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Isolation of oligostilbenes from Iris lactea Pall. var.
chinensis (Fisch.) Koidz and their anti-inflammatory
activitiest
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Iris lactea Pall. var. chinensis (Fisch.) Koidz (Iris lactea) is an herbaceous perennial widely distributed in China,
India, and South Korea. Iris lactea has been extensively used in traditional Chinese medicine. The present
study isolated a new oligostilbene (compound 1), together with three known oligostilbenes (compounds
2, 3 and 4) from the seeds of Iris lactea. The structures of these compounds were elucidated by
HRESIMS, NMR, and chemical analyses. The network-based pharmacologic analysis platform was used to
predict the target proteins related to inflammation of isolated compounds. Furthermore, the isolated
compounds were tested for their anti-inflammatory effects in LPS-stimulated RAW 264.7 cells. In this
network, 138 candidate targets of compounds related to its therapeutic effect on inflammation were
identified. In addition, compounds 1, 2, 3 and 4 significantly decreased NO content and the IL-6 levels as
well as the expression of COX-2 in LPS-stimulated RAW 264.7 cells.
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Introduction

Iris lactea Pall. var. chinensis (Fisch.) Koidz (Iris lactea) is an
herbaceous perennial that grows primarily in China, South
Korea, Russia, and India. And Iris lactea is also widely distrib-
uted in Northeast China, North China, and Northwest China.*
Iris lactea is one of the most valuable iris plants. Because the
flowers exhibit good appearance and gorgeous colors, it has
high ornamental value and can be planted on the edges of
garden roads, flower beds and flower borders, embellished in
lawns, or directly used as ground cover plants.> Iris lactea has
a well-developed root system and strong drought resistance;
therefore, it is also a useful sand-fixation and greening plant. In
addition, as a halophyte, Iris lactea has strong salt resistance
and can be used in the improvement of saline land.? Iris lactea
also showed strong Cd tolerance and accumulation ability,
indicating significant potential for application in the phytor-
emediation of Cd-contaminated soil.*®

In traditional Chinese medicine, Iris lactea is used to treat
jaundice, pharyngitis, hemorrhoids, ulcer, blood vomiting and
joint pain.”® Phytochemical studies identified flavones, iso-
flavones, glycosylflavones, xanthones, triterpenes, quinones,
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and stilbenes from Iris lactea.'*> Remarkably, an increasing
number of studies have been devoted to oligostilbenes, a group
of natural products of stilbenes polymers.”*'* Oligostilbenes
exhibit various pharmacological activities, including anti-
fungal, anti-inflammation, anti-oxidation, anti-tumor, anti-
HIV, anti-Alzheimer's disease and anti-diabetes.">* Our early
study isolated three oligostilbenes from Iris lactea,”® to gain
a more comprehensive understanding of the bioactive constit-
uents of Iris lactea, we performed analyses of high-performance
chromatography coupled to mass spectrometry and nuclear
magnetic resonance. Four oligostilbenes, Vitisin A-13-O-B-b-
glucoside (1), Vitisin D (2), hopeaphenol (3) and Vitisin A (4)
were isolated. Among them, compound 1 is a new and to be
identified in Iris lactea, whereas compound 3 is isolated from
Iris lactea for the first time.

Inflammation is a protective response to harmful stimuli,
including pathogen invasion. It is a critical procedure that the
body can utilize to signal the immune system to maintain tissue
homeostasis.”® However, failure to control inflammation can
cause pathological changes that contribute to acute or chronic
diseases, thereby resulting in a range of diseases including
Alzheimer's disease, type 2 diabetes mellitus, and atheroscle-
rosis.”” Therefore, it seems that anti-inflammation could be
a crucial point of prevention of disorders. And natural
compounds characterized as anti-inflammatory or immuno-
modulatory dietary supplements are hoped to be developed into
health care product without side effects.”® There are accumu-
lating studies have found that oligostilbenes exhibit strong anti-
inflammatory. Ampelopsin C, Ampelopsin A and Vitisin B from
Vitis thunbergii, and displayed strong PGE, inhibition activities.
Among, Ampelopsin C showed better PGE, inhibitory effects

© 2022 The Author(s). Published by the Royal Society of Chemistry
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than the other compounds surveyed, with an ICs, value of 15.52
uM.> o-Viniferin was first isolated as an anti-inflammatory
constituent of Caragana chamlagu, a Korean herbal medicine
for arthritis. o-Viniferin at doses of 3-10 uM inhibited the
synthesis of cyclooxygenase-2 (COX-2) transcription lipopoly-
saccharide (LPS)-stimulated murine RAW 264.7 macrophages.*

Network pharmacology is a platform for drug target analysis
and molecular mechanism prediction, mainly constructs bio-
information networks through methods such as literature
mining, and analyzes network topology and selects specific
signal nodes for multi-target prediction of drug action.*
Network pharmacology could be used to solve the problems
caused by multi-component, multi-target and synergistic
features in compound research,* providing new approaches
and strategies for new drug development.*

In this study, isolation and identification of four oligos-
tilbenes from Iris lactea were studied. The anti-inflammation
targets of all isolated compounds were predicted by network
pharmacology. In addition, the effects of compounds 1, 2, 3 and
4 on anti-inflammation in LPS-stimulated RAW 264.7 cells were
studied. These results suggest compounds 1, 2, 3 and 4 showed
potent anti-inflammation activities.

Experimental
Collection of Iris lactea seeds and extraction of oligostilbenes

Seeds of Iris lactea were collected at Malian Lake of Inner
Mongolia, China, in August 2018. The plant was verified by Dr
Qingbo Gao (Northwest Institute of Plateau Biology, Chinese
Academy of Sciences, Xining, China) after comparing with the
voucher specimen in the Qinghai-Tibetan Plateau Museum of
Biology (Xining, China) (reference no. 158719).

As previously described, oligostilbenes in Iris lactea were
extracted under alkaline conditions followed by precipitation
with acid.?* First, the seeds of Iris lactea were cleaned with water
and dried in the shade. After de-coating, seed kernels (22.0 kg)
were macerated with 5.0% NaOH aqueous solution (12 h, room
temperature). The solution was filtrated and combined as the
alkali extraction solution. The extraction solution was neutral-
ized by H,SO, which was added in a drop-wise manner under
vigorous stirring. After realizing, a pH of 3.0, precipitation was
initiated, which was allowed to finish automatically at room
temperature. The precipitates were collected by centrifugation
(4500xg, 10 min). Impurities were removed by re-dissolving the
precipitates in 95% ethanol and drying under vacuum (60 °C).
The resultant extracts (328.12 g) were stored at —20 °C.

Isolation of oligostilbenes

The oligostilbenes extracts (20.00 g) was dissolved in 50 mL of
methanol and filtration (0.22 pm) to obtain a sample solution
with the concentration of approximately 400 mg mL~". The
oligostilbenes extracts solution was further processed with
preparative HPLC using a DAC50 column with the filler of
Hedera C18 (particle size 10 pm). The mobile phase A was
acetonitrile and the mobile B was water. The gradient elution
step was 0-60 min, 20-30% A. The inject volume was 1 mL. The
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flow rate was 60 mL min~'. Four fractions (S1, S2, S3 and S4)
were obtained through the above separation stage. Fraction S4
were determined to be monomeric compound after HPLC
analysis and compound 4 was obtained without further sepa-
ration or purification process. Then fraction S1, S2, and S3 were
individually purified by a semi-preparative HPLC equipped with
a Kromasil C18 (250 x 21.2 mm, 5 pm) and eluted with aceto-
nitrile-water (30:70, v/v) to achieve compounds 1, 2, and 3,
respectively.

The isolated compounds were subjected to HPLC analysis
with a Kromasil C18 column (250 x 4.6 mm, 5 um). Compo-
nents were eluted with a 0-40 min gradient of 10-50% aceto-
nitrile in water with a flow rate of 1 mL min~". The detection
wavelength was 210 nm. And the retention time was 25.5, 27.5,
28.0, and 32.5 min for compounds 1, 2, 3 and 4. Finally, four
compounds with the amount of 137.0, 21.0, 18.0, and 1348.0 mg
were obtained, respectively. The purity of each compound was
90.1%, 95.5%, 96.3% and 98.1%, as shown in Fig. S2.1 And the
yield of compounds 1, 2, 3 and 4 was 0.685%, 0.105%, 0.09%
and 6.74%, respectively.

Compound 1. Vitisin A-13-O-B-p-glucoside. White amor-
phous powder, [[a]p +181° (¢ 0.1, MeOH)], possessed a molec-
ular formula of CgHs,0;; by the positive HRESI-MS (m/z
1091.3099 [M + Na]*, caled 1091.3102), the "H and ">C NMR data
see Table 1.

Bioinformatic analysis

The database

GeneCards

of DrugBank (https://www.drugbank.ca/),
(https://www.genecards.org/) and TTD (http://
db.idrblab.net/ttd/) were used to construct inflammation-
related target libraries by performing automated searches
using keywords including “inflammation” and
“inflammatory”. The molecular targets of all isolated
compounds were predicted through PharmMapper (http://
lilab.ecust.cn/pharmmapper/), which is a freely available web
tool for identifying potential targets using a pharmacophore
mapping method. The compound targets and inflammation-
related targets were set as the background lists to get the
overlapping targets wusing Venn diagrams (http:/
bioinformatics.psb.ugent.be/webtools/Venn/) web tool.
Cytoscape 3.6.0 software was used to import the data to
construct and visualize the compound-targets network.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis was performed
based on the Metascape* (https://metascape.org/gp/
index.html#/main/step1). P < 0.05 was accepted to obtain
main GO and KEGG pathways, and the first 20 pathways were
screened out. Afterwards, the visualized diagrams of GO
functional enrichment and KEGG pathway analysis were
carried out through bioinformatics (http://
www.bioinformatics.com.cn/login/) web tool.

Molecular docking

The molecular docking was used to analyze the interaction
between all isolated compounds and COX-2. The analysis was
conducted in Yinfo Cloud Platform (https://cloud.yinfotek.com/)
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and with the Autodock Vina program (version 1.1.2). The 3D
structure of compounds 1, 2, 3 and 4 were constructed with
energy minimization in MMFF94 force field. The crystal
structures of COX-2 (PDB ID: 4M11)** was obtained from RCSB
Protein Data Bank (https://www.rcsb.org/). The crystal ligand was
separated and used to define the binding pocket. AutoDock Vina
program was utilized to perform semi-flexible docking with
maximum 9 poses output after internal clustering.*®

Anti-inflammatory assays

The RAW 264.7 murine macrophage cell line (TCM13, National
Collection of Authenticated Cell Cultures, Shanghai, China) was
cultured in DMEM (Dulbecco's modified Eagle medium) sup-
plemented with 10% fetal bovine serum, antibiotics (100 U
mL ™" penicillin and 100 U mL™" streptomycin), and the cells
were maintained at 37 °C in a humidified incubator containing
5% CO,.

The RAW 264.7 cells were seeded in 96-well plates (1 x 10°/
mL) for 24 h. The effects of different concentrations of
compounds (0, 1, 5, 10, 20, 50 and 100 uM) on cell viability were
measured by the MTT assay.’” Then, the RAW 264.7 cells were
divided into three groups containing the control group, the
model group (5 pg mL™ " LPS),*® and the sample group (5 ug
mL " LPS and the compounds at concentrations of 10 uM) for
24 h. The NO concentration in the culture medium was
measured by the Griess reagent.* The IL-6 level in the culture
medium was measured by an ELISA kit.** The expression level of
COX-2 was measured by western blot. Antibodies against COX-2
(#12282) and B-actin (#4970) were obtained from Cell Signaling
Technology (Danvers, MA, USA) and the assays were conducted
as previously reported.**

Statistical analysis

Data analyses were performed with GraphPad Prism 7.0
(GraphPad Software, San Diego, CA). Three or more replicates
were performed for each experiment. One-way ANOVA was used
for comparisons between three or more groups, whereas
Student's ¢-test was used for comparisons between two groups.
Results were presented as mean + SD. Pvalue less than 0.05 was
considered significant.

Results and discussion
Preparation of oligostilbene extracts

Oligostilbenes in Iris lactea were extracted under alkaline
conditions followed by precipitation with acid. Selection of the
extraction method was based on the trade-off between cost and
efficiency. In the published studies, extraction with organic
solvents was preferred. However, utilization of multiple organic
solvents (such as ethanol, methanol or acetone) and successive
partitioning increases the costs. On the other hand, alkaline-
based extraction followed by acid-induced precipitation has
been widely used in extraction of natural products such as
lignins, hemicelluloses and phenolic compounds.*>* Lv et al.
isolated Vitisin D, Ampelopsin B and cis-Vitisin A from Iris
lactea by adopting the alkaline-acid method and verified the
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extracts with high-speed counter current chromatography
method.” The alkaline-acid method is of many advantages:
environmental protection, easy operation, cost saving and low
solvent contamination. Oligostilbenes contain hydroxyl groups
and exhibit weak acidity. After interaction with the alkali, the
water solubility of the oligostilbenes increase. After the addition
of acid, the dissolved substances in the alkali solution could be
precipitated. It should be noted that determination of the
specific pH value for the precipitation of oligostilbenes is of
special importance. After series of pilot tests, we found pH 3.0
could induce the proximal precipitation.

In general, extraction method of plant material applies the
organic solvent rather than use the alkaline-acid method, which
might have destroyed some of the key compounds of plant
material. However, according to the above comparison combine
with structural characteristics of oligostilbenes. We found that
the alkaline-acid method is more advantageous. So, we applied
the alkaline-acid method to obtain oligostilbenes extracts.

Identification of new compounds

Compound 1, obtained as white amorphous powder [[«a]p +181°
(¢ 0.1, MeOH)], with a molecular formula of C4,H5,0,, by the
positive HRESI-MS (m/z 1091.3099 [M + Na], caled 1091.3102),
requiring 37 indices of hydrogen deficiency. The 'H NMR
spectrum (Table 1) of methanol-d, of compound 1 showed
signals for three pairs of p-substituted benzene ring proton,
three pairs of 1,3,4,5-tetrasubstituted benzene ring signals, a set
of 1,2,4-trisubstituted benzene ring, a set of symmetrical 1,3,5-
trisubstituted benzene, and a pair of ¢rans-form olefinic protons
at 0y 6.29, 6.37 (each 1H, d, J = 16.2 Hz). In addition, three pairs
of coupling aliphatic doublets were detected at 0y 4.28, 5.34
(each 1H, d,J = 6.5 Hz), 4.12, 5.82 (each 1H, d,J = 11.4 Hz), and
5.25, 5.40 (each 1H, d, J = 3.8 Hz), as well as characteristic
signals for B-glucopyranosyl at 6y 4.89 (1H, d, J = 7.5 Hz, H-1'),
3.78 (1H, dd, J = 12.0, 4.1 Hz, H-6'a), 3.89 (1H, br d, J = 12.0 Hz,
H-6'b), and 3.40-3.51 (4H, m, H-2, H-3, H-4’ and H-5'). The **C
NMR spectrum (Table 1) showed a total of 62 carbon reso-
nances, including 50 downfield carbon signals (partially over-
lapping) assignable to eight benzene rings and a double-bond
group, six aliphatic methine carbons (two oxygenated), as well
as characteristic signals for p-glucopyranosyl at é¢ 102.8 (d, C-
1), 77.9 (d, C-3' and C-5'), 75.0 (d, C-2'), 71.2 (d, C-4') and 62.4 (t,
C-6'). The above NMR features were very similar to those of
Vitisin A,* a stilbene tetramer isolated from the genus Vitis. The
difference between the two was that the signals of B-glucopyr-
anosyl moiety were only present in compound 1, suggesting it
a glucoside derivative of Vitisin A. The obvious downfield shifts
(4 = +0.35 ppm) of H-12b and H-14b in compound 1, compared
with those of Vitisin A, indicates the localization of the sugar
fragment at C-13b. Moreover, the HMBC correlations (Fig. 2a)
between the H-1' [y 4.89 (1H, d, J = 7.5 Hz, H-1')], H-12b [0y
6.51 (1H, d,J = 2.0 Hz)] and H-14b [6y; 6.78 (1H, d, ] = 2.0 Hz)] to
C-13b [¢ 160.4 (s)], further confirmed the glycosylation at C-
13b. The sugar was identified as p-glucose by acid hydrolysis.
Moreover, based on the coupling constant (7.5 Hz) of the
anomeric proton, the sugar moiety was identified as f-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 'H and 3C NMR data for compound 1 (CDsOD, 6,4: 3.30 ppm, éc: 49.0 ppm)

No. 'H NMR 3C NMR No. H NMR 3C NMR
la — 133.8 (s) 4c — 158.8 (s)
2a, 6a 7.12 (2H, d, 8.6) 128.2 (d) 7c 5.82 (1H, d, 11.4) 89.1 (d)
3a, 52 6.76 (2H, d, 8.6) 116.3 (d) 8c 4.12 (1H, d, 11.4) 49.7 (d)
4a — 158.5 (s) 9c — 142.5 (s)
7a 5.34 (1H, d, 6.5) 94.8 (d) 10c — 121.1 (s)
8a 4.28 (1H, d, 6.5) 58.1 (d) 11c — 158.5 (s)
9a — 146.8 (s) 12¢ 5.94 (1H, d, 2.3) 101.0 (d)
10a, 14a 6.09 (2H, d, 2.2) 107.4 (d) 13c — 156.8 (s)
11a, 13a — 160.0 (s) 14c 6.12 (1H, d, 2.3) 104.8 (d)
12a 6.18 (1H, t, 2.2) 102.3 (d) 1d — 136.0 (s)
1b — 129.1 (s) 2d, 6d 6.99 (2H, d, 8.7) 129.2 (d)
2b 5.93 (1H, d, 2.0) 133.0 (d) 3d, 5d 6.61 (2H, d, 8.7) 115.5 (d)
3b — 132.9 (s) ad — 155.9 (s)
ab — 155.7 (s) 7d 5.25 (1H, d, 3.8) 41.1 (d)
5b 6.60 (1H, d, 8.3) 115.5 (d) 8d 5.40 (1H, d, 3.8) 41.8 (d)
6b 6.74 (1H, dd, 8.3, 2.0) 123.6 (d) 9d — 141.6 (s)
7b 6.37 (1H, d, 16.2) 132.1 (d) 10d — 121.0 (s)
sb 6.29 (1H, d, 16.2) 122.0 (d) 11d — 160.4 (s)
9b — 137.3 (s) 12d 6.06 (1H, d, 2.1) 96.1 (d)
10b — 122.2 (s) 13d — 158.8 (s)
11b — 162.4 (s) 14d 6.03 (1H, d, 2.1) 110.4 (d)
12b 6.51 (1H, d, 2.0) 98.3 (d) 1 4.89 (1H, d, 7.5) 102.8 (d)
13b — 160.4 (s) 2/ 3.40-3.51 (m) 75.0 (d)
14b 6.78 (1H, d, 2.0) 106.4 (d) 3’ 3.40-3.51 (m) 77.9 (d)
1c — 131.1 (s) q 3.40-3.51 (m) 71.2 (d)
2¢, 6¢ 7.08 (2H, d, 8.6) 130.3 (d) 5’ 3.40-3.51 (m) 77.9 (d)
3¢, 5¢ 6.70 (2H, d, 8.6) 116.1 (d) 6 3.78 (1H, dd, 12.0, 4.1); 3.89 (1H, br d, 62.4 (t)

configuration.””** In view of the roughly consistent NMR data
(especially the coupling constants) and the NOESY correlations
(Fig. 2b), the aglycone part of compound 1 was deduced to have
the same stereochemistry as that of Vitisin A. Therefore, the
structure of compound 1 was established as Vitisin A-13-O-3-b-
glucoside (Fig. 1). The complete assighments of the 'H and *C
NMR spectroscopic data were summarized in Table 1 based on
the extensive 2D NMR experiments. By comparing their NMR
data with those reported in literature, structures of the other
three compounds in the extracts were identified as Vitisin D
(compound 2),* hopeaphenol (compound 3)**** and Vitisin A
(compound 4),*® respectively (Fig. 1).

Naturally occurring oligostilbenes are hydroxylated stilbenes
with complex structures and various biological activities. Oli-
gostilbenes are mainly found in Vitaceae, Gnetaceae, Dipter-
ocarpaceae, Leguminosae, Cyperaceae, Paeoniaceae, and
Iridaceae.”®® Hou et al., isolated trans-e-viniferin and 2-r-vin-
iferin from the seeds of Iris lactea.>® Lv et al., separated multiple
oligostilbenes, including Vitisin B and Vitisin C, from the seed
kernel of Iris lactea.”” In this study, we modified the alkaline-
acid extraction method and isolated four oligostilbenes from
the seeds of Iris lactea, including Vitisin A-13-O-B-p-glucoside,
Vitisin D, hopeaphenol and Vitisin A.

Based on the above results, we found that the purity of
compound 1 was 90.1%. To determine the impurity of
compound 1, we analyzed the compound 1 with UPLC-TOF-MS.
According to the retention time in UPLC-UV chromatogram and
the masses of parent ions [M — H]" and their fragment ions, we

© 2022 The Author(s). Published by the Royal Society of Chemistry
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concluded the impurity is vaticaside B (Fig. S31). The vaticaside
B is glucosides of resveratrol oligomers. Compound 1 and
compound 4 as resveratrol tetramer, a class of stilbenoids, are
commonly biosynthesized by regioselective oxidative coupling
of four units of resveratrol monomer.* It has been reported that
compound 4 more stable against degradation than native
resveratrol dimer or monomer.®* In addition, there was use
a rapid liquid chromatography-ultraviolet detection method for
the assessment of stability of resveratrol and resveratrol
tetramer hopeaphenol. The results indicated that the half-life of
resveratrol is 1 h. However, the tetramer hopeaphenol was
stable over the maximum incubation time of 72 h.®> Thus, we
think resveratrol tetramer compound 1 is also stable. So, this
impurity may be introduced due to unclean of separation
process.

Bioinformatic analysis

After removing the repeated targets, a total of 1365
inflammation-related targets were integrated and identified
through the DrugBank, GeneCards and TTD databases. 436
possible targets of 4 compounds were attained by using
PharmMapper to screen and remove repetition. The Fig. 3a
shows the Venn diagram of the compound and inflammation
targets, such that the common part of the two was regarded as
to include potential anti-inflammatory targets. There were 138
overlapping targets between the compound targets and
inflammation-related targets. The correlations between the

RSC Adv, 2022, 12, 32912-32922 | 32915
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Fig. 1 Chemical structures of isolated oligostilbenes from seeds of Iris lactea.

compound targets and overlapping targets were constructed
and visualized by Cytoscape 3.6.0 software (Fig. 3b and Table
S17). The results show that the 10 targets with a higher degree
value among the anti-inflammatory targets are BMP2 (P12643,
degree = 4), CA2 (P00918, degree = 4), TTR (P02766, degree =
4), ALB (P02768, degree = 4), CASP7 (P55210, degree = 4), BCHE
(P06276, degree = 4), MAPK1 (P28482, degree = 4), PIK3CG
(P48736, degree = 4), GC (P02774, degree = 4) and MMP13
(P45452, degree = 4), which play a major role in the network.

The inflammatory process can trigger different diseases
depending on the specific inflamed tissue or organ involved.
However, all disorders have common features or a conjoint
cellular process, such as the activation of a stress signaling
pathway and the concomitant production of inflammatory
cytokines.®” A total of 138 inflammation-related targets were
input to the Metascape database, and 169 pathways that had
statistical significance were input for pathway enrichment
analysis. According to the results with significance (P < 0.05),

/74 HMBC

— 'H,'H-cOsY

Fig. 2 The correlations of compound 1. (a) The HMBC and *H,*H-COSY correlations. (b) The NOESY correlations.
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enrichment analysis yielded 169 pathways and visualization
analysis of the top 20 signaling pathways (Fig. 3c), including
pathways in cancer, lipid and atherosclerosis, Th17 cell differ-
entiation, NF-kB signaling pathway and coronavirus disease-
COVID 19. Detailed information of KEGG pathway enrichment
analysis was provided in ESI Table S2.f GO function of 138
action targets (P < 0.05) was enriched with Metascape (Table
S37). Top 10 terms are shown in Fig. 3d. The results showed that
the main biological process were involved in response to
hormone, regulation of defense response, positive regulation of
cell migration, response to wounding and response to bacte-
rium. The main cellular component was involved in vesicle
lumen, extracellular matrix, membrane raft, receptor complex
and side of membrane. The main molecular function were
involved in endopeptidase activity, nuclear receptor activity,
lipid binging, protein serine/threonine/tyrosine kinase activity
and nitric-oxide synthase regulator activity.

NF-kB is the most ubiquitous transcription factor, and NF-kB
signaling plays an important role in the expression of genes
related to inflammatory response, including those encoding
iNOS, COX-2 and pro-inflammatory cytokines.** We use KEGG
and GO pathway enrichment analyses and existing literature
reports, the NF-kB-dependent signaling pathway was tentatively
identified as the mechanism by which compounds 1, 2, 3 and 4
exerts its anti-inflammatory effects.

Molecular docking analysis

To investigate the possible mechanism anti-inflammatory activ-
ities, molecular docking studies (Autodock Vina program
(version 1.1.2)) were conducted to investigate the interactions
between the compounds and COX-2 protein. As far, the latest
version of Autodock Vina program is v. 1.2.0. However, the
Autodock Vina program (version 1.1.2) was used for the molec-
ular docking studies. Compared to Autodock Vina program
(version 1.1.2), Autodock Vina program (version 1.2.0) support for
modeling specific features such as macrocycles or explicit water
molecules. Additionally, Autodock Vina program (version 1.2.0)
also support the AutoDock4.2 scoring function, simultaneous
docking of multiple ligands, and a batch mode for docking
a large number of ligands. Furthermore, it implemented Python
bindings to facilitate scripting and the development of docking
workflows.®® In general, the version updates have no effect on
results of molecular docking. So, we think the Autodock Vina
program (version 1.1.2) is still applicable to analyze molecular
docking. The results revealed that compounds 1, 2, 3 and 4
showed strong affinities with COX-2 protein (Fig. 4). And the
estimated binding free energy of compounds 1, 2, 3 and 4 for its
binding with COX-2 was —10.9, —11.3, —8.2 and —9.4 kcal mol ?,
respectively. For the interaction between compound 1 and COX-2,
hydrogen bonds form at residues Gly135, GIn327, Lys317 and
Asn34, and hydrophobic interaction occurs at residues His133,
Tyr134, Glu326 and Tyr136. For the interaction between
compound 2 and COX-2, hydrogen bonds form at residues
Asp239 and Arg311, and hydrophobic interaction occurs at resi-
dues Lys243, Lys557, Val554, Phe247, Thr561 and His242, and mt—
7 stacking at residues Phe247. For the interaction between
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compound 3 and COX-2, hydrogen bonds form at residues
Asp158 and Tyr136, and hydrophobic interaction occurs at resi-
dues Pro154, Ala156, Asp157, Asp325 and Glu326. For the inter-
action between compound 4 and COX-2, hydrogen bonds form at
residues Ser110, Arg109, Asp362 and Ser563, and hydrophobic
interaction occurs at residues Pro106, Asp362, Asn560, Thr561,
Lys243 and GIn270.

Anti-inflammatory effects

The MTT assay was preliminarily used to determine the cyto-
toxicity of isolated compounds in RAW 264.7 cells. As shown in
Fig. 5a-d, compounds 1, 2, 3 and 4 (1-100 uM) had no cytotoxic
effect on RAW 264.7 cell viability, compared to the control
group. So, compounds 1, 2, 3 and 4 of 10 uM were used to
investigate the potential anti-inflammatory activities of these
compounds in LPS-stimulated RAW 264.7 cells. Sung et al.
found that compound 4 at concentration of 1-10 uM had no
cytotoxic effect on RAW 264.7 cells.®® Xu et al. suggested that
compound 3 at concentration of 10 uM didn't exhibited cyto-
toxic effect on hCMEC/D3 cells.*” In addition, the effects of
compounds 1, 2, 3 and 4 at concentration of 1-100 uM on cell
toxicity were tested in PC12, SH-SY5Y, and HepG2 cell lines with
MTT assay (Fig. S41). The cell viability was increased after
incubation with compounds 1 and 2 individually for 24 h at
final concentrations of 0-50 uM. However, it should also be
noted that compound 1 and compound 2 at 100 uM reduced the
viability of HepG2 and PC12 cells, respectively. We found
compound 3 at 1-100 uM increased the viability of the three cell
lines after a 24 h treatment. In contrast, our results showed 24 h
incubation with compound 4 at 0-20 uM increased the viability
of PC12 and SH-SY5Y cells although a reduction of viability were
observed when the dosage increased to 50 and 100 pM. In
a word, compounds 1, 2, 3 and 4 at concentration of 1-10 uM
had no caused the reduction of cell viability.

NO is known to be a potent pro-inflammatory mediator and
possesses a dual regulatory function in the inflammatory reac-
tion.®® NO plays anti-inflammatory roles under normal physio-
logical conditions, however, excessive production of NO has
been found associated with various inflammatory disorders.*
Therefore, we were investigated whether the four compounds
affected NO production in LPS-stimulated RAW 264.7 cells. As
shown in Fig. 5e, compounds 1, 2, 3 and 4 significant sup-
pressed NO production in LPS-stimulated RAW 264.7 cells,
compared to the model group. In addition, the effect of
compounds 1, 2, 3 and 4 on the levels of pro-inflammatory
cytokine IL-6 was evaluated. The results showed that
compounds 2, 3 and 4 inhibited the release of IL-6 in the cell
supernatant, compared to the model group (Fig. 5f). COX-2 is
expressed upon induction by various factors, such as IL-18, IL-6,
TNFa and growth factors, in inflammation, pain response, or
tissue damage.” Compared to the model group, compounds 1,
2, 3 and 4 had the strongest inhibitory effect on the expression
of COX-2 in LPS-stimulated RAW 264.7 cells (Fig. 5¢ and h).
Compound 4 suppresses LPS-induced NO production in LPS-
stimulated RAW 264.7 cells. The results are in agreement with
other related researches.®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Molecular docking to predict the binding of compounds 1, 2, 3 and 4 to COX-2. (a) General overview of compound 1 docking into COX-2.
(b) Demonstration of the predicted binding conformation and corresponding interaction amino acid residues in (a). (c) General overview of
compound 2 docking into COX-2. (d) Demonstration of the predicted binding conformation and corresponding interaction amino acid residues
in (c). (e) General overview of compound 3 docking into COX-2. (f) Demonstration of the predicted binding conformation and corresponding
interaction amino acid residues in (e). (g) General overview of compound 4 docking into COX-2. (h) Demonstration of the predicted binding

conformation and corresponding interaction amino acid residues in (g).

In this study, the main targets of the anti-inflammatory
effects of compounds 1, 2, 3 and 4 and the related signaling
pathways were initially predicted by network pharmacology.
However, network pharmacology research is based on network
modeling, database resource development and software appli-
cation.”* Thus, we further investigated the anti-inflammatory
effects of compounds 1, 2, 3 and 4 in LPS-stimulated RAW

© 2022 The Author(s). Published by the Royal Society of Chemistry

264.7 cell. The results show compounds 1, 2, 3 and 4 inhibited
the production of NO and IL-6, and the expression of COX-2.
Taken together, our results exhibit compounds 1, 2, 3 and 4
have potential anti-inflammatory activity. However, further
investigation is still needed as there are some limitations in our
study. The main limitation of our study is that we didn't
examine the anti-inflammatory role of compounds 1, 2, 3 and 4

RSC Adv, 2022, 12, 32912-32922 | 32919
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in vivo. Therefore, further study should be performed to verify
the role of compounds 1, 2, 3 and 4 in inflammatory animal
models.

There were reported that stilbene extract with 99% purity
(ST-99 extract) didn't exhibit genotoxic potential by Ames test or
comet assay.”” Pharmacological activities of trans-resveratrol are
well known through its antioxidant, antimutagenic,”” and
anticarcinogenic.” And resveratrol exhibits various biological
effects such as antimutagenic and anticarcinogenic proper-
ties.”” However, compounds 1, 2, 3 and 4 as resveratrol tetramer,
these compounds may have antimutagenic and anticarcino-
genic activities like resveratrol or trans-resveratrol.

3’-Hydroxypterostilbene (3-HPT) is a naturally occurring
stilbenoid molecule present in the plants Sphaerophysa salsula.
90 day repeated oral dose and reproductive (developmental)
toxicity of 3-HPT as a test substance in rats were performed.
Results showed no significant differences in haematology,

32920 | RSC Adv, 2022, 12, 32912-32922

reproductive and developmental parameters in the control/
treatment groups. The findings suggested a no observed
adverse effect level of 3"-HPT in rats after oral administration.”®
Resveratrol protects against the cardiac developmental toxicity
of trichloroethylene by inhibiting oxidative stress and cell
proliferation.”” However, 100 and 200 uM resveratrol treatments
resulted in a significant decrease in the number of offspring of
Drosophila melanogaster. The results reveal that resveratrol may
have negative effects on the development and reproduction of
invertebrates.”® Based on the related studies, it is found that
resveratrol on the development and reproduction has positive
and negative effects. Compounds 1, 2, 3 and 4 as resveratrol
tetramer, these compounds may have different effects on
development and reproduction. However, the specific mecha-
nism of action needs further explore.

Resveratrol attenuates methylmercury-induced neurotoxicity
by modulating synaptic homeostasis.” And resveratrol

© 2022 The Author(s). Published by the Royal Society of Chemistry
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suppresses rotenone-induced neurotoxicity through activation
of SIRT1/Aktl signaling pathway.** Compound 4 from Vitis
amurensis against sodium nitroprusside-induced neurotoxicity
in human neuroblastoma SH-SY5Y cells.®® However,
compounds 2 and 4 as isomer, we predict that the compound 2
also have neuroprotective effects.

Oligostilbenes are resveratrol derivatives, one of the stilbe-
noids produced by plants as a defense mechanism in response
to microbial attack, poisons, diseases, or UV-radiation. Overall,
oligostilbenes are useful in medical technology and in the
pharmaceutical, agricultural, nutraceutical and cosmeceutical
sectors.

Conclusions

In summary, phytochemical investigation of Iris lactea resulted
in the isolation of four oligostilbenes. Among them, compound
1 was a new oligostilbene from Iris lactea and compound 3 was
isolated from Iris lactea for the first time. Network pharma-
cology and anti-inflammatory assays showed that compounds 1,
2, 3 and 4 possessed inhibitory effect on associated inflamma-
tory factors. Therefore, these oligostilbenes may be a candidate
for the prevention and treatment of inflammatory disease. In
addition, based on its advantage of abundant resources, good
biological activity and environmental friendliness, Iris lactea
will become a promising plant resource.
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