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a  b  s  t  r  a  c  t

An  HPLC–ESI-MS/MS  method  was  established  to identify  the absorbed  components  and  metabolites
in  rat  plasma  after  oral  administration  of  Rhizoma  Chuanxiong  decoction  (RCD),  a well-known  tradi-
tional  Chinese  medicine.  By  comparing  the  extracted  ion  chromatograms  (EICs)  obtained  from  dosed
rat plasma,  blank  rat plasma  and  RCD,  a total  of 25  compounds  were  detected  in dosed  rat  plasma.
Among  them,  13  compounds  were  absorbed  into  rat  plasma  in  prototype  and  identified  as  ferulic
acid,  senkyunolide  J, senkyunolide  I, senkyunolide  D  or 4,7-dihydroxy-3-butylphthalide,  senkyunolide
F,  senkyunolide  M,  senkyunolide  Q, senkyunolide  A, E-butylidenephthalide,  E-ligustilide,  neocnidilide,
PLC–ESI-MS
at plasma
igusticum chuanxiong
etabolism

Z-ligustilide,  levistolide  A,  according  to the  retention  times,  UV,  MS,  MS/MS  spectra.  In  addition,  12 conju-
gated  metabolites  including  6  senkyunolide  I-related  metabolites,  4 senkyunolide  J-related  metabolites
and 2  butylidenephthalide-related  metabolites  were  also  detected  and  identified  by  comparing  their  MS,
MS/MS  spectra  with  that  of  corresponding  original  components.  Conjugated  with  glutathione,  cysteine,
glucuronic  acid  and  sulphuric  acid  were  the  main  metabolic  reactions  of  phthalides.  Finally  the in vivo

emic
metabolic  pathways  of  ch

. Introduction

Traditional Chinese medicines (TCMs) play an important role
n the clinical treatment of disease in China for centuries. How-
ver, their specific active constituents and corresponding action
echanism are still under investigation. The traditional approach

o screen their active constituents generally isolate single compo-
ent and in vitro test its bioactivity one by one. However, the overall
fficacy of TCM was simply unequal to the sum of all active con-
tituents’ effects. To establish an integrated method for screening
nd analyzing the effective components in TCM, serum pharma-
ochemistry was proposed [1],  which based on the hypothesis that
ctive constituents were the components absorbed into blood. With
he help of this method, the effective components of Erxian Decoc-
ion [2],  She-Xiang-Bao-Xin pill [3],  Dang-Gui-Bu-Xue decoction
4] were investigated by in vivo bioactive components fingerprint
hromatogram.

Rhizoma Chuanxiong, the dried rhizome of Ligusticum chuanxiong
ort. (Umbelliferae), is widely prescribed for curing cardiovascular

iseases for centuries [5].  Several types of components includ-

ng alkaloid, phenolic acid and phthalides have been isolated and
dentified during the past decades [6,7]. Among them, tetram-
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E-mail address: hbxiao@dicp.ac.cn (H. Xiao).
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al  constituents  of  Chuanxiong  in  rat plasma  were  proposed  in  this  study.
© 2011 Elsevier B.V. All rights reserved.

ethylpyrazine (TMP), ferulic acid and various phthalides were
reported to be the bioactive components [8–10]. Up to now, stud-
ies of Chuanxiong mainly focus on the absorption, distribution,
metabolism and excretion of a few isolated bioactive compounds,
such as TMP, ferulic acid, ligustilide, senkyunolide A [11–18].  They
can be absorbed into plasma after administration of monomer com-
pounds, distributed to tissues, then metabolized and excreted from
the organism. In this process, several common metabolic reactions
occurred, including dehydrogenation, oxidation, hydroxylation,
conjugation with glucuronic acid, sulphuric acid, glutathione and
cysteine [12–18].  However, one or a few bioactive components used
for in vivo studies are not sufficient to represent and reflect the over-
all efficacy of Chuanxiong. It was reported that ferulic acid exhibited
distinctly different absorption after oral administration of pure fer-
ulic acid and Chuanxiong extract at the equal dose [19]. Similarly,
the clearance and metabolism of ligustilide after oral administra-
tion of Chuanxiong extract was significantly different from that
dosed in its pure form [20]. These studies suggest that compo-
nents present in the extract could influence the pharmacokinetics
of certain bioactive monomer. Therefore, it is essential to establish
a systemic method to real the potential bioactive components of
Chuanxiong and their metabolites, which was scarcely investigated

at present. Only Liu et al. analyzed the fingerprint chromatograms
of chemical compositions in body fluid of rats [21]. It revealed that
10 components including nine prototypes and one metabolite were
absorbed into blood. The most absorbed composition was  appeared

dx.doi.org/10.1016/j.jpba.2011.08.010
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:hbxiao@dicp.ac.cn
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t 60 min  after oral administration. However, since the bioactive
omponents, often interfered by endogenous metabolites and pro-
eins, are diverse and their concentrations are quiet low, it is hard to
dentify them and their metabolites and subsequently to construct
he metabolic pathways of them.

In the present study, serum pharmacochemistry was  adopted
o reveal bioactive components of Chuanxiong and their metabo-
ites. The in vivo fingerprint chromatogram was  obtained and
urther compared with that of RCD. As a result, 25 compounds
ncluding 13 absorbed components and 12 conjugated metabolites

ere detected simultaneously and identified by on-line structure
lucidation. Then the in vivo metabolic pathways of chemical con-
tituents of Chuanxiong in rat plasma were exploringly proposed.
his investigation would effectively narrow the range of potentially
ioactive constituents of Chuanxiong and shed light to its action
echanism.

. Experimental

.1. Chemicals and reagents

HPLC-grade acetonitrile was purchased from Fisher Chemicals
Fisher Chemicals, USA). HPLC-grade methanol, analytical-grade
thyl acetate and acetic acid were obtained from Yuwang (Yuwang,
hina). Water was purified with a Milli-Q system (Millipore,
edford, USA). Senkyunolide I, senkyunolide A, ligustilide and levis-
olide A were purified from Rhizoma Chuanxiong in our laboratory
nd their structures were confirmed by comparison of their UV,
S  data with the literature [22]. The purity of each isolated com-

ound was determined to be above 95% by HPLC analysis. TMP
nd ferulic acid were purchased from the National Institute for the
ontrol of Pharmaceutical and Biological Products (Beijing, China).
he Rhizoma Chuanxiong was purchased from local herb stores
n Provinces of Sichuan (Sichuan, China). The crude drug of high
uality was authenticated by prof. Jinhai Yi (Sichuan Academy of
hinese Medicine Sciences).

.2. Instrument and conditions

HPLC–UV analysis was carried out on a Waters Alliance 2690
hromatographic system (Waters Corp., Milford, USA) equipped
ith auto sampler, vacuum degasser and diode-array detector.
hromatographic separation was carried out on an Inertsil ODS-3
olumn (4.6 mm × 250 mm,  5 �m)  and the temperature of column
ven was maintained at 35 ◦C. The mobile phase consisted of ace-
onitrile (A), and 0.1% acetic acid (B). A gradient program was
dopted as follows: 5–10% A from 0–5 min, 10–70% A from 5 to
5 min, 75–100% A from 45 to 60 min. UV spectra were recorded
rom 210 nm to 400 nm and the detection wavelength was set
t 280 nm.  The flow rate was set at 1.0 mL/min and split with a
ost-column stream splitter with a ratio of 1/4 to mass spectrom-
ter.

MS experiments were performed on a TSQ triple-quadrupole
ass spectrometer (Thermo, San Jose, CA, USA) equipped with an

SI interface. The ionization parameters were set as follows: spray
oltage 4.0 kV; heated capillary temperature 325 ◦C; sheath gas at

0 psi and auxiliary gas at 20 AU. Agron at 3 torr was  used as col-

ision gas for the collision induced dissociation (CID). The mass
pectrometry was programmed to perform full scan analysis over
ass range of m/z  100–1000 in alternating positive and negative

onization mode. The collision energy of dissociation was  set at
5 eV for ligustilide, while 20 eV for the other components in the
S/MS.
medical Analysis 56 (2011) 1046– 1056 1047

2.3. Preparation of Rhizoma Chuanxiong decoction (RCD)

240 g dry powder of Chuanxiong was  immersed in 1.8 L of 70%
ethanol overnight. The mixture was  extracted by reflux extraction
for 2 h at 80 ◦C. After filtered, the residue was  further extracted
with 1.6 L of 70% ethanol for 1 h. The filtered supernatants were
combined and evaporated to dryness under reduced pressure at
60 ◦C. The dried residue was  dissolved in water to obtain an oral
solution of RCD with a concentration of 2 g herb per decoction.

2.4. In vivo study

Eight Sprague-Dawley rats (200–300 g body weight) were pur-
chased from the laboratory animal center of Sichuan Academy of
Chinese Medicine Sciences (Sichuan, China) and divided into two
groups (group A, drug group for dosed rat plasma, n = 5; group B,
control group for blank rat plasma, n = 3) and kept in a breeding
room. The animals were fasted for 12 h with free access to water
before the experience. RCD was administered orally to the rats of
group A at a dose of 10 mL  RCD/kg body weight. Equal dose of dis-
tilled water was  orally administered to the rats of group B. The
rats were continuously administered twice a day. Sixty minutes
after the fifth drug administration, the animals were sacrificed by
decapitation. The blood samples were collected and centrifuged at
3000 rpm for 10 min  to obtain plasma samples, which were freeze-
dried immediately, stored at −70 ◦C until analysis. All procedures
were in accordance with the National Institute of Health’s guide-
lines in principles of animal care.

2.5. Sample preparation

0.25 g plasma samples were added into a 10 mL  polypropylene
test tube and extracted with 4 mL  methanol–ethyl acetate (1:1, v/v)
for three times, by which the objective components were extracted
and the protein was precipitated. Extraction was  performed by
vortexing for 20 s, ultrasonicating for 10 min  and centrifuging at
12,000 rpm for 5 min. The supernatants were combined and evap-
orated to dryness under a stream of nitrogen at 40 ◦C. Then the dried
residue was dissolved in 0.5 mL  methanol–water (1:1, v/v) and cen-
trifuged at 12,000 rpm for 10 min. An aliquot of 40 �L supernatant
was  injected into HPLC–MS system for analysis.

3. Results and discussion

3.1. Optimization of HPLC–MS conditions

Alkaloid, phenolic acid and phthalides are often considered as
the main constituents of Chuanxiong. TMP  and ferulic acid as the
representatives of alkaloid and phenolic acid were purchased, while
senyunolide I, ligustilide and levistolide A, as main constituents of
hydroxylated phthalides, alkyl phthalides and dimeric phthalides,
respectively, were purified from Chuanxiong in our laboratory.
These reference compounds were used for optimizing the HPLC–MS
conditions.

To separate and determine all constituents in a single
analysis, a long gradient elution method was  developed and
acetonitrile–water rather than methanol–water was  chosen as
mobile phase, owing to the former had high elution efficiency
and less interference in MS.  However, possibly due to ionization
of acidic and hydroxyl groups, the peak of ferulic acid was not
observed or tailed obviously. Thus 0.1% acetic acid rather than water

was  selected as the mobile phase, which usually has the function
of enhancing the intensity of positive ion.

UV spectra of reference compounds were obtained by using
the diode array detector in the range of 210–400 nm. TMP shows
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Table 1
HPLC–UV–ESI-MS identification of the constituents in Rhizoma Chuanxiong decoction (RCD).

No. TR Positive ion Negative ion UV (�max) MW Identification

1 16.35 135 (100) 209, 295 136 Tetramethylpyrazine
2  20.92 195(10), 177(100) 193 (100) 234, 294, 320 194 Ferulic aicd
3  21.39 250(100), 227(60), 209(35), 191(25) 292 226 Senkyunolide N
4  22.55 250(100), 227(50), 209(35), 191(20) 278 226 Senkyunolide J
5 23.82  367(100), 191(40) 282, 323 368 Feruloylquinic acid
6  23.86 248(100), 207(30) 276 224 Senkyunolide I
7 24.73  248(100), 207(25) 276 224 Senkyunolide H
8  25.02 223(100), 205(30) 282 222 4,7-Dihydroxy-3-butylphthalide
9  26.22 515(30), 353(100), 181(20), 178(5) 245, 294, 327 516 Dicaffeoylquinic acid

10  28.03 515(20), 353(100) 248, 294, 327 516 Dicaffeoylquinic acid
11  30.50 515(50), 353(100) 292, 317 516 Dicaffeoylquinic acid
12 31.63  223(100), 205(50) 221(100), 177(60) 285 222 Senkyunolide D
13  31.95 515(100), 353(55) 292, 317 516 Dicaffeoylquinic acid
14 33.81  232(35), 209(10), 191(100) 207(90), 163(100) 283 208 Senkyunolide G
15 34.31  207(15), 189(100) 205(100), 161(90) 237, 266, 346 206 Senkyunolide F
16 35.26  248(100), 207(33), 189(35) 205(100), 161(35) 291 206 3-Butyl-4-hydroxyphthalide
17 36.20  248(90), 207(100), 190(35) 205 (100) 292 206 Isomer of 3-butyl-4-hydroxyphthalide
18 36.78  320(15), 279(100) 273 278 Senkyunolide M
19  37.15 246(100), 205(45) 203 (100) 225, 253 204 Senkyunolide B or C
20  38.09 320 (15), 278.8(100) 277 (100) 273 278 Senkyunolide Q
21  38.13 246(55), 205(100) 203 (100) 225, 264, 331 204 Senkyunolide E
22  38.85 246(100), 205(30) 203 (100) 220, 265, 328 204 (E)-senkyunolide E
23  40.12 234(100), 193(30), 175(15), 278 192 Senkyunolide A
24  40.99 232(100), 191(25), 173(40), 145(40) 273 190 Butylphthalide
25 41.86  189 (100) 188 E-butylidenephthalide
26  42.66 236(80), 195(15), 177(25), 149(100) 267, 326 194 Cnidilide
27  42.95 232(100), 191(35), 173(10), 145(25) 288, 319 190 E-ligustilide
28  43.75 236(100),195(60), 177(35), 149(55) 260 194 Neocnidilide
29  44.55 232(100),191(35),173(10), 281, 325 190 Z-ligustilide
30  45.05 189(100), 171(50) 234, 259, 312 188 Butylidenephthalide
31  47.01 399(75), 381(50), 232(100), 191(80) 281 380 Dimer
32 49.19  398(20),381(20), 232(100), 191(30) 281 380 Dimer
33  50.20 383(100), 424(25), 234(30) 273 382 Dimer
34  50.78 405(15), 383(100) 275 382 Dimer
35 51.58  424(25), 383(1000 220, 282 382 Dimer
36  52.60 444(100), 403(25), 381(35), 232(50) 220, 282 380 Levistolide A
37  53.47 446(100), 405(40), 383(90) 227, 276 382 Dimer
38  54.55 381(20), 232(100), 191(45) 294 380 Dimer
39  55.35 444(80), 381(100), 232(35) 271 380 Dimer
40  55.86 444(75), 403(30), 381(100) 276 380 Dimer



A. Zuo et al. / Journal of Pharmaceutical and Biomedical Analysis 56 (2011) 1046– 1056 1049

Fig. 1. Chromatograms of Rhizoma Chuanxiong decoction by HPLC–UV–MS. (A) UV chromatogram at 280 nm.  (B) TIC chromatogram in positive ESI mode. (C) TIC chromatogram
in  negative ESI mode.

Fig. 2. Extracted ion chromatograms of 13 absorbed compounds in positive ion mode: (A) blank rat plasma, (B) dosed rat plasma collected at 60 min after oral administration
of  RCD and (C) Rhizoma Chuanxiong decoction.
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Fig. 3. Chemical structures of 13 absorbed comp

aximum absorption at 209 and 295 nm.  Ferulic acid has maxi-
um absorption at 234, 320 nm and a shoulder peak at 294 nm.

enkyunolide I, senkyunolide A and levistolide A all have maxi-
um absorption at approximately 276 nm,  while ligustilide at 281,

25 nm.  Therefore, 280 nm was chosen for simultaneous determi-
ation of all target compounds.

In the case of MS  detection, the ionization parameters were
entatively optimized and chosen as mentioned in Section 2.2.
nder the conditions, ferulic acid exhibited strong [M−H]−

on in negative ion mode and weak [M+H]+ ion in positive
on mode, whereas phthalides showed abundant [M+H]+ ion,
dduct ions [M+H+CH3CN]+or [M+Na+CH3CN]+ and a fragment ion
M+H−H2O]+ in positive ion mode. Therefore the analysis was
arried out in alternating positive and negative ion mode. Fur-
hermore, for propose of obtaining the most abundant MS/MS
nformation, the collision energy of dissociation was also opti-

ized. As a result, it was set at 25 eV for ligustilide, while 20 eV for

he other components. Based on the optimized conditions, the limit
f detection of ferulic acid, senkyunolide I, senkunolide A, ligustilide
nd levistolide A were determined to be 12.6 ng/mL, 28.5 ng/mL,
0.1 ng/mL, 17.0 ng/mL and 16.9 ng/mL, respectively.
 in prototype identified in the dosed rat plasma.

3.2. Characteristic UV spectra and MS patterns of alkaloid,
phenolic acid and phthalides from Chuanxiong

Different kinds of reference compounds mentioned above were
used for exploring the UV features and fragmentation patterns by
HPLC–ESI-MS/MS.

Tetramethylpyrazine as a main alkaloid, with maximum absorp-
tion at 209 and 295 nm,  is inclined to obtain a hydrogen ion in MS,
resulting in a dominate protonated molecular ion [M+H]+ at m/z
137 in positive ion mode. Due to the relative stability of hetero
aromatic ring, the main fragment ion at m/z 122 was generated by
removal of CH3 in side chains from the [M+H]+ ion.

Ferulic acid showed maximum absorption at 234, 320 nm and a
shoulder peak at 294 nm,  the typical UV spectra of phenolic acid,
based on which these type of compounds are preliminary assigned
to. Due to the existence of hydroxyl group, it exhibited strong
[M−H]− at m/z 193 and relative weak [M+H]+ at m/z  195, indicat-

ing the MW of 194. The negative prominent fragment ions at m/z
179, 149 and 135 were generated by losses of CH2, CO2 and both of
them from [M−H]− ion, corresponding to the methoxyl group and
carboxyl group on the side chains of aromatic ring.
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Fig. 4. Extracted ion chromatograms of 12 conjugated metabolites: (A) blank rat plasma, (B) dosed rat plasma collected at 60 min after oral administration of RCD.
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Ligustilide showed abundant protonated molecular ion [M+H]+

nd adduct ion [M+H+CH3CN]+ in positive ion mode, based on
hich the MWs  of alkyl phthalides can be determined. In the
S/MS  spectra, characteristic fragment ions at m/z 173, 145 were

bundantly generated by loss of H2O and successive loss of CO
hrough ring-opening, corresponding to �, �-unsaturated lactone,
he common group of phthalides. The other ions were further pro-
uced by losses of different alkyl groups from the 145 through ring
rrangement.

Compared with alkyl phthalides, hydroxylated phthalides usu-
lly possess one or two hydroxyl groups in their structures.
enkyunolide I with two hydroxyl groups not only showed weak
M+H]+ at m/z 225, but more higher intensity ion [M+H−H2O]+

07 and its adduct ion [M+H−H2O+CH3CN]+ 248 in positive ion
ode, indicating the MW of 224. The dominant fragment ions at
/z 207, 189 were produced by loss of one and two waters from

M+H]+ ion, corresponding to the two hydroxyl groups. Similar to
lkyl phthalides, the other ions at m/z  171, 161, 147 were further
roduced by loss of H2O, CO, C3H6 from 189, corresponding to �, �-
nsaturated lactone and double bond at position C3–C10. In other
ords, besides the ions produced by losses of one or two water, the

ther fragment ions of hydroxylated phthalides were usually gen-
rated in the similar ways as the corresponding alkyl phthalides
id.

Levistolide A, polymerized by two molecular ligustilide,
as the MW of 380. That is further confirmed by [M+H]+

on, its adduct ions [M+Na]+ and [M+Na+CH3CN]+ in positive
on mode. The CID spectrum of [M+H]+ produced a domi-

ate fragment ion [M+H–C12H14O2]+ at m/z 191 by loss of
ne molecular ligustilide, which is also the [M+H]+ ion of
igustilide. Then ligustilide produced the other ions as described
reviously.
3.3. Identification of constituents in RCD

A total of 40 peaks including 1 alkaloid, 6 phenolic acids, 8
alkyl phthalides, 15 hydroxylated phthalides, along with 10 dimeric
phthalides were separated and identified by HPLC–ESI-MS in alter-
nating positive and negative ion mode (see Fig. 1). Based on the
obtained UV features, MS,  MS/MS  spectra, peaks 1, 2, 6, 23, 29,
36 were tentatively identified as TMP, ferulic acid, senkyunolide I,
senkyunolide A, ligustilide, levistolide A, respectively. Further com-
pared these UV and MS  data with those of corresponding reference
compounds, mentioned in the above section, they were unequiv-
ocally confirmed. It demonstrates that the established HPLC–MS
is suitable for identifying these compounds and can be used in
this study. According to the characteristics summarized above, the
other peaks were identified by their UV features and MS  data, which
are showed in the following. The identified components are listed
in Table 1.

Phenolic acid except for ferulic acid were polymerized by one or
two  ferulic acid or caffeic acid with quinic acid. Based on the typical
UV spectra, peaks 5 and 9–13 were preliminary assigned to pheno-
lic acid. Besides strong [M−H]− ion, the typical and major fragment
ions were generated by losses of feruoyl [ferulic acid–H2O] or
caffeoyl [caffeic acid–H2O] from [M−H]− ion depending on their
structures. For peak 5, the major fragment ion at m/z  191 was pro-
duced by loss of the group of feruoyl, corresponding to the [M+H]+

ion of quinic acid. Thus it was identified as feruloylquinic acid. Peaks
9–13 exhibited strong fragment ion at m/z 353 by loss of the group
of caffeoyl from [M+H]+ ion at m/z 515. Thus, they were considered

as the isomers of dicaffeoylquinic acid [23].

Peaks 24–28 and 30 were tentatively assigned to be alkyl
phthalides by intense protonated molecular ion [M+H]+, sol-
vent adduct ion [M+H+CH3CN]+ and characteristic fragment ions
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Fig. 5. Chemical structures of 12 conju

M+H−H2O]+, [M+H−H2O−CO]+, [M+H−C3H6]+ or [M+H−C4H8]+.
eaks 24,  27,  29 were isomers of butylphthalide/E-ligustilide/Z-
igustilide by referring to the literature [24]. For these isomers, they
an be distinguished by their different UV spectra and retention
ehaviors. The UV spectra of 24 showed maximum absorption at
80 nm,  which was different from that of 27 and 29,  i.e., the max-

mum absorption at 280 and 325 nm.  Thus 24 was identified as
utylphthalide, while 27 and 29 identified as a pair of ligustilide.
n the reverse phase chromatography elution procedure, Z-form
hthalides are eluted out later than the corresponding E-form.
rom this point, 29 were identified as Z-ligustilide while 27 as E-
igustilide. In this way, the isomers of 26 and 28,  25 and 30 were
lso distinguished and shown in Table 1.

Isomers of 3, 4 and 8, 12,  similar to 6, 7, incline to losses of one
nd two molecular water from the [M+H]+ ion, resulting in the dom-
nate fragment ions [M+H−H2O]+ and [M+H−2H2O]+. Thus they
re considered as the hydroxylated phthalides with two hydroxyl
roups in their structures. Peaks 14–17,  19,  21,  22 showed not
nly the [M+H]+ ion, intense ion [M+H−H2O]+ and its adduct ion
M+H−H2O+CH3CN]+ in positive ion mode, but also dominate ion
M−H]− in negative ion mode, indicating that they were hydroxy-
ated phthalides with one hydroxyl group. Similarly, peaks 18 and

0, with MW of 278, were considered as derivatives of senkyuno-

ide I by substituting the hydroxyl group with oxyproxyl group at C6
osition [25]. Similar to isomers of alkyl phthalides, these isomers
ere also distinguished by their UV spectra and retention behav-
 metabolites in the dosed rat plasma.

iors, except for peaks 7, 12 and 16,  17.  The results of identification
are shown in Table 1.

Similar to the MS  spectra of levistolide A, peaks 31,  32,  36 and
38–40 with MW of 380 were tentatively assigned to isomers of
dimeric phthalides polymerized by two molecular ligustilide. Com-
pared with levistolide A. The MWs  of peaks 33–35 and 37 can be
clearly determined to 382. They showed two main fragment ions
[M+H−C12H16O2]+ at m/z 191 and [M+H−C12H14O2]+ at m/z  193
by loss of senkyunolide A and ligustilide, respectively. Thus they
were identified as dimeric phthalides polymerized by ligustilide
and senkyunolide A. But due to lack of reference compounds, these
isomers are failed to be differentiated since they possess the same
MS  spectra [26].

3.4. Detection of the components absorbed into rat plasma in
prototype

Dosed rat plasma samples obtained at 60 min  after oral admin-
istration of RCD and blank rat plasma samples were analyzed
under the established HPLC–MS conditions. By examining total
ion current chromatograms (TICs), the absorbed components and
metabolites failed to be discovered due to their low concentra-

tions. In order to improve the detection sensitivity, the extracted
ion chromatograms (EICs) were adopted. First of all, protonated
molecular ions of the identified components in RCD were used
one by one to obtain EICs from dosed rat plasma, blank rat



A. Zuo et al. / Journal of Pharmaceutical and Bio

Ta
b

le

 

2
H

PL
C

/M
Sn

d
at

a 

an
d

 

id
en

ti
fi

ca
ti

on

 

of

 

m
et

ab
ol

it
es

 

in

 

ra
t 

p
la

sm
a.

N
o.

T R
M

et
ab

ol
ic

 

re
ac

ti
on

 

Sh
if

ts

 

of

 

ex
ac

t 

m
as

s 

M
S 

(p
os

.)

 

(m
/z

) 

M
S/

M
S 

(p
os

.)

 

(m
/z

) 

Id
en

ti
fi

ca
ti

on

M
1 

16
.9

4 

Su
lf

at
io

n

 

w
it

h

 

se
n

ky
u

n
ol

id
e 

J 

22
6 

+ 

2 

× 

80

 

[M
+N

a]
+
, 4

09

 

[M
+H

]+
, 3

87

 

28
4,

 

20
9,

 

19
1,

 

16
3 

D
is

u
lp

h
at

e 

co
n

ju
ga

te

 

of

 

se
n

ky
u

n
ol

id
e 

J
M

2
18

.0
8  

Su
lf

at
io

n

 

w
it

h

 

se
n

ky
u

n
ol

id
e 

I
22

4 

+ 

2 

×
80

 

[M
+N

a]
+
, 4

07

 

[M
+H

]+
, 3

85

 

28
2,

 

20
7,

 

18
9,

 

16
2 

D
is

u
lp

h
at

e 

co
n

ju
ga

te

 

of
 

se
n

ky
u

n
ol

id
e 

I
M

3 

19
.4

8 

Se
n

ky
u

n
ol

id
e 

J c
on

ju
ga

te
d

 

w
ti

h

 

cy
st

ei
n

e 

22
6 

+ 

10
3 

[M
+N

a]
+
, 3

52

 

[M
+H

]+
, 3

30

 

[M
+H

−C
O

O
H

]+
, 2

84

 

28
4,

 

20
9,

 

19
1,

 

16
3,

15
3,

 

C
ys

te
in

e 

co
n

ju
ga

te

 

of
 

se
n

ky
u

n
ol

id
e 

J
M

4 

20
.8

9 

Se
n

ky
u

n
ol

id
e 

I c
on

ju
ga

te
d

 

w
ti

h

 

cy
st

ei
n

e 

22
4 

+ 

10
3 

[M
+N

a]
+
, 3

50

 

[M
+H

]+
, 3

28

 

[M
+H

−C
O

O
H

]+
, 2

82

 

28
2,

 

20
7,

 

18
9,

 

17
9,

 

16
5 

C
ys

te
in

e 

co
n

ju
ga

te
 

of
 

se
n

ky
u

n
ol

id
e 

I
M

5  

23
.1

7 

Se
n

ky
u

n
ol

id
e 

J c
on

ju
ga

te
d

 

w
it

h

 

gl
u

ta
th

io
n

e 

22
6 

+ 

28
9 

[M
+N

a]
+
, 5

38

 

[M
+H

]+
, 5

16

 

[M
+H

−7
5]

+
, 4

41

 

[M
+H

−1
29

]+
, 3

87

 

44
1,

 

38
7,

 

36
9,

 

28
4,

 

19
1 

G
lu

ta
th

io
n

e 

co
n

ju
ga

te

 

of

 

se
n

ky
u

n
ol

id
e 

J
M

6 

24
.9

2 

Se
n

ky
u

n
ol

id
e 

I c
on

ju
ga

te
d

 

w
it

h

 

gl
u

ta
th

io
n

e 

22
4 

+ 

28
9 

[M
+H

]+
, 5

14

 

[M
+H

−7
5]

+
, 4

39

 

[M
+H

−1
29

]+
, 3

85

 

43
9,

 

38
5,

 

28
2,

 

20
7,

 

17
9 

G
lu

ta
th

io
n

e 
co

n
ju

ga
te

 

of

 

se
n

ky
u

n
ol

id
e 

I
M

7 

25
.2

7 

Se
n

ky
u

n
ol

id
e 

I c
on

ju
ga

te
d

 

w
it

h

 

gl
u

ta
th

io
n

e 

22
4 

+ 

28
9 

[M
+H

]+
, 5

14

 

[M
+H

−7
5]

+
, 4

39

 

[M
+H

−1
29

]+
, 3

85

 

43
9,

 

38
5,

 

28
2,

 

20
7,

 

17
9 

G
lu

ta
th

io
n

e 
co

n
ju

ga
te

 

of

 

se
n

ky
u

n
ol

id
e 

I
M

8  

28
.6

1 

G
lu

ro
n

id
at

io
n

 

w
it

h

 

3-
h

yd
ro

xy
bu

ty
lp

h
th

al
id

e 

18
8 

+ 

18

 

+ 

17
6 

[M
+H

]+
, 3

83

 

20
7,

 

19
1,

 

15
8 

3-
H

yd
ro

xy
bu

ty
lp

h
th

al
id

e-
3-

O
-�

-d
-g

lu
cu

ro
n

id
e

M
9

33
.4

1 

Se
n

ky
u

n
ol

id
e 

J c
on

ju
ga

te
d

 

w
ti

h

 

ac
et

yc
ys

te
in

e 

22
6 

+ 

14
5 

[M
+H

]+
, 3

72

 

[M
+H

−O
]+

, 3
56

 

32
9,

 

28
4,

 

20
9,

 

19
1,

 

A
ce

ty
lc

ys
te

in
e 

co
n

ju
ga

te

 

of

 

se
n

ky
u

n
ol

id
e 

J
M

10
34

.4
0 

Se
n

ky
u

n
ol

id
e 

I c
on

ju
ga

te
d

 

w
ti

h

 

ac
et

yc
ys

te
in

e 

22
4 

+ 

14
5 

[M
+N

a]
+

39
2 

[M
+H

]+
, 3

70

 

32
7,

 

28
2,

 

20
7,

 

18
9 

A
ce

ty
lc

ys
te

in
e 

co
n

ju
ga

te

 

of

 

se
n

ky
u

n
ol

id
e 

I
M

11
35

.3
6 

Se
n

ky
u

n
ol

id
e 

I c
on

ju
ga

te
d

 

w
ti

h

 

ac
et

yc
ys

te
in

e 

22
4 

+ 

14
5 

[M
+N

a]
+

39
2 

[M
+H

]+
, 3

70

 

32
7,

 

28
2,

 

20
7,

 

18
9,

 

A
ce

ty
lc

ys
te

in
e 

co
n

ju
ga

te

 

of

 

se
n

ky
u

n
ol

id
e 

I
M

12

 

36
.5

9 

G
lu

ro
n

id
at

io
n

 

w
it

h

 

7-
h

yd
ro

xy
bu

ty
lI

d
en

ep
h

th
al

id
e 

18
8 

+ 

16

 

+ 

17
6 

[M
+H

]+
, 3

81

 

20
5,

 

18
7 

7-
H

yd
ro

xy
bu

ty
li

d
en

ep
h

th
al

id
e-

7-
O

-�
-D

-g
lu

cu
ro

n
id

e.
medical Analysis 56 (2011) 1046– 1056 1053

plasma and RCD simultaneously. Secondly, by comparing these
obtained EICs, peaks that were appeared both in dosed rat plasma
and RCD at corresponding position but not in blank rat plasma
were considered as the components absorbed into plasma in pro-
totype. Thirdly, once these peaks were determined to be the
absorbed components, the MS/MS  spectra were obtained subse-
quently by CID. Finally by carefully comparing MS,  MS/MS  data,
UV spectra, and retention times of these peaks obtained from
dosed rat plasma with that obtained from RCD, they were fur-
ther to be confirmed. According to the method described above,
13 compounds were absorbed into rat plasma in prototype and
identified as ferulic acid (1), senkyunolide J (2), senkyunolide I (3),
senkyunolide D or 4,7-dihydroxy-3-butylphthalide (4), senkyuno-
lide F (5), senkyunolide M (6), senkyunolide Q (7), senkyunolide
A (8), E-butylidenephthalide (9), E-ligustilide (10), neocnilide (11),
Z-ligustilide (12), levistolide A (13). The EICs of total 13 compounds
are shown in Fig. 2. Their structures are shown in Fig. 3.

From the result, it is clear that 13 absorbed compounds of total
40 compounds in RCD are the major constituents of Chuanxiong
and account for about 90% of the composition, while the other
minor components were not absorbed into rat plasma or their
concentrations were to low to be detected. By further examin-
ing EICs of 13 compounds obtained from RCD and the dosed rat
plasma, it is apparent that the pattern of absorbed components
in rat plasma was  significantly different from that in RCD. Alkyl
phthalides presented in low concentration while hydroxylated
phthalides exhibited relatively higher abundance in rat plasma in
contrast with RCD. These observed changes partly originate from
differences of compounds in absorption, metabolic rate or bind-
ing with plasma proteins. Another deduced factor is that alkyl
phthalides could be changed into hydroxylated phthalides through
some phase I reactions, such as oxidation, hydrolysis. In other
words, hydroxylated phthalides, such as senkyunolide J, senkyuno-
lide I and senkyunolide D, can be not only absorbed into plasma,
but also biotransformed from alkyl phthalides through some phase
I reactions.

3.5. Detection and identification of conjugated metabolites in rat
plasma

The compounds absorbed into rat plasma after oral adminis-
tration were further metabolized by various drug metabolizing
enzymes. These metabolic reactions can be divided into two cases
called phase I and phase II reactions. Phase I reactions have been
already discussed in the above section. Thus phase II reactions
were focused on in this section, which occurred by conjugation
with endogenous molecule (glucuronic acid, amino acid, etc.) to
form conjugated metabolites. These reactions can lead to struc-
tural changes and certain shifts of exact masses. For example,
glucuronidation, sulfation and conjugation with l-glutamine cause
176, 80, 129 shifts of exact mass, respectively. Based on above
metabolism rule of drugs [27] and MWs  of the absorbed compo-
nents, the MWs  of probable metabolites were firstly postulated.
Then EICs of the protonated molecular ion of probable metabo-
lites were obtained from dosed rat plasma and blank rat plasma,
and compared successively. New peaks discovered in dosed rat
plasma samples, but not in blank rat plasma samples should be
considered as the probable conjugated metabolites. Furthermore,
these selected peaks were analyzed by MS/MS  in product ion
mode. Finally by comparing the MS,  MS/MS  spectra of the probable
conjugated metabolites with that of corresponding original compo-
nents, they were further to be confirmed. In this way, all probable

conjugated metabolites were searched for and a total of 12 conju-
gated metabolites were tentatively identified as phthalide-related
metabolites, including 6 senkyunolide I-related metabolites, 4
senkyunolide J-related metabolites and 2 butylidenephthalide-
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Fig. 6. ESI-MS/MS spectra of metabolites M5  (A) a

elated metabolites. The EICs of 12 metabolites are shown in Fig. 4.
heir MS  and MS/MS  data are summarized in Table 2, and possible
tructures are presented in Fig. 5.

M2, M4,  M6, M7,  M10, M11  showed similar fragment ions at
/z 207, 189, 179, 161, 165 in positive ion mode, the characteristic

ragment ions of senkyunolide I. So they were tentatively assigned
o be senkyunolide I-related metabolites. Similarly, M1,  M3, M5,

9  were identified as senkyunolide J-related metabolites owing
o the presence of diagnostic fragment ions related to senkyuno-
ide J, such as 209, 191, 163, 153. While M8,  M12  were designated
s butylidenephthalide-related metabolites due to the shifts of
xact masses, characteristic neutral losses and some diagnostic ions
elated to butylidenephthalide [28].

M1 exhibited [M+H]+ ion at m/z  387 and [M+Na]+ ion at m/z
09 in positive ion mode, indicating the MW of 386, 160 Da higher
han that of senkyunolide J (226). In the MS/MS  spectrum, abun-
ant fragment ion at m/z  209, the characteristic ion of senkyunolide

, was yielded by successive losses of neutral fragment 80, 80,
8 Da, corresponding to two SO3 units and one water unit. M2,
ith the MW of 384, produced the dominate fragment ion at m/z

07 through the similar fragment pathways. Therefore, M1  and M2
ere identified as disulphate of senkyunolide J and senkyunolide I,

espectively.
The MS  spectrum of M4  exhibited [M+H]+ ion at m/z 328, adduct

on [M+Na]+ at m/z 350 in positive ion mode. These characteristic
ons indicated MW of 327, 103 Da higher than the MW of senkyuno-

ide I (224), suggesting the presence of one cysteine residue in M4.
ragment ions at m/z 282, 207 were formed by loss of 46 Da (CH2O2)
nd 121 Da (cysteine) from the [M+H]+ ion. Therefore, M4  is des-
gnated as cysteine conjugate of senkyunolide I. Similarly, M3  is
6  (B) in positive ion mode (collision energy 30 V).

designated as cysteine conjugate of senkyunolide J. However, by
examining the structures of senkyunolide I and senkyunolide J, both
C6 and C7 hydroxyl groups could conjugate with cysteine. Based
on above MS  data it is difficult to determine their actual reactive
position. Further considering the steric hindrance, the conjugation
occurred at C6 position was preferred to in this study, so as the
other metabolites conjugated with one endogenous molecule from
senkyunolide I or senkyunolide J.

The isomers of M10  and M11  showed MW of 369, 145 Da higher
than that of senkyunolide I (224), 42 Da higher than that of M3
(327), suggesting the presence of one acetycysteine residue in
them. The main fragment ion at m/z 207 was  produced by loss of
acetycysteine (163 Da) from the protonated ion. Other fragment
ions at m/z 327 and 282 were formed by removal of acetyl (43 Da)
and successive loss of COOH (45 Da). Thus, M10  and M11  were
identified as isomers of acetylcysteine conjugate of senkyunolide
I. Due to the similar fragment ions [M+H−acetyl]+ at m/z 329,
[M+H−acetyl−COOH]+ at m/z 284 and [M+H−acetylcysteine]+ at
m/z 209, M9  with MW of 371 was identified as acetylcysteine con-
jugate of senkyunolide J.

The [M+H]+ ion of M6  and M7  at m/z 514 showed mass shift
of 289 Da (glutathione unit) from the [M+H]+ ion of senkyunolide
I. The fragment ions at m/z 439, 385, 282, 207 were generated
by losses of glycine (75 Da), glutamic acid (129 Da), C5H12N2O6
(232 Da), GSH (307 Da) from the protonated ion, respectively.
These ions are the characteristic neutral losses associated with the

cleavage of GSH. Thus M6  and M7  were indicated as isomers of glu-
tathione conjugate of senkyunolide I. Similarly, M5  with protonated
molecular ion at m/z 516, fragment ions at m/z 441 [M+H−glycine]+,
387 [M+H−glutamic acid]+, 284 [M+H−GSH]+, was confirmed as
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Fig. 7. The proposed in vivo metabolic pa

lutathione conjugate of senkyunolide J. ESI-MS/MS spectra of M5
nd M6  at positive ion mode are presented in Fig. 6.

M8, the protonated molecular ion at m/z  383, exhibited
n abundant ion at m/z 207 by loss of 176 Da (glucuronide
nit), the most characteristic neutral loss for glucuronide. The
ielded ion at m/z  207 is 18 Da (H2O) higher than the [M+H]+

on of butylidenephthalide, suggesting the hydrolysis of butyli-
enephthalide. Due to the relative stability of aromatic ring, the

ydrolysis should be occurred at the C3–C10 position, through
hich 3-hydroxybutylphthalide was produced. Therefore, M8
as tentatively identified as 3-hydroxybutylphthalide-3-O-�-d-

lucuronide. For M12, a dominated ion at m/z 205 was also
s of chemical constituents in rat plasma.

generated by loss of 176 Da from the protonated ion, which is 16 Da
(O) higher than the protonated ion of butylidenephthalide, cor-
responding to hydroxylated butylidenephthalide. Thus M12  were
tentatively identified as 7-hydroxybutylidenephthalide-7-O-�-d-
glucuronide.

3.6. Proposed metabolic pathways of chemical constituents in rat
plasma
By examining the absorbed components and conjugated
metabolites, the main in vivo metabolic pathways of chemical
constituents in rat plasma were exploringly proposed. Besides
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erulic acid, alkyl phthalides as the main constituents of Chuanx-
ong were absorbed into blood after oral administration, then
hanged into hydroxylated phthalides under the function of some
hase I reactions, including oxidation, reduction, and hydrol-
sis. For example, the most abundance compound ligustilide
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rogress, hydroxylated phthalides conjugated with the endoge-
ous molecule (glucuronide acid, glutathione, amino acid, etc.)
o form conjugated metabolites under the function of phase
I reactions. These reactions may  significantly increase their
ydrophilicity, which can greatly promote excretion of the drug
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. Conclusions

An HPLC–ESI-MS/MS method was established and applied to
nalysis the absorbed components and metabolites in rat plasma
amples after oral administration of RCD. As a result, 13 compounds
ere absorbed into rat plasma in prototype and simultaneously

dentified by comparing their MS,  MS/MS, UV spectra and reten-
ion behaviors obtained from rat plasma with that obtained from
CD. In addition, by scanning all possible metabolites in EICs
ode, 12 conjugated metabolites including 6 senkyunolide I-

elated metabolites, 4 senkyunolide J-related metabolites and 2
utylidenephthalide-related metabolites were identified by com-
aring the MS,  MS/MS  spectra with that of corresponding original
omponents. Furthermore the in vivo metabolic pathways of chem-
cal constituents in rat plasma were predicatively proposed.
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