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Impact of the transforming growth factor-f3 pathway on
vascular restenosis and its mechanism
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ABSTRACT As a crucial regulatory molecule in the context of vascular stenosis, transforming growth
factor-p (TGF-p), plays a pivotal role in its initiation and progression. TGF-f, a member of
the TGF-B superfamily, can bind to the TGF-B receptor and transduce extracellular to
intracellular signals through canonical Smad dependent or noncanonical signaling
pathways to regulate cell growth, proliferation, differentiation, and apoptosis. Restenosis

remains one of the most challenging problems in cardiac, cerebral, and peripheral vascular

%5 B #(Date of reception): 2023-02-24

% —1E#& (First author): 3%, Email:218211098@csu.edu.cn, ORCID: 0000-0002-0786-7091

{#{51E#& (Corresponding author): #71%, Email: shuchang@csu.edu.cn, ORCID: 0000-0002-5096-4655

£ € T1 B (Foundation item): [ 7% [ $A £ 2% 5L 42 (82120108005); ¥ %< [ #& # 4F B 2% 2L 42 (81900423)., This work was supported by the
National Natural Science Foundation (82120108005) and the National Science Fundation for Distinguished Young Scholars (81900423), China.

©Journal of Central South University (Medical Science). All rights reserved.



BRAR A A1 B I o0 L AR AR e SR SRR, 4

1253

disease worldwide. The mechanisms for occurrence and development of restenosis are

diverse and complex. The TGF-f pathway exhibits diversity across various cell types. Hence,

clarifying the specific roles of TGF-f within different cell types and its precise impact on

vascular stenosis provides strategies for future research in the field of stenosis.
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I 75 PR 2 2 — i D O LA, HL g 2
TRV K 2 i SRR RN R (R S S M 4. I
PP R AETE A . T ARSIk ks A A
WAL T, BN S AP G2, ™ 8
oip RB 2 A A BT A L R i ML A g PR
B, % AbA: K FF B(transforming growth factor-
B, TGF-P)HTE A H LU )= R By TR
iz, TGF-pE—FhZIIaediMiie -+, 7r4iffl
AW rE R B RO E Y, SR, R [R] 4 2 A
Xt TGF-B (M 1 77 AN, XN 1 TGF-B A 1ML
PP R AR AR OCIFSE B 52 2 Pk o Il 481 L2
fitd (vascular smooth muscle cell, VSMC), PN Z 4 .
(i) 72 o 24 55 2 ol 240 L 24 TR0 A 0 4 PR 2 ) R L
il b A A OCEAE R, O H 5 TGF-B {5538 #% %% YT AH
S RS G, TGF-B 7 A [7] 4 A 218 7Y vk il 45
A WA AL, 2B A DG AR o s i s O =X
B TE A AR B BIF ST R AR DG 148 FE B A% 14 & o pIL
FITEAEIRTT TR A AH S

1 TGF-B {5 SEBEKE /T

1.1 TGF-B

TGF-B % 2 h TGF-. Wb . AK ok
T (growth differentiation factor, GDF), Il % .
22 [CAF B il BT (Miillerianinhibiting substance, MIS)
5 T 45 H (bone morphogenetic protein, BMPs)55
A, BHAPE RN IMREE . A
At SEEE . SRR NS A AR ORI T A AR
I, TGF-BA 6 F AR YIRS, TGF-B1~3 T ZAENH
FLahYh ik, TGF-Ba~6 FEAEEIS . WIflizk Kt
erp k. FENARH 3B TGF-B IV RUAEAS ] 37 Fik
LA . TGF-B1 RIAT LA V- IL4H A
T8 20 RN AT AE 4R AL ; TGF-B2 318 T b Kz 4 AL Fil
o0, TGF-B3 FEEKIE TR T4, MAF7E
T4 AL N B TGE-B I E LIS P B 2R ik 2 40 il o1
T B 59 R A 6 K (latency associated peptide,
LAP)ZE & IR AL 2 A I 000, JF H LAP H]

DL SRR Ak A K T B 256 2 1 (latent transforming
growth factor beta binding proteins, LTBP)3: /i 5 45
A TE G R =Rk Wk = Z 4 i LTBP 1]
BEAN A1 I T v AR BT R AR, DATTI S LAP &5 TGF-
BARES, WEES Y TGF-B 5 TGE-B S MISS & S 4545 3
RO TGF-B 52 AR 8 i & 4% (1 V8 R 6] 4 3
Z, BNIAUZAK . TBUZARFI AL 20k . FEMFL 3
RN, R TR TAELSZ A 5 b I RYSZ 448 2 Fif 111 74
ZM, Horbp 24> TR Z 4K (TGF-BRI) 5 2 4> 1T 8 32 K
(TGF-BRIDAAFTE L F VIR, 5 TGF-B45#, Mifi
WOHE TR Smad B 1, RSN A W 5 T i A
P, dRT IR A A AN b R T A

AR,

1.2 TGF-B 5 SiE%

TGF-B 5 TGF-BRII 45 & J5 7] LA 55 9+ w1 1k
TGF-BRI, ARk 1Y) TGF-BRI 7] LA % F i Smad
HEHSE . Hoh Smad SR IR IR RERI AR T LA 73Ky
3R : 1) WA KA Smad(R-Smad), £ 45
Smadl., 2. 3. 5 i1 8, 2)3t[a] i@ % % Smad(Co-
Smad), BP Smad4. 3)#l | %! Smad(I-Smad), {2 4F
Smad6 Fl Smad7., R4 Smad R £ &, HAHE
fR LA 45 5 TGF-P 32 14 J5 0% 1Y Smad 25 FHU A BT A
], 4 Smad1/5/8 = Z2 4% MIS J BMP {15 5 I i ,
1M TGF-B 3 247G Smad2 A1 Smad3. #4761 Smad2 1
Smad3 # TGF-BRUBENR (LI ST PRI A UIARE 25, fi 5
Y Smad2/3 5 N Y Smad4 25 A B = 4K, TR
WNHR =N, NSRS 31 X 38 ) Smad
254 J61F(Smad-binding element, SBE)Z54&, W17 Hl
SN %, IRl 22 S A AT Smad 2 38 Y
IEAh, TGF-BA n] 38 i A Smad {EAR S T 45 7 4
TR B A5 5 Tl R B A5, I c-Jun AR i
fiff(c-Jun N-terminal kinase, JNK)/p38. #Z4JRG1LE
1 /4 B A6 R T 2R F U (mitogen-activated
protein kinase/extracellular regulated protein kinases,
MAPK/ERK). Rho £ GTPase FlI/I5 it AILES 3 384 i/ 25
[ 1% B(phosphoinositide 3-kinase, PI3K)/Akt{5*5iH
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%, =5 IR -0 78 5 7% Ak (epithelial-mesenchymal
transition, EMT) LA K HiAth — 26 A4 #E 5)1° TGF-B
{5 5 AR P A AR R, X253
SR FEORFYR . W TGF-B/Smad i HREA 1
b Je 1) 1 ] S i 2 e 988 A A 9 4 Y. TGF-p/
Smad {5 518 % 8 1 40 A0 G 5E . ARRRAL A5
T LR ORRRE 5 o RN T 1 i A o] e
TEMIVERT ;s AR, 1 22 W 300 g 2% i 23 5 | i TGF-B
{5538 B B SRR, 33X T RETE 4 AL o X == (H i 4
PEWTAL . SEDR INGEA ) MU ML (5 EMT . 1§ 3RiT
B R 28) h A HE AL b I A/ 1, 0 1 i ogg 1 42 28 F
Rl

2 TGF-BESBREMEB®EE

ML T AR S0 R L B P 0
ARGHTT T B 1977 47 8 U K38 Bk 40 1 A7 1
FEAREN N4 fre ot — A4 25 W 0E I SCAR RN 250 0 )2 2K
PRV, (EAT AR A P R A JLSE Y 40%
B T BAER 2% (ER G I AAE R M4 #8247
RIE—DEEAYIGR A, S5NEEREE | L
UM, R HETE A% TGE- {5518
S TE AN () 2 i S 0 v B R BEA T AT, EL R R 2R AT
RGAg, hfidt— 1% TGF-p 55 76 M FHpk
AR BITER

2.1 TGF-B X} &AL A A 2200

VSMC J&—F i BE AL S B, R T
SRR N Ik B T E o 5Ok 2 800 Ak i i A [
VSMCs RIFR BT S . FEAMAL I+, A A1 5 T
MEAEH . BUGRNEAPUMCIEFI T, VSMCs AT LA
e (ARl “Weds” YIRS EE PR 5
BRI Z AR, S VSMCs 3R AR A
SR FE R IR, YGBE . AR RN AN i A R
AR, M, Eabry VSMCHE I T 240 ffa b
BT Ae . ERSFIIE A R AR, DA R A 4 K A
FFIR . VSMC R R AL ] i ke I 45 3140 28 G EE %
#iifs, VSMCAr VAL LME i imiE e ; — B
Difs LU f g, faEERE A VSMC R E B AR 58 . U450
FAY, TAER IE 5 1Y 48 A FEP BRIk
Wl : TGF-B ] U2t VSMC i) & R Ak, ] i
25 LA Smad A 138 #175F Smad2 Fll Smad3 £ [
B AR 1k, B R 1k /Y Smad2 A LLAE FH T VSMC H
COL1A42(collagen type I alpha 2 chain)BEH , M ITHE =
VSMC (i TRUIG IR 3R 1K, B ALY Smad3 7] DL
HE #2827 & 8 H 2(neuropilin 2, NRP2) ) [ .

NRP2 {4 3534 i ] ffi VSMCs F% 7% Sy fig 14 PN B8 A=
B F A, 9 o-F 3 WAL 2K H (0-smooth muscle
actin, a-SMA)FKIA, GHEHEIY . TR Mo,
B4, TGF-B -t Al LL3E i Smad =F 48 4 42 2 2t
VSMCs (1 R B A T KL BT 20 A5 A= R - 10/CXC
#afb K F3Z 1K 4, stromal cell-derived factor-1a/CXC
chemokine receptor type 4, SDF-10/CXCR4)iH ji% 7] 5
i HOE ERK AR S i, 35 B VSMC Ak h & ik
I TGF-B 5155 VSMCs & 14 2 BB AL AL, iR a]
i o % S/ B 47T AR R T (platelet-derived growth
factor, PDGF)-AA [ #ZfiE it VSMC A 220 %, 5
PDGF-BB 1} [Al{i #E VSMC i3 555, TGF-p ik ml 5
AT 4 21 it A K [ F- (fibroblast growth factor 2, FGF-
2) Fl 3 Kz 4 g A= 4 [ F (epidermal growth factor,
EGF) 4% 4 12 #F VSMC ) DNA & WP, B 7 42 2
VSMC ¥ H i %, TGF-pid ]t Fd o f 4K
MR, M5 VSMC M B[] N BT RS TRk
TGF-B 0l LAt 50 VSMC YRR AL | S5 AT RS
REJT, DT | A8 P PR A R B s 2k

2.2 TGF-B 8] 3¢ G 4R B B9 52 M

AEAE T M7 AP RS (1) 50 5T 200 e = A0 455 i 2 4k
O INE e R DR S S S B I S N R e
AR SR T 1 (fibroblast-specific protein, FSP-1)F),
717 JUL BT 248 41 it W03 3:F FSP-1/a-SMA 5 3% 9% 2 11 1)
TR N TTAE 2 A1 2% b 5 LT 4 48 3k 47 X
3P IEFIE O IX 2 Fh 20 i 32 B 2R A A v B Al i
G A (e (1= v B ) =y 87 NE A 22211 S B
AT N, AT 4E 4 A R VLB EF 4E 4 f m] DL % )
B IR, AR B A A P Rz 4 AR n] L i
i K- B F8 %% b (endothelial-mesenchymal
transition, EndMT)ZE W AL A £F 4 41 ff, — [F] 43 2l
TGF-B°, 5K FE A7 i BEHR rhA] UL A
AR . BT 2 48 A R JIL BT 2 48 1 5 5 185 o
H S AEBESRAR LG, FRBEAS 77 A B BB v 3 6 241 i
A BB AN PR T3S PE T 5 . TGF-B W] 38 35 % a-SMA
)V DATTT AV 8 JSL 2T 24 440 L o) JUL 2T 4 240 e 1 2% 4
1k, A BT 40 sh 5L 5 (extracellular matrix, ECM)HY)
AP, I HAE ECM A TR e T i 2 Bt & 14
T BRI T AR Ji J s FE AL, T (2 0 A N R A
KB ERPE TR, SR A AR,

2.3 TGF-B X7 8] 72 Jix T 40 A 1 52 i)

5] 7 )5 T4l g (mesenchymal stem cells, MSCs)/&
HARSN 3G AFRTH . RS v A e e 8
FEMER — 2 T4 M, TERRE &0 Rl LIk h 2
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M. 19704, MSCs B IRAEHHEH A, 7z
FETARNZFILSL, Wlgs . 1M, B R it
o I MSCs BATFEARICAEAKF- . et O LA o1k
FMAE R B . G AP  T epi A 4 Akae . 1R
MO E O B B 1k O REEE ¥R T, BT T A
MR IR BNA YT O M SRR A BB ARG 51
A BILARE 400 00 2 5 S Jeg 30 1 I 485 BE A0, 45 25 ol
YA A A K R BE RS, b4 4% PDGF-BB,
X2 REOE- U WU ML ) B 5l . R, AT
SRR AR RS AR A Y PN TR A i = KO- 2R A
MSCs B bR &9 (B2 8 R CD29"™), 1fif MSCs 1 A
AL 55 o W — AL E™ . AT AR R B2 R TR AE
IRl F-o P DRI/ ) 6(tumor necrosis factor-a stimulated
gene/protein 6, TSG-6) 1k |1 il 5 i 40 il K 5[40 H1
oM A R -6, FLA% A E fk 2 1 -1(monocyte
chemoattractant protein-1, MCP-1)FI4HJiEa]E5k - T-1
(intercellular adhesion molecule-1, ICAM-1)1%4 5% A91E
., JFu> VSMC 345 FE &, DN FR T 2R
FEE By ik B3 AE 1 TGF-B AT A3 5 MSCs M-
HEASME ML, 33 3 7K SDF-10 755 MSCs (1 fk Al
SE s ) e L AR Y AN O U@ R T R o ]
VSMC FEFIH] FE BT A 2 B 08 N RS A, 20
PR AN L BTITRR, IR Bk A R

2.4 TGF-B 37 X B 40 Ra Y =20

PN B A0 B A N R A p o AR .
290 6 P 5475 T8 IR 2 5 B0PN R A A K A i A
g, WeAHh, FEMAERGE BT, PR A AT e i
EndMT fie F 57 A4 P 34 58, 5 nTVE R VSMC 12k
Ji. EndMT & EMT i —FRe kB 20, N s it m) LA
i if EndMT 2% 25 H oy B R S PR ik, 0 vWF,
CD31, A% [H 78 Fibr Y (a-SMA FIEG & ), K
RAHM- A, P IRIHR B A TR, RS
EndMT 2GR L0 R & . A8 ARG D@ a
MG, MO AMREERY . &0 T EndMT
{14 PN B2 200 2 RL S 4 40 ) E ke s, AT 5 35K
BN A LA 2T AR . I LY R 40 A
TGF-B1 1 L 38 i 38 3% Notch {75 5 i & M 1M 5 &
EndMT = AP, ek, R S AR B AR 45 1 P9 1 400
Ji & T W] LA 43 W TGE- Bl 5 % Smad3. PI3K/Akt/
mTOR FI MAPK/ERK {55538 (U0, 4006l P4 Bz 4t
(0 1 R A s 0 2k AR T 4 M AR K TR, DT
PEEndMT &A=, S E0REHIY A PN T A= A sh kg £k
5| I P A,

3 TGF-B AT ER

TGF-B & —Ms K Zge A A7, nlin 2
ol A A A L R 35 B, B A ST T UL 1% 44 B R 4 i
SNFETR A S0 b . AR R AT G A i R A S L TS
) TGF-B il it 5 TGF-BRILGS &, JH Sh 405 5 (0%
S, RIGHHZLITHENR L TGE-BRI, 51#L M 4 B TGF-
BRI _I- Y 22 28 IR - 5 24 FR VAT . T AE 2 Smad2/3
HIBERR AL . Rk 1Y Smad2 F1 Smad3 5 Smad4 1E i,
BARI AN, ZE A WRGE 5 S A
AR %5 DNA S5 AR SRk, Xt
& TGF-B £ ML AR #t Smad 18 BE5S, T A BF 985736 B
TE RS 4L 4 3 FhOR [R) I RL %) TGF-B ¥ 3635 .
TGF-BYEN— AN EZ MM T, A FE 40
Gy uh, VR TR R A R [R 40, T8 2 32 40
MOIMAE , o | I A PN R B 1 A (B 1), SR A 1Y)
I 78422 32 1M 55 R AR B S 4 B AR I i 30 B ) fef
IS Y AR AL B 32 458 00 N R A B a8 A S 48
2T BN B2 Ak, 38 7 i 32 00 A A B O . DR
TGF-B ] &L N EZ R IIfE: 1)TGF-B Al Smad
A S S 3 A 1 0T i L e R e e, iR
HiTFere Sy, M7 ULAN A P BT B A SZ 45 I
JE, A i I B AN 40 W B TR, AZ 45 A P9 S v 41
JL RS RS A3, e EIE R . 2)TGF-B ik
AR TRl SE BT A0 A, A 2 2 4t A 1] LR 2T 4 2
R A N (TR T it . N8 O A e8| K
I, 3)TGF-Bifid HHE5h it MSCs, F- 555 H KT
TEAZ P LA RE b, B 44k o VSMC A i []
FrTURE AR N A0 AR, M A M AR, AR
iAo 4)TGF-BTEN AR EndMT & 2E . K Jerh
EOCHEAVEA, AT R A bR i R ik
PR IE R MIGAE, AR SE R A A A SR,
TGF-Bid BE RO BE S AR N B IE R i i, &%
A L AR EPEE Y, 5 0E HAAE,

4 FEERE

TGF-B 1EA [F) 4 2 b (- AT e Bt — 2t
FHARER . S TGF-B 1R M4 N PR h i 5
PERT, (BRI A WP AR B A B AR B0 B B
b B A AT ek R RS AR A Y e e DT 5 3
MAE A AE BRI 2. ik, RET(E TGF-p
TEF ARG BRI GERE— A ROK-, IR PR
AR AT A 5 — B AR AT 2 T 5 A e (8 — 4 (7]
., TGF-BAr T ME PR I A LE . R AL 73
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o BEX e 2 L AR5 Smad 2K 1l BRI oT AR
m,fﬁﬁ%Mki 9 St R P TGF-B JE £ i
IO VE FIIEAE 2ok A, PR TGF-B JF 20 s %
AT . TGF-B 7 M5 P B 75 40 sk

FAE T Z T A
WFFEHI LRI AL S I IR _E3Rr i B, X2

T o 0 T 2 A
S

FET s BT ) B e SO A
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Figure 1 Mechanism of TGF-3 pathway inducing restenosis in different cell types

TGF-: Transforming growth factor-f; SDF-10/CXCR4: Stromal cell-derived factor-10/CXC chemokine receptor type 4; PDGF-AA/
BB: Platelet derived growth factor-AA/BB; a-SMA: o-Smooth muscle actin; NO: Nitric oxide; PGE2: Prostaglandin E2; TSG-6:
Tumor necrosis factor stimulated gene-6; PI3K: Phosphoinositide 3-kinase; MAPK/ERK: Mitogen-activated protein kinase/

extracellular regulated protein kinases; ECM: Extracellular matrix; EndMT: Endothelial mesenchymal transition.
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