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FRIIME LA EYa RS B, 4
LA S 24 PR 1 25 5 T ORI Tt e, 1EAT AR Ge k1
MR ZE, DAt B A% Gt b 25 BUARAL IR AT A
5.

1 KRR AR RS 0 A

L1 ERERNEY

BB ONS, 8- FR - 1,4-Z8 8 (5,8-dihydroxy-
1,4-naphthoquinone), 7 CURIEMIEE". KR I iE
FEVEART], FHRZBNA W AR AR, B
IR RET R T, SAY, alkannin)5 A iR R ER(E
B, RAY, shikonin)(El 1),

(1) EBEF R LHLATEY. Han, WEERHEY
o B BRI T R A I E 23R (E2, &
DT AR (1), ZBHE R T (2). I-HEHEZ
BERET(3). WHEET@). 7 T BEETG). 7
TR BT (6) a- AR T MR T2(7) BB-—HAETN
IR T (8) auf,f-= FHHNHEL L T (9). ap-
TR T (10) . f- I R R
(11). B- PR HE e R SR B 72 (12) R IS B
(13). a-HIE-B-FRI RN L T(14). THEET
(15). JREELET(16). 5- BRI R BEE T 7 (17).
a,0- ~FHEFFHELET18). a- W H I T HLE 7
(19). B- LIRS I-0,B- — FHEL T LB T2(20) . (Z)2-
TR - 3- TR B (21) (E)2-30 FF 3E-3- T M ik
HE T (22). 4-F85E-2,4- HIRRIGEEEL H 1 (23). —
MR, R TR B VI G R 5, A R R
Iz, Blin, LETA). LERRE T Q)RBL- H
PR B (8); S5 MM B Atk &4, IR
i /b, flln, 1-FARECBHER R T 3) f-LIERE T
SRR BT (12) R BEE R T (13), o- P IE-p-F1 Ak
FIRBEER E T (14) 5-LBHEEERBEE FE T 7). -4
Pk A J -, - B T R T2(20) (2)2-0 H2E-3-T
IHIEE H T (21) (E)2-30 F2E-3- T I L 58 51 (22)
45832, 4- — F L R IR R 5 (23).

(2) Bl 45 7= (S S HATAEY). B+ 7 1 AL FE T 1)
XA AR, MR BRHE Y o B 1R B AT AR R Z)
H10F0(E2, 2D 3R R T 24). 2R R
T(25). 5 T BER T (26) FIRBE KT (27)s a-HF
F TR 5 (28) B.-— H P IHEE T (29). «,
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Figure 1 Chemical structures of shikonin and alkannin
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Figure 2 Chemical structures of natural shikonins derived from Boraginaceae plants

on

on

349



FAESE KER- P RIR0: VAR B, SR SEL TR

R ORERHEY T 58 S RIRE R AR A 1k

Table 1 Structurally identified natural shikonins and their biological activities

HEPI(No.) AW 5 R
485 (shikonin)(1) ﬁ%@}gg%fﬁﬂﬂgﬁg\ [2~6]
L4 5 (acetylshikonin)(2) UM, HUR. BURL GOEE [25.6]
1-FEE L 2.k 48 77 (1-methoxyacetylshikonin)(3) [2,3]
ATt 48 5 5 (propionylshikonin)(4) [2,3,5]
ST B4 5 (isobutyrylshikonin)(5) BB, FiR. HE [2.4~6]
5 NIk % 557 (isovalerylshikonin) (6) U BU. DU [2,3.5]
o-FAEE T B4 57 (a-methylbutyrylshikonin)(7) BUR . BLR . PUB [2,3,5,7]
BB~ TP G B 45 8 (B, B-dimethylacrylshikonin)(8) PUMRE . LK. LA [2~5,7]
o.B.p-= W B Y M 28 52 7 (teracrylshikonin)(9) [2,3]
. f-— F FE P I 45 5 T (angelylshikonin)(10) [2,3,5]
B-FEHE T R 45 5 (B-hydroxyisovalerylshikonin)(11) PR, ik, Vi [2,3,5,7]
- LT 5E i 57 L 4K B T (B-acetoxyisovalerylshikonin)(12) TiE. JiR. PLE [2,3]
2 F T3 45 ¥ 7 (benzoylshikonin)(13) [2,3]
- FE--F2 5 57 IR R 45 %5 5* (2'-methyl-hexa- I',3'-dienoylshikonin)(14) [2,3]
T W 48 55 (Butyrylshikonin)(15) [2,3]
TR EE 4 T (Valerylshikonin)(16) [2,3]
5- LS FE R 48 557 (5-acetoxy-valerylshikonin)(17) [2.3]
a,0- - I IE LS B 5 (a,a-dimethyl propionylshikonin)(18) [2,3]
-0 F HE T 45 B (o-methylene-butenoylshikonin)(19) [2,3]
S-SR H -0, - H BE T T 4K 5 (B-acetoxy-a,f-dimethybutyrylshikonin)(20) [2,3]
(2)2-V 7 3E-3-T 475 B 4% 7 ((Z) 2-Methylene- 3-butenoylshikonin)(21) [2,3]
(E)2-T0 H - 3- "] I Tk 45 B 7 ((E) 2-Methylene-3- butenoylshikonin)(22) 2]
(E)4-$255-2,4- — 1 HE R 48 ¥ 7 ((E)4-hydroxy-2,4-dimethylpent-pentene acylshikonin)(23)  Hi/Hy&. didk. PiEd. HIEE [2]
Fi] - 7% (alkannin (or arnebin-4)) (24) PibpR . P, Bus. ineR [2]
Z B 7 (acetylalkannin (or arnebin-3)) (25) PR, $R. Piw. 0B sE [2]
5 TR T (isobutyrylalkannin)(26) UM, Bigs. Buw. s [2]
S IR LB 7 (isovalerylalkannin)(27) PR, Bk, PiE. e 2]
-3 T BERT - T (a-methylbutyrylalkannin)(28) PUE. PR PUEE. HiOER (2]
B.B-— T FE R B R 5 (B,B-dimethylacrylalkannin (or arnebin-/))(29) FUWE . ik, FiEd. HinesE [2,8]
aB,B-—F EE TN LR & T (teracrylalkannin)(30) [2]
o f-— FSE T E R+ 7 (angelylalkannin)(31) [2]
B-F2 3 T [ BERT - 7 (B-hydroxyisovalerylalkannin)(32) [2]
B- £ TS B 5 T R 7 (B-acetoxyisovalerylalkannin)(33) [2,7]
F 4 28 5 & (deoxyalkannin, deoxyshikonin, or arnebin-7)(34) PubtE . Bk, Piw. OB E [2,4,6]
2L Hi )5 (alkannan)(35) [2,6]
7K 2L B )% (anhydroalkannin)(36) [2]
(S)-5,8- —F5Fe-2-(4-Hi 3 -6- 5B AR-5,6- & -2H-ML - 2-3% ) 25-1,4- [ ((S)-5,8-dihydroxy-2-(4-
methyl-6-0x0-5,6-dihydro-2H-pyran-2-yl)naphthalene- /,4-dione)(37) (2]
F 3 50 5 2K (5,8-dihydroxy-2-(1-methoxy-4-methyl-3-entenyl)- / ,4-naphthalenedione)(38) [4]
FR AL R LT (arnebin-5)(39) 2]
LR34 K (arnebin-6)(40) [2]
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(F14:1)
HAEPI(No.) AW ERPYN

B.B- F B Y M Bk R K R (arnebin-2)(41) 2]
Bof-— P HE VI £ B R 2 58 RE e (acetylarnebin-2)(42) [2]
Lithoapermidin A (43) [2,3]
Lithoapermidin B (44) 2]
lithospermidin C (45) 3]
lithospermidin D (46) 3]
lithospermidin E (47) [3]
lithospermidin F (48) 3]

5,8-— A IE A BT 2 57 5,8-O-dimethyl- 17-deoxyalkannin (49) [4,11]
1-methoxylithospermidin C (50) [3]
1-methoxylithospermidin D (51) 3]
1-methoxylithospermidin H (52) [3]
I-methoxylithospermidin F (53) [3]
I-methoxylithospermidin I (54) [3]
1-methoxylithospermidin J (55) [3]
1-methoxylithospermidin E (56) [3]
I-methoxylithospermidin A (57) [3]
I-methoxylithospermidin B (58) [3]
arnebifuranone (59) [9]

shikonofuran A (60) [3,11]

shikonofuran B (61) [3,11]

shikonofuran C (62) [3,11]
shikonofuran D (63) [3]

shikonofuran E (64) [3,11]
shikonofuran F (65) 3]
hydroxyshikonofuran A (66) [3]
hydroxyshikonofuran B (67) [3]
hydroxyshikonofuran C (68) [3]
hydroxyshikonofuran D (69) [3]
hydroxyshikonofuran E (70) [3]
hydroxyshikonofuran G (71) [3]
hydroxyshikonofuran H (72) 3]
hydroxyshikonofuran I (73) [3]
hydroxyshikonofuran J (74) [3]

arnebiabinone (75) [12]

shikometabolin A (76) [10]

shikometabolin E (77) [10]

shikometabolin F (78) [10]
6-(11'-deoxyalkannin)-alkannin/shikonin S-hydroxyisovalerylate (79) [3]
6-(11'-deoxyalkannin)-alkannin/shikonin acetate (80) [3]
6-(11'-deoxyalkannin)-alkannin/shikonin isobutyrylate (81) [3]
6-(11'-deoxyalkannin)-alkannin/shikonin f,5-dimethylacrylate (82) [3]
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F 2 HE TR R EATAEDTEA R RHEY ) oA
Table 2 Distribution of shikonin, alkannin, and their derivatives in Boraginaceae plants
. ” RINEE
BT REATEY) R 3 S AT HAth 24
T . 34,45,46,47,48,50,51,52,53,
ﬁﬁ%ii Eg’”eb’“ 1.2.4.89, 11,15,16,18,19 29 54,55,56,57,58,60,61,62,63,
g 64,65,66,68,69,72,80, 81
34,35,36,45,46,47,49,50,51,
e~ . 1,2,3,4,5,6,8,9,11,12,15,16, 52,53,54,56,57,58,60,61,62,
KR H (Arnebia euchroma) 17.18.19 24,25,29.32,33 63.64.65.66.69.7172.73.75,
79,81
PR AR Arnebia hispidissima 1,14 242527, 32 34, 59
(Arnebia)
Arnebia tibetiana 1,8
S .
R B2 LR B (Arnebia 26 2
decumbens)
Arnebia nobilis 24,2529 34,39,40,41
Arnebia tinctoria 24,27
Arnebia densiflora 30
Alkanna hirsutissima 8,10 34
2R ¥ & (Alkanna) I
%%+E$ . 24,25,26,27,28,29,31,33 34,35
(Alkanna tinctoria)
(AR kLA
=X
Fi 38 51 )& (Cynoglossum) (Cynoglossum officinale) 1,2, 5,6,7.8 34,35, 36
VEWE B (Echium lycopsis) 1
e Echium rubrum 1
WE ] J& (Echium) s
W5 (Echium vulgare) 1,2,5,6,7.8 34,35
HoAth, 5% JR 8
iz 3 1,2,7,8 34, 35, 36
W 5 & (Eritrichium) 7 richi
Al L Py
SLAER B Eritrichium 12578 34,3536
sichotenze)
M F(Jatropha
IR & (Jatropha) alandulifera) 1,2, 8
Lappula consanguinera 1,25,6,7.8 34, 35,36
¥ 5\ & (Lappula) ¥ H\(Lappula echinata) 125,67, 8 34,3536
Lappula erythrorhizon 7,8
34, 35, 36,38, 43,44,45,47,
LY (Lithospermum 1, 24,5, 6,9,10,11, 16, 18, 29 48, 50,53,55,56,57,58,
erythrorhizon) 19,20, 21,22,23 60,61,62,63,64,66,67,68,69,
70,72,74,76,77,78, 80,82
K& (Lithospermun) NEEEE (Lithospermum 1
officinale)
FH £ i (Lithospermum 2,56, 11
arvense)
Lithospermum euchromum 9, 11
Macrotomia echioides 1
P B 8 (Macrotomia) Macrotomia ugamensis 1,8
Macrotomia cephalotes 24, 25,27, 28, 29,32 34
TR R (Mertensia) 1K (Mertensia maritima) 1,25, 78 34,35,36
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REEE ARl 2022 4 B2 % 3
(F28:1)
& " RIVER R
B S RATVED BTk 5 AT H A
Moltkiopsis Moltkiopsis ciliata 8,13 33
Onosma caucasicum 1
Onosma conferitum 1
AL (Onosma 28 4
confertum)
HR VB H (Onosma
. 24
echioides)
Onosma heterophylla 27,29,33 34,42
YLV &L
AHETH SR E('Onosma 12.8 29
hookeri)
ht kb e Onosma livanovii 1
TR (Onosma)
Onosma polyphyllum 1
Onosma tauricum 1
Onosma sericium 1
Onosma setosum 1
Onosma visianii 1
Onosma zerizaminium 1,8
L (Onosma
. 2,8
paniculatum)
Onosma paniculata 24,29
Plagiobotrys Plagiobotrys arizonicus 24
VRS b, & A SRS (Alkanna DU E20 170 ARAIIFI, 6 OIS, T 40

tinctoria)~ Macrotomia cephalotes~ 3%, Arnebia
hispidissima=§. A /D&~ TR EW 5 A tEArne-
bia nobilis, Arnebia tinctoria%@ﬁ%*[m’s].

AR, AR R 2 5 e PR IE 7R AR A SR B
TR TR, ENFEEDMAENZFEE, &K
RE . BEh | BIEdrnebia nobilis. FiMINZEL, IE
SRR R AR o R R
(34)FIELFLLE(3S) HIAEIE ARG Tz, BRI T g e
THERF R A G BOREPE N E R G R AT A
Y.

2 EERMEY GBS IBRAG
2.0 SRR AN IR A 4 R L A
IER e

N T AR R A £ R L B LR T R,
TF R 4% DR T 7 45 58 IR A2 R AL, [P 51

TR, UK, HER, ERTMIEE (Echium plan-
tagineum)=5 55 ERHE Y)W 25 VA 40 i 55 77 BB IR AR
FE IR AR, Tabata® N FLARIE T 58 85 A5 41 i A
GBI, YazakiZs NUYIF R B8 AR AT
ATCCI1583MZ G FAHMRAR S BARMR T ik, BA %
FAMBLBE T I AL P R R T N SR R B 5 e
(IR FRFEMTT K. Fujitae N\IhTF & T i 48 2
DA AN R AL P SR R IMORE 7 2, 5 R
AT IR AR ) A A5 IR B (LS, MSEE S IR E) AH EL,
MR 7RI & BURIKR FEIINHL, T Cu”™ PRIV FE ik 10
£, HUCESE AR SR LSHE IR ARG IR T AT &
DA ECE IR TR R 77, PR BIMORE IR HE T R
8 95 LU S R R AR P A B IR, 2 )G, RIkE
i NVt Ao P 20 9 R T 5 T T U R 0 40
TR A T TR AR R R F R, Haghbeen4s
VR PR 012, 4-D AR5 26 (LS B 77 Bt 46 5
TRFFERRSMEAR AT HES, RIG 7T REA 7 EE

353
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FNPEE R A, eI AL b, Fuss NIRRT
A & BIRAR AT T SR MR R R R, K
WZBARIRAEL/2 BSEEFRE P (5 3R AE W) & R MOK:
FRAEEMISHE, B AEFEMEER, K amE
B IR B S R TAMORE IR 4 R 21,
10K ERHE Y I Pl B RS IRk R )G,
WO 4 R LR YA R R 7 AR T A
AR T4 A SRR R 2 T TS T A D e
MIERRI R, SR E R A A R A & B
Al AR, XS BRIRES TR E XA
HEP R M REREMYE. R, RBKE
HAE S I EERNERFIEGAE N ER, ik
HYCHEE IS T, SRR L HATEY B 6 i 5e 4
R, TR RS  REST T A o mb ys At
AR LA R T R AWK T RIS K, Zhangss
NP T AR R R A IR B AR 91500 R, 4RI
Ja A A KR RS R R 144.6%. ARk
TERR, IR T ATt e B i g g B s g A 2,
W R R I A=A M= R T, Y
RTINS T2 LR A G B 7 R R 1
Liao%s NPPUR IR, As K22 b2, 4-DIF I B 1% i
FUMH R BRI A RL, TIGE5 % T a e
W] BE R R FL 2 4-DINHER R A A I OEE. T
SERNEE. 4 R ISIAARE S W) [ L 3k B 28
HFEERIA K, Ko m e LE@maps
BRI b T 112 S HTR P S AN 207 T T g
SRR F T A AR SR RIS 5 EYE, AT N
E S NS WS R Rt St AT /R e
577 geah, Sun APR I, 0.1~5.0 mg/LIABARE
AT EE E A R AR, R R R R
BEMA M. TN T, Wus AP g — 4
A E(NO) A B 1) 771 Ak F 28 4 i, B0 PSR ENO
% 51F R S A T SR B R A K. Ca” IR
FHVE S8 B0 g A S AR S A IO IE 5 R LR AN R AH
B Ah, NH, BE 0 30 45 B LePG TR I 35 5%
P, TS B 264 B R HRIAE Y, A, Cu’' e
{2 22 A R,
BTSSR RERE LR R EmE )
&2 —. KimMChang™ T 19904E ¥ 2 KL T 5 % 8
B (Penicillum sp.) i AR KIS e (L i R LR
MR, B, 72308 APR I 5 R L (Asper-
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gillus sp.), JLHE KB (Uspergillus oryzae) B 21K 1)
RELGE AN T TR 175 0 100 S 0 e A58 V5L 5 s i A0 A P ) 46
LA RV SRS R A X B B R B AR A,
HHAB A i H A 2 . AN FIEEA G RE
BT g AR B, PR IR R S Nk
FEREMIL. XKES N ML, BihEES T
BOR TR R IR A M B BRI S O AR Rk
EBEAE . 4 25 8 0B 41, Brigham5 A\ PSR 98 2 L,
SEHG 22 K% TR (Rhizoctonia  solani)~ JNJE 2 (Pythium
aphanidermatum)=5 & 22 5 5 RO EL il N 9 585 2 )R
AR A

22 EERNAEYEBERE

R AT R E T R R R AR
H, A BTG BRI A A s 4 RN B IR AR S IR AR R 11
AL R Z A ER BRI KR, LAY G A R AE
ZEH AT OB FAFBONEN], BEAR DA i - R R
FF R (m-geranyl-p-hydroxybenzoic acid, GHB)H & N
RED =T 7 b7 a1 i 2 RS N () )
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Figure 3 Overview of various biosynthetic pathways of shikonin and its derivatives. ACTH: acetoacetyl-CoA thiolase; C4H: cinnamic acid 4-
hydroxylase; 4-CL: 4-coumarate:CoA ligase; CDPMEK: 4-(cytidine 59-diphospho)-2-C-methyl-D-erythritol 2-phosphokinase; DXPS: 1-deoxy-D-
xylulose-5-phosphate synthase; DXR: 5-phosphoric acid-deoxyxylulose reductase; GDPS: geranyldiphosphate synthase; GHQH: geranylhydroquinone
3’-hydroxylase; HDR: 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate reductase; HDS: 1-hydroxy-2-methyl-2-(E)-butenyl-diphosphate synthase;
HMGR: hydroxymethylglutaryl-coenzyme A reductase; HMGS: 3-hydroxy-3-methylglutaryl-CoA synthase; MCT: 2-C-methyl-D-erythritol 4-
phosphate cytidylyltransferase; MECDPS: 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; MVAK: mevalonate 5-phospho kinase; MVDD:
mevalonate diphosphate decarboxylase; PAL: phenylalanine ammonia-lyase; PGT: p-hydroxybenzoate geranyltransferase; PMVK: 5-phosphomeva-
lonate phosphokinase; SAT: shikonin acetyltransferase; DSH: deoxyshikonin hydroxylases

355



FIESE: EER-PAEYRAR Y AV E . B IRE . SR SR ThEe

HEBHEY) T HFIMVAIRARAH S il R Y] D R 24 7€
FAiZa@ Al S B LT B A i 2k B Py B A E O B 1)
=L A A [47](http ://www.ncbi.nlm.nih.gov/Taxonomy/Brow-
ser/wwwtax.cgi?id=373122), £8¥Z i I A - S AR
R & ¥ (geranylgeranyl diphosphate synthase,
GGPPS). V£ Je FL (=2 & B (farnesyl pyrophosphate
synthase, FPPS)2: Al SCSE DR th OV % = ™, iz iz o
e R R Bt L — (1 PR S B HMGR AR I 21— 4N433 bp
31, & A e HHEAT B BRI A RoE™,

PHB/Z 5 3 A& ) o5 — B ERTA, BT
A, HARg YT R ERIETPPa A, wgsth
LRI R -4-F2 AL B (cinnamic  acid 4-hydroxylase,
C4H). 4-F R4 A% 1 (4-coumarate:CoA  li-
gase, 4CL)FIZR A Z IR ff Z ¥ (phenylalanine ammonia-
lyase, PAL)S5HHICHE K] Fp A1 40 58 B A BCER B h 2
YeE AT Horh PALBEJE R PP R AL 4G
Bl PR B T BE 2 15 RO 58 B 3 R 5 B

fEGPPAIPHBIAAAE T LT, FR] A 5C i fify
PGTIMEALIE N & — 8 —EBGHB, JFE P55
RRUEWE L. PCTIE AL R R G k% L 1)
REEHRCIANY, 755 PR T ) O E R
R SR, BA 14 B ASE, w0 AR L F
R 14 R .

MGHBA: 5 57 S HAT A B — R AR E
LHIRITFE, I e AT BRI BERE, 72K RHEY)
%5 B T NI AR S SE N, Wange Nt
5 T TR A0 A L 1 P oy 2 222 S B R R a2 RV 43 T
RIPEFHCYPT6BT4Z SR LR LM & il
A I SR B3 AR FEAL, 5 BGHQ-3"-OH. R
8] A48 5 K GHQME L Y GHQ-3"-OH [ 41 il t 3%
P4505 %85 H: EpGHQHI1 A CYP76B100A1CYP76B101
IR A AL 4 22 S 3R AT S R it
b, SongZs NPYIR Y B4 EICYPS2ARIE 5 Ik 1 14
DSH 14 F A DAL 25 58050 B o S 57t T (M B )
C-1'fr BRE R EE T, Yamamoto25 AP % 52 5|
S PTREA Mo ) SR U, 288 A GHQ-3"-
OHI3" MR N ME R, JEAEBEAE C2-C3 XU LA
T4k, NZBSFALNERY, X A e th 2 56 5 7 R AT AR
WG 1 — b BT AR AR R L) S e R AR BB AR,
Oshikiri® AV od 2 1157 413 % 5 R mErh AL 2
BT N LR R T ST AR R S S B B LeSAT

356

FILeAAT1, FHAED 5K A Fi3E-CoA. 57 T HEFE-CoA
N5 R 3 -CoA AL N R S /Bl K. 5 T Bk
B /] 7 RN S LR R /BT R

2.3 KRRV R RS

FESR KT AR R EAZ AR YR R SRR R (0
BLIRTS, FSR R RE RIS A UL R IDNA S 633,
T B 3 A 3 DR RN SR A Tt 1 470 5 DA 5 2L T 11
FIE. miRNAWARIE L SRR 3" UTRIX B AMICXT,
5 FmiRNPE A 1A% I3 R mRN A HEAT U] #1552 H 1%
0, AT B R RIA R, TR — A, X
TR L IHATAEYIN A RS2 3 K P FImiRN AT 12
(IRF T A T R k. Zous NP R s Nk i 3
B HH AR = 22 I8 1 P A %% S K 7 LeEIL- 1 fILeERF-1,
Fext HEE R e 37 X Sl AT T 0 #. 2 )5, BFFE A
H— B 5T 7 LeEIL-1 FLeERF-11 DhRE, KILEATA]
ReZ 5ME S MO R ERIA O, feig i
755 5 R B DR B R AR o R R R AT AR AR
Z Ko NV A s 4 AN B2 B S 274
ERFH5% K 7. Zhao% NIV W4 85 7 B 311 MYB
SRR, MBI RE AT BBt 58 R & A k.

R 20 P . RLM-Race 545 A I & J& 45 2
) FmiRNA %5 5 D RERIE SR AL TR IML &,
Zhao N\ i3 o AN ] e [ % 55 T (4% B 40 kAT
AR AT, MRS H 18N TE SRS PR R IA
miRNA, 737 7 HEREE, FFdt— 2@ RLM-Race s
iE T miR319Z#EFRTCPH K, "l ReS 5 R
THIA K.

LR RTINS 'R T 2 2 YA R
S DAAL, FLAESH M s ki 1s B s, K
WLISK, ATP4: 444185 H (ATP-binding cassette trans-
porter, ABC)SRAMRBMIIR Z MR R— B Z
FVE R FOURRE,  Zhuge N0 B o i 5 B A
ABCHEIE B A FK i 5 K LeMDR3F LeMRP1, F-38 5 %
TR R B8 AR B 18 SR 6 I0IE T LeMDR3 2 5 48 55+ 1)
AhFEIE, TR TR L LeMRP1 A G S 55
R WA N s, EERE TR R
A B AR .

24 REFREYG BRI A AN
BiE A = mEERE R g5


http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=373122
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=373122

P EBNE: ARl 2022 4F 52 % A3

PLRI Fy RRAS R FRAIR, SRR 2R, %, &AM
H, RGHHASHE I HARAWTRI, Ak
R2EHUR A 2] T AR BIfERE, X2 42250 f 8 &
30T, NG RONIRZR A AL 8T .

24 R AR ) 2 v 2 RE A R b ol 2 0 11
BBy, HARH RN A G BOg & T 2
BREAFFZHEHAREAR, TFK, ZHEYRER
I p SR T — DR TR R RMEY I % e
HEAL S TR =AM A BOS R AR R, BN, Auber
i N0 ek 2 DR ZE R R Ay BT 3R AR T 3t
367.41 MbI A EE R 741, TRTF 21277204 5 A 9
TR, FE M %5 5 B 134N i 2L FE AL I 1) [R) 52 [A],
7R T eI TR R A L F A 2, nTRE
FH T 57 3 5 2 4 Tt /L 5P 25 R ) 300 3 S 2 o A 1 A 3
B, Tangs AL b ot o 22 B et 6 a3 4T 5 R 26 )
Fr Ao, RN 256 7458 5 H HARY B (1) 4 5% 2H 2L
5, R0 T ERE BRS04 AT R A
RHZ I FAR L, WAEREH S EHMERHE
RiE%, By EREE, KERF] §E 5
2 )i T W WGD(whole genome duplications), J-4fEll
T RES 5 R R T A G RO Ol i A AR R AL
B ZET R I RN I 2 A 2 I S O B g 2 A

FRIERA A, HeFdzs. EAHFAREH S
Bl B B B T 58 35 5 R AR 2 AR A O AR AR
oLy i S RSB BRI AT, 0, Wuss NP s x sk
LOCREC TS S =R R ERE YR . K
J . ZERIH RN H G AT B S 2 o b, N I
SRR B A P B R R B FE IR, RIS AR K
T HANEAGIOHAN20PRAT A 5L E R AEW &
PR . Yazaki [ A 1715 st o B 7 4 1 2 T ) B
A AT S AR A = R i, 456 s
P, IS AR BT i TR B AL A Le-
SAT1. Xie N o 5 B (1 s 3 AL MO 2 98 064
Mr T HCR B R AP2/EFR KR EE R P 41, N EL R b
EUEYE R SRR R B T R

3 EERNSHE

FARBE R TR R oA 2 2B
TR SO ARG AT SCNR, KT W 1) 2 5T
RS PRI T 1B A E IR R R S R

B IHIURE RIR P i 44 AR, L A
16 1] 3 B0 2 B BRI K B R 22 S kb, ™5
BELAS 1 Hwi A FeE A I PR L FH BRI E R 2590, 9 1 e
MR AR B2 I LA LB, [ P AT 90 3 SR 8 1
HSeR =T MR T PR asi, 21T 7 KRN e
WL AE.

3.1 ETRRE TR

BRI R T — 8, BH%NS5,8- R Hk-1,4-%%
g, JEEFOMEMBELEN, RHZZEERI A SR R 5
)R AT AR AT A

(1) %55t 57 OO MBS AT S5 A s . B T8 fr
AL AR, [ P AN S T R T ) 4
FB ¥ 2 At H 7 CUA R B b v M R S A T 1
(&14). FAE19954E, Ahn%E NI & T — 251 2.1
LR AW (1a)E NDNAH 74§ T (topoisome-
rase-DINEIF; BEJG, Kim& NG T — R 5126 28
PRI (1b), KB T 3 0N 4
ASAOTI R RE J1 A BOR U R AN, ] N BIF 7L 0
SR T G RE TAE R TF R T-20024F, i) —1k
W 783 A A T 8 1) 1) N it b B (telomerase) Y 45 B
AR AEMABEREATEY (e, 1d)7; G XA 3k
TR R K L lR(SH-7, 1e), HAENDNAH$H
ST AT 1) R T 3 BB AR s T, T
20094E Wang25 N4 i 7 B A B A4 oRg 6 1k )
TR T e 6 B SR (1), I R I AT BRESRIF T 5
S ANFLIEIEMDA-MB-23 141 gt 48 5 7 (hy-
poxia inducible factor, HIF)-1aRik/KTFIK; Suss
NBE A BT B HE- B R B (1), X 25 g
MMKS562/ADR, MCF-7/ADR, HL60/ADRYY B4 B &
120 i F

AT TR ST R F T AT TN R G M4 E
AR, Je)a 6 kg 7 KRB L Ay, Hp
AR REEBESE (1n) UYL GRS (1)L ) w2
)" mEm k), REmEQD .
(m)7" . FERER ). ERNEBE10). I
A A e (1p) ™ M P ER R R (1)L e R
P B T T A (), A 0 1 A L A
B A (tubulin) KIEBUMR I, A48, A TR e HAh
PR s BT T A R B AT AR, 0, N R HIF-
Vol 8 25 IRE 8 A O 1 B R AR 4 7 (1)),

357



FIESE: EER-PAEYRAR Y AV E . B IRE . SR SR ThEe

CF,
O

OH O 1p OH O 1q OH O 1r OH O 1s 1t

B 4 ERET R OEMEE s e mREE L a?

Figure 4 Some representative structural modification compounds of the isohexene side chain of shikonin
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Figure S Representative structural modification compounds for multiple sites of shikonin
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Shikonins as natural products from traditional Chinese medicinal
plants: their biosynthesis, genetic regulation, structural
modifications, and pharmaceutical functions

WANG Xuan, YANG MinKai, HAN HongWei, WEN ZhongLing, LU GuiHua, QI JinLiang,
LIN HongYan & YANG YongHua

State Key Laboratory of Pharmaceutical Biotechnology, Institute for Plant Molecular Biology, School of Life Sciences, Nanjing University,
Nanjing 210023, China

Shikonins are natural products having naphthoquinone structures used in clinical treatments for sores and dermatitis. These
compounds are frequently extracted from a kind of important traditional Chinese medicinal plants, Boraginaceae. Due to their
effective multiple biological activities and high medicinal values, shikonins have attracted increasing attentions from domestic and
foreign researchers. Also, with the rapid development in gene identification, regulation and omics, researchers have extensively
explored the functional gene mining of shikonins biosynthesis. Moreover, the structural modification of shikonins has been conducted
at high efficiency and low toxicity, which influences their biological activity and mechanism. Thus, in this paper, we systematically
summarized the structural identification of natural shikonins and their distributions in Boraginaceae in the past century. Meanwhile,
we also clearly discussed the biosynthesis and genetic regulations, as well as the structural modifications and biological activities of
shikonins. Among them, the identification of the key enzyme genes involved in the hydroxylation of geranyl hydroquinone and
deoxyshikonin, as well as those involved in the acylation of shikonin and alkannin has improved the shikonin biosynthesis pathway
greatly. Furthermore, several semisynthetic derivatives obtained through structural modifications have significantly improved the
antitumor targeting of shikonins. As reported, the antitumor, anti-inflammatory, and antibacterial effects of shikonins acted mainly by
inhibiting NF-kB/STAT3 and other signaling pathways, which revealed the effectiveness of the modification on the naphthoquinone
ring and the branched hydroxyl of shikonins, and further clarified the molecular mechanisms. Collectively, the above research
progresses domestically and abroad have undoubtedly promoted the in-depth development of basic and applied research of shikonins.
Finally, the prospect of shikonins as candicates was also briefly discussed for developing novel drugs.

shikonins, biosynthesis, genetic regulation, structure modification, pharmacological activity
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