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KEYWORDS Abstract  Allium macrostemon Bge. (AMB) and Allium chinense G. Don (ACGD), both named
Mass spectrometry imaging; Allii Macrostemonis Bulbus or Xiebai in Chinese, belong to the same genus. They are both used
Allium macrostemon; as edible vegetables and medicinal herbs for the treatment of atherosclerosis. So far, comparative
Allium chinense; analysis of the spatial metabolomes and platelet aggregation function of steroidal saponins has
Steroidal saponins; rarely been performed. In this study, high mass resolution matrix-assisted laser desorption/ioniza-
Spatial distribution; tion time-of-flight imaging mass spectrometry (MALDI-TOF MSI) were performed on the fresh
Platelet inhibitory activity bulbs of these two herbs for the spatial distribution of steroidal saponins, and ultra-high-

performance liquid chromatography tandem triple quadrupole mass spectrometry (UHPLC/
TQD-MS) was used to quantify their content levels. Platelet inhibitory activity induced by arachi-
donic acid, adenosine diphosphate and collagen were fully investigated. A total of 53 differential
variables with compounds were identified or tentatively characterized between AMB and ACGD
samples by UHPLC/TQD-MS. Furthermore, these steroidal saponins were almost distributed in
tunic and outer scale regions of AMB, while they were rich in tunic and whole leaf scale, and rarely
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in developing flower bud of ACGD bulbs. Quantitative results demonstrated several saponins were
the unique components for AMB (macrostemonoside I, timosaponin B-II, macrostemonoside F,
etc.) and ACGD (chinenoside I, chinenoside 11, chinenoside IV, etc.). Moreover, spirostanol sapo-
nins exhibited stronger inhibitory platelet activity than furostanol saponins, and the structure activ-
ity relationship was further summarized. In conclusion, high-mass resolution MALDI full-scan
MSI provides abundant spatial distribution information of steroidal saponins in AMB and ACGD.
And we finished the discussion of their activity characteristics. These findings would benefit the
understanding of safety and effectiveness for their edible and medicinal use.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Due to high medicinal and edible properties, Allii Macrostemonis Bul-
bus, also named Xiebai in Chinese, has attracted increasing interests in
botanical classification, active compounds and pharmacological activ-
ity (Meng et al., 2019; Yao et al., 2016). Allium macrostemon Bge.
(AMB) and Allium chinense G. Don (ACGD) are its two original
medicinal plants (Yao et al., 2016). AMB is widely distributed in East
Asian countries (including China, Japan, Korea, Mongolia) and the
Russian Far East (He et al., 2018), whereas ACGD is native to China
and also naturalized in other parts of Asia as well as North America
and Europe (Choi et al., 2012; Shahrajabian et al., 2020). In China
and Japan, the dry bulbs of these two herbs are the important drugs
possessing antiplatelet aggregation, lipid-lowering, anti-
atherosclerosis, cardiovascular protection, and anti-bacterial activities
(Li et al., 2014; Yao et al., 2016). In addition, ACGD is also called as
Ganoderma lucidum in vegetables owing to its rich nutritional values as
intestinal tonic and stomachic (Duke, 2021).

The significant benefits of AMB and ACGD had attracted intense
attention on the isolation and identification of active compounds in
these two herbs. Until now, about 100 chemical compounds have been
isolated from AMB and ACGD bulbs (Chen et al., 2010; Kim et al.,
2017; Peng et al., 1996). They share quite similar chemical component
profiles, typically with steroidal saponins nitrogenous compounds as
the two most abundant compound species. Ultra-high-performance
liquid chromatography tandem mass spectrometry (UHPLC/MS)-
oriented qualitative and quantitative results also supported these
results (Qin et al., 2016a; Qin et al., 2018; Qin et al., 2016b). Further-
more, laxogenin and its corresponding glycosides are considered as the
representative chemotaxonomic markers of ACGD, while the major
chemical diversity of AMB originates from different sapogenins (in-
cluding smilagenin, sarsasapogenin, tigogenin, etc.) and their deriva-
tives (Yao et al., 2016). Meanwhile, a small portion of smilagenin-
related steroidal saponins is also present in ACGD samples (Yao
et al., 2016).

Although the chemical similarities and differences of AMB and
ACGD have been investigated extensively, comparative analysis of
spatial distribution of steroidal saponins in the bulbs have been only
scarcely reported. In the past decade, spatial metabolome using high
mass resolution matrix-assisted laser desorption/ionization time-of-
flight imaging mass spectrometry (MALDI-TOF MSI) has been a
developing and rapidly expanding field which provides a direct connec-
tion between tissue distribution and individual compounds (Cui et al.,
2022; Huang et al., 2022). The elucidation of spatial metabolome in
AMB and ACGD is particularly important in the fields of plant taxon-
omy, chemical authentication and quality control because it provides
visual spatial distribution information of secondary metabolites in
the fresh bulbs of these two species. The sample preparation, spatial
resolution, and physico-chemical properties of each steroidal saponin
would influence the intensity/mass of target compounds (Cui et al.,
2022; Huang et al., 2022).

In addition, previous researches have reported that several sapo-
nins showed significant concentration-dependant inhibitory activity

towards platelet aggregation induced by adenosine diphosphate
(ADP) (Feng et al., 2019; Ling et al., 2021; Ou et al, 2012). For exam-
ple, macrostemonoside A, macrostemonoside F, xiebai saponin I, and
smilaxin A in AMB and/or ACGD were identified as the potential
inhibitors for rabbit platelet aggregation with ICsy values of 65.0,
20.0, 78.0 and 82.0 nM, respectively (He et al., 2003; Peng et al.,
1993; Peng et al., 1992). Further, macrostemonoside A was considered
as a potential anti-obese agent due to its remarkable effects on decreas-
ing the blood sugar, triglyceride, cholesterol and low density lipopro-
tein levels in mice with hyperglycemia, hyperlipidemia and visceral
obesity (Xie et al., 2008; Zhou et al., 2007). Meanwhile, macroste-
monoside A possibly have therapeutic relevance for the treatment of
human colorectal cancer (Wang et al., 2013). However, the structure
activity relationship or active soft spots of steroidal saponins in
AMB and ACGD still remains unclear.

In the present work, we established a multi-step analysis strategy to
perform the visual authentication and active soft spots of steroidal
saponins in AMB and ACGD (Fig. 1). First, chemical characterization
and metabolomics were performed by UHPLC/MS-MS for the identi-
fication of differential variables between AMB and ACGD samples.
Then, the spatial-chemical distribution of these variables in bulb sec-
tions of these two species was explored by MALDI-TOF MSI
approach. Third, comparative analysis of content levels of the differen-
tial compounds was investigated by UHPLC/MS-MS. Finally, the soft
spots or structure activity relationship of these saponins towards anti-
platelet aggregation activity in AMB and ACGD were summarized.
Taken together, we hope that this study could provide deeper insights
for the quality control, biological function and dietary supplement
development of steroidal saponins in AMB and ACGD samples.

2. Material and methods

2.1. Chemicals and plant samples

A total of thirty and thirty-two batches of A/lium macrostemon
Bge. (AMB, n = 30) and Allium chinense G. Don (ACGD,
n = 32) samples were collected from different regions of
China, respectively (Table S1). And they were taxonomically
identified by Professor Xinsheng Yao who works in the Col-
lege of Pharmacy, Jinan University, China, and stored at
—80 °C before use. Diosgenin, gitogenin, laxogenin, sarsasa-
pogenin and tigogenin, were purchased from Fans Biotechnol-
ogy Co., Itd (Guangzhou, China). Other authentic standards
including macrostemonoside A, macrostemonoside B,
macrostemonoside E, chinenoside I, chinenoside II, were iso-
lated from AMB and ACGD in our laboratory (Chen et al.,
2010; Qin et al., 2016a; Qin et al., 2018). These standards were
stored at —20 °C in our standard sample library at Jinan
University, Guangzhou, China. 2,5-dihydroxybenzoic acid
(DHB) and lithium trifluoroacetic acid (LiTFA) were obtained
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from Sigma-Aldrich (Shanghai, China). Liquid chromatogra-
phy mass spectrometry grade acetonitrile, methanol, water
and formic acid were obtained from Fisher Scientific (Fair
Lawn, NJ). Other chemical reagents were of analytical grade.

2.2. Sample preparation

The extraction procedure was performed as described previ-
ously (Liang et al., 2022). In brief, the AMB and ACGD
samples were first freeze-dried by vacuum freeze-dryer, and
crushed using a mixer mill with a zirconia bead (30 Hz,
1.5 min). The lyophilized powder (0.1 g) was dissolved with
70 % methanol solution (1.0 mL), and the mixture was vor-
texed for 30 s every 30 min for 6 times in total. The sample
was placed in a refrigerator at 4 °C overnight, and
centrifugated at 12000 rpm for 10 min. The supernatant was
filtrated with a 0.22 pm membrane and injected into
UHPLC-MS/MS analysis.

2.3. Quantitative analysis

A UHPLC-MS/MS quantitative method for the main com-
pounds in AMB and ACGD was developed and validated
based on the limit of detection (LOD), limit of quantification
(LOQ), linearity, precision, repeatability, stability, and recov-
ery tests (AOAC international, 2002; Qin et al., 2016a,
2016b; Ren et al., 2022). The LOD and LOQ values were
determined as 3 ~ 5-fold and 8 ~ 10-fold of the ratio of
signal-to-noise (S/N), respectively. In addition, the calibration
curves were developed from the respective peak area of each
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The schematic workflow of visual authentication and activity evaluation of steroidal saponins in AMB and ACGD.

compound versus a set of seven concentrations of each analyte.
Traditionally, the correlation coefficients (R?) over 0.9990 were
satisfactory. Further, the accuracy of the instrument was eval-
uated after the test solution was continuously injected six times
within 24 h. And the identical samples were prepared and
injected six times for repeatability analysis. The stability tests
were finished through placing the samples at room temperature
for 0, 4, 8, 12 and 24 h. Moreover, the recovery test was carried
out by adding known amounts at a ratio of 1:1, and recoveries
were obtained based on the equation: recovery (%) = (ob-
served amount — original amount) / spiked amount x 100.

2.4. UHPLC-MS/MS conditions

The chromatographic separation was performed using an
UHPLC system (Waters Acquity UHPLC I-Class) on an HSS
T3 column (2.1 mm x 50 mm, 1.7 pm) with mobile phase of pure
water (A) and acetonitrile (B) both with 0.1 % formic acid. The
gradient programs were 5 % B from 0 to 0.5 min, 5-18 % B
from 0.5 to 1.0 min, 18-20 % B from 1.0 to 5.0 min, 20 % B
from 5.0 to 7.0 min, 20-30 % B from 7.0 to 10.0 min, 30—
55 % B from 10.0 to 15.0 min, 55-80 % B from 15.0 to
16.0 min, 80-100 % B from 16.0 to 17.0 min, 100 % B from
17.0 to 18.0 min. The flow rate was set as 0.5 mL/min and the
column oven was set to 35 °C. The injection volume was 4 pL.

UHPLC analysis was coupled to a triple quadrupole mass
spectrometer (Waters Xevo TQ-D). The operation parameters
were as follows: capillary voltage 3.5 kV (ESI + )/1.5 kV
(ESI-); cone voltage 50 V (ESI + and ESI-); desolvation gas
flow 650 L/h; source temperature 350 °C. A series of multiple
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reaction monitoring (MRM) transitions were monitored for
each period according to the steroidal saponins eluted within
this period (Table S2). All data were processed on platform
of Masslynx 4.1.

2.5. Multivariate statistical analysis

Unsupervised principal component analysis (PCA) between
AMB and ACGD groups was performed by the prcomp statis-
tics function within R platform (https://www.r-project.org)
after obtained experiment data was unit variance scaled. Then,
the data was processed with log transform (log,) and mean
centering analysis for orthogonal partial least squares discrim-
ination analysis (OPLS-DA). VIP values were derived from
OPLS-DA results, which also provided the score plots and per-
mutation plots. A total of 200 permutations test was per-
formed to avoid overfitting. The compounds which were
defined as the most important variables between these two
plants need meet three factors of VIP values > 1, log,FC (fold
change) > 1 and p < 0.05 (Huang et al., 2022).

2.6. Sample preparation for MALDI MSI assays

The fresh bulbs were first crosscut. For cryosectioning, the
crosscut zone of bulbs was directly fixed in three drops of dis-
tilled water. The samples were cross-sectioned at 12 um thick-
ness at —20 °C using a Leica CM1950 cryostat (Wetzlar,
Germany). Afterwards, the sections were placed on electrically
conductive slides coated with indium tin oxide (ITO), and the
slides were dried in a vacuum desiccator for 30 min. DHB solu-
tion (15 mg/mL) was prepared and the solvent was 90 %
methanol-water solution containing 0.1 % LiTFA. Then
DHB matrix solution was sprayed evenly on the ITO slide
using TM-Sprayer matrix spray apparatus. The parameters
were as follows: temperature 75 °C, flow rate 0.1 mL/min,
pressure 8 psi. A total of 24 cycles were sprayed, and drying
time between each cycle was 10 s.

2.7. MALDI MS imaging measurements

MALDI timsTOF MSI measurements were achieved on a pro-
totype Bruker timsTOF flex MS system (Bremen, Germany)
equipped with a 10 kHz smart beam 3D laser. The correspond-
ing laser power was set to 80 % and then fixed throughout the
whole assays. The mass range were from m/z 200 to m/z
1300 Da in positive ion mode. The spatial images were
acquired at a 100 pm laser step size, and each mass spectrum
consisted of 500 laser shots. All RAW data were imported into
Bruker SCIiLS Lab software, and normalized with the Root
Mean Square. Then, the signal intensity in each visual image
represented the normalized intensity. The red and blue spots
represented the high and low content of one ion in the image,
respectively.

2.8. Platelet aggregation inhibitory activity

Light transmission aggregometry (LTA) was classical and
well-recognized approach to measure platelet aggregation rate
(Lu et al., 2017). First, blood samples were collected into vac-
uum blood collection tube (containing 0.1 mL 109 mM citrate

sodium) from healthy subjects. Differential centrifugation was
applied to prepare platelet rich plasma (PRP) and platelet poor
plasma (PRP) at room temperature. The blood samples were
centrifugated at 950 rpm for 10 min, and the supernatant
was PRP samples. Then, the residual blood samples were sep-
arated by centrifuging at 3200 rpm for 20 min to obtain PPP
samples. Automatic platelet aggregation instrument AGS800
(Shandong, China) was used to investigate the platelet aggre-
gation rate. The transmittance of PPP sample was 100 % as
a control group. Different inducers including arachidonic acid
(AA), adenosine diphosphate (ADP) and collagen, and tested
compounds (100 uM or 50 pM) were added into PRP samples,
and their transmittance was dynamically measured and
recorded. Platelet aggregation curve and maximum aggrega-
tion rate (%) were used to reflect the platelet aggregation inhi-
bitory function of tested compounds.

2.9. Statistical analysis

All data were shown as mean + standard deviation (n = 3).
The differences between treatment and control groups were
obtained by Student’s 7-test. And the levels of significant dif-
ference were set at p < 0.05 (¥*), p < 0.01 (**) and
p < 0.001 (*¥**).

3. Results

3.1. Chemical characterization of steroidal saponins in AM B and
ACGD bulbs by UHPLC-MS/MS

In our previous study, we have performed the chemical profiles
of AMB and ACGD by UHPLC/Q-TOF-MS (Qin et al., 2018;
Qin et al., 2016b). Based on the optimized MRM transitions, a
comprehensive profile of steroidal saponins in these two herbs
was achieved by UHPLC-MS/MS (Fig. SI and Table S2). A
total of 77 steroidal saponins were detected in AMB and
ACGD samples, of which 47 compounds were identified with
authentic standards. Obviously, several compounds were char-
acteristic components for AMB (Fig. S1A) and ACGD
(Fig. S1B), respectively.

3.2. Identification of differential compounds between AMB and
ACGD groups

As shown in Fig. S2A, AMB samples (n = 30) were markedly
separated with ACGD samples (n = 32) in unsupervised PCA
plot. These indicated there were significant differences among
the structural type and intensity values of their compounds.
Then, the volcano plot (Fig. S2B) gave the similar results that
36 variables and 30 compounds obviously up-regulated and
down-regulated in AMB group compared with ACGD group,
respectively. Further, 53 compounds (Table S3) in total with
VIP values over 1.0 were identified as differential variables
between AMB and ACGD groups in VIP plot (Fig. S2C).

3.3. Comparative analysis of spatial distribution of steroidal
saponins in AMB and ACGD bulbs by MALDI MSI

As displayed in Fig. 1B, transverse sections showed the mor-
phology and sizes of AMB accounted for no more than those
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Matrix-assisted laser desorption/ionization coupled MS images of AMB (left) and ACGD (right). Visual ion images of m/z

1075.4706 ([Chinenoside I + K]*) and m/z 1059.4956 ([Chinenoside I + Na]™) (A), m/z 943.4335 (([Comp27 + K]") (B), m/z 903.4939
([Timosaponin B-II + H-H,0]™) and m/z 959.4648 ([Timosaponin B-II + K] ™) (C), m/z 1041.4867 ([Chinenoside IT + Na] ") (D), m/z
915.4634 ([Macrostemonoside I + H-H,0]") and m/z 971.4244 ((Macrostemonoside I + K] ) (E), m/z 755.4229 ([Compl8 + H-H,0]")
(F). Visual ion images were detected and recorded with a step size of 100 um. The mass accuracy was no>5 ppm. See Supporting
Information Table S1 for more detailed information on the compound characterization.

50 % of ACGD. And they have similar anatomical structure
including tunic, leaf scale and developing flower bud as illus-
trated in Fig. 1C. Due to the morphology and sizes, ACGD
have more leaf scales than AMB. Each leaf scale orderly and
alternately arranged. The leaf scales of AMB and ACGD both
occupied over 90 % of the whole transverse section.

Spatial distribution patterns of several main differential
steroidal saponins in these two species are demonstrated in
Fig. 2 and Table 1. Each visual image represented the adduct
ions including [M + H-H,O]", [M + H]", [M + Na]" and
[M + K] of steroidal saponins in AMB and ACGD bulbs.
Overall, the steroidal saponins derived in AMB were observed
mainly in tunic, showing a great contrast with the widely dis-
tributed saponins in ACGD. For example, the adduct ions at
m/z 1075.4706 (M + K]") and m/z 1059.4956 (M + Na]*)
beard some similarities in ACGD and were not detected in
AMB, which were mainly observed in the tunic and leaf scale
regions (Fig. 2A). This was because these compounds were
particular in ACGD, not in AMB. Similar results were
obtained for the characterization of Chinenoside II and its
derivatives in Fig. 2D. When investigated further, several ster-
oidal saponins with molecular formulas of C45H74018 or
C45H76019 were the common compounds with the same ions
at m/z 903.4939 and 959.4648, which were also detected in
these two herbs (Fig. 2C). In Fig. 2F, the weak visualization
of common ion m/z 755.4229 illustrated the intensity/mass of
macrostemonoside S in AMB and compounds 17 and 18 in

ACGD were low. In addition, the adduct ions at m/z
943.4335 (Fig. 2B), m/z 915.4634 and m/z 971.4244 (Fig. 2E)
were all observed in AMB tunic and ACGD bulbs, although
compounds 26 and 27 were unique in ACGD, while macroste-
monoside I was particular in AMB.

To better reveal the pathway of sapogenin-related higher
sugar moieties substitution, a series of visual ion images
including several saponins and their glycosides were performed
in Fig. 3. Sarsasapogenin and tigogenin were selected as the
examples, and their visual [M + H]" ion at m/z 417.3355 in
Fig. 3F, which were rich in AMB tunic and ACGD tunic
and leaf scale. Their mono-glycosides with [sapogenin + Ga
1/Glc + H]" at m/z 579.3924 showed similar spatial distribu-
tion in both these two species (Fig. 3E). With the increase of
sugar moieties, several main ions at m/z 741.4443
([sapogenin + Gal + Glc + H]") (Fig. 3D), m/z 1103.5031
([sapogenin + Gal + 3 x Glc + K]") (Fig. 3B), and m/z
1249.5832 ([sapogenin + Gal + 4 x Glc + Na]™) (Fig. 3A)
were obviously observed in ACGD developing flower buds,
while the ion at m/z 941.4544 ([sapogenin + Gal + 2 x Gl
¢ + K]7) (Fig. 3C) was also could be barely observed in devel-
oping flower bud of AMB bulbs.

In addition, laxogenin and its derivatives were particular
compounds in ACGD samples. Visual ion images of the
adduct ion at m/z 1057.4646 (M + K] ") in tunic and leaf scale
indicated the compounds were chinenoside II and its isomers
(Fig. 4A). Subsequently, chinenoside II lost one sugar group



Table 1 The detailed MALDI MSI data of steroidal saponins in AMB and ACGD samples.
No. Compounds Formula Adduct Theoretical Measured Error Origin
ion value value (ppm)
57/58  25(S)-Chinenoside I / Chinenoside I C49HS80023 [M + Na]® 1059.4988 1059.4956 —3.0 ACGD
[M + K]©  1075.4727 10754706 —2.0 ACGD
26/27  26-O-B-p-glucopyranosyl-3f,22,26-tridyroxy-25(S)-5a-furostan-6-one-3-O- C44H72019 M + K]°* 943.4305 943.4335 32 ACGD
o-L-arabinopyranosyl-(I — 6)-B-p-glucopyranoside /
26-O-B-p-glucopyranosyl-33,22,26-tridyroxy-25(R)-Sa-furostan-6-one-3-O-a-L-arabinopyranosyl-(1 — 6)-B-p-
glucopyranoside
31/32/ Timosaponin B-II / 25(R)-Timosaponin B-II / C45H76019 [M + H- 903.4953 903.4939 —1.5 AMB/
35/36  25(S)-26-O-B-p-glucopyranosyl-Sa-furost-3f,26-didyroxy-3-O-{O-B-p-glucopyranosyl-(1 — 2)-B-p- H,0] ™" ACGD
glucopyranosyl-(1 — 4)-B-p-galactopyranoside} / 25(R)-26-O-B-p-glucopyranosyl-5a-furost-3p,26-didyroxy-3-O-
{O-B-p-glucopyranosyl-(1 — 2)-B-p-glucopyranosyl-(1 — 4)-B-p-galactopyranoside}
M + K" 959.4618 959.4648 3.1 AMB/
ACGD
38 Macrostemonoside I C45H72020 [M + H- 915.4590 915.4634 48 AMB
H,0]"
M + K]* 971.4254 971.4244 —-1.0 AMB
59/60/  25(S)-Chinenoside II / Chinenoside II / 25(R)-3B-hydroxy-Sa-spirostan-6-one-3-O-{O-B-D-glucopyranosyl- C49H78022 [M + Na]® 1041.4882 1041.4867 —14 ACGD
61 (1 - 3)-O-B-p-xylopyranosyl-(1 — 4)-O-[a-L-arabinopyranosyl-(1 — 6)]}-p-p-glucopyranoside
[M + K]© 1057.4622 1057.4646 2.3 ACGD
17/18  26-O-B-p-glucopyranosyl-3f,220,26-trihydroxy-25(S)-5a-furostan-6-one-3-0-B-p-glucopyranoside |/ 26-O-B-p- C39H64015 [M + H- 755.4218 755.4229 1.5 ACGD
glucopyranosyl-3,22a,26-trihydroxy-25(R)-5a-furostan-6-one-3-0O-B-bp-glucopyranoside H,0]*"
28/29  25(S)-Chinenoside 11T / Chinenoside II1 C44H70018 [M + K]© 925.4199 925.4240 44 ACGD
62/63  25(S)-Chinenoside IV / Chinenoside IV C50H80023 [M + H]®  1049.5108  1049.5118 1.0 ACGD
51/52/  [26-O-B-p-glucopyranosyl-3[3,22,26-tridyroxy-25(S)-5a-furostan-6-one-3-O-a-L-arabinopyranosyl-(1 — 6)-p-p- C46H74020 [M + H]" 947.4852 947.4852 0.0 ACGD
53/54  glucopyranoside]-Acetylation /
[26-O-B-p-glucopyranosyl-3f,22,26-tridyroxy-25(R)-5a-furostan-6-one-3-O-o-L-arabinopyranosyl-(1 — 6)-B-p-
glucopyranoside]-Acetylation /
[26-O-B-p-glucopyranosyl-3f,22,26-tridyroxy-25(S)-5a-furostan-6-one-3-O-B-p-xylopyranosyl-(1 — 4)-O-B-p-
glucopyranoside]-Acetylation /
[26-O-B-p-glucopyranosyl-3f,22,26-tridyroxy-25(R)-5a-furostan-6-one-3-O-B-p-xylopyranosyl-(1 — 4)-O-B-p-
glucopyranoside]-Acetylation
4 Laxogenin C27H4204 [M + H]' 431.3161 431.3166 1.2  ACGD
40/41  Macrostemonoside G / 25(R)-Macrostemonoside | C45H74020 [M + Na]t  957.4671 957.4676 0.5 AMB
[M + H- 917.4746 917.4776 33 AMB
H,0]*"
43/44/  Elephanoside E / 25(R)-120-OH-Timosaponin B-II / Macrostemonoside J / Macrostemonoside P C45H76020 [M + H- 919.4903 919.4873 —-3.3 AMB
45/47 H,0]"
M + K]* 975.4567 975.4567 0.0 AMB
22 25(R)-12B-hydroxy-Timosaponin A-III C39H64014 [M + H]' 757.4374 757.4404 40 AMB
33/34/ Timosaponin B-III / Macrostemonoside F / C45H74018 [M + H]* 903.4953 903.4939 —-1.5 AMB/
37 25(S)-5a-spirostane-3B-ol-3-O-{O-B-p-glucopyranosyl-(1 — 2)-O-B-p-glucopyranosyl-(I — 4)-p-p- ACGD
galactopyranoside}
[M + Na]®™ 9254773 925.4774 0.1 AMB/
ACGD
M + K" 941.4512 941.4544 34 AMB/
ACGD
12/13  Laxogenin-3-O-{B-p-xylopyranosyl-(I — 4)-B-p-glucopyranoside} / C38H60013 [M + H]' 725.4112 7254114 0.3 ACGD
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Table 1 (continued)

No. Compounds Formula Adduct Theoretical Measured Error Origin
ion value value (ppm)
Laxogenin-3-O-{a-L-arabinopyranosyl-(I — 6)-B-p-glucopyranoside}
25 Laxogenin-3-O-{B-p-xylopyranosyl-(I — 4)-O-[o-L-arabinopyranosyl-(1 — 6)]-B-p-glucopyranoside} C43H68017 [M + K]* 895.4094 895.4054 —-4.5 ACGD
39 20(22)-ene-Macrostemonoside I C45H72020 [M + H]* 915.4590 915.4634 48 AMB
30/48/ Macrostemonoside O / C45H74019 [M + H]* 919.4903 919.4873 —-3.3 AMB/
49/50  25(S)-Sa-spirostane-2a.,3B-diol-3-O-{O-B-p-glucopyranosyl-(1 — 2)-O-B-p-glucopyranosyl-(1 — 4)- B-b- ACGD

galactopyranoside} /
25(R)-Sa-spirostane-2a.,33-diol-3-O-{O-B-p-glucopyranosyl-(1 — 2)-O-B-p-glucopyranosyl-(I — 4)-p-p-
galactopyranoside} /
Macrostemonoside L

14/15/ Timosaponin B-1la / 25(R)-Timosaponin B-Ila /25(R)-Timosaponin A-III C39H64013 [M + H]* 741.4425 741.4443 24 AMB/
16 ACGD
42 25(27)-ene-12B-hydroxy-Macrostemonoside B C57H94030 [M + K]* 1297.5467  1297.5458 —-0.7 AMB
19 Macrostemonoside S C39H62014 [M + H]* 755.4218 755.4229 1.5 AMB
23/24  Chinenoside VII / 25(R)-5a-spirostan-3-O-{O-(4-O-acetyl-a-L-rabinopyranosyl)-(1 — 6)-B-p-glucopyranoside} C40H62014 [M + H]* 767.4218 767.4189 —-3.8 ACGD
55 25(27)-ene-Macrostemonoside Q C45H74021 [M + H]* 951.4801 951.4808 0.7 AMB
M + K]* 989.4360 989.4366 0.6 AMB
56 Macrostemonoside Q C45H76021 [M + H- 935.4852 9354822 —-32 AMB
H,0]*"
M + H]* 953.4957 953.4950 —0.7 AMB
8/9 26-O-B-p-glucopyranosyl-3f3,26-dihydroxy-25(R)-Sa-furostan-20(22)-en-6-one / Laxogenin-3-O-f-D- C33H5209 [M + H]" 593.3690 593.3693 0.5 ACGD
glucopyranoside
1 Diosgenin C27H4203 [M + H]* 415.3212 415.3227 3.6 AMB/
ACGD
74/75  25(S)-Macrostemonoside B / Macrostemonoside B C57H96029 [M + K]* 1283.5674  1283.5733 4.6 AMB/
ACGD
[M + H- 1227.6010  1227.5991 —1.5 AMB/
H,0] " ACGD
20/21/ Pentandroside F /Macrostemonoside R/12B-hydroxy-Macrostemonoside B C57H96030 [M + K]*©  1299.5623  1299.5561 —4.8 AMB/
46 ACGD
68/69/ Macrostemonoside D / Macrostemonoside A-Acetylation C53H86024 [M + Na]® 1129.5407 1129.5401 —0.5 AMB/
70/71 ACGD
[M + K]© 11455146 11455184 33 AMB/
ACGD
6/7 Asparagoside B / 25(R)-Asparagoside B C33H5609 [M + H- 579.3897 579.3924 47 AMB/
H,0]* ACGD
5 Gitogenin C27H4404 [M + H]* 433.3318 433.3337 44 AMB/
ACGD
2/3 Sarsasapogenin / Tigogenin C27H4403 [M + H]* 417.3369 417.3355 —-34 AMB/
ACGD
72/73  25(S)-5(6)-ene-Macrostemonoside B / 5(6)-ene-Macrostemonoside B C57H94029 [M + Na]™ 12655778 1265.5748 —2.4 AMB/
ACGD
10 Macrostemonoside N C33H54012 [M + K]* 681.3252 681.3250 —-0.3 AMB
11 Macrostemonoside M C33HS56012 [M + Na]®  667.3669 667.3660 —1.3 AMB

(continued on next page)
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- - of 132 Da (xylose or arabinose) or 162 Da (glucose) to produce
& ; § 8 E 8 E 8 E 8 § 8 E 8 E 8 ® the fragment ions at m/z 925.4240 (M + K]™) (Fig. 4B) and
S |XZ=x ZxZxZzZz=z=z|8 mjz 895.4054 (M + K]") (Fig. 4C), respectively. These ions
- < were identified as chinenoside 11T and compound 25 (both con-
£ Blo = & 2 2 2 = £ taining their isomers), respectively. Similarly, we obtained the
SRl [T ' L& ion images of m/z 725.4114 (M + H]") in whole ACGD bulbs
2 28 R &5 & & 9 =« z (Fig. 4D). Due to the presence of the ions at m/z 593.3693
g0 @ 2 9073 8 8 |5 (Fig. 4E) and m/z 431.3166 (Fig. 4F) detected in AMB, their
® 2|0 — [ [sa) =) o~ =)} kel 3 . . .
g 73 & g § g § § § § Eo ion images were both observed in ACGD and AMB samples.
5 Moreover, other visual ion images of differential variables and
E 2 = 8§ =T = g 2 S non-differential saponins in AMB and ACGD bulbs were
s |d5 e 89 8 8 3 g demonstrated in Fig. S3-S5 and Table 1. In total, the steroidal
g lﬁ LS x S8 & § § 8 S saponins in AMB were mainly distributed in bulb tunic,
B> - - - - - - - g whereas they were mainly detected in ACGD tunic and leaf
.. % . . . % . E scales, and rarely in developing flower buds.
g2 2 2 ¥ £ 2 Z |S
g + + + + o+ o+ o+ 4+ % 3.4. Comparative analysis of content levels of differential
ZS8|22 2 2 =2 2 2 2 = saponins in AMB and ACGD samples by UHPLC-MS|/MS
55 S 3 . o ,
o ) o O = The quantitative method validation results demonstrated that
= § % 0;0' % 2 this method was sensitive and practical with LOD values rang-
g o = & & ; ing from 5.0 to 50.0 ng/mL and LOQ values between 25.0 and
= < < Q@ b= 200.0 ng/mL (Table S4). In addition, acceptable linear correla-
o) < tion with correlation coefficients values (R?) from 0.9990 to
< 2 0.9999 within the test ranges of each compound (Table S4).
E _%; The relative standard deviation (RSD) values for precision,
. _E» = repeatability and stability were all no>3.7 % (Table S5), sug-
i "E _§ gesting that the quantitative method was stable and repeatable,
o: & E and the sample solution was stable at room temperature for
&G S 24 h. The recovery results were ranging from 98.1 % to
1 8 = 104.3 % with RSD values no>3.6 % (Table S5), indicating
TEw z sufficient reliability and accuracy of the developed method.
? '2 % = As clear shown in Fig. S6, the major differential variables
EE‘ :E, § were particular in AMB or ACGD samples. For example,
§ g § 2 compounds 58, 27, 60, 18 and 12 were all rich in ACGD bulbs
22 2 ‘o as well as compounds 32, 38, 31, 40, 44 and 33 in AMB sam-
2" § E“n u:i ples (Fig. S6). And the content levels of these compounds were
b T A g over 0.1 mg/g. In addition, several common compounds
o i iy % including compounds 20, 74 and 73 were all abundant in these
O: O ?r =) two species (Fig. S6). Obviously, content determination results
o O L] . . . .
) = were more objective than the intensity/mass of several adduct
§ @ = 5 ions derived from visual ion images for the authentication of
é‘ 4 é m = steroidal saponins in AMB and ACGD.
=g 3 3
%7—% §‘ é 2 3.5. Structure activity relationship of main steroidal saponins in
«é g Z % f AMB and ACGD samples
S Fd g : o .
3 3 Q g —é A series of steroidal saponins with different sapogenins and
:% G0 = 2 multiple sugar moieties substitution in AMB as well as
S al ) g‘ laxogenin-related saponins in ACGD were selected for the
Eff = 3 structure activity relationship of platelet aggregation inhibi-
g? ;? < é E tory activity (Fig. S7). As displayed in Fig. 5A and 5D, when
= =) § ,-q-; 0 g ‘:;) the tested compounds were 100 uM (50 uM for sapogenins),
< i e § g 3 2 E the maximum platelet aggregation rates of compounds 66,
S g 3 % E g é g e 16, 34 in AMB and compounds 9, 12, 13, 25 in ACGD were
B § g =8 2‘3 % = g 2 % all less than 50 % of the negative control. In addition, the inhi-
§ g o §¢;L 5 2 o £ = bitory data of these compounds were fitted to log (inhibitor)
1S § ?30 o § 2 ﬁ by é and normalized response equations to obtain the ICsy values
: ﬁ 3 (Fig. S8). The ICsq values of compounds 66, 16, 34, 9, 12, 13
% P 8 = 2g and 25 for the inhibitory effects of AA-induced platelet aggre-
=z 3 8 c & pAa) gation activity were 31.7, 41.6, 50.8, 35.8, 53.0, 25.1 and
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om m 351% O m m 531% O B 285% o 279% om m  253% oOm . 225%
m/z 1249.5832 m/z 1103.5031 m/z 941.4544 m/z 741.4443 m/z 579.3924 m/z 417.3355

Fig. 3 MALDI MSI images of sarsasapogenin/tigogenin-related steroidal saponins in AMB (up) and ACGD (down) bulbs. Visual ion
images of m/z 1249.5832 ([sapogenin + Gal + 4 x Glc + Na]*) (A), m/z 1103.5031 ([sapogenin + Gal + 3 x Glc + K]") (B), m/z
941.4544 ([sapogenin + Gal + 2 x Glc + K]") (C), m/z 741.4443 ([sapogenin + Gal + Glc + H]") (D), m/z 579.3924
([sapogenin + Gal/Glc + H]™) (E), m/z 417.3355 ([sarsasapogenin/tigogenin + H] ™) (F). The scanning step size was set as 100 um for
these visual ion images. The errors of these detected ions were <5 ppm. Gal and Glc meant Galactose and Glucose, respectively. The
details for compounds identification were show in Supporting Information Table S1.

0w B 176% 0 B 153% om N 274% 0 e 174% 0O e 191% [ e 318%
m/z 1057 4646 m/z 925.4240 m/z 895.4054 m/z 725.4114 m/z 593.3693 m/z 431.3166

Fig. 4 Visual MALDI MSI images of laxogenin-related steroidal saponins in AMB (up) and ACGD (down) samples. MALDI MSI
images of m/z 1057.4646 ([sapogenin + 2 x Glc + Xyl + Ara + K]") (A), m/z 925.4240 ([sapogenin + 2 x Glc + Xyl/Ara + K]") (B),
m/z 895.4054 ([sapogenin + Glc + Xyl + Ara + K]™) (C), m/z 725.4114 ([sapogenin + Glc + Xyl/Ara + H]") (D), m/z 593.3693
([sapogenin + Glc + H]") (E), m/z 431.3166 ([laxogenin + H]") (F). Ara, Glc and Xyl meant Arabinose, Glucose and Xylose,
respectively. The visual ion images were detected with a step size of 100 um, and the errors was no > 5 ppm. The detailed MS data were
displayed in Supporting Information Table S1.

40.5 puM, respectively (Table 2). Similarly, the inhibitory effects 4. Discussion
of these compounds towards ADP or collagen-induced platelet

aggregation activity were also investigated (Fig. 5), their dose- Modern analytical techniques including HPLC, UHPLC, LC-

independent inhibitor.y curyes (Fig. 89 and S10) and ICso V?l' MS/MS were widely applied to qualify and quantify the chem-
ues were further obtained (Table 2). Based on the tested activ- ical components in herbal medicines or food supplements (Cui

ity, the active “‘soft spots” or structure activity relationship of et al., 2022: Qin et al., 2016a). Recently, visual MALDI MSI
main steroidal saponins in AMB and ACGD were shown in T C ] ’

N ) approach has been broadly used in plant taxonomy, biomarker
Fig. 6A and 6B, respectively.

discovery, and drug tissue distribution (Alexandrov, 2020). In
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Fig. 5 Evaluation of inhibitory platelet aggregation activity of major steroidal saponins in AMB and ACGD samples. The inhibitory
effects of main saponins in AMB against arachidonic acid (AA, A), adenosine diphosphate (ADP, B) and collagen (C) inducing platelet
aggregation. The inhibitory effects of steroidal saponins in ACGD against AA (D), ADP (E) and collagen (F) inducing platelet
aggregation. The inhibitory activity was evaluated in the absence (control, 0 uM) and presence of tested compounds (50 uM or 100 uM) at
room temperature. Data was represented as mean =+ standard deviation of triplicate. The number of compounds was same as the
information in Supporting Information Table S1. (*compared with those of control, * p < 0.05, * p < 0.01 and * p < 0.001).

this study, we performed MALDI MSI method to depict
molecular images of steroidal saponins in AMB and ACGD
bulbs. Although they belong to one plant species (Allii
Macrostemonis Bulbus or Xiebai in China), fresh AMB bulbs
are usually used as medicinal plant, while ACGD bulbs are
mainly regarded as edible foods (Yao et al., 2016). The appli-
cation of MALDI MSI modes allow us to visualize the com-
mon and differential steroidal saponins in these two species.
About 77 saponins were observed on the bulb sections, along
with their visual tissue-specific distribution. The saponins
beard similar distribution patterns that saponins in AMB were
mainly in bulb tunic and outer leaf scale regions, while they
were distributed in ACGD whole bulbs mainly in tunic and
all leaf scales (Figs. 2-4). Notably, isomeric saponins cannot
be efficiently separated for individual ion image, resulting that
each ion image is an overlap visual image of two or more iso-
mers of saponins. This is also one major limitation of MALDI
MSI application.

Although MALDI MSI method could provide in situ detec-
tion of mapping the spatial distribution of multiple compo-
nents in tissues, the major reason of its limited application is
that visual MALDI MSI detection is lack of efficient chro-
matographic separation of complex mixture (Dong et al.,
2020). This brings a huge obstacle to distinguish the adduct
ions with the same m/z value, further causing ambiguity under-
standing in the identification and characterization of spatial
distribution of individual components (Dong et al., 2020). In
this study, the visual ion images of many isomers were
detected, especially chinenoside I and 25(S)-chinenoside I in
ACGD (Fig. 2A), timosaponin B-II and 25(R)-timosaponin

B-II in AMB (Fig. 2C). For this limitation, several scholars
employed the MS/MS imaging experiment to distinguish the
isomers with minor distinct fragment ions in MS/MS spectra
(Li et al., 2021). Due to the difficulty in the fragmentation of
Na™ and K" adduct ions, lithium trifluoroacetic acid and
DHB were applied for the MS/MS imaging assays (Li et al.,
2021). Two minor differences of the fragment ions at m/z
255.11 and m/z 253.13 were the characteristic diagnostic ions
for paeconiflorin and albiflorin, respectively (Li et al., 2021).
This approach could partially solve the characterization of iso-
mers in AMB and ACGD.

For the steroidal saponins with C25-R or C25-S configura-
tion in AMB and ACGD, the MS/MS imaging is not applica-
ble due to their same parent and fragment ions. Another
solution is that the target components with gradient concentra-
tion was prepared and sprayed evenly on the tissue sections for
further MALDI MSI imaging. And the established standard
curve is used to determine the absolute content level (ng/mm?)
of target components in the interesting region of tissue sec-
tions. This approach has been successfully applied to the dis-
covery of biomarkers (Hulme et al., 2020). Several scholars
also properly combine the MALDI MSI imaging and conven-
tional quantitative methods to elucidate the connotation of
characteristic compounds (Wang et al., 2021). In this study,
the saponin isomers could be efficiently separated and quanti-
fied in UHPLC/MS-MS (Fig. S1). The absolute quantitative
results of each saponin (Fig. S6) support the relative intensity/-
mass results from MALDI-TOF MSI.

In addition, MALDI MSI approach provides an ideal tool
to visualize the specific biosynthetic pathway of secondary
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Table 2 The ICs, values of tested compounds in AMB and ACGD for the inhibitory effects of platelet aggregation activity.

No. Compound Origin Inducer 1Cs values
(nM)
Compl6* 25(R)-Timosaponin A- AMB AA 41.6 £ 6.9
111
ADP 68.3 £ 13.5
collagen >100
Comp31* Timosaponin B-II AMB ADP >100
Comp32* 25(R)-Timosaponin B-11 AMB AA >100
ADP > 100
Comp337* Timosaponin B-IIT AMB ADP >100
collagen >100
Comp34* Macrostemonoside F AMB AA 50.8 £ 13.5
ADP 62.8 £ 12.6
collagen 84.5 £ 22.1
Comp43* Elephanoside E AMB AA >100
ADP > 100
collagen >100
Comp66™ Macrostemonoside A AMB/ACGD AA 31.7 £ 74
ADP 91.1 + 249
collagen >100
Comp9” Laxogenin-3-O-B-p- ACGD AA 358 £ 7.0
glucopyranoside
ADP 73.8 £ 9.6
collagen 88.3 + 124
Comp12* Laxogenin-3-O-{B-D- ACGD AA 53.0 £ 11.7
xylopyranosyl-(1 — 4)- ADP 61.7 £ 94
B-p-glucopyranoside} collagen 84.7 £ 149
Comp13* Laxogenin-3-O-{o-L- ACGD AA 25.1 + 4.5
arabinopyranosyl- ADP >100
(1 - 6)-B-n- collagen 60.0 = 10.9
glucopyranoside}
Comp25* Laxogenin-3-O-{B-p- ACGD AA 40.5 = 7.9
xylopyranosyl-(1 — 4)- ADP 61.4 £ 104
O-[o-L- collagen >100
arabinopyranosyl-
(I - 6)]-p-o-
glucopyranoside}
Comp61# 25(R)-3p-hydroxy-50- ACGD AA > 100
spirostan-6-one-3-O-{O- ADP >100
B-p-glucopyranosyl- collagen > 100

(1 - 3)-O-B-b-
xylopyranosyl-(1 — 4)-
O-[o-L-
arabinopyranosyl-

(I - 6)]}-p-o-

glucopyranoside

Note: The number of compounds was same as the information in Supporting Information Table S1. AA and ADP meant arachidonic acid and
adenosine diphosphate, respectively. AMB and ACGD meant A/lium macrostemon Bge. and Allium chinense G. Don, respectively.

metabolites and their spatial distribution transference (Li
et al., 2021; Tong et al., 2022; Zhang et al., 2022). This spatial
information involving in the biosynthesis of secondary
metabolites would benefit the understanding of the potential
functional link among these metabolites (Dong et al., 2020).
In this study, the sapogenins and their glycosides with different
sugar moieties substitution in AMB and ACGD were visual-
ized with MALDI-TOF MSI for the first time (Figs. 3 and
4). These saponins were mainly distributed in tunic and outer
leaf scales and rarely in developing flower bud of ripe AMB
and ACGD bulbs. Steroidal saponins are a category of active

and functional compounds in these two species (Fig. 5). The
present visual ion images results could provide deeper insights
to better understand the edible and medicinal benefits of
saponins.

Moreover, this is the first time for the structure activity
relationship or active soft spots of steroidal saponins in
AMB and ACGD towards AA, ADP and collagen-induced
platelet aggregation (Fig. 6). Their active characteristics are
summarized as follows: (1) for the sapogenins (tigogenin,
sarsasapogenin, laxogenin, diosgenin, etc.), the spirostanol
saponins with C3-sugar chain displayed potent inhibitory
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Fig. 6 Structure activity relationship involving in inhibitory platelet aggregation activity of furostanol saponins and spirostanol

saponins in AMB (A) and ACGD (B) samples.

effects, and no significant activity when the absence of sugar
substituent at C3 position; (2) for spirostanol saponins in
ACGD, increased activity was detected with shortening of
C3-sugar substituent; (3) for furostanol saponins in AMB,
no changes of the test activity were detected whether or not
desaturation between C5 and C6 position, C12 = o-OH or
C12 = O; (4) for furostanol saponins in AMB, a slight eleva-
tion of test activity was founded when C12 = B-OH, dehydra-
tion between C20 and C22 positions, or C25-R configuration;
(5) for furostanol saponins in AMB, decreased activity was
obtained when a double bond between C25 and C27 positions;
(6) for furostanol saponins in AMB, a significant increase of
activity when saponins with 58-H and C3-gal-glc than those
with 5a-H and C3-gal-glc-glc-glc. The general feature was that
spirostanol saponins exhibited stronger inhibitory effects than
furostanol saponins.

5. Conclusion

In summary, this study finished the metabonomic analysis and found
53 differential saponins between AMB and ACGD samples by
UHPLC/MS-MS. Further, visual spatial distribution of these variables
was investigated by MALDI-TOF MSI approach for the first time.
The steroidal saponins were mainly distributed in outer leaf scale
and tunic of AMB bulbs, while they were founded in whole tunic
and leaf scales and rarely in developing flower buds. In addition, com-
parative analysis of absolute content levels of these saponins in these
two species were performed by UHPLC/MS-MS. Moreover, the struc-
ture activity relationship of these saponins towards platelet aggrega-
tion inhibitory activity by AA, ADP, and collagen were summarized
for the first time. Taken together, the present works investigated the
similarities and differences of steroidal saponins in chemical profiles,
spatial distribution, content levels, and activity evaluation between
these two species. This study would benefit the further and deeper
functional characterization of AMB and ACGD.
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