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Abstract: Objective To screen hepatotoxicity quality marker (HQM) of Chaihu (Bupleuri Radix) based on the associations between
liver-exposed components of total saikosaponins of Bupleuri Radix (TSS) and liver injury phenotypes, and to investigate their potential
mechanisms. Methods db/db mice were administered different doses of TSS, serum biochemical indicators [alanine aminotransferase
(ALT), aspartate aminotransferase (AST), total cholesterol (TC), triglycerides (TG)] and pathological changes in liver tissue were detected.
A selected reaction monitoring ion-pair database was established using ultra-performance liquid chromatography coupled with quadrupole
time-of-flight mass spectrometry (UPLC-QTOF-MS). Pseudotargeted analysis using ultra-performance liquid chromatography coupled
with triple quadrupole tandem mass spectrometry (UPLC-TSQ-MS/MS) was then performed to characterize relevant components in
Bupleuri Radix, TSS and liver tissue. AALT was used as the primary liver injury phenotype and AAST as a supplementary reference
indicator, partial least squares regression (PLSR), grey relational analysis (GRA), Pearson correlation analysis and Spearman correlation
analysis were employed to evaluate the associations between liver-exposed components and liver injury. Network pharmacology, machine
learning, molecular docking and molecular dynamics simulations were further integrated to investigate potential targets. Results TSS
significantly reduced levels of TC and TG in serum of db/db mice (P < 0.05, 0.01), but high-dose TSS also increased ALT and aggravates
liver tissue damage. Pseudotargeted analysis identified 39 TSS-derived components exposed in liver tissue, and four candidate components
were preliminarily selected using PLSR. Following cross-evaluation using multiple analytical methods, 6"-O-acetyl-saikosaponin a and
6"-O-acetyl-saikosaponin d showed relatively consistent associations with liver injury phenotypes and were therefore prioritized as
candidate HQMs of Bupleuri Radix. Machine learning identified seven core targets, including triosephosphate isomerase 1 (TPI1), cyclin
B1 (CCNBI), checkpoint kinase 1 (CHEK1), erythropoietin-producing hepatocellular receptor A2 (EPHA?2), serine/threonine kinase 1
(AKTT1), aurora kinase A (AURKA) and cyclin-dependent kinase 2 (CDK2). Enrichment analysis indicated that these targets were mainly
involved in the cell cycle, phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) and p53 signaling pathways. Molecular docking
and molecular dynamics simulations supported the possibility that the candidate HQMs could form relatively stable binding conformations
with the corresponding core targets. Conclusion Pseudotargeted analysis was employed to characterize the transmission of constituents
along the “Bupleuri Radix-TSS-liver exposure” chain. By integrating phenotypic association analysis of liver injury, machine learning and
molecular simulations, 6”-O-acetyl-saikosaponin a and 6"-O-acetyl-saikosaponin d were prioritized as candidate HQMs of Bupleuri Radix.
These findings provide a basis for their subsequent validation and for elucidating the material basis underlying the hepatotoxicity of
Bupleuri Radix.
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learning; molecular docking; molecular dynamics simulation; 6"-O-acetyl-saikosaponin a; 6"-O-acetyl-saikosaponin d
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B20149, FigE/7¥=98%). LEHlk 2t D (it
B24459, JREDE=98%) T H R A MEHH
PR HE] s WRERE L (alanine aminotransferase,
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S BAEFEHBIINRS IR E RS, E S
W8 30, 504 50psi (1psi=6.895kPa); AN
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BB, N UPLC-TSQ-MS/MS X242
FFy TSS+ X & it K T2 2R S R AT H0LE [ 40T
X A — 4 S YA RN A BT 5OA [F R 28 Xt
RIfIZA~ SRM BF%F, HRHEME MR . {0 bk &
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¥ (https:/lilab-ecust.cn/pharmmapper/) . Swiss
TargetPrediction (#f5 % (http://swisstargetprediction.
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— WO INE B HFE (topological overlap
matrix, TOM). KHEREREEE G MIERER A
B TN P A i P g S AN 2N S PR ¢
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M & AL (svmLinear ) A% [ 3 4% 37 £ W\ & #L
(svmRadial), svmLinear [&E &S] &% (C) =1;
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sigma HIVIZREERHE HIGENAG S, C ZIRIE5UF 5
272, 270 205 P S BASE SUIRHIE 52 TAERHMIE
M & '~ i #2 Carea under the receiver operating
characteristic curve, AUC) Afittk H Anfi e it
ZHME . ARG R 5 HFBEHLAS UEIE 5
RS EL TR, J3 SRR SR ORAUEE— 37 BE A4/ ]
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2.7.8 SHAP Mttt afmllas 7 IRy mr
RN, SR SHAP S92} S 0 A 7R R 47 g e
T TR ARFERT SHAP {8, &b H XA R 7
iR iviik, JFiEit SHAP Summary Plot. SHAP
Dependence Plot J2 SHAP Force Plot % 1% o8 53 (1]
FHEME AT 1) SR B — R A T 45 2R (1) DTk
BEAT AT 73 BT
2.8 SFXHES

K H AutoDock Vina X 58 5 I 8 : Q-Marker 55
“2.7.77 TR IR IE A% OB R AT A 0, VR
GiameMREMEEN. EERSESEHE
AutoDockTools NI 442 PDBQT #% = AE ML
s AZOFE RV = 4E45 1 R 80H RCSB PDB #idf
J& (https://www.rcsb.org/), & 5/K. INASETALFE
JEURATN PDBQT #& AN . BB N2 s 78
s AT, KH AutoDock Vina THESZAK-FLikgh
Hht. GG RORG, IR SHEOLS AT E R

B J15 . B H Kl AMBER14SB_parmbscl 4
713, WA SCHER T GAFF2 Mg, FHF
F Multiwfn 3.8 Al ORCA 6.0.1 {14 RESP2 J& 1 H,
Faf U8, RSO ARt I PR R, BB A
BTG, KA TIP3P /KB 347145 711
&, N Na*fil CI A& R fr¥pd b, [RIR NaCl
WREEVATT A 0.15 mol/L. ¥ 5T 5 000 s REE i
M, B G BIFETER-TES (NVT) FIfEE-1E &
(NPT) &% T AT 100 ps P40, $5J5 FF & 100
ns 7 ¥ 81 15
2.10 FIHEDH

K H GraphPad Prism 9 #AFHEAT 1122047
HRUAX £s Kow, AR AR KT Z 54T
3 #R
3.1 TSS xf db/db /)R IMAS- FTIhEE K BT¢H LA fRTE
T RS2

WK 1-A. B iR, SxfHE4LEbEs, BRI N
BAZTER R IR 7%, TC. TG KFREH
B (P<<0.05. 0.01), [FWIME ALT 3552 7
(P<<0.01), $&7x~ db/db /NFRTE E R PERE PR AR 6L
B FOHIR—E A, SRR
B, TSS HAEA/NRIMIE TC. TG /KP¥EE %
ik (P<<0.05. 0.01), B TSS v &3 db/db /)
B AR UE, A IENUARRARIE AL FFIhREfEts

o g A R B A AR T SR SR L AT o K25 B IR, TSS R EAL s ALT 35 M5
2.9 SDFENNFESH AT RER, M TSS EAEA ALT iEHiE—»
RIGAIE 5 7 X B T 1S S2 K- AR B AW fa e BETE (P<0.01), KBS F&E TSS A/ N db/db
£, KH GROMACS 2026.2 B AF#E4T 100 ns 737 /NRFAMi . S4LI35 AST iEHEZ%E F L gii2
A 10 H## 44 C
i TR
5 6 * Y
E¢ E] -,
= 2N ‘ 5 3
R O 80 320 R O 80 320 L H
B TSS/(mg'kg ') TSS/(mg'kg ")
607 " 507
5 i 2407
S 40 5 304
\\é“ 204 E 204
5 & 10- 100
< Z B 100 pm
O-Xﬁ,ﬂﬁ K 80 320 O_Xﬁﬁ MR 80 320 TSS 80 mg-kg™ TSS 320 mg-kg™

TSS/(mg-kg™)

TSS/(mg-kg™")
XA #P<<0.05 #P<<0.01; SHA4ILLE: "P<0.05
#P<0.05 *P<0.01 vs control group; “P < 0.05

*P<0.01.
*P <0.01 vs model group.

1TSS %} db/db /NERILAE (A) FFINEE (B) MATLHLURIELAL (C, X200) MM (X £5,n=3)
Fig.1 Effect of TSS on blood lipids (A), liver function (B) and liver tissue pathological changes (C, x 200) in db/db mice
(Xts,n=3)
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B, PERTEARSIG KM, AST XF TSS 75 SR
AR S AR, DR IS SR i 2 B ALT K&
A 25 B2 AR R VRN AR
FFHZURE2EER (F 1-C) Bor, ST/
BT 40 P HE Z R IR, R L B T 7 1 A AR
B HERLAH AR B, A TR TR AR
PERBRY /N RAEEARY S A S i) . S
FHEE, mifE TSS s S it — 2 N,
IR HE R AL SERAE R 2, I
AL DL BCAE SR IRBE o b o 7 A A R s B 2 45 R 3
[FZ2H, TSS Al A RPF(K db/db /MR MG TC. TG
K, SRR AR AU 2L, A s 7 & TSS vl 1E
db/db /)N BRI S 85 s 2 5 Rk — 2D i = AR

45 -
3.2 WERESER

TSS ) UPLC-QTOF-MS 73 #1 Jii i ¥ 95 &
MSDIAL HEAT USSR IUCFIIENS 55 /5, HL3R1F 392 AMKE
IV s dE— A2 50 Bk (R 2R 0 K T — 40 1 A5 JEL Ui
G, R 218 N RSLE RHIEE KX I ARG CE
8, PAEAES SRM &5 £ diE i , R F UPLC-TSQ-
MS/MS X it BEATFURE 1] 7347, K B TraceFinder
A AT a1 U0 S 0 AR A . R — a9
XF RIS R I B8 B0 R B8 15 B R AT i ik A
FHE, m4&PT 39 N HARS, UPLC-QTOF-MS
EPELE R 1, UPLC-TSQ-MS/MS DL [i7] {113 5]
L 2.

# 1 UPLC-QTOF-MS EM4&ER
Table 1 Qualitative identification results of UPLC-QTOF-MS

&5 fr/min SRMI SRM2  iRZE (X109 CENV T %

1 4302 623.1648 315.0502 3.2 -35 C2H32016  isorhamnetin-3-O-rutinoside!'”)

2 4913 535.1821 160.053 2 -0.1 =35 C26H32012  —

3 5.587 527.1204  321.0753 1.7 —35 C26H24012  —

4 5750 6473782 617.3734 -3.2 —25 C2sHss014  —

5 6.512 897.4503 851.4454 23 —25 O-acetyl-bupleuroside V12

6  6.632 557.1303  349.062 3 0.4 =15 C27H2s013 —

7 6741 7974685 6354251 -0.9 -35 C42H70014  hydroxy-saikosaponin al?!]

8 7.027 797.4663 6354146 -3.7 -35 C42H70014  hydroxy-saikosaponin di”)

9 7.515 8854828 839.4792 —0.8 25 C4H72015  acetyl-hydroxy-saikosaponin al??!
10 8169 8394775 797.466 8 -2.8 =25 C44H7015  acetyl-hydroxy-saikosaponin di??
11" 8278 971.5234 925.5113 1.3 —45 CasH77017  saikosaponin ¢
12 9.272 857.4276 811.4809 =5.0 —45 C43H72014  saikosaponin b3[20]

13 9.404 8714637 8254601 —25 —

14  9.614 8574212 811.4836 -1.6 =35 CssH71014 —

15 9.764 1013.5334 967.526 6 -0.6 -15 CsoHgoO13  6"'-O-acetyl-saikosaponin ct?]

16 10.209 857.4891 811.4835 -1.8 —45 Cs3H72014  saikosaponin b4[20]

17 10224 10155429 969.5390 =15 —

18 11.234  899.4797 853.4923 -3.8 -15 CssH74015  2"-O-acetyl-saikosaponin b3[2%

19" 11266 8253849 779.4530 -7.3 —45 Ca2HesO13  saikosaponin a

20" 11.628  779.4576 617.4051 -14 -25 Ca2HesO13  saikosaponin b2

21 13.080 853.4103 811.4830 4.5 —25 Ci9HesO20 —

22 13.069  899.4994 853.4905 5.8 -15 C4sH74015  6"-O-acetyl-saikosaponin b33

23 13.167  779.4560 617.4022 -3.5 -15 Ca2HesO13  saikosaponin gl?"!

24" 13.736 663.4101 617.4015 =7.1 —25 C36Hs80s prosaikogenin d

25 13.815 8254614 779.4575 -1.6 -35 C42HesO13  saikosaponin b1[24]

26 13.947 8394118 793.4370 0.1 -25 Ca2HecO14  —

27 13.885 899.4120 853.4943 -1.4 =25 CssH74015  3"-O-acetyl-saikosaponin b2[?]

28 13.951 853.424 8 811.4862 -1.7 —45 Ca3HesO17 —

29 14.049 8534963 811.4855 1.0 -35 C4sH714015  6"-O-acetyl-saikosaponin b4[2¢]

30 14291  663.4108 617.3957 -0.8 -15 C3¢HssOs  prosaikogenin d isomer!?3]

31 14.673  779.4562 617.403 8 -32 -35 C42HesO13  saikosaponin bi2"!

32 17207 8673920 821.4655 —4.6 -35 C44H70014  6"-O-acetyl-saikosaponin al?"!

33 17.408 823.4696 781.4598 1.2 =25 C4H72017 —

34 17907 8673903 821.4682 -1.3 -15 Ca44H70014  2"-O-acetyl-saikosaponin al?”!

35" 19.281 8254620 779.4562 -33 -25 Ca2HesO13  saikosaponin d

36 20518 8234557 777.4422 -1.1 -15 Cs2He6O13  E-16-one-3-O-B-D-glucopyranosyl-(1—3)-p-D-

fucopyranoside(?®]

37 21.780  821.468 7 779.4553 0.7 -15 C44H70014  4"-O-acetyl-saikosaponin al?’]

38 25.171 867.4726 821.4669 -2.9 -15 Cu4H70014  6"-O-acetyl-saikosaponin d[?"]

39 26216 819.4510 7774385 -1.9 —35 C44H70014  16-keto-acetylsaikosaponin al*!
G RIR A

* Confirmed by reference standard.
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A-pseudotargeted chromatogram of TSS; B-normalized pseudotargeted chromatogram of TSS; C-overlay of pseudotargeted chromatograms of Bupleuri

Radix, TSS and liver tissue samples (TSS low- and high-dose groups).

2 HEEESEE

Fig.2 Pseudotargeted analysis chromatograms
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3.3 KBS

3.3.1 PLSRCH/MHT LA 39 N LURFE R 1)
IETACNEHZE (X, 27 LL ALT. AST FHX T4
RIS B2 AAE (AALT. AAST) NIHAE&E (7)),
57 PLSR #7Y, WK 3. AALT EAEAUKINE S8
N R2x=0.998. R2y=0.989. 0*=0.745; AAST &%
RIS B HCN R%=0.998. R%=0.974. Q*=
0.634, EiRZEFFKW], PLSR BRIXIBIAMEA RS
B G R, ARAAAE A U, DR VIP B
(] U 2R B0 E AR 2 AR R 0 4 B S TR 7 1 1) B 179
S, 45 VIP>1 ik B A &, AALT EHAH

A i

VIP (AALT)
S = N Ml-lk W

0.004

-0.002 .

-----------------

)4 &3 ((AALT)

— e —

l Eil!ﬂi@llllli**.I..ﬁ---ﬁ---____

T
l\<r<\l\o-——4\oc\oxmm—unmoo<r<rl\oooxln
N AN — A

0.002 -
___-_-__l_- —m .

AAST ZHBRILIIRESH] 10 MR (B 3-
A, O, iR—8. Z&RERESH (B 3-B.
D), V& 12, 32, 35 Al 38 /& 2 R AY i iy B A f iy
(1) VIP 8, HFEVAREESNIEM, $RHLEEKF
JH&ES AALT. AAST Fhm 2 1EMHSG, WEES TSS
7 SR AE 2

3.3.2 GRA. Pearson fll Spearman 4341 *f+ HAZ
B 39, FEARN 6 IR sl MNEARLE M, 17
TEIE A KU, RIAHIF F7E PLSR R 1A% & i
HR AL B, Pl GRA WIS
AALT AAST “BAV 751 (1) AR FEEE , KA Pearson

171
371

161
23 b

e 5

----------------------

-0.002 -
-0.004 -

[FJH 2% ((AAST)
(=]

IR

N

i

— e ——

A-AALT #27 VIP [&; B-AALT #84[A[ )4 R 50 &; C-AAST #8 VIP [&]; D-AAST LR [a] ) 4.
A-VIP plot of AALT model; B-regression coefficient plot of AALT model; C-VIP plot of AAST model; D-regression coefficient plot of AAST model.

E 3 PLSRRZE VIP EMEARK S HE
Fig.3 VIP and regression coefficient plots of PLSR models
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ARSI T AT Spearman FRAH I /AT VAN 25 18 70 5
TP AR bR Z 8] B ZMEAE ST B AR O, It
T3> AUV A% 1% 17y 55 AH S S B 45 B RE ) &
FHEAERHHE. 2454 PLSR. GRA. Pearson.
Spearman Fl7rFHFUATEE R, ST LEEH TR Q-
Marker #4727 & VT

LA AALT VE8 EZ AR, AAST 1Ry
B2 48hR, X 39 MNMFHZURFE T ITE GRA.
Pearson } Spearman FH70#T, 4558 WL 4.

GRA 7R, #EFEMITS AALT KRG KEL
J# (greyrelational degree, GRD) 4 0.457~0.760,
I 38, 32 5 AALT ff] GRD 43724 0.707 #1 0.695,

SRS 4 SRS 8 7. MHELZ R, W 120 35 ()
GRD 44 N5 22 A 25 £,

Pearson H %/ 7, AALT 5 AAST 25
IEAHE (r=0.973, P=0.001), Spearman k554>
WM BoR = B & — S i (p=0.943,
P=0.005), $&75 AALT F1 AAST Ft 2 e i) T 45 45 A%
W EA B — Sk

TEAHRRR BE R = B oy, U6 38 5 AALT A
AAST ] Pearson H5¢ %4374 0.742 F11 0.728,
S HERA S 4 ALFIER 2 A e Spearman AH 2K R
3 0.771 F10.714, 0l S 1 ALRIEE 3 47,
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Fig.

A-AALT [ GRD #EF¥; B-Pearson f15¢ & %; C-Spearman FAHIC R %,

A-GRD ranking for AALT; B-Pearson correlation coefficients; C-Spearman rank correlation coefficients.

El4 FHALAREMS SHTRAIEIRE GRA RIBX D

4 GRA and correlation analyses between liver-exposed components and liver injury indicators
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0.583 M1 0.585, ZralHE4% 10 FAEE 9 fir: H
Spearman #H2X RE 754 0.714 F1 0.771, 4 513
YIHEA S 2 AN 1 AL, SAKRE, U 38, 32 7E
Pearson [ Spearman 43 #7745 3 B HH 558 e 1) IR AH 2%
ZH, Horhig 38 18 2 Mo trh g R —2
% 32 ] Spearman HF4 5 - Pearson 44, #RH
55 45 48 bn 2 18] 0] e B A BN AR E (1 B AR AL
=R

% 12 5 AALT F1 AAST [f] Pearson 3¢ 2%
S35 0.410 F10.298, ZrolHEA S 18 FLAIES 23
fir; H Spearman #H5< R %5704 0.257 1 0.200,
ANFEFIHER S 18 LIANHEA A 22 i, U 35 5
AALT 1 AAST [¥] Pearson #H 2% RE53 78 0.237 il
0.225, ¥IHE4 5 25 £ H Spearman AH 5 R £l
74 0.257 F1°0.143, 73l I F0HEA S5 18 S AIHER 28
23 fif . Pearson Al Spearman ;T3 3RHH, 1% 12, 35
5 AALT J AAST FIAH R BEAI RS o

34 ETREHEZS5HR[F IO STHE

340 fRIE R IR ST S DILL AHOCHE RIEE 44
o 3 ANAFEEGE E AT T 12, 32,

35, 38 MV TEAE FHHE AT, XoF Fr A s AR 33 AT ik -
ZEJG, HAFBIFHICHE N 484 40 RO HEK BN
s, HEEESE GSE102006 F1 GSE136059 & 3F
Jei, XA IR R R REH FEET T 2R N b
i, 44T (principal component analysis, PCA)
SR (E 5-A) R, FHLRSENACEEZ J5, KR

AT R g . ZR KRBT (K 5-B. D) &
W], DILI 3L 35 486 MERRIE K AR ELNL. 57
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A-PCA of GSE102006 and GSE136059 datasets before and after batch effect correction; B-volcano plot of DEGs; C-correlation analysis between WGCNA

modules and DILI phenotype; D-clustering heatmap of DEGs; E-soft-threshold selection for WGCNA (B =

12, R? = 0.85); F-WGCNA co-expression

module clustering dendrogram; G-module eigengene clustering dendrogram and module adjacency heatmap.

5 DILI fHXEFEKME
Fig. 5 Construction of DILI-related gene set
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5-F)o BRI R ONTHGC T 17 MEEC iy
GV 2 TR B 3 R BR (P<<0.05, K] 5-C).
NFRIT b3 S A R ] R AR Rk T O, BT
B BLHURFAE S R W) g AR SRR S5 A G PE#VE, B
W A ] () B[R] Rk A = (B 5-GD o @i K%
Gt £ R RIEMEE S WGCNA Ak ek
NAHZE A, B&WIE T 625 4 DILI I K4E .,

3.4.2 gk oo AH DG R A0 B SR R 5 Th e s 4R
SFT BIE 120 320 35, 38 MISEHE S DILI A%
SRR AR, e T HAER T g #2 i 2
B 33 MBAEAER S (B 6-A). it GO Fl
KEGG & & #8 (A MAE IS RIHTRAE. &
BREERKY, GO =4 Bg RimEhE: BP &
TR A 2 7% Go/M BRF . 2 o 5 B 42 K
PEMWE AW (B 6-B); CC REEN T Y%k
s RgE g RS IR O E A4 (B 6-C);
oy T Uhtie DAL SR/ 75 2 6 A R v 1 2 Rk
s &, HEARWBM N E (B 6-D). KEGG i#

T AR IENLEE 3-1% % (phosphatidylinositol 3-kinase,
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Fig. 6 Determination of DILI targets related to candidate compounds
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A-model performance in training set and ROC curves of key genes; B-model performance in validation set and ROC curves of key genes; C-ranking of

top genes based on feature importance; D-bee colony diagrams, small bee colony diagrams show the distribution of gene expression under different

conditions; E-scatter plot of SHAP value distribution of key genes; F-a summary chart of the contribution of genes to prediction.
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Fig. 7 Identification of core genes involved in liver injury induced by candidate compounds
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Fig. 9 Dynamic simulation parameters, binding energy decomposition, Gibbs free energy landscapes and binding

conformations of hepatotoxic Q-Marker of Bupleuri Radix and each dominant target protein
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