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Saikosaponins comprise a large group of chemical components present in the Bupleurum
species that have attracted attention in the field of medicine because of their significant
biological activities. Due to the high polarity, structural similarity, and the presence of
several isomers of this class of components, their structural identification is extremely
challenging. In this study, the mass spectrometric fragmentation pathways, UV spectral
features, and chromatographic behavior of different types of saikosaponins were
investigated using 24 standard substances. Saikosaponins containing carbonyl groups
(C=0) in the aglycone produced fragment ions by loss of 30 Da, and in addition, type IV
saikosaponins could produce [aglycone—CH,OH-OH-H]™ and [aglycone—H,O-H]~
fragment ions through neutral losses at positions Cig and Ci7. The above
characteristic ions can be used to identify saikosaponins. More notably, the
identification process of saikosaponins was systematically summarized, and using this
method, 109 saikosaponins were identified or tentatively characterized from the
saikosaponins extract of Bupleurum marginatum var. stenophyllum (BMS) using UPLC-
PDA-Q/TOF-MS with both data-dependent acquisition (DDA) and data-independent
acquisition (DIA) modes, of which 25 were new compounds and 60 were first
discovered from BMS. Further studies revealed that the saikosaponins profiles of
BMS, Bupleurum chinense DC (BC), and Bupleurum marginatum Wall. ex DC (BMW)
were very similar. This work is of great significance for the basic research of the Bupleurum
species and provides strong technical support to solve the resource problems associated
with Radix Bupleuri.

Keywords: saikosaponins, radix bupleuri, UPLC-PDA-Q/TOF-MS, Bupleurum marginatum var. stenophyllum,
Bupleurum chinense DC, Bupleurum marginatum Wall. ex DC
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INTRODUCTION

Radix Bupleuri (RB) is a classic herb from the Bupleurum species
called “chaihu” in Chinese. As one of the most successful and
widely used traditional Chinese medicines (TCMs) in Asia, RB is
widely used clinically to treat liver disease, fever, chills, tumor,
hypochondria, inflammation, and uterine prolapse and has a
history of over 2000 years (Ashour and Wink, 2011). According
to the Chinese Pharmacopeia, Bupleurum chinense DC (BC) and
Bupleurum scorzonerifolium Willd. are recognized as the official
medicinal materials of RB, which are named “North Chaihu” and
“South Chaihu,” respectively. With the growing attention to
improving health conditions, the development and utilization
of RB resources have expanded rapidly, but actual RB resources
have gradually decreased due to irrational harvesting and waning
fields for forestry. Therefore, it is urgent to search for other
Bupleurum species that can replace legal RB species as medicine
for development and application.

Bupleurum marginatum var. stenophyllum (BMS) is a major
Bupleurum species used in TCM in China and was first recorded
in the Southern Yunnan Materia Medica. BMS was introduced
from Tibet, due to its high yield, high content of saikosaponins,
and low price, and it was widely planted in Gansu and other
regions, gradually radiating to Shanxi, Qinghai, and other
provinces across China. BMS is an abundant resource and has
a long history of medicinal use; related studies have shown that
the pharmacological effects of BMS are similar to those of BC
(Wang et al., 2019; Wang et al., 2020), and the active ingredients
are relatively similar to those of BC (Wang and Liu., 2019), so
BMS is considered to be the preferred alternative Bupleurum
species of BC with good development and application prospects.
Thus, it is necessary to conduct detailed basic research on its main
active ingredients, the saikosaponins.

Saikosaponins are the most important pharmacochemical
components of the Bupleurum species with multiple
pharmacological activities that cover nearly all aspects of the
medicinal efficacy of Bupleurum medicinal materials (Abe et al.,
1982; Zhao et al., 2019; Ren et al., 2019; Wang et al., 2013; Li et al,,
2018). There are a large variety of saikosaponins, and to date, over
100 saikosaponins have been isolated from the Bupleurum
species, and their structures are mainly pentacyclic
triterpenoid derivatives, which have mainly been classified into
7 different types based on the aglycone structure: epoxy ether at
C13, Cyg-position (type I), isocyclic diene (type II), C;,-ene (type
III), homocyclic diene (type IV), C;,-ene-Cyg-carboxylic acid
(type V), isocyclic diene and Csy-carboxylic acid (type VI),
and Cg-ene (type VII); the main structural formulas are
shown in Figure 1. The conjugated sugars are mainly glucose
(Glu), rhamnose (Rha), furanose (Fuc), xylose (Xyl), and pentitol.
Saccharide chains are usually attached to the aglycone at position
C;, among which type I saikosaponins only exist in Bupleurum
plants and consist of the highest content of native saikosaponins
in the Bupleurum species (Sun et al., 2019; Jiang et al., 2020).

Saikosaponins are not only diverse in structure but also very
similar in polarity, and there are many isomers. It is tedious to
purify, separate, and identify them using conventional
phytochemical separation methods, and the experimental
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period is long. In recent years, ultra-performance liquid
chromatography-mass spectrometry (UPLC-MS) has been
widely used in many research fields due to its ability to obtain
abundant sample information and efficient component
separation, such as rapid identification of chemical
components of TCM and drug quality control, speculated by
aligning MS information and fragmentation patterns of target
compounds with chemical standard substances or literature; the
chemical components of TCM can be rapidly and accurately
identified (Guo et al., 2016; Qing et al., 2017; Miinger et al., 2018;
Yangetal., 2019; Ye et al., 2019; Xia et al., 2021). At present, there
are still many saikosaponins with structural diversity present at
low abundance that remain to be separated and identified by
UPLC-MS.

In this study, an efficient sample-processing method was
established to extract, purify, and enrich saikosaponins,
especially trace saikosaponins at low abundance; we eliminated
the interference of non-saikosaponin components and improved
their detection efficiency and selectivity. Next, we established an
UPLC-PDA-Q/TOF-MS method combined with both DDA and
DIA modes to analyze 24 different saikosaponin standard
substances with known structures, fully analyzed and
summarized their properties such as fragment ions, retention
time, and maximum UV wavelength, further applied its summary
rules to reliably characterize and identify the total saikosaponin
extract from BMS, and compared them with saikosaponins of two
other commonly used Bupleurum species—BC (the legal RB) and
Bupleurum marginatum Wall. ex DC (BMW, another major
Bupleurum species, whose genetic relationship is close to
BMS); the objective was to explore the similarities and
differences of saikosaponins between BMS and them in order
to provide essential data for related research.

MATERIALS AND METHODS

Chemicals and Reagents

Formic acid (LC-MS grade), leucine enkephalin (LC-MS grade),
and sodium formate (LC-MS grade) were obtained from Sigma-
Aldrich Corporation (MO, United States). Methanol (LC-MS
grade), acetonitrile (LC-MS grade), and ammonium acetate (LC-
MS grade) were obtained from Fisher Corporation
(United States). Ultra-high—purity water was obtained from a
Millipore Alpha-Q water purification instrument. The filter
membrane (0.22 um) was obtained from Millipore Corporation
(MA, United States).

Saikosaponin a (SSa, batch number 110777-201912) and
Saikosaponin d (SSd, batch number 110778-201912) were
purchased from China National Institutes for Food and Drug
Control. Saikosaponin b; (SSb;, batch number 58558-08-0),
Saikosaponin b, (SSb,, batch number 58316-41-9), Saikosaponin
b3(SSb;, batch number 58316-42-0), Saikosaponin b, (SSby, batch
number 58558-09-1), Saikosaponin ¢ (SSc, batch number 20736-
08-7), Saikosaponin e (SSe, batch number 64340-44-9),
Saikosaponin f (SSf, batch number 62687-63-2), lla-
Methoxysaikosaponin  f (1la-methoxyl-SSf, batch number
104109-37-7), Saikosaponin g (SSg, batch number 99365-19-2),
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1
Ry Ry Ry

SSa B-OH OH B-D-glu-(1-3)- B-D-fuc-

Ssd a-OH  OH B-D-glu-(1-3)- B-D-fuc-

SSc B-OH H B-D-glu-(1-6)- [a-L-rha-(1-4)]-B-D-fuc-

SSe B-OH H B-D-glu-(1-3)- B-D-fuc-
Prosaikogenin F B-OH OH B-D-fuc-
Prosaikogenin G o-OH OH B-D-fuc-

23-Hydroxy-13p
,28B-epoxyolean-
11-ene-16-one 3- -Q OH

0-B-D-
glucopyranosyl-(1

—3)-B-D-
fucopyranoside
2"-O-acetyl-SSa B-OH OH 2"-O-acetyl-B-D-glu-(1-3)- B-D-fuc-
6"-O-acetyl-SSa B-OH OH 6"-O-acetyl-B-D-glu-(1-3)- B-D-fuc-
6"-O-acetyl-SSd a-OH OH  6"-O-acetyl-p-D-glu-(1-3)- B-D-fuc-

B-D-glu-(1-3)- B-D-fuc-

Rs07 7
CH5R,
111
Ry Rz R3 Ry
SSbs B-OH OH B-D-glu-(1-3)- B-D-fuc- o-OCH3
SShy «-OH OH B-D-glu-(1-3)- B-D-fuc- a-OCH;
SSf B-OH H PB-D-glu-(1-6)-[a-L-rha-(1-4)]- B-D-glu- H
11a-methoxy-SSf B-OH  H B-D-glu-(1-6)-[a-L-rha-(1-4)]- B-D-glu- a-OCH;
6"-O-acetyl-SSby B-OH OH 6"-O-acetyl-B-D-glu-(1-3)- B-D-fuc- a-OCH;
Ne-SSk oa-OH OH B-D-glu-(1-6)-[a-L-rha-(1-4)]- B-D-glu- H
TibesaikosaponinV =0 OH B-D-glu-(1-3)- B-D-fuc- a-OH

P

FIGURE 1 | Structures of major saikosaponins.

I1
Ry Ra Rs
SSb, B-OH OH B-D-glu-(1-3)- B-D-fuc-
SSb, a-OH OH B-D-glu-(1-3)- B-D-fuc-
SSh B-OH H B-D-glu-(1-6)- [a-L-rha-(1-4)]-B-D-fuc-
Prosaikogenin A B-OH OH B-D-fuc-
Prosaikogenin D a-OH OH B-D-fuc-

R3;0
CH,R,
v
Ry R, R3 Ry
ssi BOH H p-D-glu-(1-6)-a-L-tha-(1-4)]- p-D-glu-  H

SSg B-OH OH B-D-glu-(1-3)- B-D-fuc- H

(SS= Saikosaponin)

Saikosaponin h (SSh, batch number 91990-63-5), Saikosaponin i
(SSi, batch number 103629-71-6), Nepasaikosaponin k (Ne-SSk,
batch number 405229-61-0), Prosaikogenin d (batch number

103629-72-7), and 23-Hydroxy-13p,28p-epoxyolean-11-ene-16-
one 3-O-B-D-glucopyranosyl-(1—3)-p-D-fucopyranoside (batch
number 106452-32-8) were purchased from Shanghai Standard
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Technology ~ Co.,  Ltd.  (Shanghai,  China). 6"-O-
Acetylsaikosaponin-SSb;  (6”-O-acetyl-SSbs, batch  number
104109-34-4) and 6"-O-Acetylsaikosaponin a (6”-O-acetyl-SSa;,
batch number 64340-46-1) were purchased from Shanghai Yuanye
Bio-Technology Co., Ltd. (Shanghai, China). Prosaikogenin a
(batch number 99365-21-6), Prosaikogenin f (batch number
99365-20-5), and Prosaikogenin g (batch number 99365-23-8)
were purchased from Chengdu Pufei De Biotech Co. Ltd.
(Sichuan, China). Tibesaikosaponin V (batch number 2319668-
87-5) was purchased from Chengdu Must Biotech Co., Ltd.
(Sichuang, China). 6”-O-Acetylsaikosaponin d (6”-O-acetyl-SSd,
batch number 64340-45-0) and 2"-O-Acetylsaikosaponin a (2"-
O-acetyl-SSa, batch number 102934-42-9) were purchased from
Chengdu Weikegi Biotech Co., Ltd. (Sichuang, China).

The Chinese herbal BMS materials were collected from Gansu
Province (China), BC materials were collected from Shanxi
Province (China), and BMW materials were collected from
Sichuan Province (China). The above samples were confirmed
by researcher Xianlong Cheng from China National Institutes for
Food and Drug Control.

Preparation of the Total Saikosaponin

Extract From Samples

The samples were pulverized and extracted with 10 times the
volume in 70% ethanol (containing 0.05% ammonia water) twice
for 4h under reflux, followed by concentration under reduced
pressure. The residue was extracted with petroleum ether, ethyl
acetate, and water-saturated n-butanol, respectively; the water-
saturated n-butanol part was recovered to extract. We dispersed
the above extract by D101 macroporous resin column
chromatography, eluting with water, 30% ethanol, 70%
ethanol, and 95% ethanol in turn, and finally collected the
70% ethanol fraction to obtain the purified and enriched total
saikosaponin extract of samples.

Preparation of Sample Solutions and

Standard Substance Solutions

To obtain 20 mg of the prepared total saikosaponin extract, the
materials were accurately weighed and added to a 10-ml brown
volumetric flask, and methanol was added on a scale, sealed, and
ice-bath sonicated for 5 min, and the solution was filtered using a
0.22-pm microporous filter membrane to obtain the sample
solutions. The appropriate amount of each standard substance
was weighed accurately and diluted with methanol to the desired
concentrations, and the standard substance solutions were
obtained.

UPLC-PDA-Q/TOF-MS Analysis for
Saikosaponin Extract and Standard
Substance Solutions

We used the ultra-high performance LC System with a Q/TOF-
MS, PDA detector, and Masslynx workstation (Waters MS
Technologies, Manchester, United Kingdom) to acquire
UPLC-high-resolution mass spectrometry (HRMS) raw data.

Characterization and Identification of Saikosaponins

Chromatographic separation was performed on an ACQUITY
BEH C;g column (150 mm x 2.1 mm, 1.7 pum), maintained at
35°C. The flow rate was 0.3 ml/min, and the injection volume was
2 pL. The mobile phase consisted of (solvent A) 0.05% formic acid
in acetonitrile (v/v) and (solvent B) 0.05% formic acid in water (v/
v), and the gradient elution was as follows: 0-4 min, 5%-15% A;
4-20 min, 15%-30% A; 20-30 min, 30% A; 30-40 min, 30%-44%
A; 40-47 min, 44% A; 47-54 min, 44%-90% A; 54-55 min,
90%-98% A; 55-56 min, 98% A. The detection wavelength
range of the PDA detector was set to 200-400 nm.

For MS conditions, the temperature of the electrospray ion
(ESI) source was set to 120°C; the cone and capillary voltages were
30 V and 3.0 kV, respectively. High-purity nitrogen was selected
as the desolvation gas with the desolvation temperature set to
450°C; high-purity argon was selected as the collision gas. The
[M-H]™ ion of leucine enkephalin (LE) at m/z 554.2615 was
selected as the lock mass in ESI7; the [M + H]" ion of LE at m/z
556.2771 was selected as the lock mass in ESI". Sodium formate
solution was mass-spectrometrically tuned to ensure the accuracy
and reproducibility during the experiment. For the data
acquisition mode, the MS® and DDA acquisition modes were
selected, and the mass scan range was 100-1,500 Da. In the MS®
continuous acquisition mode, the sample data were collected by
setting high and low two different collision energy (CE) pathways
alternately to obtain molecular ions and fragment ions of target
compounds. In terms of the CE, the low CE channel was set to 8 V
and the high CE channel was set to 20-70 V. The DDA
acquisition mode was set to 5 ion acquisition channels, and
other acquisition conditions were the same as the MS" mode.

RESULTS AND DISCUSSION

Establishment of Sample-Processing
Method

Conventional sample-processing methods mostly use methanol
to extract saikosaponins for detection, which presents
shortcomings. First, numerous non-saikosaponin components
present in the extraction solution, which are extracted together
with saikosaponins during detection, interfere with the
identification of saikosaponins. Second, the extraction
efficiency is low, and many trace saikosaponins are not fully
extracted, which results in the missed detection. In this study, an
efficient sample-processing method was developed to extract,
enrich, and purify saikosaponins (especially the trace
saikosaponins), eliminate the interference of non-saikosaponin
components, and improve their detection efficiency and
selectivity.

Establishment of Detection Method

The range of UV detection wavelengths was set at 200-400 nm
based on the structure of the saikosaponins. The data acquisition
modes of mass spectrometry included data-dependent
acquisition (DDA) and data-independent acquisition (DIA,
ie., MS®). The DDA mode reduces the existence of interfering
ions because it uses a narrow m/z window to screen target ions.
Therefore, it can provide high-quality fragment information, but
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when valuable ions cannot satisfy the target screening conditions
or co-flow with high-intensity ions, these target ions cannot be
selected for fragmentation, or the number of parent ions selected
will be too large, and this will lead to insufficient acquisition of the
total ion chromatograms or base peak ion chromatograms (BPI)
of the primary mass spectrum. For the DIA (MSF) mode, the
primary mass spectrum of ions was obtained at the low CE
channel, and fragment ion information was obtained at the CE
channel. In theory, the fragment information of all ions can be
obtained comprehensively without screening the parent ions in
advance. However, if there are many ions flowing concurrently, it
is difficult to directly analyze the primary mass spectra and
fragment ions, that is, it is difficult to directly determine from
which specific parent the fragment ions in the secondary mass
spectrum (MS/MS) derive (Law and Lim, 2013; Bateman et al.,
2014).

Because saikosaponin compounds present both structural
diversity and high structural similarity, even under gradient
elution, it is currently difficult to separate all saikosaponin
compounds from the baseline completely, in which there are
co-efflux components and many trace saikosaponins with a low
response. Thus, we combined the DDA and DIA (MS®) modes to
complement each other to scan and analyze parent ions and
product fragment ions of saikosaponins accurately and
comprehensively. The ESI” mode provides more abundant
structural information of saikosaponin compounds, while the
ESI" spectra of saikosaponins provide less information and
compounds are subjected to breakage in the low CE scanning
channel, which results in more interference with the analysis but
can also document the characteristic fragment ions in ESI* and
contribute to the determination of the specific position of
substituent groups in acetylated/malonylated saikosaponins
(Liu et al, 2019). Thus, this approach was used to identify
saikosaponins in the ESI, whereas for the identified
acetylated/malonylated saikosaponins in ESI”, their fragment
ions in ESI" were combined to speculate on the specific
position of the respective acetyl/malonyl groups.

UPLC-PDA-Q/TOF-MS Analysis of

Saikosaponin Standard Substances

In this study, fragment ions were named according to the
nomenclature rules of Domon and Costello (Supplementary
Figure S1) (Domon and Costello, 1988). A total of 24
saikosaponin standard substances (classified as types I-IV
according to their aglycone structures and their acetylated
derivatives were classified separately as one group for analysis)
were subjected to analysis and the information obtained
regarding the chromatographic, fragmentation behavior and
maximum UV wavelength was summarized, their structures
are shown in Figure 1, and chromatography, UV absorption,
and MS spectrum details for each standard substance are shown
in Supplementary Table S1.

Analysis of Type | Saikosaponins
SSa (B-OH at position C) and SSd (a-OH at position C;¢) were a
pair of epimers, with the same molecular ion ([M-H]") at m/z

Characterization and Identification of Saikosaponins

779; their fragmentation behaviors were similar. In the ESI"mode,
the fragment ions of the MS/MS spectrum (Supplementary Table
S1) were analyzed, and the Y; (m/z 617) ion corresponding to the
[M-H]" lost a fragment of 162 Da, indicating that a glucosyl
group (Glu, 162 Da, CsH;(Os) at the end of the saccharide chain
was lost. The X, (m/z 541) ion was produced by the breakage of
the Y; (m/z 617) ion, corresponding to the Y; ion with a lost
fragment of 76 Da (C3HgO,), which represented the intracyclic
breakage of furanose (0, 3-bond breakage). The [Y,-76-H]™ (m/z
541) fragment ion was produced when the furanose (Fuc, 146 Da,
CeH,00,) was directly attached to the aglycone in the structure of
saikosaponins; conversely, the presence of the [Y;-76-H]"
fragment ion was not detected for saikosaponins without
furanose. Thus, a fragment of 76 Da (C3HgO,) was lost as the
specific fragmentation pathway of furanose, which was consistent
with previous reports (Huang et al, 2008). Among the
characteristic fragment ions of SSa/SSd was m/z 471
([M-Glu-Fuc-H]"), which corresponded to the molecular ion
without the complete saccharide chain and corresponded to the
sapogenin jon ([aglycone-H] ); the [aglycone-H] lost a
fragment of 32Da to produce the m/z 439
([aglycone-CH;OH-H]") fragment ion, corresponding to the
aglycone with the loss of one molecule of CH;OH at position C,,
which was consistent with the available literature (Zhao et al.,
1996). The fragmentation pathway of SSa/SSd is shown in
Figure 2A. Similarly, the fragmentation pathways of SSe,
Prosaikogenin f, Prosaikogenin g, and other type I
saikosaponins are similar to those of SSa/SSd. For SSc, the
aglycone structure is different from that of SSa; the group at
position C,; is methyl (CHj;), and its fragmentation pathway is
shown in Figure 2B.

23-Hydroxy-13p,28B-epoxyolean-11-ene-16-one  3-O-B-D-
glucopyranosyl-(1—3)-p-D-fucopyranoside presents a carbonyl
group (C=0) in the aglycone moiety and its characteristic
fragment ions appeared at m/z 407
([aglycone-CH3;0OH-30-H] ") in the ESI 'mode, corresponding
to the [aglycone-H], and lost a fragment of 30 Da. It was
speculated that the C;3,Cys-epoxy ether bond was broken first
and was followed by a rearrangement reaction of the C=0 group
at the C,4 position and breakage. The fragmentation pathway is
shown in Supplementary Figure S2.

Retention times of type 1 saikosaponins showed
(Supplementary Table S1) that for a pair of epimers, the
retention time of B-OH at position C;4 was earlier than that
of the a-OH epimer (such as SSa/SSd and Prosaikogenin
g/Prosaikogenin f). For the type I saikosaponins, their
aglycones present only one double bond (no conjugation), so
their maximum UV wavelengths were generally around at the
terminal ends (190-220 nm); the representative UV spectra are
shown in Figure 8A.

Analysis of Type Il Saikosaponins

Epimers SSb; (B-OH at position C;6) and SSb, (a-OH at position
Cy) are converted from SSa and SSd, respectively. In the
ESI"mode, the fragmentation behavior of the two epimers was
similar to that of SSa/SSd, and they also produced the following
fragment ions: m/z 617 ([M-Glu-H]"), m/z 541
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m/z 925

m/z779

FIGURE 2 | Fragmentation pathway of (A) SSa/d and (B) SSc.

-76Da

m/z 541

m/z 455[aglycone-H]

([M-Glu-C;HgO,-H]"), m/z 471 ([M-Glu-Fuc-H],
corresponding  to  [aglycone-H]"), and m/z 439
([aglycone-CH;0H-H] ). Compared with SSa/SSd (type I),
SSb,/SSb, lost a CH,OH group at position C;; and a hydroxyl
(OH) group at position Ci¢ in the aglycone, simultaneously, and
generated the m/z 423 ([aglycone—48—-H]") fragment ion, which
was consistent with the fragmentation behavior found by Liu et al.
(Liu et al., 2019). Because SSf presented a single double bond of
aglycone and did not produce a m/z 409 ([aglycone—48-H]")
fragment ion, it can be inferred that this fragmentation pathway
only occurred when two double bonds were conjugated.
Interestingly, it was worth noting that this experiment found
that the abundance of m/z 423 ([aglycone—-CH,OH-OH-H]")
fragment ion produced by SSb; having the B-OH at the C¢
position ~was greater than that of the m/z 439
([aglycone-CH;OH-H] ") fragment ion, while the abundance
of the m/z 423 fragment ion produced by the SSb, with the
a-OH at position C;4 was lower than that of the m/z 439 fragment
ion produced. As shown in Supplementary Figure S3, it is
helpful to distinguish between the same pair of epimers in
type II saikosaponin. These rules and findings were also
applicable to other type II saikosaponins such as
Prosaikogenin a, Prosaikogenin d, SSh, etc. The fragmentation
pathway of SSb;/SSb, is shown in Figure 3. The fragmentation

pathway of SSh (the group at the C,; position is CHj) is shown in
Supplementary Figure S4 and also produced a m/z 407
([aglycone-CH,OH-OH-H]") fragment ion. Thus, the
[aglycone—48—-H]™ could be considered diagnostic fragment
ions of type II saikosaponins, while the loss of 48 Da (neutral
loss of CH,OH and OH groups) may also be considered a
characteristic loss of type II saikosaponins.

Retention times of type II saikosaponins are reported in
Supplementary Table S1. For the pair of epimers, the
retention time of B-OH at the C,4 position was later than that
of the a-OH epimer (such as SSb;/SSb, and Prosaikogenin
a/Prosaikogenin d), which was contrary to that of type I
saikosaponins. For the type II saikosaponins, the aglycones
presented two double bonds (isocyclic diene conjugation), and
the maximum UV wavelengths were generally around 250 nm;
the representative UV spectra are shown in Figure 8B.

Analysis of Type lll Saikosaponins

SSb; (B-OH at position C;) and SSb, (a-OH at position C;¢) with
the aglycone structure of C;; -OCHj are epimers. According to
the fragment ions produced in the ESI'mode, the aglycone was
released at the Cy; position, one molecule of CH;OH (32Da) was
lost and produced an aglycone with Cg-C;; double bonds, and the
m/z 471 ([aglycone—~CH;OH-H]") fragment ion was produced.

Frontiers in Chemistry | www.frontiersin.org

September 2021 | Volume 9 | Article 747987


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liu et al.

Characterization and Identification of Saikosaponins

m/z 471 [aglycone-H]

-CH,OH-OH

m/z 423

FIGURE 3 | Fragmentation pathway of SSb¢/SSb,.

m/z 439

Thus, there were two double bonds (A*'! and A''%) in the
aglycone due to the diene bond conjugation, the CH,OH group
at position C;; and the OH group at position C;s, which could be
lost simultaneously (loss of 48 Da), which produced the m/z 423
([aglycone-CH;0H—-CH,0OH-OH-H]") fragment ion. The loss of
C,-CH;0H  produced the fragment ion m/z 391
([aglycone—2CH;OH—-CH,OH-OH-H]"). Based on the m/z
439 ([aglycone —2CH3;0H-H] ), another fragmentation
pathway of the aglycone produced the loss of C;;-CH;OH and
C,;-CH;0H in turn; the fragmentation pathway of SSb;/SSby is
shown in Figure 4. Similarly, for SSf, Ne-SSk, and 11a-methoxy-
SSf, the fragmentation pathways were similar and are shown in
Supplementary Figures S5-S7. Thus, the fragment ions produced
by loss of a 48-Da fragment ([aglycone—-CH,OH-OH-H]") were
also a diagnostic fragment jon of type III saikosaponins in the
ESI™ mode.

The fragmentation behavior of Tibesaikosaponin V with the
carbonyl (C=0) group was similar to that of SSb;/SSby, but the
characteristic fragment ions were produced by the loss of 30 Da
(neutral loss of CH,0), such as m/z 473 ([aglycone-30-H]").
This behavior was the same for 23-hydroxy-13[3,28p-
epoxyolean-11-ene-16-one  3-O-B-D-glucopyranosyl-(1—3)-
B-D-fucopyranoside (type I), and all had a carbonyl (C=0)
group in the aglycone moiety. The fragmentation pathway is
shown in Figure 5. Thus, the characteristic fragment ions
produced by loss of 30 Da could be considered the diagnostic
fragment ions of saikosaponins containing carbonyl groups in
the ESI” mode. This study analyzed and summarized the
characteristic fragment ions and fragmentation pathways of
saikosaponins containing the C=0 group for the first time,
which is of great significance and benefit for the identification of
these types of saikosaponins.

Retention times of type III saikosaponins revealed
(Supplementary Table S1) that in the pair of epimers, the
retention time of p-OH at position C,¢ was earlier than that
of the a-OH epimer. For type III saikosaponins, similar to type I
saikosaponins, the aglycones also had a single double bond (no
conjugation), and the respective maximum UV wavelengths were
also approximately 190-220 nm. The representative UV spectra
are shown in Figure 8C.

Analysis of Type IV Saikosaponins

SSg was compared with the type II saikosaponin SSb; (isomer of
SSg) generated fragment ions that were essentially the same in
EST, which could produce m/z 423
([aglycone-CH,OH-OH-H]") and other fragment ions of
SSb;. However, this is the first study to observe the m/z 453
([aglycone-18-H] ") fragment ion from SSg, while the isomer
SSb; (type II) or SSa (type I) did not produce the same fragment.
It was speculated that due to the homocyclic diene conjugation
effect, the OH group can be lost alone; the fragmentation pathway
was shown in Figure 6. Thus, in addition to the
[aglycone-CH,OH-OH-H]", the characteristic fragment ions
such as [aglycone-H,0-H]™ produced by loss of 18 Da could be
considered a diagnostic fragment ion of type IV saikosaponins in
the ESI” mode.

For type IV saikosaponins, the aglycone moieties present two
double bonds (homocyclic diene conjugation), so their maximum
UV wavelengths were generally around 282 nm, and the
representative UV spectra are shown in Figure 8D.

The maximum UV wavelengths, characteristic fragment ions,
and fragmentation pathways of type IV saikosaponins were
analyzed and summarized for the first time, and we compared
differences in fragmentation patterns with other types of
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saikosaponins, which is of great significance and contributes to
the identification of type IV saikosaponins.

Analysis of Acetylated (Malonylated) Saikosaponins
In the ESI” mode, acetylated saikosaponins such as 6”-O-acetyl-
SSbs, 2"-O-acetyl-SSa, 6"-O-acetyl-SSa, and 6"-O-acetyl-SSd
generally produced [M-42-H]  and [M-60-H] fragment
ions (Supplementary Table S1), corresponding to the loss of
one acetyl (CH,CO) group and the loss of one CH;COOH
group, respectively. Subsequently, a series of fragment ions of
the prototype saikosaponins mentioned above were produced.
As an example, 6"-O-acetyl-SSa fragmentation is shown in
Supplementary Figure S8. Prior studies have reported
(Huang et al., 2008) that the malonylated saikosaponins
produced characteristic [M-H-44]" and [M-H-86]" fragment
ions in the ESI” mode. As an example, the fragmentation
pathway of 6”-O-malonyl-SSa is shown in Supplementary
Figure S9.

For acetylated/malonylated saikosaponins in the ESI”
mode, the fragment ions of the aglycone-substituted and
saccharide-substituted saikosaponins were the same, which
made them difficult to distinguish; but in the ESI" mode,
their fragment ions differed so that they could easily be
distinguished. In the ESI" mode, 6"-O-acetyl-SSb;, 2"-O-
acetyl-SSa, 6"-O-acetyl-SSa, and 6”-O-acetyl-SSd, whose
acetyl groups are substituted by the saccharide chain, were
analyzed. The fragment ions produced are shown in

Supplementary Table S2. The OH group in the aglycone
was easily lost as were all produced [aglycone-nH,O + H]"
(n =1, 2, or 3) fragment ions. For the 2”-O- acetyl-SSa, 6"-O-
acetyl-SSa, and 6”-O-acetyl-SSd, the OH group at position C;s
was lost first, which produced the m/z 805 ([M-H,O + H]")
fragment ion, and then OH groups were lost at other positions
and produced the fragment ions m/z 455 ([aglycone-H,O +
H]"), m/z 437 ([aglycone-2H,O + H]"), and m/z 419
([aglycone-3H,O + H]". As a representative example, the
fragmentation pathway of 6"-O-acetyl-SSa is shown in
Figure 7, while that of 6”-O-acetyl-SSbs in the ESI* mode
is shown in Supplementary Figure S10. These rules and
findings were also applicable to malonylated saikosaponins
(the malonyl group is substituted by the saccharide chain)
according to the related literature (Liu et al., 2019) and also
produce [aglycone-nH,0 + H]* (n =1 or 2 or 3) in the ESI"
mode, while the fragment ions m/z 497 ([aglycone+42-H,0 +
H]") and m/z 479 ([aglycone+42-2H,0 + H]" indicate that the
acetyl group is substituted by the aglycone. For example, the
fragmentation pathway in the ESI" mode of 23-O-acetyl-SSa
(the malonyl group is substituted by the aglycone) (Liu et al.,
2019) is shown in Supplementary Figure S11.

Retention times were analyzed according to standard
substances and according to that reported in the literature
(Zhao et al, 1996; Huang et al, 2008). The retention time of
acetylated saikosaponins is later than that of the prototype
saikosaponins. The acetyl substituent at different positions of
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the saccharide chain can affect the retention time; the retention
time of the acetyl substituent at the beginning of the saccharide
chain is earlier than that of the acetyl substituent at the rear
position. For acetylated-SSa, the acetyl group can be substituted at
different positions on the terminal glucose of the saccharide chain,
so that the retention times for 2"-O-acetyl-SSa, 3"-O-acetyl-SSa,
4"-O-acetyl-SSa, and 6”-O-acetyl-SSa range from earlier to later.

Thus, the fragment ions [M-42-H]  and [M-60-H] (or
[M-H-44]" and [M-H-86]") are diagnostic fragment ions for
acetylated (or malonylated) saikosaponins in the ESI mode,
combined with the analysis of their respective m/z values for
[aglycone-nH,O + H]" in the ESI" mode, and the order of
retention times can be combined to speculate the specific
position of their acetyl/malonyl group.

Summary: Strategy for Identification of Saikosaponins
Among the isomers, several pairs of epimeric saikosaponins such
as SSa/SSd, SSbs/SSby, SSb,/SSb,, Prosaikogenin a/Prosaikogenin
d, and Prosaikogenin g/Prosaikogenin f differed only in the
configuration of the OH group at position Cis. Of these,
saikosaponins with only one double bond in the aglycone
moiety (types I and III), and the retention time of B-OH at
the C;¢ position was earlier than that of the a-OH epimer, such as
SSa/SSd, SSb;/SSby, and Prosaikogenin g/Prosaikogenin f. In
contrast, for type II saikosaponins (whose aglycone is an
isocyclic diene), the retention time of p-OH at position C,s was
later than that of the a-OH epimer, such as SSby/SSb, and
Prosaikogenin a/Prosaikogenin d. For acetylated (or malonylated)
saikosaponins, the combination of retention times is helpful to infer
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FIGURE 7 | Fragmentation pathway of 6”-O-acetyl-SSa in the positive ion mode (ESI™).

the specific position of acetyl (or malonyl) substituents of the SSc/SSb3/SSb,/SSe/SSf) with the aglycone as the monoene (types I
saccharide chain. and III) generally located around the terminal ends, ranged

The maximum UV absorption wavelengths of saikosaponins 190-220 nm; saikosaponins (such as SSb;/SSb,/SSc/SSh) with
can be summarized as follows: saikosaponins (such asSSa/SSd/  the aglycone as the isocyclic diene (type II), approximately
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250 nm; saikosaponins (such as SSg/SSi) with the aglycone as the
homocyclic diene (type IV), approximately 282nm. The
representative UV spectra are shown in Figure 8.

The characteristic mass losses and typical fragmentation
pathways for different types of saikosaponins can be
summarized as follows: all compounds produced a base peak
at [M-H]", and the molecular formula of each compound could
be determined based on its exact mass. In addition to maximum
UV absorption wavelengths, the type of aglycones could be
inferred through their characteristic neutral losses of the
aglycone moiety, such as type II and III (characteristic loss of
48 Da) and type IV (characteristic loss of 48 and 18 Da). The
number and sequences of saccharide chains could be inferred
through the characteristic neutral losses of sugar moieties, such as
rhamnose (Rha, 146 Da), furanose (Fuc, 146 and 76 Da), xylose
(Xyl, 132 Da), and glucose (Glu, 162 Da). Other typical losses
were those such as OCH, (32 Da), H,O (18 Da), CH;0H (32 Da),
CH20 (30 Da), ACOH/C2H20 (60 Da/42 Da), and C3H203/C02
(80 Da/44 Da), which corresponded to the presence of an OCHj
group, an OH group, a CH,OH group, a C=0 group, an acetyl
group, and a malonyl group, respectively. Figure 9 illustrates the
strategy for identification of saikosaponins.

UPLC-PDA-Q/TOF-MS Analysis of

Saikosaponin Extracts From BMS

In the ESI"mode, the base peak ion (BPI) chromatogram of the total
saikosaponin extract from BMS is shown in Figure 10. Types I, I,
III, and IV and some other types of saikosaponins were identified
and initially characterized from the total saikosaponin extract of
BMS, and when combined with the respective retention times and
fragment ions in the ESI" mode, the specific position of the acetyl/

malonyl substituent of acetylated/malonylated saikosaponins could
be deduced. A total of 109 saikosaponin compounds were
structurally identified and characterized, and the information on
their identification, chromatographic retention time (RT), molecular
formula, fragment ions, and maximum UV wavelengths is provided
in Supplementary Datasheet S1. A total of 22 saikosaponin
compounds were confirmed by saikosaponin standards (marked
with ™" in Supplementary Datasheet S1), 25 saikosaponins were
new compounds (marked with "##" in Supplementary Datasheet
S1), and 60 saikosaponins were first discovered in BMS (marked
with "##" in Supplementary Datasheet S1).

Characterization of Compounds 40, 42, 58, and 71
(Type I)
According to the fragment ions, retention times, and maximum
UV wavelength of compounds 40, 42, 58, and 71 (Supplementary
Datasheet S1), their characteristic mass losses and UV maximum
absorption wavelengths (190-220 nm) are consistent with those
of type I saikosaponins, so it was inferred that these compounds
had the same aglycones or similar aglycones (with the
morehydroxyl substituents at different positions) as type I
saikosaponins. 11 type I saikosaponins were identified in this
study, including saikosaponin compounds compared with type I
related standard substances (acetylated/malonylated type I
saikosaponins were described separately below and not included).
In the ESI” mode, the fragment ions of compound 42 had
fragment ions m/z 633 ([M- CgH,,0s-H]), m/z 557
([633-C5HgO,-H]", the specific fragmentation pathway of
Fuc), and m/z 487 ([633-C¢H;00,—H]", aglycone ion),
revealing the number and sequence of its saccharide chain,
and based on the fragment ions m/z 455
([aglycone-CH;0OH-H]) and m/z 437 ([455-H,O0-H]),
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FIGURE 10 | Base peak ion chromatogram of Bupleurum marginatum var. stenophyllum (BMS).

which indicated that it comprised one more hydroxyl substituent
at the aglycone moiety compared with SSa, compound 42 was
identified as clinoposaponin XIV based on a literature review
(Miyase and Matsushima, 1997); the fragmentation pathway is
shown in Supplementary Figure S12. The same analytical
procedure was employed to identify compounds 40, 58, and
71. Compounds 40 and 58 were identified as Sandrosaponin

VII (Sanchez-Contreras et al., 2000) and Clinoposaponin XII
(Cui et al, 2014). Compound 71 was initially identified as
Bupleruoside I or Buddlejasaponin IV (Barrero et al, 2000;
Zhu et al, 2018); the two differed only in the order of the
saccharide chain and could not be distinguished temporarily.
The structures of compounds 40, 58, and 71 are shown in
Supplementary Figure S13.
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Characterization of Compounds 13, 38, 31, 33, 2,14, 7,
50, 76, 17, 77, and 79 (Type II)

According to the fragment ions, retention times, and maximum
UV wavelength (254 nm around), for compounds 13, 38, 31, 33,
2, 14, 7, 50, 76, 17, 77, and 79 (Supplementary Datasheet S1),
their characteristic mass losses (characteristic loss of 48 Da) and
UV maximum absorption wavelengths (approximately 250 nm)
are consistent with those of type II saikosaponins, so they have the
same aglycones or similar aglycone structures (probably with the
more OH or C=O0 substituents at different positions) as type II
saikosaponins. 15 type II saikosaponins were identified in this
study, including saikosaponin compounds compared with related
type II standard substances (acetylated/malonylated type II
saikosaponins were described separately below and not included).

In the ESI” mode, compounds 31 and 33 shared the same
molecular formula. Their fragment jons all showed m/z 779
(IM-C¢H,00s-H]7), m/z 795 ([M-C¢H,,04,—H]"), m/z 633
([M-C¢H,005-C¢H,,0,—H]"), and m/z 471
(IM—2CsH,005—CsH;004—H]", aglycone ion), which revealed
the number and sequences of its saccharide chain.
Furthermore, based on the diagnostic fragment ions m/z 439
([aglycone-CH;OH-H]") and m/z 423
([aglycone-CH,OH-OH-H]", produced by the loss of 48 Da
(characteristic loss of type II saikosaponins), it was concluded
that these compounds had the same aglycone moieties as SSb,/
SSb,. Based on the combined order of their retention times and
the abundance of the m/z 423 fragment ion of compound 31,
which was smaller than the m/z 439 fragment ion, and compound
33 showing opposite fragments, it was inferred that compound 31
was SSs (a-OH at position C;¢) and compound 33 was SSn (p-OH
at position Cy¢) (Fang et al., 2017). The fragmentation pathway is
shown in Supplementary Figure S14. The same analytical
procedure was employed to identify compounds 13 and 38
(having the same molecular formula), and compounds 13 and
38 were identified as SSI (a-OH at position C;6) and
Tibesaikosaponin IV (B-OH at position Ci¢), respectively (Yu
et al,, 2013; Fang et al., 2017); their fragmentation pathways are
shown in Supplementary Figure S15.

Employing the same analytical procedure to analyze the
characteristic fragment ions and formulas of compounds 2, 14,
7, 50, and 76, their saccharide chains and aglycone structures
could be deduced. Through a literature review, compounds 2 and
14 were identified as SSq or its isomer (Huang et al., 2008), and
the fragmentation pathway of SSq is shown in Supplementary
Figure S16. Compound 7 was identified as SSr (Barrero et al,
2000). The fragment ions and formula of compound 50 were the
same as those of SSh, which was identified as Saponin BK1
(isomer of SSh) (Sinha et al., 2021). As for compound 76, its
formula and fragment ions were the same as those of SSe
(Compound 90, confirmed by the standard substance) and was
identified as SSm (Shan et al., 2018). The structures of
compounds 7, 50, and 76 are shown in Supplementary
Figure S17.

Compounds 17 and 77 shared the same molecular formula
and fragment ions, and the diagnostic fragment ions produced
from the loss of a 30-Da fragment (the neutral loss of CH,O)

Characterization and Identification of Saikosaponins

included m/z 763 ([M-30-H]), m/z 601
([M-CH¢05-30-H] "), and m/z 455 ([aglycone-30-H]); it
was inferred that compounds 17 and 77 had a C=0O group on
the aglycone moiety. Based on other fragment ions, their
saccharide chains and aglycone structures could be deduced,
and through a review of the related literature, they were
identified as Tibesaikosaponin II or its isomer (Fang et al,
2017); the fragmentation pathway is shown in Supplementary
Figure S18. For compound 79, its formula and fragment ions
were the same as those of compound 99 (23-hydroxy-13p,28p-
epoxyolean-11-ene-16-one 3-O-B-D-glucopyranosyl-(1-3)-B-D-
fucopyranoside, confirmed by the standard substance),
combined with the maximum UV wavelength (250 nm) and a
review of the related literature (Li et al., 2015); it was identified as
3p,23,28-trihydroxyolean-11,13  (18)-diene-16-one 3-O-B-D-
glucopyranosyl-(1-3)-B-D-fucopyranoside, and its structure is
shown in Supplementary Figure S19.

Characterization of Compounds 8, 30, 3, 51, 54, 25,
and 27 (Type Ill)
According to the fragment ions, retention times, and maximum
UV wavelength of compounds 8, 30, 3, 51, 54, 25, and 27
(Supplementary Datasheet S1), their characteristic mass losses
(characteristic loss of 48 Da) and UV maximum absorption
wavelengths (190-220 nm) are consistent with those of type III
saikosaponins, and it was inferred that these compounds have the
same aglycones or similar aglycones as type III saikosaponins. 13
type III saikosaponins were identified in this study, including
saikosaponin compounds compared with related type III
standard  substances  (acetylated/malonylated  type III
saikosaponins were described separately below and not included).
Compounds 8 and 30 shared the same molecular formula as
C4,HggO14, and the fragment ions of compound 8 produced m/z
633 ([M-Ce¢H,00s-H]"), m/z 557 ([633—-C3HgO,-H]", the
specific fragmentation pathway of Fuc), and m/z 487
([633-C4H;004,—H]", aglycone ion), which revealed the
number and sequences of its saccharide chain, and based on
the diagnostic fragment ions m/z 455 ([aglycone—~CH;OH-H]")
and m/z 407 ([455-CH,0OH-OH-H]"), its aglycone moiety
could be deduced. Thus, compound 8 was identified as SSt (or
Bupleuroside IX) by reviewing the related literature (Yu et al,
2014). The fragmentation pathway of SSt is shown in
Supplementary Figure S$20. For compound 30, in addition to
the above fragment ions of compound 8, additional fragment ions
produced from the loss of 30 Da (neutral loss of CH,0O) appeared,
which included fragment ions m/z 765 ([M-30-H] ), m/z 603
([M-C¢H;905-30-H]"), and m/z 457 ([aglycone-30-H]),
which indicated the presence of a C=0O group on the aglycone
moiety and was identified as Bupleuroside VI (Liang et al., 2014).
The structure is shown in Supplementary Figure S21.
Compound 3, based on the fragment ions and formula, was
identified as Rotundioside P by reviewing the related literature
(Fujioka et al., 2006), and its fragmentation pathway is shown in
Supplementary Figure S22. The same analytical procedure was
employed to identify compounds 25 and 27, which presented an
additional hydroxyl substituent at the aglycone moiety compared
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with compounds SSa/SSd, and combined with the order of the
respective retention times, it was speculated that compound 25
hydroxysaikosaponin a and compound 27 was
hydroxysaikosaponin d (Huang et al., 2008); both structures
are shown in Supplementary Figure $23. Compounds 51 and
54 shared the same molecular formula and fragment ion pattern
as SSf (compound 52, confirmed by the standard substance) and
were identified as the isomer of SSf, in which we speculated that
the position of the double bond was different from that of SSf.

was

Characterization of Compounds 6, 9, and 10 (Types IV

and VI)

For compound 6, the fragment ions m/z 647
(IM-C¢H;005—H]"), m/z 571 ([647-CsHgO,-H], the specific
fragmentation  pathway of Fuc), and m/z 501

([647-CsH,004—H]", aglycone ion) revealed the number and
sequences of the saccharide chain. According to the diagnostic
fragment jons m/z 453 ([aglycone—-CH,OH-OH-H]") and m/z
483 ([aglycone-H,0-H]") and combined with the maximum
UV wavelength (282 nm), it was inferred that compound 6 had a
similar aglycone moiety to type IV saikosaponins and was
speculated to be an isomer of Bupleuroside V, with the
following structure, 3P, 16a, 23,28-Tetrahydroxy-olean-9,12
(13)-dien-29-oic acid 3-O-B- D-glucopyranosyl-(1-3)-p-D-
fucopyranoside. Its fragmentation pathway is shown in
Supplementary Figure S24. 3 type IV saikosaponins were
identified in this study, including saikosaponin compounds
compared with related type IV standard substances.

For compound 10, the number and sequence of its saccharide
chain was deduced from the fragment ions (Supplementary
Datasheet S1) m/z 453 ([aglycone—-CH,OH-OH-H] ) and
m/z 469 ([aglycone—-CH;OH-H]"), but without m/z 483
([aglycone-H,0-H] "), and combined with its maximum UV
wavelength (251 nm) and formula, it was identified as
Bupleuroside V using a literature review (Yoshikawa, 1997).
Its fragmentation pathway is shown in Supplementary Figure
§25. The same analytical procedure was employed to identify
compound 9, which was identified as 3f,16a,23,28-tetrahydroxy-
olean-11,13  (18)-dien-30-oicacid-3-O-p-D-glucopyranosyl-(1-
2)-B-D-glucopyranosyl-(1-3)-B-D-fucopyranoside (Liang et al.,
2013); its structure is shown in Supplementary Figure S26.
Compounds 9 and 10 belonged to the type VI saikosaponins.

Characterization of Compounds 1, 5, 11-12, 15-16,
19-23, 26, 29, 32, 35, 41, 44-45, 49, 60, 68, 72, 74, and
94-96 (Other Types)

According to the formula, fragment ions, retention times, and
maximum UV wavelength of compounds 1, 5, 11-12, 15-16,
19-23, 26, 29, 32, 35, 41, 44-45, 49, 60, 68, 72, 74, and 94-96
(Supplementary Datasheet S1), the number and sequences of the
saccharide chain can be deduced. In addition, the structures of the
aglycone can be identified through further analysis of their
fragment ions.

For compound 1, its molecular ion and fragment ions were
18 Da more than those of compound 8 (SSt), and combined with
its formula, this suggested it had an additional hydroxyl
substituent at the aglycone moiety compared with SSt; thus,
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compound 1 was tentatively identified as hydroxysaikosaponin
t. Its fragmentation pathway is shown in Supplementary Figure
$27. The same analytical procedure was employed to identify
compounds 23, 11, 35, 44, 60, and 49. Compound 23 had an
additional hydroxyl substituent at the aglycone moiety compared
with SSh (compound 56, confirmed by the standard substance);
thus, compound 23 was tentatively identified as
hydroxysaikosaponin ~ h  (1la-hydroxy-SSh).  Similarly,
compounds 11, 35, 44, and 60 had an additional hydroxyl
substituent at the aglycone moiety compared with SSc
(compound 47, confirmed by the standard substance); thus,
they were tentatively identified as hydroxysaikosaponin ¢ (11a-
hydroxy-SSc) or its isomer (Ebata et al., 1996); for compound 49,
its retention time followed that of hydroxysaikosaponin a and
hydroxysaikosaponin d (compounds 25 and 27). The diagnostic
fragment ions m/z 439 ([aglycone-CH;OH-H]") and m/z 423
([aglycone-CH,OH-OH-H]") and the abundance of the
fragment ion m/z 423 were smaller than the fragment m/z
439; thus, it was speculated to be hydroxysaikosaponin b,

(a-OH at position Cie)- The structures of
hydroxysaikosaponin ¢,  hydroxysaikosaponin h, and
hydroxysaikosaponin b, are shown in Supplementary
Figure S28.

For compound 32, its formula and fragment ions indicated
that it had an additional OC,H; substituent at the aglycone
moiety compared with SSs/SSn (compound 31/33), based on
the abundance of the m/z 423 ([aglycone-OC,Hs-48-H]")
fragment ion, which was smaller than m/z 439
([aglycone-OC,H5-32-H]") when, and combined with its
retention time, it was identified as 1la-ethoxyl-SSs (a-OH at
position Cy¢). Similarly, compounds 72 and 74 were identified as
11a-ethoxyl-SSb, and 1la-ethoxyl-SSby, respectively, while
compounds 96 and 45 were identified as 11a-butoxyl-SSb, and
11a-ethoxyl-SSh, respectively. Their fragmentation pathways are
shown in Supplementary Figure $29-S32.

Compounds 4, 12, 16, 19, and 20 shared the same molecular
formula and fragment ions, and they could be deduced to have
one less double bond than SSq (compounds 2 and 14), so they
were identified as dihydro-SSq or its isomer (such as 11,12-
dihydro-SSq, 13,18-dihydro-SSq, and other possible isomers);
their possible structures are shown in Supplementary
Figure S33.

Using the same approach, compound 41 was deduced to have
one less double bond than Tibesaikosaponin I (compound 29), and
combined with the maximum UV wavelength (254 nm), it was
tentatively identified as A*"**-Tibesaikosaponin I; the structure is
shown in Supplementary Figure $34. For compounds 29 and 94, it
was speculated that their fragmentation pathways were similar to
that of Tibesaikosaponin II, but there were no fragment ions
produced by the loss of 30 Da, and thus, they were identified as
Tibesaikosaponin I or its isomer (Fang et al, 2017), and
presumably the C=0O group was conjugated with the adjacent
olefinic bond, which stabilized the C=0O group and was not easy to
lose; its fragmentation pathway is shown in Supplementary
Figure S35.

Based on the analysis of the formulas, fragment ions, retention
times, and maximum UV wavelengths, combined with a review of
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the literature, compound 21 was identified as Magnoside B
(Haddad et al., 2012), and its fragmentation pathway is shown
in Supplementary Figure S36. Compound 22 was identified as 3-
O-[a-L-Rhamnopyranosyl (1-4)-B-D-glucopyranosyl] oleanolic
acid 28-O-B-D-glucopyranosyl ester (Achouri et al, 2017).
Compounds 5 and 15 were identified as (3B,21B,22a)-28-[[2-
O-(6-Deoxy-a-L-mannopyranosyl)-B-D-glucopyranosyl]oxy]-
21,22-dihydroxyolean-12-en-3-yl 6-O-B-D-glucopyranosyl-p-D-
glucopyranoside or its isomers (Xiao et al., 2013). Compound 68
was identified as (3p,4a,16a)-3,16,23-trihydroxyoleanan-28-yl O-
6-deoxy-a-L-mannopyranosyl-(1-4)-O-[B-D-glucopyranosyl-
(1-6)]-B-D-glucopyranoside (Luo and Jin, 1991). Compound 95
was identified as Bupleuroside XI (Yoshikawa, 1997). All
structures are shown in Supplementary Figure S37.

Characterization of Compounds 18, 36, 39, 43, 46, 53,
55, 57, 59, 61-63, 66, 67, 69, 78, 80-83, 85, 87-88,
91-93, 98, 100-104, and 106-109 (Acetylated/
Malonylated Saikosaponins)

The mass spectra fragmentation information of the acetylated/
malonylated saikosaponins in the ESI" mode is shown in
Supplementary Table S3. 35 acetylated/malonylated saikosaponins
were identified in this study, including saikosaponin compounds
compared with related standard substances.

Compounds 18, 53, 55, 57, 59, 61-63, 66-67, 69,78, 80-83, 85,
87-88, 92-93, 98, 100, 102-104, and 109 all produced
[M-42-H]™ and [M-60-H] fragment ions as diagnostic ions
(Supplementary Datasheet S1); thus, they were identified as
acetylated saikosaponins.

The compounds 81, 87, 88, 92, 55, 62, 66, 102, 103, 104, 109,
78, 83, 93, and 98 were analyzed, and according to
Supplementary Table S3, all fragment ions in the ESI" mode
were m/z 455 ([aglycone-H,O + H] "), m/z 437 ([aglycone-2H,0
+ HJ]"), and m/z 419 ([aglycone-3H,O + H]"), indicating that
their acetyl groups were all substituted by the saccharide chain. In
the ESI™ mode, in addition to m/z 779 ([M-42-H]") and m/z 761
(IM-60-H]"), the remaining fragment ions of compounds 81, 87,
88, and 92 were the same as those of SSa/SSd, and their retention
times followed those of SSa but were before SSd; thus, they were
identified as acetylated derivatives of SSa. For SSa, SSd, SSb;, and
SSb,, the OH group at the 1” position of the terminal glucose of
the saccharide chain was attached to rhamnose, and only four OH
groups at positions 2", 3", 4", and 6" were substituted by an acetyl
group. Based on the order of their respective retention times,
compounds 81, 87, 88, and 92 were identified as 2"-O-acetyl-SSa,
3"-O-acetyl-SSa,  4"-O-acetyl-SSa, and  6"-O-acetyl-SSa,
respectively. Of these, compounds 81 and 92 were confirmed
by the standard substance. Similarly, the retention times of
compounds 102, 103, 104, and 109 followed SSd, and
compound 109 was 6"-O-acetyl-SSd by comparison with the
standard substance; according to the order of retention times, the
compounds 102, 103, and 104 were inferred to be 2"-O- acetyl-SSd,
3"-O-acetyl-SSd, and 4"-O-acetyl-SSd, respectively. For
compounds 78, 83, 93, 98, and 100, the abundance of the m/z
423 fragment ion was smaller than that of the m/z 439 fragment
ion, indicating that they were acetylated derivatives of SSb,.
Combined with the order of their retention times, compounds
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78, 83, 98, and 100 were 2" -O-acetyl-SSb,, 3" -O-acetyl-SSb,, 4" -O-
acetyl-SSb,, and 6"-O-acetyl-SSb,, respectively. The abundance of
the m/z 423 fragment ion of compound 93 was slightly higher than
that of m/z 439, which indicated that it was an acetylated derivative
of SSb; (O-acetyl-SSb;). The structures of these acetylated
saikosaponins are shown in Supplementary Figure S38.

For compounds 53, 55, 62, and 66 in the ESI"mode, in addition
to fragment ions such as m/z 925 ([M—-42-H]") and m/z 907
(IM—-60-H]"), the other fragment ions were the same as those of
SSc; thus, these were acetylated derivatives of SSc. Their fragment
ions in the ESI" mode are shown in Supplementary Table S3 and
in combination with the fragment ion in the ESI"mode m/z 779
(IM-42-C4H,,0,~H]") and m/z 761 ([M—60-CsH,,04~H]),
it was deduced that the acetyl group was substituted by the
OH group of terminal glucose of the saccharide chain, rather
than that of the aglycone. For SSc, the OH group at the 1"
position of the terminal glucose of the saccharide chain was
attached to rhamnose, and only four OH groups at positions 2",
3", 4", and 6™ could be substituted by an acetyl group. Based on
the order of their retention times, the 4 compounds were
identified as 2"-O-acetyl-SSc, 3"-O-acetyl-SSc, 4"'-O-acetyl-
SSc, and 6"'-O-acetyl-SSc, respectively. The fragmentation
pathway in the ESI'mode for 6"'-O-acetyl-SSc is shown as a
representative example in Supplementary Figure $39. Similarly,
compounds 57, 59, 63, and 69 were identified as 2"'-O-acetyl-SSf,
3"-O-acetyl-SSf, 4"-O-acetyl-SSf, and 6"'-O- acetyl-SSf,
respectively. Their structures are shown in Supplementary
Figure S40.

Based on the fragment ions, compounds 67, 70, 80, and 85
were acetylated derivatives of SSb;/SSby, and according to their
fragment ions in the ESI" mode (Supplementary Table S3), their
acetyl groups were substituted by saccharide chains. Of these,
compound 67 had the shortest retention time, which was 2"-O-
acetyl-SSbs. After comparison with the standard substance,
compound 80 was deduced to be 6”-O-acetyl-SSbs, while
compound 85 had a retention time that followed that of
compound 80 and was thus deduced to be 6"-O-acetyl-SSby;
both structures are shown in Supplementary Figure S41.

The same analytical procedure was employed to identify
compounds 36, 39, and 46 in the ESI'mode, and the
abundance of the m/z 423 ([aglycone—48—H]") fragment ion
was smaller than that of the fragment ion m/z 439 ([aglycone
-32-H]") for all compounds; thus, they were identified as
acetylated derivatives of SSs (a-OH at position Cyg).
Combined with their fragment ions in the ESI" mode
(Supplementary Figure S$28), the acetyl groups were all
substituted by the terminal glucose of the saccharide chain.
According to the order of the respective retention times,
compounds 36, 39, and 46 were identified as three of 2"'-O-
acetyl-SSs, 3""-O-acetyl-SSs, 4"-O-acetyl-SSs, and 6"'-O-acetyl-
SSs, and the respective structures are shown in Supplementary
Figure S42. With 6"'-O-acetyl-SSs as a representative example,
the fragmentation pathway in ESI"is shown in Supplementary
Figure S43. Similarly, compound 18 was identified as O-acetyl-
Bupleuroside V. For compound 61, based on its formula and
fragment ions in the ESI'mode, it was speculated that the Cy;
position had an additional OCHj substituent at the aglycone
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compared with O-acetyl-SSs, according to its fragment ion
pattern in ESI" (Supplementary Table S3), which indicated
that an acetyl group was substituted by the aglycone; it was
identified as  23-O-acetyl-(11a-methoxyl-SSs), and its
fragmentation pathway in the ESI'mode is shown in
Supplementary Figure S44.

Compounds 106 and 108 were analyzed in ESI", their
fragment ions all appeared to be m/z 821 ([M-42-H]"), m/z
779 ([M-84-H]"), and m/z 761 ([M—-60-42-H] ), and the
remaining fragment ions were the same as those of SSa/SSd,
which indicated that they were diacetyl derivatization products of
SSa/SSd. Supplementary Table S3 indicated that their acetyl
groups were all substituted by the saccharide chain; according to
their retention times, compounds 106 and 108 all followed the
SSd; thus, they were identified as O-diacetyl-SSd.

For compounds 82 and 101 in the ESI 'mode, m/z 821
(IM—44-H]") and m/z 779 ([M-86-H]") fragment ions were
produced, and the remaining fragment ions were the same as
those of SSa/SSd, which indicated that they were malonylated
derivatives of SSa/SSd. As shown in Supplementary Table S3, the
malonyl groups were all substituted by the saccharide chain, and
after assessing their retention time, compound 82 followed SSa
and preceded SSd, and compound 101 followed SSd; thus,
compound 82 was O-malonyl-SSa and compound 101 was
O-malonyl-SSd. Similarly, compound 43 was identified as
O-malony-hydroxysaikosaponin c.

Compounds 91 and 107 were analyzed in the ESI” mode, their
fragment jons all appeared at m/z 863 ([M—44-H] ), m/z 821
([M—-86-H]), and m/z 779 ([M—42-86—H]"), and the remaining
fragment ions were the same as those of SSa/SSd, which indicated
that their structures contained an additional malonyl substituent and
an additional acetyl substituent compared with SSa/SSd.
Supplementary Table S3 indicated that their malonyl and acetyl
groups were substituted by the saccharide chain. Analyzing their
retention times, compound 91 followed SSa and preceded SSd, and
compound 107 followed SSd; thus, the former was O-malonyl-
acetyl-SSa, and the latter was O-malonyl-acetyl-SSd.

UPLC-PDA-Q/TOF-MS Analysis of the

Saikosaponin Extract of BC and BMW

The same sample processing and UPLC-PDA-Q/TOF-MS
detection methods were applied to identify saikosaponins of
BC and BMW, which were then compared with BMS, to
explore the similarities and differences of saikosaponins from
three Bupleurum species. As shown in Supplementary Figure
$45, except for a few individual saikosaponins (compounds 15
and 96 were not found in BC, compounds 15, 83 and 96 were not
found in BMW)), the saikosaponins in BMS were almost the same
as those in BC and BMW, which have a material basis as an
alternative variety of BC and BMW.

DISCUSSION

In this study, we used UPLC-PDA-Q/TOF-MS technology to
identify saikosaponins from Bupleurum species. In previous
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studies on identification of saikosaponins by UPLC-MS, most
of the sample-processing methods used organic reagents
such as methanol to crudely extract the saikosaponins
from samples, and the saikosaponin components were
not further enriched and purified, which may cause
omission and interference in the detection of saikosaponin
components. In most studies, only a small amount of
saikosaponin standards (0-12 standards) were used for
analysis; the fragmentation pathways, characteristic loss,
retention times, and UV spectral features of saikosaponin
standards  were  not  thoroughly  analyzed and
comprehensively summarized, so not only could some
saikosaponins and their isomers not be accurately
distinguished and structurally identified but also the types
and numbers of saikosaponins identified in Bupleurum
species were not many, usually dozens of them, and
new saikosaponins are rarely found. Compared with
previous studies on the identification of saikosaponins by
UPLC-MS, the significance and advantages of our
established method are summarized below. First, an
effective sample-processing method was established, which
not only purifies and enriches the saikosaponins but can
also eliminate the interference of non-saikosaponins for
subsequent analysis. Second, we combined DDA and DIA
modes to complement each other and more accurately and
comprehensively scanned and analyzed parent ions and
product fragment ions of saikosaponins. Third, our study
was the most comprehensive characterization of
saikosaponins in Bupleurum species to date. In this study,
the mass spectrometric fragmentation rules, UV spectral
features, and chromatographic behaviors of different types
of saikosaponins were first investigated and fully
summarized using as many as 24 saikosaponin standard
substances, the reliability of isomer structures was greatly
improved, and a total of 109 saikosaponins were identified,
of which 25 were new compounds. Fourth, this paper
analyzed and summarized the characteristic fragment ions
and fragmentation pathways of saikosaponins containing
carbonyl groups and type IV saikosaponins for the first
time, based on which these types of saikosaponins were
identified, which is of great significance to the expansion of
the identification of saikosaponin types.

CONCLUSION

Saikosaponins are the most important and prominent
medicinal components in Bupleurum medicinal materials;
thus, it is important to identify and analyze saikosaponins
in BMS and other Bupleurum species. In this study,
the fragmentation pathways of different types of
saikosaponins were investigated by UPLC-PDA-Q/TOF-MS.
Based on accurate exact mass and the elemental compositions
of the fragment ijons of 24 standard substances, the
mass spectrometric fragmentation pathways, UV spectral
features, and chromatographic behaviors were proposed
and applied to identify the saikosaponins in extracts
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from BMS. A total of 109 saikosaponins were identified
and characterized, of which 25 were new compounds and
60 were first discovered in BMS. Further studies revealed
that the saikosaponins in BMS were almost the same as
those in BC and BMW, which indicates that there is a
rationale for BMS to be used as an alternative to BC
and BMW as medicine. This study provided a foundation

for further quality control, pharmacological and
pharmacodynamic studies, and the development and
application of saikosaponins extracted from BMS and

present in other Bupleurum species. In the future, we will
also conduct detailed study regarding the remaining
components of BMS, such as flavonoids, volatile oils, and
polysaccharides.
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