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Recent progress in the research on pyrrolizidine alkaloids from
Chinese medicinal herb "'Zicao" and their metabolic toxicity
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Abstract: Pyrrolizidine alkaloids (PAs) are a class of hepatotoxic compounds that are largely found in plants.
"Zicao" is one of the most commonly-used Chinese herbal medicines from multiple sources, owing to its anti-
inflammatory and wound healing effects. However, many studies have shown that this herb and its relative species
contain hepatotoxic PAs. These PAs may cause hepatic sinusoidal obstruction syndrome following metabolic
activation, and are therefore considered as potential toxic substances. Even though the toxicity of “Zicao" in
clinical use has not been reported, the existence of PAs will undoubtedly post a threat for its safety in long-term
use. It has now become the focus of many researchers to disclose and prevent its potential risk of intoxication. This
review summarizes recent progress and key scientific evidence found in the research of pyrrolizidine alkaloids
from "Zicao" and its relative species, including their metabolic toxicity. We comment on the need of future studies,
such as providing a reference or guidance for safety evaluation of this medicinal herb in clinical practice.
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Figure 1  Structures of hepatotoxic pyrrolizidine alkaloids (PAs) found in Chinese medicinal herb "Zicao". A: Two core structures of

necine bases of PAs in Boraginaceae plants; B: Two PA components found in Arnebia euchroma; C: Three PA components found in

Lithospermum erythrorhizon
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Table 1 A list of hepatotoxic PAs in Chinese medicinal herb “Zicao" and its relative plants. *As the stereoisomerism is very common in

PAs of Boraginaceae plants, the PA components identified only by GC or LC tandem MS are not included in this list. As for many other

proposed PAs, see the main text for details; °See Figures 1 and 2 for structures; °RE: Retronecine-type PA; HE: Heliotridine-type PA. AE:

Arnebia euchroma (Royle) Johnst.; LE: Lithospermum erythrorhizon Sieb. et Zucc. The relative plants of Chinese medicinal herb "Zicao":
AB: Arnebia benthamii (Wall. ex G. Don) I. M. Johnst.; LO: Lithospermum officinale L.; LC: L. canescens; OAW: O. arenaria Waldst. et
Kit.; OL: O. leptantha Heldr.; OE: O. erecta Sibth. & Sm.; OK: O. kaheirei Teppner

No. Chemical name? Chemical formula® PA type® Plant origin Reference
1 O’-Angeloylretronecine C;3HgNO, RE AE [8,17]
2 O°-Angeloylretronecine C,sHNO, RE AE [8,17]
3 Intermedine CsHsNO; RE LE [8]

4 C,H3;NOg RE LE [8]
5 Hydroxymyosorpine C,HsNO, RE LE [8]
6 CHpNO, HE AB [18]
7 C,H,NO; HE AB [18]
8 CsHsNOg RE AB,LC [18,20]
9 C,H3;;NO, RE AB [18]

10 C,H33NOg RE LO [19]

11 Acetyllithosenine C,,HiNO, RE LO [19]

12 O’-Acetyllycopsamine C,;H,;NOg RE LC [20]

13 O’-Acetylintermedine C,;H,;NOg RE LC [20]

14 CyoHyNO, RE LC [20]

15 C,H3;NO, RE LC [20]

16 Acetylcanescine C,,HiNOg RE LC [20]

17 Acetylcanescenine C,,HiNOg RE LC [20]

18 C,-H,;NO, RE OAW [21]

19 C,sH,sNOg RE oL [22]

20 Leptanthine N-oxide CsHsNO, RE oL [22]

21 3'-O-Acetylechihumiline N-oxide C,,Hy;NO, RE oL [22]

22 C,H3;;NO, RE oL [22]

23 Echihumiline N-oxide C,oHsNOg RE oL [22]

24 O’-Acetylechinatine N-oxide C,;H,;NO, HE OE, OK [23,24]

25 Viridinatine N-oxide isomer C,,H;;NO, HE OE [23]

26 7-Epiechimiplatine N-oxide C,sH,sNO, HE OE, OK [23,24]

27 Onosmerectine N-oxide CsHsNO, HE OE [23]

28 3'-O-Acetylechinatine N-oxide C,;H,,NO, HE OK [24]
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Figure 2  Structures of hepatotoxic PAs found in the relative plants of Chinese medicinal herb "Zicao"
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WESE 7 PASTE CYPs /5 I AR i 1k J H 5 i 25 4
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FF YO 7R A0 40N CYPs U B BEIFF 78 T PAS 45 14 A1
FRAHAR sz . g5 RR 0, BA WA T BB
Tl 45 ¥4 1) platynecine 78 PAs AN 4 48 15 3% 4k, , 111 £E A8 180
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B 1R R i o B T BA B 3R AL, CYP1AL.CYP1A2,
CYP2B6.CYP2C9.CYP2C19.CYP2D6 1 CYP2E1 X}
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AR g A 40 3H -k 1 1 - 7- 475 - FH I ((3H-pyrrrolizin-

7-yl) methanol, m/z 135), M Z5 44 5 DHP 1) 7 fir $2
FWoKY (B3, L-M1).

PAs IS A4 1 7T B 2 51 A st A% 2 1R 38U
PR E RN . LI F A, ¥ £ retronecine B! PAs (41
riddelliine. 8] F B % B £1 B & & 5%) « heliotridine 7Y
PAs (11 S K IF 2 B8 A K I+ =% i) LA K& otonecine !
PAs (4ri clivorine) 7E4K A #h 5 RT 7 DHP fi74E ) DNA
Tn& sl i k2 DNA I & 207K 7 5 BF s & A4
2 IEA B, EL R B, DHP-DNA & 9 75 K BT
PRI J 7K P A BT e e gk 3T BB, B R R
Tr =2, riddelliine B 77 45 il . riddelliine N-oxide. 7 [X;
T HLGH . K IF 3288« clivorine . 43 #4 i% « retronecine &
platyphylliine (1,2 7 7 f1 8 PA) . o, SRS A 1 Al
PAs (1 A4 i FH R I 32 B) — M 55 T X0 I A~ ot A Y
PAs (45T B . & 2R K I+ 5 riddelliine &), 1
— LRI PAs (41 BF B &5%) 55 F + =0 KW
fig 784 PAs ({8 HLBH%), 1M Jo e 2 1) retronecine 111
FT PASs f 5530431,

TEAR P, CYPs A3 B UHE AL R FE7E 1V 2 05 H H
AR IR B PAS P 50U 25 1 40 e L A
o, 5 01, Wang i 7T 2114847 %f - 5L o 1) B O e A
B %2 J& B MBI O IF 78, Lin 2504% 45 =-Erf T B s 7 1)
W FE, LA S Tang S5 18-SUx) By 25 B 1 S0 1L 28 5
isoline F1 clivorine [ 9156 . {H 2, AL B 5055 T
BR RIS PASIBIR D W 2 58 K H:
G AZ 7,9- X A TF A AL (1 myoscorpine
K1 hydroxymyosorpine) A1 7-8% 9- #. 5 HU A TT 30 74 (d
A1 KA % AN intermedine) PAs B4 (B 1411 2), JLAR IR HE
Je 35 B PR A P AF 3 — DR

HAFHEE R 2, CYPs MUAE PAs AR BHE 1Lk
FEAER, 1 HiE 2 5 HARI R, 05 PAs A
AR S . AN, 64 Py i LA AU, Qo R e L 2
WAL (FMOs) Il NADPH-P450 if: J5 g, A1 11 AH
AN, n PR — BRI ) BE B R e B il (UGTs) M
IOt H K% #2 Wl (GSTs) LA K W P9 v A 55 35 o] BE X PAS
AR W R H A eLo2sT) — du il (R ) K HLAR T iE
A58 30 VT R AE v 47 VT A 1899, {H HL A 2 W 2 g
AR IR AR AR FH DL S 4 /R, 38 B % JE PAS 1
3 F S5 B R 2 A I Rl A ) 2= S S T
FU0sSl, R 3E O A 45 A 1 PAs K R ALY £ ik
660 42 Fft P17 R AN [F] 98 B ) PAs 1] BE A7 76 AH BL ¥
AT ECEE PEAL, (H 551 1 2 S 6 28 3 BOLA A 1A%
WG R 58 g A, X R 2 s I 7 T [F —
PA 73 T 850 J& T A F 1 PA 43 T, FFAEAS TR A & 34
5 FalEANFEKEE RN . PR RZ 8 AN
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Figure 3 The main metabolic pathways and associated toxic insults (hepatotoxicity and tumorigenicity) of two representative 1,2-unsatu-

rated PAs (one is retronecine-type, monocrotaline and another heliotridine-type, lasiocarpine) in rats. M-M1-M-M5: 5 common metabolites

produced in rat livers both in vivo and in vitro from monocrotaline; L-M1-L-M12, 12 metabolites produced by rat liver microsomes in vitro

from lasiocarpine. GSH: Reduced glutathione; DHP: (+)-6,7-Dihydro-7-hydroxy-1-hydroxymethyl-5H-pyrrolizine; UGTs: UDP glucuronosyl

transferases; CYPs: Cytochromes P450s; FMOs: Flavin-containing monooxygenases; IB: Intestinal bacteria. Given the relevance to structure

and species, the metabolic pathways for different PAs may vary from each other. As the PA composition in different sources of "Zicao"

is underappreciated, their specific PAs and underlying toxicological mechanisms may be further studied.

1], 7 18 32 B % PA W] B IK BRUFF BRI (GPHL) /K fig N
retronecine 87, T 2K BRI R 114 JH R I D) 0F — 25 2,
Fif 35 f¥) PAs (21 isoline i1 clivorine) & 4% /K fi# (2= 2. Fk
k) 15 FB248, AW 7 U — 2D % 82 T B A iR
A AMR U B B AL, 45 ORI T 5 A R,
RIS 7 A A AL (M-M1) L2 itk A 4 (DHP
F17-GS-DHP, M-M2/3) J I AH R ) < T B 6 IR R ” 51
43 (monocrotalic acid A& H: 4 i M-M4/5) , 4 HIARE T
A R b B AL (RS L) i AR () 3); Ho,
CYP1A1/2 5 CYP3AFR 1 /3 BF & & Bl A & 4L,
&5 CYP2C K& FMOs LA 2 5 1 B | & il 2 A L)
BT R [ INE, F 7838 & 3 NADPH-PA50 i J5 filg LA
i P TR T R A T VA B P SRR L, T S 2%
FLAR NS BRE258, b A5 7R K B B A e 2
% 3| JfF CYPs.FMOs.NADPH-P450 it J5 g LA & iz N i
TS AT 1 T, i e i B 10 AR AR U B (W UGTs) 45
W AT REAS RS AE F o S S B2 AL, 10 A AR Gt B A B
I ol A P, T He S 4SS BT BT A B S PAS

i 52 B S R E (G4 4= 5% A1) 35940 558 11 N-76
7 BE S R AL 135k, T 6T PAS 25 B8 O SBURR I K BN
NN LT A G o T8 B M I
77 ] ff PAs I I M B 3 0 9, B2 0N IE B RN/ER
UGTs /5 HIAR M AT B 5 AR NS AL AH 324+, AT 7E A 5K
FLLC T b Ak N L B B AR A RS,

EH AT L, PAS AR AL i) Je 2 1A FH 2 I 2 FF
P, X T 22 B P AN A4 I PE AN 5] 45 #4011 PAS 22 1], 3 A4
T [ b e B AR i 1) 22 25 1 2 T G A 4 3 1
AT S A AR AT S LI 2 [) P A 157581,
22 RERHPASHISMMER HIhHLESEE
P RT3 18] 186 TC #1385 D% B W Ak oA 55 2 1 F 9 770
AZ I, G B DL M R RN R B S
1) LDy, fE A 110.2 g - kg 44 F. 11, Y5048 50 /K HI R DA e K
4525 84.8 g- kg MR (FH 4 T A AU & 1) 254 fi5) Xf
NERE B A Y, WS 14 K, oK I BB o e sl (]
WA R R E R R —E &, g1/ 30%
WL B, L N A R AR 30% A, 15 RINH
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40% Bt 115, i 4 45 B K /K BV (G124 5.0 g - kg™ BA
EE) N BROECE T AR A B, BT R KO
PEOOSE . WA ST IR, H A A AN

B 15 7E B 102 % 5 1) PAs Z N JF 3R 26 1,2- 48
AR PAS i (K1), Hob A Z XUHEE Y PAs (T
myoscorpine 5). LLE F R IF BN ], FoxF KR E
JiE (i.p.) BRIR 45 25 )5 1) LDy, 1 4 77 mg - kg™ /K 5, B
St T At — 8RR WUE B PAS IR EE I, 40 B
A W ) LDs, 15 24 109 mg - kg™ #& 105U clivorine iy
91 mg - kgt R FBA, (H A — I IR 0UE AL PAS 7 1
RYLA 58, B an: 3 A 5K R (Wistar) RS 2 J5
1) LDy, fE 24 518 mg - kg™ 14 5, 171 B 5 K I 2 6k 1 oy
110 mg - kg4 (SD K BR) ; 1M H. DAE i) 5E 7] P Wistar
KB 28 K ) NOAEL (R WL 3| H FAEH A &) N
2.5 mg- kg R, iz = T B R K IF ) 0.6 mg - kg
P EE U B AU 1) PAS B M — ORI, BN BE B4 T
KR IF 200 ) LDy oA 296 mg - kg 4 5, A7 F4 fié M)
it 7 1000 mg- kg™t Ak B AEE2, thAh, B RERIT R
xSRI BomE A A, & H LL0.2 mg - kg™ A H 6K
B E A B3 AT S R R A, TE R IE A S0 1 B )
PAs (4% 71 4 i « riddelliine . clivorine ., 5 K T B Y6 il
A1 symphytine) H e 7R T B 5 1) B T 70, B T
BRRIF NG DHPAs, K2 5K T RERAE I PAS B4
M EE I SR AR D, 1 T i — 2B 5T

B T PAs 135 M 5 H 45 0 & Fh g 722 A o5, i HL
E 52 B S o 32 31 8 R B K% TR A A BR AN 1 2 1k 1 52
W], At S5 48 BRI P B L i i Hh PAS 1) 2 A7 7E 25 B
e B 4y AT R AT IR R R0, o, SR RORL R I
¢ J&@ F.4) Heliotropium popovii subsp. gillianum & i i
B & VT4 i %2 e HSOS F 44, Molyneux S54RI NMR
T T 2 B AR o JL M b R PAS 4 AT T e MR
SE BT, KIE A RIT OB R R IT b, FHAR XS
LB 9 91:9, B PAs & & (& R AMW) H1.9% (LLF
an i) o Lin B 75 ISR H] LC-MS/MS 77 32 % o [ T
bR i 2 77 o PAS IR NS LEAT T 40 4T,
G5 SRR WY, 58% I BE i & PAs, & i Y [l v 0.04~
288.07 ug - kg, A Fa i AT s i) e 2 3 b A 3 21 PAS
Ji 43, T HE 3 SRR AT g 56 BRI 4 8 (Echium)
F1 %G BLT B % 8 (Senecio) FH . X T 2g < &
Roeder(® i 8 ¥ sR &K R p L R0 2 (R 1, Bl 1) 1 fg 2
o4 0.001%, fifi 45 B v 3~5 [ 43 %y 0.02%, {H 3 #E
o EIEA R %%, 165 KR PAs 158 M€ & 0 i
RIEEIR D, it — I G K A BT 1 ik
TG 2GR, TR AN Z AR R IR R .

3 KEXTARMRZEMMROIRK S

S RURHE ) 2 PAs 1 H ZDRIE 2 —, A I 2 7F
ZAL G2 BB AN A AP RIR, £ SRR
HZGE RN E T b, RE SR FHEY (N %
BRI VE SR ) BT R PAS B4 B AT (B S R 2 T |
KB A B AR) I LR Z 8101 {H i R IR Y K B R
ZiM T B A TR PAS LAy . Hovk, B RTFRIE 24
AT 3% b8 L0056 R 24 1 I 7 50 45 R P 52 R R4,
A 2B WU )1 S5 0 X ) S48 24 T, DA R IX ]
R (Wi KR R BRI AR A, H R Lt
LR DN AR EOE A E BTG NI I G LR e N DIE
S HRHT 30 AN i FP 7R FRIE Ay 2 Y, R
JE AN R R R 2 N IR R 3N, 1 £ 5 il
] PAS il 70 AR 1 fifE o 3 LB T BE X (R IE 4% 1 24 it F
st PR 2R i o RV PR IS P ) A8 A 2 A M 2 = A
%2]]@[9,10]0

5, R — 2w UL PAs (U0 B T AR T B
J6 7 <clivorine 1B SR IF 220855 AR5 2 24 1
FOBONIRN, BV 2 58 5 HAH 56 SRR AE 74 PAS
FIARH S LB ML I A TE 2 . FIRy, KREF R 32
N L PA R 3 BRI Y AM R B 4 B 4 s 56, T HL 2
AR 3 45 B T ML DR BR 1 PAS [ 85 44, eb
AR b 4T ZR G0 2 BRI ZRAE, 1 ) i g A i 4 R
F R P R S P B 7 SRR IR A, BB L3R
FIE B FE R ED . FRAE S T E R R A7 PAs
FREL 2GR UL, BRI TR AR D, VR SRR IR B = 2 A
A2 B SEREBIE 7, ST TR 0 R 25 IR AR AR gl AR Ay o 3
W, ARG IR b, R En] RER & 5 F 24 FH & /b sl Al i i
) AN K 48 J R A A A4 PAS (04 H B iR B A =,
PAs {4 Py AR 2 AR Ak AN 25 S S DR 3%, o L B 1
RS, R AR AT BE“ 2087 tH PAS i SR I fE . W 7%
T, B PAS & BEAR I 2544, W8 K I st & F
H, H1 PAs & B 5 801 b B fE G AK SR A7 AE, e il & H =
FH 24 855 R T FH DA R 2 8 SRR TR A% (1 1 T 123N, M2
YA HAE A RE, BRI R RS S T
PR ZE R R R PR B B A0S 3 M HSOS., A
TF 9 L0V 5% 4 35 B 1] 48 56 22 M 7F A 3 mT DLES Bt
clivorine & PAs [1] JFF 22 14, 1fi X E 8 25 K38 (1 54830
772 HE SR OV R TR R U R AT AR R B A AR
AR R 4 43, sl il FL AR (SR Bl 5 FL AR Y
WA () ER . X ST AR R TE /R Y 58 E PAS 41
Sy T RES PAs R A AH ELVE F, AT 5200 PAS [R IR UL 43
A AR AN HEE, A L SR 5 85 o T R N R AR B
Apves, SR IRz, B TR R TR IR, R g
PR Y 0 R ST I /s By B D A S L -9 L |
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43 R0 AR EL AR FH B A7 AT RE B 48 B 22 4 XU I A ff o
PERA RS FEE M, A T 48 K o5 3 5 o P o

MSCHRR A EE P9 4h 24X AR OC 1 e
2] (AR A ) B 5 (InigE) IR T KRR,
RIS T VF 24 R R PAs ARG 25 s Al M 245 R )
S N B B I UE HE 20, AN PAS T E 1T E
e PE & 51 K HSOS KR, tH 5t T A= 2040 (WHO).
B 24 i ) (EMA) LA K oA 22 [ 5 b X 40 Bt 458
HIE MR AT T & 1,2- M F0 PAS 114 245 e Fe okl i 1) 22
EfEHEME, X PAS I HBANRE ;T T M
014721 g HE K SR v, BRI E 1 F 24 KUK SR AF
TEM) o Gn DL b3 B 58 5 RORN A 45 B v 2 %0 PAs (1) 75
RO NG RN o] fe 77 2R 105 H PAs % #2 & (1%
H AR5 & 3~9 g 111H), 3 58 48 5 n] 78 30~90 pg, fili 4%
2 600~1 800 pg. 1% #E i T EMA T 2016
SENAT N (50 kg & ) & H AR PAs e KEEA
PR & (0.35 pg-d™); i fii 45 55 n[ G ik WHO 1 [ B AL,
bz A K (IPCS) T 1989 4 #E Wl 5 £ HSOS 1)
H AR & (70 kg 74 & 5t A B H 1 mg PAs)1071,
TX Sy Bk FE R [ 2 PAs R 241 R 25 KU FA B
25 UL R R A A R ) 5 T0 58 2 A R Ao Ja AR A
M. HarE x5 s E ) (CFDA) kAi 7(+H 2
2GR PE A G R P B R 38 T ), BoR T 22
Y5 A 7 T R B TS, 5 RN, R TR T
BL TR UE A B 1 o 24 T 40005 2 W R R Y
AT R WL PEA A 24 JFF 45049 i DR i A= 28 L HE B FE U AL
CTCN R Gy RN BE IR AL S B0, X e il 5 7 VAT
TEAWIR FE 5 56 3%, oK (2 ik B 45 58 B AE 9 (11 PAs
2 R B PAS BB S 5 A AT DA KR A VY
SE W ERG T 5T, HE S A ROA AR R ST
4 5N

PAs & — R KARMMEYIERE R . HAl, & PAsHZ
5 R R EIE R 5 2 4t 2 2 [E 4 s
Kk, BEEREWHESH S —, HEM KL
FEH N2, (A Fi R B & A 8P PAs il 7. 18
o KB SCHR A B, AR S PAS R 23 AL 2 e AR 1 B
PR AN J7 THI G 58 B 1) 2 A PRI ST BIOR B gk R AT T A
ghio GERRI, RFIFAFE M EIFAEY) (B m g 5,
i 58 B RIVEL 5K BE) 30 2 PO 3026 1,2 o A A 25
P I PAS B4y, Foghby & & R LB EH B A %
) B, AR MCEARL R 20 (B TR R T SR AR R T SE )
AT FEHE U 75 A P9 30T g R AR AR NS AL I A S BUH 5
(7 IRV, 7 31 2 7,9- WU B AR TT 34 2 PAs. 3 4, S8
TE A% F I R B8 52 B4R 2 A M S 28 43 IR0 AH AR F 5
m), BR] T 2 PR LA — 8 AN M AN B 1, R

AR A& . BT HTRE 24 TinEov iR
ALAVBLG, H b 55 SR 2 M B AT RE A7 A8 45 F SR TN
B EA WA R PAS 50y, A7 0 BRI LR
P b BEAT AT B 5 B AT

N T B R B LR M B R AR A, R Dy T B R
TRIR, T 50 L ) W L2 28 o 2 ot e LA F ML AR, T
Xt PAs A 25 1k J A 2 BL A ) BT 78 AN B0F B X
PAs [t FLAH ¢ i B 25 BEPE AT (0 1, 38 T RE R T
A RBTa T % R, MR 2“2 40 2 87 1
PEFHAS T H A, e 28 AT DA S — PA 3 N E AR B E 70
SEB, R BE T AR sh WA R 1) B 20 BEAREN T 2 A
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TP RERIR A B A L3 RAR LA AR A ARHR 20 Y
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