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Abstract The toxicity assessment of herbal medicines is im-
portant for human health and appropriate utilization of these
medicines. However, challenges have to be overcome because
of the complexity of coexisting multiple components in herbal
medicines and the highly interconnected organismal system.
In this study, a target profiling approach was established by
combining the characteristic fingerprint analysis of herbal
chemicals with potential toxicity through a precursor ion
scan-based mass spectroscopy and the target profiling analysis
of biomarkers responsible for the toxicity. Through this newly
developed approach, the comparative hepatotoxicity assess-
ment of two herbal medicines from the same genus, Senecio
vulgaris L. and Senecio scandens Buch.-Ham, was performed.
Significant differences were found between the two species in
their chemical markers (i.e., pyrrolizidine alkaloids) and bio-
markers (i.e., bile acids) responsible for their toxicities. This
result was consistent with the conventional toxicity
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assessment conducted by histopathological examination and
clinical serum index assay on experimental animal models. In
conclusion, this study provided a new approach for the hepa-
totoxicity assessment of herbal medicines containing pyr-
rolizidine alkaloids, which are widely distributed in various
herbal medicines. The target profiling approach may shed
light on the toxicity assessment of other herbal medicines with
potential toxicity.
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Introduction

Herbal medicines are reputed for their efficacy and safety for
the prevention and treatment of various diseases. However,
international attention has focused on their potential toxicities
[1, 2] because of the unfortunate medical disaster caused by
the aristolochic acids from Aristolochia fangchi (Guang
fangji), which was mistaken for the traditional Chinese med-
icine Stephania tetrandra (Fen fangji) [3]. Moreover, global
interests in the safety of herbal medicines have grown [4—10].
However, compared with the safety of pharmaceutical medi-
cines, the toxicity investigations for herbal medicines are con-
siderably more difficult because of the three following aspects:
First, it is definite that the authentication of herbal medicines
is the first and key step for their toxicity investigation. The
authentication of herbal medicines—misidentification, name
confusion, and substitution or adulteration can occur,
impacting on safety; second, the coexisting multiple compo-
nents of herbal medicines may vary with numerous factors,
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such as seasonal changes, age, and cultural environment
within one species [11, 12], that contribute to the various
observations of the toxic effects; third, the complex and
highly interconnected human body system is dynamically
regulated within boundaries, the so-called homeostasis,
which may be disturbed or compromised by certain stimuli
and xenobiotics, such as the chemicals from herbal medi-
cines. The later two aspects act together and make toxicity
investigations more difficult.

Pyrrolizidine alkaloids (PAs) are a type of natural toxins.
PAs are widely distributed in more than 6000 flowering plants,
especially those from the family of Asteraceae, Boraginaceae,
and Fabaceae [13—15]. PAs are hepatotoxic to humans and
livestock by the ingestion of PA-containing plants and herbal
medicinal products. PAs are esters with a necic acid and
necine moieties, which could be either 1,2-unsaturated or
saturated (Fig. 1). Based on the representative necine bases,
PAs are generally classified into three types, namely, retronec-
ine, otonecine, and platynecine. The retronecine PAs can be
N-oxidized, thus, enlarging the PA family. With the combina-
tion of necines with necic acids, the family is now composed
of about 660 members, which includes more than 350 retro-
necine PAs and their almost equally numbered N-oxidants, as
well as lesser-numbered otonecine PAs. Although the struc-
tures of PAs vary, characteristic product ions can be generated
for each type of PA in the MS/MS fragmentation, which is m/z
120 and 138 for retronecine, m/z 150 and 168 for otonecine,
and m/z 122 and 140 for platynecine (Fig. 1) [16—18]. Precur-
sor ion scan (PIS) is a typical target scanning of all compounds
with similar molecular structures. For the high selectivity and
high sensitivity of this technique for precursor ions and frag-
ment ions, PIS has been used for the target profiling of certain
active components of herbal materials recently [17, 19, 20].
Therefore, a selective, sensitive, and high-throughput profil-
ing of the PA structures in herbs can be achieved through the
PIS analysis of these characteristic product ions [17], which
should be promising for the chemical illustration of the toxic-
ity of herbal medicines containing PAs.

PAs produce irreversible chronic and acute hepatotoxic
effects [15]. Over 8,000 PA-caused poisoning cases, with
estimated 2,000 deaths, have been reported in numerous
countries, such as Afghanistan, China, Ethiopia, Iraq, South
Africa, and Uzbekistan [21-25]. With the threat PA imposes
on human health, guidelines on the prevention of PA exposure
have been enacted in several countries and organizations [21,
26, 27]. Considerable attention has been given for the toxico-
logical research of PAs and herbal medicines containing PAs,
in which disturbed homeostasis of endogenous signaling bio-
markers, such as amino acids and bile acids, were found
[28-31]. Moreover, increased serum bile acid is regarded as
the most sensitive index of hepatic function caused by PAs
[29, 30]. Our previous study showed that the bile acid homeo-
stasis is compromised by senecionine treatment [32]. As the
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Fig. 1 MS/MS fragmentation of different PAs. Characteristic product
ions can be generated for each type of PAs by MS/MS fragmentation, i.e.,
m/z 120 and 138 for retronecine PAs, m/z 150 and 168 for otonecine PAs,
and m/z 122 and 140 for platynecine PAs

major endogenous metabolites of cholesterol, bile acids are
commonly associated with liver injury. Apparent changes can
be observed in the concentrations of the individual bile acids
and the whole profile [33-36]. A study on progressive human
non-alcoholic fatty liver disease revealed a transition from the
classical pathway to the alternative pathway of bile acid
synthesis in the liver of patients by analysis of the hepatic
levels of bile acids and the expression of genes associated with
bile acids metabolism [34]. Conclusively, bile acid profiling
does not only reflect the different pathological changes, but it
also provides insights for the underlying pathogenesis. Thus,
the target profiling of bile acids might shed new light on the
hepatotoxicity assessment of herbal medicines containing
PAs.

PAs are reported to occur in many medicinal herbs in
Europe and China [13, 14], especially those from Senecio
genus, such as Senecio vulgaris L. (SV) and Senecio scandens
Buch.-Ham. (SS). SV is used as an emmenagogue in Europe
[13]. However, the consumption of herbal tea containing SV
caused several deaths because of the high contents of several
toxic PAs [13, 37, 38]. Therefore, SV was restricted for
medical use. In contrast, SS is widely distributed in China,
as well as India, Japan, Nepal, and other countries. SS is
officially recorded in Chinese Pharmacopeia [27] and used
in single or as an ingredient in more than 100 preparations,
mainly for anti-inflammatory purposes. Although no study on
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its toxicity has been reported, several PAs have been found in
SS [39, 40]. Thus, the toxicity assessment of SS is urgently
needed for human health and better utilization of this herbal
medicine. In this study, the two target profiling analyses,
namely, PIS-based target profiling of PAs and metabolomic
profiling of bile acids, were firstly integrated for the hepato-
toxicity assessment of two herbal medicines from the same
genus. The methodology established in this study might also
be beneficial for illustrating the relationship of chemical
markers and toxic biomarkers of other herbal medicines with
potential toxicity.

Experimental
Chemicals and reagents

Senecionine, integerrimine, seneciphylline, spartiodine,
and senkirkine were isolated from the aerial part of SV
(collected from Jilin, China). Retrorsine was purchased
from Sigma-Aldrich. Co. (St. Louis, MO, USA).
Adonifoline was isolated from the aerial part of SS (col-
lected form Yunnan, China) and used as standard reference
for semi-quantification of PAs. All PAs were identified by
comparing their 'H and '>C NMR data with Refs. [41-45]
(see Electronic Supplementary Material (ESM), Fig. S1,
Table S1 and S2). The purity of adonifoline was deter-
mined to be more than 98 % by normalization of the peak
areas detected by HPLC-DAD as well as HPLC-MS. N-
oxides of adonifoline, senecionine, and retrorsine were
prepared by oxidation of adonifoline, senecionine, and
retrorsine, respectively, according to Ref. [16]. Bile acids
standards are purchased from Sigma-Aldrich. Co. (St. Lou-
is, MO, USA), including cholic acid (CA), lithocholic acid
(LCA), deoxycholic acid (DCA), chenodeoxycholic acid
(CDCA), ursodeoxycholic acid (UDCA), hyodeoxycholic
acid (HDCA), glycocholic acid (GCA), glycodeoxycholic
acid (GDCA), glycochenodeoxycholic acid (GCDCA),
glycoursodeoxycholic acid (GUDCA), glycolithocholic
acid (GLCA), taurocholic acid (TCA), taurodeoxycholic
acid (TDCA), taurochenodeoxycholic acid (TCDCA),
tauroursodeoxycholic acid (TUDCA),
taurohyodeoxycholic acid (THDCA), and taurolithocholic
acid (TLCA).

Acetonitrile was of HPLC grade and purchased from Fisher
Scientific Co. (Santa Clara, CA, USA). Ammonium formate
and ammonium acetate were of HPLC grade and purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA). Formic acid
(98 %), ammonia solution (25 %) and methanol were of
analytical grade and purchased from Shanghai Reagent Co.
(Shanghai, P.R. China). Water was purified with a Milli-Q
system (Millipore, Bedford, MA, USA).

Herbal materials

SS and SV were collected in their flowering season, i.e., early
summer to late autumn, from typical sources both in China
and abroad (Table 1). All the samples were authenticated by
Professor Zhengtao Wang and naturally dried in air. The
voucher specimens were deposited in the herbarium of the
Institute of Chinese Materia Medica, SHUTCM. The herbal
materials were dried at 60 °C overnight and powdered.

For chromatographic fingerprint analysis, samples were
prepared following our reported method [46]: 0.5 g of powder
was extracted with 50 mL of 0.5 % formic acid solution (v/v)
by ultrasonication. For toxicity evaluation on experimental
animals, herbal extracts were prepared using the following
procedure: 500 g of herbal crude powders were boiled twice
with water (10 volumes) for 2 h. The extracts were pooled and
vacuum concentrated to 10 g crude herb/ml.

Bio-samples
Animal experiments

Male Sprague-Dawley rats (n=30, 200-220 g, at 68 weeks
of age) were obtained from the Laboratory Animal Center of
SHUTCM. The animal welfare practices and the animal ex-
perimental protocols were strictly consistent with the Guide
for the Care and Use of Laboratory Animals and the related
ethics regulations of SHUTCM. The rats were maintained in a
controlled environment with a temperature of 2242 °C and a
relative humidity of 55+5 % under a 12-h light/dark cycle.
The rats were fed with a commercial pellet diet and tap water
ad libitum and acclimatized for 1 week before experimenta-
tion. Prior to treatment, animals were divided randomly into
three groups (10 for each group) and fasted overnight. Group I
(VEH group), group II (SS group), and group III (SV group)
were orally treated with the same volume of sodium chloride,
SS extract, and SV extract, respectively, equivalent to 80 g
crude drug/kg. Each animal was anesthetized with sodium
pentobarbital for sample collection 36 h after dosage.

Serum

Blood samples were collected and left to coagulate for 2 h at
room temperature and then centrifuged at 800 g for 10 min at
4 °C. The serum samples were then collected for serum
clinical biochemistry indexes examination and bile acid pro-
filing analyses. Alanine aminotransferase (ALT) activity, as-
partate aminotransferase (AST) activity, and total bilirubin
(TBIL) level were measured using a Hitachi Automatic Ana-
lyzer 7080 (Hitachi High-Tech Science Systems Corp.,
Ibaraki, Japan). An aliquot of 200 ul of serum was mixed
with 600 pl of methanol, followed by 1 min of vortex mixing;
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Table 1 Herbal samples from different sources

No. Species Sources

Svo1 Senecio vulgaris L. Jilin, P.R. China

SV02 S. vulgaris L. Heilongjiang, P.R. China
SV03 S. vulgaris L. Heilongjiang, P.R. China
SVo04 S. vulgaris L. Yunnan, P.R. China
SV05 S. vulgaris L. Jilin, P.R. China

SVo6 S. vulgaris L. London, UK

SS01 S. scandens Buch.-Ham. Anhui, P.R. China

SS02 S. scandens Buch.-Ham. Guangxi, P.R. China
SS03 S. scandens Buch.-Ham. Yunnan, P.R. China
SS04 S. scandens Buch.-Ham. Fuyjian, P.R. China

SS05 S. scandens Buch.-Ham. Anhui, PR. China

SS06 S. scandens Buch.-Ham. He’nan, P.R. China

after centrifugation at 15,000 g for 15 min at 4 °C, the
supernatant was separated and applied for bile acid profiling.

Liver tissues

The liver samples were collected for histological analysis by
hematoxylin and eosin staining and quantitative real-time
polymerase chain reaction analysis (RT-PCR) following the
method provided in supporting information (see ESM,
Table S3).

Target profiling analyses
Chromatographic fingerprint of pyrrolizidine alkaloids

Chromatographic separation of herbal samples were follow-
ing our reported method [50] via a Waters ACQUITY UPLC
TQD™ system (Waters Corporation, Milford, USA) with
gradient elution of acetonitrile and 10 mM ammonium formic
modified by the addition of 0.1 % (v/v) ammonia solution
(25 %). For screening of PAs by PIS approach, MS parameters
were set as follows: detection mode, positive ion mode; cap-
illary voltage, 3.5 kV; cone voltage, 45 V; source temperature,
150 °C; desolvation temperature, 450 °C; desolvation gas
(nitrogen), 900 L/h; cone gas (nitrogen), S0 L/h; mass scan
range, m/z 150—650; parent ion scan channel, m/z 120 and 138
for retronecine and their N-oxides, m/z 122 and 140 for
platynecine, m/z 150 and 168 for otonecine (Fig. 1) [14,
16-18]; collision energy, 30 eV. For semi-quantification of
main hepatotoxic PAs (HPAs), full scan (at positive ion mode)
method was introduced and parameters were set as reported
[46]. Extracted ion chromatogram (EIC) of each target com-
pound was integrated and the peak area was used for calcu-
lating its contents in herbal samples.
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Metabolomic profiling of bile acids

Bile acid profiling analysis was performed with modification
of our reported method [35] via a Waters ACQUITY UPLC
7Q2000 system (Waters Corporation, Milford, USA) with
gradient elution of methanol and 5 mM ammonium acetate
modified by the addition of 0.1 % (v/v) ammonia solution
(25 %).

Statistical analysis

Target profiling data were acquired and processed using
MassLynx 4.1 software (Waters Corp., Milford, MA, USA).
SIMCA-P 12.0 (Umetrics, Umea, Sweden) and SPSS 16.0
software (SPSS, Inc., Chicago, IL, USA) were used for prin-
cipal component analysis (PCA), orthogonal projection to
latent structures-discriminant analysis (OPLS-DA), and cor-
relation analysis. All quantitative data, including contents of
PAs, serum indexes (ALT activity, AST activity, and TBIL
level), serum concentrations of each single bile acid, hepatic
mRNA levels of genes by quantitative RT-PCR, were
expressed as mean+standard error of mean (mean+SEM)
and statistically analyzed using two-tailed unpaired Student’s
t test.

Results and discussion
Conventional hepatotoxicity evaluation of herbal medicines

The liver sections stained by hematoxylin and eosin were
histopathologically assessed for the extent of the acute liver
injury induced by SS and SV (Fig. 2). Compared with the
VEH group, animals exposed to SS showed no significant
changes. However, those exposed to SV showed blood stasis
and significant inflammation, which suggest severe liver
injury.

The serum ALT and AST activities, and TBIL level are
common indexes used in clinical medicine to evaluate hepa-
totoxicity. These indexes are significantly elevated after expo-
sure to PAs [23-25]. In this study, the serum ALT and AST
activities in SV group increased 24-fold (1046 IU/L in SV
group vs. 43 TU/L in VEH group) and 10-fold (2956 IU/L in
SV group vs. 286 IU/L in VEH group), respectively. In
addition, serum TBIL level in SV group increased four fold
(3.2 umol/L in SV group vs. 0.8 umol/L in VEH group).
However, no obvious changes were observed in SS group.
Significant differences among these indexes were found be-
tween SV and SS groups, with elevated ALT and AST activ-
ities, and TBIL level in SV group. These results indicated that
evident differences were present in the hepatotoxicities of
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these two Senecio species, and that SV exposure could induce
severe hepatic injury.

Chromatographic fingerprint analysis
Screening of PAs in herbal materials

The total ion chromatogram (TIC) of each PIS channel was
obtained (Fig. 3). Compared with the full scanning of all
existing components in herbal material, the PIS chromatogram
can evidently mitigate endogenous interferences, which sig-
nificantly increased the sensitivity for detecting PAs in herbal
materials [17]. As a result, 44 PAs were screened, including 32
retronecine PAs, one otonecine PA, and 11 platynecine PAs
(Table 2). In addition, 11 retronecine PAs were further

specified as N-oxidative through their characterized ion clus-
ters at m/z 118-120 and 136-138 [16, 18]. Moreover, SV
consisted of 35 PA structures, wherein 27 structures were with
hepatotoxic potential. Meanwhile, SS consisted of 17 PA
structures with 10 HPAs.

Multivariate statistical analysis

PCA was performed with the mass spectrometry intensities of
the 44 PAs screened. The PCA scores plot (Fig. 4a) shows that
two Senecio species were clearly separated by the first princi-
pal component. An OPLS-DA model [46, 47] was generated
to determine the most significant compounds between SS and
SV (Fig. 4b). The S-plot combines the covariance (the contri-
bution of variations to the model, as X-axis) and correlation

@ Springer
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Fig. 3 Characteristic profiling of PAs in herb medicines by PIS approach. a retronecine PAs in SVO01; b platynecine PAs in SVO01; ¢ otonecine PAs in
SVo1
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Table 2 Screen, identification and distribution of PAs in SS and SV

No. [M+H]" (m/z) tr (min) Type Distribution in SV # Distribution in SS #
RO1 306.2 24 RET 4/6 0/6
RO2 306.2 2.6 RET 5/6 0/6
RO3 334.1 6.4 RET 6/6 0/6
RO4 334.1 6.5 RET 6/6 1/6
ROS5 336.1 6.9 RET 6/6 0/6
RO6 336.1 7.0 RET 6/6 1/6
RO7 336.1 7.1 RET 6/6 0/6
RO8 338.2 6.3 RET 4/6 1/6
RO9 350.2 2.3 RET 0/6 1/6
R10 350.2 3.1 RET 0/6 1/6
R11 350.2 34 RETNO 6/6 0/6
R12 350.2 3.5 RETNO 6/6 0/6
R13 350.2 5.0 RET 0/6 0/6
R14 350.2 5.5 RET 6/6 0/6
RI15 352.2 4.2 RETNO 6/6 0/6
R16 352.2 4.4 RETNO 6/6 0/6
R17 352.2 4.5 RET 4/6 0/6
RI18 352.2 6.2 RET 6/6 0/6
R19 354.2 3.0 RET 6/6 0/6
R20 354.2 4.5 RET 6/6 0/6
R21 3542 5.0 RET 6/6 0/6
R22 366.2 1.7 RETNO 5/6 1/6
R23 366.2 2.2 RET 0/6 1/6
R24 366.2 2.5 RETNO 6/6 0/6
R25 366.2 33 RET 0/6 4/6
R26 368.2 1.1 RETNO 5/6 0/6
R27 368.2 1.3 RETNO 6/6 0/6
R28 368.2 2.9 RETNO 6/6 0/6
R29 368.2 32 RETNO 6/6 0/6
R30 370.2 3.7 RET 5/6 0/6
R31 382.2 1.8 RETNO 0/6 4/6
R32 386.2 5.8 RET 2/6 0/6
001 366.2 4.6 OTO 1/6 2/6
PO1 240.3 5.2 PLA 0/6 1/6
P02 254.1 3.1 PLA 0/6 5/6
P03 338.2 5.8 PLA 1/6 0/6
P04 338.2 6.3 PLA 2/6 1/6
P05 338.2 6.7 PLA 4/6 1/6
P06 338.2 6.8 PLA 4/6 1/6
P07 338.2 6.9 PLA 6/6 1/6
P08 354.2 4.1 PLA 6/6 0/6
P09 354.2 43 PLA 6/6 0/6
P10 354.2 4.6 PLA 6/6 0/6
P11 356.3 4.7 PLA 0/6 1/6

a is the number of samples containing the specific PA. For example, the value 4/6 for RO1 means 4 SV samples among 6 samples contain RO1
RET retronecine PAs, RETNO N-oxidatives of retronecine PAs, OTO otonecine PAs, PLA platynecine PAs
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Fig. 4 Multivariate statistical analysis for chromatographic profiling of
pyrrolizidine alkaloids in Senecio vulgaris and S. scandens. a shows the
PCA score plot; b shows the OPLS-DA score plot; ¢ shows the OPLS-

(the reliability of variations to the model, as Y-axis). Variations
in the significant covariance and correlation values are most
likely to be considered as the potential markers that can
discriminate between groups. In this study, PAs in the right-
up phase were abundant in SV, while PAs in the left-bottom
phase were abundant in SS (Fig. 4c). The results show that SV
contained substantially more PAs. R03 (m/z 334.1, 6.4 min),
RO4 (m/z 334.1, 6.5 min), RO5 (m/z 336.1, 6.9 min), RO6 (m/z
336.1, 7.0 min), R11 (m/z 350.2, 3.4 min), R12 (m/z 350.2,
3.5 min), R15 (m/z 352.2, 4.2 min), R16 (m/z 352.2, 4.4 min),
R18 (m/z 352.2, 6.2 min), and R29 (m/z 368.2, 3.2 min) were
important for SV. In contrast, R25 (m/z 366.2, 3.3 min), R31
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DA S-plot. open circle represents SS group, while filled circle represents
SV group. All data were generated by the intensity of PAs detected by
UPLC-MS analysis

(m/z 382.2, 1.8 min), and O01 (m/z 366.2, 4.6 min) were
specific for SS.

Among these PAs, 10 PAs, including R03, R04, R05, R06,
R16, R18, R25, R29, R31, and O01, showed the same frag-
ments and retention times as with spartioidine, seneciphylline,
integerrinine, senecionine, senecionine N-oxide, retrorsine,
adonifoline, retrorsine N-oxide, adonifoline N-oxide, and sen-
kirkine, respectively. Thus, they were unequivocally identi-
fied. The other three PAs, namely, R11, R12, and R15, were
tentatively identified to be spartioidine N-oxide, seneciphyl-
line N-oxide, and integerrimine N-oxide, respectively, based
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on their MS/MS fragmentations and retention times compared
with their isomers (see ESM, Fig. S2).

Semi-quantification of PAs in herbal materials

Most PAs exist in herbs at trace amounts and are not commer-
cially available. Thus, a semi-quantification method can be
used to better evaluate the PA contents in herbs. In the latest
version of Chinese Pharmacopeia, adonifoline was selected as
the standard for the limit detection of PAs in Senecionis
Scandentis Herb [27], which is the aerial species of
S. scandens Buch.-Ham. In this study, a semi-quantification
method of 13 HPAs was established using adonifoline as the
standard reference. Generally, a standard curve was obtained
by plotting the areas (y) of the adonifoline standards (m/z
366.2, 3.3 min) against their concentrations (x) in the form
of y=A4+Bx, which was calculated using weighted (1/x) least
squares of linear regression. Seven concentration levels,
which ranged from 2 to 1000 ng/mL, were prepared in tripli-
cate and used for analysis. Excellent linearity was obtained
over the concentration range of 2—1000 ng/mL (#»=0.9995).
The limit of quantitation (LOQ) was 2 ng/mL (single to noise
ratio (S/N)>10) with a peak relative standard deviation (RSD)
of <5 % (n=6). The limit of detection (LOD) was 0.5 ng/mL
(S/N>3). The method reproducibility was assessed by analyz-
ing multiple samples (n=6) of SVO1 and SSOI. Firstly, the
EIC of each PA, i.e. m/z 334.1 for spartioidine and seneci-
phylline, m/z 336.1 for integerrimine and senecionine, m/z
350.2 for spartioidine N-oxide and seneciphylline N-oxide,
m/z 352.2 for integerrimine N-oxide, senecionine N-oxide and
retrorsine, m/z 366.2 for adonifoline and senkirkine, m/z 368.2
for retrorsine N-oxide, and m/z 382.2 for adonifoline N-oxide,

was recorded and integrated. It was found that the RSDs of the
retention time (fg) for each single PA were not more than
0.31 % (see ESM, Table S4). Then, the concentration (Con.)
for each single PA was calculated according to their peak area
using the standard curve generated by adonifoline. And the
RSDs of Con. for each single PA in different herbal samples
were not more than 8.15 % (see ESM, Table S4), indicating
the method was reproducible. Similarly, the method precision
was measured through the intra- and interday variabilities for
PAs in multiple samples (2=5) of SVO1 and SSO1. Overall,
the intraday variabilities for #z and Con. of each single PA
were less than 0.31 and 4.76 %, respectively. Meanwhile, the
intraday variabilities for 7z and Con. of each single PA were
less than 0.35 and 9.66 %, respectively (see ESM, Table S5).

The contents of major HPAs in different batches of the two
species of herbs were calculated (Table 3). SV generally
contained higher contents of HPAs and the contents of the
total main HPAs were 0.06-0.14 %. Meanwhile, SS contained
lower concentrations of HPAs and adonifoline and its N-oxide
are the main HPAs in SS. The average contents of HPAs in SS
were 0.0001-0.01 %. SV and SS are two herbs from the same
genus, but they reportedly show different toxicities. The dif-
ferences in the toxicities of the two herbs might be connected
with the differences in the constituent PAs. In this study, more
kinds of PAs, especially HPAs, were found in SV through PIS
approach (27 HPAs in SV vs. 10 HPAs in SS). In addition, the
concentrations of the main HPAs were significantly higher in
SV than in SS (625.20-1454.72 pg/g in SV vs. 1.20-
98.57 ng/g in SS). The recommended dose for SS is 15—
30 g/day for adults [27], which is equivalent to 1.35—
2.7 g/kg for rats.

Table 3 Contents of 13 main hepatotoxic pyrrolizidine alkaloids in SS and SV (ug/g, n=3)

Compound SVl SV02 SV03 SvVo4 SVo05 SVo06 SS01  SS02  SS03  SS04  SS05  SS06
Spartioidine 32.46 7.38 43.14 12.84 11.22 42.58 - - - - - -
Seneciphylline 152.34 40.88 201.75 63.61 55.03 165.97 9.55 - - - - -
Integerrimine 27.69 35.00 38.01 16.75 2537 58.22 - - - - - -
Senecionine 90.36 20630  143.09 63.05 70.68 199.00 4.99 - - - - -
Spartioidine N-oxide 93.90 10.72 89.28 69.10 38.03 59.50 - - - - - -
Seneciphylline N-oxide  400.53 1.40 343.09 290.57 200.19  218.68 - - - - - -
Integerrimine N-oxide 107.42 5423 123.74 11243 103.42  129.08 - - - - - -
Senecionine N-oxide 246.91 217.67 31993 286.82 219.66  249.74 - - - — - -
Retrorsine 21.79 15.68 33.87 21.08 31.66 48.47 - - - - - -
Adonifoline - - - - - - 59.17 - 1348 - 3035 14.88
Retrorsine N-oxide 110.62 36.24 118.82 147.25 125.78  119.80 - - - - - -
Adonifoline N-oxide - - - - - - 2486 - 4.63 - 1740 24.16
Sinkirkine - - - - 2.46 - - 120 - 4945 - -
Total 1284.02 62550 145472  1083.50  883.50 1291.04 98.57 1.20 18.11 4945 47.75 39.04

— Undetected or below the LOQ
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Fig. 5 Contents of serum bile acids significantly changed after exposure
to herbal medicines. Values were expressed as mean+SEM (n=10);
significant differences between the control group and treated group are

In this study, 80 g crude herb/kg of SVO1 and SSO1
(approximately 30-fold of recommended dose) were adminis-
trated to rats to investigate the acute toxicity of these two
herbs. The contents of the total HPAs were calculated to be
1284.02 and 98.57 pg/g in SVO1 and SSO1, respectively,
resulting in doses of 1027.22 mg HPAs/kg for the rats in SV
group and 7.89 mg HPAs/kg for the rats in SS group. As a
result, the rats in SV group evidently showed blood stasis and
inflammation, together with significantly high ALT and AST

@ Springer

based on two-tailed unpaired Student’s ¢ test (¥*p<0.05 and **p<0.01).
All data were generated through UPLC-MS analysis

activities (p<0.001), and serum TBIL levels (p<0.01)
(Fig. 2). However, no evident changes were seen in SS group.
These results successfully proved that the differences in the
structures and contents of PAs in herbal medicines are posi-
tively related to the apparent toxicities of herbal medicines.
Furthermore, although PAs are definitely present in SS, their
contents are significantly low such that no evident toxicity can
be induced by this herbal medicine even at 30-fold of the
recommended dose.
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Table 4 Results of correlation analysis containing correlation coefficient

Bileacid ALT AST TBIL
r p r p r p

DCA 0.652*** 0.000 0.529**  0.002 0.670*** 0.000
HDCA 0.557*%  0.001 0.425* 0.017 0.568**  0.001
LCA 0.410%* 0.022  0.287 0.118 0.371* 0.040
GCA 0.639*%** 0.000 0.600*** 0.000 0.494**  0.005
GDCA 0.672%%%* 0.000 0.595*** 0.000 0.679*** 0.000
GUDCA 0.367* 0.042  0.268 0.145 0.393* 0.029
TCA 0.531*%%  0.002 0.565**  0.001 0.311 0.089
TDCA 0.563**  0.001 0.605*** 0.000 0.368% 0.042
TUDCA 0.561**  0.001 0.571**  0.001 0.346 0.056

r Pearson correlation coefficient
*p<0.05; **p<0.01; ***p<0.001

Bile acid profiling of serum samples

A total of 15 bile acids were analyzed through our reported
method [35, 36] and the bile acid contents of the serum
samples from VEH, SS, and SV groups were presented
(Fig. 5). The results showed that bile acid concentrations
significantly varied among the three groups. Compared with
the VEH group, the serum concentrations of the conjugated
and free bile acids were greatly elevated in SV group. Three
free bile acids, which include DCA, HDCA, and LCA, sig-
nificantly increased about 3.1-, 2.7-, and 2.0-fold, respective-
ly, in SV group. Moreover, several glycine-conjugated bile
acids (such as GCA, GDCA, and GUDCA) and taurine-
conjugated bile acids (such as TCA, TDCA, and TUDCA)

were also elevated at least 2.0-fold. Among these acids, TCA,
TDCA, and TUDCA, were the top three increased bile acids,
which increased 6.5-, 5.6-, and 4.0-fold, respectively. In addi-
tion, the total glycine-conjugated and taurine-conjugated bile
acids significantly increased 3.1- and 5.1-fold, respectively.
However, no significant differences were observed in bile acid
levels between the VEH group and SS group (Fig. 5).

The relationship of bile acids homeostasis and hepatotoxicity

A correlation analysis was performed between bile acid
groups (DCA, HDCA, LCA, GCA, GDCA, GUDCA, TCA,
TDCA, and TUDCA) and conventional clinical biochemical
indicators (ALT, AST, and TBIL) (Table 4). The results show
that the profiles of the nine bile acids were closely correlated
with the ALT and AST activities, and TBIL level, suggesting
that the bile acids are important biomarkers for the evaluation
of hepatotoxicity caused by exposure to PA-containing herbs.

Bile acids are modulated at the transcriptional level by
several nuclear receptors and their downstream genes
[48-50]. Therefore, the hepatic mRNA levels of several genes
involved in bile acid metabolism of rats in SV-treated group
were analyzed and compared with those in the control group
(Fig. 6). The genes encoded with two nuclear receptors related
to bile acid synthesis, namely, farnesoid X receptor (FXR) and
short heterodimer partner (SHP), were significantly inhibited,
suggesting severe liver injury and cholestasis [51-53]. These
findings were consistent with the highly elevated TBIL level
(Fig. 2), which is conventionally used as the chemical indi-
cator for cholestasis in clinical settings. Moreover, the bile
acid-CoA:amino acid N-acyltransferase (BAAT) expres-
sion decreased, suggesting a reduced conversion of bile

Fig. 6 Hepatic mRNA

expression of genes related to bile

acid metabolism after exposure to 4.0 4
Senecio vulgaris. Hepatic mRNA

levels were determined through

quantitative RT-PCR, with 354
GAPDH as the internal standard.
Relative gene expression was
calculated as the ratio of mRNA
level in the treated group to that in
the control group; this value is
expressed as mean+SEM (n=3);
significant differences between
the control group and treated
group are based on two-tailed un- 1.0 4
paired Student’s ¢ test (* p < 0.05,

** p<0.01, and *** p <0.001) *

Fold change (X basal)

0.5+ *hk

0.0 -

De novo synthesis

Uptake into hepatocyte Excretion

*

* Tk £33
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acids from their toxic free forms to their less toxic con-
jugated forms. BAAT is one of the target genes of FXR
[54] and deficiency of it could cause intrahepatic chole-
stasis [55]. This phenomenon was also proven by the
elevated serum levels of several free bile acids, which
include LCA, DCA, and HDCA, in SV-treated group
(Fig. 5). Under normal conditions, bile acids are excreted
into bile by bile salt export pump (BSEP) in the canalic-
ulus membrane [56, 57]. However, a basolateral excretion
into the blood by multidrug resistance-associated protein
(MRP) 3 occurs during cholestasis [58, 59]. After expo-
sure to SV, the BSEP expression decreased, whereas MRP
3 expression significantly increased 3.7-fold (p<0.05)
(Fig. 6). This enhanced basolateral excretion of bile acids
coincided with the significantly elevated serum levels of
the bile acids, which should be substantially low under
normal conditions (Fig. 5). The reabsorption of bile acids
into the liver through the portal vein has an important role
in bile acid homeostasis. Na+-taurocholate cotransporting
proteins (NTCPs), organic anion transporters (OATs), and
organic anion-transporting polypeptides (OATPs) are the
main transporters responsible for this phenomenon and
their deficiencies are observed in rat cholestasis models
and patients with cholestasis liver disease [60, 61]. After
SV treatment, the NTCP, OAT 3, and OATP 3 expression
decreased (Fig. 6), suggesting a dramatically reduced
reabsorption of the bile acids, which coincided with the
elevated concentrations of the bile acids in the SV-treated
rats (Fig. 5).

The homeostasis of bile acids was previously proven
to have an important function in the SV-induced hepa-
totoxicity. After SV treatment, the serum profile of the
bile acids changed, along with transcriptional factors.
The free and conjugated bile acids increased, and the
organism showed adaptive modulation of bile acids to
prevent bile acid overload by suppressing bile acid
during de novo synthesis, thereby limiting bile acid
reabsorption and reducing bile acid accumulation in
the hepatocytes by basolateral excretion. These findings
might also contribute to the survival of experimental
animals and patients, which are severely poisoned by
PAs and herbs containing PAs [29, 62, 63].

Conclusions

A target profiling approach was developed for the hepatotox-
icity assessment of PA-containing herbal medicines by com-
bining the PIS-based characteristic fingerprint analysis of PAs
and target profiling of bile acids. In addition, the established
methodology was successfully applied in the comparative
assessment of two herbal medicines from the same genus,

@ Springer

namely, S. vulgaris L. (SV) and S. scandens Buch.-Ham.
(SS). Significant differences are found between the two herbal
medicines in the chemical markers and biomarkers responsi-
ble for their toxicities, which was consistent with conventional
toxicity assessment by histopathological examination and
clinical serum index assays for experimental animal models.
SV contained more PA structures, particularly HPAs. Further-
more, the average contents of the main HPAs in SV were 26-
fold higher than in SS. Moreover, the SV treatment induced
significant changes in the bile acid profile by the transcrip-
tional regulation of their synthesis, excretion, and uptake. This
study definitely revealed the existence of several toxic PAs in
SS. However, SS did not show apparent acute toxicity at a
single dose level of approximately 30-fold of the officially
recommended dose [41], indicating that herbs containing tox-
ic components might also be used with careful assessment and
proper dosage for the treatment of diseases. Thus, the toxicity
assessment of herbal medicines through a proper approach is
important for human health and better utilization of herbal
medicines.
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