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Research Progress on Biosynthesis and Pharmacological Activity of Podophyllotoxin

PU Xianggu, JIANG Lijie, CHEN Ziyi, LIU Juzhao", CUI Qi'(Zhejiang Chinese Medical University, Hangzhou 310053,
China)

ABSTRACT: Podophyllotoxin is an aryl naphthalene lignan-like secondary metabolite, which is widely existed in plants of the
Podophyllum. It exhibits a broad spectrum of antitumor activity and holds significant clinical value as a medicinal natural product of
plant origin. This review discusses podophyllotoxin from three aspects: plant distribution, biosynthesis and pharmacological effects.
Distribution of podophyllotoxin in nature: Podophyllotoxin and its analogues are mainly found in 12 genera of three families, which
are Berberidaceae, Linaceae and Cupressaceae, respectively. They are mostly distributed in East Asia and North America, especially
in China, which is not only the diversity center of the Podophyllum, but also the distribution center. Among all these plants, the
genera Dysosma and Sinopodophyllum are the focus of the relevant research. Biosynthesis of podophyllotoxin: In order to take the
alleviation of the pressure of podophyllotoxin that is in short supply of natural resources, and to protect its existing resources, the
biosynthesis of podophyllotoxin, especially synthetic biology, has gradually become a new direction of current research. Compared
with chemical synthesis which has the shortcoming of low synthesis efficiency, high production cost and cumbersome steps,
biosynthesis has a variety of advantages. It’s not limited by resources, easy to cultivate on a large scale and has fast production
speed, low production cost and simple genetic manipulation, so there is a broader prospect for the exact purpose of biosynthetic
development. The biosynthesis of podophyllotoxin is divided into four steps in general, including the synthesis of coniferyl alcohol,
the synthesis of matairesinol, the synthesis of deoxypodophyllotoxin and the synthesis of podophyllotoxin. It requires various
enzymes catalyzed during the synthesis process, such as pinoresinol-lariciresinol reductase(PLR), secoisolariciresinol
dehydrogenase(SDH) and others. At present, by means of synthetic biology, heterologous production of natural drugs in microbial
cell factories, the synthesis of the intermediate coniferyl alcohol has been achieved in Escherichia coli with an increased yield of
(124.9+5.1)mg-L™", and the concentration of (-)-pluviatolide was elevated to 137 mg-L™'. In addition, p-coumaric acid in
Saccharomyces cerevisiae was obtained to 71.71 mg-L™', and in a tobacco plant production chassis, highly purified (-)-
deoxypodophyllotoxin was increased to 0.71 mg-g ' (dry weight) after chromatographic separation. Overall, the utilization of
biosynthesis can significantly increase the yield of podophyllotoxin and improve the research and production efficiency of anti-
tumor drugs greatly, which brings a more effective strategy for the treatment of related diseases. The pharmacological activity of
podophyllotoxin: Podophyllotoxin and its analogues have strong cytotoxicity and they exert good inhibitory effects on the
proliferation of multifarious tumor cells, viruses and bacteria. So they are widely applied to the clinical treatment of various types of
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tumors, such as colorectal cancer, lung cancer, cervical cancer, hemangioma, breast cancer, esophageal cancer, etc. The molecular
mechanism of its cancer treatment is mainly in the G,, G,/M to block the cell cycle to make drugs work. Meanwhile,
podophyllotoxin has relatively significant toxic side effects and drawbacks that can’t be ignored as a drug with superior therapeutic
effect on specific diseases, which tends to increase the risk of bone marrow suppression, chromosomal aberrations and so forth. In
conclusion, this literature sums up the distribution of podophyll plants in China, making review of the biosynthetic steps,
applications, and biological research of podophyllotoxin, and outlines the pharmacological activity of podophyllotoxin. It aims to set
the foundation for the reasonable application of podophyllotoxin resources, the efficient synthesis of podophyllotoxin, and the
development of Podophyllum drugs which are highly effective and low toxic. At the same time, this paper gives full play to the
clinical medicinal value of podophyllotoxin, which has important influence and far-reaching significance in the treatment of

malignant diseases, and promotes the modernization of traditional Chinese medicine.
KEYWORDS: podophyllotoxin; Podophyllum plant; biosynthesis; antitumor
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Fig.1 Chemical structure of podophyllotoxin
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Tab. 1 Plant distribution of podophyllotoxin and its analogues
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Fig. 2 Biosynthesis of podophyllotoxin

7y 5. fig -4-CoA & % [ (4-coumarate CoA ligase,
4CL). WNMEBLHIRE A H IR FEEE (caffeoyl-CoA O-
methyltransferase, CCOM)., AL G A if i
fif (cinnamoyl-CoA reductase, CCR) ZfbE% 1k K
FAMIEE (coniferaldehyde), it )& 75 DA FE B i & i

(cinnamyl alcohol dehydrogenase, CAD) IJ4EH T
A IFARATE (coniferyl alcohol),
212 [P VMRS B DUAIER R R HER

AW R BRI BT, I A B O
fit J2& ¥ R By -7 o A5 B8 B 8 I i (pinoresinol-
lariciresinol reductase, PLR) FIFFFR57 7% I Hs A s
Jiii ZU i (secoisolariciresinol dehydrogenase, SDH).
Dirigent 7§ FH (Dirigent protein, DIR) 4 1k % 73 1
FAAA A IR 2B B (+H)-PABET (pinoresinol), FiFH A4

B By - P RS T3 i T 4 A B v PR AP A D,
i3 (H)-TE M FA S EE (lariciresinol) A i (-)-FF R34
FH‘MEHE?@? (secoisolariciresinol); 44 fij i FF- 38 7% 1
BB S BEfE AL 2R R (-% DU R
(matalresmol)O
213 AWM EHERHAFTER &= Unthriscus
sylvestris) 17 B 90 & 7 2 DURS Bg 19 A5 7 7K [
B B N AR 4 i 8 2 PASO g T LUAE L (-)-
BIKA NG N (-)-pluviatolide, OMT3 1] fi# 4k (-)-
pluviatolide 1) C-4" Y23 H JEALAE 1 (-)-5'- 4 AL

- 1560 -

Chin J Mod Appl Pharm, 2024 June, Vol.41, No.11

WP ARH (5'-desmethoxy-yatein), CYP71CU1 K (-)-
5-E WA K C-5" A 1 (-)-5'-25 AR R
(5'-desmethylyatein), HILEEFLTF OMTI #E—2
AL C-572 L W B A i (4)-TF K A (yatein). fi
J& 2-P 18 R /Fe( I1)-HA 1 XUhN 460 Phex30848
(2-ODD) fit fb (-)-ME K B A= & A H 3 R
(deoxypodophyllotoxin).
214 HARHETER BRI G E TR E
YA IR RSN — RIVET IR BB, AR
HERERHFGE. - A LR HFHE (6
methoxypodophyllotoxin) Fil 4'-2% H 3£ 38 B 35 &
(4'-demethylepipodophyllotoxin) A= 4 h¥ %) 3 [A] Fif
REY, —Jrmm, KA E R LUTE 7-58 5L i
(deoxypodophyllotoxin 7-hydroxylase, DOP7H) #Y
YEF R HRE R J3—TJr i, CYP71BES4 fig
BEHEML (-ERRARR, Gl ()-4-ZHEEER
WHTER, CYP82D61 AEWSMELL (-)-4-F AL L4
WHBEEREN ()-4-FZPIRERATFTER,
22 SRAEYFTERENRHTEER
W R B, MR YRR IL-E r AR 4

4 3 0 B R A RN R B T E

4.3%; i3t MS K H0 Bk L L 40 Mo 4 2Lk AT B
Fr, HEEFEDEA AR 60 mmol, B H
WA 60 gL B, RHBERNHR

e E AR 252 2024 4F 6 A4S 41 555 1130

1.25 mmol.




WAl EA 5.2 mg L lad AR Y AR AT R
FUEME 130 mg L', RAFBERERABEY
IR BACT =9, RT3 S EY A= ik
& H AN, EEAEER Y S AR R, R
ﬂb‘ﬁ}u\T%ﬁf%‘?ﬁéﬁﬂﬁifﬁﬁ/é&%%%},ﬁ\?%,
AR BRI IA I T . A AR, BRI
WUEM A T SR A = KRR, Eh 44
YRR I, BTN Ry 2 A D TR SR 245 ) G D e )
R R AT I G A B S B T T
TG (-)- 2R F R R DLTE R FT o RN B
hERRHEBFEZRTEY, AR ILE 3,
221 TEXRBHETEM Koo P9 R 14w
BB B A (-2 DU IR By I FE AL, Jis b v a]
Fﬁ% ()-FF RSV AR IR BRI AL R (W 52, AT
PR AT Y R TR A BECE, BT R
PARBER A B (-)-Z DS E I AE AR R, wifE T
PLR F1 SDH () gmfih 3L K . (RSN W fb 45 %
B, b4 A PLR-SDH AYHALRR (49.8%) B T
BBk 38 PLR Fl SDH MIRALARSCR (17.7%), SR
fill £ 2 1 SDH-PLR % 4Lhf B s 6] 7= ) (-)-FF
WA RREE ; RN G R, &F
PLR-SDH WY HH KT R IR I 78 250 R (-)-
ISRy, BT T KR40 M

W] — DA R R, 2 R W] LU Ak Akt
T L (DX R AR, PR — 20 A U 3
R AT PE] PEYIFANIEE . Chen 25127 e i A4 AL
AR A O EEE A RORE, FE R R
X SR T A E] (501.8+41.4)mg L, FiE
5 ARG R LR, JF 2 R Ti%E
BV ISFABE . 53 bR e R AL BEHR 2% 5 30K
FRTE WA TR v [ 7 4 50t e Y 453 2K 3K — )
M,z H BT T A W A aE R DU e b
HpaBC X i Z F2 A 52 M, B 2 fiAN R B R 4 v
F (124.9+5.)mg L', M %2 F 8 28 1 15 R 4
Jin. Decembrino 25 %11 T —Fp7E K m#1 # H
it 3 Ahrh A A BE T 5% AR (-)-pluviatolide HYA:
YIE %2k . (-)-Pluviatolide & A JE Z W14 i
FEE RSy, i P U g A AL A
H CYP719A23 fitfk, ZBFREAE KT IR rh kIt
XA IR S B AT DAl o 3% REAA AR i e 30 I il
(FIPLR). & M- BE 2 450 1 A B2 i &0 i (PpSDH) il
CYP719A23 5 NADPH #ifitik Rk, L
TR PASO 151, Z80d 4 WSS H e i) oy 2y Ak
YAk, 193] (-)-pluviatolide, kN 137 mg-L™
(€e=99%, FrEWR 76%),

222 EEERERA R N F SR B G R E  RE

DIR. PLR. SDH. CYP719A23.

|
OH O
HO
HO! o
P R D U S
O“CH1 o
O=CH;
Coniferyl alcohol . .
(+)-Pinoresinol 1 <
FiPLR+
| ! PpSDH.
PAL. C4H. 4CL. : |- NADPH
HCT. C3H. CCR. USRS
CCoA-OMT. CAD CYP719A23

HpaBC\ HIREALRSRG ‘

o O

PLR-SDH

[¢) HAKIAT B

/O/\)\

dro:
p-Coumaryl alcohol iy
HpaBC. HIIEA:FERE PSR SEl N

| KIGHF A PR IBERA CMC

OMT3. CYP71CUl. OMTI. 2-ODD

“CH;
Deoxypodophyllotoxin

DIR. PLR. SDH.
CYP719A23. OMT3.
CYP71BES54. OMTI.
CYP82D61+ 2-ODD.

CYP7ICUI

H,C-O OH

[¢] DAHP4A i chorisateZ$75 fiff
’Q/\H\OH llllllll 4'-Desmethyl-epipo d phyllotoxin
KIO 3\
HO NH, WORRERETABRE 3L R R B b nish
Tyrosine Mitochonodria
Igi
Start Golgi Chlor oplast
EEREh A Rig KIGHFF b A ez THE A RIE R —> YU AR —---> FHB R

3 AAeRENFFEERREBERNEE
Fig. 3 Synthesis of podophyllotoxin by means of synthetic biology
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blotting I Y& F1 5 K 8 I A 22 24 16 AL 28 1 i i
(mitogen-activated protein kinase, MAPK) ] i iR
K, [RIEHFE ROS A4S T 55 HCT116 il
JHT . BLAM R E B R RIS T ORI 5 R A 11 3
ML KR ARG RS . i MTT 35 el
oA & B0 FI 75 2 AE HCT116 400 & P AE1E S 40
MLPE T, (A0 R R E G, IR HR S
MAPK ¥ W2 A KV o 25 1 ik W 1 85 2= 38 2o
ROS [ 3615 F1 p38 MAPK {5 53l J% (10384035 375 5 41
Ml G, . GyM IBREE AT AR HRER
HF 030 L FRIEm s, EMEL, X4 EHW
G 40 M DLD1. Caco2 I HT29 H 47 B 5 1Y 41 Jifd
BEVGME, X HCT116 40 A i 36 M 52 i (E A 0E— 25
5%,

3.2 JilEE Pl T A R R A R T R
T IEiE , HRRyr A TG T M 32, Oh 4%
o2 WA SE N R E AW S
(c-MET) M EAEA, il B &M, 25
HCC827GR 40 i T, {HX} EGFR W i A
R . YR AR H HCC827GR 41
AN AETE 7, LA B %) HCC827 20 ffd (1) 41 A 7
F1>80%. NEEKEE 1 V/7-AAD XY (4, 1k 6 0H L
B Zil it R Cyclin B1, Cde2 F1_EJH p27 784K
HiPES S HCC827GR 41l G/M JE HABH M .t 4h
WHEFEEAAMIFES T Mcl-1, Survivin F1 Bel-x1 fY
Bad ZiARY T, HEMPE T 214 Caspases, [RIHT
W5 F T HCC827GR 4ii ffl Caspase K PE IR T,
F 5 2 BH 2 460 0 F 75 25 B A2 a2E 3 /)N 200 i il 9 240
il A549 AT Hl] NCIH358 i 34 58 Fl A S
ERW G, WRFEHERBRETERE N 2, 5H

I FRBIE 2 3L
313 EHU EEU R AR R I

R E B 2G5 2024 4 6 55 41 555 11 1

"B ST X 2 A R 1 1 S B R R et T I 1)
N T AR (R NS Wang S5 (F5Y T R A
FUF N B 406 HeLa 20 M A K A A0 A AN 1
Rk, BRARAFERERRLATR BF
T TMEA R, HP TR CALR, PDIA3,
HDGF. RCNI1 fy#ik, [ NPM1, TPI1. SODI
MR 7 FhER LR BEIE PN R FH IR AR T B AL )
I 3 T B 3O i 0 /e B AT I DR G
(MALDI-TOF-MS) #F 17 ik Jit & 45 Z0iR 1), Ho
PDIA3. HDGF & F7E 40 ML (5 M5 554 Sk te
R, 54 sFEAS5EARMARE. 458
& B 20 e 40 A A K 5 -5 AR A O
FEH M, oA DR R A
HeLa 4ff0/E K, FHiAESFAMMET, HRAER
FRARATER—FE, & —FEENIRIT & s
TEZLZ)

3.4 R EARNE R E—FEE LR R
WHIME WY, LRI (hepatic cavernous
hemangioma, HCH) J& HEH WL R EMIE, &
AR 0.4%~20%, 5 RPEMIE R 70% A47 0,
Zhang %5 V3@ 53 MTT ¥ & LR F 7 £ BE 3
HCHEC %, Jf 5 550 St At vk A ey (el ffcfsi 1 5
it TUNEL ¥ Fl DNA ladder i % M H fit i &
HCHEC #A71-. Btk F 85 20 BR Bl A Rg A Jirb ke
() 55 1A A BEIAER . IR F 8 2R T e
— MR AT BT R AEE 259

3.5 FLARE  FLERE R A RN R ok
PP 2 —, TREEE T R SO,
Xt Il PR B R Y B 3R A — A BRSO
Chattopadhyay 4B 4 DA JE % I 1 40 i 3% 552 77 46
M) U F B 2 N T NELIRJE 40l R (MCF-7),
1 nmol-L™" A% % F1 75 2K BEZ il Iy i i 1 A= K
I H.24 5 35 2 0 H T K es, Hoam sl
VE I R % . Zhang %P2 IE 52 Y2 F 8 Z R L AE
T = BIPEZLIR I R AR 28, IR REsE i 41 i
JA, EedieE T AT GEO £dlifE, £
SUEZeEANIEZ S8 TR B0 /TEN) e e O £/ i virgl 74
L€ PLKI. CCDC20, CDKI JXHEMLIEIA
qRT-PCR %5 R W /", Wik T 5, PLKI.
CDC20 F1 CDKI mRNA /K- F R, LiiF P53 ik
Then, i@ P53 M PLKI. CDC20 il
CDKI TE4 L A b iy ek E i . S5 A DFSE el ,
AR RE R AIAE iR T 25 B ZL IR 25
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H AR 5 v s TARIEIR DY, KR A
AU R R ] LAVE B LR g 25 Wy gk AT
BT R

3.6 BRI IR RXETG TG R 2
—, KRR H A OBk, o Rt R B
WP A RARST W AEAF AR, P A e U AR A
RKze, RWEERUP AR N E, SR EE
RAARSY . BOT . BEIINGYT . SR E AT A
Z A PHAIT. Yoon ZEPY BT TR AR X &
BHER AN (esophageal squamous cell carcinoma,

®2 AHERETRABARTHS THA

ESCC) 4 i He g VB AL, 38 A AS W7 38 fin
F 35 2 WMk IR (i ESCC 40 g i A8 K Rl 7 T4
E W AEVE B B E >, 7E 0.17~0.3 pmol- L™
%f KYSE 30, KYSE 70. KYSE 410, KYSE
450 A1 KYSE 510 5 Ff' ESCC 40 fifd i 7 H 45 v it
IR TR, YA B R AT T EE I Y GyM R
LA R AN T, Rl R R ROS AR, I
5| K& 2% ki /K J B {3 (mitochondrial membrane
potential, MMP) i, LLJ 45 Caspases I
o WANR AR EM I ROS FRBHE T c-Jun

Tab.2 Molecular targets of podophyllotoxin in different cancer cells

liESl iy 240 At I3 TR BRI SCk
HWHE HCT116 ROS?T, p38 MAPK? G,G/M  [41-42]
itife HCC827GR CyclinB1], Cde2|, p271 G,/M [44]
Mcl-1|, Survivin|, Bcl-xl], Caspasest - [44]
‘BHUE  HeLa CALR|, PDIA3}, HDGF|, RCN1}, NPMIt, TPIlf, SODI  — [47]
%9  HCHEC - - [49]
FUBE  MCF-7 PLK1], CDC20|, CDKI mRNA|, P53t _ [52]
&%  KYSE30, KYSE70. KYSE410, KYSE450, ROS?, MMP|, Caspasest G,M [54]
KYSE 510 INK?, p38t. ER? - [54]
Badf, Bel] - [54]
e TR [BEIR.
Note: tIncrease; |lower.
&) 5] ®

BEE.)

b2 |—"

DPT @

Promote —{

Inhibite  e—-

Es5 £R&AEFRNFMEERER
Fig. 5 Antitumor pathway of deoxypodophyllotoxin
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N-K ¥ ¥ B (c-Jun N-terminal kinase, JNK),
p38 FUBERR AL AKEFI PN JE M (endoplasmic reticulum,
ER) N bR ICE H AR5, il MMP AR |
Bad 7K F-1Y T+ Al Bel /KPR K175 BSCC 41l
FET. AR C 5 Apaf-1 —2 B R 41 i
JFip, % T ZFh Caspases BTG . B2, 525
SRR T RHEERE LI ROS M HZbiik
A 5T 19 AR AL T 5 2 ESCC 4R T, %
W 9 1 85 R 2 —FRA T S AHT ESCC 254 .
3.2 buwEEEH

RHEFTFERAAIORTER, TN T
FeIR . PERRIIRYT . BRTHREEN 0.5% B M &
ROUCHIRITRBIRIE A k2, WRIE SR A FL
3k R J% % ¥ (human papillomavirus, HPV)
DNA A 5 KB P, S2E0E I X R #5 3 )
HATEYHATEEWBM, 0 A PRI 45
b, DERNERAL . E PRI B AT ER I C4
A& M, Al L3k 24 ) 3 % % #F (human
immunodeficiency virus, HIV) B &2 HlA91EH, H
o A BRI AR R R B 4 P
A& i 15 2 1) 4 446 & 9 EC5>0.001 pmol L™,
IBITIREC-120, BAREFIHT HIV #5157,
3.3 RREEN

ABER—AE0Y A E PR U W A BB R
S BRI G Y, ST EBMUE B R W
PR KGRI AE 2 RS0, AR KT R (8 099).
4 B0 A OBR B (ATCC6538). A {5 & Bk
(ATCC10231) X 3 Ffr WA FI R KAE R, 52
55 JR 3R WY AR W A TR R 4 €0 8 2 R A AR K
RN 100%, X H OISR A KRN 93.35%, ik
SEILFETERA LA R 3 TR UL R A B R A K
YEM.
3.4 KRR

AR I F B F O R E BORIR YT RCR B, H
AT AR D MRFC I AR JE I B SR e bR T R
TR RIGTTY , IS5y 5 S A7 7E 5 A AT
ZA e, I AE R R 22 . B ImIEAN R
I LA K Gy 7 A T 25 M S A, A ISR K
W, RHEABGRFEAYEAE B ENA RN,
R A B A R UL HLA R BRI . Pedersen-
Bjergaard'® 4 1 fiff H A 2800 2 19 25 Wy o A5 AT e
Tns R A R Ak R PR 2 BE TR Mg LA R e
o R R A ) AR o PRI e B s SR A 2 ()
Hh EIELACN 2% 2024 4F 6 HAS 41 545 11 1)

USSR EA A H IF i R ST 5. YT Bl 2= H B0
F X9 F B R LA S5 AT, AE AP R
FEILZG PSP 0 [l B RS RS, 4 HUS T
BRI,
4 RE

HE R R E TR A, (R A 2R
Hi#fE=, HRERASELSAMLTEER . #eRK
T, BB IE R B A AR A T BE R S
WFFE A 2 M 2L 05 o T FARE 2 — Pt ebopg AR ™
Y, HAME, Tl aniea 4205, Wi
XA . R . AN R —E R IEH,
Hrp s e EE R A e . Mg, 1
Wd a5 7w, (AR SR R E R B R
(AT e Tk B

WEGEIRAE E NN A, REEER X
AEA R E R MBI SRS, KA wiK
R . B eI CAE PR 250 TG KR
J7, HZYHMEE . RimRARERIFAZEE
e, MHCHIRED, HHEAKRRATERITA
Zyili, DIAREIE LG, EIERRGMER, H
X AR TR A R

{H2 Y8 75 28 0 FHAMEL I T & R AT SR B
B RBR YR, (EARREA G — 2P, Ek
H A i F S se i, H REEE A A
R . MOL-LEA Y SR EL, X AR S 5T i
AoE4, HIJGA3EAE 2R TA/EE RRIBHR AN
TITFEMISCAEGY , FRRAEY N T8 F B 2 1Y e Ak
W, AR R HARTIEWA RS, HRE
TG BT T, BT A BGEAR U R H R
T, FREZEBUEY IR WIMNRADIS
WEAFRATORFIFE M L VER, X it
TresEns, R G R RURTER 25, &R A
B R MG IRZT N NG, X F B8 2B PE R Y
TR EAZLEEM W, [Faeas et HreE
ST BN, e RIS RME, hEEE
KRB SeA
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