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S1P/S1PR2 axis promotes cardiac fibroblast activation and collagen secretion by

blocking autophagic flux, while restoring autophagic flux reverses fibrosis
Liu Jia, Aji Mayire, Xie Yaohui, Wang Xumin Department of Cardiovascular Medicine, Sixth Affiliated Hospital
of Xinjiang Medical University, Urumgqi, Xinjiang, China

[Abstract] Objective Abnormal activation of cardiac fibroblasts (CFs) and excessive collagen
deposition are critical pathological events in the development of myocardial fibrosis. This study aimed to
investigate the regulatory role of the sphingosine-1-phosphate (S1P)/sphingosine-1-phosphate receptor 2
(SIPR2) signaling axis in collagen secretion and the fibrotic phenotype of CFs, and to elucidate the molecular
mechanisms from the perspective of autophagic flux. Methods Three healthy clean-grade neonatal SD rats
(aged 1 to 3 d, weighing 5 to 8 g, either sex) were selected, primary rat CFs were isolated and cultured using
differential adhesion method, and their purity was confirmed by Vimentin immunofluorescence staining. (D To
investigate the effects of the SIP/SIPR2 signaling axis on CF activation and collagen secretion, CFs were
divided into Control group, S1P group, SIP+S1PR?2 specific antagonist (JTE-013) group, S1P+small interfering
RNA negative control transfection (si-NC) group, and SIP+S1PR2 knockdown (si-S1PR2) group. Cell viability
and migration were detected using CCK-8 assay and scratch wound assay, and the contents of type I collagen
(Col 1) and type Il collagen (Col IIl) in cell culture supernatant was measured with ELISA. The expression
of a -smooth muscle actin (o -SMA), SIPR2, and sphingosine kinase 1 (SphK1) was detected by
immunofluorescence staining and Western blotting. (2) To explore the regulatory role of autophagic flux in the
S1P/S1PR2 signaling axis, CFs were divided into Control group, S1P group, SIP + JTE-013 group, S1P +
autophagy inducer rapamycin (Rapa) group, and S1P + bafilomycin Al (Baf A1, autophagic flux inhibitor)
group. Changes in autophagic flux were observed using mRFP-GFP-LC3 dual-fluorescence adenovirus
transfection, and the expression levels of autophagy-related proteins [microtubule-associated protein 1 light
chain 3 (LC3- II/L.C3- 1 ), p62, and cathepsin D (Cath D)] and «-SMA were detected by Western blotting.
Results  Primary cultured rat CFs exhibited robust growth with typical morphology, and the positive rate of
Vimentin immunofluorescence identification was over 95%, meeting the experimental purity requirement.
(D Compared with the Control group, the SIP group showed significantly enhanced CF proliferation and
migration abilities, increased Col I and Col Il secretion, enhanced a-SMA fluorescence staining intensity,
and upregulated protein expression levels of a-SMA, SIPR2, and SphK1 (P<0. 05). Compared with the S1P
group, CF viability and migration capacity were significantly decreased, Col I and Col Il secretion was
significantly reduced, and o -SMA fluorescence intensity along with « -SMA, S1PR2, and SphK1 protein
expression were significantly decreased in the SIP+JTE-013 group (P<0. 05); similarly, compared with the
S1P+si-NC group, all the aforementioned parameters were significantly reduced in the S1P+si-S1PR2 group
(P<0.05). @ Compared with the Control group, the SIP group exhibited significant accumulation of yellow
fluorescent puncta, higher LC3- [[ /LC3- I ratio, and upregulated p62 expression, while downregulated Cath D
expression (P<0.05). Compared with the S1P group, the SIP+JTE-013 and S1P+Rapa groups showed
significantly increased number of red fluorescent puncta, decreased number of yellow puncta, downregulated
p62 and upregulated Cath D expression (P<0. 05). Additionally, compared with the S1P group, the LC3- Il /
LC3- I ratio was significantly decreased in the S1P+JTE-013 group, whereas increased in the S1P+Rapa
group (P<0.05). In contrast, compared with the S1P group, the SIP+Baf Al group showed further blocked
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autophagic flux, manifested as significantly reduced number of red puncta and increased number of yellow

puncta, increased LC3- Il /LC3- 1 ratio, upregulated expression of p62 and a-SMA while downregulated Cath
D, and enhanced secretion of Col I and Col Il (P<0.05). Conclusion The S1P/SIPR2 signaling axis

promotes cardiac fibroblast activation and collagen secretion by blocking autophagic flux degradation, and

restoring autophagic flux can effectively reverse the S1P-induced fibrotic phenotype in CF's.
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WA 1~3 d, MERERBIR , AR T 2 5~8 g, H BT B R K2
SIS By rhoe B SIS S W A 7V AT IEYS - SCXK
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8o ARSI TR N2 R LB B E R K
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112 B2 SIP SIPR2 AR S M5B JTE-
013 . [ W5 557 75 1A %% & (rapamycin, Rapa) . F B
RELWT 751 B 353 945 5% 2% A1 (bafilomycin A1, Baf A1) 404 H
¢ [E Sigma-Aldrich 2y 7] ; 41 Jg 55 57 A1 5 38 7 41 £
DMEM/F12 15553 G4 L7E M Opti-MEM 15 55 W 411
H 3¢ [ Gibeo 23 F ; 4l U 7% Y S50 Lipofectamine 3000
X W [ 3£ E Thermo Fisher Scientific 2 7] . mRFP-
GFP-LC3 W't H W46 75 s 7 W ) F g DU 2 )
BHEA PR A @I S1PR2 /T4 RNA (small interfering
RNA targeting SIPR2, si-SIPR2) K/N T3 RNA B 1%}
i (small interfering RNA negative control ,si-NC) fH |
B AR R A R BTHE G KR Col 15 Col 1T
ELISA #5358 &1 F 55 [ R&D Systems 23 A ; CCK-8
50 s iR (bicinchoninic acid , BCA) & il &
B & S e 9% U UE 7% (radioimmunoprecipitation
assay, RIPA) 40 B 24 DL e 75 47, 6- 2 Bk -2-
5|k (4, 6-diamidino-2-phenylindole , DAPI) {9 $T 26 )t
VR E R R B0 B E s RA Y HARA FRA W 5 31
5 78 1k 2% & 6 (enhanced chemiluminescence, ECL) ¥
DR 3 v e A= ) B 2R B PR A | . SRt
KELSIPR2 SphK1 B & (Vimentin) .- AL
846 1 (a-smooth muscle actin,a-SMA ) \p62 . ZH 215 [
it D (cathepsin D, Cath D) B 5EfEHi /K & GAPDH N2
PUARBIE A 26 E Abcam 24 ) 5 St KBS A O
1 %25 3 (microtubule-associated protein 1 light chain 3,
LC3) (I 1) FvgREdiiR g 3 551 CST 28wl 5 St KB
Col I 71 Col M F5EREHTIAN H 26 [ Proteintech 23 7] 5
BRI E AL Y1 (horseradish peroxidase, HRP)fridF
U A 4 9% B3R 4 4 G (immunoglobulin G, IgG) - #T K
Alexa Fluor 594 #ric 2¢ 6 it mdbt i b 2 S 49
BARA RS w

1.2 7%

12,1 RECFspE Bl A 1~3 d i flHE SD
KB, &0k AR R 5 5 5 s W Sk AboE T
75% Tt PR AL IH 55, 760 TR A% 1 T s TT i 475 O
E B D m AL EL 1 mm’ K/, BT REOE T,
SR 5 0. 125% JBEEE AN 0. 19 T1 AL 5 I it 1) TR 45 T Ak
WA A HATIHALAL IR, JF 5 T 37 "CEIR /KB FE IR h
AT FE AL o SCEE A [R] Bsf 1) B ™ A %) 40 T2,
AF 10% Jifi 245 135 9 DMEM/F 12 58 45 15 7 3 JE £ 728
IETHARAE B T A5 40 i 8 M 22 200 H 200 i 5 1) 58 0
T4 °CFLL1000 t/min &0 5 min, 37525 115 W5

TR A, R A ARV B T G R R A T e 2
Fige o RN 22 UM BE VL 73 B3 M CFs, T4 90 min 5
I ARG BE A AR, I AE B o8 e SR BT 37 °C
5%CO,BEF2 46 h G5 B T B WA T LS 40 i
BE AEROIRES LB A2 R K 2 80%~90%
oI EATAEAR SRS 2~3 AR R4 T 5 25246
1.2.2 PG M EL A ML N Vimentin 55 a-SMA
ML K Crs 3R TEANCH /) 24 fLAR T, %5 B
N 3x10" AL, TR AN BE 5, T A 4% 22 38 I [
15 min J& , & JH 0. 5%Triton X-100 #4720 Jifd A5 38 17 4b
P20 min, fiIA 5%BSA TZEIRAAF T 1 h IFELE
PSS G o A Vimentin(1:200) 3% a-SMA (1:200)
—¥i, T4 CHIFFE LR K H AR R 2R E =
P, AERDOEEAE T E 1 h, B S 0 DAPTSEA 740 i %
gen, QSRR BT OO0 RUE T BEPLEER 5 4
BT AT MG R AR 5 90, 1155 Vimentin BHPE 40 5
o, B AR Al K 95% L b, B %5 S CFs'™ L JF %
ImageJ A5 HT a-SMA 22 658 i
1.2.3 SLEaHS4E Y CFsEiFEE 50%~70%
filt & FE I AT siRNA % 94 4% si-SIPR2 5 si-NC 5
Lipofectamine 3000 %% 4457 43 5l #% B T Opti-MEM JG&
M REFERT, F IR E 5 min JFIRA , K225 15 min
W GG A, ML T 5 0 6 h s, 46l &%
10%FBS [/ 58 15 #2355 57 48 h, 45 245 T 1A, 40 il &
TCIM IG5 TR YR AL P 12 he

SEE—B AR : (D Control 4, H AL 7% ;@S 1P 4,
TN LY E 10 wmol/L S1P 4L 24 h; BS1P+JTE-013
2H, e AU E 10 wmol/L JTE-013 FilALFE 1 h, F-hn
AL FE 10 wmol/L S1P AL 24 h; @S1P+si-NC 41, 4H
Mo %% YL si-NC 48 hJi7 , INAZEYK E 10 wmol/L S1P &b Ff
24 h; ®S1P+si-SIPR2 41 , 41 i % Y& i-S1IPR2 48 h J7 ,
AL A 10 wmol/L SIP AEFE 24 b,

by it — 25 B STPR2 A0 3 R0 () AL
TG — S5 A ST S0 IR A 43k : D Control
41, H R @SIP AL, In ALK 10 pumol/L S1P 4k
B 24 h; @SIP+JTE-013 41, & i A &9 B 10 pmol/L
JTE-013 FALH 1 h, PRI AL 10 wmol/L SIPHFH
24 h;@S1P+Rapa 2, B AZHR B 100 nmol/L Y [ Wit
7555 Rapa AL FE 2 h, F il A 2R 10 wmol/L S1P
JEF 24 h;QS1P+Baf A1 41, SEAZILE 100 nmol/L 1)
W RELBR] Baf A 1FSALER 1 h, FEAAZSAEEE 10 wmol/L
SIPHFH 24 he
1.2.4 Western blotting ki #lll SphK1,SI1PR2.,a-SMA |
p62 . Cath D # £ K LC3-/LC3- T o Wiede
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LB AL B 1 CFs, A 75 85 D 1) 750 0 8 i
T 570 Y RIPA S48, T VK 7843 244#% 30 min, 24
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WCAE LW W DA ARAS SR R IO . SR BCA & 1
TR DU A Mk R O HOAE o AR AR D 30 pg R AT
SDS-PAGE HLUK 5325 , B J5 7% #% 2 PVDF . 28 5% It
NEWI# 2 IR ETA 2 h 5, 435I SphK1.S1PR2 . a-SMA,
LC3.p62.Cath D & GAPDH —#7(1:1 000), & F 4 C
TWEE . R H fd ] TBST 7843 ¥E % Bt A, in A
HRP AR AN — 40, T = REOEHE 1 h, R H ECL
P HEATAE SR, I8 2 b2 R OE R R G R
FA&H S . A Tmage] BRI E H )8 F &0 5
GAPDH W2 5571 W K BEAE, 3T H 3 3% t(a dE 172k
FEHEITHT

1.2.5 CCK-8KMANfyGtE K5 CFs IR 5Sx10¥4L
(A3 B 2 50 Bl 1 96 FLES IR A, o 4N LU B 5 e
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WECIEE 2 b5, P ARG 5 FLAE 450 nm S A
EE B[ OD(450) 11H .

1.2.6  RPR LRI CFs iLF4 fig 7 6 fLA Y
T RIS ATER K CFs 280 AL, FR 4 i Al & ik
100% J , {1 200 WL AR Sk 30 B FRIZE 7 10], 7241 i 2
Frm il R . PBS Pk LARR 25 B IR A0, in A TG I
TH 55 5% 3 KA 25 W A B, 43 50 FRIJR IS 0 h A1 24 h
FEEE BB T AR, R Image] HXC44-00 5 I 3155 K1)
A%,

1.2.7 ELISA AR LI Col 1 F1Col T
T WEKGHERANER IR LIER, T4 CF
L1 3 000 r/min 250> 10 min DA 2= 40 MR F, $22 0B KRR
Col I F Col I ELISA 57 & 156 B 522K AR U A
Pt it R B 5 PRI AR AR, iR A VR N A
P R 2 b O AR I I X R FL I ODAEL,

Vimentin

Phase

FARPEbRAE R ZE T3 Col T A1 Col T AYHEFE
1.2.8 mRFP-GFP-LC3 XU 6 s s A [ W5
¥ CFs DL 4x10* 4 /FL I 25 B e Fh T 24 FLAR B I F I,
A I A K 28 60%~80% fill & B, i A mRFP-GFP-LC3
J 5 B I YL 24 h, MOL X B2y 50, B 8 5 i 15 5% 5L 9
T HIN R Z5) o AL BR . AR FRZE S FH 4% 2 5
FH 8 361 52 4G, 20 0B T AR, GRP (& a8 6)
Xof PR M PR B AHURS , mRFP (41 {65 % ) 78 5 WA 5 Fa
FE 5 BN R I A BE T (G2 A ) R A IR BLR,
I 3t 52 B 5 A3 5 B0 2T 60 B0 o DU AR 36 1 00 3 T A4 T
B, WAL E A o TSN B R e S B I A T
Gt
1.3 %itF 5

451143 M % FH SPSS 26. 0 GraphPad Prism 9.0
AFSE N . T SC 2= ST T 3 IR, T A R
M xes Fom o X T 240 R 8008 b, R BRI R Oy 22
M1 Cone-way ANOVA) 47 B AR 22 57 K6 56, 21 18] R PR
Fo AR FH LSD-t /1y . P<0. 05 F6n 22 55 B 582

2 #R

2.1 BRARKRACFs & &3 B Vimentin £ 5 46
JE T K K
L B SR B, CFs G REAE K R 47, S il
R R IE 5L 2 A TE |, 40 300 550365 W 5 2 6 i A Be
CFs A] LR BUA 21 0 0 3R 3K SRR PE 1 22 4R I 235
¥, M 5 DAPL % 6585 , Vimentin 4% 8 BHE 348 1o
95% (& 1)
2.2 SIP# % CFs ¥ SIPR2 5 SphK1 & ik # 3 H ¥z
FFRT ¥ h) kA
Western blotting £ %2 i 7, ffi F S1P | 305 , S1P
2l CFs H' SIPR2 A1 SphK1 By 5 H #H X 58 1k i 34 5%
Control ZH i # FE(P<0.05), M5 SIP4 L%, S1P+

DAPI Merge

50 ym

B 1 CFs#7SK Vimentin BB R LBER

Figure 1 Morphology of cardiac fibroblasts (CFs) and results of Vimentin immunofluorescence staining
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‘o’Q ec’ @’8 < T l 2 — = S1P
> S8 S T £ S1P+JTE-013
& R R T R © 104 .
< 5 g o e I 3 S1P+si-NC
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x
SPhKT(A3%10%) [ s———— ; 0.5
5
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0 T T
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A': Representative images of Western blotting bands of SIPR2 and SphK1 in CFs; B: Statistical analysis of SIPR2 and SphK1 protein expression in CFs
2 &4 CFsH SIPR2F1SphK1 HIE A RiL LK

Figure 2 Comparison of SIPR2 and SphK1 expression in CF's across groups
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A': Scratch images of CFs in each group at 0 and 24 h; B: Analysis results of scratch healing rates of CFs
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Figure 4 Comparison of wound scratch assay results in CFs across groups
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Figure 6 Results and analysis of a-SMA immunofluorescence staining in CFs from each group
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A: Representative image of Western blotting bands of ®-SMA in CFs; B: Statistical analysis of «-SMA protein expression in CFs
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Figure 7 Comparison of a-SMA protein expression in CFs across groups

P&, Cath D £ (AR X ik 2 8 3% N (P<0.05) . 5
SIP4H %, SIP+JTE-013 20 LC3- T/LC3- 1 HfH
ZF#K(P<0. 05),S1P+Rapa 21 LC3- T /LC3- T HAH
T (P<0. 05) ; [, 5 S1P 4 L4, S1P+JTE-013 40
H1S1P+Rapa 2H 1 p62 Hl a-SMA 5 [ AH % 6 ik i 1 3%
T, Cath D 8 I AHXT 25 8 8% M (P<0.05). 5
SIPA %L, S1P+Baf A1 24 LC3-T/LC3- 1 Mol B 3%
Th i, p62 Fil a-SMA £ A X ik & 3% L, H
Cath D & FUAXT 3Rk 5 3 T I (P<0. 05, #19) .

5 Control 41 135 ,S1P 41 CFs 1 Col 1 #1 Col I 43
WH I 2 TR (P<0.05) . 5 SIP 4 L%, SIP+JTE-013

4 Col 1 F1 Col I 434 52 35 P& 1K (P<0. 05) , S1P+
Rapa 417 Col 1 F1 Col T 433t {2 25 P AIK (P<0. 05) .
5 SIPHL L, S1P+Baf A1 4 Col T F1 Col M43 .
T (P<0.05,/810)

3 itig

WFFE R B, VF 2 3R 2R T LU 3ho0 JILET 44k
1 n LI 05 L S DA R s 7 s e 3o T4
Y|4 RAT ¢ 7R £EN s PO e N W o e SR
U, B IR AR A B b T P T e LA K W 4

RENGE , EaR bR L [F A 10 RE AL B 2 1 A



2016 i 242 K242 41z, 2026, 48(20)

http : //aammt. tmmu. edu. cn

Control S1P+JTE-013

DAPI

GFP

mRFP

Merge

S1P+Rapa

S1P+Baf A1

[ Autophagosomes
R Autolysosomes

[2]
g _ 801 P<0.05
§ 3 P<0.05
2 8 60 P<0.05
5 E P<0.05
[72]
s O
g2
5L
- I
g [\v]
£ 2
S @©
z

A': Representative images of mRFP-GFP-LC3 staining; B: Quantification of intracellular red and yellow puncta
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Figure 8§ mRFP-GFP-LC3 staining results and analysis for CFs in each group
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Figure 9 Comparison of the expression of autophagy-related proteins and a-SMA protein in cardiac fibroblasts across groups
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Figure 10 Comparison of Col I (A) and Col Il (B) secretion levels in cardiac fibroblasts across groups
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