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a b s t r a c t

The structural elucidation of the in vivo and in vitro metabolites of cryptotanshinone which was the major
active component isolated from rhizome of Salvia miltiorrhiza Bunge and possessed significant antibacte-
rial, anti-dermatophytic, antioxidant, anti-inflammatory and anticancer activities was described. Nineteen
phase I metabolites and six phase II metabolites of cryptotanshinone were elucidated and identified by
a sensitive LC–DAD–ESI–MSn method, and their molecular structures were proposed on the basis of the
characteristics of their precursor ions, product ions, chromatographic retention time and ultraviolet spec-
tra. The in vivo and in vitro phase I metabolites were mainly biotransformed by four main routes, which
were dehydrogenation, hydroxylation, furan ring cleavage and oxidation metabolism, and among these
etabolites
–DAD–ESI–MSn

phase I reactions, dehydrogenation was the predominant metabolic pathway. Six in vivo phase II metabo-
lites were identified as the glucuronided and the sulfated conjugates which showed a neutral loss of 176
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and 80 Da, respectively. Th
of this research.

. Introduction

Drug metabolic profile plays an important role in discovering
nd developing the novel drug from the metabolites possessed the
harmacological activities. The structure profile of the metabolites
rovides an essential perspective for the synthetic refinement and
he candidates among an extensive series of potential structures,
esulting in an optimum drug effectiveness and safety.

Traditional Chinese medicine (TCM) has gained ever-increasing
opularity in the world because of the therapeutic effects for some
erious diseases and these effects are mostly due to the active
etabolites from the natural drugs [1]. Therefore, the investigation

f the active metabolites from TCM constituents and prepara-
ions are of significance in the elucidation of the therapeutic

echanisms. The root of Salvia miltiorrhiza Bunge (SMB, named
s Danshen in China), a well-known traditional Chinese herbal
edicine, has been used extensively for the treatment of coronary

eart disease, particularly angina pectoris and myocardial infarc-

on for many years [2,3].

Cryptotanshinone (CT), which is the mainly active component
olated from the root of SMB, has attracted particular atten-
on of chemists and clinicians all over the world due to its

∗ Corresponding author. Tel.: +86 10 83911520; fax: +86 10 83911520.
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transformation pathways of cryptotanshinone were proposed on the basis

© 2008 Elsevier B.V. All rights reserved.

owerful and various kinds of pharmacological activities includ-
ng antibacterial and anti-dermatophytic [4,5], antioxidant [6],
nti-inflammatory [7] and anticancer [8] activities. Cryptotanshi-
one also can inhibit endothelia cells producing endothelin-1 [9]
nd induce the differentiation of some cells such as bone mar-
ow mesenchymal stem cells [10]. In recent years, investigations
n cryptotanshinone were focused on the isolation and purifi-
ation [11], quantification and pharmacological activates [12,13].
ome investigations [14–18,27,28] have dealt with the metabolism
f cryptotanshinone or tanshinones to some extent. In previous
ork, we reported six phase I metabolites of cryptotanshinone

n pigs. Compared the metabolic products of cryptotanshinone,
here was some differences in the species metabolism between
at and pig. Some metabolites of cryptotanshinone such as tan-
hinone IIA, hydroxyltanshinone IIA, etc. were also the chemical
omponents of danshen diterpene quinones which mainly existed
n the roots of S. miltiorrhiza Bunge and had many pharmacological
ctivities including antibacterial, anti-dermatophytic, antioxidant,
nti-inflammatory and anticancer activities. But the study of
his drug metabolism is still limited; no report was seen in
he literature comparatively detailed with the structural elucida-
ion of in vivo and in vitro metabolites of cryptotanshinone by

ower liquid chromatography–diode array detection–electrospray

onization–tandem mass spectrometry (LC–DAD–ESI–MSn). In this
aper, nineteen phase I and six phase II metabolites of cryp-
otanshinone in vivo and in vitro were simultaneously elucidated
nd identified by LC–DAD–ESI–MSn method. The structures of the

http://www.sciencedirect.com/science/journal/07317085
mailto:xuem@ccmu.edu.cn
dx.doi.org/10.1016/j.jpba.2008.07.011
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Fig. 1. Extracted ion chromatograms of cryptotanshinone and its phase I and phase II metabolites in rat.
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Fig. 2. The MS2 [297], MS3 [297 → 279] spectra and UV

etabolites were characterized on the basis of their precursor ions,
roduct ions, UV spectra, and HPLC retention time. Finally, the
iotransformation pathways of cryptotanshinone in rat were elu-
idated on the basis of in vitro and in vivo metabolism study. The
nvestigation could help readers in the field to better understand
he metabolic mechanism and intermediate process of this com-
ound. The results may provide important data for predicting the
etabolic stability, and developing a novel drug or lead compound

nd better using in the clinical practice.

. Experimental
.1. Chemicals and reagents

Cryptotanshinone (mw = 296) was obtained from our laboratory,
hich was isolated and purified from the root of S. miltiorrhiza

2

t
H

Fig. 3. The proposed fragmentation p
rum of the protonated molecule of cryptotanshinone.

unge and identified as pure compound from the melting point,
R, UV, MS, NMR and compared with the standard compound, the
urity of cryptotanshinone was above 99% [19]. The standard com-
ound cryptotanshinone and tanshinone IIA were purchased from
he National Institute for the Control of Pharmaceutical and Bio-
ogical Products (Beijing, China). Methanol used was of HPLC grade
nd purchased from Fisher Scientific Products (Fair Lawn, NJ, USA).
ater was triply distilled. Ethyl acetate and other reagents and

olvents used were all of analytical grade.
.2. In vitro incubation and sample preparation

All studies on animals were in accordance with the guidelines of
he Committee on the Care and Use of Laboratory Animals of China.
ealthy male Sprague–Dawley rats (210–250 g) were obtained from

athways of cryptotanshinone.
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Table 1
Chromatographic retention time, mass spectrometric data and relative abundance of cryptotanshinone and its in vivo and in vitro phase I metabolites

Metabolites Precursor ion Retention time (min) Data-dependent MSn data (% base peak) Relative
abundance (%)

CT [M+H]+

297
9.99 MS2 [297]: 297(1), 282(15), 279(100), 269(2), 268(18), 254(25), 251(74), 237(7), 227(4),

209(3)
56.3236

MS3 [297 → 279]: 279(7), 264(39), 261(34), 251(100), 237(58), 233(17), 223(21), 209(16),
197(14), 185(7)
MS3 [297 → 269]: 254(20), 251(68), 241(67), 227(100), 223(54)
MS4 [297 → 279 → 251]: 251(8), 236(41), 233(100), 223(47), 222(23), 209(22), 195(11),
183(11)
MS5 [297 → 279 → 251 → 233]: 218(36), 205(100)
MS5 [297 → 279 → 251 → 223]: 223(5), 208(100), 195(16), 194(20), 153(27)

M1 [M+H]+

311
4.13 MS2 [311]: 311(10), 296(64), 293(22), 283(69), 265(100), 251(6), 241(8), 237(13), 231(4) 0.2679

MS3 [311 → 293]: 293(100), 275(37), 268(31), 265(90), 237(47), 225(71)
MS4 [311 → 293 → 275]: 247(100)
MS5 [311 → 293 → 275 → 247]: 219(100), 204(95)

M2 [M+H]+

313
4.66 MS2 [313]: 313(100), 295(95), 277(56), 267(68), 253(29), 249(37), 235(25), 229(18) 0.4486

MS3 [313 → 295]: 295(56), 277(100), 249(51)
MS4 [313 → 295 → 277]: 259(64), 249(100)

M3a [M+H]+

329
5.38 MS2 [329]: 311(71), 301(35), 297(54), 283(100), 267(44), 249(40), 226(34) 0.0569

MS3 [329 → 311]: 293(92), 283(100), 278(77), 265(66)
MS3 [329 → 297]: 282(69), 269(100), 254(50)
MS3 [329 → 283]: 265(44), 255(100), 227(99), 209(41), 195(32)
MS4 [329 → 297 → 269]: 269(100), 254(81), 241(60)

M4 [M+H]+

293
5.77 MS2 [293]: 293(8), 278(17), 275(100), 265(11), 247(31), 229(4), 131(5) 0.1389

MS3 [293 → 275]: 275(23), 260(9), 247(100), 219(9)
MS4 [293 → 275 → 247]: 232(26), 219(100), 204(63), 193(21), 191(21)

M5 [M+H]+

313
6.30 MS2 [313]: 313(86), 295(100), 277(93) 0.1956

MS3 [313 → 295]: 277(100), 267(24), 253(23), 249(23), 239(16), 225(30)
MS4 [313 → 295 → 277]: 259(52), 249(30), 221(100)

M6 [M+H]+

311
6.39 MS2 [311]: 311(31), 293(82), 283(13), 275(100), 263(17), 253(31), 251(17), 249(11), 136(9) 0.3189

MS3 [311 → 293]: 278(9), 275(100), 268(14), 251(50), 247(28)
MS4 [311 → 293 → 275]: 260(22), 247(100), 246(17)
MS5 [311 → 293 → 275 → 247]: 219(100)

M7 [M+H]+

327
6.65 MS2 [327]: 327(12), 312(86), 295(100), 247(12) 0.0293

MS3 [327 → 295]: 295(100), 277(30), 267(9), 249(15)
MS4 [327 → 295 → 277]: 262(81), 259(81), 249(64), 231(100)

M8 [M+H]+

309
6.86 MS2 [309]: 309(100), 291(23), 281(95), 280(51), 277(17), 263(15), 249(8), 219(8), 171(6),

160(5)
0.0385

MS3 [309 → 281]: 281(17), 263(100), 253(29), 235(15)
MS4 [309 → 281 → 263]: 248(32), 235(100), 219(41), 217(80)

M9 [M+H]+

293
6.94 MS2 [293]: 293(5), 278(9), 275(100), 265(7), 251(5), 247(21), 229(2) 0.0321

MS3 [293 → 275]: 275(29), 260(6), 247(100), 229(4), 205(3)
MS4 [293 → 275 → 247]: 247(61), 232(15), 229(6), 219(100), 204(60), 193(14)

M10 [M+H]+

287
7.03 MS2 [287]: 287(1), 269(100), 263(1), 213(1) 0.0757

MS3 [287 → 269]: 269(100), 254(25), 251(40), 241(74), 227(26), 213(38), 199(43), 183(7),
171(23)
MS4 [287 → 269 → 251]: 251(11), 236(100), 233(41), 223(80), 222(20), 209(63), 195(39),
181(42), 167(13), 153(16)
MS4 [287 → 269 → 241]: 226(36), 223(23), 213(74), 199(100), 197(63), 185(13), 171(42),
157(34), 155(12), 143(65)
MS5 [287 → 269 → 251 → 233]: 218(100), 205(54), 190(68)
MS5 [287 → 269 → 251 → 223]: 208(80), 195(100), 181(67)

M11 [M+H]+

285
7.08 MS2 [285]: 285(1), 267(100), 239(1), 211(1) 0.0415

MS3 [285 → 267]: 267(14), 252(15), 249(14), 239(27), 225(29), 211(100), 197(10), 181(5),
169(3)
MS4 [285 → 267 → 239]: 221(70), 211(63), 197(100), 183(43)
MS4 [285 → 267 → 249]: 234(49), 231(32), 221(100), 207(25), 193(55), 179(17)
MS5 [285 → 267 → 239 → 211]: 196(54), 183(85), 181(100), 168(76)
MS5 [285 → 267 → 239 → 221]: 206(80), 193(100)
MS5 [285 → 267 → 249 → 221]: 206(100), 193(20), 191(21), 179(27), 178(67)

M12 [M+H]+

339
7.28 MS2 [339]: 339(1), 321(2), 311(6), 293(2), 279(100), 261(11) 0.0238

MS3 [339 → 311]: 293(26), 281(32), 279(100), 261(68)
MS4 [339 → 311 → 293]: 265(100)
MS4 [339 → 311 → 279]: 261(100), 233(18)
MS5 [339 → 311 → 279 → 233]: 205(100)

M13 [M+H]+

269
7.67 MS2 [269]: 269(1), 251(100), 223(1), 213(1) 0.1003

MS3 [269 → 251]: 251(7), 236(7), 233(24), 223(100), 207(27), 195(30), 192(4), 169(1)
MS4 [269 → 251 → 233]: 233(15), 218(55), 205(100), 190(13)
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Table 1 (Continued )

Metabolites Precursor ion Retention time (min) Data-dependent MSn data (% base peak) Relative
abundance (%)

MS4 [269 → 251 → 223]: 223(20), 208(22), 205(8), 195(100), 179(10)

M14 [M+H]+

313
7.76 MS2 [313]: 313(44), 295(100), 277(26), 271(42), 267(22), 253(40), 215(2), 200(33) 0.3106

MS3 [313 → 295]: 295(32), 277(100), 267(37), 253(24), 249(51)
MS4 [313 → 295 → 277]: 277(15), 249(100), 235(16), 221(13)

M15 [M+H]+

295
8.02 MS2 [295]: 295(4), 280(15), 277(100), 267(18), 253(8), 249(52), 235(8), 225(31), 211(3),

185(2)
13.9852

MS3 [295 → 277]: 277(45), 262(59), 249(100), 235(46), 231(18), 207(9)
MS3 [295 → 267]: 252(31), 249(67), 239(47), 225(100), 211(21), 197(23), 185(59)
MS4 [295 → 277 → 249]: 234(100), 221(94), 206(48), 195(9), 181(9), 165(10)
MS4 [295 → 267 → 239]: 211(76), 197(86), 185(100)
MS5 [295 → 277 → 249 → 221]: 221(16), 206(100), 193(15), 179(21)

M16 [M+H]+

311
8.64 MS2 [311]: 311(12), 293(81), 275(100), 269(17), 250(24), 247(16), 235(13), 229(8) 0.0102

MS3 [311 → 293]: 275(100), 265(63), 247(38)
MS4 [311 → 293 → 275]: 247(100)
MS5 [311 → 293 → 275 → 247]: 219(100)

M17 [M+H]+

267
9.90 MS2 [267]: 267(82), 252(1), 249(1), 239(100), 217(3), 199(7), 185(45) 0.0857

MS3 [267 → 239]: 224(3), 221(3), 211(4), 203(17), 185(7), 183(15), 171(100), 143(7)
MS3 [267 → 249]: 221(100)
MS4 [267 → 239 → 221]: 193(100)
MS4 [267 → 249 → 221]: 193(100)

M18 [M+H]+

293
12.10 MS2 [293]: 293(6), 278(11), 275(100), 265(7), 247(26), 230(3), 223(8), 222(3) 0.2351

MS3 [293 → 275]: 275(18), 260(13), 247(100), 229(12)
MS4 [293 → 275 → 247]: 247(17), 232(23), 219(100), 204(47), 193(18), 191(10)

M19 [M+H]+

295
14.51 MS2 [295]: 295(57), 280(2), 277(100), 267(2), 253(4), 249(6), 235(3) 27.2818

MS3 [295 → 277]: 277(4), 262(32), 249(100), 234(9), 231(11), 221(12), 206(3), 195(2),
179(1)
MS3 [295 → 267]: 252(14), 249(100), 239(26), 231(30), 225(19), 221(26)
MS4 [295 → 267 → 239]: 197(56), 179(100)
MS4 [295 → 277 → 249]: 234(86), 221(100), 206(38), 193(11), 143(5)

→ 22

A
f
h
i
1
b
c
a
w
b
t
t
o
a
d
f

2

b
t
m
0
C
t
s
c
v
b

t
w
u
o

2

A
p
F
w
U
A
(

A
T
t
w
d
i
c
w
w

MS5 [295 → 277 → 249

a The metabolite was detected only in vivo.

nimals Center of Capital Medical University (CCMU). Rats were
asted for 8 h before use, but available to water ad libitum. Rat liver
omogenate was prepared according to the literature [20]. Each

ncubation sample contained 3.75 mg/ml rat liver homogenate,
2.5 �g/ml cryptotanshinone and added to the volume of 400 ml
y Krebs–Henseleit buffer (pH 7.4). The incubation samples without
ryptotanshinone were used as blank control experiment. All the
bove operation was carried out on ice. After incubating in a shaking
ater bath for 4–6 h at 37 ◦C, the biotransformation was terminated

y freezing at 4 ◦C. The samples were vortexed for 2 min and cen-
rifuged at 3500 × g for 15 min. The supernatant were extracted 3
imes by adding three-fold volume of ethyl acetate. Then the upper
rganic layers were collected and evaporated to dryness under
stream of nitrogen flow at 40 ◦C. The dried residues were re-

issolved in 200 �l of methanol followed by filtration with 0.22 �m
or LC–DAD–ESI–MSn analysis.

.3. In vivo investigation

Male Sprague–Dawley rats (210–250 g) were fasted overnight
ut water was available ad libitum before use. The rats were anes-
hetized and fixed on a wooden plate. An abdominal incision was

ade and the rat bile duct was cannulated with PE-10 tube (i.d.
.08 cm, Becton Dickinson, USA) for collection of the bile samples.
ryptotanshinone was dissolved in Tween-80 and normal saline

o form the concentration of 2 mg/ml, before injection the drug
olution was filtered by 0.22 �m filter. A single dose of 4 mg/kg
ryptotanshinone was intravenously administered to rats by caudae
ein and the same concentration of Tween-80 was administered for
lank control. A heating-lamp was used for maintaining the body

o
u
m

c

1]: 221(10), 206(100), 193(27), 191(9), 167(12)

emperatures during the experimental procedures. Bile samples
ere collected for 12 h and all the samples were stored at −80 ◦C
ntil extraction and analysis. The bile samples were extracted and
perated as Section 2.2.

.4. Instrumentation and analytical condition

The LC–ESI–MS system consisted of a HPLC system (Series 1100,
gilent Technology, Palo Alto, CA, USA) including a HP-1100 binary
ump, a vacuum degasser and an auto-sampler and coupled to
inngian LCQ Deca XP ion trap mass spectrometer (ITMS) equipped
ith an electrospray source (ESI) (Thermo Finnigan, San Jose, CA,
SA) and a diode array detector (DAD) (Agilent Technologies, Palo
lto, CA, USA). The LC–ESI–MS system was controlled by Xcalibur®

version 1.3) software.
Separations of the metabolites were achieved on a Betamax

cid C18 reversed-phase LC column (150 mm × 2.1 mm i.d., 5 �m;
hermo Electron, CA, USA) at a flow rate of 0.2 ml/min at ambient
emperature. The mobile phase was composed of methanol and
ater (75:25 v/v) and a volume of 5 �l of sample was always intro-
uced into the LC–ESI–MS system. The run time of samples in all

nstances totaled 20 min. The effluent from the chromatographic
olumn was monitored by UV detection at 254 nm and DAD spectra
ere acquired every 0.5 s. The flow from the UV detector (unsplit)
as directed into the mass spectrometer with a minimal amount

f PEEK tube (Upchurch, Oak Harbor, WA, USA). The experiments
tilized electrospray ionization in positive ion and/or negative ion
ode.
The ESI–MS was operated at the sheath flow rate of 60 psi;

apillary temperature of 350 ◦C; capillary voltage of 12 V and elec-



890 H. Dai et al. / Journal of Pharmaceutical and Biomedical Analysis 48 (2008) 885–896

F [287 →
a

t
h
c
a
a
d
[
C
m
v
t
s
u
l
w
t

3

m
i
n

c
t
a
l
a
t
c
t
[

t
e
s
c
m
p
F
a

ig. 4. MSn (n = 2–3) spectra and UV spectra of M10 and M13. (M10: MS2 [287], MS3

nd UV spectrum of M13.)

rospray voltage ranged from +3.5 to +5 kV. Ultra-high purity
elium was used as collision gas for the collision induced disso-
iation (CID) experiments. Nitrogen was used for both drying gas
nd nebulizing gas, which was set at 25 and 5 psi of sheath and
uxiliary gas, respectively. The MSn product ion spectra were pro-
uced by collision induced dissociation of the protonated molecule
M+H]+ ion of each analyte at their respective HPLC retention times.
ollision energy for the metabolites was dependent on different
etabolites from 30 to 40% with isolation width of 1.0 Da and acti-

ation time of 30 ms. The effluent from the column was on-line
ransferred to ESI–MS system without splitting. In a separate analy-
is, the data-dependent MS/MS scanning feature of the ion trap was
sed to ensure comprehensive MS/MS information of the metabo-

ites. The ion spay interface and mass spectrometric parameters
ere optimized to obtain maximum sensitivity at the unit resolu-

ion.

. Results and discussion
Owing to the development of soft ionization techniques,
ass spectrometry has assumed an increasingly important role

n pharmaceutical and biomedicine. ESI–MS, a versatile tech-
ique, is applied in all stages of drug development including

s
t
w
e
t

269] spectra and UV spectrum of M10; M13: MS2 [269], MS3 [269 → 251] spectra

hemical synthesis, drug target identification, library verifica-
ion, drug analysis and toxicology, especially in drug metabolism
nd pharmacokinetics [21,22]. While different combinations of
iquid chromatography with IR, UV/DAD, and NMR are widely
pplied, they are extensively employed in conjunction with MS
echniques. Hyphenated MS techniques are frequently the initial
hoice for drug metabolite detection and identification because of
heir sensitivity and convenience compared with other methods
23–26].

The first step in this work involved the characterization of
he ultraviolet spectral and mass spectral properties of the par-
nt drug. Full scan mass spectral analyses of cryptotanshinone
howed a protonated molecule ion of m/z 297. Extracted ion
hromatograms of cryptotanshinone and its phase I and phase II
etabolites in rat are presented in Fig. 1. CID analyses of these

seudo-molecular ions yielded the mass spectra are presented in
ig. 2. The suggested fragmentation patterns of cryptotanshinone
re presented in Fig. 3. The mass spectral patterns of cryptotan-

hinone served as templates in the elucidation of the structures of
he proposed metabolites. Structural determination of metabolites
as facilitated by the fact that the parent compound undergoes

xtensive and well definable fragmentation under MS/MS condi-
ions. In order to reduce the endogenous interference, rat hepatic
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ig. 5. MS2, MS3 spectra and UV spectra of M11 and M17. (M11: MS2 [285], MS3 [28
V spectrum of M17.)

omogenate samples and bile samples were extracted with ethyl
cetate.

The investigation involved the characterization of the ultravi-
let spectral and the mass spectral properties of the parent drug
nd its metabolites. The full scan mass spectra of metabolite sam-
les were compared with that of the blank and the parent drug to
nd the proposed metabolites. These compounds were analyzed by
C–MSn. Retention times, ultraviolet spectra, changes in observed
ass (�M) and spectral patterns of product ions of metabolites
ere compared with that of cryptotanshinone to identify metabo-

ites and elucidate their structures.
After determination of the retention time, the ultraviolet spec-

ra and the mass spectra of the proposed metabolite molecules,
he retention time dependent MS/MS scans were programmed
o acquire CID data on-line. Complete structural identification of

etabolites may be hindered by the absence of useful product ions

n the MS or MS/MS spectrum, thus, the pseudo MSn mass spectra,
ia in-source fragmentation of molecular ions, were used for more
recise structural identification of metabolites. We could reveal the
ssential change in many product ions of metabolites and eluci-
ate the structures of metabolites via a series comparison of the

c
2
r
t
s

7] spectra and UV spectrum of M11; M17: MS2 [267], MS3 [267 → 239] spectra and

roduct ions of the metabolites with that of the parent drug. Based
n the method described above, we found 25 extracted ion chro-
atographic peaks which were the proposed phase I and phase II
etabolites (M1–M25) in vivo and in vitro. The parent ion, major
etabolite product ions and relative abundant of content along
ith their HPLC retention times of 19 metabolites both in vivo and

n vitro are summarized in Table 1. The major metabolic pathways
f cryptotanshinone in rat were dehydrogenation, hydroxylation,
-ring cleavage and hydrolysis or oxidation in phase I reaction,
-glucuronidation and O-sulfatation in phase II reaction.

.1. In vitro metabolites of cryptotanshinone

.1.1. Group I: mass fragmental patterns of parent drug
CT was observed as its protonated molecule [M+H]+ at m/z 297

ith a retention time of 9.99 min comparing with the standard

ompound. The MSn (n = 2–5) spectra gave prominent ions at m/z
82, 279, 269, 254, 251, 241, 223, 233, 218, 208, 205 and 195. The
etention time, UV spectrum and the MSn spectra were the same as
hose of CT. Therefore, this compound was confirmed as cryptotan-
hinone, the unchanged parent drug. The product ions spectra and
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V spectrum of M12.)

V spectrum of the protonated molecule of CT are shown in Fig. 2.
he [M+H]+ ion at m/z 297 formed a prominent product ion at m/z
79 ([M+H–H2O]+) when a collision energy of 40% was used. The
on at m/z 279 was further subjected to MS3 analysis and produced
n ion at m/z 251 ([M+H–H2O–CO]+), which further yielded the
ons at m/z 233 ([M+H–2H2O–CO]+) and 223 ([M+H–H2O–2CO]+)
s the base peak in the MS4 spectrum. The ion at m/z 233 further
ragmented to form ions at m/z 218 and 205 via losses of CH3 and
H2 CH2, respectively. The ion at m/z 223 further fragmented to

orm ions at m/z 208 and 195 through loss of CH3 and CH2 CH2,
espectively. Losses of CH3 also appeared in the MSn (n = 2–4)
pectra (m/z 297 → 282, 279 → 264, 269 → 254, 251 → 236). The
roposed fragmentation pathway of CT is illustrated in Fig. 3. The
ragmentation mechanism of CT could help to elucidate and identify
he metabolite structures of cryptotanshinone.

.1.2. Group II: dehydrogenated metabolites (M15, M19; M4, M9

nd M18)

M15 and M19, eluted at 8.02 and 14.51 min, respectively, both
ave rise to protonated molecules [M+H]+ at m/z 295.The MSn char-
cteristic ions of M15 and M19 (m/z 280, 277, 267, 249, 239, 221, 206
nd 193) are 2 Da less than that of cryptotanshinone. The retention

t
t
I
a
w

1] spectra and UV spectrum of M8; M12: MS2 [339], MS3 [339 → 311] spectra and

ime, the MSn spectra and the UV spectra of M19 were the same
s those of tanshinone IIA. Therefore, M19 was confirmed as tan-
hinone IIA, which was the major metabolite of cryptoanshinone
y the dehydrogenated reaction. The MSn product ions spectra of
15 were similar with M19 (seen in Table 1), but the UV spectrum

�max = 260 nm) was different, according to the literature [27–29],
15 was characterized as the 1,2-dehydrocryptotanshinone or 2,3-

ehydrocryptotanshinone.
M4, M9 and M18, eluted at 5.77, 6.94 and 12.10 min, respec-

ively, all they gave rise to protonated molecules [M+H]+ at m/z
93 and 2 Da less than that of tanshinone IIA. Their MSn spec-
ra were almost identical. The main product ions of M4, M9 and

18 are shown in Table 1. Their characteristic fragmentation path-
ays are similar: m/z 293 → 275 → 247 → 219 → 204, 191, via losses
f H2O, CO, CH3 or CH2 CH2. Losses of CH3 (m/z 293 → 278,
75 → 260, 247 → 232) were also observed in the MSn (n = 2–4)
pectra. All the main fragment ions of them were 2 Da less than

hose of tanshinone IIA. Therefore, M4, M9 and M18 were tenta-
ively proposed as the dehydrogenated metabolites of tanshinone
IA. According to the literature [27–30], M4 and M9 were identified
s 1,2-dehydrotanshinone IIA or 2,3-dehydrotanshinone IIA; M18
as identified as 1,3-dehydrotanshinone IIA.
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Fig. 7. MS/MS and MS3 spectra of M20, M22 and M25 of cryptotanshinone.

.1.3. Group III: metabolites of furan ring cleavage (M13, M10,
17 and M11)

M13, eluted at 7.67 min, gave [M+H]+ at m/z 269. The MSn

n = 2–4) spectra gave prominent ions at m/z 251, 233, 223, 218, 208,
05 and 195 (shown in Table 1), which were similar to that of cryp-
otanshinone. M13 was 28 Da less than that of cryptotanshinone,
ut the UV spectra between them were different, so there could be
ome change in their structures. When a collision energy of 35%
as used, the [M+H]+ at m/z 269 of M13 produced a prominent

on at m/z 251, resulting from the loss of H2O, which in MS3 anal-
sis underwent losses of CH3, H2O and CH2 CH2 to generate ions
t m/z 236, 233 and 223, respectively. The m/z 233 ion obtained
hen produced ions at m/z 218 and 205 in the same pathway as

ryptotanshinone. The ion at m/z 223 underwent MS4 analysis and
roduced ions at m/z 208, 205 and 195, via losses of CH3, H2O and
O, respectively. The product ions spectra and the UV spectrum of
13 are shown in Fig. 4. According to the analysis above, M13 was

m

[
o

iomedical Analysis 48 (2008) 885–896 893

lucidated as the metabolite by cleavage of furan ring and loss of
O from furan ring of cryptotanshinone.

M10 was observed as its protonated molecule [M+H]+ at m/z
87 with a retention time of 7.03 min. A prominent ion at m/z
69 ([M+H–18]+) was observed in the MS/MS spectrum (shown in
ig. 4), resulting from the loss of H2O. The fragmentation mecha-
isms of MS3 [m/z 269], MS4 [m/z 251] and [m/z 241] were similar,
ia losses of CH3, H2O, CO and 42 Da (CH2 CHCH3) to form their
aughter ions. The fragmentation pathways of MS5 [m/z 233] and
m/z 223] were the same as those of MS5 [m/z 233] and [m/z 223]
f cryptotanshinone, respectively. The characteristic mechanism of
10 was similar to that of M13. Therefore, M10 was tentatively

lucidated as the hydroxyl metabolite of M13 at the C-14 position
n C-ring or the hydroxylated metabolite of M13 at the side chain
ydrocarbon C-16 position in C-ring. The major product ions of M10
rom MSn (n = 2–5) spectra are shown in Table 1.

M17 gave rise to protonated molecule [M+H]+ at m/z 267, with a
etention time of 9.90 min, and 28 Da less than that of tanshinone
IA. The MS/MS spectra of M17 from the [M+H]+ ion at m/z 267
ave a prominent [M+H−28]+ ion at m/z 239 and minor ions at
/z 252 ([M+H−15]+), 249 ([M+H−18]+) (shown in Fig. 5). The MS3

pectra of m/z 239 and 249 yielded the ion at m/z 221 as the base
eak, corresponding to losses of H2O and CO, respectively. Losses of
H3 and CO to form the ions at m/z 224 and 211, respectively, were
bserved in MS3 spectrum of m/z 239. The MS4 spectrum of m/z
21 yielded ion at m/z 193, corresponding to loss of CH2 CH2 in the
ame pathway as tanshinone IIA. According to the analysis above,
17 was tentatively elucidated as the metabolite of tanshinone IIA

y cleavage of furan ring and loss of CO from furan ring.
M11, eluted at 7.08 min, gave rise to protonated molecule [M+H]+

t m/z 285. Fragmentation of the [M+H]+ ion at m/z 285 involved
nitial loss of H2O (seen in Fig. 5). Then the product ion obtained
t m/z 267 underwent similar fragmentation to the ions from M17
m/z 267 → 239 → 221 → 193, 267 → 249 → 221 → 193). The major
roduct ions of M11 are shown in Table 1. Besides ion at m/z 221,
he ion at m/z 239 could further fragmented to form ion at m/z
11, which in MS5 analysis underwent losses of CH3 and CH2 CH2
o generate ions at m/z 196 and 183, respectively. The ion at m/z
49 underwent MS4 analysis and produced ions at m/z 234, 231
nd 221 via losses of CH3, H2O and CO, respectively. The losses of
H3 (m/z 267 → 252, 221 → 206) were also observed in the MS3 and
S5 spectra. According to the analysis above, M11 was tentatively

lucidated as the hydroxylated metabolite of M17 at the side chain
ydrocarbon C-16 position in C-ring.

.1.4. Group IV: M8 (tanshinaldehyde) and M12 (methyl
anshinonate)

M8 was observed as a protonated molecule [M+H]+ at m/z
09, with a retention time of 6.86 min. In MSn (n = 2–4) spec-
ra, the characteristic ions of M8 at m/z 291 ([M+H–H2O]+),
81 ([M+H–CO]+), 263 ([M+H–CO–H2O]+), 253 ([M+H–2CO]+),
48 ([M+H–CO–H2O–CH3]+) and 235 ([M+H–H2O–2CO]+) were
bserved (Table 1). In addition, an ion at m/z 280 was observed
n the MS/MS spectrum (shown in Fig. 6) which attributed to the
oss of 29 Da (CHO); it indicated that the structure of M8 had an
ldehyde group. According to the literature [27,28], M8 was charac-
erized as tanshinaldehyde, a metabolite of tanshinone IIA at A-ring
-4 methyl oxidation. The UV spectrum and the fragmentation of
8 were slightly different from that of tanshinone IIA owing to

he methyl groups at C-4 in tanshinone IIA had been converted
iltiorrhiza Bunge [19].
M12, eluted at 7.28 min, gave rise to protonated molecule

M+H]+ at m/z 339. A prominent ion at m/z 279 ([M+H−60]+) was
bserved in the MS/MS spectrum (seen in Fig. 6), resulting from the
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oss of 60 Da (HCOOCH3). The minor ions at m/z 321([M+H−18]+),
11 ([M+H−28]+), 293 ([M+H−46]+) were attributed to successive
osses of H2O and CO. The ion at m/z 279 was subjected to MS4 anal-
sis and product ions at m/z 233 and 261 via losses of 46 Da (–H2O,
CO) and H2O, respectively. The other two ions at m/z 265 and 205
ere attributed to loss of 28 Da (CO) from m/z 293 and 233, respec-
ively. Therefore, M12 was designated as methyl tanshinonate, a
etabolite of tanshinaldehyde from aldehyde oxidation at C-4 side

hain. The UV spectrum and the fragmentation of M12 were some-
hat different from that of tanshinone IIA owing to –CH3 group at
-4 of tanshinone IIA oxidized to form –COOCH3.

M
T
i
s
h

ways of cryptotanshinone in rats.

.1.5. Group V: monohydroxylated (M2, M5, M14, M1, M6 and
16) and dihydroxylated (M3 and M7) metabolites

M2, M5 and M14 eluted at 4.66, 6.30 and 7.76 min, respec-
ively, all gave the quasi-molecular ion of m/z 313, and 16 Da
igher than that of cryptotanshinone. An obvious [M+H−18]+

on at m/z 295, formed by loss of H2O, was observed in the

S/MS spectrum. Their major product ions are shown in Table 1.

he characteristic fragmentation mechanisms of them are sim-
lar: m/z 313 → 295 → 277 → 249 → 221. According to the MSn

pectra, retention time, and polarity of the metabolite with one
ydroxyl group of cryptotanshinone [16,30], M2, M5 and M14
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ere elucidated as A-ring hydroxycryptotanshinone, 18-methyl
ydroxycryptotanshinone and 17-methyl hydroxylcryptotanshi-
one, respectively.

M1, M6 and M16 eluted at 4.13, 6.39 and 8.64 min, respec-
ively, all gave rise to protonated molecules [M+H]+ at m/z 311
nd were 16 Da higher than that of tanshinone IIA. The major
roduct ions of M1, M6 and M16 are shown in Table 1. The
haracteristic mechanism pathways of them are similar: m/z
11 → 293 → 275 → 247 → 219 → 204, through losses of H2O, CO or
H3. According to the retention time, MSn (n = 2–5) spectra and
he polarity of hydroxytanshinone IIA [16,27], M1, M6 and M16
ere identified as tanshinone IIB, 3-hydroxytanshinone IIA and
rzewaquinone A, respectively.

M7 was observed as protonated molecule [M+H]+ at m/z 327
ith a retention time of 6.65 min. M7 was 32 Da higher than that of

anshinone IIA and 16 Da higher than that of hydroxyl metabolites
f tanshinone IIA. The MS3 [327 → 295] spectrum produced ions
t m/z 295, 277, 267, 249 and 231 in the same pathway as that of
anshinone IIA. Therefore, M7 was tentatively proposed to be the
ihydroxytanshinone IIA, one hydroxylation position occurs at C-
7 or C-18 methyl group, and the other hydroxylation occurs at
-ring.

.2. In vivo metabolites of cryptotanshinone

Taking the results of in vitro incubation as reference, in vivo
etabolism of cryptotanshinone was studied after a single dose

ntravenous administration. Bile was collected and extracted with
thyl acetate. Then the upper organic layers were evaporated to
ryness and the reconstitutes were analyzed by LC–ESI–MSn in pos-

tive ion modes. The aqueous layers were treated with methanol
or protein precipitation and the supernatant were evaporated to
ryness, the reconstitutes were analyzed by LC–ESI–MS in neg-
tive ion mode. In the organic layer, trace amounts of phase I
etabolites were observed (shown in Fig. 1), most of phase I
etabolites were elucidated and identified in vitro incubation

xcept M3. O-Glucuronidated and O-sulfated metabolites were
etected by ESI–MS in the negative ion mode in aqueous layer.
eutral loss scan in MS/MS mode was used to screen the pro-
osed phase II metabolites such as glucuronidated product with
76 Da and sulfated product with 80 Da. The detected conjugated
etabolites were confirmed by LC–MS and MS/MS analysis. Based

n the above method, six phase II metabolites were observed, the
xtracted mass chromatograms of them (M20–M25) are shown in
ig. 1.

Phase I metabolite M3 was observed as protonated molecule
M+H]+ at m/z 329 with a retention time of 5.38 min and was
2 Da high than that of cryptotanshinone. The MS3 [329 → 297] and
S4 [329 → 297 → 269] spectra gave the characteristic ions at m/z

97, 282, 269, 254 and 241 in the same pathway as that of cryp-
otanshinone. Therefore, M3 was tentatively proposed to be the
ihydroxycryptotanshinone (seen in Fig. 8).

M20 and M22 were observed as sulfated metabolites with reten-
ion times of 3.00 and 5.36 min. They were detected with the
M−H]− ion at m/z 377, which MS/MS spectrum showed an intense
on at m/z 297 corresponding to the neutral loss of 80 Da (seen
n Fig. 7). Their retention time and the MS3 spectra have slight
ifference. According to the MS data and the literature [31], tan-
hinone IIA could be firstly reduced to tanshinone IIA catechol
nd then formed to the position isomers of catechol conjugates.

hus, M20 and M22 might be cryptotanshinone catechol sulfate
onjugates which could be position isomers. Similarly, the detec-
ions of the metabolites M21 and M24 ([M−H]− = 473) from the
bservation of the neutral loss of 176 Da were related to cryp-
otanshinone catechol glucuronidation conjugates which could be

[
[

[

[

iomedical Analysis 48 (2008) 885–896 895

osition isomers, and the results were confirmed by the MS/MS
nalysis.

Another sulfated metabolite M25 was detected at 6.49 min with
he neutral loss scan of 80 Da in the negative ion mode. The obtained
M−H]− ion at m/z 391 indicated that hydroxylated and sulfated

etabolite of cryptotanshinone was existed. The MS/MS spectrum
f M25 showed a prominent ion at m/z 311 corresponding to the
eutral loss of 80 Da, which underwent MS3 analysis and produced

ons at m/z 293 and 255 (shown in Fig. 7). Similarly, the detection
f the glucuronidated metabolites M23 ([M−H]− = 487) from the
bservation of the neutral loss of 176 Da was related to the hydroxy-
ated metabolites of cryptotanshinone and confirmed by the MS/MS
nalysis.

. Conclusion

This investigation described the application of LC–DAD–MS
ethod with diode array detection and electrospray ioniza-

ion mass spectra, positive ion and/or negative ion mode and
ollision induced dissociation to elucidate and identify the in
itro and in vivo metabolites of cryptotanshinone. Nineteen
hase I metabolites and six phase II metabolites of cryptotan-
hinone were observed. The structures and fragment pathways
f the metabolites were elucidated and analyzed (shown in
ig. 8). The structural analysis indicated that the in vivo and
n vitro phase I metabolites of cryptotanshinone can be mainly
ivided into four categories: dehydrogenation, hydroxylation, furan
ing cleavage and side chain oxidation. Among these metabolic
eactions, the dehydrogenation was the predominant pathway
nd the dehydrogenated metabolites of cryptotanshinone were
he predominant metabolites. O-Glucuronidation and O-sulfation

etabolites of cryptotanshinone were the major phase II metabolic
athways. This investigation contributes to new information on
ryptotanshinone metabolic mechanism and development of a
ovel drug which is essential for understanding the safety and
fficacy.
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