FAOEBNY 20265118 L¥34at A Drug Evaluation Research  Vol. 49 No.11 November 2026 + 3807

[ REsx ]
AE AW ERD & 2% 0 HRBI RO R AER LS

[ aE L2 AR 3 R 3, TR 3 A

1 BAEE T RS AR A& AL P A, ik Fil 063210

20 IR —ERRY: QUREESRFED Rl S me b, (LR 5re 250117
3. FE TR GUREARERD WWAREREBE A AT, LR 3 250103

W E: B NS ERY (SMEE) XH4ERNRE SRS M SO 7B R T, 0 12 16 1 B A R AR L
#ile 75k  LL2dpf BFAER AB RS A AONEWO R ILRBE D 1 Te (emic2: EGFP) AN R, RA4ERIKES ML
J1EEvE, ROERKSE-SIIKER (SV-BA) BEE . OEKMP. BRI, OEGMAEERE. BEmbE. Fiad. 0%, R
WE M nppa. nppb mRNA #ik, ¥4 SMEE (10. 20. 40 pg-mL™") FICLBEESYEM . RH UPLC-Q-TOF/MS #4E SMEE
FEMFERSY, A MSZTIY: . Lipinski MU 22 25 M ARAAE 23 BT PR 105 v R Ak, R0 FH B 5 .00 ) S AR 2R iR 47 500 IE
KA H0: %5 AC16 DI, 4 FRIEFE (102 20 40 pg-mL™!) 4B 24 h, MRS /1. B BANFRIE (BNP).
LFERRIK (ANP) & & R A W ELES (T-SOD) &M 456 E AR IRk AH Sl g L& M, R Western blotting
K PDZ A1 LIM S5 #3885 19 2 (PDLIM2). # [ T-«B p65 (NF-kBp65) K p-NF-kBp65 KL, RSx4,
FEAIZH SV-BA FEES . OEKI AR B MLEAR & nppa. nppb mRNA ABX FiA BT, OREEMAEHR. SHHTHE.
S E ORAMAEEREE (P<0.001); SHEETAMLEL, mikEE SMEE 4 iR iR 8% %3 (P<<0.001). UPLC-Q-
TOF/MS L3545 50 DR 1k RAEL R, HAMXERR 5L 1% &L ERIRS 154, A THIE S e R iEE R
ARG HEAT S G IE B % 5 M B . SRV AE LY, SR EE Rk A IR 2 SV-BA BE B O /K I T AR L Bk LTI AR 22 nppa-
nppb mRNA FHX} KA T I5 B 3E FEK (P<0.001). 7E H202 31 AC16 4HHu AR R, 158 20 41 i vF 73 A T-SOD v PE B
i, BNP. ANP & &JbE (P<0.001); HEEIAMM, HEFMRA LRfarl BEKE (P<0.01. 0.001), HEAFAH%LE
SR B JEAR DGR & 4, IRk PDLIM2 {EAJS2RER1EE H; Western blotting 45 R &R, A4 PDLIM2 &
H#IETHE, NF-xBp65 F1 p-NF-kB p65 & ALK (P<0.01. 0.001); SHRIHAALL, HEFMRAIEE NF-«B p65 Fik
F+ &+ PDLIM2 RIEFFHE (P<<0.001), p-NF-kBp65 RixFtH (P<0.05). L5 DREAEERAIE R N AME AL ffOR AR O IR
YERD, HLHLHIAT A8 575 PDLIM2/NF-xB p65 155+ IS0 N S O LA B 35145 45 o

KR S O RIEER: MG LIM ZliES 2 (PDLIM2)

FESAES: R6S XEkFRERE: A NERS: 1674 - 6376(2026)11 - 3807 - 17

DOI: 10.7501/j.issn.1674-6376.2026.11.002

Pharmacodynamic evaluation and mechanism of action of active constituents
from Salvia miltiorrhiza in ameliorating acute heart failure in zebrafish

YAN lJinfeng'-2, LIU Yan’ao’, ZHANG Shanshan?®, JIANG Xiaohua', JIN Meng?

1. School of Basic Medical Sciences and School of Public Health, North China University of Science and Technology, Tangshan
063210, China

2 Institute of Brain Science and Brain-Inspired Research, Shandong First Medical University & Shandong Academy of Medical
Sciences, Jinan 250117, China

3. Biology Institute, Qilu University of Technology (Shandong Academy of Sciences), Jinan 250103, China

s BHA: 2026-06-26

ELTH: EXEMFRITR BRI &1 EAET (2026YFE0201900); 5K HARIEE T R4 (82574783); RL¥HEHEL
FKIH (tsqn202312233); LA —ERKZE (LREBEZRZERD WRKR-SEMBES QU HBUTE (202404)

TEEEN: EE, 5, BEmsid, Mrmh4EEYR M. E-mail: jinfengyan999@163.com

*BIEEE: WLAME, 2o, 0%, W7 MONA RGUBITHESIRIT 7. E-mail: jlangxiachua@nest.edu.cn
W &, &, BR, PR INAIEEP . E-mail: mjin1985@hotmail.com



+3808- EAYBE M 20265118 %L¥3at A Drug Evaluation Research  Vol. 49 No. 11  November 2026

Abstract: Objective To evaluate the protective effect of the ethanol extract of Salvia miltiorrhiza (SMEE) against verapamil-induced
acute heart failure in zebrafish, screen candidate active constituents, and investigate the underlying mechanism. Methods Wild-type
AB zebrafish and cardiac fluorescent transgenic zebrafish Tg (cmlc2:EGFP) at 2 days post-fertilization (dpf) were used. Acute heart
failure was induced by verapamil, and sinus venosus-bulbus arteriosus (SV-BA) distance, pericardial edema, venous congestion,
ventricular fractional shortening, stroke volume, ejection fraction, heart rate, blood flow velocity, and nppa and nppb mRNA expression
were measured to evaluate the cardioprotective effect of the SMEE (10, 20, and 40 pg-mL™"). UPLC-Q-TOF/MS was used to
characterize the major chemical constituents of the extract. Candidate active constituents were prioritized by integrating network
pharmacology, Lipinski’s rule, and structural similarity analysis, followed by validation in the zebrafish heart failure model. H202-
induced injury was established in AC16 cardiomyocytes, after being treated with rosmarinic acid (10, 20, 40 ug-mL™") for 24 h, and
cell viability, B-type natriuretic peptide (BNP) and atrial natriuretic peptide (ANP) contents, and total superoxide dismutase (T-SOD)
activity were determined. Proteomics was performed to screen relevant pathways and proteins, and Western blotting was used to
determine the protein expression of PDZ and LIM domain protein 2 (PDLIM2), nuclear factor-xB p65 (NF-kB p65), and
phosphorylated NF-kB p65 (p-NF-«B p65). Results Compared with the control group, the model group showed increased SV-BA
distance, pericardial edema area, venous congestion area, and nppa and nppb mRNA expression, together with decreased ventricular
fractional shortening, stroke volume, ejection fraction, heart rate, and blood flow velocity (P < 0.001). Compared with the model group,
all of the above indices were significantly improved in the high-concentration SMEE group (P <0.001). A total of 52 major constituents
were characterized by UPLC-Q-TOF/MS, of which 15 had relative peak areas of approximately 1% or higher. Integrated screening
prioritized rosmarinic acid as the candidate active constituent for experimental validation. Compared with the model group, all
concentrations of rosmarinic acid significantly reduced SV-BA distance, pericardial edema area, venous congestion area, and nppa and
nppb mRNA expression in zebrafish (P < 0.001). In the H2O2-induced AC16 cell injury model, the model group exhibited decreased
cell viability and T-SOD activity and increased BNP and ANP contents (P < 0.001). Compared with the model group, all of these
indices were significantly improved by the medium-concentration rosmarinic acid treatment (P < 0.001) and by the high-concentration
treatment (P < 0.01). Proteomic analysis showed enrichment of cardiomyocyte cytoskeleton-related pathways and identified PDLIM2
as a protein for subsequent validation. WB analysis showed that PDLIM2 protein expression was increased, whereas NF-kB p65 and
p-NF-kB p65 protein expression was decreased in the model group. Compared with the model group, rosmarinic acid treatment
increased NF-kB p65 expression and decreased PDLIM2 expression (P < 0.001), while increasing p-NF-«xB p65 expression (P < 0.05).
Conclusion Rosmarinic acid exerts cardioprotective effects in both in vivo and in vitro models, and its mechanism may be associated
with regulation of PDLIM2/NF-kB p65 signaling and attenuation of oxidative stress-induced cardiomyocyte injury.
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A-Representative images of each group (magnifications: x3.2 for the first column and x6.4 for the remaining three columns; scale bars: 500 um and 200 pm,
respectively); B-SV-BA distance (n > 6); C-Areas of venous congestion and pericardial edema (n > 6 per group). n represents individual zebrafish. Violin plots show
the median and quartiles; line and bar graphs are presented as X 4 S ; ““P < 0.001 vs control group; *P<0.05 *P<0.01 *#P<0.001 vs model group.

1 SMEE KEF4 BB D & 4t 0 R 54

Fig.1 SMEE improves cardiac structure in wild-type zebrafish larvae
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x4 "P<0.001; SHEMALLLE: *P<0.05 #P<0.01 *#P<0.001.
**P<0.001 vs control group; *P<0.05 *#P<0.01 *#P<0.001 vs model group.

E 2 SMEE XEHEEEWIEHNE DI (X £5,126)

Fig.2 SMEE improves cardiac function in transgenic zebrafish larvae ( X s, n=6)
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SRS TTP<0.001; SREERUAILE: "P<0.01 *P<0.001.
**P < 0.001 vs control group; #P<0.01 *#P<0.001 vs model group.
B3 mDaCRERYR HE 28RO ARBIRSYRIE (X L5, n=23)

Fig. 3 HE staining of zebrafish heart tissue sections and expression of heart failure markers ( X *s, n=3)
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JF B R i (P<<0.05. 0.001).

3.3 SMEE jEMRS 57
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SRS "TP<0.001; SHHALE: #P<0.05 *¥P<0.001.
**P <0.001 vs control group; P <0.05 *#P<0.001 vs model group.

B4 SMEE MERD&H&OERMMREE (X L5, n26)
Fig. 4 SMEE improves heart rate and blood-flow velocity in zebrafish larvae ( X X5, n==6)
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Fig. 5 Positive (A) and negative (B) -ion base peak chromatogram of SMEE
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# 2 SMEE 52 NMEERK 4 UPLC-Q-TOF/MS RiLZHRIERE
Table 2 UPLC-Q-TOF/MS characterization of 52 major constituents in SMEE
¥ W I miz SEMfE/miz BEE RE(X N XU
1 1.08 [M—H]- 191.0201/191.0197 2.0 CeHsOr TR @ 1.148
2 309 [M—H]- 197.046 3/197.0469 —3.0  CoH100s FI&%2 0.776
3 546 [M—H] 447.1155/447.1144 24  CisHuO1z  leaf movement factor IP 0.060
4 611 [M+H] 205.096 8/205.0972 —17 CuHnN20, L-fAZH 2 0.013
5 647 [M—H]" 447117 2/447.1144 6.2  CigHzO13  2-[(2-O-D-apio-p-D-furanosyl-p-D-glucopy 0.098
ranosyl) oxy]-6-hydroxybenzoic acid®
6 7.96 [M—H]- 179.0347/179.0350 —1.8 CoHgOs WIHERR @ 0.252
7 855 [M+H]" 540.147 8/540.1500 —4.1 CzHxsNOu — 0.101
8 885 [M—H]" 325.056 9/325.056 0 2.8  CuHwOo  FRPIEEIE A RES P 0.098
9 907 [M+FA—H]~ 509.2235/509.2240 -0.9 CaHsOwu  rhodioloside F° 0.107
10 929 [M—H]- 375.0734/375.0722 33 CisHi0s  2,3-Jii%A 3-(3.4-ETEXAR)-2-[(34- —#3E  0.113
ZR) V. F K] AT A
11 961 [M—H]" 357.0623/357.0616 2.0 CisHuOs  L-—ZKHBHEAER® 0.097
12 10.61 [M—H]~ 473.074 4/473.0725 14 CxpHisOn HER® 0.357
13 114 [M—H]- 521.1302/521.1301 03 CuH2s013  FRRIEAEHEE @ 0.988
14 11.96 [M—H]~ 537.1009/537.1039 55 CxH201w  FHHER I° 1.772
15 13.33 [M—H]"- 537.1040/537.1039 0.3 CxH2O1n  FIHIR HP 0.151
16 1356 [M—H]~ 717.1491/717.1461 42 CsH01.  FIHIR E2 0.325
17 13.66 [M—H]~ 359.0758/359.0772 —4.0 CisHis0s  BIEFHFR? 3.899
18 14.79 [M—H]~ 537.1017/537.1039 —40 CxHzOn 4HER? 2.051
19 17.03 [M—H]~ 717.1455/717.1461 —0.8 CaxH:001  FIHER B? 57.545
20 20.92 [M—H]~ 717.1463/717.1461 03 CzHxOw.  FHEHER Y2 3.094
21 21.22 [M—H]~ 701.1556/701.1512 63  CsHx01s  3"-deoxy-salvianolic acid B° 0.415
22 21.36 [M—H]"~ 551.1216/551.1195 3.8 CxHuOn  HERHIfLP 2.517
23 2196 [M—H]~ 731.164 3/731.161 8 35 CsH2O0w,  4-methoxyl-salvianolic acid B® 0.666
24 2503 [M—H]~ 491102 0/491.0984 74 CxHxOw  FHHR CP 0.062
25 2510 [M—H]"~ 565.136 1/565.1352 1.7 CxHsOr2 HERZALD 0.185
26 26.25 [M+H]" 313.1433/313.1434 —0.4  CiH00s  FRIEFESISHH b 0.194
27 26.71 [M—+H]' 315.086 2/315.0863 —0.4 CuHuOs  FJIHER F° 0.222
28 26.85 [M—H]~ 671.1450/671.1406 6.6 CasH2s01  FHEBER B-CH202° 0.215
29 26.99 [M—H]~ 671144 8/671.1406 6.3 CsHs0u  FHHER B-CH202° 1.170
30 27.29 [M—H]- 671.1436/671.1406 45 CasH201  FHEBER B-CH202° 0.221
31 30.33 [M+H] 311.1274/311.1278 —12 CiH180s  (—)-FISfIIs" 0.306
32 3110 [M+H]" 341.1387/341.1384 1.0 CxHxOs trijuganone C° 0.185
33 31.23 [M—H]~ 295.097 5/295.0976 —0.3 CisHis0s  FIS iR AP 0.305
34 31.35 [M—HO0+H]* 309.1119/309.1121 -0.8 CisHis0s  3-hydroxytanshinone Ilg 0.259
35 31.89 [M—H]~ 487.3413/487.3429 —33 CaHuOs  FIEHHR? 0.311
36 32.02 [M—H]- 313.146 4/313.1445 6.1 CiH»Os  HiFEFHSER AP 0.344
37 3241 [M+H]" 279.1037/279.1021 57 CiHuOs  —EJISHAR 1.061
38 32.61 [M+H]" 303.196 2/303.1955 4.1  CigH2603 2-methoxyestradiol® 0.834
39 3297 [M+H]" 281.1178/281.1172 21 CusH0s  /NISHRZ® 0.324
40 33.24 [M+H]" 315.1592/315.1591 0.4 CioH20s  HiB&SISH 0.650
41 33.46 [M+H]" 301.1805/301.1798 2.3 CigH20s  &75EH° 2.110
42 3349 [M—H]~ 595.293 6/595.288 9 7.9  CaHw01P  1-(9Z,12Z-octadecadienoyl)-glycero-3- 0.372
phospho-(1'-myo-inositol)?
43 3357 [M+H]" 330.1225/339.1227 —0.6 CxH10s  FISEHFEg 0.452
44 3422 [M—H]~ 571.292 2/571.288 9 58  CxsHw012P  1-hexadecanoyl-sn-glycero-3-phospho-(1'- 0.677
myo-inositol)°
45 3459 [M+H]" 297148 0/297.1485 —5.1 CiHx0s  F&f}&fH 2 4797
46 34.62 [M—H]~ 315.194 8/315.1966 56 CooH20s  IKIEEH P 0.285
47 34.80 [M+H]" 277.0865/277.0859 21 CiHiOs  JISff 12 1.323
48 3508 [M—H]~ 299.2025/299.2017 2.8 CaxH:s0:  MfZHyb 0.458
49 3560 [M+H]" 279.1009/279.1021 24 CisHuOs 1, 2-=EFS0H 1P 0.444
50 36.69 [M-+H]" 281.1529/281.1536 —25 CioH002  FEITZEUELNNITE AP 0.377
51 37.03 [M+H]" 295.1310/295.1329 7.0 CiHi0: SIS LA 3.848
52 37.70 [M+H]" 283.1690/283.1693 —0.9 CioH202 SISl @ 1.364
a-5 Natural Products HR-MS/MS Spectral Library 1.0 #%FEIUAC, 454 — 5 WAS i i & & MS/MS W (5 B 458 s bRk A2 STk J2 MS/MS

ZURRAEE -
a-Identified by matching with the Natural Products HR-MS/MS Spectral Library 1.0 and combining accurate mass from MS and MS/MS fragment
information; b-Tentatively identified based on relevant literature and MS/MS fragmentation patterns.
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Fig. 6 Prioritization of a candidate active constituent from Salvia miltiorrhiza
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Fig.7 Verification results of key indicators of rosmarinic acid in zebrafish larvae
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