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% E: BM @i UHPLC-MS K& 7 B AN IE S ME R (ShenfuInjection, SFI) #% 03 &%y, FRimT A& P ohsk
4896 1F SFI &40 775 5 (chronic heart failure, CHF) /02 PH R IE K B B A BR 5 12 R IA M2, 755% S A UHPLC-
MS %7€ SFI MEZRy, FE0H 5 & QA ST 2 T A4, SD KEBENL /- X IR . BEAYAH . AKKALGR (0.1
mg/kg) A SFIK. miflE (3. 6mLke) A, FH 8 R, KM sc RIW'E LIRFEEH| CHF LHBIEESY, 4T 24911 2
JA o KRS OB BRI TH B8 s ELISA A2 IfyE N Kt B ZURIEAMK R (N-terminal pro-B-type natriuretic peptide, NT-proBNP)
AP HARE-FL (hematoxylin-eosin, HE) Bl .CoIZH SR IRk ; A58 A A RE & A LBk (acetyl
o-tubulin). U E AR AT (polyglut a-tubulin) FE FH REEEM (detyr a-tubulind Fik; Gy AL LR
WEE AR ERRIERRS (tubulin tyrosine ligase, TTL) FIZH 2 A2 LBt 6 (histone deacetylase 6, HDAC6) Fik. UIFHA
B IR AL HOc2 O AL ME AR A, 4 SFI THUE, KRGS EABMmAKT. 48R UHPLC-MS ffikikse
SFI ' 12 F R BEF RUSSY, 7 TR R ERH S tubulin ZABMAHCE A& 1. SMsinss Rivin, SHERALLE,
SFI 88 % KBUDIIEE (P<<0.01), FKILTE S NT-proBNP /K-F (P<<0.01), WA CoILUE R 4EALFRRE, AL AL
R a-tubulin FiELMERE (P<0.05. 0.0, BAMERALBABRUMBERMEIL, WMoBHLEREL, TH
HDACG6 [A1E£IE (P<<0.01), i TTL fAMERE (P<0.01). ZHscibss B 535St —5, #t—FAE SFI B i i
EEOMFEBIMEE. G4 SFIRBA AR RMEREORBRARNL. FERMAKT, 15 BUKY, YEMEEOM
BB, MR CHF (O BH RS IE K RO WLAT I S B 48 S, B A A e M IR 38 0o T B, A SFT VAT CHF (0P
REVER 7> T USSR A S 30 R4
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Effect of Shenfu Injection on tubulin post-translational modifications in rats with
chronic heart failure of heart-yang deficiency syndrome based on UHPLC-MS
and in vivo, in vitro experiments
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Abstract: Objective To screen the core active components of Shenfu Injection (Z f{{E 44, SFI) using UHPLC-MS and molecular
docking techniques, and to verify the effects of SFI on expressions of post-translational modifications of tubulin in chronic heart failure
of heart-yang deficiency syndrome through in vivo and in vitro experiments. Methods UHPLC-MS was applied to identify the main

components of SFI, and molecular docking was performed to analyze their interactions with tubulin-related targets. SD rats were
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randomly divided into control group, model group, colchicine (0.1 mg/kg) group, SFI low- and high-dose (3, 6 mL/kg) groups, with
eight rats in each group. The CHF heart-yang deficiency model was replicated using sc isoproterenol, and drug intervention was given
for two weeks. Echocardiography was used to detect cardiac function. ELISA was used to detect N-terminal pro-B-type natriuretic
peptide (NT-proBNP) level in serum. Hematoxylin-eosin (HE) staining was used to detect pathological changes in myocardial tissue.
Immunofluorescence was used to detect the expressions of acetyl a-tubulin, polyglut a-tubulin and detyr a-tubulin in myocardial tissue.
Immunohistochemistry was used to detect the expressions of tubulin tyrosine ligase (TTL) and histone deacetylase 6 (HDAC6) in
myocardial tissue. H9¢2 cardiomyocytes were treated with isoproterenol to establish a cell injury model, and after intervention with
SFI, the level of microtubule protein modification was detected. Results A total of 12 main active ingredients in SFI were obtained
through UHPLC-MS screening, and molecular docking results showed strong binding affinity with tubulin and modification related
proteins. The animal experiment results showed that compared with model group, SFI could significantly improve cardiac function of
rats (P < 0.01), reduce the level of NT-proBNP in serum (P < 0.01), alleviate the degree of myocardial interstitial fibrosis, reduce the
expressions of microtubule protein a-tubulin and microtubule density in myocardial tissue (P < 0.05, 0.01), reduce the expressions of
microtubule protein tyrosine and glutamate, increase acetylation expression, down-regulate HDAC6 positive expression (P < 0.01),
and up-regulate TTL positive expression (P < 0.01). The results of cell experiments were consistent with animal experiments, further
verifying that SFI could improve post-translational modifications of microtubule proteins. Conclusion SFI could effectively reduce
the levels of tyrosinization and glutamatzation of microtubules, increase acetylation levels, correct the imbalance of post-translational
modifications of microtubules, thereby improving the abnormal microtubule network in cardiac myocytes of rats with CHF heart-yang
deficiency, enhancing microtubule stability and improving heart function. This provides experimental evidence for the molecular
mechanism of SFI treatment for CHF heart-yang deficiency.

Key words: Shenfu Injection; chronic heart failure; tubulin; detyrosination; polyglutamylation; acetylation

P2 4.0 /3328 (chronic heart failure, CHF) & TR, ZES W (Shenfu Injection, SFI) FE &

O R MA (B 78IRS B —Mhilm KR5S 1k .
([0 32 2 W R T 45 B 2024) Do, H Al
FE CHF B AECN 1370 71, HEA SRR,
EALTCE, PG Z R, — B2 EWNAME T
R IR . AR NSRAETBI MG YT CHF i
JTHHAS T EORBEEE, AH G =06 HR AL 4
101 fi#, U572 CHF @IRARFENETFE/E AT
() ZJF o Rk 2 IR R I, T (tubulin)
£ CHF KL A7 B8 24/E FH 1. 32 ) P iUE
H#EE B, PR R CHF VTR YT SRIgE,
TUE A B SR B Ry, e o/ E R
SRR RAHERAL R A (0 vh 2 R S5 4
WOEAEAH M N TR N 8 454, 2 5 AR IE S YRR
VilRich. Aoy RE L P E AR, 0N
SN b, B IR 2 T R AL A 4 AN 0 45 A A
A AR Az i ) BaE DA DR 2 5 T 5T 4
KB RAEAM BN RE Mgk, UAS5E 9%
S AT C L0 AL 4 T e R RIS R4
WE EERIEE R EREMEEA G RE, B
WA R KD RE AR, H LRI S 2 1R
ARG 4 b Cacetylation ) « & & R b
(glutamylation). &z ML (detyrosination) 4%,
FEMS AR RIS Th RETT T A HE SRR FH Y. AT

O 13 K R IO DhRE, RO LR,
HSCRR T HAREFNE, ARYE 7 uEX R SR B,
I YT B AT R EIERL, UE AR
M2 % CHF A0 BH R IE KR o [RIUth, AN 78 B et
— BB SFI XHEME CHF 0 FH REIE K R & A
VRS B MR IE B g2, 9 LA FH LB A 1) 5
IOk -
1w
1.1 54

SPF ZiffEt: SD KR 40 R, 6 &R, HFRE
170~180 g, 1l e 73 v stak SEER s WA IR A #)
FRft, SR YR ATIES SYXK G 2019-
0009, Zh#) T %R (22 £2) °C L AHRHEEE (55+5) %,
12h B A B WIS EN TR 1, Bldte
TRIK o B SEG 42 7 25 24 K S S5 s A 3 e
e (itiE'S SLBH-202311080037).

KR H9e2 L I4HAE (k'S CL-0089) T H X
DR EMRHARAF.
1.2 ZR5EF

ZES W (E 2+ 251020664, k5
221111AK05) W H A = Uik 2 25 A IR A ; N
Ky B BFEAIK )i ( V-terminal pro-B-type natriuretic
peptide, NT-proBNP) &7l & (k5 CSB-E08752r)
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W R THRARAF: HRFH'E LR
% (isoproterenol hydrochloride, ISO, L5 F2215417)
8 Bk T A EARB R AR BKoKALG (it
5 GC13261) W H£[E GLPBIO A+l; MEEAL
Mtk (acetyl o-tubulin) —#$i (#L'5 ab179484). il
B AB &R (polyglut a-tubulin) —HT (JIL5 AG-
20B-0020B-C100). i & [ LBt (detyr o-
tubulin) —¥HT (A5 ab255906) W4 H HE Abcam 2
") fUE AR IRIEREN (tubulin tyrosine ligase,
TTL) —H1 ('S AWAT70630). 4K % LAkl
6 Chistone deacetylase 6, HDAC6) —#i (#it5
AWA69565) . = hr 2 B H & %Ol R (S
AWI0693). PBS (fIt'5 AWI0129a). itz £h 2t
W (IS AWI0113a). Tris-EDTA HUJREER it
5 AWI0153a) & il (k5 AWTO0124a). PBS-
BSA (#it5 AWI0I120a). DAPI #: (3t 5
AWC0293a). kil (ks AWI0629). 4%%
EHEE (5 AWI0603a). Gk gtaididm (s
AWI0603a). Alexa Fluor 488 Fric i 1L 2E 5T/ R 1gG
Pt (S AWS0003) T H Kb B R A
FRAHE]; TEKLEE (JibS W990001-1) T H KiEEL
TAFAAE IR AR, ZHR ('S5 10023418) 1
H Rl E AL ERAARA R Al (S
Q/YSQN40-91) T H _Fifg Tk 25U PR A 7 ;
B i 3% F (S 188105W) W VT 5t 28 Sz %
A PR .
1.3 {X&5

VINNO 6 LAB B4 B AR (il 712
1 N AR ERH A FRA A ); Vanquish 2458 & 3%
WAREEEAL . Q Exactive HFX B &0 # i 1A (3%
Thermo A ] ); 5417R B @Ak 0L (1l
Eppendorf A7) ); MB-530 M2 IhRemEHR A CRII
LR RBARAFD; YD-315 YL CGHiL
P RITR A A IR A7) BMI-A BUE L CF
PR R T AR A BRA F] D) BA410T 2624 Bt
(Bl IR FRAFD .
2 Rk
2.1 SFI 53 94h
2.1.1 FEAKTE  EL0.5mLSFIF:S, BT RO
B, 2 AR RE- S (10 D, TR
60s J&, TR A I 30 min, $£EGET 4 C.
12 000 r/min &.0> 10 min, Y& FiEW. & LiEWHAE
—20 CHIZM F#E 1 h PliEEA, BET 4 C.

12 000 r/min #5.0> 10 min, 5 FIEBGHEAT B2,
I 100 pL 50% NGB E A, W25 T
4 °C. 12000 r/min &5.C> 10 min, B35, RA@E
e R C B (SONT 1y 73 1 B 1 AS R AT A I 781
212 B4 Waters HSS T3 il (100 mm X
2.1 mm, 1.8 um), VBIAHA 0.1%FEIKER (A) -
E0.1% R LB (B, BAJEBENL: 0~1.0 min,
100%A; 1.0~12.0min, 100%~5%A; 12.0~13.0
min, 5%A; 13.0~13.1min, 5%~100%A; 13.1~
17.0 min, 100% A. ARE 0.3 mL/min; #EiR
40 C; MERMAR 2 pL. PrEREMET 4 CHZ)
BEREAR T, SRABENLF ZIRERE, JFE B A QC #
m R R gk e
2.1.3 UGS SRR FE % B 1 Celectron
spray ionization, ESD) [#] Q Exactive HFX =173 # &
. BB AR E S A 40, 10 arbs B
TR 320 C; ZARIE 350 C. fEIE.
B REUT, BRI HI08+3 000 VA2 800
Vo B R AT, — 2 474 e L Y BEE O 70~
1050, 4r#F24 70 000: —ZJ5 ik 0BT (¥ 50 HE 3y
17 500,
214 FRAabE RGBS - TS AR E sl
Progenesis QI X T WAL EE, ALHERZEAZIE. U6
ULFC 5 PR BRI (RIS 55, B ha % 1 At AR BT I Ja)
JoR A b R g 5 B 2H RS ) — R AR R . X T RAR R
TR (MS?) (S ek, FIH =RAED
) B L R R P R T A
TE . g R SEMEIE I R ILHRC Score {H
ATV, &V N 1 2, JBEINA Score H
0.7 I, HEARAE.
22 SFIFERSSMEERMIFREIFHEXED
0 R O E 3l

1t PDB i FE (http://www.rcsb.org/) & IF
NEGE RIS A S EE F tubulin, RUEAHIRER
H 2 (microtubule-associated protein 2, Map2). 1
BHM>KEH 4 (microtubule-associated protein 4,
Mapd) . o-TEEH LB B 1 (a-tubulin
acetyltransferase 1, ATAT1)- g Jii 2 3£ Ik ( cytosolic
carboxypeptidase, CCP). TTL. /Mi‘E & EA
(small vasohibin-binding protein, SVBP). L& it
B [1-1 (vasohibin-1, VASHI). HDACG6. T/ Al
JIETEEE 4 ( microtubule  affinity-regulating
kinase 4, Mark4) [ EZ5H), fr{7FH PDB #% 45
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Fo JEHL SFI FF i) 12 N FEE R (NS EH Rb.
R F IR S Sk, 2R H R 2 Sk, A S 21T Reas
ANZ 21 Rf. ASEH Rew ASZEH Ro. ASE
H Fi. AZHEH Re. TS 2H IVa. 6-ZH. A
Z B1¥ Rgs), KH AutoDock Vina 1.1.212 3347
RIS . — NI 5 ARG S I G
SE BT REEERAG, ARAVE R M T BE R . ARE %
454 R <—5 keal/mol (1 kcal/mol=4.182kJ/mol) {F
SR AR I S S 14 1 4, R Pymol B A X 437
X2 AT WAL AL

2.3 {RHEELE

231 L SAEERY 40 L KREENL D ot
MR, BEASL . BOKALAR (0.1 mg/kg, Ik PRSERL
D) PIHA SFIK. mifl&E (3. 6 mL/kg, 774
LTI AR AR 0.5, 1.0 %) D014, 454 8
Ho Brxfigdsh, HpgaRXRIEY L T2 b
U 1SO #% CHF 0 PHREUE K AR, H kR
e B EAE KT 0 00 S MR R D) 0 X 3,
EH 2+ 3 NANFERRALEAT se, MHEH RN S
mg/kg, LIRS 7 d,  LARGINZ5 P A T BRI
AR RS RE, KRG MR 2 B
Ja FF R s 25020, FOKARAL ig ROKAER, RIS ip
A ERIK (6.0 mL/kg); SFI & 7#)&4H ip SFI, [A
B ig SEARAR R A EE ER K s X RE A ALY 2 g AR EE
oK, FER ip EFEERK (6.0mL/kg), 1¥Kk/d, &
e 24 15 di3-1e,

232 FEARSE SASHE, KRR S HER
W, BRI, T=iRFE 2h, 3000 r/min &
O 15 min, W BB, T80 CUkFE. L IE
PR ET 4% KRR E 24 h JFHTHA
-4 (hematoxylin-eosin, HE) 4ff, #H4rAIA
HAEEY, T-80 CUKFEIRT

233 EACShERN SRAESE (ST RS
EFEIZWOE O ThRE, KR EBRIEERE,
M BUGHR P R Sk 20 B e O S Kl U T ) R A 0
S 4340 (left ventricle ejection fraction, LVEF).
fe O ZEHERE 5340 (left ventricle fractional shortening,
LVFS) it 3 N0, BCFME.

2.3.4 [ NT-proBNP KFAailll - 4525450 )5, H
SR e R BT AR, BRAEERM, 4 °C. 3 000
r/min 50 15min CE.04E 10em), PRE _EIE
FH8 ELISA 277 & 156 B 50l %€ NT-proBNP 7K
235 OUHZREIEENLEE HEZ RS

OIS, AW, YR EECN 3 um. U1 Bt 2
K, FRARZEY 3~5min, KRB G FE
KIRWE, CRERRFEMLK, PGS ta S min, B
KE R, AU R BRROCRERR, WE20ILA
ZURRIE AT BB,

23.6  RPERIGERI NI Z a-tubulin, acetyl a-
tubulin. polyglut a-tubulin A1 detyr o-tubulin fj ik
OWHZAET) AT 60 CHERE 12h J5, KIRE
HHOR I . R BE K S 28K e e, B TAT R
B8 (pH 6.0) HLs B, T kA ik f5
i, 4647 24 min, A% 24 min £=E, PBS Pk
3R BEEVIR BTSN 30 min, FRKMGE
5min, FFLL 0.3% HO, IR E A 15 min, PBS Pl
3, H 5% MG AEEE M 1 he N acetyl a-
tubulin. polyglut a-tubulin. detyr a-tubulin —$1F
4 CWEEER, PBS Beik)E, MM _%i, 37 CHE
30 min; PBS P&k 3 ¥, 0 TYP-520 GGk,
T 37 CHEHFE 5~10min, PBS #iif. BHE 1K
PEE . 0.3% H02 MBS 5% 4 1L7E H R E 3
M5, W0 o-tubulin —HiTF 4 CHFE LR, FHHMN
ZPUE s BN TYP-620 GGk 37 ClBLIR
H 5 min, PBS ¥E¥ /5, 0 DAPI #44% 10~20 min,
PBS ¥tk 3 IR, fea A H i, TE0eItER
B NS IR

2.3.7 ARG ALY TTL A1 HDACS [
xKis  OWHLRAWET AT 60 CHEE 12h 5, K
W FZRA B . R R K K 2R AR e S
BT 0.01 mol/L F75 BRANZE R b, T b it
Ja e, N 20 min, A E1E =I5 )5 PBS Wik 3
o TN 1% = AR = R ACEE 15 min K% YR PERE,
PBS ¥ 3 K. % TTL. HDAC6 —¥i, 4 ‘CHig
Hid &, PBS BE¥k 3 ¥k TN HRP brid i =i,
37 ‘CH##H 30min, PBS Jti%k 3 XK. ffif5 DAB &£
1~5 min, Z&WKBEIF, TRARFZE G 5~10 min, PBS
R, BG4 60%~100% BBk, &4 5
min, HZRZEH 2 K CRER 10min), SR E
. TRAE TSI,

24 {RHMELE

24.1 I1SO FFM AR AR )7 H9e2 4H
MRS 10%062F % #) DMEM 1953k, T 37 C
H 5% CO, HIFEFRA T EEFR . KA T X0 B KA )
H9c2 AL 1 X 10° ANAFLIEEFRT 96 FLAR, firdfif
WHEESS, 23 AL FREE (104 204 304 40, 50
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60, 70. 80. 90. 100. 110. 120 pmol/L) [¥] ISO,
XTREAUMAA B 23R TR 5L, N E A 4
NEZIAFL, 3 AHE5% 24, 48h, A CCK-8
R, FHEEFRGNE 450 nm BRI EE (4) 14,
HEMMRAEIE SR, ik SO feH s ik i K 1)
HATIE TR = (4 s —A 20)/(A = A =21)

2.4.2 SFI Z5ZIRFEMITRILE AL TR HUE KT
HOc2 4HHLLL 5X 103 AN/FLEF T 96 FLIR, Fr4if
WEEE S, 3 BIMAARFIRE (2% 4% 8%~ 12%-
16%) [ SFL, XF RIS 25 770, ik
B AR ARG 2502 E1 5L, 43 AL 24, 48h,
KH CCK-8 yAa il 40 M 47175 28, ik SFI 45 245K
FTET A]

2.4.3 SFIX}ISO i S/ HOc2 4HyE J1fsemd K
A0 55 B K AR HOe2 4H A LA 5 X 103 AN/ FLaEfh T
96 FLAR, BCEXTHEZH ., B SFI AL, Fraiffl
BE SRR S 2 Wi s e, IRV DA
100 pmol/L ISO %55 48 h; SFI 4L/ 100 umol/L
ISO K577 48 h J&, MIAANFEIKE (2% 4% 8%.
12%- 16%) [ SFI T-Ti 48 h. A& B N R4
AL AFL. K CCK-8 Kl 4 f A7 3% 2
244 RIEROGER

a-tubulin. acetyl a-tubulin,

( |
|

‘\! J‘ || b
! i ey |

L [ PR
T b, Ly i

[ o W

[
,:\,J Wby

polyglut a-tubulin F1 detyr o-tubulin [FIRIA K E
S . HEAYZH AN 2% SFI 4H, F% “2.4.37 T K J7id:
AeE, 3¢k BT, H 4%%2 B FEEE % 30 min, PBS
MY 6 I, AR S5 min; I 0.3% TritonX-100 F
37 ‘Ci#iiZ& 30 min, PBS ¥ 3 K, &K 3min; ¥
I 5% IiE A& AT 37 “CEHH 60 min, PBS
e 3 Eiin—9t, T4 CWAEIR; PBSEM3
WJEHMm=—4t, 37 CH¥HE 60 min; PBS ¥k 3 Ik
J&, W0 DAPI TAEM %, 37 CH¥E 10 min,
PBS {0t 3 U5, Vg Hahs b, THROGHL R
B NI,
2.5 GEtESH

K H Image J BAF#EAT BB 04T, SPSS 19.0 4%
PEHAT ST, BELAX £ s fon, LA bhis it
F One-Way ANOVA Fi 4 Hll Tukey 556 o
3 %
3.1 SFI 594

KH UHPLC-MS #47 SFI [ &%, 1
NIE—HER I 3 RE SRS e B T, e
DL HZ A ) 3 IRE e H—20 &
1B TR T A R0 BRI T SFI A ZE K
7 (R D,

w1 ' ’ [[JRRTART .
N YL RO e sty ey \
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Fig. 1 Total ion chromatograms of three repeated samples (A—C) from same batch of SFI in positive and negative ion

modes
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#£1 SFIEERSD
Table 1 Main chemical components of SFI
e L% TR w/min R (X1079) B &
1 ASEHRH Cs4sHo2023  14.571  6.862 555313 IEEF M+2H
2 REBERE LRI C3HeaNOw 5.901 —0.807 590.295 IEET M+H, M+Na
3 FEEBEH S LI C3iHaNOs 6294 —0.710 574301 EBT M+H
4 NSEHRg! CoH72014 6428 —1.137 823.481 IEEF M+Na
5 ASRBEHEHRIV CyoH7014  7.466 —0.064 799.485 AET M—H, M+Cl, M+FA—H
6 ANSEHRg! CoH72013  7.794  0.149 819.467 MET M+Cl
7 ANSEFRolV CssH76010  7.831 —0.773 979.487 IEEF M-+NH4, M+Na
8 ANZEHF I CssHe200  7.906  0.129 673.409 ET M+Cl, M+FA-H, M—H
9 AZEHRel! CssHs2015 8.069 —0.746 969.539 IEETF M-+H—H,0, M+Na, M+H—2H0
10 TS BHIVA'Sl  CuHeO4 8303 0.244 793.438 fFETF M—2H,M—H
11 6-Zmil Ci7HsOs4  8.567 —1.210 295190 IEET M+H—2H,0, M+H
12 ASRHRg!7 CiH72013  9.681  0.283 819.467 BT M+Cl

32 NFIHEER

WK 2 FioR, SFI I Z R S H K E H
BIHRA RIS GRS, HptEa8umiinh
TTL-47 152 4 1va (—9.0 kcal/mol) . Map2- A5 &
1 Rgy (8.8 kcal/mol). Map2-A\Z B Ro (8.7
kcal/mol) Fl TTL-AZ 2 H Ro (-8.7 kcal/mol), 4}
T E LK 3,
3.3 ASEIEEER
331 FAKRROIREE w4 fik 2 For,
HXTH LA, BIRUA KR LVEF A LVFS 35
ik (P<<0.01); SHiAIZALLEE, £452541 KR LVEF
FILVFS BEFm (P<0.01).

tubulin

Map2

Map4
ATAT1
ccp
HDAC6
Mark4
SVBP

TTL

VASH1

T
L
L
L
T
-
L
L
L
-
H

3.3.2  FYKRIME NT-proBNP /K F W 3 Ji
7N, SRHEA LR, B K B LTS NT-proBNP 7K
PRET R (P<0.0D); HBRALIE, #4AH4H
RERMIE NT-proBNP 7K1 3 F#IK (P<<0.01).

333 FARBONALHREAL WK S fox,
SRR RO IS, HEPIRESE, 450G
BT, [RDFAR WO R AT itk . SRR LR, HRZ
KO HEZ ZEL, [RBTG5, w0 K E AR
AYPIR, PRI gETE R SR thEs,
i IO LR T £F A AR FE S sk, e A
SFI w77 20 AN RK KA B 2E 1 e 4 F B M 2 3
LA YEHED | R S5, TR AR S AR B R >

-4

=7

-9

2 2 2 2 3 2
ﬁ @ ) ) & )
< < < <

= = &5
3 5 =
= A S
£ g < X
# &

1 keal-mol'=4.182 kJ-mol !

B2 SFIHRERAE

Fig.2 Heatmap of molecular docking results
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TTL-AZEH Ro

B3 RKEMSFIHEE

Fig.3 Representative molecular docking diagram

SFI3.0 mL-kg! SFI 6.0 mL-kg™! FRARK AL
&4 BHAKRBHELBIE

Fig. 4 Echocardiograms of rats in each group



* 1384 «

F8 B 2026528 $57% B4 Chinese Traditional and Herbal Drugs 2026 February Vol. 57 No. 4

F2 BEXRLOINEELLE (X+s,n=6)
Table 2 Comparison of cardiac function of rats in each

group (X+ts,n==6)

#3 HBEKFRIME NT-proBNP KFLLE (X+s,n=6)
Table 3 Comparison of NT-proBNP level in serum of rats

in each group (X £ s,n=26)

51 PrilEy LVEF/% LVFS/% 451 Fil i NT-proBNP/(pg-mL")
Hof 1R — 86.631+3.33  5126%4.46 Hof HE — 81.514+24.11
it — 64.864.21%  31.37+2.88% AT — 381.80419.05%
SFI 3.0mL-kg”!  74.11+2.90™ 38414236 SFI 3.0 mL-kg! 207.304+16.20
6.0mL-kg”!  82.97+4.35"  47.03+4.50" 6.0 mL-kg™! 147.70+30.16"
BOKABE 0.1 mg-kg!  79.38+5.71"  43.43+542" RRAKAL B 0.1 mg-kg™ 135.40+21.80"

SxRALE: #P<0.05 #P<0.01; SHBALLE: *P<0.05
*P<0.01, F&EI.
#P<0.05 *P<0.01 vs control group; ‘P<0.05 **P<0.01 vs model

group, same as below tables.

T ' SFI13.0 mL-kg !

3.3.4 HAKRROVNALRE SR Wk e

R 4 fos, S5xTRRAH i, A O T2 a-tubulin

"y \

M\ \ st R

T Liad B J SO0 P P
SFI 6.0 mL-kg™! AoKA

5 RBUAKXFOINELR HE RELER (X400)

Fig. 5 HE staining results of myocardial tissue of rats in each group (x 400)

o-tubulin DAPI Merge

X R

Y

SFI

3.0 mL-kg™!
SFI

6.0 mL-kg™!
AROKALT

..

6 FEKRFOAEL a-tubulin RZLHREE (X400)
Fig. 6 Immunofluorescence staining of a-tubulin in

myocardial tissue of rats in each group (x 400)

F4 FBHEXBOINELR o-tubulin TIEELE
(Xts,n=6)
Table 4 Comparison of a-tubulin expression in myocardial

tissue of rats in each group (X £ s, n=6)

2H 5 Hl & a-tubulin®é Y6 7
il — 954.74+38.4
it — 6198.4+1223.1%
SFI 3.0 mL-kg! 3597.4+1409.3"

6.0 mL-kg! 2028.8+1268.6™
FKAKAL 0.1 mg-kg™! 779.7+61.7*

FKiEBEFETHE (P<0.01), WEMKEES, S
AL, Feh2iH O NI a-tubulin Kk 23 P
(P<<0.05. 0.01), T 4% % FE PRI

335 JAKBOUHSE EAREEBIHR
KA R A el 2% 2H K B G LAH 27
T B IR SR AR IR A AR, 5 R 7~9 Fir
N, EXTIRAL R, AR K RO WL U B A
LR IR RIS B ARG, LB RIE
Ay HRERIGHECE, SFT ARK KA T 7 vl oo
(e ST R LS VN

33.6 FAHAKRFROUAZI HDACS F1 TTL &ik 1
K10 f1k 5 fiow, SxtRRA e, AERLZH RO
WIZHZ HDAC6 FHMEFRIA B FE SN (P<0.01); 5
R A, &4 2454 HDACG6 P05 B2 b
(P<<0.01), FB§ SFI nJ @it HDAC6 Kik, 1§
. metk, MG ImE TR e . xR tE,
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a-tubulin

detyr a-tubulin DAPI
b - - -
h - -
71 - . -
71 - . -

7 BEAXRONAANEESEHIBR ISR RERALE (X400)
Fig. 7 Immunofluorescence of detyrosmated tubulin in myocardial tissue of rats in each group (x 400)

a-tubulin acetyl a-tubulin DAPI Merge

b - - - -

o -

B8 HUEAARUMEAREZER CMUIZIHRERALE (X400)

Fig. 8 Immunofluorescence of acetylated tubulin in myocardial tissue of rats in each group (x 400)

Merge

SFI 3.0 mL-kg

SFI 6.0 mL-kg

AR AL

SFI 6.0 mL-kg!

R AL
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a-tubulin olyglut a-tubulin DAPI

Xof HE

cr‘ (5

R

SFI3.0 mL-kg™!

SFI1 6.0 mL-kg™!

PR Al B

9 BEARONAAHEERSTRLEIHEREICE (X400)

Fig. 9 Immunofluorescence of polyglutamylated tubulin in myocardial tissue of rats in each group (x 400)

HDAC6

TTL |

SO pm

e

pagict B SFI 3.0 mL-kg™! © SFI60 mL-kg™! ‘ 7F)(7J<1IJJTIJJC
E 10 HEAXROHLEL HDACG6 F TTL FikMIRZEEKE (X400)
Fig. 10 Immunohistochemistry of HDAC6 and TTL expressions in myocardial tissue of rats in each group (x 400)

x5 FHEKRRCANELR HDACG6 A TTL RikKFE R ZH RO LY TTL FHME:RIE B2 (P<
(X£5s,n=6) 0.01); SRR, H2524540 TTL PHERIEE
Table S HDAC6 and TTL expressions in myocardial tissue 21N (P<<0.01), 8 SFI 7/ {g i3t TTL [t ik,
of rats in each group (X5, ~6) WA e BB 1 B ARG, MTTEC CHF Ll
SR ﬂzi’;jA 1E > Ed D e
Q B ARG 4] Q é J
Zi il TOACE — HE KRR Hﬂ,ﬂiﬁ’@j&,ﬁ :
* R — 3793147874 901872449433 3.4 {RINSEIMEER
R —  73008.1%5267.0" 418041 747.0% 3.4.1 SFI X ISO 553 H9c2 4HMIAF1iE 2 11 5
SFI 3.0mLkg! 121084+810.1" 43 119.046087.0°

6.0 mL.kgfl 7 646.3i1 172.1** 98 763.0i6 525.1** ﬁnﬁ 6 Fﬁ/j—‘_\" %ﬁﬁx@i&gﬂg ISO ALI\IE H9CZ éEHH@
BB 0.1 mg'kg! 9 164.14£999.2 90328149 847.2° 24, 48h J5, HMAAIEFREERIC (P<0.0D, £
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*6 TRIRER 1SO ERAFRTEX H9c2 HAiTFER
RSN (Xts,n=23)
Table 6 Effect of ISO exposure at different concentrations
for different durations on survival rate of H9¢c2 cells
(Xxs,n=3)

w5 Viili=v) IR IE R/ %
(umol-L™1) 24 h 48 h
X HE — 100.00£0.00 100.0030.00
ISO 10 97.21£0.22% 91.34+£0.82%
20 95.55+0.15% 85.7940.36"
30 94.00£0.13% 82.08+0.44"
40 91.59+0.22% 79.05+0.32%
50 90.00£0.18% 75.86£0.31%
60 87.71+0.20% 73.42£0.17%
70 86.011+0.15% 70.55+0.28%
80 84.214+0.09% 67.77£0.15%
90 82.621+0.09% 63.57£0.23%
100 80.5040.09% 60.78 £0.26"
110 78.77£0.06* 48.58 +0.62%
120 76.97+0.12% 45.87+0.36*

#* 8 SFIXI ISO iFSH) HOc2 HRATEERMFN
(Xts,n=3)
Table 8 Effect of SFI on survival rate of ISO-induced
H9c2 cells (X +s,n=3)

FUR A A FHOCPE . 1SO AEA T H9e2 4Hfd 24, 48 h
A2 BMiR 2 (half inhibitory concentration, 1Cso)
4 108.92 umol/L, [ HiEFE 100 pmol/LI1SO T i
48 h FE UM . WK 7 BTN, 2% SFI 14 i
48 h, YHHAFIEREAEH 24 h FhiE (P<<0.05), 1M
4% J% PA bR BE 1 SFI 2. 3 4k 4 i v& 7 (P<<0.01),
FH SFI A (136 M o0 5 H9e2 41 LA 7 2 AH 5%
PERIER RN . R 8 P, KA ISO 5 S 4t
YilG, %5 2% SFI T-15i 48 h, NS FEET
i (P<<0.01), FH 2% SFI fEM EikE 1SO i
AN tRE, BRI R A 2% SFI 3T 5 22525 .
3.4.2 SFI X} I1SO 511 H9c2 4l WX 4% 5
e Bl 11 MR 9 frow, SRR R, AL

x7 TREIRER SFI{ERARERER) HIc2 HHAETF AR
M (X+s,n=3)
Table 7 Effect of SFI exposure at different concentrations
for different durations on survival rate of H9c2 cells
(Xts,n=3)

N, AIAFIE R/ %
Hal FEY% an 23h
oyl — 100.00+0.00 100.00=0.00
SFI 2 96.41 £0.35" 98.78+0.27*
4 87.5510.59% 81.98+0.64%44
8 82.9610.98# 74.08 £0.23#44
12 79.4140.80% 66.5310.34%44
16 63.97+0.69% 54.051+0.36%44

51 Fl /% G R/ %
it & — 100.00%0.00
T — 61.17+0.49%
SFI 2 75.33+0.81*
4 64.141+0.60*
8 59.15+0.15*
12 46.68+0.75
16 40.36+0.70"
a-tubulin DAPI Merge

X

o

SFI

El11 SFIX}ISO % SaY H9c2 MR E MR RIS/ (X 400)
Fig. 11 Effect of SFI on the microtubule network in
cardiomyocytes (x 400)

*9 HBHEOINMEES a-tubulin FTRIAELE (X +s,n=3)
Table 9 Comparison of a-tubulin expression in

cardiomyocytes of each group (X £s,n=3)

ZH 5 /% a-tubulin®¢ Y6 oE
PARiGS — 7555+1 209
it — 23 746+ 1 680%
SFI 2 18 0892 685"

524 h WIRIARIELEE: *P<0.01 **P<0.05.
4P<0.05 **P<0.01 vs corresponding group of 24 h.

o-tubulin Fi& B ETHE (P<0.01); SERIAH L,
SFI 4 a-tubulin ik & FF(L (P<0.01).

3.4.3 SFI X} ISO %571 H9c2 A & i
JEERIER I WK 12~14 F1R 10 iR, 5
TR LA, AR AH R ER R IR LA A R IR LR A Y
hn (P<0.01), ZMifbRERD (P<0.01); HEA
YL, SFI TFlJ5 nl i 3% e B0 5 18 1 R A AR
th (P<<0.01),
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detyr a-tubulin DAPI Merge

TR 7Y

SFI

E 12 FECHMEBPHEEREHABRILEIHRRERL
(X400)
Fig. 12 Immunofluorescence image of detyrosinated

tubulin in cardiomyocytes of each group (x 400)

acetyl a-tubulin DAPI Merge

Xof

E 13 FEONAERPREER CBEEIHERRIE
(X 400)
Fig. 13 Immunofluorescence image of tubulin acetylation
in cardiomyocytes of each group (x 400)
4 e

CHF 2 — MR IRIMIGIR SR G L, ILF KA TR
B L P Bl X 2% i EELMEAE. CHF ik
5 EEZAE RO, FEIEFEIRE T, BEF A a2,
BEdErraity, SGRMEYIismiE, HahSiRett

polyglut a-tubulin DAPI Merge

20 pum|

E 14 FECHMEHERBRIULIEIFRETILE (X400)
Fig.14 Immunofluorescence image of glutamylation in

cardiomyocytes of each group (x 400)
F 10 FHHEONMEPREZOIFREIGREMLE

(Xts,n=3)
Table 10 Comparison of post-translationally modified
tubulin expressions in cardiomyocytes of each group
(Xts,n=3)

L G _JORHRE .
detyr o-tubulin acetyl a-tubulin  polyglut a-tubulin

W — 9260244041 23794315624 18340.71703.2

Fifl  —  17153.2+1139.0%10624.9+768.1% 25953.2+714.6"

SFI 2 12696.8+700.2" 160359+531.0" 21706.3+644.3™

SO VURZE 57k hRE R X EE . JAME CHF IR
AN, UL A T I B IR AR E A, TR REL
AR I N A, BEHESE I OUET 4R ), FEAK
OIS 4 R 21251, AR FE LS E] CHF /Lo BH R IR
PRI K RO AL ZY a-tubulin FRIETH 5 0 N 45 2%
£, fEREOIIRE NRE, SREAERGE M RE T R A
B EF4aRE T BRI e R i 45 R — 8, 4
TN S RAASTE CHF O FH IR R Ak e A
HEZEEH.

LAY T2 T R 1 () S B 2 1 . HDAC6
YENEER] a-tubulin 2 A WAL, HmRA R T
W BT, OB R E MRS, 0L
FRLRE I35 s I8 B A jaki26-281 B T 2 B, HDAC6 16l
FIFT S QLT RE, S8 CHF B33, AR5 K
B, AR R0 2 HDAC6 RIS & T
&1, fEBf acetyl a-tubulin 1A %5 17 SFI i)
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HDAC6 Fik % N, LEHLKTFIRE . EE IR
R OEME RSN S —HEE R, TTL &4
FF o-tubulin ZEX AL IOCEERG, 4 TTL RIAF
P, EERARAMI o-tubulin KEZEH, SHHEE
fififk,, 523 OISR ThRER+37), A 7R, CHF
O LA g s R R BB 2, KA TTL
FIE TG OISR AR AR08, B LS S ER A
BRI AL, AR BRAGTE TR FE IS Hh 3 B LA A 1L,
o R ARSI T Bk 5 & 5V is i,
SR NG ST REEES MRS .. AR ST
UHPLC-MS #i AR %5t 12 F SFI (196 20847
b JE K ST S ARG AT o TR, 4
7R 12 PS4 5 tubulin, Map2 . Map4. ATAT1
CCP. TTL. SVBP. VASHI. HDAC6. Mark4 354

BsmISE & 71, Ui SFI H A RUsor serE Tl
HEH.

YA R RoR, HRAA LR, SFI mifl
2 2RI RK KA T TS K BRC LEH 2R I 4% 5%
FEFREAK. N T DR SFI O & Al 3 5 15
MREEIE , SR FH R S ool i @i ib. &
WA AN Z BRI FRIA,  [R]B R FH e 4 A A D ik
EERABMHEXHN HDAC6. TTL IRk, HEwx
HgE R IR, B K RONASN LRAREAR
TR T S, OB R 45 SFIL il
JE B AR E KT S . A R SR,
LTI LU, B K RO L2 HDACG Rk
Fhim, TTL RiAFEAS: 457 SFI T1il/5 HDAC6 &
KPS, TTL Ri&THE, FE SFI Al HDAC6
Kik, Whn AL, FRHESE TTL i RIE DLFEARRL
EEMEAIR, ATIEINGUE RRE . 40 Se i 4h
REhYscsi&sh—5, H—BRIE 7 SFLME
B EE M R .

g b, AWK SFI e i 2% 0l 1SO 175 %
) CHF /0 PH B2 1E K B G DRE,  FRMEE NT-proBNP 7K
-, 3940 acetyl a-tubulin 7K°F, 78> detyr o-tubulin
A1 polyglut a-tubulin 7K~F-, AT f i S o B2
FFFERRAS . A7 T CHF OBHRRIEK B
O LR R O R R JE B e W IR A, 09 SFI
T 28 U E AR T CHF fEsegt 7
B o1 5IEE

FBFR AR ENRGEAEARZFR
SE 3k
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