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Abstract Pyrrolizidine alkaloids show significant hepa-
totoxicity as they can bind to DNA or proteins after being
activated in liver. Senecio vulgaris L., like many Com-
positae herbs containing pyrrolizidine alkaloids, was
reported to have great hepatotoxicity. However, Senicio
scandens Buch.-Ham., from the same genus, which was
also used as a herb and documented in China Pharmaco-
poeia published in 2010, hardly showed any side effects or
relevant toxicity. In the present study, we conducted the
metabolomics study using ultra-performance liquid chro-
matography-mass spectrometry (UPLC-MS) to obtain
the different metabolic profiles of the two Senecio herbs.
In addition, principle component analysis (PCA) and
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orthogonal projections to latent structures-discriminant
analysis (OPLS-DA) were introduced for the multivariate
analysis, and MS/MS was applied to the identification of
target alkaloid markers which contributed most to the
established models. As a result, ten pyrrolizidine alkaloids,
including adonifoline, senecionine, senecionine N-oxide,
retrorsine, retrorsine N-oxide and seneciphylline, were
selected and identified. Among them, adonifoline was
found to be a specific marker for S. scandens while
senecionine and its N-oxidative were characteristic markers
for S. vulgaris. Furthermore, the hepatotoxicity studies in
vivo and in vitro showed that senecionine had more potent
toxicity (LDsg, 57.3 mg/kg; ICsg, 5.41 pM) than that of
adonifonine (LDso, 163.3 mg/kg; 1Csg, 49.91 uM). Taken
together, the present study provides not only better
understanding of the different toxicity between the two
Senecio herbs containing pyrrolizidine alkaloids but also a
reference method, which can be applied to other geneti-
cally closed species with similar morphology but different
toxicity.

Keywords Metabolomics - Senecio - Hepatotoxic
pyrrolizidine alkaloids - Morphological similarity - Toxic
difference

1 Introduction

Pyrrolizidine alkaloids (PAs) have shown great hepato-
toxicity (Prakash et al. 1999), pheumotoxic (Thomas et al.
1997; Lame et al. 2000), genotoxic (Fu et al. 2001; Chen
et al. 2010) and neurotoxic (Huxtable et al. 1996) to human
beings via consumption of PAs-containing plants and their
products, such as medical preparations and herbal tea
(WHO 1988). PAs are found to present in more than 6000
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floriferous plants, mainly belong to Familiy Compositae,
Leguminosae, Orchidaceae and Boraginaceae (Smith and
Culvenor 1981; Roeder 2000). Herbs from Senecio genus
are one of the main sources for PAs. Senecio vulgaris L.
(SV) is originated in Europe and has played a certain role
in the case of functional amenorrhoea (Roeder 1995).
However, several death reports were referred to the con-
sumption of herbal tea containing SV (Ortiz et al. 1995;
Vilar et al. 2000). As known, SV contains several PAs such
as senecionine, seneciphylline, integerrimine and retrorsine
in high concentration (Roeder 1995). Thus, preparations of
this Senecio herb should neither be recommended nor
administered. On the other hand, S. scandens Buch.-Ham.
(SS), which is widely spread in China up to an altitude of
3200 m, has been used officially in the case of oral and
pharyngeal infections (Chinese Pharmacopeia Commission
2010) due to its rich content of flavonoids (Yang et al.
2011). Although SS contains several PAs including ado-
nifoline (Xu et al. 2006; Zhang et al. 2008), there are no
any formal reports associated with its toxicity. So a key
question is why SV and SS, the two genetically closed
species with similar morphology, show such different
toxicity.

At present time, metabolomics (Oliver 1997; Lindon
et al. 2007) has been widely used in the profiling of plant
metabolites (De Vos et al. 2007; Harris et al. 2007; Glauser
et al. 2009), especially for the genetically closed species
(Xie et al. 2008; Dai et al. 2010). A number of techniques,
including nuclear magnetic resonance (NMR), liquid
chromatography (LC) or gas chromatography (GC) cou-
pled with mass spectrometry (MS), have been applied to
the study (Fiehn et al. 2000; Lise et al. 2006; Wagner et al.
2006; Krishnan et al. 2005). LC-MS has higher sensitivity
and resolution than NMR; while it is also much more
versatile and convenient than GC-MS. Additionally, the
most new technology of ultra performance LC (UPLC) has
provided an even better separation, resolution and sensi-
tivity as well as high analysis speed (Novakova et al. 2006;
Yang et al. 2008) than traditional LC. Thus, UPLC has
become a powerful tool for high-throughput screening and
the analysis of complex biological samples, such as herbal
medicines (Liu et al. 2007). In the present study, UPLC-
MS was first utilized to obtain the metabolic profiles of SS
and SV. Multivariate analysis techniques, including prin-
cipal component analysis (PCA) and orthogonal projec-
tions to latent structures-discriminant analysis (OPLS-DA)
were applied to the data mining. LC-MS and MS/MS were
used for the identification of the different phytochemical
compositions, which might correspond to the toxicity of the
two Senecio herbs. Furthermore, to confirm the biological
significance, we conducted in vivo and in vitro hepato-
toxicity assays for the selected PAs markers adonifoline
(ADO) and senecionine (SEN).

2 Materials and methods
2.1 Chemical and materials

Acetonitrile was of HPLC grade and purchased from Fisher
Scientific Co. (Santa Clara, USA). Ammonium formate
was of HPLC grade and purchased from Sigma-Aldrich
Co. (Fairfield, USA). 98% Formic acid and 25% ammonia
solution were of analytical grade and purchased from
Shanghai Reagent Co. (Shanghai, PR China). Water was
purified with a Milli-Q system (Millipore, Bedford, MA,
USA). Adonifoline, senecionine, and seneciphylline were
obtained from Shanghai R&D Center for Standardization
of Traditional Chinese Medicines (Shanghai, P. R. China).
Retrorsine was merchandised from Sigma-Aldrich Co.
(Fairfield, USA). N-oxidatives of senecionine and retror-
sine were prepared by oxidation of senecionine and
retrorsine, respectively, according to the reference (Xiong
et al. 2009). The structures of pyrrolizidine alkaloid stan-
dards are shown in Fig. 1.

The samples information was provided in Table 1. All
the samples were collected in their flowering season and
authenticated by authors. Then they were naturally dried in
air. The voucher specimens were deposited in the Her-
barium of Institute of Chinese Materia Medica, Shanghai
University of Traditional Chinese Medicine.

2.2 Sample preparation

The herbal materials were dried at 60°C over night before
use and powdered (through 50 meshes). The powder
(0.5 g) was accurately weighed and extracted with 50 mL
of 0.5% (v/v) formic acid solution for 40 min in an ultra-
sonic water bath at 30°C to get the extracts. The superna-
tants were filtered through a 0.22 um syringe filter and
injected to the UPLC-MS system.

2.3 UPLC-MS analysis

The analysis was performed on a Waters ACQUITY
UPLC™ system (Waters Corporation, Milford, USA) with
a binary solvent delivery manager, an auto sampling
manager, and a TQDTM mass spectrometer (Waters Cor-
poration, Milford, USA) equipped with an electrospray
interface (ESI).

Gradient chromatographic separation was carried out on
a Waters ACQUITY UPLC BEH C;g3 column
(100 mm x 2.1 mm id., 1.7 um, Waters Corporation,
Milford, USA) with a supported Security Guard C18 guard
column (Waters Corporation, Milford, USA). Mobile phase
A was acetonitrile, while mobile phase B was 10 mM
ammonium formic modified by the addition of 0.1% (v/v)
25% ammonia solution. The gradient elution started with
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Fig. 1 Structures of PAs (0)
standards

adonifoline
MW 365

seneciphylline

retrorsine
MW 351

senecionine
MW 335

retrorsine N-oxide

senecionine N-oxide

MW 333 MW 351 MW 367
E;lt)f::iall Information of herbal No. Collection location Species Collection time
SS01 Ningguo, Anhui, R.P. China Senecio scandens 2007-10
S$S02 Nanning, Guangxi, R.P. China S. scandens 2007-12
SS03 Dali, Yunnan, R.P. China S. scandens 2007-09
SS04 Sanming, Fujian, R.P. China S. scandens 2007-07
SS05 Liu’an, Anhui, R.P. China S. scandens 2007-10
SS06 Xinxiang, He’nan, R.P. China S. scandens 2008-08
SVol1 Tonghua, Jilin, R.P. China S. vulgaris 2006-08
SV02 Mudanjiang River, Heilongjiang, R.P. China S. vulgaris 2005-07
Svo03 Maoer Hill, Heilongjiang, R.P. China S. vulgaris 2005-07
SVo4 Kunming, Yunnan, R.P. China S. vulgaris 2007-05
SVO05 Tonghua, Jinlin, R.P. China S. vulgaris 2006-07
SV06 London, U.K. S. vulgaris 2005-07

5% mobile phase A, increasing to 20% A at 5 min, and
then to 40% A at 7 min. The mobile phase was held iso-
cratic at 90% A for 1.5 min and another 1.5 min at 5% A
before the next injection. The flow rate was 0.5 mL/min.
The column was maintained at 45°C. And the injection
volume was 5 pL. Each sample was injected 4 times to
obtain 48 observations.

The mass spectrometer was operated in positive ion
mode with the scan range from m/z 150 to m/z 650.
Parameters were optimized and set as follows: capillary
voltage: 3.5 kV; cone voltage: 45 V; source temperature:
150°C; desolvation temperature: 450°C; desolvation gas

@ Springer

(nitrogen): 900 L/h; cone gas (nitrogen): 50 L/h; low mass
(LM) resolution: 15; high mass (HM) resolution: 15. When
executing MS/MS fragmentation, the collision energy was
set at 30 V, the collision gas (helium) flow was set at 0.1
L/h while LM and HM resolution for the MS/MS function
were set at 13.

2.4 Chemometrics data analysis
The UPLC-MS data of SS and SV samples were analyzed

to identify potential discriminant variables. Data process-
ing and statistical analysis was accomplished by using the
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MarkerLynx XS software (Waters, Manchester, UK). The
parameters were as following: retention time (Rt) range
0.2-18.0 min; mass range m/z 150-650; extracted ion
chromatograms (XIC) window (the mass tolerance)
0.05 Da; width of an average peak at 5% height and peak-
to-peak baseline noise were automatically calculated;
minimum intensity was set to 10% of base noise; mass
window and retention time window for marker collection
were set at 0.05 Da and 0.2 min, respectively; elimination
level was set at 10.00; and isotopic peaks were excluded
for analysis. After data processing, a list of the peak
intensities was generated using retention time (Rt) and
m/z data pairs (Rt,,,) as an identifier for each peak. The
resulting two-dimensional matrix of each peak and their
intensity for each sample were further analyzed.
Multivariate analysis techniques, including unsuper-
vised principle component analysis (PCA) and supervised
orthogonal projections to latent structures-discriminant
analysis (OPLS-DA), were used to discriminate between
the samples and figure out the most important secondary
metabolites for their difference. The data sets were mean-
centered, pareto-scaled (van den Berg et al. 2006) in a
column-wise manner before PCA and OPLS-DA modeling.
Potential biomarkers were selected according to variable
importance in the project (VIP) value, and the S-plot.

2.5 In vivo acute toxicity evaluation of adonifoline
and senecionine on mice

Adonifoline and senecionine were separately dissolved in
sodium chloride (containing 0.2 mol/L hydrochloric acid)
and the pH value was adjusted to 5.0 with 2 mol/L
sodium hydroxide solution, to prepare two stock solutions
containing 300 mg/mL of adonifoline and senecionine,
respectively. For the toxicity assay, the stock solutions
were diluted with sodium chloride to a series of con-
centrations before administered to ICR mice (male,
18-22 ¢).

Mice were obtained from the Laboratory Animal Center
of Shanghai University of Traditional Chinese Medicine
(SHUTCM, Shanghai, P. R. China). All animals were fed
with a commercial pellet diet and water ad libitum. Animal
welfare and the animal experimental protocols were strictly
consistent with the Guide for the Care and Use of Labo-
ratory Animals (U.S. National Research Council, 1996)
and related ethics regulations of SHUTCM. Before treat-
ment, animals were fast overnight and divided randomly
into ten groups with ten mice per group. Groups 1-5 were
i.g. with adonifoline, and groups 6-10 with senecionine.
Their median lethal doses (LDsg), which were commonly
used for evaluation of toxicity, were calculated by the Bliss
method.

2.6 Cytotoxicity tests of adonifoline and senecionine
on primary rat hepatocytes

Primary rats hepatocytes were seeded in 96-well micro-
plates (2 x 10* cells/well), and then incubated with 1, 3,
10, 30, 100 uM of adonifoline and senecionine, respec-
tively, for 48 h in the carbon dioxide incubator. After
treatments, cells were incubated with 500 pg/mL of 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT, a yellow tetrazole, which can be reduced to purple
formazan in living cells.) for 4 h. At last the formazan was
dissolved in 10% sodium dodecyl sulphate-5% iso-butanol-
0.01 M hydrochloric acid. The optical density was mea-
sured at 570 nm with 630 nm as a reference and cell
viability was normalized as a percentage of control. The
half maximal inhibitory concentrations (ICsy) of the two
compounds were calculated.

3 Results and discussion
3.1 Liquid chromatography

Separation of the herb extracts was carried out on an UPLC
system under the optimal conditions, such as the parame-
ters of mobile phase system. Significant differences of the
chromatogram separation were observed when using dif-
ferent aqueous mobile phase, including 0.1% formic acid
(pH 2.6), 10 mM ammonium formic (pH 6.5), 0.1% con-
centrated ammonia solution (pH 10.0), and 10 mM
ammonium formic modified by the addition of 0.1% con-
centrated ammonia solution (pH 8.4) (Fig. 2). Generally,
the separation was better using basic mobile phase systems
(Fig. 2c and d) than the other mobile phase systems
(Fig. 2a and b). Finally, the modified basic mobile system
(10 mM ammonium formic modified by the addition of
0.1% concentrated ammonia solution) was chosen because
it yielded good separation and intensity of each composi-
tion within a shorter period of time (Fig. 2d). Figure 3
showed typical based peak intensity (BPI) chromatograms
obtained from the analysis of the two Senecio herbs in
positive ion mode.

3.2 Multivariate analysis

Principal component analysis (PCA) was used as an
unsupervised method to study the metabolome differences
between SS and SV herbs for it has been universally used
for achieving the natural interrelationship within the data,
i.e., grouping, clustering, outliers, etc., without prior
knowledge of the data set. The score plot obtained by all
observations from the two species is displayed in Fig. 4a. A
clear separation can be seen between SS and SV herbs.

@ Springer
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Fig. 2 Total ion chromatography of the herb extracts, separated on a HCOOH; b 10mM HCOONH4 ¢ 0.1% NH; d 10 mM
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Fig. 3 Comparison of UPLC chromatograms for the alkaline extracts
of: a Senecio scandens (Ningguo, Anhui Province), and b S. vulgaris
(Tonghua, Jilin Province) (/ senecionine N-oxide, 2 senecionine, 3

Seven principal components were calculated by cross val-

idation, and 48.85% of the variables can be explained by
the first two components (71.63% of the total variances can

@ Springer

seneciphylline, 4 retrorsine N-oxide, 5 integerrimine N-oxide, 6
seneciphylline N-oxide, 7 retrorsine, 8 othonnine, 9 adonifoline, /0
platyphylline)

be explained by the seven components), indicating a sig-
nificant difference between the two herbs in the profiles
and levels of alkaline extracts.



UPLC-MS based metabolomics study

619

(A)

120

100 e St—
80
60 &y
40
20 0
S

st
-120
100 /] 100
t1]
©)
60
40
20
o
g 0
-20
-40
-60
-100 0 100
tf1]P
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scandens (SS) samples, squareS. vulgaris (SV) samples), b OPLS-
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However, instrumental drift, artifacts, and other exper-
imental variations might occasionally divert the focus of a
PCA model to the systematic variation unrelated to the
scientific questions of interest. Thus, supervised OPLS-DA
(Trygg and Wold 2002; Wiklund et al. 2008) was applied
to use any priori information beneficial to the analysis and
further study the differences between the two species.
Compared with the partial least squares-discriminant
analysis (PLS-DA) (Boulesteix and Strimmer 2006),
OPLS-DA (Trygg and Wold 2002) can separate the result-
non-correlated variation, so called orthogonal to the result,
from the whole variation prior to data modeling; thus, it
can improve the interpretational ability of resulting models
and reduce model complexity. The quality of the models
was described by the cross-validation parameter Q? (the
predictability of the model) and R?Y (the total explained
variation for the X matrix). In present study, an OPLS-DA
model (Fig. 4b) was firstly constructed using 39 observa-
tions (20 observations obtained from SS, and 19 from SV)
as the training set. The R*Y and Q* were 0.9986 and
0.9959 respectively, indicating excellent prediction ability
of the model. After that, 9 observations (4 from SS, and 5
from SV) were used as testing set and applied to the
established OPLS-DA model. As shown in Fig. 4c, all of
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score plot of OPLS-DA of all observations both in training set and
predicting set (triangleSS samples in training set, sqaureSV samples
in training set, asterisksamples in predicting set), and d S-plot
(Metabolites in the (square) were the top 10 markers selected)

the nine observations were well predicted, indicating the
established OPLS-DA model had a good capability to
differentiate SS from SV.

3.3 Selection, discovery, and identification of marker
compounds

As is known, the S plot has become an easy way to visu-
alize an OPLS/O2PLS discriminant analysis model of two
classes thus it has mainly been used to filter out putative
biomarkers from “omics” data, e.g. LC/MS metabolomics
data (Wiklund et al. 2008). Both intensity and reliability is
visualized in the S-plot. On one hand, the peak intensity is
important as peaks with low intensity are close to the noise
level and thus have a higher risk for spurious correlation.
On the other hand, reliability is also very important as
peaks with higher reliability mean that they are of higher
effect and lower uncertainty. As shown in Fig. 4d, it
combines the covariance (the contribution of variations to
the model, as X axis) and the correlation (the reliability of
variations to the model, as Y axis). Markers which have
both significant covariance values and correlation values
are most likely considered to be the potential markers
discriminating between groups. The variable importance in

@ Springer



620

A. Xiong et al.

the projection (VIP) value (Umetrics 2008), which reflects
the importance of variables on the classification, was used
as a guarantee for the significance of potential markers (Xie
et al. 2008; Yin et al. 2009), and the variables with VIP
values larger than 1 were thought to be potential markers
and can be kept for further study. In present study, S-plot
was used to reveal the different metabolites of the two
herbs and ten markers with both significant covariance and
correlation values were marked with red square (Fig. 4d).
As shown in Table 1, the VIP values of all the ten com-
pounds were larger than 10 with acceptable jack knife
uncertain bars. Thus, they were finally considered as
potential markers.

The top ten leading markers were identified by com-
paring their retention time and MS/MS fragmentation with
those of references. Among the ten markers, which all
showed diagnostic ions for PAs, nine markers were hepa-
totoxic pyrrolizidine alkaloids and produced diagnostic
daughter ions at ions m/z 120 and 138 (Xiong et al. 2009),
while the tenth (m/z 338.17, Rt 6.76 min) gave diagnostic
daughter ions at ions m/z 122 and 140, indicating it was a
nontoxic PA.

By comparing with PAs standards, six markers were
unequivocally identified as senecionine N-oxide (marker
1), senecionine (marker 2), seneciphylline (marker 3),
retrorsine N-oxide (marker 4), retrorsine (marker 7), and
adonifoline (marker 9) (Table 2, Fig. 1); and the other four
markers were tentatively proposed to be integerrimine
N-oxide (marker 5), seneciphylline N-oxide (marker 6),
othonnine (marker 8) and platyphylline (marker 10)
(Table 2). Details for identification of the later four
markers were as follow.

Marker 5 (m/z 352.16, Rt 4.18 min) showed the same
molecular weight as senecionine N-oxide. It also showed

Table 2 Top 10 leading markers selected and identified from the S-Plot

diagnostic daughter ions for RET-PAs-N-oxides, m/z 138,
136, 120, and 118 (Xiong et al. 2009). And it was eluted at
4.18 min, a little bit earlier than that of senecionine
N-oxide. Finally, marker 5 was tentatively proposed to be
integerrimine N-oxide, the isomer of senecionine N-oxide.

Marker 6 (m/z 350.14, Rt 3.54 min) was 16 Da higher
than seneciphylline (m/z 336.16) and showed diagnostic
daughter ions for RET-PAs-N-oxides. Thus, it was identi-
fied as seneciphylline N-oxide.

Marker 8 (m/z 354.17, Rt 4.63 min) had the same
molecular weight of sceleratine, othonnine and bisline,
which were previously isolated from several Senecio spe-
cies (Roeder 1999; Liddell 1997). MS/MS fragmentation of
bisline showed ions at m/z 326 ((MH-CO]") and 94 (100%
relative intensity) (Lin et al. 1998). However, MS/MS
fragmentation of marker 8 showed m/z 336 ((MH-H,0]")
and 96 (100% relative intensity) as well as m/z 293, 256,
238 and 82. Thinking about the two OH-groups at C-12 and
13 positions in othonnine, they were more likely to be
othonnine or its isomer.

Marker 10 (m/z 354.17, Rt 4.63 min) showed diagnostic
daughter ions at m/z 122 and 140, indicating it was a sat-
urated retronecine type PA. It had the same molecular
weight as platyphylline and its isomer neoplatyphylline,
which had been found in S. nemorensis and SS (Roeder
2000; Li et al. 2008). Thus, marker 10 was tentatively
proposed to be platyphylline or its isomer.

3.4 Hepatotoxicity evaluation of SS and SV

Relative content of each top ten markers (PAs) in SS and
SV was compared in term of their integrated peak areas
(Table 2, Fig. 5). As a result, all the PAs were accumulated
much more in SV than those in SS except for adonifoline,

No. Rt (min) mlz Identify Average area in SS* Average area in SV* Factor of change® VIP
1 4.36 352.16 Senecionine N-oxide 2.63 £ 5.51 1452.79 + 365.71 552.98 22.1
2 6.98 336.16 Senecionine 791 £ 17.30 1088.67 & 355.77 137.63 20.3
3 6.51 334.14 Seneciphylline 37.16 £ 81.87 1241.23 4+ 467.98 33.40 20.3
4 3.18 368.16 Retrorsine N-oxide —¢ 832.34 £ 252.80 —d 18.7
5 4.18 352.16 Integerrimine N-oxide - 685.77 £+ 298.41 - 15.5
6 3.54 350.14 Seneciphylline N-oxide 5.39 + 10.32 790.70 + 498.09 146.76 14.7
7 6.14 352.16 Retrorsine — 313.41 £ 79.19 — 134
8 4.63 354.17 Othonnine - 292.50 £ 136.31 — 12.8
9 3.30 366.13 Adonifoline 721.33 4+ 688.55 - - 10.4
10 6.76 338.17 Platyphylline 25.69 + 47.69 184.57 £+ 75.26 7.19 10.3

4 “SS” means Senecio scandens while “SV” means S. vulgaris

® “Factor of change” means the difference of the relative contents of markers between SS and SV. It was calculated as “Average area in

SV/Average area in SS”

[T

d « »
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means the area of the marker is less than 1.00 thus is regarded as not contained in the herb
means the factor of change is incomparable because the marker is regarded as not contained in SV or SS
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Fig. 5 Column plot of the
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which was a unique marker in SS. Among them, the
abundant contents of senecionine N-oxide, senecionine,
seneciphylline, seneciphylline N-oxide, and platyphylline
in SV were 552.98, 137.63, 33.40, 146.76 and 7.19 folds of
those in SS, respectively; while other four PAs including
retrorsine N-oxide, integerrimine N-oxide, retrorsine and
othonine accumulated a little level in SV, however, they
were negative in SS. Among 10 marker alkaloids, except
for platyphylline nontoxic, all the other 9 PAs possessed
high toxicity. And the total content of 9 toxic PAs in SV is
about 8.65 folds of that in SS (calculated as sum of peak
areas of all the toxic PAs), indicating a much higher tox-
icity potential of SV than that of SS.

There are also differences between the two species when
looking into samples from the same species but difference
sources. SS is widely spread in China. In present study, SS
samples were collected from Anhui, Guangxi, Yunnan,
Fujian, and Henan province, where it is used as the main
Senecio species of medical usage. On the other hand, SV is
originated in Europe and spread in northeast and southwest
areas of China. Thus SV samples were collected from Jilin,
Heilongjiang, Yunnan province, and London. As shown in
the PCA score plot in Fig. 4a, SV samples from six sources
were closely gathered, indicating there were little differ-
ences among SV samples from different resources. All of
them contain high contents of toxic PAs and might show
similar toxicity. On the other hand, SS samples were dis-
persed in the PCA scores plot, indicating there were great
differences among SS samples from different resources.
Further study of the six SS samples revealed that two SS

SV

samples collected from Anhui Province contained rela-
tively higher concentration of adonifoline, as well as sev-
eral other toxic PAs such as senecionine, seneciphylline,
and their N-oxidatives, indicating SS from this area show
relative higher toxic potential and should be carefully
investigated when applied for medicinal use. However, SS
samples collected from Guangxi and Fujian Province
contained only trace amount of adonifoline as well as other
toxic PAs.

PAs with different structures showed different toxicities,
as shown in the in vitro and in vivo assays of senecionie
and adonifoline. By the results of our present study, se-
necionine and its N-oxidative are the main PAs in SV
(about 38% of the detected PAs, while adonifoline is the
predominant PA in SS (about 93% of the detected PAs),
calculated with reference to the peak areas. The LDs,
values in mice (i.g.) were 163.3 mg/kg for adonifoline
versus 57.3 mg/kg for senecionine; while the ICsy values
on primary hepatocytes were 49.91 uM for adonifoline
versus 5.41 uM for senecionine. The in vivo and in vitro
toxicities of senecionine are about 3 and 10 folds of those
of adonifoline, respectively, which also contribute to the
understanding of toxicity difference between SV and SS
herbs.

4 Concluding remarks

Senecio scandens and S. vulgaris are two representative
herbs which are genetically closed with similar
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morphology but different toxicity. But little investigation
on the difference has been carried out. At present work, an
effective strategy combining UPLC-MS with multivariate
analysis has been developed for the metabolomics study of
the two species to evaluate their different toxicity. Distin-
guished difference of the metabolic profiling was observed
between the two species. Ten predominant markers were
selected which were identified as the different toxic PAs
such as senecionine, seneciphylline, retrorsine, and ado-
nifoline. By a careful comparison of relative contents of
toxic PAs between species as well as inner species, we
proposed that high types and contents of PAs in herbs have
been consistent with the potential toxicity of the Senecio
species. The established method can also serve as a pow-
erful tool for other PAs containing herbs to profile the
variance of their phytochemical compositions, especially
those genetically closed species with similar morphology
but different toxicity. Besides, as the significant contributes
of PAs to the toxicity differences of Senecio herbs, it raised
the emergency of establishing a quick and high through-put
method for screening of PAs in herbs as well as the finished
products might containing PAs.
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