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a b s t r a c t

Liquid chromatography coupled with electrospray ionization quadrupole time-of-flight tandem mass
spectrometry (LC/ESI-QTOF-MS/MS) was performed to study the fragmentation behaviors of steroidal
alkaloids from Fritillaria species, the antitussive and expectorant herbs widely used in traditional Chinese
medicine. We propose, herein, a strategy that combining key diagnostic fragment ions and the relative
abundances and amounts of major fragment ions (the ions exceeding 10% in abundance) to distinguish
different sub-classes of Fritillaria alkaloids (FAs). It was found that hydrogen rearrangement and induc-
tion effects result in ring cleavage of the basic skeletons occurred in the MS/MS process and produced
characteristic fragment ions, which are useful for structural elucidation. This method was finally used to
teroidal alkaloids
haracterization
ragmentation

investigate the primary steroidal alkaloids in the extracts of eight major Fritillaria species. As a result, 41
steroidal alkaloids (29 cevanine type, 1 jervine type, 6 veratramine type and 5 secosolanidine type alka-
loids) were selectively identified in these Fritillaria species. Twenty-six compounds were unambiguously
identified by comparing with the reference compounds and 15 compounds were tentatively identified
or deduced according to their MS/MS data. Logical fragmentation pathways for different types of FAs
have been proposed and are useful for the identification of these types of steroidal alkaloids in natural

ther
products especially when

. Introduction

Fritillaria, a genus of perennial herbs, is widely distributed
n Mediterranean Region, North America and Central Asia. Many
pecies of Fritillaria were traditionally used as herbal remedies in
apanese, Turkish, Pakistani and south-east Asian folk medicines
1–3], while bulbs of many Fritillaria species growing in China have
een used as antitussive and expectorant herbs using the Chinese
ame “Beimu” in traditional Chinese medicine (TCM) for thousands
f years [4]. Based on various chemical and pharmacological stud-
es, steroidal alkaloids from Fritillaria species (Fritillaria alkaloids,

As), which including verticine, verticinone, peimisine, ebeiedine,
beiedinone, hupehenine, imperialine, puqietinone etc., have been
emonstrated as the major bioactive ingredients in “Beimu” [5–11].
nd they commonly possess various biological activities, such as

∗ Corresponding author at: Department of Pharmacognosy, Key Laboratory of
odern Chinese Medicines (China Pharmaceutical University), Ministry of Educa-
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antihypertensive [5,6], anticholinergic [7–9], antitumour [10], anti-
asthmatic and antitussive activities [10,11].

FAs display the characteristic steroidal framework, which pro-
cessing a C27 cholestane carbon skeleton with five or six carbocyclic
or heterocyclic rings. Based on the basic structural skeleton, FAs
can be divided into several sub-classes, such as cevanine, jervine,
veratramine and secosolanidine types [12]. A wide range of struc-
tural variation is observed in the Fritillaria species, which differs
in terms of the number, position, and nature of the functional
groups. Therefore, improvements in structural characterization of
FAs, particularly from complex matrices, would facilitate the under-
standing of their chemical and biological properties.

Generally, the structural analysis of FAs is performed by a com-
bination of chromatographic and spectroscopic methods, including
gas chromatography (GC), liquid chromatography-ultraviolet (LC-
UV), LC-evaporative light scattering detection (ELSD), nuclear
magnetic resonance (NMR), and LC–mass spectrometry (MS). How-
ever, owing to the characteristic structure of FAs lacking of volatility

and useful chromophores, GC and LC-UV methods are not the first
choice for analysis of FAs. Moreover, low sensitivity and possi-
ble uncertainty of chromatographic peak identification (mainly by
comparing retention time with reference compounds) made LC-
UV and -ELSD methods unlikely match the structural elucidation

dx.doi.org/10.1016/j.chroma.2010.09.019
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:liping2004@126.com
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f FAs [13]. Although NMR is the most efficient method for struc-
ural elucidation of chemical compounds, a relatively large amount
f purified sample is required and the isolation procedure from a
omplicated mixture is very time-consuming and costly. Among
hese techniques, LC–MS, especially when coupled to a soft ion-
zation source e.g. electrospray ionization (ESI), has become a very
owerful tool in the analysis of FAs. The coupling of LC and ESI-
S combines the efficient separation capability of LC and the great

ower of structural characterization of MS [14]. Recently, LC/ion
rap multistage mass spectrometry (IT-MSn) and/or LC/triple-
uadrupole MS have been successfully applied to the identification
nd characterization of natural compounds [14,15]. For example, Li
t al. have reported on detailed studies of the fragmentation behav-
ors of 17 steroidal alkaloids from the Chinese herb Veratrum nigrum
. (Veratrum alkaloids) by LC–ESI-IT-MSn [16]. Nevertheless, in most
tudies using low-resolution MS instruments, such as IT-MS and
riple-quadrupole MS, it is difficult to confirm the identities of the
roduct ions. Whereas, high-resolution time-of-flight mass spec-
rometry (TOF-MS) constitutes a higher order mass identification
han those afforded by nominal mass measurements obtained by
ther types of mass analyzers, such as triple-quadrupole MS and
T-MS [17–19]. This property of TOF-MS makes it an attractive ana-
ytical technique to perform structure elucidation or confirmation
rom complex matrices. When coupled to a quadrupole mass filter,
TOF-MS/MS permits fragmentations analysis with accurate mass
easurements for both precursor and product ions, which facili-

ates the elucidation of characteristic fragmentation pathways of
arget or non-target compounds.

In our previously study, we reported a LC/TOF-MS method for
etermination of steroidal alkaloids in Fritillaria species, but we
ould not obtain available fragment ions to perform the struc-
ure identification of FAs, especially for the non-target FAs [13].
herefore, the aim of this study is to show the potential of LC/QTOF-
S/MS for structure elucidation of steroidal alkaloids in Fritillaria

pecies for complementing the blank on the topic of system-
tic characterization and fragmentation mechanism study of FAs.
irstly, in this work, fragmentation rules and key diagnostic frag-
ent ions for the 26 reference compounds of FAs have been

ummarized, and possible pathways of fragmentation have been
roposed. Based on the fragmentation behavior of these reference
ompounds, LC/ESI-QTOF-MS/MS was then used to characterize the
As in eight different Fritillaria species.

. Experimental

.1. Chemicals and reagents

Acetonitrile (ACN) and methanol are of HPLC grade from Merck
Darmstadt, Germany), ammonium formate of analytical grade
as purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd.

Shanghai, China) and formic acid with a purity of 96% is of HPLC
rade (Tedia, USA). Deionized water (18 M�) was prepared by dis-
illed water through a Milli-Q system (Millipore, Milford, MA, USA).
ther reagents were of analytical purity.

The steroidal alkaloid reference compounds, puqienine F (P2),
mperialine-3-�-d-glucoside (P4), puqienine C (P5), puqienine D
P9), imperialine (P10), peimisine (P12), verticine N-oxide (P13),
uqienine E (P14), puqiedine-7-ol (P15), hupeheninoside (P16),
uqietinonoside (P17), verticine (P18), verticinone N-oxide (P19),
ibeinoside A (P21), verticinone (P22), puqienine B (P23), puqie-

ine A (P25), isoverticine (P31), puqietinone (P33), ebeiedinone
P34), N-demethylpuqietinone (P35), puqiedinone (P37), ebeie-
ine (P38), ebeiedine (P39), puqiedine (P40), and puqietinedinone
P41) (Fig. 1), were isolated from several Fritillaria species in our
aboratory [10,20,21–24], and their identities were confirmed by
1217 (2010) 7109–7122

IR, 1H- and 13C-NMR, MS analyses. The purity of these steroidal
alkaloids was determined to be more than 98% by normalization of
the peak areas detected by HPLC with ESI/MS. Stock standard solu-
tions of 26 reference steroidal alkaloids were prepared in methanol
at a final concentration of 40 �g/ml. These solutions were stored at
4 ◦C for further study.

2.2. Sample preparation

A total of eight Fritillaria species (including F. thunbergii (A), F.
ebeiensis (B), F. hupehensis (C), F. pallidiflora (D), F. walujewii (E), F.
cirrhosa (F), F. ussuriensis (G), and F. puqiensis (H)) were collected
from various areas of China and authenticated by Professor Ping Li.
The voucher specimens were deposited at the Herbarium of China
Pharmaceutical University, Nanjing, China.

The dried bulbs of Fritillaria species were powdered to a homo-
geneous size, and sieved through a No. 60 mesh, followed by
drying at 60 ◦C in the oven for 2 h. The dried bulb powders
(200–500 mg, adjusted according to the alkaloid contents of each
Fritillaria species) were pre-alkalized with 2 ml ammonia solution
(25%) for 1 h, and immersed in 25 ml trichlormethane:methanol
(4:1, v/v) mixture overnight, then ultrasonicated for 2 h. After being
filtered, the extracts (10 ml) were concentrated to dryness in vac-
uum at 50 ◦C. The residue was made up to exactly 2 ml with initial
mobile phase using a volumetric flask. The resultant solutions were
centrifuged at 12,000 rpm for 10 min; the supernatants were trans-
ferred to an autosampler vial for LC/QTOF-MS/MS analysis.

2.3. Liquid chromatography

Chromatographic analysis was performed on an Agilent 1200
Series (Agilent Technologies, Germany) LC system equipped with
a binary pump, an online degasser, an auto plate-sampler, and
a thermostatically controlled column compartment. Chromato-
graphic separation was carried out at 25 ◦C on an Agilent ZorBax
Extend-C18 column (4.6 mm × 250 mm, 5 �m). The mobile phase
consisted of water (10 mM ammonium formate) with 0.1% formic
acid (A) and acetonitrile (B) using a gradient elution of 15–25%
B at 0–10 min, 25–30% B at 10–32 min, 30–50% B at 32–37 min,
50–60% B at 37–42 min, 60–100% B at 42–43 min. A 10-min post
run time back to the initial mobile phase composition was used
after each analysis. The flow rate was kept at 0.8 ml/min, and was
split at the column outlet to allow 50% eluent to flow into the mass
spectrometer. The sample volume injected was set at 2 �L.

2.4. Mass spectrometry

Mass spectrometry was performed using an Agilent 6530 QTOF
MS (Agilent Corp, USA) equipped with an electrospray ionization
(ESI) interface, and using the following operating parameters: dry-
ing gas (N2) flow rate, 5.0 l/min; drying gas temperature, 325 ◦C;
nebulizer, 45 psig; sheath gas temperature, 400 ◦C; sheath gas flow,
10 l/min; capillary, 3500 V; skimmer, 65 V; OCT 1 RF Vpp, 750 V;
fragmentor voltage, 100 V. The sample collision energy was set
at 50 and 70 V. All the operations, acquisition, and analysis of
data were controlled by Agilent LC–MS-QTOF MassHunter Acqui-
sition Software Ver. A.01.00 (Agilent Technologies) and operated
under MassHunter Workstation Software Version B.02.00 (Agilent
Technologies). Each sample was analyzed in positive mode to pro-

vide information for structural identification. Mass spectra were
recorded across the range m/z 100–1000 with accurate mass mea-
surement of all mass peaks. The [M+H]+ ions of FAs were used as the
precursor ions to obtain the product ions for structure identification
of FAs in different samples.
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Fig. 1. Chemical structures of steroidal alkaloid

. Results and discussion
.1. Optimization of HPLC conditions and the MS collision energy

In order to develop and validate a highly sensitive and selective
ethod, the chromatographic conditions, especially the compo-
tified in the extracts of eight Fritillaria species.

sition of mobile phase and the type of column, were optimized
through several trials to achieve the desired separation, run time

and symmetric peak shapes for the constituents. In our previously
LC/TOF-MS method, we successfully separated FAs by using basic
mobile phase, but the analytical time was more than 90 min [13].
As reported [25], basic or high-salt mobile phases are not bene-
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Fig. 1.

cial for the ionization of basic compounds, which decrease the
SI+ sensitivity compared with acidic mobile phases. In this paper,
hus, the acidic mobile phase consisting of acetonitrile and water
ontaining 0.1% formic acid was firstly selected and various lin-
ar gradients of acetonitrile and aqueous solution at a flow rate
f 0.8 ml/min were investigated to rapidly separate the 26 refer-
nce compounds of FAs on an Agilent ZorBax Extend-C18 column
4.6 mm × 250 mm, 5 �m). By the optimal gradient elution, most
f the peaks could be separated within 40 min (see Supplementary
aterial Figure S1A). Furthermore, to improve chromatographic
ehavior, reduce the peak tailing and facilitate ionization further,
e optimized the composition of aqueous solution with ammo-
ium formate and formic acid. We did comparative experiments
y using 5 mM ammonium formate and 10 mM ammonium for-
inued).

mate (both with 0.1% formic acid) as buffer aqueous solution, and
the latter result in more improved chromatographic behavior and
symmetric peak shapes (Figure S1B). Therefore, we selected the
mobile phase consists of water (10 mM ammonium formate and
0.1% formic acid) and acetonitrile as the optimal composition of
mobile phase to carry on the process of optimization of HPLC
conditions. We also carried out the same trials using a fast HPLC col-
umn with sub-2 �m particle size (Agilent Zorbax StableBond-C18,
4.6 mm × 50 mm, 1.8 �m) to reduce the run time. And the optimal
conditions of the fast HPLC column trial were as following: use

the mobile phase consists of water (10 mM ammonium formate
and 0.1% formic acid) (A) and acetonitrile (B) to gradient elute at a
flow rate of 0.35 ml/min. Unfortunately, the fast HPLC column was
demonstrated to be not suitable for separating such more analytes
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Fig. 2. MS/MS spectra for compound P3

ue to the similar structure characteristic of these FAs (Figure S1C).
hus, the optimized chromatographic conditions are described in
ection 2.3.

For the purpose of getting the optimized collision energy (CE)
hat generates available fragment information for structural elu-
idation and characterization, we performed MS/MS experiments
t different CE. Taking compound P31 (isoverticine) as an exam-
le, the optimization of MS collision energy are as follows. The
arent ion (m/z 432.34, [M+H]+) of P31 was subjected to colli-
ionally activated dissociation at different CE, and the resulting
S/MS spectra are shown in Fig. 2. When 50 V was used as the CE,

he MS/MS spectra predominantly showed product ions formed by
oss of substituent group. When the CE was increased to 70 V, the
ragmentation spectra of the P31 showed abundant product ions
ormed by loss of substituent group and cleavage of the rings of
he basic skeleton. When the CE was increased to 100 V, the MS/MS
pectra predominantly showed fragment ions resulted from cleav-
ge of the rings of the basic skeleton. Even though the optimum CE
ight vary for different FAs, our study showed that 70 V CE is suffi-

ient to cause abundant fragment ions for structure elucidation. In
rder to investigate the fragmentation behavior of FAs accurately,
e proposed to combine the MS/MS spectra at 50 V and 70 V CE for

haracterization.

.2. Characterization of the reference compounds

In the positive-ion ESI experiments, the CE was set at 50 V and
0 V to investigate the fragmentation behavior of the entire 26
eference compounds of FAs, respectively. Based on the basic struc-
ural skeleton, we grouped the 26 FAs into cevanine type (P4, P10,
13, P15, P16, P18, P19, P21, P22, P31, P34, P37, P38, P39, and
40), jervine type (P12), veratramine type (P2, P5, P9, P14, P23, and
25) and secosolanidine type (P17, P33, P35, and P41). According
o whether there is hydroxy group in 20-position, the cevanine type
an be classified into C20-OH substituent group (P18, P22, P31, P4,

10, P13, and P19) and No-C20-OH substituent group (P15, P16,
21, P34, P37, P38, P39, and P40). In the process of data analysis,
e found that different types of FAs posses many similar fragment

ons differing in relative abundance only, which result in signifi-
ant difference in constituents of top five ions (in abundance ≥10%)
verticine) at different collision energy.

of the four types of FAs. The ions with high intensity (in top 5)
which commonly present in the identical type FAs were selected as
the key diagnostic fragment ions. For some types of FAs, there are
less than five ions with intensity higher than 10%, while for others,
there are more than five ions exceeding 10% in abundance. Thus, the
number of major fragment ions as well as their relative abundance
can also be used as a diagnostic factor. Consequently, we propose,
herein, a strategy combining key diagnostic fragment ions and the
relative abundances and amounts of major fragment ions (the ions
exceeding 10% in abundance) for identification of different FAs (see
Table 1).

3.2.1. Cevanine type FAs
The cevanine type, structurally characterized by the hexa-

cyclicbenzo [7,8] fluoreno [2,1] quinolizine nucleus, is the largest
representative group of FAs. In ESI+ mode, strong [M+H-H2O]+ ions
were observed for most of the C20-OH substituent group alkaloids
except for two N-oxides (P13, P19) at 50 V CE, which indicates that
this group of alkaloids is easy to lost a molecule of water at a low
CE. While for the No-C20-OH substituent group, [M+H-H2O]+ ions
were replaced by [M+H]+ as strong ions. The different structural
feature between the two group is whether or not possessing of a
hydroxyl at the 20-position which may be activated by the N atom
in E-ring then is expelled as water. Except for the base peak ion,
the two groups of cevanine type FAs yield similar fragment ions.
Therefore, we take verticine (P18, a member of C20-OH substituent
FAs) as the representative example to elucidate the fragmentation
pathway of cevanine type FAs.

The ESI+-MS/MS data and spectra for verticine are given in
Table 1 and Fig. 3. In positive ion mode with the CE of 50 V, verticine
produced a dominant [M+H-H2O]+ ion at m/z 414.33 (C27H44NO2)
and a minor protonated ion [M+H]+ at m/z 432.34. With the CE
increased to 70 V, it yields several characteristic fragment ions.
Based on investigating these fragment ions, we summed up the pos-
sible fragmentation pathway of verticine displayed in Fig. 4(A–C).

As we deduced, one of the probably protonated positions was the
hydroxyl at 20-position (see Fig. 4A), which result in the protonated
ion [M+H]+ at m/z 432.34. When the CE increased to 70 V, several
product ions, such as those at m/z 414.33, 138.12, 112.11, 398.30,
and 176.14, were observed as characteristic fragments produced by
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Table 1
Precursor and product ions of 26 reference compounds of FAs at different CE (the diagnostic ions were marked by underline).

Skeleton type No. tR (min) [M+H]+ CE Top five ions in
abundance ≥10%

Other ions

Cevanine type P18 13.58 432.3463 50 V 414.3355 (100%) 398.3029, 138.1266, 124.1113,
112.1118, 98.0968, 95.0858,
81.0701, 67.0536, 55.0544

C20-OH 70 V 95.0855 (100%) 398.3029 (95.85%) 414.3345 (74.76%) 81.0700
(68.61%)

105.0693
(68.56%)

176.1441, 162.1268, 148.1108,
138.1272, 124.1116, 112.1119,
98.0960, 91.0539, 79.0543,
67.0546, 55.0546

P22 15.24 430.3316 50 V 412.3202 (100%) 396.2872, 176.1429, 148.1125,
112.1116, 98.0965, 95.0843,
55.0546

70 V 396.2891 (100%) 91.0544 (90.89%) 412.3211 (78.95%) 148.1108
(73.63%)

98.0963
(67.31%)

176.1436, 112.1114, 110.0957,
105.0707, 93.0691, 79.0547,
67.0548, 55.0547

P31 19.60 432.3468 50 V 414.3352 (100%) 398.3018, 148.1109, 124.1116,
112.1113, 98.0961, 95.0853,
81.0688

70 V 398.3034 (100%) 414.3356 (98.98%) 95.0857 (91.07%) 79.0546
(72.08%)

81.0696
(71.26%)

176.1435, 148.1106, 119.0851,
112.1117, 105.0701, 98.0966,
91.0543, 67.0548, 55.0544

P4 8.93 592.3828 50 V 574.3703 (100%) 138.1268 (19.43%) 592.3855, 412.3175, 139.1302,
98.0963, 85.0291

70 V 138.1274 (100%) 574.3717 (20.16) 96.0809 (10.51%) 412.3207, 394.3075, 139.1312,
112.1114, 98.0958, 79.0549,
69.0702, 55.0546

P10 12.14 430.3317 50 V 138.1276 (100%) 412.3201 (67.47%) 396.2840, 139.1307, 112.1112,
98.0970, 96.0814, 69.0707,
55.0551

70 V 138.1271 (100%) 96.0808 (39.91%) 69.0699 (13.18%) 412.3166, 396.2879, 139.1303,
79.0538, 67.0538, 55.0549

P13 12.67 448.3420 50 V 112.1119 (100%) 448.3402 (13.85%) 98.0962 (12.09%) 430.3310, 412.3187, 386.3069,
138.1285, 96.0808, 82.0662,
69.0705

70 V 112.1118 (100%) 98.0962 (19.75%) 96.0808 (16.55%) 69.0703
(15.21%)

55.0546
(10.48%)

412.3152, 95.0839, 82.0655,
67.0549

P19 13.89 446.3271 50 V 112.1118 (100%) 98.0963 (14.87%) 446.3256 (10.37%) 428.3172, 410.3017, 384.2985,
138.1279, 96.0801, 82.0657,
69.0698, 58.0651

70 V 112.1116 (100%) 98.0973 (16.96%) 69.0697 (15.23%) 96.0806
(15.15%)

55.0549
(11.24%)

138.1271

No-C20-OH P15 12.88 432.3482 50 V 432.3460 (100%) 414.3362, 98.0963, 95.0857,
81.0691

70 V 432.3463 (100%) 98.0965 (70.01%) 81.0700 (61.39%) 79.0542
(43.38%)

105.0694
(42.11%)

414.3333, 112.1122, 95.0856,
91.0536, 67.0545, 55.0554

P34 25.13 414.3369 50 V 414.3360 (100%) 396.3273, 119.0851, 105.0687,
98.0964, 95.0861, 93.0706,
81.0713, 69.0711, 67.0552

70 V 98.0955 (100%) 67.0544 (78.40%) 91.0547 (68.77%) 79.0546
(65.71%)

81.0697
(65.11%)

396.3265, 119.0851, 112.1113,
105.0703, 69.0703, 55.0542

P37 27.40 414.3362 50 V 414.3357 (100%) 396.3258, 112.1112, 98.0973,
95.0854, 81.0710, 67.0550,
55.0549
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Table 1 (Continued)

Skeleton type No. tR (min) [M+H]+ CE Top five ions in
abundance ≥10%

Other ions

70 V 67.0540 (100%) 91.0546 (96.69%) 81.0696 (83.7%) 98.0963
(70.55%)

93.0694
(69.61%)

414.3343, 396.3236, 145.0983,
131.0842, 119.0844, 112.1118,
105.0690, 79.0548, 69.0697,
55.0540

P39 28.83 416.3509 50 V 416.3510 (100%) 398.3400, 98.0965, 95.0849,
81.0701, 79.0537, 67.0548,
55.0552

70 V 81.0700 (100%) 98.0962 (97.07%) 416.3521 (77.13%) 67.0542
(64.78%)

95.0861
(63.60%)

398.3407, 220.2047, 159.1146,
145.0998, 131.0855, 119.0854,
107.0858, 105.0696, 91.0541,
79.0545, 55.0555

P40 33.98 416.3525 50 V 416.3509 (100%) 398.3389, 107.0851, 98.0957,
95.0869, 81.0700, 67.0542,
56.0489

70 V 81.0696 (100%) 416.3518 (94.32%) 98.0962 (88.98%) 67.0547
(85.46%)

79.0541
(70.65%)

398.3361, 356.2913, 220.2028,
171.1131, 145.0985, 119.0854,
105.0692, 95.0850, 91.0538,
55.0546

P16 13.18 578.4032 50 V 578.4027 (100%) 416.3502, 398.3325, 98.0952
70 V 98.0962 (100%) 578.4024 (87.88%) 416.3521 (31.34%) 398.3412

(15.84%)
85.0280
(11.21%)

81.0693, 69.0339, 56.0484

P21 14.36 576.3896 50 V 576.3865 (100%) 414.3328, 396.3207, 98.0976
70 V 576.3874 (100%) 98.0964 (86.23%) 414.3357 (49.53%) 396.3262

(17.48%)
81.0689
(14.48%)

85.0290, 67.0554, 56.0503,
55.0535

P38 27.87 414.3365 50 V 98.0964 (100%) 112.1111 (16.07%) 414.3349 (11.91%) 138.1264, 81.0696, 56.0498
70 V 98.0961 (100%) 56.0500 (38.10%) 81.0704 (19.09%) 55.0545

(16.29%)
79.0537
(11.81%)

138.1269, 112.1106, 91.0538,
67.0538

Jervine type P12 12.52 428.3159 50 V 67.0544 (100%) 114.0905 (69.88%) 84.0804 (51.99%) 109.1008
(43.79%)

81.0700
(41.04%)

412.3201, 410.2883, 351.2410,
107.0850, 105.0696, 95.0858,
93.0699, 85.0656, 79.0540,
57.0704, 55.0542

70 V 67.0543 (100%) 79.0539 (30.53%) 84.0808 (29.32%) 55.0544
(27.75%)

81.0704
(27.55%)

142.0751, 114.0920, 109.1010,
105.0695, 95.0861, 93.0713,
91.0547, 57.0711

Veratramine type P2 5.83 476.3375 50 V 128.1062 (100%) 458.3220 (12.62%) 98.0962 (10.91%) 440.3116, 422.3076, 410.2646,
366.2439, 164.1452, 138.1268,
124.1123, 116.1073, 110.0954,
85.0643, 69.0345, 55.0536

70 V 128.1062 (100%) 124.1115 (27.18%) 98.0967 (24.35%) 110.0965
(23.76%)

86.0608
(18.91%)

268.2112, 228.1732, 202.1570,
164.1443, 138.1267, 79.0552,
69.0337, 55.0549

P5 9.70 460.3426 50 V 128.1063 (100%) 98.0967 (10.39%) 442.3294, 424.3196, 173.0935,
138.1276, 110.0969, 95.0839,
85.0646, 69.0345, 67.0549,
55.0550

70 V 128.1071 (100%) 67.0549 (31.64%) 98.0972 (29.40%) 86.0600
(29.13%)

95.0854
(28.76%)

394.2652, 138.1285, 155.0827,
145.1007, 138.1285, 124.1121,
110.0956, 91.0545, 55.0550
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Table 1 (Continued)

Skeleton type No. tR (min) [M+H]+ CE Top five ions in
abundance ≥10%

Other ions

P9 11.22 460.3425 50 V 128.1070 (100%) 98.0968 (10.41%) 442.3222, 424.3214, 422.3035,
392.2555, 311.1984, 112.1118,
105.0695, 95.0848, 86.0607,
85.0652

70 V 128.1061 (100%) 67.0547 (33.98%) 105.0695 (30.18%) 98.0963
(28.38%)

86.0598
(24.95%)

422.3021, 392.2541, 157.1012,
145.0996, 138.1263, 124.1113,
119.0849, 117.0689, 112.1118,
110.0953, 91.0541, 79.0538,
55.0545

P14 12.89 442.3309 50 V 124.1119 (100%) 166.1581 (83.06%) 95.0846 (70.19%) 139.1346
(62.94%)

110.0968
(55.77%)

424.3198, 311.2015, 285.1865,
145.1031, 98.0965, 93.0702,
85.0645, 67.0546, 55.0547

70 V 124.1109 (100%) 91.0542 (64.35%) 67.0542 (60.29%) 79.0546
(53.83%)

105.0687
(43.43%)

181.1034, 166.1592, 136.1109,
110.0958, 98.0970, 55.0541

P23 16.61 444.3458 50 V 128.1066 (100%) 105.0693 (94.11%) 95.0855 (90.20%) 147.1163
(79.83%)

93.0701
(76.92%)

426.3268, 269.1904, 251.1780,
107.0853, 98.0960, 81.0705,
69.0337, 55.0542

70 V 105.0698 (100%) 91.0544 (68.59%) 67.0544 (48.79%) 93.0696
(44.92%)

119.0848
(41.61%)

157.1001, 143.0847, 131.0853,
98.0967, 95.0855, 81.0691,
79.0547, 69.0334, 55.0548

P25 17.48 446.3628 50 V 128.1063 (100%) 107.0855 (54.69%) 145.1011 (47.68%) 105.0700
(33.3%)

95.0854
(33.06%)

428.3488, 253.1946, 81.0703,
67.0551, 55.0547

70 V 105.0699 (100%) 91.0540 (91.46%) 79.0544 (85.95%) 67.0543
(64.83%)

107.0850
(56.64%)

197.1321, 145.1014, 128.1060,
98.0963, 95.0858, 81.0702,
55.0546

Secosolanidine type P33 25.02 430.3677 50 V 69.0698 (100%) 95.0851 (78.69%) 81.0700 (72.49%) 55.0545
(49.82%)

93.0695
(37.47%)

412.3630, 300.2682, 260.0140,
199.1474, 142.1582, 109.1009,
107.0857, 105.0707, 100.1124,
98.0983, 91.0542, 79.0544,
67.0544

70 V 55.0548 (100%) 81.0700 (87.21%) 79.0542 (86.23%) 67.0544
(82.97%)

69.0703 (78.37%) 109.1022, 107.0847, 105.0696,
98.0959, 95.0854, 93.0697,
91.0545

P35 26.57 416.3525 50 V 69.0700 (100%) 81.0702 (94.53%) 95.0851 (86.05%) 55.0545
(66.72%)

67.0541
(39.47%)

398.3487, 135.1147, 131.0854,
121.0997, 109.1016, 107.0856,
105.0696, 93.0703

70 V 55.0543 (100%) 81.0704 (90.44%) 67.0542 (69.90%) 69.0698 (65.15%) 91.0541
(64.47%)

119.0858, 107.0850, 105.0692,
95.0853, 79.0540

P41 36.84 428.3521 50 V 69.0697 (100%) 81.0701 (58.67%) 55.0545 (53.27%) 95.0854
(47.58%)

93.0694
(18.18%)

428.3502, 290.0218, 260.0150,
217.1570, 199.1467, 142.1583,
121.1020, 107.0847, 79.0543,
67.0544

70 V 81.0701 (100%) 55.0545 (98.94%) 67.0544 (66.77%) 69.0703 (59.91%) 79.0546
(50.82%)

142.0752, 109.1025, 107.0855,
105.0705, 95.0853, 93.0700,
91.0542, 77.0387

P17 13.42 592.4194 50 V 592.4167 (100%) 69.0703 (64.74%) 142.1591 (48.22%) 412.3565
(42.53%)

430.3663
(30.65%)

168.1734, 109.1011, 95.0854,
85.0277, 81.0701, 79.0539,
55.0548

70 V 69.0699 (100%) 95.0852 (84.64%) 81.0697 (70.97%) 55.0547
(65.64%)

93.0694
(37.98%)

430.3619, 412.3580, 168.1713,
142.1579, 109.1016, 107.0854,
85.0290, 79.0545
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Fig. 3. The ESI+-MS/MS spectra for v

ydrogen rearrangement and ring cleavage of the basic skeletons
hrough induction effect. The product ion at m/z 414.33, with a high
bundance, corresponded to the loss of a H2O molecule (−18 Da),
ith further peaks appearing at m/z 138.12 (C9H16N) and m/z 69.07

C5H9) produced by the loss of a C18H28O2 and C22H35NO2, respec-
ively. Another characteristic product ion at m/z 112.11 with the
lemental composition C7H14N+, also resulted from hydrogen rear-
angement and cleavage of the rings of the basic skeleton, which
as also observed in the positive-ion ESI spectra of other FAs.

he characteristic product ion at m/z 398.30 (C26H40NO2) resulted
rom successive loss of a CH4 group and a molecule of H2O from
32.34. Another major fragment ion at m/z 176.14 was formed
rom [M+H]+ (m/z 432.34) by the following sequence: loss of a
H4, cleavage of the D-ring with the loss of C14H22O2 and then

oss of a molecule of H2O. The fragment ion (m/z 176.14) was only
bserved in ESI-MS/MS spectra of compounds P18, P22, P31. This
athway suggested that the formation of m/z 176.14 is concerned
ith hydroxyl at the 20-position, which could be used as a char-

cteristic ion to characterize this type of alkaloids. Another two
rotonated positions as we deduced were the hydroxyl group at
he N atom in E-ring (Fig. 4B) and the 6-position (Fig. 4C), which
orming major fragment ions at m/z 81.07 (C6H9) and m/z 95.08
C7H11), respectively. For cevanine type FAs, it is worthy of note
hat the number of ions exceeding 10% in abundance is no more
han three at 50 V CE, and they generally generate [M+H-H2O]+ or
M+H]+ ions as base peak. While at the CE of 70 V, they generate
bundant product ions exceeding 10% in abundance (see Table 1).
herefore, by combination of diagnostic fragment ions and top five
ons in abundance ≥10% at different CE, the cevanine type FAs can
e distinguished rapidly.

However, there are some exceptional cases of cevanine type FAs
hat possessing different substituent group or basic skeleton, such
s compounds P13, P19 and P38. Due to the N → O group, the N-
xides P13 and P19 are distinct from other cevanine type FAs in
he way of decomposition. Instead of strong [M+H-H2O]+ ion, they

roduced the base peak ion at m/z 112.11 (C7H14N) together with
minor [M+H-H2O]+ ion and a relatively strong protonated ion

M+H]+. As reported [17], the elimination of OH• radicals generated
rom the N → O functional group is a characteristic fragmentation
athway of the N-oxides. The formation pathway of base peak ion at
ne (P18) at 70 V of collision energy.

m/z 112.11 for FAs N-oxide P13 is displayed in Figure S2. Although
the compound P38 is a member of No-C20-OH substituent FAs,
it differs with other members in the presence of a double bond
between 13 and 17-position of the basic skeleton. As a result, we
observed a dominant ion as the base peak at m/z 98.09 (C6H12N)
instead of [M+H]+ ion at m/z 414.33. And the formation of the base
peak ion at m/z 98.09 was elucidated in Figure S3.

3.2.2. Jervine type FAs
The jervine type FAs are hexacyclic compounds that have the

furan ring (E) fused onto a piperidine ring system forming an ether
bridge between carbon atoms C17 and C23 (see Fig. 1, P12). The
representative jervine type FAs, peimisine (P12), was selected to
analyze its fragmentation behavior in QTOF-MS/MS, and the MS/MS
data for peimisine are given in Table 1. At both of 50 V and 70 V
(CE), the protonated molecule at m/z 428.31 gave an ion at m/z
67.05 as the base peak by cleavage of the rings of the basic skeleton,
with several characteristic product ions at m/z 114.09, 84.08, 57.07,
81.07, 410.28 and 55.05. The product ion at m/z 114.09 (C6H12NO)
was formed by cleavage of the E-ring with the loss of C21H30O2,
which owing to the presence of an O bridge between 17, 23-position
with its electronic induction effect. Another major fragment ion
at m/z 84.08 (C5H10N) was produced by protonation at N atom
then result in cleavage of rings (E and F) through successive or
simultaneous induction and hydrogen rearrangement effects. The
characteristic fragment ion at m/z 57.07 (C4H9) was formed in the
similar way as m/z 84.08. Due to the presence of the double bond
between 12, 13-position, the ionization on pibond was an availabil-
ity that resulted in the major fragment ion at m/z 81.07 (C6H9). A
minor fragment ion at m/z 410.28 (C27H40NO2) was produced by
the neutral loss of H2O, corresponding to the hydroxyl group at 3-
position, which was further fragmentized and formed the fragment
ion m/z at 55.05. Importantly, the fragment ion at m/z 55.05, with
the elemental composition C4H7, was observed with relatively high
intensity, which also corroborates our hypothesis that this frag-

ment was produced by cleavage of the rings of the basic skeleton.
The fragmentation pathway of reference compound peimisine is
shown in Figure S4. It should be noting that we have only one ref-
erence compound (peimisine), thus the fragmentation information
of jervine type FAs is for reference merely.
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Fig. 4. (A) The proposed fragmentation pathways of verticine (P18, cevanine type FAs) with the adding position of H+ ion at C-20OH. (B) The proposed fragmentation pathways
of verticine (P18, cevanine type FAs) with the adding position of H+ ion at N-atom. (C) The proposed fragmentation pathways of verticine (P18, cevanine type FAs) with the
adding position of H+ ion at C-6OH.
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Fig. 5. LC/QTOF-MS total ion chromatograms of the standards and extracts o

.2.3. Veratramine type FAs
The typical veratramine type is characterized by the absence of

ing E and the presence of an aromatic ring D, although many ana-
ogues with an unaromatised ring D are also placed in this group

P2, P5, P9, P14, P23, and P25). Compounds P2, P5 and P9 yielded
n identical dominant ion at m/z 128.10 (C7H14NO) as the base peak
nd other minor fragment ions in positive mode with CE of either
0 V or 70 V. The [M+H-H2O]+ and [M+H-2H2O]+ ions, with low
bundance, can also be observed in ESI-MS/MS spectra, and [M+H-
t Fritillaria species. Chromatographic conditions are described in Section 2.3.

3H2O]+ ion was rarely shown. As for compounds P23 and P25, they
produced the identical base peak at m/z 128.10 with the CE of 50 V,
whereas, it was 105.06 while the CE increase to 70 V. Exception-
ally, compound P14 yielded a strong ion at m/z 124.11 as the base

peak at both CE of 50 V and 70 V, and we explained the formation
of this base peak ion in Figure S5. Subsequently, we selected the
compound P2 as the example to elucidate the characteristic frag-
mentation pathways of veratramine type FAs which was shown in
Figure S6.
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The MS/MS data for compound P2 are given in Table 1. In positive
on mode with the CE of 70 V, it produced several characteris-
ic fragment ions, such as m/z 128.10 (C7H14NO), 98.09 (C6H12N),
10.09 (C7H12N) and 86.06 (C4H8NO). According to our deduction,
he F-ring was shed off to become the base peak ion at m/z 128.10
C7H14NO), with further peaks appearing at m/z 110.09 (C7H12N)
nd m/z 86.06 (C4H8NO) produced by the neutral loss of a H2O and
3H6, respectively. The fragment ion at m/z 98.09, with the elemen-
al composition C6H12N, was also observed with relatively high
ntensity, which resulted from cleavage of the F-ring of the basic
keleton with the loss of a fragment C22H34O5. Another character-
stic fragment ion at m/z 422.30 (C H NO ), with low abundance,
28 40 2

as formed by successive or simultaneous loss of three molecules
f H2O from the protonated molecule (C28H45NO5). As described
bove, veratramine type FAs, compared with cevanine type FAs, are
ore likely to fragmentize. Of particular note is the presence of base
inued).

peak at m/z 128.10, which is the characteristic ion of veratramine
type FAs.

3.2.4. Secosolanidine type FAs
The secosolanidine type is derived from epiminocholestanes

with the amino group incorporated into a piperidine ring, result-
ing in a pentacyclic carbon framework. Herein, the secosolanidine
type FAs investigated consists of compounds P17, P33, P35 and
P41. Likewise, this type FAs are easy to fragmentize. In positive ion
mode, they yielded rich characteristic fragmentations at CE of 50 V
and 70 V. At the CE of 50 V, compounds P33, P35 and P41 generated

an identical dominant ion at m/z 69.06 (C5H9) as the base peak. With
the CE increased to 70 V, the base peak ion of compounds P33 and
P35 changed into m/z 55.05 (C4H7), and m/z 81.07 for compound
P41. Due to the presence of hydroxy group for the compounds P33
and P35, we can observed [M+H-H2O]+ ion, but not for compound
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Fig. 6. The structures of key diagnostic fr

41. Compound P17, as a gluco alkaloid, produced the character-
stic fragment ion at m/z 85.02 of glucose. Owing to the stability of
luco alkaloid, it yielded protonated ion [M+H]+ at m/z 592.41 as
he base peak at CE of 50 V. With the CE increased to 70 V, it pro-
uced similar fragment ions with its aglycon compound P33 except
or neutral loss of a glucose unit (162 Da) generated the aglycone
on [M+H–Glc]+ at m/z 430.36 (C28H47NO2).

The fragmentation pathway of the secosolanidine type FAs, tak-
ng puqietinone (compound P33) as an example, was shown in
igure S7. For puqietinone (compound P33), it yielded several char-
cteristic product ions at m/z 55.05, 69.07, 81.07, 67.05, 95.08 and
3.06 at 70 V CE. The base peak at m/z 55.05 was formed by succes-
ive loss of a molecule of water and a neutral fragment of C24H39NO
rom the protonated ion by cleavage of A-ring. Another dominant
on at m/z 69.07 resulted from cleavage of piperidine ring of the
ase skeleton. The product ion at m/z 67.05, formed by cleavage of
-ring, as well as the product ion at m/z 95.08 and 93.06, indicated
hat the protonate position is the carbonyl of B-ring. In addition, the
ragment ion at m/z 81.07, with the elemental composition C6H9,
as also observed with relatively high intensity, which corrobo-

ates our hypothesis that this fragment was produced by cleavage
f the rings of the basic skeleton. Notably, the presence of peak
t m/z 69.07 with high abundance could be used as a character to
haracterize this type of FAs.

.3. On-line characterization of FAs from extracts of eight
ritillaria species

LC/QTOF-MS experiments were carried out to analyze the
omponents in extracts of eight Fritillaria species. The total ion
hromatograms of the extracts are shown in Fig. 5(A–H). From the
C/QTOF-MS profiles of the eight Fritillaria species, 41 FAs were
ound and characterized in positive-ion mode. The salient informa-
ion is shown in Table S1, where peaks P2, P4, P5, P9–10, P12–19,

21–23, P25, P31, P33–35 and P37–41 could be unambiguously
ssigned to the reference compounds, respectively, by compari-
on of the retention times (tR) and MS/MS data with those of the
tandard FAs. The other 15 peaks were tentatively identified, as
iscussed below.
tation ions for the different types of FAs.

Peak 1 (P1) gave a minor protonated molecule at m/z 464.33
with the formula C27H46NO5 in positive ion mode, which yielded
[M+H-H2O]+ ion as base peak at either 50 V or 70 V CE and with
only two ions exceeding 10% in abundance at 50 V CE. Meanwhile,
[M+H-3H2O]+ ion could be observed with low abundance, which
indicates that P1 possesses at least three hydroxy groups. The above
information drops a hint that P1 is a member of C20-OH sub-
stituent cevanine type FAs. Due to the fact that P1 could be only
detected in F. ussuriensis, according to a previous report [26], it was
assigned to pingpeimine A. Similarly, peak 3 (P3), with the [M+H]+

formula C27H44NO6, was tentatively identified as pingpeimine C
[27]. By accurate mass measurements for molecular ion, peak 6 (P6)
gives the formula C27H37NO3 (the index of hydrogen deficiency is
10), which indicates that there must be some unsaturated bonds
in its multiple-ring basic skeleton. P6, only found in F. ussurien-
sis, yielded a predominant [M+H-H2O]+ in positive ion mode with
only two ions exceeding 10% in abundance at 50 V, which sug-
gests that P6 is also a cevanine type FA. Through analyzing and
combining previous report [28], P6 was tentatively identified as
ussuriedine. For the P26, the MS/MS spectra revealed the proto-
nated molecule ion peak ([M+H]+) at m/z 416.31 and the base peak
at m/z 164.14. The molecular formula of P26 (C26H41N03), obtained
by accurate mass measurement for molecular ion, was one carbon
less than those of known C-nor D-homo steroidal alkaloids, which
was in accordance with pingbeinone that has been reported in the
previous literature [29]. Thus, P26 was tentatively identified as
pingbeinone.

The P30 in the F. ussuriensis extract has an MW of 409.3 Da,
which was confirmed by the [M+H]+ ion at m/z 410.30 with the
formula C27H40NO2. It yielded [M+H]+ ion as the base peak with
only two ions exceeding 10% in abundance at 50 V CE, which sug-
gests that P30 is a member of No-C20-OH substituent cevanine
type FAs. Heilonine, a cevanine type FAs with MW 409.3 Da, has
been reported to be present in F. ussuriensis [29], and its formula

C27H39NO2 with 9 units of unsaturation was in accordance with
that of compound P30. Thus, P30 was considered as being due to
heilonine. By the same way, P29, P32 and P36 were tentatively
identified as hupehenine [30], sinpeinine A [31] and hupehenirine
[30], respectively.
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Several cevanine type gluco alkaloids, P7, P8, P20, P24, P27
nd P28, were observed in herbal extracts. For P7, observed in
lant samples A–C, it gave a minor protonated molecule at m/z
94.39 with the formula C33H56NO8 in positive ion mode, which
ielded [M+H-H2O]+ ion as base peak at either 50 V or 70 V CE and
ith only two ions exceeding 10% in abundance at 50 V CE. More-

ver, it produced a relative high-abundance [M+H-Glc]+ ion and
characteristic fragment ion at m/z 85.02 of glucose, which indi-

ates that P7 is a gluco alkaloid. Combining the above informations
nd literatures [32], we draw a conclusion that P7 was assigned
o zhebeininoside. Similarly, P8, P20, P24, P27 and P28, were
entatively identified as zhebeinone-3-ˇ-d-glucoside/verticinone-
-ˇ-d-glucoside, pingbeinone-3-ˇ-d-glucoside [33], yibeinoside

[34], yubeiside [35] and ebeiedine-3-ˇ-d-glucoside, respec-
ively. Moreover, P11 gave a protonated molecule at m/z 608.41
C34H58NO8) and a minor characteristic fragment ion at m/z 85.02
ue to the presence of glucose, which indicates that P11 is also
kind of gluco alkaloid. As shown in Table S1, P11 generated

t least five fragment ions exceeding 10% in abundance at 50 V
E, suggested that P11 does not belong to cevanine type FAs.
ue to the fact that P11 could be only detected in F. ussuriensis,
ccording to a previous report [36], it was tentatively identified as
ingbeininosine.

. Conclusions

In this work, the fragmentation patterns of different sub-classes
f FAs, including cevanine type, jervine type, veratramine type
nd secosolanidine type FAs, have been systematically studied by
eans of ESI QTOF-MS/MS. Based on fragmentations analysis and

ccurate mass measurements of molecular ions and product ions
f 26 reference FAs in positive ion mode, fragmentation pathways
ave been proposed for the FAs and applied to characterize the
As in eight medicinal plant extracts. In this paper, we mainly use
iagnostic ions and the relative abundances and amounts of major
ragment ions to distinguish and identify sub-classes of FAs, such
s predominant [M+H-H2O]+ or [M+H]+ ion with no more than five
ons exceeding 10% in abundance at 50 V CE indicating cevanine
ype FAs, m/z 128.10 or 124.11 as base peak indicating veratramine
ype FAs, and m/z 69.06 as base peak with more than five ions
xceeding 10% in abundance indicating secosolanidine type FAs.
he structures of key diagnostic fragmentation ions for these types
f FAs were given in Fig. 6. It is also worthy of note that some minor
ragment ions, such as [M+H-3H2O]+, [M+H-Glc]+, m/z 85.02, and
/z 112.11, can provide structural information of the basic skele-

on and its substituents. For example, the presence of [M+H-3H2O]+

on indicates that the target compound contains polyhydroxy,
hile [M+H-Glc]+ and m/z 85.02 ions indicate the presence

f glycon.
Based on the fragmentation patterns of the reference com-

ounds, a total of 41 major FAs were screened and identified in
ight Fritillaria species by the LC/QTOF-MS/MS method, including
9 cevanine type FAs, 1 jervine type FAs, 6 veratramine type FAs and

secosolanidine type FAs. The results of this study clearly demon-

trated the potential of ESI QTOF-MS/MS for the rapid and sensitive
tructural elucidation of the multi-groups of constituents in Fritil-
aria species, and open perspectives for similar studies on other

edicinal herbs and preparations. It can be foreseen that the com-

[
[
[

[
[

1217 (2010) 7109–7122

bined use of HPLC and QTOF-MS/MS will be an impressive tool for
separating, characterizing and predicting components in complex
natural matrices.
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