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Identification of chemical components and rat
serum metabolites in Danggui Buxue decoction

based on UPLC-Q-TOF-MS, the UNIFI platform and
molecular networks+

Yanhui Lv,3 Xike Xu,1? Jishun Yang, i Yuan Gao,?® Jiayun Xin,®® Wei Chen, &2
Li Zhang,® Jiali Li,® Jie Wang,? Yanping Wei,® Xintong Wei,? Jixiang He*®

and Xianpeng Zu © *

Danggui Buxue Decoction (DBD), consisting of Astragalus membranaceus (Fisch.) Bge. var. mongholicus
(Bge.) Hsiao (Huangqi, HQ) and Angelica sinensis (Oliv.) Diels (Danggui, DG), is a traditional Chinese

medicine (TCM) formula with the function of tonifying Qi and promoting blood. In this study, ultra-

performance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UPLC-
Q-TOF-MS) was used to comprehensively identify the chemical constituents in DBD and those entering
into the rat serum after gastric perfusion. A combination of the UNIFI platform and Global Natural
Product Social molecular networking (GNPS) was used to analyze the chemical composition of DBD. As

a result, 207 compounds were unambiguously or tentatively identified including 60 flavonoids, 38
saponins, 35 organic acids, 26 phthalides, 12 phenylpropanoids, 11 amino acids and 25 others.
Furthermore, a total of 80 compounds, including 29 prototype components and 51 exogenous
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metabolites, were detected in the serum of rats. Phase | reactions (oxidation, reduction, and hydration),

phase Il reactions (methylation, sulfation, and glucuronidation), and their combinations were the main

DOI: 10.1039/d3ra04419j

rsc.li/rsc-advances

1. Introduction

Traditional Chinese Medicine (TCM) formulas have attracted
worldwide attention due to their reliable clinical therapeutic
effects.””” TCM formulas are composed of hundreds of compo-
nents and exert their pharmacological effects through the
synergistic contribution of multiple components and multiple
targets.’ However, the complexity of chemical components may
hinder the modernization of TCM formulas. Therefore, it is
essential to systematically determine what components are
present in TCM formulas and which of them can be absorbed
into the blood. Fortunately, serum pharmacochemistry serves
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metabolic pathways of DBD. The results provided fundamental information for further studying the
pharmacological mechanisms of DBD, as well as its quality control research.

as a bridge between chemicals and pharmacology, elucidating
which chemical components can migrate into the blood.*

In recent years, ultra-performance liquid chromatography
coupled with time-of-flight mass spectrometry (UPLC-Q-TOF-
MS) has been widely used for the separation of multiple
components in TCM formulas due to its high sensitivity and
resolution.>” Mass Spectrometry™"*® (MSF) and fast data
directed analysis (fast DDA) are two of the common data
acquisition modes. The former is a representation of data-
independent mode and can provide MS/MS fragmentation of
all precursor ions without ion selection or separation, while the
latter as a data-dependent mode enables targeted fragmenta-
tion of precursor ions with high response strengths exclusively,
which can greatly simplify the complexity of data processing for
structural resolution.>® Consequently, the integration of MS®
and fast DDA acquisition modes can make the comprehensive
characterization of compounds much easier. UNIFI is a power-
ful data processing tool with a variety of data processing
methods including product ion filter (PIF), neutral loss filter
(NLF) and mass defect filter (MDF), which can facilitate the
identification of known components.” Global natural products
social molecular networking (GNPS), a public data-sharing web
platform, can form a visual molecular network based on the
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similarity of MS/MS spectra.'® Currently, GNPS has been widely
applied to metabolomics, identifying chemical components of
TCM, and inferring unknown compounds of TCM formulas
based on the correlation of individual nodes."*** Therefore, the
combination of the above data processing platform and various
acquisition modes can greatly improve the accuracy and effi-
ciency for identifying chemical components and metabolites in
TCM formulas.

Danggui Buxue Decoction (DBD) is a well-known TCM
formula in the Jin Dynasty, which has been used to tonify Qi and
promote blood in clinical practice.** DBD is consisted of Astra-
galus membranaceus (Fisch.) Bge. var. mongholicus (Bge.) Hsiao
(Huangqi, HQ) and Angelica sinensis (Oliv.) Diels (Danggui, DG)
with a weight ratio of 5 : 1. The formula can be used not only as
an effective medicine, but also as a common dietary supple-
ment. Modern pharmacological research has demonstrated that
DBD has pharmacological effects on promoting hematopoiesis,
regulating immunity, anti-tumor, and hepatoprotection.'®” It is
necessary to systematically characterize the chemical compo-
nents of DBD to elucidate the mechanism of its pharmacolog-
ical activities.

In the present work, a database of chemical compound was
first established to facilitate the process of identification. Then,
data acquisition modes of MSF and fast DDA were integrated on
UPLC-Q-TOF-MS and combined with UNIFI platform, molecular
networking for data processing to systematically identify known
and unknown chemical components in DBD. The prototype
components and their associated metabolites were identified in
serum by UNIFI software after oral administration of DBD. The
workflow is shown in Fig. 1. This work provides a material basis
for further investigation on the pharmacological effects of DBD.

2. Materials and methods

2.1. Reagents and materials

The reference standards of calycosin-7-O-B-p-glucoside, cyclo-
astragenol, ferulic acid, ursolic acid, senkyunolide A, adeno-
sine, genistein, glycitin, glycitein, palmitic acid, daidzein,
hesperidin, chlorogenic acid, caffeic acid, salicylic acid, iso-
astragaloside I, astragaloside I, astragaloside IV, were supplied
by Shanghai Liding Biotech Co., Ltd (Shanghai, China). Levis-
tolide A, senkyunolide I, leucine, isoferulic acid were purchased
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Fig.1 The flowchart for the identification of components in vitro and
in vivo of DBD.
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from National Institutes for Food and Drug Control (Beijing,
China). Astragaloside III, genistin, liquiritigenin were
purchased from Herbest Biotech Co., Ltd (Shanxi, China).
Riboflavin, Inosine, Vanillic acid were purchased from
Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China).
Tyrosine, tryptophan, ononin, formononetin, calycosin,
umbelliferone, 7-methoxycoumarin Shanghai ZaiQi Biotech
Co., Ltd (Shanghai, China). The purity of 35 reference standards
was greater than 95%, and the structure of the compounds is
presented in Fig. 2. DG and HQ were provided by Shanghai
Honggqiao Traditional Chinese Medicine Co., Ltd (Shanghai,
China) and authenticated by Prof. Bao-Kang Huang (Depart-
ment of Pharmacognosy, Naval Medical University, Shanghai,
China). LC-MS-grade methanol, acetonitrile, formic acid and
water were obtained from Fisher Scientific Co. (Fair Lawn, NJ,
USA). Leucine enkephalin (LC-MS grade) was provided by
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of DBD and standard solutions

HQ (500 g) and DG (100 g) were mixed together and immersed
into water (1:8, w/v) for 2 h, then extracted three times with
boiled water, which the drug-water ration (w/v) and extract time
were 1:8 and 2 h, 1:6 and 1.5 h, 1:6 and 1.5 h, respectively,
and filtered through gauze. The filtrates were combined and
concentrated to 2.0 g mL~" under reduced pressure at 60 °C.
The DBD extract was diluted to 0.5 g mL ™" with methanol, then
centrifugated at 12 000 rpm for 10 min and filtered through
a 0.22 um syringe filter before analysis.

All the reference standards were accurately weighted and
dissolved in methanol at a concentration of 1 mg mL™ "
Appropriate amounts of standards were combined to obtain the
mixed standard solution, which was centrifuged at 12 000 rpm
for 10 min before analysis.

2.3. Animals and drug administration

Six female Sprague-Dawley rats (weighing 200 + 20 g) were ob-
tained from Shanghai Sippr-BK Laboratory Animal Co., Ltd
(Shanghai, China). All rats were raised under standard condi-
tions of humidity (50% =+ 10%), temperature (25 £+ 2 °C) and
light (12 h light/12 h dark cycle) and fed with standard labora-
tory water and food. The rats were acclimated to the laboratory
for one week before the experiment and were fasted with free
access to tap water for 12 h before administration. All animal
procedures were performed in accordance with the Guidelines
for Care and Use of Laboratory Animals of Naval Medical
University and approved by the Animal Ethics Committee of
Naval Medical University.

All rats were randomly divided into two groups, containing
control group and DBD dosed group (three rats in each group).
DBD was diluted with 0.5% carboxymethyl cellulose sodium
and orally administered to rats at a dose of 30 g kg™ for the
DBD group. An equivalent volume of 0.5% carboxymethyl
cellulose sodium was administered to the control group. The
blood samples were collected from the hepatic portal vein at 1 h
after oral administration and centrifuged at 4000 rpm for

RSC Adv, 2023, 13, 32778-32785 | 32779
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Fig. 2 The chemical structures of 35 reference standards in DBD.

10 min at 4 °C. The obtained supernatant was stored at —80 °C
prior to analysis.

2.4. Preparation of serum samples

Serum samples from the same group were combined for proto-
type components and exogenous metabolites identification. Four
equal volumes of methanol were added to 200 pL of the serum
sample and vortexed for 5 min to precipitate the proteins. After
centrifugation at 12 000 rpm for 5 min at 30 °C, the supernatant
was transferred to another tube and then evaporated to dryness
under vacuum at 30 °C. The residue was redissolved with 100 pL
of methanol through ultrasonication and vortex, and then
centrifuged at 12 000 rpm for 10 min at 4 °C.

2.5. UPLC-Q-TOF-MS analysis conditions

Chromatographic analysis was performed with an ACQUITY
UPLC I-class system (Waters, Milford, MA, USA) equipped with
a binary solvent delivery system, an autosampler, a degasser
and a thermostatifc column compartment. An ACQUITY HSS T3
column (2.1 mm x 100 mm, 1.8 um, Waters, Milford, MA, USA)
was chosen for chromatographic separations. The mobile phase
consisted of solvent A (0.1% formic acid in water) and solvent B
(acetonitrile) with the following gradient elution program: 0-
8 min, 5-15% B; 8-15 min, 15-18% B; 15-25 min, 18-25% B; 25—
37 min, 25-60% B; 37-42 min, 60-65% B; 42-47 min, 65-95% B;
47-49 min, 95-5% B; 49-50 min, 5% B. The injection volume
was set at 1 uL, and the flow rate was 0.4 mL min "

Mass spectrometric analysis was performed on a Waters
SYNAPT G2-Si HRMS system with a ZSpray™ electrospray ion
trap (ESI) source. The desolvation gas flow rate and cone gas flow
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rate were 800 L h™" and 50 L h™", respectively; source offset
voltage, 80 V; cone voltage, 40 V; desolvation temperature, 400 °©
C, and source temperature was set to 120 °C; capillary voltage
was 3.0 kv and 2.5 kV in positive and negative ion mode,
respectively. Data acquisition was performed in positive and
negative ionization modes by MS® and fast DDA modes,
respectively. In the MS® mode, the acquired mass spectra range
was set from 50 to 1500 Da, the scan time was set to 0.3 s, and the
high collision energy was set to 40-70 eV, low collision energy
was set to 6 eV. MS/MS fragments of all precursor ions can be
produced in MS® mode. The energy of the dual dynamic collision
in fast DDA mode was 10-40 V (50 Da) and 40-120 V (1500 Da).
The MS and MS/MS scan rate was 0.2 s. The top 5 strong ions of
the precursor ions were selected for MS/MS fragmentation.'®
Leucine encephalin solution was used as a reference for cali-
bration of the data in real-time, with the lock masses at m/z
556.2771 in positive ion mode and m/z 554.2615 in negative ion
mode, respectively, at a concentration of 200 pg mL ™.

2.6. Compound database construction

By searching the literature and online databases including
PubMed, CNKI, PubChem, TCMSP, TCMID and Chemical Book,
a total of 815 chemical compounds related to DBD were
summarized. A self-generated database of DBD compounds,
including name, chemical structure, molecular formula, and
precise molecular weight, was established. The database would
be directly imported into the UNIFI library to better identify the
chemical components of DBD.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.7. Data processing and analysis

Data acquisition was operated using Masslynx™ V4.1 data
collection software (Waters, Milford, USA) and analyzed by
UNIFI™ V1.8 software (Waters, Milford, USA) and the GNPS
platform. The data under MSF acquisition mode were analyzed
by the UNIFI software. UNIFI conditions included adduct
selection of +H, +Na, +K, +HCOO and +Cl; retention time range,
0.5-50.0 min; mass accuracy tolerance at £5 ppm, mass range
50-1500 Da. For 3D peak detection, peak intensities of high and
low energies were greater than 500 and 100, respectively.
Biotransformation reactions included desaturation, reduction,
oxidation, dehydration, hydration, demethylation, glucosyla-
tion, glucuronidation, methylation, sulfation, glutathione
conjugation, cysteine conjugation and acetyl cysteine conjuga-
tion. The fast DDA mass spectrometry data were converted into
“mzXML” format and then uploaded to the GNPS platform. The
GNPS parameters were set as follows: the precursor ion mass
tolerance and the fragment ion tolerance were set at 2 Da and
0.05 Da, respectively. The cosine score with a value of more than
0.7, meanwhile, there were at least six matched peaks. A
molecular network of DBD was created, and then a visualization
was performed by Cytoscape 3.9.1 (https://www.cytoscape.org/).

3. Results and discussion

In this study, chemical components of DBD in positive and
negative ion modes were analyzed by UPLC-Q-TOF-MS. The MSE
data were processed and analyzed using the UNIFI software to
automatically match the compound fragment information and
identify the known constituents with the compound database.
The fast DDA mass spectrometry data were uploaded to the
GNPS platform for analogous classification and structural
annotation of the unknown components. As a result, a total of
207 chemical components, including 60 flavonoids, 38 sapo-
nins, 35 organic acids, 26 phthalides, 12 phenylpropanoids, 11
amino acids and 25 others were unambiguously identified or
tentatively characterized by comparing their retention times
(RT), fragmentation patterns with reference standards or
previous literature. Among them, 35 compounds were defini-
tively confirmed by comparison with reference standards. The
representative base peak intensity (BPI) chromatograms and
molecular networks were presented in Fig. 3 and S1.f Detailed
information on the components in DBD, including peak
number, RT, compound name, formula, mass error, fragment
ions, classification and origin, are shown in Table S1.}

3.1. Identification of known components in DBD

3.1.1. Flavonoids. Flavonoids are the major chemical
constituents of DBD and are mainly existed in HQ, with anti-
oxidant, anti-inflammatory, anticancer and other pharmaco-
logical effects.”>" In this work, a total of 56 flavonoids were
detected, which were tentatively classified into isoflavones,
flavonols, pterocarpins, isoflavanones, flavanones and others
due to their nuclear structures. Flavonoids were susceptible to
lose 162 Da (glucoside), 146 Da (rhamnose) and 132 Da (xylose
or arabinose) to produce the characteristic product ions, and

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances
Avw
[x

hjﬁ\}ﬂJ&:’ﬂﬁ‘h:&{m"‘inJJ\/,JU\‘;Aﬁ‘;\fL_]d/,«q"\ ) mﬂ j' A'J‘ﬁ“wJ‘m\lu"Mh/f\@J LA

2% B0 1000 | 1250 | 1500 | 1750 | 2000 2250 2500 ' 2750 | 3000 | 3250 & 3500 375

B

F\ i \ el 'uu UU\}

" | t ‘
L V.;.m”wjbw'ﬁ.’JU«,WJfLJ‘&JLJ\WJMJAJUU Wkﬂmlb\}\w‘ﬁ; lumﬂ W/ q‘\ -

5o 1000 | 1250 1500 1750 2000 | 2250 | 2500 | 2750 ' G000 ' G260 | 3800 | 3750 | 4000 4280 | 4500 ' 4750 @ 5000

Fig.3 The base peak intensity (BPI) chromatograms of DBD in positive
(A) and negative (B) ion modes.

some neutral losses of 15 Da (CH3;), 18 Da (H,0) and 28 Da (CO)
could be also observed.? In addition, retro-Diels-Alder (RDA)
reaction was the most likely fragmentation pathways for flavo-
noids, which results in a series of characteristic fragment ions.™
Eleven compounds, including peak 53, 65, 81, 96, 104, 106, 107,
114, 119, 128, 144 were definitely identified by comparison with
reference standards.

Compound 65 produced a quasi-molecular ion at m/z
447.1293 [M + H]" in the positive ion mode. The MS/MS spectra
showed a fragment ion at m/z 285.0830, which was attributed to
the neutral losses of glucoside, and then subsequently
produced a fragmentation pathway analogous to compound
119. Firstly, the loss of CH; from the B-ring at m/z 285.0830
yields the product ion at m/z 270.0594, which continues with the
loss of OH (17 Da) to produce the fragment ion at m/z 253.0552.
The ion at m/z 253.0552 was apt to experience the successive
losses of CO and produced the main fragment ions at m/z
225.0584 and m/z 197.0629, respectively. The product ion m/z
213.0621 can be explained by the direct loss of two molecules of
CO at m/z 270.0594. In addition, compounds 65 and 119 were
also subjected to RDA cleavage to produce fragment ion at m/z
137.0267. By comparison with the reference standards and
literature information, compounds 65 and 119 were finally
identified as calycosin-7-O-B-p-glucoside and calycosin, respec-
tively.*® The mass spectra and proposed fragmentation path-
ways were shown in Fig. 4.

3.1.2. Saponins. Saponins are one of the main components
of DBD. As the major active ingredients of HQ, saponins exhibit
the pharmacological effects such as anti-inflammatory, anti-
tumor, antiarthritic and neuroprotective effects.>*” A total of 38
saponins were identified in this study, most of them were tet-
racyclic triterpenoid saponins with the nucleus structure of
cycloastragenol, in the form of aglycone or at the C-3, C-6 and C-
25 positions of aglycone combined with sugar moieties such as
glucoside (Glc), rhamnose (Rha), xylose (Xyl) or arabinose (Ara)
to form saponins. The saponins showed good response in both
positive and negative ion modes. In the negative ion mode,

RSC Adv, 2023, 13, 32778-32785 | 32781
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Fig. 4 Mass spectra and possible fragmentation pathway of calycosin
(A) and calycosin-7-O-B-b-glucoside (B) in positive ion mode.

saponins exhibited strong [M + HCOO]™ and/or [M-H] ™ peak. In
the positive ion mode, saponins produced a series of charac-
teristic fragment ions, such as m/z 473, m/z 455, m/z 437 and m/z
419, due to the successive loss of sugar moieties and water
molecules, which could facilitate the identification of saponins.
Peak 160 was taken as an example to elucidate the detailed
fragmentation pathway of saponins in DBD. As shown in Fig. 5,
peak 160 showed the precursor ion of [M + HCOO] at m/z
829.4565 and [M-H] ™ at m/z 783.4523 in negative ion mode. The
fragment ions at m/z 651.4120 and m/z 621.4014 were produced
due to the cleavage of the two hydroxyl groups at the C-3 and C-6
positions of the A ring. Subsequently, the successive loss of
xylose (132 Da) and rhamnose (146 Da) led to the production of
aglycone ions at m/z 489.3558. By combining the mass spec-
trometry information of the relevant literature and reference
compound, peak 160 was firmly identified as a saponin named
astragaloside IV.”® In addition, compounds 161, 179, 183 and
204 were confirmed as astragaloside III, astragaloside I, iso-
astragaloside I and ursolic acid, respectively, by comparison
with the RT and fragmentation pathway of the reference
standards.

3.1.3. Organic acids. Organic acids are mainly derived from
DG and play an important role in anti-inflammatory, antibac-
terial, antioxidant, antitumor and neuroprotective effects.”*"*
In the negative ion mode, organic acids are capable of forming
quasi-molecular ion peaks of [M-H|™ and generated fragment
ions due to the neutral losses of CO, and H,O. The neutral
losses of caffeoyl group (162 Da), quinic acid unit (192 Da) and
H,O0 of caffeoylquinic acids are observed. In this study, a total of
34 organic acids were tentatively identified from DBD, and
seven compounds, including vanillic acid, caffeic acid, ferulic
acid, isoferulic acid, chlorogenic acid, salicylic acid and
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Fig. 5 Mass spectra and possible fragmentation pathway of astraga-
loside IV in negative ion mode.
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palmitic acid were confirmed by comparing their fragmentation
pathways and RT with reference standards. For example, peak
32 exhibited the [M-H] ion at m/z 353.0882. Its MS/MS spectra
showed two fragment ions at m/z 191.0563 and m/z 179.0347
(Fig. 6), which were attributed to the neutral losses of CoHeO3
(162 Da) and C,;H;,0s5 (174 Da), respectively. It is worth noting
that the fragment ion at m/z 179.0347 is prone to loss H,O and
CO,, yielding the product ions at m/z 161.0238 and m/z
135.0452, respectively. Peaks 25 and 36 have showed the similar
product ions with peak 32, indicating that the three compounds
might be the isomers of caffeoylquinic acid type phenoic acids.
By comparing with reference standards and literature, they were
assigned as neochlorogenic acid (25), chlorogenic acid (32) and
cryptochlorogenic acid (36).*

3.1.4. Phthalides. Phthalides showed various biological
activities in terms of antiplatelet, antioxidative, antithrombotic,
and anti-hypertensive effects.®® Based on the established
strategy, 26 phthalides were identified from DG, which can be
divided into phthalide monomers and phthalide dimers. In
addition, the class of phthalide monomers can be subdivided
into alkyl phthalide and hydroxy phthalide. Thus, the charac-
teristic fragment ions of the alkyl phthalides were produced
through the losses of H,0, CO, and C,Hg. It is worth to note that
the losses of C,Hg can be used to distinguish alkyl phthalides as
saturated n-butyl and unsaturated butenyl constituents. The
characteristic fragment ions of hydroxy phthalides are gener-
ated by the loss of the corresponding H,O according to the
number of hydroxyls. For the phthalide dimers, they can first be
depolymerized into phthalide monomers, forming into corre-
sponding fragment ions and then generating fragment ions
similar to those of the phthalide monomers.** senkyunolide A
and senkyunolide I were used as examples to elucidate the
fragmentation pathways of alkyl phthalides and hydroxyl
phthalides, respectively. Peak 163 was assigned as senkyunolide
Awith [M +Na]" and [M + H]" ions at m/z 215.0998 and 193.1218
in positive ion mode. Fragment ions at m/z 175.1139, m/z
147.1157, m/z 137.0613, m/z 119.0850 and m/z 105.0696 were
corresponded to [M + H-H,0]", [M + H-H,0-CO,]', [M + H-
C4Hg]", [M + H-H,0-CO,-C,H,]" and [M + H-H,0-CO,-C,H,~
CH,]", respectively (Fig. 7A). Senkyunolide I showed the
precursor ion [M + Na]" at m/z 247.0940. And the fragment ions
at m/z 207.1042, 189.0934, 161.0953 and 133.0645, which could
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Fig. 6 Mass spectra and possible fragmentation pathway of chloro-
genic acid in negative ion mode.
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Fig. 7 Mass spectra and possible fragmentation pathway of senkyu-
nolide A (A) and senkyunolide | (B) in positive ion mode.

be accounted for the series of losses of H,0, CO and C,H,
(Fig. 7B).

3.1.5. Others. In addition to the above chemical constitu-
ents, 45 other types of compounds, including amino acids,
phenylpropanoids, and saccharides, were also observed. Among
them, compounds 8, 9, 11, 13, 27, 42, 50, 102 and 180 were
accurately identified by comparison with the reference
standards.

3.2. Annotation of unknown compounds in DBD

On searching self-built and public databases, it was found that
some nodes in the molecular network were not matched to
known compounds, and which could be considered as
unknown components. GNPS is able to quickly process fast DDA
mass spectrometry data by creating molecular networks, so that
the results can be visualized.'*** In addition, the GNPS platform
is able to utilize the similarity of adjacent nodes to rapidly
predict new compounds, which reduces the duration of the
analysis. The similarity is represented by the cosine value from
0 to 1, and the closer the cosine value is to 1, the higher the
similarity of the mass spectra. 8 compounds in DBD, including
4 flavonoids, 3 lignans and 1 organic acid, were screened out
and tentatively identified by neutral losses, characteristic frag-
ment ions, and fragmentation behaviors of known compounds.

Compounds of the same structural type are apt to undergo
similar cleavage behavior, and tend to cluster together on the
GNPS platform to facilitate analysis. Starting from a known
compound, information about unknown compounds can be
elucidated through molecular networks. For example, peak 99
(#593) was not assigned as a known compound by searching
with compound database in UNIFI platform. Luckily, as is
shown in Fig. 84, the node at m/z 593 (peak 99) was adjacent to
the known node at m/z 431 (peak 104), which was identified as
ononin by the UNIFI platform, with the molecular formula of
C5H,,00 [M + H]" and the mass error of 3.3 ppm. The cosine
value of the neighboring nodes was 0.93, suggesting the high
similarity in their structures. In addition, the same fragment
ions at m/z 269.0810, 254.0574, 237.0545, 226.0629 and
213.0910 (Fig. 8B) were both produced in peak 99 and 104,
indicating that the two compounds have the same skeleton. The
presence of fragment ion at m/z 269.0806 of peak 99 was due to
the breakage of the glycosidic bond at the C-7 position. The
molecular weight difference between peak 99 and 104 was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Molecular networks of flavonoids in positive ion mode of DBD
(A); mass spectra and possible fragmentation pathway of nodes #431
and #593 (B).

162 Da, which were presumed as the structure of the glucoside.
Moreover, the flavonoids in DBD are mainly flavonoid O-
glucosides, and compound 99 is also consistent with the frag-
mentation pattern of flavonoid O-glucosides.***” Thus, peak 99
can be tentatively presumed as ononin-Gle, with the formula of
CysH3,014 [M + H]" and the mass error of —3 ppm.

3.3. Identification of prototype components in serum

After the identification of chemical components in DBD, UPLC-
Q-TOF-MS was performed to explore the potential absorbed
prototypes in rat serum. The peaks appearing at the same
position in the chromatograms of both the dosed rat serum and
the DBD but not in the blank serum, were regarded as the
prototype components. In total, 29 absorbed compounds were
identified or tentatively characterized after oral administration
of DBD. These prototype components can be classified into 14
flavonoids, 3 saponins, 2 phthalides, 3 organic acids and 7 other
compounds based on the structural type, with detailed infor-
mation listed in Table S2.1 riboflavin (6), calycosin-7-O-B-b-
glucoside (8), ononin (12), liquiritigenin (13), daidzein (14),
glycitein (17), calycosin (18), genistein (19), formononetin (21),
astragaloside IV (23), levistolide A (28) and ursolic acid (29) were
confirmed by comparing mass spectral information and RT
with reference standards. The prototype components have laid
the basis for the further metabolite analysis of DBD.

3.4. Identification of exogenous metabolites in serum

The peaks appeared in drug-containing serum samples, but not
in blank serum, and were not screened out in DBD, which may
be exogenous metabolites. It is particularly important to iden-
tify exogenous metabolites to elucidate the underlying material
basis of TCM formulas. In this study, UNIFI™ software was
applied to identify potential metabolites in rat serum after the
oral administration of DBD. As a result, a total of 51 exogenous
metabolites were characterized, which were transformed from
15 prototype components, mainly included flavonoids, sapo-
nins, and phthalides. The detailed information of exogenous
metabolites is shown in Table S3.} It mainly underwent phase I
metabolic pathways such as reduction, oxidation, hydrolysis,
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hydration, and phase II metabolic pathways such as methyla-
tion, sulfation, glucuronidation.

After the oral administration of DBD, a total of 34 flavonoid-
related metabolites were detected in rat serum, and the main
metabolic pathways involved reduction, oxidation, desatura-
tion, methylation, sulfation, glucuronidation. Take M10 as an
example to illustrate the identification process of flavonoid-
related metabolites. M10 had a precursor ion [M-H| at m/z
269.0452, and characteristic aglycone ion at m/z 253.0531 sug-
gesting that Daidzein is the prototype component of M10. The
precursor ion of M10 was 16 Da less than that of daidzein, the
characteristic fragments of M10 were similar to daidzein.
Consequently, M10 was considered to be a metabolite formed
by the metabolic reaction of oxidation of Daidzein based on its
related mass spectrometry fragmentation pathway. However,
due to the fact that the position of the flavonoid nucleus
structure where oxygen atoms can be added is not unique, it is
impossible to determine the exact location of oxidation. Four
other metabolites related to Daidzein were identified in the
same manner. The proposed metabolic pathways of daidzein in
rat serum are shown in Fig. 9.

Saponins generally undergo a series of reactions in rats to
increase their water solubility before being excreted through the
urine or bile. And some saponins are also absorbed and
metabolized as prototype components. There were a large
number of saponins existed in DBD, but only seven saponin-
related metabolites were detected in rat serum. The reason for
this might be due to the high polarity of saponins, which are
more difficult to be absorbed into the blood. The metabolic
pathways of saponins in rats mainly included oxidation,
reduction, methylation and sulfonation. M45 showed the [M +
Na]" ion at m/z 645.3973, which was 162 Da less than that of
astragaloside IV. Based on the RT and the product ions at m/z
491.3715 [M + H-Glc-Rha]™, 473.3428 [M + H-Glc-Rha-H,0] ",
and 455.3530 [M + H-Glc-Rha-2H,0], it was identified as
a hydrolysis product of astragaloside IV.

Nine metabolites of phthalide and one metabolite of organic
acid were also detected in rat serum. The phthalides could
conduct a serious of metabolic reactions in vivo, such as
oxidation, reduction, glucuronidation, acetyl cysteine conjuga-
tion and glutathione conjugation. Comparing the exact
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Fig. 9 The possible metabolic pathways of daizein in rat serum.
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molecular weight of M33 with that of butylphthalide, it was
deduced as a glucuronidation product of the prototype. The
mass spectra exhibited that the fragment ion at m/z 173.0927 [M
+ H-CeHgOs-H,0]", 163.1179 [M + H-C¢HgO,-CO]’, and
145.1005 [M + H-C¢HgOs-H,0-CO]’, consistent with those of
butylphthalide. Thus, M33 is a metabolite produced by the
phase II metabolic pathway of butylphthalide. In addition,
piscidic acid, a component of organic acid, was prone to take
place hydration and methylation reactions.

4. Conclusion

In summary, a comprehensive method based on the combina-
tion of UPLC-Q-TOF-MS and various data processing methods
was developed to analyze the chemical components of DBD and
its metabolites. Integrate MS® mode and fast DDA mode to
systematically profile the components of DBD. A total of 207
chemical components, including flavonoids, saponins, organic
acids and phthalides were unambiguously or tentatively iden-
tified by UNIFI software and GNPS platform. Among them, 35
compounds were unambiguously confirmed by comparison
with the reference standards. Furthermore, 80 components,
including 29 prototype components and 51 exogenous metab-
olites of DBD, were detected in rat serum by UNIFI platform.
The metabolic pathways of DBD in rat serum mainly included
phase I reactions (reduction, hydration, desaturation, hydro-
lysis and oxidation) and phase II reactions (methylation, sulfa-
tion and glucuronidation). The results in this work could
contribute to a more comprehensive understanding of the
pharmacodynamic material basis of DBD and provide helpful
chemical information for in-depth pharmacology and mecha-
nistic researches. More importantly, the established analytical
strategy could be applied to characterize the chemical compo-
nents and metabolites of other TCM formulas.
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