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Abstract: Objective Ultra-filtration affinity-liquid chromatography-mass spectrometry (UF-LC-MS) was utilized in conjunction
with enzyme activity assays in vitro and molecular docking virtual screening methodologies. These approaches were applied for the

purpose of pinpointing active ingredient for thrombin inhibition in different Salvia miltiorrhiza extracts and for the specific
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investigation of the “effective form” for these bioactive component group responsible for the blood-activating and stasis-resolving
properties within S. miltiorrhiza. Methods UF-LC-MS analysis and in vitro thrombin activity assay were employed for the screening
and identification of thrombin inhibitors in total phenolic extracts and tanshinone extracts. Spectrum-effect relationship was utilized to
assess the contribution of different active ingredients to the anticoagulant activity of S. miltiorrhiza extracts. Additionally, molecular
docking virtual screening was conducted to elucidate the underlying molecular mechanisms of the principal active components
targeting thrombin. Results The combination of UF-LC-MS analysis and thrombin activity assay conducted in vitro led to the
identification of seven components in S. miltiorrhiza with thrombin inhibitory activity. These components consist of salvianolic acid
C, lithospermic acid, salvianolic acid A, 15,16-dihydrotanshinone I, cryptotanshinone, tanshinone IIa, and tanshinone 1. Gray
correlation analysis results indicated that lithospermic acid and salvianolic acid A positively enhanced the anticoagulant effect within
the total phenolic acid extract of S. miltiorrhiza. Conversely, tanshinone was identified as the primary anticoagulant element in the
tanshinone extracts, which containing salvianolic acid and tanshinone concurrently, while lithospermic acid and salvianolic acid A
exhibited an opposing impact on the anticoagulant effect. Subsequently, an exploration of the collective impact of multi-components
targeting thrombin was conducted by altering the compound ratios. At high concentrations (all exceeding ICso) of salvianolic acid and
tanshinones simultaneously present, these components vied for the thrombin’s active site, resulting in an overall reduction in
anticoagulant activity. Conversely, when the concentrations of salvianolic acid and tanshinone components were below ICso, an obvious
synergistic effect was observed due to sufficient thrombin active sites. Molecular docking virtual screening technology was utilized to
confirm that the competitive inhibition may be related to the different active ingredients competitively bind to the same amino acid
residue of thrombin. Conclusion Ultra-filtration affinity mass spectrometry, in conjunction with molecular docking virtual screening,
was employed to delineate the collective impact of the blood-activating and stasis-resolving functional component group in S.
miltiorrhiza on thrombin. The investigation revealed that the type and content of active ingredients and the content proportion of
different ingredients played pivotal roles in determining their efficacy. These findings provide significant contributions to elucidating
the pharmacological mechanisms and ensuring the quality assurance of traditional Chinese medicine.

Key words: Salvia miltiorrhiza Bge.; thrombin; ultra-filtration affinity mass spectrometry; gray relational analysis; multi-component

single target common effect; molecular docking; salvianolic acid; tanshinone
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Table1 Related information of 17 batches of S. miltiorrhiza

G 5 e S
DIl 18-ds-ts1-001 mdt
D2 18-ds-ts1-002 mdt
D3 18-ds-tsl-003 b
D4 18-ds-ts1-004 b
D5 18-ds-tsl-005 b
D6 19-ds-tsl-006 b
D7 19-ds-tsl-007 Ak
DS 19-ds-tsl-008 b
D9 19-ds-ts1-009 b
DI0  19-ds-tsI-010 b
DIl 19-ds-tsl-011 Ak
DI2  19-ds-tsl-012 Ak
DI3  1910-ds-sxhz-01 53]
D14  1910-ds-sxhz-02 53]
DI5  1910-ds-sxhz-03 53]
D16 190700231 FEEZIAHRAE
D17 190703651 FEEZIAHRAE
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Table 2 8. miltiorrhiza extracts affinity ultra-filtration mass spectrometry results
i R UE N ST wmin omlz MEET BRZE (X109 MS/MS
1 M55 CoHioOs  2.74 197.0452 [M—H]"~ -1.607  179.034 6, 135.044 3
2 JE L AR C7H4Os3 4.65137.0235 [M—H]"~ —-6.695  108.020 7,93.033 5
3 3-FEHOKIR CsHeO4 5.80 165.0188 [M—H]"~ -3.163  121.028 5
4 FHEEE HA C27H2012  12.73 537.1050 [M—H]"~ 2.105  339.0516,321.040 6
5 RIEFR CisHi6Os  14.95 359.078 5 [M—H]"~ 3.396  197.0453,179.034 5,161.023 7
6 HRHR Cy7H2012 16.57 537.1049 [M—H]~ 1.994  493.1146,313.072 1,295.061 6
7 FHBER B C36H30016 18.50 717.1477 [M—H]"~ 2234 519.093 8,339.051 7, 321.041 0, 295.061 4
8 IR A C26H22010 19.95 493.116 8 [M—H] "~ 5.617  295.061 6, 185.024 0, 109.028 4
9 MRTIIRH IR CasH24012  20.46 551.1218 [M—H]~ 4120  353.0676
10 FHHE C Ca6H20010 21.70 491.0990 [M—H]~ 1.344  311.056 7,293.046 1, 267.066 5
11 JH&HER 1B CioHis04 27.89 311.1292 [M-+H]* 4578 293.117 5,275.106 7, 265.122 4
12 FISHE A CisHi604  29.16 297.1126 [M-+H]* 1.597  279.102 0, 233.096 6, 205.101 5
13 15,16-—&JFZH1 CisHis0s 3123 279.1018 [M-+H]* 0.749  261.091 2, 233.096 2, 205.101 6, 190.077 6
14 VEFHZH0 1 CisHis03  32.12 281.1178 [M+H] 2.060  263.1071,235.1120
15 FI&m v CioH2»04 32,50 315.1593 [M-+H]* 0.585  297.1489,279.138 6, 254.094 5,251.143 5
16 P20 CioH2003  34.34 297.1489 [M-+H] 1.141  282.1259,279.137 5,251.143 2
17 FFZH 1 CisHi203  34.76 277.086 3 [M-+H]* 1.477  262.062 1,249.091 3, 234.068 1, 221.095 9,
193.101 4, 178.078 0
18 M2y C0H2s0; 35.09 301.216 1 [M+H]* —-0.487  271.169 8,213.127 4
19 &S50 1 CisH1403  36.01 279.1028 [M+H]* 4547  261.091 1,233.093 6
20 Sl CioH1s03  38.56 295.1333 [M+H]* 1.555  277.1227,249.127 9, 234.103 8
PR PHIR IR A S5 EEEEES A % (44.72%) 1 1 %, BRI s (RIS AR (IR NE I E T iX 2

HED 256 2R 10 22 57 AT e F T 2 AN oy RIS AE 1
MG fFEE P eSS S A BLAEH .
3.2 SEMERS RSN HIE 14£I8 I

K FH A JRADEN E 1 SRR PR T e 15 21 1)
Ft2 th I AR 15 1 o0 o e IR G (R, JFDAE
Bt 1L AR 81 SR BT i BE A PH PR R 2 . 45 IRk
3 Ffto, oA 24 Bl o g B ) A I S 2 1) 1C s 1E
N (0.80£0.05) pumol/L, 5 3CHERIRIEMFF, WA
WIF 7 BT 38 7. 0t I T e 0 5 7 925 SR A AT 5
FHIER A PHYER Cv BHRR . 15,16- A S 1.
Ba P2 FHSR 1A FOPFZEA 155 3500 e i g A
SHANEER . 2 1 BT KSR
BEARR ICso . (=25.39 umol/L), TiFHEYEE B, 2k
EEIR FHS 205 ) LRI S35 A 21 BE 21 B
PR A
33 ASREEMT B IR & = 0k B
T E

KRG ST () UHPLC 20 7 VEBO 2 1 17
ST BRI EIAN 17 LTS 10 A

P M BTS2, DA 1Cso 1 Sy FL ik i g4
FNEEVE I FR bR . AFHLKF S BB R A2
P 2 E A7 D I P4 1) v 1 2 S B, o RS A
g3 2 72 E 470 10 ) 4 L PG 9 2 1) 1Cs0 fELPE 333.34~
2 329.89 pg/mL, FFZ R HEECH0 G EE B
ICso fH1E 16.94~609.81 pg/mL, FFZEA$ZEA KDL
EIETE S TS BRI .
34 EMERN

¥ 17 PP SRR WA 17 HEPFS SR
Yk 10 ANMEFRAST & B S PR ) B e
HVEVEREAT I EOCHAHT, S5 R ILE 3. FHOCHESS
REIR, £/ BMRIEI T, SRR R
A 5 1Cs E R A, KEKEES 7 8-0.738 1.
—0.727 5, &S BE BRI E) K PR YU I Y
TURRE 3 s TESHS BRI+, 15,16- S 2
I, P2, FEESE 1P a5 1Cso fH 2
FZE, KRBT HIN-0.776 6. —0.777 4. —0.776 1 FI
—0.764 4, &¢I B F0 /R FH 25 800tk R 2/
Fa P2 > 15,16- St Sl 1> P20 1> P20
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A-FFZERERY): B-FH 2RI S i vE B As A R4 C-FH&
AR B 5 KIG BB D-FHZER IS 2 B ;
1-REIEIR; 28R H00R; 3-FHEIR B; 4-FFRIR A; 5-15,16- — At
ZW L 6-FafHZM: 7-FFZH I 8-FFZ0 1a.

A-tanshinone extract; B-tanshinone extract with active thrombin
solution group; C-tanshinone extract with inactivated thrombin
solution group; D-tanshinone extract with blank solution group; 1-
rosmarinic acid; 2-lithospermic acid; 3-salvianolic acid B; 4-
salvianolic acid A; 5-15,16-dihydrotanshinone I; 6-cryptotanshinone;

7-tanshinone I; 8-tanshinone II.
1 D13 #tFHSER B Fh A HI S I BG Y 7E 1R 5 B 1
(BLE)
Fig. 1 Chromatograms of active ingredients that inhibit
thrombin in tanshinone extract in batch D13 (centrifuge
solution®)

A, (HPH IR A T8 LR U S UV B AR sl 1
Teoilk (RBERE 3514 0.808 2 F10.7815), HEMIZE
PSR, PESmRE T 5P
HAE, AEH TR 7L S G PR R A O,
35 ZENEIRMERTFEMASR) “ HEMA” E5

WIS EAFEN G & ELGIE S T 2 H 5
WHE T ) “HLF RN 7 o Hok, fE 100
umol/L fFHHER A 7y mlasin 5. 12.5 pmol/L ¥
15,16-— S 120 1. FEZSH 1. RBASEAFH SR
a, FEFFSEAZER NPT A S i 0 i) 3 P
FIsEm, S5 4. 100 umol/L FAIFHEER A 1 5
umol/L 1] 15,16- — &S0 1. FEZ 1. FartZEatl
FFS Ta St i B 5 1 A4 H R 43 58 (91.10+
0.45) %. (31.03+2.38) %. (18.97+225) %. (853+

3-RRIAFEIR: 4-5FIR: S-FIMIR B: 6-FTMIR Ao

A-total phenolic extract of S. miltiorrhiza; B-total phenolic extract of
S. miltiorrhiza with active thrombin solution group; C-total phenolic
extract of S. miltiorrhiza with blank solution group; 1-danshensu; 2-
protocatechualdehyde; 3-rosmarinic acid; 4-lithospermic acid; 5-

salvianolic acid B; 6-salvianolic acid A.
2 D13 #tfH5 2 ERER IR BN 4 Ik MBS AYIE 15 4
BiEE (HL'R®
Fig. 2 Chromatograms of active ingredients that inhibit
thrombin in total phenolic extract of S. miltiorrhiza in batch
D13 (centrifuge solution®)
3 PSRRI T B an B B0 et R R I AG RO IR 14
n=3)
Table 3 Inhibitory activity of S. miltiorrhiza standard and

argatroban on thrombin (n = 3)

A ICso/(umol-L™")
Rif o it B 0.80+0.05
PR A 26.29+0.24
FHEARE C 9.95+0.54
KR 286.50+15.19
15,16-—EF+ S0 1 1.1140.03
(SR ] 7.78+3.46
FHSE 1A 5.13%+0.96
P 1 =25.39

3.33) %A1 (31.83+£4.93) %; 1 24 [FEREAE 7Ty
R A 5EANFHSEIE SRS G, Fo i B
HEVESS A A FEFRRER RS, 3R S TS24
5FHmmR A SLEER TS B, TR gk
FOHIER -
kPR PF 2 BE M TR IR VE F T8 1
R LR, G KEKPAITEE TN 74
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Fig. 4 Thrombin inhibition results of coexistence of salvianolic acid A and tanshinones (n = 3)
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R4 AW 1~4 BYRREDHIERL (n=06)
Table 4 Concentration distribution of substances in experiments 1—4 (n = 6)
ai bi ci
i 15,16- =51
wE gER BN WBRO T WSE SR R
(umol-L™1) (umol-L1) (umol-L7) (umol-L1) (umol-L1) (umol-L™1)
(umol-L ™)
1 321.08 26.74 10.70 1.34 8.02 26.6 5.36 al+bl
2 321.08 26.74 5.35 0.67 4.01 13.3 2.68 a2+b2
3 160.54 13.37 10.70 1.34 8.02 26.6 5.36 a3+b3
4 160.54 13.37 5.35 0.67 4.01 13.3 2.68 ad+bd

IR 1 ~4 PLEVATRS R 3 FIRILA) ICso (HRCH, LA IIREES IR ICso fEAN 1/2 ICso fH 2 MKFs i=1. 24 34 4, SRR

*The test solution of experimental groups 1—4 was prepared according to ICsg of corresponding compound in Table 3, concentration of each compound

corresponded to ICsg value and 1/2 ICsy value respectively; i = 1,2,3,4, corresponding to different experimental groups.

1007 A -
80: ok
- ]
S 60
% %
= 401
s 4
20
0
al bl cl BT 1 pmol-L7!
100_ C sekk
S 60
{i- ]
g
20
0
a3 b3 c3  FainiPE 1 pmol L

AR5 1; B-A3E 25 C-kE 3; D-ikE 45 5 o A

1007 B s
] sk
. 801
§ ]
3% 60
:Hi ]
= 40
20
0 - : - —
a2 b2 c2 BBt 1 pmol-L!
100- D ek
80: sokok
o
= 601
£ )
E 40
and 4
20
ol L. : : ,
a4 b4 c4  BUAnEPE 1 pmol L™

*P<0.001, HA1i=12,34; FINEPEREE N 1 pmol/L.

A-test 1; B-test 2; C-test 3; D-test 4; “*P < 0.001 vs ci group, where i=1, 2, 3, 4; concentration of agatroban is 1 pmol/L.
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Fig. 5 Anticoagulant activity results of different gro
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&5 10 FigtRA S SR MBBRI XS R R ZEEEER

Table 5 Docking results and residue interactions of ten index components with thrombin

R e/ N
fetm (kcalfn;j) St L A L1
B o th BE —-9.76 HIS57,  LYS60F,  ASP189, CYSI191, SER19S, VAL213, SER214, TRP60D, LEU99, TRP215

ALA190, GLY193, GLY216,  ASP221, PHE227
GLY219, CYS220

HER -7.43 HIS57, LYS60F, CYSI91, LEU41, CYS58, LEU99, ASP194, TRP60D, TYR60A, ALA190
GLY193, SER195, GLY216 GLU192, VAL213
FHIRER A -1.55 LEU41, CYS42, HIS57, LYS60F, CYS58, SER214, GLY216, GLY219, ALA190, CYSI91, VAL213,
ASP189, GLU192, SER195 PHE227, TYR228 TRP215, CYS220
FIRE C -9.11 HIS57, LYS60F, ASPI89, TRP60D, LEU99, GLU146, GLU192, ALA190, CYSI91
GLY193, GLY216, CYS220 SER195, VAL213, SER214, GLY219,
PHE227, TYR228
FIZH 1A -7.94 — ASP189, GLU192, SER214, GLY216, ALA190, CYSI91, VAL213,
GLY219, GLY226, PHE227 TRP215, CYS220, TYR228
YR ~7.64 LYS60F, GLY193, GLUI192, LEU41, ASP194, TRP215 CYS42, HIS57, TYRG60A,
SER195 TRP60D, LEU99
15,16-— &S} -8.19 GLU192, SER195 HIS57, ASP189, CYSI191, SER214, ALAI190, VAL213, CYS220,
Zil GLY219, GLY226 TYR228
FZHE 1 -8.08 GLU192, SER195 HIS57, ASP189, CYS191, SER214, ALA190, VAL213, CYS220,
GLY219, GLY226 TYR228
A B
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A-argatroban; B-tanshinone II,; C-cryptotanshinone; D-15,16-dihydrotanshinone I; E-salvianolic acid C; F-tanshinone I; G-lithospermic acid; H-
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Fig. 6 Comparison of 3D structures of screened active components docked with thrombin catalytic sites
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