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Abstract: Hepatotoxicity induced by herbal medicines such as Gynura japonica, which contains large amount
of pyrrolizidine alkaloids (PAs) such as senecionine (SEN), is among the most serious problems of herbal drug-
induced liver injury, yet there is no effective treatment in clinic. We have previously reported that ritonavir (the
well-known CYP3A4 inhibitor) protected rats against Gynura japonica-induced liver injury in rats, which was
closely related to the inhibition of the metabolic activation of PAs. A large number of lignans have been identified
in Schisandrae Chinensis Fructis and are reported to attenuate drug-induced liver injuries by modulating the drug
metabolism enzymes. Therefore, the present study investigated the protective effect and potential mechanism of
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schisandrol A (SoA, a representative lignan identified in Schisandrae Chinensis Fructis) against SEN-induced hepa-
totoxicity in mice. All experiments were approved by the Animal Research Committee of Shanghai University of
Traditional Chinese Medicine (PZSHUTCM210604002). Animal welfare and the animal experimental protocols
were strictly consistent with related ethics regulations of Shanghai University of Traditional Chinese Medicine.
Liver injury was induced by a single gavage of SEN (150 pmol-kg"); mice in the protection group were gavaged
with SoA (116 umol-kg"') 7 days before SEN treatment. The results show that SoA dramatically alleviated SEN-
induced liver injury in mice. Mice in the protection group showed decreased serum activities for alanine amino-
transferase and aspartate aminotransferase; in addition, the hepatic necrosis and sinusoidal hemorrhage in SEN-
treated mice were markedly attenuated in the protection group. The serum contents of SEN metabolites in mice
were decreased. /n vitro studies were performed by using human liver microsomes and proved that SoA inhibits
CYP3A4 to decrease the metabolism of SEN. These studies indicate that SoA attenuated SEN-induced liver injury
in mice, which was closely related to the inhibition of the metabolic activation of SEN. These results provide a
better understanding of the relationship between CYP3A4 and PA-induced toxicity. This work also will be helpful
in developing effective treatments for SEN-induced liver injury based on inhibition of its metabolic activation, and
in making reasonable evaluations of the safety of herbal medicines containing PAs such as G. japonica.
Key words: pyrrolizidine alkaloid; senecionine; lignan; schisandrol A; herbal-induced liver injury; CYP3A4
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T KIS EDE ARG TR A A 6p-F 5 2 (68-OH-
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MRM) £ =0 2E 47 8 I . 2 3% 4 ACQUITY UPLC
HSS T3 £ (2.1 mm x 100 mm, 1.8 um); i zhAH 4~ 0.1%
IR K- o B4/ R I&E &, N S 54k 4 °C
TRA I TS B o B35, AR A 158 41 A1 4
A 7 1EP2 R R LC-MS/MS 58 b i T B

WA Y T DR % A ALY (SEN N-oxide, SENNO).
$2 4L 72 ¥ (hydroxylated SEN, SENOH) [ & & ; B &
YeMt: 0~0.5 min, 2% £ I§; 0.5~3 min, 2%~20% £
i ; 3~5 min, 20% Zff§; 5~5.5 min, 20%~95% £ Ji;
5.5~7 min, 95% M. FEELAIKCEESEE, 51T
FLZH 2 37 7 1% DA Ehrlich 77 11 2% B B AL VA AT AT
A AR BT 4SBT ORI LC-MS/MS | 52 PPAs & .,
6 B e i : 0~0.5 min, 2% Z.f§; 0.5~3 min, 2%~20%
Z5; 3~5 min, 20% ZJ§; 5~5.5 min, 20%~95% . Ji%;
5.5~7 min, 95% 5. FALA PRI & 1 I8 T 4
Ju: T EOEEE, 336.2 > 120.2 (O BB 1 X), 336.2 >
138.2 (& M B %), T B G R S AW 824 =4,
352.2>120.2 (& = & X)), 352.2 > 138.2 (B &+
Xy B E AR (N AR), 326.2 > 120.2 (5E &= 4 ),
326.2 > 138.2 (GEVE B FX1); PPAs, 341.2 > 2522 (B &
B, 341.2 > 296.2 GEVEE 4.

ANBFRRL IR R RL  FFAoRi A S5 B Ak R AL
RS N CkiA (0.5 ¢L").NADPH (G-6-P, 10 mmol-L™";
G-6-PDH, 1 unit-mL"; NADPNa,, 1 mmol-L"), MgCl,
(4 mmol-L™"). Tris-HCI (50 mmol-L", pH 7.4); & & 1
100 pL.

DA b JFF AR A4 IR A& 2 I\ B J 3 F NADPH LA
AN R, N AS TR BE BT B W (BRI
100 mmol-L", H B i ; TAERAIRE N 01,10,
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JEE 1) LR I B VA R (BRI 100 mmol L', B EEIA R, T
PR ZME N 0.1.10.20.50100.200- 500 pmol-L™),
37 °CHillE & 5 min; M5 3+ NADPH, 37 °CHi# &
30 min, MUK B 2600 RS FFPTEEE, EEHH T
PPAs & &EI5E, FIHWAH T T B OGHAL Y SENNO.
SENOH 7 &l 72, I & To Wk B BT LG HAE A
fCRE R TARAR I 52

CYP3A4BEEMME SH CIRPHIE, K H KW
PREFE L2 [ N CYP3A4 HF 5 VA, W52 7= 68-F2
Fe S A B DARAE CYP3A4 B & . FFAORE A &2
PSR R AL R A N FFRORLAE (0.5 g'L) NADPH
(G-6-P, 10 mmol-L"; G-6-PDH, | unit'mL"; NADPNa,,
1 mmol-L™").MgCl, (4 mmol-L™"). Tris-HCI (50 mmol-L",
pH 7.4). X M JE ) % i (50 pmol-L™); B AAFT 100 uL.
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DA b FFAHORE 4 e 244 22 0 N B3 i3 3T NADPH LA (1
AR, IS TR 38 F) ke B R T (R 041
10.20.50.100.200.500 pmol-L™"), F37 °CTii & 5 min;
BN J& 8 -7 NADPH, 37 °C#% & 30 min, il A\ UK FH i
100 mL (75 P A5 0 R 35 B 30 nmol-L™") £ 1k Jz b 397t
JEEE [, 4 °C+4 000 r-min™ & 0> 10 min, B _F &R A F
LC-MS/MS 43 #7, i £y Acquity UPLC HSS T3 4
(2.1 mm x 100 mm, 1.8 um), i 3IH N 0.1% H R /K- 24
Jit; Bh FE e B 7 AR : 0~1 min, 8% Z.Ji; 1~2 min,
8%~40% <. J1§; 2~4 min, 40%~95% . Ji&; 4—~4.5 min,
95% LMo K F MRM A5 2 78 72 4 6-OH 521 1) &5
2 (B TEIE 7 4 65-OH £, 305.2 > 269.2; FArth
FREEH, 166.1 > 148.1), Wl & Tk T IF H X CYP3A4 1
PR o

RT-PCR 734 FRECIN BRAFAEZ) 10 mg, BLE RNA
Mg A $E AR & (L IR AEMEARGRA A, 75
220011) $ZHUE RNA, BT pg & RNA DL #E SR &
(H A Takara 22 @, $2°5: RF420A) ¥ %% 3% A cDNA, LA
5 [E ABI ViiA7 SE 5 ' 8 B3 R 1 58 e ke il | 4t
(RT-PCR) Wl 5 JH JUE o #H 5% 5 A 1) mRNA £ 3K 7K1
PA Gapdh N 2, R 270 H S AR 5 36 ] (A 4 o 3%
LE, VEHA RN L, 519 (Ll fEm A TIRAR A
"G PR .

G FE oM SCIRHIE R IE + bRHEZE (£ )
%7K, GraphPad Prism 8.0 (GraphPad Software, San Di-
ego, CA) B FH T 4t it 7 v, Wi 2HL 1A b 3 2 1R 28 77
A K FH 25k 30 34T 2 5 0 i, 45 P < 0.05 W3R oR %
FA G L.

senecionine schisandrol A
B (SEN) (SoA)

Table 1 The primer sequences for RT-PCR. Gapdh: Glyceralde-
hyde-3-phosphate dehydrogenase; Cyp3all: Cytochrome P450,
family 3, subfamily a, polypeptide 11; Pxr: Pregnane X receptor;

Car: Constitutive androstane receptor

Gene name Primer Sequence (5’ to 3")

Gapdh Forward GGCCGAGAATGGGAAGCTTGT
Reverse ACATACTCAGCACCGGCCTCA

Cyp3all Forward GAAGCATTGAGGAGGATCACAC
Reverse TTACGAGTCCCATATCGGTAGAG

Pxr Forward GATCATGTCCGATGCCGCT
Reverse TGGGAGAAAGTTGTGTCAAAGGT

Car Forward TTGGTCCCATCTGTCCGTTT
Reverse TGCTTTCTCTGCCCGCC

#HR

1 RBRFEE R PR T B em s RAT 545

W1 FTR, 5 VEH 41 B, SEN #5678 40 i ik 41
3] Frv] U B S T4 B SR BT SE S L, I 37 e 2
ALT.AST i 7 W 5 T (P < 0.001), 5 A it 25 40 wiy 4
IEP—F; 116 pmol-kg™ Tk 7B H T- 72 (SoA+
SEN) /) 5 A 452 47 175 190 A0 A 20 20\ 25 53, oK DL
073, L% ALTAST 3 7 B 0 52 B AR (59 3 PR AR &Y
57.8%-34.7%), LA |45 B 3558 B 0k 7 Il ARG T LG
BN B 3 1 BL A B R R E . k4, 5 VEH
L ELHL, SoA X EZH /N BRAT Dy JFF JIE s B R 10375 % 2 Il
BIRRILH R F
2 ARFEZERRER T B /R AN RIEENL

AR AT S AR, T BB AE (L3S
() 3= ZAC Y SENNO Al SENOH . ASHIF 78 5 T HL
JEHRIERL | h 5 LIS T B m R EAW R & &, 45
FF I, SoA T-Hi4L I SENNO.SENOH & & ¥ i
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Figure 1 Schisandrol A (SoA) treatment attenuates senecionine (SEN)-induced hepatotoxicity in mice. Mice were orally treated with SoA
(116 umol-kg™") 7 days before SEN treatment (150 umol-kg™"), and sacrificed 24 h after SEN administration. A: Chemical structures of SEN

and SoA; B: Hematoxylin and eosin (HE) staining of the liver; C: Serum activities of alanine aminotransferase (ALT) and aspartate amino-
transferase (AST). VEH: Vehicle group. n=8,x+s. "P<0.01, P <0.001
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R FHE7 SEN 4 (B 2A). BEAh, PPAs N PAs ST 21
AR B, 5L RE FEAR G, & 2B AT I,
T HLGHRE 5 24 h )5, SoA T TRAL LG 1 PPAs & & ¢
TR ZH B B PR (P < 0.01). LA &5 R4S, Fovk 11
FRRT A0 ) T BB B A S AL, BRI T OB B AR
TR
3 AWRFEZER NG T B SR 7 T ROR AR 89 TAR X5

FIF R AT AR 5, AR T BRI &
TN F RV EE T T BEOGHRAE N JHORLAZ (1 TAHAR
WHRBEE R . KRR A BOEFEAE R (BI3AB) AT
0, T BEOGHRAE N oL A4 kAR TAEAR A & L ZY g
112 ]2 N 5l 17 % Michaelis-Menten J5 F2 CK K5 R V=
V.o X [S1/ K, =[S], V, HBER N 5 KEE, K K R
B, [SINIE YR ), AR RN 0.999, K H 714.6 +
157.2 ymol'L", ¥V, N 1.21 £0.17 nmol'mg”' promin™', 4
TEJE % (CL,,) N 1.7 uL-mg” pro'min™ . H#f—FHf 5%
T B OO T B BRAE SR A4 B T AR AR 1 52
M, DAAS [F) 94 B k7~ B2 B (0~500 pmol-L™) 5T B
DRI, T HOG R LA AL 4 SENNO.LSENOH K&
PPAs IJAE A 35 5 I S OB FEAIR (B13C). B 255
P, TR T I OO T B O B 1A A B A B R
HI7E R -
4 FRFEZERHIFIARFRRL CYP3A4 BESE M
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Figure 2 SoA treatment decreases the serum concentration of
SEN metabolites in mice. Mice were orally treated with SoA
(116 pmol-kg") 7 days before SEN treatment (150 umol-kg™"), and
blood samples were collected at 1 h and 24 h, respectively. A:
Serum concentration of SEN N-oxide (SENNO) and hydroxylated
SEN (SENOH) at 1 h after SEN exposure; B: Serum concentration
of pyrrole-protein adducts (PPAs) at 24 h after SEN exposure. n =

8, x+s. P<0.05 "P<0.01,""P<0.001
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Figure 3 SoA treatment inhibits phase I metabolism of SEN in human liver microsomes. Michaelis-Menten (A) and Eadie-Hofstee (B)

plots of SEN metabolism in human liver microsomes. SEN (0-1 000 pmol-L") was incubated with human liver microsomes (0.5 g-L") at
37 °C for 30 min with NADPH. C: SoA decreases the velocity of formation of SEN phase I metabolites dose-dependently. SoA (0-500 umol-L™)
was incubated with SEN (200 umol-L™") in human liver microsomes (0.5 g-L™) at 37 °C for 30 min with NADPH. n = 6, x + 5. "P < 0.05,

“P<0.01,"P<0.001 vs SEN
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il CYP3A4 B & 1, 1 2| # (IC,,) 4/ 52.3 pmol-L”
(Bl 4). 1ZiBor 45 R 5 1ok 7 BE F AR T BDOBHE A
JEEARORE 1) TAE AR = 40 A B 285 SR AR AT, Bl A o
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Figure 4 SoA inhibits CYP3A4 enzyme activity in human liver
microsomes. SoA (0-500 umol-L™") was incubated with testosterone
(50 pmol-L™") in human liver microsomes (0.5 g-L™) at 37 °C for
30 min with NADPH. Enzyme activity of CYP3A4 was measured
by the LC-MS/MS cocktail assay by using testosterone as the
specific CYP3A4 probe substrate. n=3, x £ s

5 ARRFERSNE/NRAERT BN HXRER
B mRNA FRIAKF

i — 25 W 5 /N BRI A T B R R AR 1 O i A A
Cyp3all ¢k 5 ¥ % Ak Pxr. Car [f) mRNA 3 ik /K °F
(K'5). i85 24 hj5, SENALEFIE Cyp3all Pxr.Car[f]
mMRNA & 1K 35 5 75 77 5 [ 41 38 35 PRI, 5 SCkPo i 0
— 3 T SoA T L Hh I R ) mRNA T4 35 5 A5 7Y
5 T, 5T IR kT — 8, R R R
AR I T AU SR AT LR BRI R N RO

it

BT BOGHEE PAs [ o 245 LR B b e 0 3 BUH
BEVE 1 1) 5] [ BR w2 0732 SR VRPN, B B
G 2GR R B 2 — . PAs A B L EEE,
F A B A R P450 B (22 CYP3A4) AR AR Bl
T 5T 5 8 S AR i KO TR S AT 5 3

1.5 1.55

sk ok

=}
I

ok

Cyp3all/Gapdh
/ fold of VEH
=
1
Pxr/Gapdh
/ fold of VEH

I
W
1
S
W
1

0.0- 0.0

T
VEH SEN  SoA+SEN VEH

SEN  SoA+SEN

PERS AT 5T AS = -brb i B AR M 5 L PAs T
G HRR F B A AR A, R ORI P 2 TR R IR R
FEIE P S TR B A I SRR . AR K
B, TRl OO T BRI SN B B A R A
PRAPAE R, P2 I I 20 P PR B8 s I, FeAIC I 3 % 28 g
T .

25 W A g E 25 ) R 45 A O Rk 3 B A A
H, 259250 A8 LA AT g 2= 5 24 ) AR g 2 1 245
W7 A 2 R R 2 A R R A g
PR 25 A% BRI 22—, W2 P 2 R B A U R T
A, T RSBHA N HEE, PAs BUH M
AR B VA 2, 0T PAs A 1K 15 4 7™ =1 52 i H 55
o TR T EHRARIERERSZ—FRBWD TR
W RATAED IR AR RRAGEY), TR TBE 4 Tk
THE L TR Tl TR T SR FEARIE R RS
X CYP3A4 B 11 B A A R FE FE 1R 4 i) £ B, 9F
H A B FTUE S S A X6 2 AR I 1R T 4% 2 R
FE AR 2523800 B EHLENT . AHE L — 2B R A
JHAORE A4 5 19k - I H 6 CYP3 A4 g 3% 1 1) 52 i,
25 AR Y] LR T I T AT S0 CY P3 A4 B AT 250
AR, AR AR T BOGERZE CYP3A4 4L
PR =R & & . DA TS8R S PR F R
252505 FAMH] CYP3 A4 Bl v M i i 40 ) T B kA Gt
TEWEYIF G . CYP3A4 2 AT BB A v 1h 2k
B G BACUR G, 177 13 A% 2 AR 2258 X 324K (pregnane
X receptor, PXR) £l ZH A B #E S 4t 52 /& (constitutive
androstane receptor, CAR) X H B G 2 2 1 i 77 1
FHES, O R UE B 8% 52 R0 PAs B30 25 M (1 35 1
R A 9 B Ak 7 B FR T DL T B R RREU
495 7 B AE A Cyp3all Bt 524K Pxr Car ) mRNA
FAK K, AE T A, 3 — PR s kT
s PR T o T 24 ) A Bl R LT T B B B4R
Pt R AE R . DLARBESE N B, J5 2 it — B IR
PR T It FE X T B e sl A A IRl 23 A AT S A
Bl A7 SRR S AR AR L], o =B S T 5

sk 1.5

Car/Gapdh

/ fold of VEH
=
L

=)
n
1

0.0-

VEH SEN  SoA+SEN

Figure 5 SoA treatment modulates hepatic mRNA expression of genes involved in the metabolism of SEN. Mice were orally treated with

SoA (116 umol-kg™) 7 days before SEN treatment (150 umol-kg™), and sacrificed at 24 h after SEN administration. n = 6, x £ s. P < 0.05,

“P<0.01,""P<0.001
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