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Abstract: Bufadienolides are the main active ingredients of traditional Chinese medicine (TCM) Chansu (Bufonis Venenum) that
have significant pharmacological activities such as antitumor, cardiac, analgesic and anti-inflammatory. Until now, the acquisition of
bufadienolides is still mainly extracted from toad medicinal materials. However, the cost of this method is high and the profit is quite
low. Meanwhile, the medicinal resources of bufadienolides are deficient seriously. Hence, the associated drug development and usage
was greatly limited. In recent years, researches on the synthetic biology of active ingredients of TCM have played an increasingly
important role in protecting the resources of TCM. Based on the principles of synthetic biology, the method of designing and
modifying microbial strains to produce natural products has been widely applied. Yet, the application of this method should be based
on the elucidation of biosynthetic pathways of target compounds. This review summarized the recent research progresses on the
biotransformation and biosynthesis of bufadienolides. Furthermore, the biosynthetic pathways of bufadienolides were speculated and
related future directions for producing these compounds have been prospected as well.

Key words: Bufonis Venenum; bufadienolides; biotransformation; biosynthesis; microbial transformation

LSRN AR WS IR R EGM 32— RML Gaht AR ISR AT I TR, R BT &5 s ik
U, R A, MHTRER. HHEER  IERAERERERG . PUMR . EOR. Hik.

Yeks HER: 2020-12-20

EEWB: EFE =3 “ERHZH” BHECET (20172X09309006); HEK HAFAIESEEINH (81673540); i @ AR 3 4% B
TiH (16ZR1434100)

EEE N RO (1993—), 5, WiL#hsidE, B hhgiamER.

«EEEE: T (1986—), B, RBIFFRGE, L, Wiy mAPARIES SR . Tel: (021)51322495  E-mail: wrffrw0801@163.com
RIS (1971—), 2o, BEFCR, L, BRI RARF G BAEY % 5 TR i AER Rz,
Tel: (021)51322576 E-mail: zhaoshujuan@126.com, zhaoshujuan@shutcm.edu.cn



<4742

FEH 20218 $52% H 158 ChineseTraditional and Herbal Drugs 2021 August Vol. 52 No. 15

PUR . PUMRST . B FIRR. T S5 2 5
BT B3 M2 Em e Y, R bz R
W LR SR R IR B, TEBSE RO
o, EEZGMERRAE VST O WLER I SR A 02U
ol O UEZE A B Lo Fh R T A B AR 12,

AT Sk ) R P9 ISE 2 R 2 AR 3 M
TR S5 A ik S 2 6 T LR Y, A% AR 7
Wzt ik BB 224 St A 7 SR IO H 2t 1 G, ifkR R
M AT R SRR, BT R 2 BIEAT S
£, URFEDUA R R MR TR, R 2 3 BUkE
RET AV M SR R OK Y, TP E R A S P
7. I N TR TR M R, AU TR 2 —E 1R
KA IY], T L e 7 S A AR AR S
SR gkt 2 o, DOk, E A A
FRIOE T B R e S sy A2 BAE AT, g
figk e EL 24 P 5 R R K AL T T AN D . IR
oK, 2 PR R B AR A L PR A b 25 B R T T
RAEFC R BB (15 U 34 A SR 3
BETH AN SO A 0 B R A 7 R AR K 7 1k EL
JEZANK], TR I R EEE SLAE A AR )
B BIE R SE A RN ISR 2 B2 AR S A T e 4
T IR R T A e 0 TR PAY I SRS A e A L T
MDA R AR, RGE BB T ik — 05 TR A B S
O R OB AR AR AT R i S LA AL Y S I

O 0
O o]
\ / N\ ,
OH 0
HO HO HO
I I

=B UG T R TR R P IS IS R LW B R R
JEHT o
1 e T IRER BRI S EH %

Wi PN TR 28 B2 7 TP 2B IR 1Y) 3 BEVE VR LAY
A KSR Bufo gararizans Cantor B3 22 HE#E ik B.
melanostictus Schneider FIVRAARE P4, ik P i
KR oy E B NP, RIS T R g 2
(bufadienolides) 1 20,21-FF 4 s i py Fig 217,

TERTEER S IETR T, S IR P 5 25 By
FENIERERIMAEY, MERERIBUED L
OYONMETE T I SR AT R G RS O SR AR P R
117 R 24 S 7RI PR A ) 0 T ) ot A s R
il o BRISERA MRS, FERERTERR
B & RAESRIEE A . ek —IRER
a2 — K BRSO, 76 C-17 A5 /N oA
AMPNEER Co-METEERA ) ME. MRIEECARAZ L1
HUARFE DA, e — A R PO T 288 B 40 i PR L i B
EREZERIERF N 5 2K, Rl EE R
(D. fEMERFREZE D, WiEdE (1D, B
BRER (IV). HABRIEERIER (V), BHZ4H
L 1 i g P TSI R 10 5 A R I
A/B A LEH . B/IC M AL/ FN C/D e A4
H, RS EH W 3-OH, 14p-OH X 14,15-FF4
PRI AR A QI JE A

0 o)
le} 0
\_ )
O
OH 0
HO' HO
v v

LR RS T-RWERFRLAESE T MEmNER  IV-RUETRR VARSI R RO
I-bufalins II-resibufagenins III-arenobufagins IV-psi-bufarenogins V-epoxyresibufogenins
B 1 AR IEERAER S RS X
Fig.1 Skeletons of bufadienolides

HAT, Cresl 142 Frifskr e KL &9, 4o
IeEE R (bufalin, 1), BRIEEEALHEE (resibufagenin,
2). HIEFF (cinobufagin, 3). HRIEF T R
(cinobufotalin, 4). ZTHEIEEFS (telocinobufagin,
5) & JLrhEEe R L PR EE NG AR AN AR R R A
Dy f TR Joit R A A4 HR S U E R 4R B B R T
(T EZ5 8 2020 A

2 SERRTIRBR N ER A S I AR L

Mk R N BRSS R B R U5 O R
i UM H RS S R Ui v ik
IR N BRI K R, W NIRRT
BHEDL Fk, FE R E 2R I A R
AR B ik R R Y BRSSO AR R AL S A R, LR
HLA R A B R L 2 R IR A0 45 08 B AL &



¢EH 2021488 B52% B15H ChineseTraditional and Herbal Drugs 2021 August Vol. 52 No. 15

4743 «

Y. EWHAL (biotransformation) & F]H 2E ¥k
7 (Y. EwEBUEY) A5 B e 1 R %
SR AL G W) EAT 25 R A2 DL S A 2 e AL ) AR
Yt R, B IR R SR SR A A 1&
LR ESN }iﬁ?’fi% P2 53 B B

O
R N\
Ry Rq
o
Ry R,

R;

2 R;=H, Ry=p-OH, R3=H, Ry=H, Rs=H, R=H

18 R;=H, Ry=a-OH, R3;=H, R4=B-OH, Rs=H, R¢=H

19 R;=H, R,=B-OH, R3=BOH, R,=B-OH, Rs=H, Rg=H
20 R;=H, R,=B-OH, R3=H, R4=0-OH, Rs=H, R¢=H

21 R;=H, Ry=0-OH, Ry=H, R,=H, Rs=-OH, Re=H

22 Ry=H, R,=-OH, R;=p-OH, R,;=H, R¢=B-OH, R¢=H
23 R|=H, Ry=0-OH, R3=H, R4=H, Rs=a-OH, R¢=H

24 R;=H, R,=B-OH, R;=-OH, R;=H, Rs=0-OH, Re=H
25 R;=B-OH, R,=B-OH, Ry=H, R;=H, Rs=a-OH, Re=H
26 R;=H, R,=C=0, Ry=H, R4=H, Rs=a-OH, Rg=H

27 R=H, R,=B-OH, R;=H, R4;=H, Rs=C=0, R¢=H

28 R=H, R,=0-OH, R3=H, R;=H, Rs=H, Rg=a-OH

29 R;=H, R,=-OH, Ry=H, R,=B-OH, Rs=H, Rg=a-OH
30 R,=H, R,=p-OH, Ry=H, R,;=H, Rs=p-OH, R¢=0-OH
31 R;=B-OH, R,=p-OH, R3=H, R4=H, Rs=H, R¢=a-OH

32 R;=H, Ry=B-OH, R3=H, R;=H, Rs=a-OH, R¢=0-OH

33 R;=H, R,=B-OH, Ry=H, R,=H, Rs=p-OH, R¢=H

37 R;=H, R,=a-OH, Ry=H, R4=H, Rs=C=0, R¢=-OH cu

39 R,=H, R,=0-OH, R3=H, R4=H, Rs=C=0, R¢=H 3

56 R,=H, R,=a-OH, Ry=H, R4=H, Rs=H, R¢=H OAc
57 R,=p-OH, R,=p-OH, Ry=H, R,;=H, Rs=H, Re=H

58 R,=H, Ry=0-OH, Ry=B-OH, R,;=H, Rs=H, Re=H

66 R,=H, R,=B-OH, R3=B-OH, R4=H, Rs=H, R¢=H Gle—0"

61 3-K-4fs B R -3-O-B-D-H AT 1
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3 Ri=H, Ry~ BOH,R3 H, R4=H, Rs=B-OAc

4 Ry=H, R,=B-OH, R;=p-OH, R4=H, Rs=p-OAc

6 R,=H, R,=p-OH, Ry=H, R,=-OH, Rs=p-OH

7 Rj=H, R,=C=0, R3=H, R4=p-OH, Rs=B-OAc

8 R =H, R,=C=0, Ry=H, R,=B-OH, Rs=p-OH

9 R;=H, R,=B-OH, R3=H, R;=C=0, Rs=p-OAc
10 R;=H, R,=C=0, R;=H, R;=a-OH, Rs=p-OAc
47 R;=H, R,=B-OH, R;=p-OH, R4=p-OH, Rs=-OAc
48 R,=B-OH, R,=B-OH, R3=H, R4=H, Rs=p-OH
49 R;=H, R,=0-p-D-glucoside, R3=H, R4=H, Rs=p-OAc 36 R;=H, R;=a-OH, Ry=H, R4=H, Rs=H, Rs=H, R;=a-OH, Rg=H
50 R,=H, Ry=C=0, R3=H, R4=H, Rs=0O-B-D-glucoside
51 R=H, R,=B-OH, R3=H, R4=H, R5=0-p-D-glucoside
52 R=H, R,=0-OH, R3=H, R4=H, Rs=0-p-D-glucoside
53 R,=H, R,=p-OH, Rfﬁ OH, Ry=H, Rs=B-OH

38 12B-15-PR 53-8 -1s 5 R - 14,1545
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1 R,=H, Ry=B-OH, Ry=H, R;=H, Rs=H, R¢=H, R;=H, R¢g=H

5 R =H, Ry=B-OH, R3=B-OH, R4=H, Rs=H, R¢=H, R,=H, Rg=H
11 R,=H, R,=B-OH, Ry=H, R,=B-OH, Rs=H, R¢=H, R,=H, R¢=H
12 R,=H, R,=B-OH, Ry=H, R,=H, Rs=p-OH, R¢=H, R;=H, Rg=H
13 R,=H, R,=B-OH, Ry=H, R,=H, Rs=H, R¢=H, R,=H, Rg=a-OH
14 R,=H, R,=B-OH, Ry=H, R,=B-OH, Rs=H, R¢=H, R;=H, Rg=a-OH
15 R,=p-OH, R,=BOH, R3=H, R4=B-OH, Rs=H, R¢=B-OH, R,=H, Rg=H
16 R,=p-OH, R,=B-OH, Ry=H, R,=H, Rs=H, R¢=p-OH, R;=H, Rg=H
17 R,=H, R,=0-OH, Ry=H, R,=B-OH, Rs=H, Re=H, R,=H, Rg=H

40 R;=H, R;=a-OAc, R3=H, R4=H, Rs=H, R¢=H, R;=a-OH, Rg=H

41 R=H, R,=B-OH, R3=H, R4=H, Rs=H, R¢=H, R;=H, Rg=B-OAc

42 R =H, R,=B-OH, R3=H, R4=H, Rs=H, R¢=p-OH, R;=H, Rg=B-OAc
43 R=H, R,=C=0, R3=H, R4=H, Rs=H, R¢=B-OH, R;=H, Rg=B-OAc
44 R=H, R,=B-OH, R3=H, R4=H, Rs=a-OH, R¢=C=0, R;=H, Rg=H
45 R=H, R,=C=0, R3=H, R4=H, Rs=0-OH, Rc=C=0, R;=H, Rg=H
46 R;=H, R,=C=0, R3=H, R4=H, Rs=C=0, R¢=0-OH, R;=H, Rg=H
54 R;=H, Ry=0-OH, R3=-OH, R4=H, Rs=H, R¢=H, R;=H, Rg=H

59 R,=H, Ry=0-OH, R3=H, R4=H, Rs=H, R¢=H, R7=H, Rg=B-OAc

60 R;=H, R,=0-OH, R3=H, R4=H, Rs=H, R¢=H, R;=H, Rg=B-OH

62 R;=p-OH, R,=B-OH, R3=H, R4=H, Rs=H, R¢=H, R;=H, Rg=p-OAc
63 R;=H, R,=p-OH, R;=H, R4=H, Rs=a-OH, R¢=H, R;=H, Rg=H

64 R=H, R,=0-OH, R3=p-OH, R;=H, Rs=a-OH, R¢=H, R=H, Rg=H

o 65 Ri=Al, Ryo-OH, Ry=H, Ry~H, R5:u-OH(,)R6:H, R;=H, Rg=H
O
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Fig.2 Biotransformation products of bufadienolides

2.1 WEMEL

O 280R) Y 5 4% 72 Alternaria alternate AS
3.457 8 XHARIETENE (3) HHATAEMEAIRLS,
FHHE T 6 DEALFY), Horh 12B-F2dk- 2 21 fe s
K5 (12B-hydroxy-desacetylcinobufagin, 6). 3-%
R -12B- 2 5 - 2 0 5 K5 ( 3-ox0-12B-hydroxy-
cinobufagin, 7). 3-FHAX-12B-F23k-% AW ARIE R A
(3-0x0-12B-hydroxy-desacetylcinobufagin, 8). 12-
AR-1EMETERS (12-oxo-cinobufagin, 9) Fl 3-4HAX-
120-FFHAEEFERS  (3-0x0-120-hydroxycinobufagin,
100 A EY), EEMEMREARN N 12B-F85
K. 3-OH [l &M 16-ALfli LM . 1ZFAL T2 5
SELEEREIR, PR AN s Rk
Je IR AL Y 12B-FR k- AEME RS, R RAET

3-OH AN, Ba s 16-H i £ I3 /e w201, 4
SRR .7 % Pseudomonas aeruginosa AS 1.860 X &
RS (3) KUK RN 3-OH LA 1P,

7] %E % Mucor spinosus AS 3.3450 X R (1)

M EEVEAL L, 43 B I8 T 12 A4, Horb 7B-
BH-MEFE R (7B-hydroxy-bufalin, 11). 11B-F2FEME
# R (11B-hydroxybufalin, 12). 160-F33E-WEH R
(16a-hydroxy-bufalin, 13). 7p,160- - HE-fs 5 R
(7B,16a-dihydroxy-bufalin, 14). 1p,7p- —FFt-ifs 75
R (1B,7p-dihydroxy-bufalin, 15). 1B,12p- &%
s R (1B,12-dihydroxy-bufalin, 16) il 3-%-7p-
A R (3-epi-7B-hydroxy-bufalin, 17) A#T
WwEY, EEMAEWFHENRNA 7B- 12B- Fl 160-
R F2 A2 41 70 % Mucor subtilissimus AS
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3.2454 XIWREEFEICHE (20 IIEWIEEAL R, 4 85 5F
HOE T T AT, EE AN AE 1B- T1-
12B- Al 16a-fifedEtl, P 1 fiedtie, W
Ak RUpE Ak & P 2R BB Mucor
polymor phosporus A=V AL BRiE TRl 5E (2) JL3R15
22 ey, Horb 3-3R-7p-FRJE-MRME R NCIE (3-epi-
7B-hydroxy-resibufogenin, 18). 5B,7B- 2 &-Figif £
fics (5B,7B-dihydroxy-resibufogenin, 19). 7a-F23-
g #EBC S (7a-hydroxy-resibufogenin, 20). 3-%-
12B- ¥ 5 - fig o5 & AC 3¢ ( 3-epi-12p-hydroxy-
resibufogenin, 21). 5B,12B- — & F& - fig 0 7 e 3%
(5B,12B-dihydroxy-resibufogenin, 22). 3-%-12a-f2
H-PgEsERC R (3-epi-12a-hydroxy-resibufogenin,

23). 5B,120- —F2FE-FRIETENC AL (5B,12a-dihydroxy-
resibufogenin, 24). 1B,120a- — % 3t - i 4% 7 fid 2
(1B,12a-dihydroxy-resibufogenin, 25). 3-%At-12a-
FIE-FEMEFERCIE (3-ox0-120-hydroxy-resibufogenin,
26). 12-FAR-PREEFERCHE (12-oxo-resibufogenin,

27). 3-F-16B-F2 - FRifs 75 e £ (3-epi-16B-hydroxy-
resibufogenin, 28). 7B,160- 2 FE-FriE R AL (7B,
16a-dihydroxy-resibufogenin, 29). 12p,160- —F% -
g Bt JE (12B,16a-dihydroxy-resibufogenin, 30).
1B,160- — ¥2 Ji& - Jis & 5 i A& ( 1B,16a-dihydroxy-
resibufogenin, 31) & 12a,160- —F5 - fif b 75 fic &t
(12a,160-dihydroxy-resibufogenin, 32) NHik &7,
AL N K 18-+ C-5+ To-+ TB-+ 12a-+ 12B- FlI
160-17 FRIFE S DL % 3-OH ) 2 [m) 7 e AL F i &4k,
H 120-. 12B- 1 160-f7 FIERIEAL 2 F BEAY)
P R, A 348 Bt 1 0o B s O3 (2) AT 12p-
FeRE-lehERERC R (12B-hydroxy-resibufogenin, 33)
RO R 3-0H LA fE M. Fusarium
solani AS 3.1829 EHRIHEWETFACHE (20 MIEWIH:
WL, 3B % T 5 N, Horb3-(1,2-—
B -1,2- 40— B 45 1% )- s 4 5% IiC 2% [3-one-cyclic
3-(1,2-dimethyl-1,2-ethanediylacetal)-resibufogenin ,

34] . 3- " HACHE:-FEAE AL 2L ( 3-dimethoxyl-
resibufogenin, 35) Ml 3-F&-150-#%:-7BH-If & R
(3-epi-15a-hydroxy-7pH-bufalin, 36 ) A H L &4,
Curvularialunata AS 3.4381 X ERIE AL (2) [4E
VIRACR L, 7B FE%E T 4 N, H 12-
AAR-3-3R-16B- 72 FE-TRIE TE ML (12-0x0-3-€pi-16B-
hydroxy-resibufogenin, 37) FI 12B,15-3 % -3-K-f
R -14,15- % ( 12p,15-epoxy-3-epi-bufalin-14,15-

ene, 38) NHWE, WA BIEAY AL NI TR
OfEE R BRI AR R BB
Actinomucor elegans AS 3.277 8 X g#fE A AL (2)
BTV, B E T 5 =y, RN
HOULEE B T e BE SLAR R DX IR e P e Al A . FR AL
MR B, FEHh 3-3R-12-5A - AR FE R s T e
(3-epi-12-oxo-hydroxy-resibufogenin, 39) Fl 3a-Z
M4 JE-150- 72 205 B R (3a-acetyloxy-15a-hydroxy-
bufalin, 40) & WL IEP. B # £ ) ifs 8 e R
(bufotalin, 41) HJEMFALINL, 7 EIFEE T 3
FhEALF=), b 12B-F2 51535 & R (12B-hydroxy-
bufotalin, 42) Fl 3-FAMK-12B-FFE-MEH =R
(3-0x0-12pB-hydroxy-bufotalin, 43) Atk &b,
BRSNS EERS (arenobufagin, 44) #AL153) 3
NEAL Y, Hoh 3-HAR- VISR RS (3-0x0-
arenobufagin, 45). 3-AAR-FWIEFHK (3-oxo-
bufarenogin, 46) NHALAMILT . HER A i E
BR @) WEWENRBPASE] T 4 M=), H
Hh12B- R At AR T R (12B-hydroxy-cinobufotalin,
47) FAb &P, L YRR 2 AT Bacillus sp.
CMB-TD29 & 4F 7 £ #& & 1L M 56 o5 35 4%
(marinobufagenin, 66), V)AL KN =L T 1a-.
12B-+ 17-0 3 g A0 AT A0,
22 EYRFERAREYEN

K:F 1% Catharanthus roseus (L.) G. Don. 41 i 55
TR ZXTRIE TR (3) BIAEVRALR N RS T 8
MR, Horh 5 AN NEGER, e 185
H- K MM B R ( 1B-hydroxy-desacetyl-
cinobufagin, 48). #UEF K 3-O-B-D- i &) b H
(cinobufagin-3-O-B-D-glucoside, 49). 3-FAX-L 4
it 4 i 55 K% - 16-O-B-D-H &) B (3-oxo-desacetyl-
cinobufagin-16-O-B-D- glucoside, 50). 2% Z ek
M -16-O-B-D- i % #% 7 ( desacetyl-cinobufagin-
16-O-B-D-glucoside, 51) 1 3-3-% L AEWEFHE-
16-O-p-D-Hj&HIEF (3-epi-hydroxy-desacetylcinobufagin-
16-O-B-D-glucoside, 52) 2039401 K F30 4 M 1% 5%
PR RBEMEIETERE (3) (¥ 3-OH F1 16-OH KA:HE
FEAU R L, UF B K T A6 20 M 85 95 A 2R B S 1
Tl teiE R Rg, AR NE BT C-5. C-1
RredEdl, 3-OH AR N I C-16 £l £ B2 2
Jj &5 [26:39-401 ik dafi Pl atycodon grandiflorum (Jacq.) A.
DC. Al 87 F7 1k RATHEMERERE (3) MIAEYH:
RRARE] T 3 A=, Hhk oBeiEsEE R
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(desacetylcinobufotalin, 53) A=l K&
AR REAA R HRIE RN (3) FIAEMFACEE —Em
FEARAE , B4 S RE LA C-5 2 AL AN C-16 ALt £ 15
Heopy R RO0) e BR R SR R R R (1D 1
WAL SONAT R 2 AT, 43l 3-3R-im e 7
& (3-epi-telocinobufagin, 54) Fl 3-FK-ifsisk R -3-O-p-
D-# % ¥ 1F (3-epi-bufalin-3-O-B-D-glucoside, 55!,
R Ginkgo biloba L. M4HE R 3G 7Rk KAV
feBRMERELEE (2), A=Y 3-3K-PRiEEEfc
(3-epi-resibufogenin, 56) U, 75 ik IR 7 45 5
BN, REEEEVE R A BT ERE RO (2) KA
AL RBARR] T 4 A2, Horb 1B-FR - TR i # 0
£ (1B-hydroxy-resibufogenin, 57) Fl 3-K-FE3EuE
M (3-epi-marinobufagenin, 58) ANFLEY. &
% Saussurea involucrate (Kar. et Kir.) Sch. -Bip. &
FAMIERE R (4 FRITNEDEIEET,
M B FESEE T 5 AN, Hoh 3R -IE R Y
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Fig. 4 Possible biosynthetic pathways of bufadienolides (B. gararizans)
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