presence or absence of troglitazone (30 um) during the in-
duction period. *p<{0.05, **p<{0.01, n=5. Modified from Tanabe et al.?

PEZ 8D THRFA L 7z,

BiE ANEoBEICEL, #EiEEcko 2,
22 NDREHA (die Muttergesellschaft) T % H 4
DM OTREBICESEH N L ET. £,
ffifEER L PRI ORFZEIC LI N, HHETH
% M2 LITR#H B L R ET.
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