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The presence of chemical components in traditional Chinese medicine (TCM) is the functional basis for
its therapy achievement, and the absorbed components under disease conditions mainly contribute to
the therapeutic effects. Fructus Arctii (FA) was widely used in traditional Chinese medicine preparation
(TCMP) to clear heat or treat influenza. To date, the chemical profile (in vitro and in vivo) and
anti-influenza mechanism of FA are still unrevealed, limiting its clinical applications. In this work, an
integrated strategy combining pharmacological evaluations, chemical profiling, serum pharmaco-
chemistry, and network pharmacology (PCSN strategy) is proposed and applied to investigate chemical
components (in vitro and in vivo), anti-influenza effects, and potential mechanisms of FA. First, the anti-
influenza effects of FA were evaluated using an HIN1 virus-infected mouse model. Second, the
chemical compounds of FA in vitro and in the disease model were profiled and characterized
using liquid chromatography coupled with mass spectrometry. Lastly, the targets and potential
mechanisms are predicted based on the absorbed components and a network pharmacology
method. As a result, FA (20 g crude drug kg™t day™) could significantly improve the survival rate and
ameliorate lung inflammation caused by the HIN1 virus. Moreover, a total of 123 compounds
(53 potential novel compounds) were identified or tentatively characterized in FA. Furthermore,
124 xenobiotics (38 prototypes and 86 metabolites) were tentatively characterized in the infected
mice. The xenobiotics were unitized to predict targets and mechanisms in treating influenza. It was
found that FA could target EGFR, CASP3, MAPK1, PTGS2, PIK3CA, ESR1, etc., which are mainly
involved in the PI3K-Akt signaling pathway, progesterone-mediated oocyte maturation, etc. Among

Received 7th June 2022, them, the PI3K-Akt signaling pathway (correlated to PI3K complex) and TNF signalling pathway, are
Accepted 24th August 2022 regarded as the core pathways for FA in the treatment of influenza. It is the first time that chemical
DOI: 10.1039/d2nj02799b information is obtained on FA in vitro and in vivo, and the anti-influenza effects and the potential

mechanism of FA were also evaluated. Moreover, the potential novel compounds for further
rsc.li/njc validation of FA are also provided.
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1. Introduction

The efficacy of traditional Chinese medicines (TCMs) has been
confirmed by thousands of years of history as well as by modern
clinical practice. Generally, the therapeutic effects of TCM were
mainly achieved by the interaction of the absorbed components
and targets in the host." Further, the characterization of
chemical information of TCM in vitro and in vivo is an effective
way to reveal functional mechanisms, which is essential to
clinical applications. Currently, the methods of pharmacologi-
cal evaluation,” chemical profiling,®> network pharmacology™®
etc. are widely used to explore the functional mechanism of
TCM. However, there are still some limitations on using only
one method to reveal the functional mechanism. Moreover, the
chemical compounds of TCM in the disease model and health
host are quite different.® Thus, the chemical information in a
disease model under therapeutic dosage is the basis to explore
the potential pharmacological mechanism of TCM. Moreover,
the pharmacology method, with the ability to systematically
reveal the pharmacological index and functional basis of the
complex systems, has been widely used in traditional Chinese
medicine to explore pharmacological mechanisms, such as the
Lian-Hua-Qing-Wen capsule.” In consideration of the above
condition, an integrated strategy by a combination of pharma-
cological evaluations, chemical profiling, serum pharmaco-
chemistry, and network pharmacology (PCSN strategy) is
proposed in our work and applied to characterize the func-
tional mechanism of TCM, using Fructus Arctii as an example.

Fructus Arctii (FA), the dried ripe fruit of Arctium lappa
L. (also called burdock), is widely used in Asian countries
(China, Japan, and Korea, etc) due to its definite therapeutic
effects in clinical or daily life, such as for heat removal,
detoxification, and elimination of swelling.® Arctium lappa
L. has always been used as a vegetable,’ and its roots'® are
used as a tea in China or other Asian countries. Meanwhile, its
seeds (Fructus Arctii) are treated as food homology Chinese
medicine and a healthy food supplemental product recognized
by the National Health Commission of the People’s Republic of
China. Previous pharmacological studies have shown that FA
could present the inhibition of streptozotocin-induced diabetic
retinopathy® and depression of alpha-glucosidase activity,'* etc.
In the Chinese Pharmacopeia 2015 edition, FA has been
reported for use as a core herb in TCM preparations such as
Yin Qiao powder'” and Suhuang Zhike Capsules to treat
influenzas.'® Meanwhile, the anti-flu effects of some represen-
tative components in FA also had been reported, such as arctiin
and arctigenin.'® However, the anti-flu effects of FA, as a whole,
have not been reported.

Until now, more than 200 compounds have been isolated for
FA, and they are mainly classified into five chemical structure
types, including caffeoylquinic acids,'® lignans,'®?" steroids,'®
essential oils,”* and other types. Moreover, the chemical con-
stituents in Fructus Arctii were also profiled and characterized
by liquid chromatography coupled with mass spectrometry
(LC-MS) or gas chromatography coupled with mass spectro-
metry (GC-MS) methods. In detail, Qin et al. characterized 13
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constituents (caffeoylquinic acids and lignans) in FA*® and Liu
et al. profiled 12 lignans in FA.>* The method to determine
chlorogenic acid, isochlorogenic acid, arctiin and arctigenin
was developed and applied to evaluate the quality of Fructus
Arctii.>® In the meantime, the metabolic fate of some represen-
tative compounds such as arctiin was also summarized.*®™®
It was noted that there were still no methods for comprehen-
sively characterizing the chemical constituents of FA in vitro
and in vivo, especially in a disease model.

In this work, a strategy integrating pharmacological evalua-
tions, chemical profiling, serum pharmacochemistry, and net-
work pharmacology (PCSN strategy) is proposed and applied to
reveal the anti-flu effects and potential pharmacological
mechanisms of FA (Fig. 1). It contained three parts. First, the
anti-influenza effects of FA were evaluated using an H1N1 virus-
infected mouse model. Second, the chemical compounds in FA
were profiled, and subsequently, the xenobiotics in H1N1
infected mice after ingestion of the effective dosage of FA were
characterized. Lastly, the potential targets and mechanisms are
predicted by a network pharmacology method.

2. Materials and methods
2.1 Materials

Fructus Arctii was purchased from the market and further
identified by Dr Chang Li at Harbin Medical University. 5-O-
Caffeoylquinic acid (2), chlorogenic acid (4), 4-O-caffeoylquinic
acid (6), 3,4-O-dicaffeoylquinic acid (26), 3,5-O-dicaffeoylquinic
acid (28), and 4,5-O-dicaffeoylquinic acid (32), matairesinoside
(38), arctiin (54) matairesinol (86), and arctigenin (102) were
obtained from Chengdu Push Bio-Technology Co., Ltd
(Chengdu, China), and their purity was more than 98%, HPLC
grade. Water, methanol, and ethanol were all HPLC grade. LC-
MS grade acetonitrile and water were obtained from Fisher
Scientific (Fair Lawn, New Jersey, USA). LC-MS grade formic
acid was purchased from Sigma-Aldrich (St. Louis, MO, USA).
The influenza virus A/FM/1/47 (H1N1 2009) was donated by
Prof. Jian-Xin Chen at South China Agriculture University. All
experiments with the H1N1 virus were conducted in a Biosafety
Level 3 (BSL-3) containment laboratory approved by the Ministry of
Agriculture of China.

2.2 Preparation of Fructus Arctii extract

Fructus Arctii was weighed and crushed to powder. Then, the
powder was extracted with boiling water using the reflux
extraction method three times (2 h each). The solution was
filtered through gauze and condensed at a final concentration
of 1 g crude drug mL ™" using a rotary evaporator under 40 °C.
Then, the condensed solution was chilled at room temperature
and stored at 4 °C before the experiment.

2.3 Animal feeding conditions and pharmacological
experiment design

2.3.1 Mouse feeding condition. Specific pathogen-free (SPF)
male adult mice (15-18 g) were obtained from Jinan Pengyue

New J. Chem., 2022, 46, 18426-18446 | 18427


https://doi.org/10.1039/d2nj02799b

Published on 25 August 2022. Downloaded by Hainan Medical College on 10/8/2022 7:58:01 AM.

NJC

PCSN strategy

(@)

Fructus Arctii

Chemical
profiling in vitro
and in vivo "*

Phamarcolgical
evaluation

. o o o
e . o o 8 o' ®
S -‘. L )
e e e e e e
L o S R B B )

o

View Article Online

Paper

1) Anti-influenza effects of FA in HIN1 infected mice  1l1) Profiling the FA-related xenobiotics in H1N1-infected

mice

IV) Predicted targets and anti-influenza mechanism

@ ®
Prototype __Metabolite

D e,

s S et X

Network pharmacology analysis

Potential
pharmacological

mechanism

Fig. 1 The flowchart for revealing the potential anti-influenza mechanism of Fructus Arctii by a strategy integrating pharmacological evaluations,

chemical profiling, serum pharmacochemistry, and network pharmacology.

Experimental Animal Breeding Co. Ltd (Jinan, China). The mice
were housed at an ambient temperature of 20 £+ 2 °C with 12 h
light/dark cycles for one week, and in the meantime, a standard
diet and water were made freely available to mice. The animal
protocols were approved by the Guide for the Care and Use of
Laboratory Animals of Jinan University, and procedures were
following Guide for the Care and Use of Laboratory Animals
(National Institutes of Health).

2.3.2 Evaluation of anti-influenza effects of FA. Influenza
mouse model: before the experiment, the mice were adapted to
the lab for one week. Then, mice were anesthetized with
isoflurane (RWD life science, China) and intranasally infected
with the 10-fold median lethal dose (LD50) HIN1 virus to
establish the influenza mouse model. During the experimental
period, mice were provided with free access to water and food.

2.3.2.1 Survival rate and body weight. Fifty BALB/c mice were
selected and randomized into five groups, including normal
control groups (NC), water-treated group (Placebo), FA groups
(5 and 20 g crude drug kg~ '), and oseltamivir-treated groups
(40 mg kg~ day ") (n = 10 group). Before the viral infection, the
mice were pro-ingested with drugs or water for three days, and
treatment lasted for five days after viral infections. During this
time, survival rate and body weight changes were observed and
recorded daily until 21 days.
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2.3.2.2 Lung histology. With the same design mentioned
above, mice were sacrificed, and the lung and spleen were
weighed to calculate the lung index (the ratio of lung weight to
body weight) and spleen index (the ratio of spleen weight to
body weight) on day 5 post-infection. Lungs were removed from
euthanized mice and fixed in 4% formalin at room temperature
for 48 h. Serial tissue sections 5 um thick were obtained after
embedding in paraffin. Each slide was stained with hema-
toxylin and eosin (H&E) and then examined under light micro-
scopy (Olympus BX41, Olympus Optical Co., Tokyo, Japan). The
lung score based on H&E was calculated based on the criterion
reported in our previous work.*’

2.4 Biological sample collection and pretreatment

The H1N1 infected mice (7 = 10) were administered with FA
(20 g crude drug ke ' day ). During the period of drug
administration, urine and feces were collected and stored at
—80 °C before pre-treatment. On Day 5, mice were sacrificed at
0.5, 1, 2, 4, and 8 h after the last ingestion, and the blood
samples were collected. Meanwhile, the organs (liver, heart,
spleen, lung, kidneys, and brain) were obtained after collecting
blood, and they were washed with normal saline (4 °C) until
there was no blood. They were then stored at —80 °C before the
pretreatment. The biosamples from mice were pretreated as
follows.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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2.4.1 Plasma. Blood samples were centrifugated at 13 000 rpm
for 10 min (4 °C) to prepare the plasma. The plasma was treated
with acetonitrile at a ratio of 1:4 to precipitate proteins. The
supernatant was obtained after centrifugation at 13000 rpm for
10 min (4 °C), and then, it was dried with nitrogen gas at room
temperature. The residue was reconstituted in 300 pL 60% metha-
nol-water (v/v), and further centrifugated at 13 000 rpm for 10 min
(4 °C) to obtain supernatant for analysis.

2.4.2 Urine. For pre-treatment, urine-mixed samples
(2 mL) were thawed and subsequently centrifuged at 13 000 rpm
for 10 min (4 °C), and the supernatant was directly loaded on a
pre-activity HLB column (6 cm?, 200 mg, Waters Oasis, Ireland).
Then, it was orderly eluted with 6 mL of 5% methanol and 6 mL of
methanol. The methanol eluate was collected and dried using
nitrogen gas at room temperature. The residue was reconstituted
in 300 pL 60% methanol-water (v/v), and further centrifugated at
13 000 rpm for 10 min (4 °C) to obtain supernatant for analysis.

2.4.3 Feces. Then, samples (10 g) were extracted with 60%
methanol-water (v/v) and centrifuged at 13 000 rpm for 10 min
(4 °C), then the supernatant was dried with nitrogen and
reconstituted using water. Then, the reconstituted samples
were centrifuged by the same method, and 2 mL supernatants
of them were loaded on a pre-activity HLB column (6 m?,
200 mg, Waters Oasis, Ireland) directly, and then eluted with
6 mL of 5% methanol and 6 mL of methanol, successively. The
methanol eluate was collected and dried under nitrogen gas at
room temperature. The residue was reconstituted in 600 pL
60% methanol-water (v/v).

2.4.4 Heart, spleen, brain, lung, kidneys, and liver. Organs
were thawed and weighed. Then, 2 g of tissues were homo-
genized by adding 2 mL of normal saline (4 °C) and subse-
quently treated with acetonitrile at a ratio of 1:4 to precipitate
protein. After centrifugation at 13 000 rpm for 10 min (4 °C), the
supernatant was obtained and dried with nitrogen gas at room
temperature. The residue was reconstituted in 300 pL of 60%
methanol-water (v/v), and further centrifuged at 13 000 rpm for
10 min (4 °C) to obtain the supernatant for analysis.

The above samples were detected using UHPLC/Q-TOF MS
with an injection volume of 2 pL, and three replicates were
conducted. The collected MS information was analyzed using
Masslynx 4.1 (Waters, USA).

2.5 UHPLC/Q-TOF MS

Chromatographic separation was achieved using a Waters
Acquity™ UHPLC system (Waters, Milford, USA) coupled with
an Acquity UHPLC BEH C;3 Column (2.1 x 100 mm, 1.8 um,
Waters, Milford, USA, held at 35 °C). Two solvent mobile phases
systems consisting of eluent A (0.1% formic acid in water, v/v)
and eluent B (0.1% formic acid in acetonitrile, v/v), were used
for separation, and the flow rate was set as 0.4 mL min~" by
using a linear gradient program. Detailed information is listed
as follows: 0-2.0 min, 5% B; 2.0-5.0 min, 5-15% B; 5.0-10.0
min, 15-25% B; 10.0-22.0 min, 25-60% B; 22.0-23.0 min,
60-100% B; 23.0-24.0 min, 100% B, 24.0-24.5 min, 100-5%,
24.5-25.0 min, 5%.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

View Article Online

NJC

A Waters Xevo™ G2-XS QTOF (Waters, Manchester, UK)
connected to the UPLC system via an ESI interface was used
for profiling the substances. The optimal conditions were set as
follows: capillary voltage was set as 3.0 kV under the positive
ion mode and 2.0 kV under the negative ion mode. The
sampling cone voltage was set as 45.0 V, and the extraction
cone voltage as 4.0 V, respectively. The temperature was set at
100 °C, the desolvation gas temperature at 350 °C, and the
desolvation gas flow rate at 600 L h™". The full scan MS* data,
in the centroid mode, were acquired across the mass range
of 50-1500 Da. During the data acquisition, the mass was
corrected using an external reference (Lock-Spray™) compris-
ing a 200 pg mL ™" solution of leucine enkephalin via a lock-
spray interface, generating a reference ion at m/z 554.262 Da
(IM-H]") under the negative ion mode and m/z 556.277 Da
under the positive ion mode.

2.6 Target network analysis

The targets (Homon species) were retrieved and collected from
Swiss Target Prediction (https://www.swisstargetprediction.
ch)*° by importing the compounds, which were converted into
the SMILES format. Meanwhile, the influenza-related targets
were obtained from the DisGeNet database.®’ The protein-
protein interactions (PPIs) were achieved using the STRING
database (version 11.0, https://string-db.org/),*> and protein
interactions, with a confidence score > 0.7, were obtained after
eliminating duplicates. The chemical constituent-target networks
and protein-protein interaction (PPIs) networks were constructed
and viewed by Cytoscape software (version 3.2.1),>* and the
network was analyzed by default setting with a “degree” value.
All proteins/genes were subjected to pathway enrichment ana-
lysis (KEGG analysis) using the DAVID Bioinformatics resources
6.7 database.**

3. Results and discussion
3.1. Anti-flu effects of FA on HIN1 infected mice

Influenza virus infection could cause mortality and morbidity
in the host, including decreased survival rate and worsened
lung pathology.***® Therefore, survival status and lung inflam-
mation are two critical indices for evaluating the effectiveness
of drugs. Generally, the body weight and survival rate of mice
were significantly decreased after HIN1 infection. As shown in
Fig. 2a, it was found that FA, with dosages of 20 g crude drug
kg ! day ', could significantly increase survival rates (40%,
P < 0.05) and rescue body weight loss, as compared to those in
the viral infection group. However, FA, with a dosage of 5 g kg™
day™?, did not display the protective effects. On day 5, lung
index increased dramatically in the placebo group after HIN1
infection, while FA treatments significantly depressed this
phenomenon (Fig. 2b). However, there were no effects of FA
on the spleen index. Meanwhile, the lung inflammation caused
by the H1N1 virus was ameliorated by FA (20 g crude drug kg~
day™') (Fig. 2¢). The lung score based on HE staining was also
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calculated and shown in Fig. S1 (ESIt), reflecting the depressed
lung inflammation after FA treatment.

3.2. Chemical profiling of Fructus Arctii by UHPLC/Q-TOF MS

The components of TCM were essential to their pharmaco-
logical mechanism and therapy achievement. In this part, the
chemical constituents in FA were profiled by LC-MS, and
further, they were systematically identified or tentatively charac-
terized based on a target and non-target strategy reported in our
previous work.®” This strategy is described briefly. First, the
formula and structure types of compounds isolated from FA
were summarized (Table S2, ESIT), and the peaks with the same
formula and matched fragmentation pathways were quickly
screened out. Second, the mass fragmentation behaviors of
representative compounds were sorted out and diagnostic ions
were used for humongous compounds’ screening. Last, the non-
target compounds were predicted and characterized by a meta-
bolism prediction platform and diagnostic ion extraction. As a
result, a total of 123 components were tentatively characterized,

18430 | New J Chem., 2022, 46,18426-18446

including 111 lignans, 10 caffeoylquinic acid derivatives, 1 alka-
loid, and 1 the other type. Among them, ten compounds were
unambitiously identified by comparison with reference stan-
dards. Compared to the reported work,*>* fifty-three lignans
were potential novel compounds.

3.2.1 Identification and characterization of the target com-
pounds. Based on the target and non-target strategy, 62
matched compounds in an in-house library were screened
out, and they were characterized in both positive and negative
modes, including 52 lignans and 10 caffeoylquinic acids (Fig. 3,
4 and Table S2, ESIf).

3.2.1.1 Lignans. As reported in the previous work, lignans
could lose hydroxyls, methyls, and phenyls to produce charac-
teristic ions.*® Interestingly, the eluted order and retention time
were closely related to their chemical structural types, and the
eluted order is listed as follows: glycosyl- and alcohol hydroxyl-
containing lignans < alcohol hydroxyl-containing lignans
[>2*(-OH)] < benzofuran lignans < arctigenin-related lignans.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 3 The base peak ion chromatography of Fructus Arctii detected by UHPLC/Q-TOF MS. (a) negative ion mode; (b) positive ion mode.

3.2.1.1.1 Monolignans and their glycosides. Peaks 13/15/17/
18/19/21 had the same deprotonated ion at m/z 535.18 with the
formula of C,sH3;04,. Peaks 13/15/18 exerted the same frag-
mentation behaviors, including the fragment ions at mj/z
373.1283 and 355.1190. By searching data in the in-house
library, only one butyrolactonelignan matched, and then, they
were tentatively characterized as 4,7,4’-trihydroxy-3,3'-dimethoxyl-
9-oxo-dibenzylbutyrolactonelignan-4-O-f-p-glucopyranoside or its
isomers. Peaks 17/19 generated the fragment ion at m/z 313.1082
[M-H-C¢H;005-2CH,0]~  (C15H;,05), only 7,8-dihydrodehydro-
diconiferyl alcohol-7’-0x0-4-O-f-p-glucopyranoside matched these
fragmentation behaviors. Peak 21 produced a characteristic ion
at m/z 151.0410 (CgH,03), and (7'S,8'R,8S)-4,4',9’-trihydroxy-
3,3’-dimethoxy-7’,9-epoxylignan-7-oxo-4-O-f-p-glucopyranoside
matched. The MS spectrometry of 13/19/21 is shown in Fig. 5.

3.2.1.1.2 Sesquilignans. The sequilignans in Fructus Arctii
could be classified into two sub-type based on their chemical
structures, including two alcohol hydroxyl-containing lignans
and benzofuran-lignans. Peaks 44/52/55/81 produced [M-H]~
m/z 553.20 with the same formula of C;,H3,04,. Peak 81, under
the negative ion mode, produced the characteristic ion at m/z
357.1352 (C,oH»106) (Fig. S2, ESIT). This fragment ion was

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

formed by the cleavage of ether bone in lappaol E, and this
has been reported.*® The fragment ions of peaks 52/55 were the
same, isolappaol C and lappaol C had the same formula in the
database, and they could match these fragmentation behaviors.
Using the Clog P-value calculated in ChemDraw, peaks 52/55
were tentatively characterized as isolappaol C (ClogP = 0.26)
and lappaol C (Clog P = 0.41). Lastly, peak 44 was characterized
as arctignan A in the in-house library.

Peaks 97/98/99/100 had the same deprotonated ion at m/z
535.1975 with the formula of C3,H3,04. The peak areas of peaks
97/98 were higher than peaks 99/100. Meanwhile, the charac-
teristic fragment ions at m/z 505.1882 [M-H-CH,0]~ (C9H,50s)
and 283.0989 (C;;H;50,) were similar to lappaol F (Fig. S3,
ESIt). In consideration of peak area and ClogP value,
peaks 97and 98 were tentatively characterized as isolappaol A
(ClogP = 2.18) and lappaol A (ClogP = 2.32) in the database.
The other two peaks (99/100) were classified into non-target
compounds.

3.2.1.1.3 Dilignans. Lappaol H was classified into dilignans
with four alcohol hydroxyls. When extracting the calculated
weight of lappaol H (C40H46014), peaks 40/51/53/56/60/72/76
were obviously found. Peak 40 yielded fragment ions at m/z
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Fig. 4 The chemical structures of the identified or tentatively characterized compounds in Fructus Arctii.

731.2716, 713.2588 and 677.2382 by the successive losses of a
series of H,0. Peak 40 yielded a base ion at m/z 665.2383
by the loss of four hydroxyl moieties and a carbon atom.
Meanwhile, lappaol H matched the above fragmentation
behaviors since the structure of lappaol H includes
four alcohol hydroxyl and it has characteristic fragmentation
behavior of dehydration (Fig. S4, ESIt). Compared to the other
six peaks, peak 40 had the largest peak area. Then, it was
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tentatively characterized as lappaol H. The others were classi-
fied as non-target compounds.

Meanwhile, dilignans containing benzofuran and alcohol
hydroxyl groups were also found in Fructus Arctii. Six com-
pounds (80, 83, 84, 87, 91, and 95) had the same [M-H]™ with
the molecular formula of C,,H,,0,5. However, in the database,
only four compounds had the same molecular formula. Among
them, peaks 80/83/84 matched the fragmentation behaviors of
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Fig. 5 Representative MS spectrometry of components in FA: (a) 13, (b) 19, and (c) 21

arctignan D/arctignan E (Table S2, ESIY); peaks 91/95 could
produce the characteristic ion at m/z 505.1878 (C3;H3,0s),
indicating that they could match the arctignan G/arctignan H.
Peaks 83/84/91/95 were tentatively characterized as arctignan
D, arctignan E, arctignan G, and arctignan H. These four
compounds had the benzofuran unit, resulting in the charac-
teristic fragment ion at m/z 283.0970 (C,,H;50,) (Fig. S3, ESIt).
The other compounds (80/87) were classified as non-target
compounds.

Dibenzofuran dilignans could also be detected in Fructus
Arctii. Peak 105 yielded the fragment ion [M-H|™ at m/z
713.2612 (C40H44104,) and predominant fragment ions at m/z
695.2497, 683.2524, 677.2398, 665.2401, and 653.2405 by the loss
of H,O and C. Moreover, it produced a characteristic ion at m/z
283.0976 by the benzofuran and phenol groups (Fig. S3, ESIT).

Further, it was tentatively characterized as lappaol F based
on its mass fragment information (Table S2, ESIY).

3.2.1.1.4 Glycoside lignans. Peaks 5/7/10/11/12 had the
same deprotonated ion at m/z 537.1983 (C,cHj330;;5). As the
data shown in Table S2 (ESIf) peaks 5/7 had similar fragmenta-
tion behaviors, and both of them could produce the characteristic
ion at mjfz 297.1145 [M-H-C¢H,(05-2CH,OH-O]" (C;gH;,0,).
Then, these were tentatively characterized as neo-olivil-4-O-f-p-
glucopyranoside or its isomers. Differently, peaks 10/11 produced
the characteristic ion at m/z 327.1248 [M-H-C¢H;,05-2H,0-C]~
(C19H1905). Then, they were tentatively characterized as 4,9,4’,7'-
tetrahydroy-3,3’-dimethoxy-7,9’-epoxylignan-4-O-f-pb-glucopyrano-
side or its isomers. Peak 12 produced a fragment ion at m/z
165.0536 (CoHoOj3). Only (8R)-4,9,9'-trihydroxy-3,3’-dimethoxy-7-
0x0-8-0-4'-neolignan-4-O-f-p-glucopyranoside matched the frag-
mentation behaviors.

This journal is €
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3.2.1.1.5 Others. Peaks 114/116 produced the deprotonated
ion at m/z 741.29 (C4,H,504,). Under the positive ion mode, peak 116
exerted characteristic ions at m/z 387.1522 (C,;H,30;) and 369.1373
(C21H310¢), which were the two groups formed by the cleavage of the
ether bond (Fig. S5, ESIf). Then, peak 116 was characterized as
neoarctin A. In addition, to neoarctin A, the other two compounds in
the database had the same formula as C,;,H,5015, including diarcti-
genin and neoarctin B. Peak 114, under the positive ion mode, had a
base peak at m/z 725.2980 due to the loss of H,O, and diarctigenin
matched these fragmentation behaviors (Fig. S6, ESIt). Then, peak
114 was tentatively characterized as diarctigenin.

3.2.1.2 Caffeoylquinic acid derivatives. In addition to the
lignans, caffeoylquinic acid derivatives were the other main
chemical types in Fructus Arctii. The structures of caffeoylqui-
nic acid derivatives generally contain two main units (caffeic
acid unit and quinic acid unit), and their fragment pathways
have been reported previously.*® The losses of caffeic acid
moiety (179.0348, CoH,0,), quinic acid (191.0554, C,H;;0s)
dehydration, and CO, are the main characteristic fragment
behaviors.?” Caffeoylquinic acids (mono or dicaffeoylquinic
acids) identified (peaks 2, 3, 4, 6, 8, 9, 26, 28, 32, and 34) in
Fructus Arctii are illustrated in Table S2 (ESIf).

3.2.2 Characterization of non-target compounds in Fructus
Arctii. Non-target compounds were screened out based on a
metabolic platform in Masslynx. Based on the targeted com-
pound, metabolic reactions (dehydrogenation, hydrogenation,
glycosylation, methylation, etc.) were set up to explore the
homologous compounds. As a result, 61 non-target compounds
were screened out, including 59 lignans, 1 alkaloid, and 1 other.
Among them, 53 were regarded as potential novel compounds by
searching the results in SciFinder.
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3.2.2.1 Lignans

3.2.2.1.1 Monolignans and their glycosides. Peak 48 had
[M-H + HCOOH]  at m/z 577.1937 with the formula of
C,sH330;; and it produced the base ion at m/z 369.1364
(C21H,106) under the negative mode. Compared to the parent
structure of arctiin (m/z 579.2119), the parent structure of peak
48 lacked two H. Further, it was tentatively characterized as
hemislienoside by searching the results in SciFinder.

3.2.2.1.2 Sesquilignans. Peaks 89/92/104 had the same ion
at m/z 565.20 [M-H]~ with the formula of C3;H3,0;0. Compared
to lappaol B (C3;H3,0,), peaks 89/92/104 gained an additional
O. Peak 89 had the characteristic ions at m/z 441.1544
(C24H2505), 423.1431 (Cy4H,30,) and 411.1470 (Cy3H,305)
under the negative ion mode. Peak 92 had a fragment ion at
mf/z 533.1855 (C3oHp909) [M-H-CH,-H,O] , indicating that
methyl and hydroxyls existed. Fragment ions at m/z 195.0680
(C10H1104), and 165.0573 (CoHoO3) under the negative ion
mode indicated that peak 92 had phenyl unit (C;,H;30,) in
lappaol E (Fig. S2, ESIt). Peak 104 had the fragment ions at m/z
531.2008 (C3,H3,05) [M-H-H,0-0], 519.2096 (C3oHj,04) [M-H-
H,0-O-C]” and 397.1608 (C,3H,¢0¢), and this fragmentation
behavior matched lappaol B with hydroxyl at the C-2 position.
Peak 104 was tentatively characterized as 2-hydroxylappaol B,
and 89/92 found no suitable structures by searching the results
in SciFinder. Peak 85 had [M-H + HCOOH] at m/z 757.2730
(C38H45046) and the fragment ion at m/z 549.2117 (C31H3300)
[M-H-C¢H;140s5] . The other fragment ions under positive and
negative ion modes were the same as lappaol B. The difference
was that peak 85 gained an additional C¢H;005 unit, and then
peak 85 was tentatively characterized as lappaol B + Gle.
During the analysis of lappaol A/isolappaol A, their isomers
were also found peaks 99/100. Peaks 99 and 100 both produced
fragment ions at m/z 517.18 (C3oH,903) and 505.18 (C,oH,004),
indicating that they had a CH,OH unit. Peak 99 had the
fragment ion at m/z 283.0939 (C;;H;50,4), suggesting that it
had benzofuran or dihydroxyphenol unit. In the SciFinder,
hedyotol A could have a similar fragmentation pathway as peak
99. Further, peak 100 was characterized as lappaol A isomer.

3.2.2.1.3 Dilignans. Peaks 27/30 yielded a deprotonated ion
at m/z 751.29 (C4oH47044). Peaks 27/30 had the fragment ions at
m/z 733.28, 715.27, 685.26, and 667.25, indicating that this
compound had four alcoholic hydroxyls. The fragment ion at
m/z 283.0987 indicated that it had a benzofuran or dihydroxy-
phenol unit. This compound had a similar fragmentation
pathway as that of lappaol H (40), and the difference was that
peaks 27/30 gained two additional H. Then, peaks 27/30 were
tentatively characterized as lappaol H + 2H. When extracting
lappaol H (C40H46014), seven peaks were found, including
peaks 40, 51, 53, 56, 60, 72, and 76. Among these, peak 40
was characterized as lappaol H. Peaks 51/53 had the fragment
ions at m/z 731.27, 713.25, 683.24, and 665.23, indicating that
they had four alcoholic hydroxyls. Meanwhile, both of them
had the characteristic ion at m/z 701.26 (C39H4,04,) [M-H-C-
2H,0] ", indicating that they could easily lose C and 2*OH. The
fragment ion at m/z 283.0970 (C;,H;50,) indicated that they
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had benzofuran or dihydroxyphenol unit. Peak 56 also had four
alcoholic hydroxyls by analyzing its fragment ions; however,
one characteristic fragment ion at m/z 283.0970 was not found.
It was tentatively characterized as cerberalignan A by searching
the results in SciFinder. The fragment ions of peak 60 indicated
that it had three alcoholic hydroxyls and a characteristic ion at
m/z 401.1620 (C,,H,505). Peaks 72 and 76 had four alcoholic
hydroxyls, and they both had the characteristic ion at m/z
597.23 (C3,H3,014), indicating that they had a CgHgOj; unit.
51/53/60/72/76 were potential novel compounds.

Peaks 93/103 had [M + NH4]" m/z 764.3282 (C4Hs50043N),
they exerted the same fragmentation behaviors. Peak 103 had
the fragment ion at m/z 715.2682 [M-H-H,O] , 697.2602
[M-H-2H,0] ", and 679.2489 [M-H-3H,0], indicating that it
had three alcoholic hydroxyls. The characteristic ion at m/z
357.1341 (CyoH,;106) indicated that it had an ether bond.
However, a suitable chemical structure could not be found in
SciFinder. Its fragmentation behaviors were similar to arc-
tignan G, and the difference was that peak 103 gained an
additional CH,. Then, peak 103 was characterized as arctignan
G + CH,.

Two dilignan glycosides (peaks 59/64) were also found based
on the metabolic prediction method. Peaks 59/64 had [M-H +
HCOOH]™ at m/z 775.28 with the formula Cj,H460;5. They both
had the fragment ions at m/z 567.2230 [M-H-C¢H;0,05]" by
losing 162.053 Da. Peak 59 had the characteristic ions at m/z
411.1429, 401.1627, 383.1520, and 371.1513, which were in line
with peak 96, and then it was characterized as lappaol D isomer
2 + Gle. Similarly, peak 64 had a similar fragmentation behavior
as peak 82, and then it was characterized as lappaol D + Glc.
They were not found in SciFinder, and they are potential novel
compounds.

3.2.2.1.4 New lignans (5 phenylpropanoids). Interestingly,
compounds formed by five phenylpropanoids were found, and
they were classified into new lignans, including peaks 37/39/43/
46/49/50/69/75 and 58/61/66/68/71/73/78/79. Peak 37 had the
characteristic ions at m/z 927.3462 (CsoHs50;,) [M-H-H,O0],
909.3406 (Cs5oHs30;6) [M-H-2H,0]", 891.3221 (CsoHs;O;5)
[M-H-3H,0]~, 873.3196(C5oH490y4) [M-H-4H,0] , 843.2952
(C40H47043) [M-H-5H,0-C]” and 837.2925 (Cs5oH,45012) [M-H-
6H,0] ", indicating that it had six alcoholic hydroxyls. Mean-
while, the other fragment ions at m/z 607.2224, 595.2129,
589.2062, 571.1993, 559.1963, and 547.2011 were the same as
in lappaol H (Table S2, ESIT), indicating that it was the formed
structure of lappaol H and the C;0H;,0, unit. Peak 39 had a
similar fragmentation behavior as peak 37. Peaks 43 and 46
had the fragment ions at m/z 927.34 [M-H-H,O] , 909.33
[M-H-2H,0] ", indicating that they had two alcoholic hydroxyls.
Meanwhile, the other fragment ions at m/z 531.20, 517.18, and
505.19 were the same as lappaol D, indicating that they had
similar structures as lappaol D. Similarly, peaks 49, 50, 69, and
75 had the same fragment ions as lappaol D (Table S2, ESIT).
These eight peaks could not find matched structures in SciFinder,
and they were regarded as potential novel compounds. Mean-
while, eight peaks 58/61/66/68/71/73/78/79 were found through
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the metabolic reaction of dehydration. The fragmentation beha-
viors of these eight compounds were similar, such as losses of
hydroxyls, methyl, phenol units. Moreover, they were also not
found in SciFinder.

3.2.2.1.4 Others. Based on the metabolic platform, consti-
tuents correlated with neoarctin A and diarctigenin were found,
including peaks 108, 109, and 110. Peaks 108 and 110 both
produced the [M + Na]" at m/z 927.34 and [M + NH,]" at m/z
922.38, respectively. Their formula was calculated as C4gHs560;7.
Peaks 108/110 had a fragment ion at m/z 741.29 [M-H-
CeH1005]~ which was produced by losing C¢H;,05 (162.053 Da)
from the parent structure. Furthermore, they had the same
fragmentation behaviors as neoarctin A and diarctigenin. Then,
peak 108 was tentatively characterized as neoarctin A + Glc, and
peak 110 as diarctigenin + Glc, respectively. Similarly, peak
109 showed a fragment ion at m/z 925.32 [M + Na]" and 920.37
[M + NH,]" with the formula of C4Hs40,,. Meanwhile, the
fragmentation ions of peak 109 were similar to those of
neoarctin A. The difference between peak 109 and neoarctin
A was that peak 109 lacked two H and gained one C¢H;(0Os5 unit,
and then peak 109 was characterized as neoarctin A-2H + Gle.
In the meantime, we also found the other peaks 113/115/
117/118/119/121. They all had the deprotonated ion at m/z
739.27 (C4H,4301,) and characteristic ions at m/z 247.10
(C14H1504), 203.10 (C;3H;50,), 151.0808 (CoHy;0,) under the
positive ion mode, indicating that they had a characteristic
structure (C;4H;50,4) in neoarctin A (Fig. S5, ESIT). As compared
to neoarctin A, peaks 113/115/117/118/119/121 lacked two H.
In the SciFinder database, only viridissimaol E (diarctigenin-
2H) had the same formula and matched the above fragmenta-
tion behaviors. Then, these six peaks were tentatively charac-
terized as viridissimaol E or its isomers. This type of lignan was
classified into butyrolactonelignan. Similarly, the other three
peaks 120/122/123 were also classified into butyrolactone-
lignan. Peak 120 had the deprotonated ion at m/z 1109.4159
with the formula Cs3Hg5015, and as compared to peaks 113/115/
117/118/119/121, peak 120 gained an additional 7,8-didehy-
droarctigenin (C,1H,,06) unit. Notably, peak 120 produced a
basic peak at m/z 739.2757 [M-H-C,;H,,0¢] ", indicating there
was an ether bond between diarctigenin-2H and 7,8-
didehydroarctigenin units. It could not be found in SciFinder,
and it was regarded as a potential novel compound. Peaks 122/
123 produced [M + H]" at m/z 1113.45 (Ce3HeoO15), and as
compared to neoarctin A (116), Peaks 122/123 gained an addi-
tional 7,8-didehydroarctigenin (C,;H,,0¢) unit. Peaks 122/123
had the primary fragments at m/z 727.31 C4,H4,0:; [M + H-
C,1H,,06-0]", indicating that peaks 122/123 had the -C,,H,,0¢
and -O. There were also no matched structures in SciFinder.

3.2.2.2 Alkaloids and others. Peak 1 was reported in our
previous work, and it was classified into one type of alkaloids-
indoleacetic acid derivatives.** Successive losses of CO and CH,
molecules from the fragment ion at m/z 188.0717 [**X-COOH-OH +
H]" (C11H,0NO,) produced another obvious ion at m/z 146.0610
(CoH;NO).
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Peak 24 had the fragment ions at m/z 451.1562 [M-H-
CeH1005] (CpH,,040) and 179.0375 (CoH,0,), indicating that
it had the feruloyl moiety (CoH,O,) and mono-saccharides
(C¢H10s5). By searching the data in SciFinder, no compounds
matched. Then, it was tentatively regarded as a potential novel
compound.

3.3 Xenobiotics in HIN1 infected mice after ingestion of FA

Anti-influenza effects of FA were confirmed by an H1N1 virus-
infected mouse model described in Section 3.1. Analyzing the
xenobiotics in HIN1 infected mice after ingestion of FA, it was
easier to elucidate its anti-influenza mechanism and therapeu-
tic substances. Nine types of samples were collected and
analyzed, including plasma, urine, feces, heart, liver, spleen,
lung, kidneys, and brain. In this part, the biosamples of HIN1-
infected mice treated with the effective dose of FA were
obtained. As a result, a total of 124 xenobiotics were identified
or tentatively characterized in biosamples, including 38 proto-
types (their structures are shown in Fig. 4) and 86 metabolites.
The EICs of FA-related xenobiotics in the drugged biosample
are presented in Fig. 6.

3.3.1 Identification of prototype components of FA.
According to the retention time and MS fragments of chemical
components in the FA extract, 38 prototype components were
detected in biosamples (shown in Table 1). In detail, these
prototypes could be classified into 2 caffeoylquinic acids and 36
lignans, and all of them were detected in mice’s feces.

3.3.2 Identification of metabolites of FA. In this study, 86
metabolites were screened in FA-related biosamples, and all of
them were lignans (shown in Table 1). Among them, mono-
lignans and their glycosides were the predominant metabolites,
and their amount reached fifty-six.

3.3.2.1. Monolignans and their glycosides-related metabolites.
During the process of characterization of metabolites, we found
that the metabolites of monolignans and their glycosides were
mainly original from four basic parent structures, including
arctigenic acid, matairesinol, arctigenin, and 7,8-didehydro-
arctigenin. Considering this pheromone, the metabolic path-
ways of arctigenin-related in H1N1 infected mice (shown in
Fig. 7) were proposed in this work.

3.3.2.1.1 Phase I reactions-related. Metabolite M1, which
lacked three methyls than arctigenic acid, exerted [M-H] ™ ion at
m/z 347.1150 (C13H;90;) and the similar fragmentation beha-
vior as arctigenic acid. Metabolites M35/M48 were character-
ized as the demethylation products of arctigenic acid. The
demethylation products (M29, M80, and M83) of arctigenin
had been detected in biosamples. Metabolites M6/M9, with the
same [M-H]™ ion at m/z 373.12 (C,0H,;0,), had one oxygen
more than matairesinol. Similarly, metabolite M77 was char-
acterized as a hydroxylation product of arctigenin. The
demethylation and dehydroxylation products (M82 and M84)
of arctigenin had been detected.

3.3.2.1.2 Phase II reactions-related. The phase II reactions
mainly involved glucuronidation and sulfation. These two types
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Fig. 6 Extracted in chromatograms (EICs) of FA-related xenobiotics in mice under negative ion mode. (a) plasma, (b) urine and (c) feces.

of metabolites have typical neutral losses, which were 176.032 Da
(C6HgOg) and 79.957 Da (SOs). The glucuronidation products were
identified, including M22, M63/M67, and M58/M75. In addition,
the sulfation metabolites were detected, including M30, M70/

M74, and M78.

18436 |

New J. Chem., 2022, 46, 18426-18446

3.3.2.1.3 Phases I and II reactions-related. Metabolites M5/
M7 gave the same [M-H] ™ ion at m/z 551.17 (C»cH31043), which
was 176.032 Da more than M35/M48. Four metabolites (M11,
M13, M19, and M21) were the sulfation products of M35/M48.

Moreover, one of them demethylated to produce metabolite

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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NO.

lr
(min)

Selected
ion

Molecular
formula

Measured
ion

Error
(mDa)

(ESI—/ESI+) MS
fragmentations

Identification or
characterization

Source

M1

M2

M3

M4

M5

M6

M7

M8

M9

M10

Mi1

M12

M13

M14

M15
M16

M17

26*

27

M18

M19

M20

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

5.41

6.31

6.63

6.84

7.09

7.21

7.35
7.53

7.61

7.75

7.80

7.89

7.97

8.16

8.43

8.49

8.51

8.59

8.60

C18H3007 [M'HT

C26H28014 [M-H]7
C26H28014 [M-H]7

C30H2401:S  [M-H]~

C26H32013 [M-H]7

C30H2,07 [M‘HT

C26H3201 3
C26H30013
C20H2207

C30H36011 [M'HT

C30H24040S [M‘HT

CZOHZZOIOS [M-H]7

Cz0H24010S [M-H]|~

CZOHZZOIOS

C19H22010S
C40H46015

C30H34OISS

Ca5H4042 [M'HT

Ca0H45014 [M‘HT

C20H220115 [M'HT

C20H24010S [M_H]7

C46H56019 [M-H]7

347.1150

563.1417

563.1449

471.0985

551.1782

373.1299

551.1790

549.1633

373.1314

571.2222

455.1035

453.0855

455.1044

453.0855

441.0889
765.2726

633.1688

515.1224

751.3013

469.0829

455.1025

911.3374

1.9

1.6

4.8

2.4

1.7

1.2

2.5

2.5

2.7

4.3

2.3

3.7

3.2

4.4

3.4
—-3.2

4.6

3.4

4.7

2.4

1.3

3.6

299.0914 [M-H-2H,0-C] ",
281.0864 [M-H-3H,0-C]|~
383.0804 [M-H-Gle-H,0] ™,
353.0674 [M-H-Gle-2H,0-C]~
383.0842 [M-H-Gle-H,0] 7,
353.0692 [M-H-Gle-2H,0-C]~
391.1439 [M-H-SO;] 7,
165.0556 CoHy03, 150.0329
CsHeOs
399.1343 [M + Na-GluA]',
137.0618 CgHy0,

329.1412 [M-H-CO,] ",
314.1183 [M-H-CO,-CH;] ",
299.0964 [M-H-CO,-2CH;]~
399.1359 [M + Na-GluA]",
137.0591 CgHy0,

373.1273 [M-H-GluA]~
329.1418 [M-H-CO,] ",
314.1178 [M-H-CO,-CH;] ",
299.1003 [M-H-CO,-2CH;]~
505.1823 [M-H-3H,0-C] ",
445.1919 [M-H-C,H¢O6] ™
375.1470 [M-H-SO5] ",
331.1566 [M-H-S03-CO,] ",
316.1363[M-H-S03-CO,-
CH;]™, 239.0914 [M-H-
CsHgO,]™
373.1301 [M-H-SO;] 7,
313.1114 [M-H-S0;-2CH,0] "~
375.1470 [M-H-SO;] ",
331.1543 [M-H-S03-CO,] ",
316.1345 [M-H-SO;3-CO,-
CH;] ™, 239.0948 [M-H-
C8H802]7
373.1344 [M-H-SO;] 7,
313.1048 [M-H-S0;-2CH,0] "~
361.1348 [M-H-SO;]~
747.2606 [M-H-H,0] ",
681.2353 [M-H-4H,0-C] ",
575.1934 [M-H-C,;H;(04-
2H,0-C]~
533.1777 [M-H-SO;] ",
517.1951 [M-H-SO;-2H,0] ",
411.1502 [M-H-SO;-
C7H1003]7
353.0889 [M-H-caffeoyl]”,
191.0526 [M-H-2caffeoyl]”,
179.0387 [M-H-caffeoyl-QA] ™,
135.0460 [M-H-caffeoyl-QA-
2H,0]”
679.2562 [M-H-4H,0] ",
667.2417 [M-H-4H,0-C],
531.1984 [M-H-CoH;60;]~
453.0940 [M-H-O]~, 389.1260
[M-H-SO;]~
375.1464 [M-H-SO;] ",
331.1546 [M-H-SO3-CO,] ™,
316.1323 [M-H-S0;-CO,-
CH;]™, 239.0952 [M-H-
CsH0,]”

731.2695 [M-H-Gle-H,0]
713.2505[M-H-Gle-2H,0] ",
677.2453 [M-H-Glc-4H,0],
665.2439 [M-H-Glc-4H,0-C] ",
571.2051 [M-H-Gle-C;H;40,-
2H,0], 559.1996 [M-H-
C,H,004-2H,0-C]7, 531.2050
[M-H-C,H,,0,-2H,0-2C-0]~

Arctigenic acid-3CH,
Matairesinol + 30-4H + Glc 1
Matairesinol + 30-4H + Glc 2

Arctigenic acid-CH, + O + SO;

Arctigenic acid-CH, + GluA 1
Matairesinol + O

Arctigenic acid-CH, + GluA 2
Matairesinol + O + GluA

Arctigenin-CH, + O

Reported compound 1 + 2H

Arctigenic acid-CH, + SO; 1

Matairesinol + O + SO; 1

Arctigenic acid-CH, + SO; 2

Matairesinol + O + SO; 2

Arctigenic acid-2CH, + SO3
Lappaol H + O

Arctignan A + SO3

3,4-O-Dicaffeoylquinic acid

Lappaol H + 2H 1

Matairesinol + 20 + SO;

Arctigenic acid-CH, + SO; 3

Lappaol H + Glc

F
UF
UF

U,Li

P,U

U,F,K

P,U

P,U
U,F,Lu,K

U,F,Li

=

P,U,F,Lu

U,F
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(min)
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29

M21
30

M22

31

M23

M24

M25

M26

M27
M28

34

M29
M30
M31

M32

M33

M34
M35

M36

18438

8.82

8.87
8.89

9.25

9.25
9.34

9.39

9.53
9.64
9.64

9.66

9.70

9.71
9.84

9.84

C30H340:1  [M-H]™

C20H24OIOS
C40H48Ol 4

I_‘H_l

C27H34013 [M-H]7

C30H34011 [M-H]7

C30H34043S [M-H]|~

C36Ha016  [M-H]™

C36H42016 [M'HT

C30H34013S [M-H|™

ClSHlsoSS
C36H42016

C25H24012

Cl 8H1 806
CZlHZGOlos
C36H44015 [M'H]

C36H42016

(-73()1_134()13S

C25H26012
C20H24O7

CZ()HZZOIOS

569.2051

455.1010
751.2972

565.1940

569.2029

633.1685

729.2399

729.2432

633.1658

393.0690
729.2444

515.1234

329.1051
469.1198
715.2645

729.2407

633.1683

517.1370
375.1461

453.0871
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2.8

—0.2
0.6

1.9

0.6

4.3

0.4

3.7

1.6

4.6
4.9

4.4

2.6
3.0
4.3

1.2

4.1

2.4
1.7

1.6

533.1845
521.1876
427.1404
367.1187
2H,0-C]~
375.1455
733.2864
715.2651
667.2532
655.2513

[M-H-2H,0] ",
[M-H-2H,0-C]",
:M'H'C7H1003]7 y
[M-H-CgH1(03-

[M-H-SO5]~
[M-H-H,0] ",
[M-H-2H,0] ",
[M-H-4H,0-C] ",
[M-H-4H,0-2C],

561.2120 [M-H-C;H;(0,-
2H,0-C] ", 371.1457
C1H,30¢, 283.0979 Cy7H;50,
413.1573 [M + Na-GluA[",
373.1691 [M + H-GluA-H,0]",
355.1447 [M + H-GluA-
2H,0]", 305.1208 [M + H-
GluA-4H,0-CH,]"

521.1966 [M-H-2H,0-C] ",
427.1333 [M-H-C,H;,03]~
517.1817 [M-H-S05-2H,0] ",
505.1947 [M-H-SO;-2H,0-
C]~, 477.1942 [M-H-SO;-
2H,0-C-COJ ™, 411.1448
[M-H-SO;-C;H;405]~
517.1881 [M-H-GluA-2H,0] ",
505.1948 [M-H-GluA-2H,0-
cl”

517.1924 [M-H-GluA-2H,0] ",
505.1893 [M-H-GluA-2H,0-
C], 411.1471 [M-H-GluA-
C,H,405] ", 283.0999
C17H1504

617.1753 [M-H-0]~,517.1917
[M-H-SO;3-2H,0] ", 505.1908
[M-H-S0;-2H,0-C] ",
411.1523 [M-H-SO5-
C7H,05]”

313.1091 [M-H-SO;]~
517.1924 [M-H-GluA-2H,0] ",
505.1878 [M-H-GluA-2H,0-
C], 411.1393 [M-H-GluA-
C7H,05]”
353.0988 [M-H-caffeoyl],
191.0625 [M-H-2caffeoyl] ™,

179.0389
173.0524
207.0689
389.1566

[M-H-caffeoyl-QA] ",
[M'H'C18H14O7]7
M-H-C,He0,]”
[M-H-SO,]~

517.1920 [M-H-Glc-2H,0] ",
505.1926 [M-H-Glc-2H,0-C],
411.1450 [M-H-Gle-C,H, 053]~
517.1861[M-H-GluA-2H,0]
505.1888 [M-H-GluA-2H,O-
C]™, 411.1449 [M-H-GluA-
C,H,,05]", 357.1333 [M-H-
GluA-C;H,,0,4]”

517.1880 [M-H-S0;-2H,0] ",
505.1971 [M-H-S0;-2H,0-
C]™, 411.1461 [M-H-SO;-
C7H1003]_

341.1063 [M-H-GluA]~
331.1571 [M-H-CO,],
316.1313 [M-H-CO,-CH;]~
373.1327 [M-H-SO;],
358.1473 [M-S0;-0]",
235.0982 [M-H-S0;-C;H0;]~

Reported compound 1

Arctigenic acid-CH, + SO; 4
Lappaol H + 2H 2

Arctigenic acid + GluA

Isomer of reported compound
1
Isolappaol C + SO; 1

Arctignan A + GluA

Isolappaol C + GluA

Lappaol C + SO; 1

Arctigenin-3CH,-O + SO;
Lappaol C + GluA

1,5-O-Dicaffeoylquinic acid

Arctigenin-3CH,
Arctigenic acid + SO;
Isolappaol C + Gle

Lappaol E + GluA

Isolappaol C + SO; 2

Arctigenin-2CH,-2H + GluA
Arctigenic acid-CH, 1

Arctigenin-CH, + O + SO;

F

P,U,Li

P,U

P,U

P,U

P,U,F
UF

P,UF

U
P,U,F

P,U,F,Li,K
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Table 1 (continued)
tr Molecular  Selected Measured Error  (ESI—/ESI+) MS Identification or
NO. (min) formula ion ion (mDa) fragmentations characterization Source
M37 9.85 CzeHuOys [M-H|™ 715.2646 4.4 517.1917 [M-H-Gle-2H,0]”,  Lappaol C + Glc U,F
411.1520 [M-H-Gle-C,H,005] ™
M38 9.88  CyoH3,0q,0 [M-H|™ 539.1960 4.3 503.1805 [M-H-2H,0] ", Isolappaol C-CH, F
491.1753 [M-H-2H,0-C|~
37  9.96 CsoHs40q5 [M-H]™ 945.3574 2.9 927.3487 [M-H-H,0] ", Unknown F
897.3442 [M-H-2H,0-C| ",
825.2891 [M-H-6H,0-C] ",
813.2893 [M-H-6H,0-2C] ",
719.2555 [M-H-CgH,505] ",
707.2465 [M-H-CgH,30,-C]~
M39 9.99  CyeH300p, [M-H]|™ 533.1703 4.4 381.1289 [M + Na-GluAJ", Arctigenin-CH, + GluA 1 P,U,F,H,Li,Lu,K
341.1423 [M + H-GluA-H,0]",
137.0615 CgHo0,
M40 10.01 CyoH,00S [M-H]|™ 437.0918 1.2 357.1371 [M-H-SO;]~ Arctigenin-CH, + SO; 1 P,F,Li
M41 10.07 CzoH3,0:58 [M-H|™ 633.1691 4.9 505.1909 [M-H-SO;-2H,0- Lappaol C + SO; 2 F
C]~, 411.1497 [M-H-SO;-
C7H1003]7
39 10.09 CsoHs4045 [M-H]™ 945.3562 1.7 927.3511 [M-H-H,0] ", Unknown F
825.2864 [M-H-6H,0-C] ",
813.2885 [M-H-6H,0-2C] ",
607.2216 [M-H-C;5H,,0,] ",
589.2120 [M-H-C,;H,,0,-
H,0]", 571.2025 [M-H-
C15H,,0,-2H,0], 559.2009
[M-H-C;,H,,0,-2H,0-C]~
40  10.12 CuHyu0qy  [M-H]|™ 749.2849 4.0 665.2424 [M-H-4H,0-C] ", Lappaol H P,UF
653.2432 [M-H-4H,0-2C] ",
559.1986 [M-H-C,H;,05-
2H,0-C]~
M42 10.13 C,oH3;,0,0 [M-H]™ 539.1954 3.7 503.1799 [M-H-2H,0] ", Lappaol C-CH, F
491.1736 [M-H-2H,0-C]~
M43 10.16 CpeH300;, [M-H]™ 533.1688 2.9 381.1288 [M + Na-GluA[", Arctigenin-CH, + GluA 2 P,U,F,H,Li,Lu,K
341.1447 [M + H-GluA-H,0]",
137.0609 CgHo0,,
M44 10.32 CpoHp0eS [M-H]|™ 437.0930 2.4 357.1345 [M-H-SO;]~ Arctigenin-CH, + SO; 2 P,U,F,H,Li,Lu,K
M45 10.33 C,sHps0y; [M-H|™ 503.1577 2.4 351.1280 [M + Na-GluA]", Arctigenin-CH,-OCH, + GluA  P,U
329.1326 [M + H-GluA]"
M46 10.33 C,sHy0,, [M-H]|™ 519.1533 3.0 343.1195 [M-H-GIuA]~ Arctigenin-2CH, + GluA U
M47 10.37 CyoHp00S [M-H|™ 423.0779 2.9 343.1224 [M-H-SO;]~ Arctigenin-2CH, + SO3 P,U,F,Li,Lu,K
M48 10.38 CyoHp,0,  [M-H|” 375.1457 1.3 298.1194 [M-H-C,H;0;] ", Arctigenic acid-CH, 2 U,F
253.1060 [M-H-C;H¢O,]~
M49 1049 CyHp,040S [M-H]™ 467.1016 0.4 387.1481 [M-H- Arctigenin + O + SO; 1 U,F,Li
S0,]™,298.1220 [M-H-SO;-
C3H;0;]”
M50 10.51 CyoH,00S [M-H|™ 437.0921 1.5 357.1384 [M-H-SO;]~ Arctigenin-CH, + SO; 3 P,U,F,H,Li,Lu,K
M51 10.56 CyeH300;, [M-H|™ 533.1669 1.0 381.1253 [M + Na-GluA]", Arctigenin-CH, + GluA 3 P,U,Li,K
341.1396 [M + H-GluA-H,OJ",
137.0606 CgHo0,,
44  10.57 CzH30,0 [M-H]|™ 553.2109 3.5 517.1858 [M-H-2H,0] ", Arctignan A F
487.1645 [M-H-2H,0-CH,0]~
M52 10.61 CpoH00S [M-H|™ 437.0921 1.0 357.1355 [M-H-SO;]~ Arctigenin-CH, + SO, 4 P,U,F,H,Li,S,
Lu,K,B
M53  10.67 CyoH000S [M-H]™ 435.0798 4.8 355.1147 [M-H-SO;]~ Arctigenin-CH,-2H + SO; 1 UF
M54 10.87 CpoHp00S [M-H|™ 437.0947 4.1 357.1318 [M-H-SO;]~ Arctigenin-CH, + SO; 5 P,U,F,Li,K
M55 11.05 CyHp0oS [M-H|™ 435.0786 3.6 355.1225 [M-H-SO; |~ Arctigenin-CH,-2H + SO; 2 U,F,Li
46 11.06 CsoHs50:5 [M-H|™ 945.3588 4.3 927.3484 [M-H-H,0] ", Unknown F
747.2638 [M-H-C;,H,04] 7,
663.2255 [M-H-C1,H,,05] ",
517.1858 [M-H-CpoH,5010]
505.1848 [M-H-CyoH,5010-C]~
M56 11.22 C;3H;30,S [M-H|™ 377.0739 4.4 297.1160 [M-H-SO;] ", Enterlactone sulfate 1 U,F,K
253.1198 [M-H-SO5-CO, ]~ (arctigenin-3CH,-20 + SO;)
M57 11.28 Cz,H3,0,58 [M-H]|™ 633.1671 2.9 517.1912 [M-H-SO;-2H,0]”,  Lappaol E + SO, F

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

505.1921 [M-H-SO;-2H,0-
C], 411.1509 [M-H-SO5-
C,H,,0;], 357.1391 [M-H-
SOS'C10H1204]7
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49

M58

50

M59

51

52

M60
Me61
54*

M62

55

M63

57

Mo64

58

Mé65
61

M66

M67

Me68

M69
M70
M71

18440 |

11.28

11.33

11.38

11.39

11.42

11.47

11.54
11.59
11.65

11.69

11.71

11.76

11.85

11.86

11.88

11.91
11.95

12.01

12.08

12.11

12.15
12.18
12.22

C50H58018

C27H30012

C50H58018

C18H1807S

Ca0H46014

C3()H34010

C21H340408
CZOHZOOQS
C271_134()1 1

C30H3ZOIZS

C3OH34010
C27H32012

C21H2607

C30H3ZOIZS

C50H56017

C36H40015
C50H56C)17

C30H320158

C27H32012

C50H58017

C3 6H40015
C21 H24OQS
CZOHZZO9S

[M-H]”

[M-H]”

[M-H]~

[M-H]

[M-H]"

[M-H]-

[M-H]”
[M-H]”
[M-H +
HCOOH]~

[M-H]”

[M-H]”
[M-H]”

[M-H]

[M-H]”

945.3565

545.1704

945.3561

377.0741

749.2842

553.2106

467.0995
435.0799
579.2104

615.1511

553.2114

547.1818

389.1620

615.1570

927.3447

711.2339
927.3455

615.1555

547.1843

929.3621

711.2325
451.1110
437.0929
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2.0

4.5

1.6

4.6

3.3

-1.7
4.9
2.6

—2.5

4.0

0.2

0.8

5.0
1.6

1.9

2.7

2.5

3.6
4.7
2.3

927.3463
897.3375
665.2451
517.1912

505.1929 [M-H-C,oH,40,,-C]~

369.1299
354.1186
203.1186

[M-H-H,0] ",
[M-H-2H,0-C] ",
[M-H-CIIHZOOS] B )
[M-H-C,0H,50:0] 7,

[M-H-GluA]
[M-H-GluA-CH,] ",
C11H,0,, 174.0690

C11H100,, 159.0475 C1oH,0,

897.3373
665.2415
653.2426
505.1906
297.1163
253.1237
731.2740
713.2694
701.2621
665.2447
653.2400
571.2007
2H,0]~

517.1921
505.1910
411.1481
387.1483
355.1301
371.1502
357.1101
121.0287
535.2059
517.1884
505.1880
475.1444

[M-H-2H,0-C] ",
[M-H-C1,H,004]
M‘H'Clezoos]iy
,M_H_C21H28010]7
[M-H-SO;] ",
[M-H-S05-CO,] ™~
[M-H-H,0] ",
[M-H-2H,0] ",
[M-H-2H,0-C] ",
[M-H-4H,0-C] ",
[M-H-4H,0-2C],
[M-H-C,H;(0;-

[M-H-2H,0],
[M-H-2H,0-C] ",
[M-H-C,;H;,03]~
[M-H-SO5]~
[M-H-SO;]~
[M-H-Glc] ",
[M-H-Gle-H,0] ",
C,H;0,
[M-H-SO;],
[M-H-SO5-H,0],
[M-H-SO;-H,0-C] ™,
[M-H-SO;-H,0-

3CH,] ", 381.1364 [M-H-SO;-

CSHIOOS]_

C17H1404
517.1755
505.1920
371.1509
357.1331
371.1501
345.1702
330.1486
517.1903
505.1894
282.0868
879.3217
825.3047
813.2912
801.3015
505.1936
879.3209
843.2980
813.2946
801.2982
505.1817
381.1395

, 282.0869

[M-H-S0;-2H,0] ",
M-H-2H,0-C]~
M-H-GluA] ",
[M-H-GluA-CH,]~
[M-H-H,0] ",
[M-H-CO,] ™,
[M-H-COOH-CH,]~
[M-H-S0;-H,0],
[M-H-505-H,0-C] ™,
C17H1404
[M-H-2H,0-C] ",
[M-H-5H,0-C] ",
[M-H-5H,0-2C] ",
[M-H-5H,0-3C]~
[M-H-GluA-H,0-C]~
[M-H-2H,0-C] ",
[M-H-4H,0-C] ",
[M-H-5H,0-2C] ",
[M-H-5H,0-3C]~
[M-H-SO;-H,0-C],
[M-H-SO5-

CgH,00;], 282.0761

C17H14O4

371.151535 [M-H-GluA] ",

357.1322
911.3586
893.3672
881.3408
505.1938
371.1494
357.1378

[M-H-GluA-CH,]~
[M-H-H,0],
[M-H-2H,0] ",
[M-H-2H,0-C]~
[M-H-GluA]~
[M-H-SO3] ™~
[M-H-SO5]~

Unknown

7,8-Didehydroarctigenin iso-

mer + GluA

Unknown

Enterlactone sulfate 2
(arctigenin-3CH,-20 + SO;)
Unknown

Isolappaol C

Arctigenin + O + SO; 2
Arctigenin-CH,-2H + SO3 3
Arctiin

Lappaol A isomer + SOz 1

Lappaol C
Arctigenin + GluA

Arctigenic acid

Isolappaol A + SO; 1

Unknown

Isolappaol A + GluA
Unknown

Lappaol A + SO; 1

Arctigenin isomer + GluA

Unknown

Lappaol A + GluA
Arctigenin + SO;
Arctigenin-CH, + SO; 6

F

P,U

P,U,F,Li

F,Li
U,F,Li
P,F,Li,K

P,U,F,Li
P,U,F,Li,Lu,K,B

P,U,F,H,Li,Lu

P,U,Li

P,U,Li
P,U,F,Li,Lu,K
P,U,Li,Lu
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NO.

lr
(min)

Molecular
formula

Selected
ion

Measured
ion

Error
(mDa)

(ESI—/ESI+) MS
fragmentations

Identification or
characterization

Source

66

67

68

M72

M73

M74
72

M75

77

M76

79

80

82

M77

83

84

M78

86*

M79

M80
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12.25

12.36

12.36

12.37

12.57

12.59
12.66

12.77

12.80

12.80

13.05

13.07

13.12

13.14

13.24

13.28

13.34

13.40

13.48

13.51

Cs50Hs56017

C21 H2206

C50H56Ol7

CSOHSZOIZS

C30H32012S

CZ] H24OQS
C40H46014

C27H30012

C3()H32010

CSOHSZOIZS

C50H56()17

C40H44013

C3 1H3601 0
C21H24O7

C40H44013

C40H44013

CZ 1H2209S

C20H2206

C40H46013

C20H2206

[M-H]”

[M-H]-

M-H]”

[M-H]

[M-H]”

[M-H]”

[M-H]"

[M-H]”

[M-H]~

[M-H]~

927.3450

369.1360

927.3428

615.1479

615.1580

451.1106
749.2836

545.1677

551.1954

615.1563

927.3483

731.2745

567.2280

387.1466

731.2754

731.2736

449.0942

357.1361

733.2889

357.1356

1.1

2.2

-1.1

4.3

4.4

4.3
2.7

1.8

3.7

2.7

4.4

4.1

5.0

2.2

5.0

3.2

3.6

-1.1

2.9

1.8

897.3360 [M-H-H,0-C] ",
825.2929 [M-H-5H,0-C],
813.2922 [M-H-5H,0-2C]~
354.1140 [M-H-CH,],
203.0398 C;,H,0,, 174.0670
C11H100,, 159.0449 C;,H,0,
909.3333 [M-H-H,0] ",
879.3340 [M-H-2H,0-C] ",
825.2908 [M-H-5H,0-C]",
813.2943 [M-H-5H,0-2C]~
517.1956 [M-H-SO;-H,0] ",
505.1948 [M-H-S0;-H,0-C]~
517.1956 [M-H-SO;-H,0],
505.1932 [M-H-SO;-H,0-C] ",
282.0826 C;,H;,04

371.1583 [M-H-SO;]~
597.2433 [M-H-CgH;0;] ™,
165.0543 CoHoO3, 151.0429
CgH,0,

369.1388 [M-H-GIuA],

174.0641 Cy,H,00,, 159.0413

C10H;0,

505.1921 [M-H-H,0-CO] ",
397.1359 [M-H-C,H;,05-C]~
517.1924 [M-H-SO;-H,0] ",
505.1918 [M-H-S0;-H,0-C] ",
282.0875 C;;H;,0,
909.3328 [M-H-H,0] ",
879.3239 [M-H-2H,0-C] ",
825.3026 [M-H-5H,0-C] ",
813.2978 [M-H-5H,0-2C]~
677.2421 [M-H-3H,0] ",
665.2379 [M-H-3H,0-C] ",
653.2529 [M-H-3H,0-2C]~
531.2053 [M-H-2H,0] ",
519.2139 [M-H-2H,0-C|~
298.1193 [M-H-C;H;0;] ",

283.1055 [M-H-C;H;0,-CH,]~

713.2668 [M-H-H,0] ",
683.2544 [M-H-2H,0-C] ",
677.2445 [M-H-3H,0] ",
665.2429 [M-H-3H,0-C] ",
653.2457 [M-H-3H,0-2C] ",
571.2076 [M-H-C,H,0;-
H,0] ", 559.2043 [M-H-
C,H,005-H,0-C]~
713.2700 [M-H-H,0] ",
683.2442 [M-H-2H,0-C] ",
677.2417 [M-H-3H,0] ",
665.2424 [M-H-3H,0-C] ",
653.2433 [M-H-3H,0-2C] ",
571.2093 [M-H-C,H,(0;-
H,0] ", 559.2032 [M-H-
C,H,003-H,0-C]~
369.1390 [M-H-SO;]~

342.1114 [M-H-CH;],
313.1420 [M-H-CO,] ",
209.0842 [M-H-CgH50,-C]~
715.2755 [M-H-H,0] ",
685.2692 [M-H-2H,0-C],
591.2262 [M-H-C,H;,0;] ",
517.1920 [M-H-C;oH;405] ",

505.1934 [M-H-C;,H,605-C] ",

383.1521 C,,H,304
342.1165 [M-H-CH;]~

Unknown

7,8-Didehydroarctigenin
isomer

Unknown

Lappaol A isomer + SO;3 2

Isolappaol A + SO; 1

Arctigenin isomer +SOj;
Unknown

7,8-Didehydroarctigenin +
GluA
Arctignan C

Lappaol A + SO;3 2

Unknown

Unknown

Lappaol D
Arctigenin + O

Arctignan D

Arctignan E

7,8-Didehydroarctigenin +
SO;
Matairesinol

Arctignan D + 2H

Arctigenin-CH, 1
Matairesinol)

(isomer of
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F

P,U,F

P,U

F

P,U,F,H,Li,S,Lu,K,B

UF
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Table 1 (continued)
tr Molecular  Selected Measured Error  (ESI—/ESI+) MS Identification or
NO. (min) formula ion ion (mDa) fragmentations characterization Source
M81 13.60 CyHu;e0y; [M-H]” 733.2892 3.2 715.2733 [M-H-H,0] ", Arctignan E + 2H F
697.2676 [M-H-2H,0] ",
685.2706 [M-H-2H,0-C],
591.2296 [M-H-C,H,,0;]",
517.1870 [M-H-C,H;605]",
505.1880 [M-H-C,H,605-C| ",
383.1438 Cy,H,304
M82 13.64 CyoH05  [M-H|™ 327.1261 2.9 191.0697 [M-H-CgHgO,] (2R,3R)-2-(3-Hydroxybenzyl)-3- P,U,F,Li
121.0332 C,H;0, (3-hydroxy-4-
methoxybenzyl)butyrolactone
(arctigenin-2CH,-O)
M83 13.80 C,oH,,0s  [M-H]” 357.1347 0.9 342.1168 [M-H-CH;] ", Arctigenin-CH, 2 (isomer of ~ P,U,F,Li,K
205.0453 C,,H,0, matairesinol)
M84 13.92 CygHy0,  [M-H]™ 297.1114  —1.3  253.1200 [M-H-CO,]” Enterlactone (arctigenin- F
2CH,-20)
M85 14.16 CyoH;s0  [M-H]™ 341.1036 1.1 267.0750 [M-H-C3H0,]" Arctigenin-2CH,-2H U,F
97 1475 CsoH3;,0,  [M-H| 535.1989 2.1 517.1890 [M-H-H,0] ", Isolappaol A P,UF
505.1926 [M-H-H,0-C] ",
283.1099 C,,H,50,, 269.0774
C16H1304
98  14.84 CsH;,0s [M-H] 535.1988 2.0 517.1889 [M-H-H,0][, Lappaol A P,U,F,Li
505.1900 [M-H-H,0-C] ",
381.1389 [M-H-CgH,005],
282.0898 C,,H,,0,
100 1512 C3oH3;0,  [M-H] 535.1957 —1.1  505.1964 [M-H-H,0-C]” Lappaol A isomer F
101  15.14 CyH,,06  [M-H|™ 369.1374 3.6 174.0660 Cy1H;,0, 7,8-Didehydroarctigenin P,U,F,Li
102¢ 15.17 CyH,0s  [M-H]|™ 371.1522 2.7 357.1301 [M-H-H,0] ", Arctigenin P,U,F,H,Li,S,Lu,K,B
174.0640 C1,H;,0,, 121.0294
C,H,0,
105  15.62 CyHu;0.,  [M-HJ 713.2594  —0.4  683.2465 [M-H-H,0-C], Lappaol F F
665.2446 [M-H-2H,0-C] ",
653.2501 [M-H-2H,0-2C] ",
295.2203 CyH,50,
M86 16.14 C,Hs055 [M-H] 917.3226  —0.6  743.3159 [M + H-GIuAJ", Diarctigenin + GluA F
725.2975 [M + H-GluA-H,0]",
507.2039 [M + H-GluA-
C13H604]", 489.2100 [M + H-
GluA-C3H,,0,-H,0]"
114  19.19 CyHyue01,  [M-H|® 741.2908 —0.3  725.3047 [M + H-H,0]", Diarctigenin F
707.2900 [M + H-2H,0]",
507.2056 [M + H-C13H;604]",
489.2108 [M + H-C13H,0,-
H,0]", 285.1182 C;,H;,0y,
271.1081 C;H,50,
Notes. “ Unambitiously identified by comparison with reference standards; P: plasma; U: urine; F: feces; H: heart; Li: liver; S: spleen; Lu: lung; K

kidneys; B: brain.

M15. Metabolite M4, with the formula of C,,H,,0;,S, had
oxygen more than M11/M13/M19/M21 metabolites. It was then
characterized as demethyl-dehydroxy-arctigenic acid sulfate.
Matairesinol underwent hydroxylation and glucuronidation or
sulfation could result in phase I and II products, including
metabolites M8, M12, M14, M18, and M36. Notably, arctigenin
underwent demethylation coupled with glucuronidation and
sulfation, resulting in M39/M43/M51 and M40/M44/M50/M52/
M54/M71, respectively. Metabolite M46 was characterized as a
demethylation production of metabolites M39/M43/M51.
Furthermore, M34 was a dehydrogenation product of M46.
Metabolites M49/M60 presented [M-H|  ion at m/z 467.10
(C21H3040S), which had 79.957 Da (SO3) more than hydroxyl-
arctigenin (M77); and then, they were characterized as the
sulfation products of M77.

18442 | New J. Chem., 2022, 46,18426-18446

3.3.2.2. Sesquilignans-related metabolites. In the extract of
FA, arctignan A/isolappaol C/lappaol C/lappaol E and lappaol
A isomer/isolappaol A/lappaol A were the main sesquilignans.
Thus, based on their structures, correlated metabolites were
tentatively characterized in mice biosamples.

3.3.2.2.1 Phase I reactions-related. Metabolite M10 pre-
sented [M-H|  ion at m/z 571.2222 (C30H35011), and as
compared to compound 29, it had two additional hydrogens.
Meanwhile, they had similar fragmentation behaviors, such as
fragment ions at m/z 505.1823 (C9H,905) which were similar to
fragment ions at m/z 503.1741 (C,oH,,0g) produced by com-
pound 29. Thus, metabolite M10 was characterized as a hydro-
genation product of compound 29. Metabolites M31/M37 and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 7 Proposed metabolic pathways of arctigenin-related in HIN1 infected mice.

M38/M42 were the glycosylation products and demethylation
products of isolappaol C/lappaol C, respectively.

3.3.2.2.2 Phase II reactions-related. The metabolic reactions
of sulfation and glucuronidation of arctignan A/isolappaol
C/lappaol C/lappaol E could result in the metabolites M17/
M23/M26/M33/M41/M57 and M24/M25/M28/M32, respectively.
Similarly, the sulfation or glucuronidation products of lappaol
A isomer/isolappaol A/lappaolA were also detected, including
M62/M64/M66/M72/M73/M76 and M65/M69.

3.3.2.3 Dilignans-related metabolites. Five dilignans-related
metabolites were characterized in mice samples, including four
phase I metabolites and one phase II product. Metabolite M16
exerted a deprotonated ion at m/z 765.2726 (C40H,45015), which
gained one oxygen more than lappaol H. Metabolite M16 could
produce fragment ijons at m/z 747.2606 (C40H43014) [M-H-
H,0] ", 681.2353 (CsoH;,0,;) [M-H-4H,0-C]", and 575.1934
(C32H31040) [M-H-C;H;,04-H,0-OCH,] ", and this fragmenta-
tion behavior was similar to that of lappaol H (40) with the
fragment ions at m/z 731.2716 (C40H430:3) [M-H-H,O],
665.2383 (C30H3,0,0) [M-H-4H,0-C]", and 559.1967 (C3,H;;00)
[M-H-C;H;,0,-H,0-OCH,] . Metabolite M20 presented [M-H|~
ion at m/z 911.3374 with the formula CycHs6010. As compared
to lappaol H, they had one more C¢H;005 (162.053 Da). Mean-
while, the fragment ions of metabolite M20 were the same as
lappaol H. Thus, metabolites M16 and M20 were characterized
as the hydroxylation product and the glycosylation product of
lappaol H, respectively. Metabolites M79/M81 exerted [M-H]™ ion
at m/z 733.28 (Cy4H45043) and fragment ions at m/z 715.27
(C40H4301,) and 685.27 (C3oH41044). Compared to arctignan
D/arctignan E, metabolites M79/M81 had similar fragmentation
behavior, and the difference was that M79/81 gained two

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

additional hydrogens. Then, metabolites M79/M81 were charac-
terized as the hydrogenation products of arctignan D/arctignanE.

3.3.2.4 New lignans-related metabolites. Only one new-lignans-
related metabolite was characterized. M68 presented [M-H] ™ ion
at m/z 929.3621 (CsoHs,0,7), and compared to compounds 58/61/
66/68/79, M68 gained two additional hydrogens. Then, M68
was characterized as the hydrogenation product of compounds
58/61/66/68/79.

3.3.3 The metabolic character of FA in HIN1-induced mice
model. Gennearly, absorbed constituents were the primary
substances to achieve therapeutic effects. As result, 124 xeno-
biotics (38 prototypes and 86 metabolites) in HIN1 infected
mice were detected and characterized, including 47 in plasma
(11 prototypes and 36 metabolites), 101 in feces (38 prototypes
and 63 metabolites), 68 in urine (10 prototypes and 58 meta-
bolites), 14 in the lung (3 prototypes and 11 metabolites), 8 in
the heart (3 prototypes and 5 metabolites), 32 in the liver
(8 prototypes and 24 metabolites), 3 in the spleen (2 prototypes
and 1 metabolite), 18 in kidneys (3 prototypes and 15 metabo-
lites), and 4 in the brain (2 prototypes and 2 metabolites).
Meanwhile, the metabolic reactions of FA in vivo were also
summarized, including phase I and phase II reactions. It was
found that the main phase I metabolic reactions of mono-
lignans and their glycosides were demethylation, dehydroxyla-
tion, demethoxylation, and hydroxylation. Demethylation and
hydroxylation are major phase imetabolic reactions of sesqui-
lignans. Meanwhile, phase II reactions of these two types
included sulfation and glucuronidation. The phase I metabolic
reactions of dilignans included hydroxylation and hydrogena-
tion reactions, and the phase II reaction was glucuronidation.

New J. Chem., 2022, 46,18426-18446 | 18443
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H1N1 virus could cause lung edema, inflammation, etc.,
which significantly impacting the host’s survival condition.
Thus, the absorbed compounds (prototypes or metabolites) in
the lung might be major therapeutic substances. In the lung, 14
metabolites were characterized including matairesinol + O
(M9), arctigenic acid-CH, + SOz (M19), arctigenin-CH, + GluA
(M39/M43), arctigenin-2CH, + SO; (M47), arctigenin-CH, + SO3
(M44/M50/M52/M71), arctigenin + GluA (M63), arctigenin + SO;
(M70), arctigenic acid (57), matairesinol (86), and arctigenin
(102). Based on these metabolites, the compounds, which could
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present anti-influenza effects in FA might bearctigenic acid,
matairesinol, and arctigenin.

3.4 Network pharmacology analysis

Absorbed constituents were the primary substances for further
pharmacological mechanisms. Thus, the prototypes and meta-
bolites were subjected to the target prediction.

A total of 592 targets from 52 constituents (8 prototypes and
44 metabolites), with a probability of more than 0.1, were
obtained through the Swiss Target Prediction. Then, the

(b)
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Fig. 8 The predicted targets and pharmacological information of FA. (a) The overlapped targets between influenza-related targets and targets of FA;
(b) protein—protein interactions among targets of overlapped targets; (c) top 20 KEGG pathways.
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compound-target network was constructed using Cytoscape
software. The network consisted of 645 nodes and 1040794
interactions. Meanwhile, the influenza-related targets, with
‘Score_gda’ more than 0.1, were obtained in DisGeNet, and
858 targets were obtained. As shown in Fig. 8a, 45 overlapped
targets between FA-related candidates (prototypes and metabo-
lites) and influenza-related targets were found, and these could
be treated as the core targets of FA in the treatment of
influenza, including EGFR, CASP3, MAPK1, PTGS2, PIK3CA,
ESR1, etc. Further, these targets, with a degree value of more
than 3 in Fig. 8b, were used for constructing protein-protein
interactions (PPI) and KEGG analysis. Meanwhile, the protein-
protein interaction network was also constructed and the main
targets from the PPI network were screened out by analyzing
their degree value in the network. In the PPI network, PI3K
complex (PIK3CA, PIK3CB), MAPK complex, EGFR, and CASP3
were the main targets for FA to achieve the anti-influenza
effects. As reported in the literature, the phosphatidylinositol-
3-kinase (PI3K) was identified to be activated upon influenza A
virus (IAV) infection, and the early and transient induction of
PI3K signaling is caused by viral attachment to cells and
promotes virus entry.*” This gave a direction that FA might
depress the entry of the influenza virus to achieve therapeutic
effects.

3.4.1 KEGG classification of target proteins. The relation-
ship between target proteins and the pathways was analyzed
using the data extracted from the DAVID database, and the
pathways were screened according to the KEGG analysis with
BH-corrected P-values less than 0.05. The results showed that
the main target proteins were mainly involved in pathways in
cancer, kaposi sarcoma-associated herpesvirus infection, ras
signaling pathway, human cytomegalovirus infection, TNF sig-
naling pathway, PI3K-Akt signaling pathway, etc. (Fig. 8c).
Among them, the PI3K-Akt signaling pathway (correlated to
PI3K complex) and TNF signaling pathway are regarded as the
core pathways for FA for treating influenza.

Finally, the reported components with anti-influenza ability
in FA had lignans and caffeoylquinic acids. Lignans were one of
the major anti-influenza materials in FA. For example, arctiin
and arctigenin, two lignans in FA, were reported to present
obvious anti-influenza in vitro and in vivo. Hayashi et al
reported that arctiin and arctigenin exerted protective effects
in immunocompetent and immunocompromised mice
infected with influenza A virus.*> Meanwhile, caffeoylquinic
acids in FA also presented anti-influenza effects, such as
chlorogenic acid and 3,4-dicaffeoylquinic acid. It has been
reported that chlorogenic acid could inhibit neuraminidase
activity and block the release of newly formed virus particles
from infected cells.** 3,4-Dicaffeoylquinic acid could increase
TRAIL expression and extend the lifetimes of mice infected with
the influenza A virus.*® These data indicate that lignans and
caffeoylquinic acids are the core materials for FA to achieve its
anti-influenza effects. The predicted mechanism, such as PI3K
signaling and TNF signaling, might be regulated by lignans and
caffeoylquinic acids in FA. Notably, this hypothesis should be
validated by more experiments in the future.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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4. Conclusion

Revealing the functional mechanism of complex systems
(such as TCM) is quite difficult since there are hundreds and
thousands of chemical components in TCM, and exploring
their functional mechanism is of great importance to practical
applications. Oral administration was the primary way for TCM
access to the public, and notably, the absorbed compounds in
normal and infected hosts were quite different. Thus, the
characterization of in vivo substances under the disease model
was an effective way to reveal their functional mechanism.
In our work, a strategy integrating pharmacological evaluation,
chemical profiling, and network pharmacology was proposed to
reveal the potential pharmacological mechanism of TCM, and
Fructus Arctii was used as an example. As a result, FA could
significantly improve the survival rate of HiN1-infected mice
with amelioration of lung inflammation. Meanwhile, a total of
123 compounds (62 targeted components and 61 non-targeted
components) were identified or tentatively characterized in FA,
providing the material basis for further quality evaluation or
exploring the pharmacological mechanism. Furthermore, 124
xenobiotics were tentatively characterized in nine biosamples
(38 prototypes and 86 metabolites). Considering the metabo-
lites in mice’s lungs, the anti-influenza effects of FA might
mainly be arctigenic acid, matairesinol, and arctigenin. All
xenobiotics were screened out in mice’s plasma to construct
the pharmacological network. The network pharmacology
results showed that FA could target EGFR, CASP3, MAPK1,
PTGS2, PIK3CA, ESR1, etc., which are mainly involved in the
pathways in cancer, kaposi sarcoma-associated herpesvirus
infection, ras signaling pathway, PI3K-Akt signaling pathway,
etc. Among them, the PI3K-Akt signaling pathway (correlated to
PI3K complex) and TNF signaling pathway are regarded as the
core pathways for FA for treating influenza. It was the first time
to evaluate anti-influenza effects and potential mechanisms of
FA and obtain the chemical information of FA in vitro and
invivo. In the meantime, new insight for exploring the potential
pharmacological mechanism of TCM has been provided.
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