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Discovery of anti-inflammatory
agents from Oreorchis patens, a
medicinal and edible plant:
mechanistic insights and potential
therapeutic applications

Fan Wei", Ruonan Wang?#*, Yiming Liu?!, Hui Ren?, Wenwen Yin?,
Hongyu Sun?, Wenyu Zhao?* and Shijun Li**

Department of Clinical Laboratory, The First Affiliated Hospital of Dalian Medical University, Dalian,
China, ?College (Institute) of Integrative Medicine, Dalian Medical University, Dalian, China, *School of
Traditional Chinese Materia Medica, Shenyang Pharmaceutical University, Shenyang, China

Bioactive dietary compounds serve as beneficial supplements for managing
chronic inflammation, and plants with both edible and medicinal properties rep-
resent a safe and effective source of these compounds. In this study, metab-
olomic investigation of the edible parts of Oreorchis patens, a plant classified
in China as having food and medicine homology, led to the identification of
six phenanthrene derivatives, including two monomers and four dimers. Their
planar structures and absolute configurations were established by nuclear mag-
netic resonance spectroscopy and electronic circular dichroism, supported by
computational chemistry analyses. Among these compounds, phenanthrene
dimer 3 exhibited notable anti-inflammatory activity in lipopolysaccharide-
stimulated murine alveolar (MH-S) macrophages. More importantly, compound
3 was found to stably bind to the allosteric drug and metabolite site of adenos-
ine monophosphate-activated protein kinase (AMPK), thereby protecting the
kinase from dephosphorylation and promoting its activation. Activated AMPK
was subsequently shown to regulate NF-«xB signaling, resulting in pronounced
anti-inflammatory effects. Collectively, these findings reveal nutritionally valuable
bioactive compounds from a food and medicine homologous plant that act as
AMPK modulators with anti-inflammatory potential.

KEYWORDS
AMPK, bioactive compounds, food and medicine homology, inflammation, Oreorchis
patens, phenanthrene derivatives

1 Introduction

Oreorchis patens (Lindl.) Lindl, a member of the Orchidaceae family, is distributed
throughout East Asia, and its pseudobulbs have long been consumed as a food source in China,
Korea, and Japan due to their high starch content. Beyond serving as a source of calories, the
pseudobulbs of O. patens possess high nutritional value, as their secondary metabolites—
including steroids, flavonoids, and fatty acid derivatives—exhibit notable antioxidant and anti-
inflammatory activities (1). Therefore, O. patens is recognized as a food and medicine
homology for its edible and medicinal properties, and is recommended as a functional food
supplement for individuals with pneumonia and cancer (2). Systematic characterization of the
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phytochemistry of O. patens pseudobulbs could therefore enhance
their economic value while informing sustainable industrial
applications.

Controlling inflammation is a treatment approach for numerous
conditions, including neurodegenerative and autoimmune diseases,
such as Parkinson’s disease and rheumatoid arthritis (3). Typical anti-
inflammatory medications, including corticosteroids and non-steroi-
dal anti-inflammatory drugs (NSAIDs), have well-documented side
effects. As a result, scientists are investigating the anti-inflammatory
properties of natural products from food sources. For example,
Cistanche deserticola Ma, a food and medicine homology plant used
in northern China, has been reported to attenuate dextran sulfate
sodium (DSS)-induced inflammatory bowel disease through its total
glycosides (4). Polysaccharides from Platycodon grandiflorum (Jacq.)
A. de Candolle exert hepatoprotective effects by modulating anti-
inflammatory responses and enhancing antioxidant activity (5).
Natural flavonoids from food sources, and saponins from Nymphoides
hydrophyllum (Lour.) Kuntze, an edible aquatic plant in Taiwan, pos-
sess anti-inflammatory potential through elastase inhibition (6, 7).
Finally, caffeic acid, a natural product that is widely found in food and
beverages, alleviates lung inflammation and fibrosis by targeting the
annexin A5 protein (8).

Adenosine monophosphate-activated protein kinase (AMPK), a
Ser/Thr protein kinase, functions to monitor cellular energy and regu-
lates metabolism. AMPK becomes activated when cellular energy
levels are low, initiating pathways that boost energy production and
suppress energy-consuming processes (9, 10). The activated form of
AMPK, known as phosphorylated AMPK, can regulate metabolism
by phosphorylating the downstream acetyl-CoA carboxylase (ACC),
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which increases glucose and fatty acid absorption, boosts glycolysis
and fatty acid oxidation, and suppresses glycogen and protein synthe-
sis (11). During inflammation, AMPK activation inhibits the c-Jun
N-terminal kinase (JNK) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) signaling cascade, leading to
decreased mRNA and protein levels of pro-inflammatory cytokines,
including tumor necrosis factor alpha (TNF-a) and interleukin (IL)-6.
This inhibition helps to alleviate excessive inflammatory responses in
conditions such as cardiac ischemia/reperfusion and chronic pain (12,
13). Therefore, AMPK is considered a potential target for inflamma-
tory diseases, including hepatitis and enteritis (14, 15).

Although O. patens has a long-standing history as a food and
medicine homology in traditional folk practice, scientific reports on
its bioactivity remain scarce due to its restricted geographical distribu-
tion. Currently, the functional potential of O. patens is largely sup-
ported by empirical folk knowledge rather than molecular evidence.
A study has indicated that O. patens extracts possess therapeutic
effects against non-alcoholic fatty liver disease (NAFLD) in murine
models, significantly reducing hepatic inflammatory cell infiltration
(16). Furthermore, polysaccharides of O. patens have been shown to
restore immune function in cyclophosphamide-induced immunosup-
pressed mice (17). However, these preliminary studies focus primarily
on crude extracts, leaving a significant gap in the identification of spe-
cific small-molecule active constituents and the elucidation of their
underlying molecular mechanisms. In this study, a systematic chemi-
cal exploration of edible parts of O. patens was performed, yielding six
phenanthrene derivatives, including two monomers (compounds 5
and 6) (Figure 1) and four dimers (compounds 1-4). All six com-
pounds were isolated from O. patens for the first time. Dimers 1-4

FIGURE 1
The secondary metabolites obtained from the pseudobulbs of O. patens.
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were found to be atropisomeric mixtures and were successfully sepa-
rated by chiral chromatography. Three pairs, compounds 1a/1b,
2a/2b, and 4a/4b, possessed unreported absolute configurations,
which were established by electron circular dichroism (ECD) assisted
by computational chemistry. More importantly, phenanthrene dimer
3 significantly reduced the secretion of inflammatory factors, demon-
strating a strong anti-inflammatory effect in lipopolysaccharide (LPS)-
stimulated murine alveolar (MH-S) macrophages. Initial studies show
that compound 3 binds stably to the AMPK protein, activating it and
suppressing NF-xB signaling, resulting in anti-inflammatory effects.
This report presents a new example of functional anti-inflammatory
components derived from food and medicine homology.

2 Materials and methods
2.1 Reagents

Methanol, dichloromethane, acetonitrile, n-hexane, ethanol, and
DMSO were purchased from Energy Chemicals (Anhui, China). Silica
gel (100-200 mesh) was obtained from Bangkai Chemical Industrials,
China. Preparative high-performance liquid chromatography (HPLC)
was performed using an SP-5030 instrument equipped with a dual-
pump system and a UV detector (Separation Technology Co., Beijing,
China). Reversed-phase HPLC was performed using a C,s column
(Innoval ODS-2, 5 pM, 19 x 250 mm, Agela Technologies, China).
Normal-phase HPLC was performed using a chiralpak IH column
(5 pm, 4.6 x 250 mm, Daicel, China). Nuclear magnetic resonance
(NMR) spectroscopy was performed using a Bruker AV-600 spec-
trometer (Billerica, Massachusetts, United States). Optical rotation
measurements were obtained using an Autopol IV polarimeter
(Rudolph Research Analytical, New Jersey, United States). ECD spec-
tra were performed on a CD-MDS 450 spectrophotometer (JASCO
Corporation, Tokyo, Japan).

2.2 Plant material

The pseudobulbs of O. patens were obtained from Kunming
Zhifen Co., Ltd., China, in 2021. Plant identification was verified by
Prof. Xiaobo Wang at Dalian Medical University. A voucher specimen
(No. 202100401) has been deposited at the College of Integrative
Medicine, Dalian Medical University.

2.3 Extraction and isolation

The pseudobulbs of O. patens (500 g) were extracted with 95%
aqueous ethanol (3 x 2 L). The extract (9.8 g) was suspended in 1 L of
H,O and extracted three times with an equal volume of EtOAc. The
EtOAc extract (2.3 g) was subjected to silica gel chromatography using
petroleum ether-acetone (1:0-1:1 v/v) to obtain three fractions, Fr. 1-3.
Fr. 1 (25.4 mg) was subjected to preparative HPLC (CH,OH-H,0,
65:35) using a Cys column (Innoval ODS-2, 5 pm, 19 x 250 mm, Agela
Technologies, China) and displayed at 210 nm. to give 5 (3.2 mg,
tr = 15.8 min) and 6 (2.1 mg, #; = 25.6 min). Fr. 2 (27.9 mg) was sepa-
rated by preparative HPLC (CH;CN-H,O0, 60:40) to give 1 (11.5 mg,
tr = 22.4 min) and 4 (3.3 mg, t; = 35.6 min). Fraction 3 (40.9 mg) was
prepared by HPLC (CH,CN-H,O, 65:35) to give 2 (2.3 mg,
tp=225min) and 3 (9.0mg, tx=39.8min). The isolation of
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atropisomers 1a/1b (5.0 mg) was performed on HPLC equipped with a
chiralpak IH column using #-hexane/ethanol (v/v, 2:1) as mobile phase,
resulting in 1a (1.8 mg, tz = 10.2 min) and 1b (2.1 mg, tz = 29.8 min).
Atropisomers 2a/2b (2.0 mg), 3a/3b (3.0 mg), and 4a/4b (2.0 mg) were
also isolated by HPLC using a chiralpak IH column in n-hexane/etha-
nol (v/v, 2:1) mobile phase, resulting in 2a (0.9 mg, t; = 19.8 min) and
2b (0.8 mg, tz = 25.6 min), 3b (1.3 mg, fz = 26.9 min) and 3a (1.2 mg,
fx = 36.9 min), 4a (1.0 mg, t; = 16.8 min) and 4b (0.9 mg, t = 28.2 min).

(aS)-2,7,2’-Trihydroxy-4,4',7"-trimethoxy-1,1"-biphenanthrene (1a)
Yellow oil. ) =52 (¢ 0.1, CH,OH); ECD (CH:OH, Aé) Ay 262
(49.4), 372 (+3.1) nm.

(aR)-2,7,2- Trihydroxy-4,4',7"-trimethoxy-1,1’-biphenanthrene (1b)
Yellow oil._a | +55 (¢ 0.1, CH;OH); ECD (CH;OH, A) Aoy 266
(—11.8), 317 (+1.2), 371 (—6.0) nm.

(aS)-Phochinenin B (2a) Brown amorphous powder. :a]zDO -38(c
0.1, CH;0H); ECD (CH;0H, A¢€) A, 267 (+1.2), 292 (—0.2), 364
(+0.2) nm.

(aR)-Phochinenin B (2b) Brown amorphous powder. :a]zg +40 (c
0.1, CH,OH); ECD (CH,OH, Ag) A, 266 (—=0.9), 296 (+1.7), 385
(—0.4) nm.

(aS)-4,4',7,7"- Tetrahydroxy-2,2’-dimethoxy-1,1"-biphenanthrene
(3a) Yellow oil. &} ~26 (c 0.1, CH;OH); ECD (CH;OH, Aé) A,
255 (+11.0), 318 (—1.3) nm.

(aR)-4,4',7,7"- Tetrahydroxy-2,2’-dimethoxy-1,1’-biphenanthrene
(3b) Yellow oil. “a |}) +23 (¢ 0.1, CH;OH); ECD (CH;OH, A€) A, 260
(-10.6), 291 (+1.7) nm.

(aS)-Blestriarene C (4a) Yellow oil. :a]zDO —46 (¢ 0.1, CH,OH);
ECD (CH;OH, Ag) 4., 260 (+4.7), 319 (—=2.6) nm.

(aR)-Blestriarene C (4b) Yellow oil. :a]g) +44 (¢ 0.1, CH;0H);
ECD (CH;0H, A¢€) Apna 259 (—10.4), 319 (+3.3) nm.

2.4 ECD calculations

Conformational searches were performed using the Conformer
Rotamer Ensemble Sampling Tool (18). Geometry optimizations were
performed with Gaussian 16 at the B3LYP-D3(BJ])/6-31G(d) level.
ECD spectra were then calculated using the TDDFT method at the
CAM-B3LYP/def-tzvp level.

2.5 Cell culture and cell viability assay

The MH-S cell line was purchased from ATCC (Cat. No. CRL-
2019). MH-S macrophages were cultured in RPMI 1640 and incubated
at 37 °C with 5% CO,. Cytotoxicity was assessed using the CCK-8 assay
following 48 h of incubation with the test compounds (19).

2.6 Cellular thermal shift assay

MH-S cell lysis was incubated with DMSO or 20 pM compound
3 for 1 h at room temperature, and heated over a gradient of 42-67 °C
for 3 min. The cell lysis was clarified by centrifugation at 12,000 rpm
(TRUKING, China) at 4 °C for 15 min. The supernatant was analyzed
via immunoblotting (8).

2.7 Drug affinity responsive target stability
Whole cell proteins were isolated by ice-cold buffer containing 1%

protease inhibitors (ThermoFisher Scientific, United States). TNC buffer
was used to dilute protein solutions. Then, protein solutions were
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treated with compound 3 (0, 1, 5, 10, and 20 pM) for 1 h at room tem-
perature. Subsequently, pronase was used to react with protein solutions
for another 20 min at room temperature. Protein loading buffer was
added to stop the reactions, and western blotting was performed (20).

2.8 Molecular docking

Discovery Studio software (version 2019; Accelrys, CA, United
States) was used for molecular docking. The structure of AMPK was
obtained from PDB (ID: 8BIK),' the protein structure was prepared
by adding hydrogen atoms and removing water molecules, and then
assigned CHARMm force field. A maximum of 20 conformations was
generated. The 3D structures of compound 3 and lusianthridin were
subjected to energy minimization with the CHARMm force field
using the “Prepare Ligand” procedure. The interactions of small mol-
ecules within the protein-ligand complex were analyzed using the
CDOCKER (21). The maximum number of poses per ligand was set
to 30 with a minimum RMSD between final poses of 0.50 A. The
kinetic optimization temperature is 1,000 degrees Celsius, and the
optimization steps are 10,000 steps. The non-bond interaction was
calculated based on the lattice technique, and the other parameters
were the default values of the system.

2.9 Molecular dynamics

Molecular dynamics simulations were performed with
GROMACS 2021 using the AMBER99SB force field according to pre-
vious literature (22, 23). The ligand’s restrained electrostatic potential
charges were calculated using Gaussian 16 at the B3LYP/6-31G* level.
The initial ligand topology was then generated with Antechamber and
ACPYPE. Ligand-protein complexes from docking were centered in
a 1.2 nm rectangular box and solvated with a TIP3P water cap. Na*
ions were added as counterions to neutralize the system. The com-
plexes underwent steepest descent energy minimization to relax the
structure, followed by NVT and NPT equilibration at 300 K and 1 bar,
respectively. In the final step, a 100 ns molecular dynamics simulation
was conducted at 300 K and 1 bar to analyze interactions between the
enzyme and ligand. The trajectory file was processed using GROMACS
analysis tools to calculate root mean square deviation (RMSD), root
mean square fluctuations (RMSF), and other metrics. Protein-ligand
interactions were examined with Discovery Studio, while graphs were
generated using GraphPad Prism.

2.10 Western blotting

The Western blotting protocol was based on that used in a previous
study (24). Briefly, cell and tissue samples were washed three times in
chilled phosphate-buffered saline (PBS) before lysis in a specialized buffer.
Samples containing 30-40 pg of protein were analyzed using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 10% gel).

2.11 Immunofluorescence

Confocal images were acquired using an Olympus FV3000. The
immunofluorescence detection methods for cell and tissue sections
were based on previously reported methods (25).

1 www.rcsb.org
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2.12 Statistical analysis

For comparisons among multiple groups, the one-way analysis of
variance (ANOVA) was performed, followed by Tukey’s post-hoc test
for multiple comparison adjustments. Statistical significance was
defined as p < 0.05. All statistical analyses and graph generation were
performed using GraphPad Prism 10.0 (GraphPad Software, San
Diego, CA, United States).

3 Results and discussion

3.1 Structure elucidation of isolated
compounds

The '"H NMR spectrum of compound 1 displayed two sets of
phenanthrene signals (Table 1), and the *C NMR spectrum showed a
total of 31 carbons, suggesting that compound 1 is a dimeric phenyl-
ethylene derivative. The planar structure of compound 1 was estab-
lished as 2,7,2’-trihydroxy-4,4’,7’-trimethoxy-1,1’-biphenanthrene
based on heteronuclear multiple-bond correlations (HMBC)
(Figure 2) and comparison with previously reported data (26). In
addition, compound 2 was identified as a dimeric phenylethylene
derivative based on its '"H and *C NMR findings. Its structure was
confirmed to be identical to that of phochinenin B, as compared with
previously published data (27). In the analysis of compound 3, the '"H
and “C NMR spectra revealed only a single set of phenanthrene sig-
nals (Table 2), while high-resolution electrospray ionization mass
spectrometry (HRESIMS) suggested that compound 3 was a dimer
composed of two identical blocks. The structure of compound 3 was
subsequently confirmed to be 4,4’,7,7’-tetrahydroxy-2,2’-dimethoxy-
1,1"-biphenanthrene (28). Compound 4 possessed the same molecular
formula as compound 3, as supported by its one-dimensional (1D)
NMR data (Table 2). Therefore, compound 4 was presumed to be an
isomer of compound 3. When referring to the literature, compound 4
was identified as blestriarene C (29). Compounds 5 and 6 were sepa-
rated simultaneously by HPLC, with different retention times.
Furthermore, they had identical HRESIMS peaks, suggesting that
compounds 5 and 6 are also isomers. Given their similar 1D NMR
spectra (Table 3), two-dimensional (2D) NMR was performed
(Figure 2). When combined with previous literature, compounds 5
and 6 were identified as 2-hydroxy-4,7-dimethoxyphenanthrene (26)
and 2,3-dimethoxy-7-hydroxyphenanthrene (30), respectively.

3.2 Optical resolution and stereochemical
establishment of atropisomers

Considering that the two units of the dimeric compounds 1-4 are
linked via carbon-carbon bonds at C-1 and C-1’, it is reasonable to specu-
late that these compounds may exist as tautomers due to steric hindrance.
Indeed, some dimeric phenanthrene analogues exhibit atropisomerism,
which can be stable under natural conditions and separated by chiral
chromatography. Examples include bletistriatins A and B from Bletilla
striata (Thunb. ex A. Murray) Reichenbach f. (31). We initially employed
computational chemistry using density functional theory (DFT) to calcu-
late the potential interconversion between two hypothetical atropisomers
of compound 1, aS-1 and aR-1 (Figure 3A). The results showed that aS-1
and aR-1 possess similar molecular energies, and that the transition state
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TABLE 1 *H (600 MHz) and **C (150 MHz) of 1 and 2 in DMSO-d; (6 in ppm, J in Hz).

10.3389/fnut.2026.1781206

_0 OH o
Position 1 2 >
oy (Jin Hz) oy (Jin Hz) >
HO HO (o] HMBC
1 111.0 115.0 b
2 153.7 6.66, s 99.3 1
3 7.01,s 99.7 158.8 < OH 0 o
4 157.9 156.1
4a 114.3 142.3
(e} HO
4b 123.6 140.8 5 6
5 9.39,d (9.3) 128.8 8.10,d (8.7) 1305 FIGURE 2
Key HMBC correlations of compounds 1, 5, and 6.
6 7.12,dd (9.3,27) | 1167 | 6.65,dd (8.7,2.7) 113.5
7 153.4 156.0
8 7.07.d (2 7) 1111 6.58. d (2 7) 1147 TABLE 2 *H (600 MHz) and **C (150 MHz) of 3 and 4 in DMSO-d; (5 in ppm, J in Hz).
8a 1325 1265 Position 3 4
9 7.32,d(9.2) 126.8 2.30, m; 2.16, m 31.0
H i © H i
6y (Jin Hz) 1) 6y (Jin Hz)
10 6.92,d(9.2) 124.8 2.51, m; 2.45, m 283
10a 1334 117.7 L1 1115 1111
1 111.0 112.3 2,2 160.5 153.4
5 154.2 6.93,s 100.2 3,3 7.01,s 100.3 6.99, s 99.7
3 7.03,s 99.8 160.2 4,4 1554 157.8
v 157.8 154.0 da, 40’ 117.0 114.3
s 1141 134.9 ab, 4b’ 125.8 123.6
b 124.6 134.5 5 5 9.49,d (9.4) 130.5 9.37,d (9.4) 128.9
5 9.39,d (9.5) 128.8 9.45,d (9.1) 130.3 6,6 7.12,dd (9.4, 112.0 7.10,dd (9.4, 116.7
2.8) 2.7)
6 7.12,dd (9.3,2.7) 116.2 7.10,dd (9.1, 2.9) 117.3
7.7 154.6 154.2
7’ 156.0 154.0
8§ 7.08,d (2.8) 117.3 7.06,d (2.7) 111.0
g 7.07,d (2.7) 108.4 7.11,d (2.9) 112.0
8a, 82’ 135.4 132.5
8a’ 132.3 125.8
9.9 7.31,d (9.2) 128.4 7.30,d (9.2) 126.8
o 6.99,d (9.2) 127.1 7.42,d(9.1) 128.4
10, 107 7.01,d (9.2) 125.9 6.91,d (9.2) 124.8
10/ 6.92,d(9.2) 125.1 7.20,d (9.1) 125.6
10a. 102" 134.6 133.4
108" 133.7 116.8
2,2 OCH, 418, 56.0
3-OCH, 3.95, 56.0 ’
, 411, 55.6
4-OCH, 412, 55.5 4, 4-OCH,
3-OCH, 415, 56.0
4-OCH, 413, 55.6 monomeric isomers, were obtained from O. patens for the first time.
7. OCH 3.86, s 55.0 Three pairs of them, compounds 1a/1b, 2a/2b, and 4a/4b, possess unre-
_OCH, 86, X

of the interconversion reaction, T'S-1, in which the two monomeric phen-
anthrene units are coplanar, presents barriers exceeding 100 kcal/mol for
both isomers. These results suggest that the two atropisomers of com-
pound 1 are stable at room temperature (32). Accordingly, normal-phase
chiral chromatography was performed on dimers 1-4, which resulted in
four pairs of enantiomers, 1a/1b-4a/4b. The enantiomeric nature of these
compounds was confirmed by mirror-image ECD curves (Figures 3B-E).
Furthermore, their absolute configurations were established by compar-
ing experimental and calculated ECD spectra. A total of 10 phenanthrene
derivatives, including four pairs of dimeric atropisomers and one pair of

Frontiers in Nutrition

ported absolute configurations, suggest that the biosynthesis of phenan-
threne dimers in O. patens lacks stereoselectivity.

3.3 Anti-inflammatory effects of
compounds 1-6

As a functional food, the pseudobulbs of O. patens are used treat a
variety of inflammatory diseases. Inspired by this, a cell model of inflam-
mation was established using LPS-induced MH-S macrophages and used
to evaluate the anti-inflammatory potential of compounds 1-6. First, their
cytotoxicity against MH-S cells was evaluated. As shown in Figure 4A,
compounds 1-6 did not exhibit effects on cell viability at concentrations
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TABLE 3 *H (600 MHz) and **C (150 MHz) of 5 and 6 in DMSO-d; (6 in ppm, J in Hz).

Position

6H (J in
Hz)

6(: 6H (J in

Hz)

dc

10.3389/fnut.2026.1781206

lower than 20 pM. Compounds 3 and 4 significantly inhibited the tran-
scriptional level of typical inflammatory factors, IL-6 and TNF-a, without
affecting cell viability (Figures 4B,C). Among them, compound 3 pos-
sessed the most outstanding activity comparable to the positive control,
dexamethasone (Dex). Moreover, compound 3 inhibited inflammatory

1 6.85. br s 1045 703, d (2.4) 1017 factor protein secretion, including IL-6, TNF-a, and iNOS at 20 pM
) 1550 — (Figures 4D-G). In addition, compounds 1-6 were screened for their
g i anti-inflammatory activity using NO production as an indicator in LPS-
3 677,d(2:3) 997 683,d(24) 993 stimulated RAW264.7 macrophage (Supplementary Figure S2). The
4 158.8 158.6 results showed that compounds 1 and 3 significantly inhibited LPS-
4a 1135 115.0 induced NO production at 20 pM.
b 1243 123.0 ..
3.4 Compound 3 exerted anti-inflammatory
’ 23,404 | 185 | 927462 | 187 effects by directly activating AMPK
6 7.19,dd (9.4, 116.2 7.10,dd (9.2, 116.8
2.5) 2.6) Given that compound 3 exhibited significant anti-inflammatory
7 156.0 154.5 effects, we further investigated the potential mechanism. Lusianthridin,
g 737.d(25) 1088 719.d (26) 113 along with other sFructura.lly related phenanthrene e.mal.ogues, has been
demonstrated to directly bind to AMPK, thereby activating downstream
8 132.6 133.1 oo S
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compound 3 can stably bind to AMPK within MH-S cells. It was
reported that the activators of AMPK from natural plant compounds
bind to the allosteric drug and metabolite (ADaM)-binding site of
AMPK (33, 34). Therefore, molecular docking based on computational
biology was employed to investigate the interaction between compound
3 and the AMPK protein complex, using known AMPK activator lusi-
anthridin as a control (Supplementary Figure S1). As shown in
Figure 5C, similar to lusianthridin, compound 3 can readily enter the
ADaM site of the AMPK complex. To further validate the dynamic sta-
bility and binding mode of compound 3 with AMPK, we performed
100 ns molecular dynamics (MD) simulations. During 100 ns of MD
simulation, the energy of the complex of compound 3 with AMPK was
about —1 x 10° kJ/mol (Figure 5D), although higher than the reference
complex (—1 x 10°kJ/mol) (Supplementary Figure S1B), it also demon-
strates that compound 3 can stably bind to AMPK. As shown in
Figure 5E, the Root Mean Square Deviation (RMSD) of the compound
3-AMPK complex reached a stable plateau after approximately 20 ns,
with an average deviation of 1.5 nm. Compared to the lusianthridin-
AMPK complex (Supplementary Figure S1C), the convergence of the
RMSD trajectory confirms that Compound 3 maintains a highly stable
and equilibrated conformation throughout the simulation. The Root
Mean Square Fluctuation (RMSF) analysis (Figure 5F) revealed that the
residues comprising the ADaM binding pocket exhibited significantly
low flexibility. Notably, in the region of residues 100-150, Compound 3

10.3389/fnut.2026.1781206

effectively “locked” the protein architecture, resulting in RMSF values
lower than 0.2 nm, which is comparable to, or even more rigid than,
those of the positive control lusianthridin (Supplementary Figure S1D).
Furthermore, we monitored the intermolecular hydrogen bonds during
the 100 ns trajectory. Compound 3 exhibited a superior hydrogen-
bonding network, maintaining 2-5 consistent hydrogen bonds in the
latter 40 ns of the simulation (Figure 5G), whereas lusianthridin fluctu-
ated between 1 and 3 bonds (Supplementary Figure S1E). From a chem-
ical perspective, compound 3 shares some of the same structural
features as lusianthridin, including a highly aromatic skeleton and phe-
nolic hydroxyls ready to interact with AMPK. As expected, the interface
between compound 3 and AMPK exhibited aromatic and hydrogen
bonding interactions at 100th ns of MD simulation (Figures 5H-I).
Detailed 2D interaction analysis at 100th ns of MD simulation
(Figure 5]) indicated that Compound 3 forms a complex interaction
network involving hydrogen bonding with Asp290 and Ile288, and
extensive hydrophobic stacking with the aromatic residues in the ADaM
site. These findings indicate that compound 3 can form direct and stable
interactions with AMPK. We then investigated whether compound 3
could activate AMPK and its downstream signaling pathway. What we
found is that compound 3 increased the phosphorylation of AMPKf1
(p-AMPK1), and the substrate (Figure 5K). Collectively, these reuslts
confirming that Compound 3 is a potent and stable direct activator of
the AMPK.
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FIGURE 5 (Continued)
(E) RMSD of compound 3 with AMPK in 100 ns of molecular dynamics simulation. (F) RMSF of compound 3 with AMPK in 100 ns of molecular dynamics
simulation. (G) The number of hydrogen bonds in 100 ns of molecular dynamics simulation. (H) Aromatic binding interface between compound 3 and
AMPK at 100th ns of molecular dynamics simulation. (I) Hydrogen bonding interface between compound 3 and AMPK at 100th ns of molecular
dynamics simulation. (J) The interactions of compound 3 with AMPK at 100th ns of molecular dynamics simulation; (K) The effects of compound 3
treatment on AMPK and ACC phosphorylation levels in MH-S cells; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. LPS; *p < 0.05, **p < 0.01, and ***p < 0.001
vs. Con.
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Based on the combined experimental results, a clear structure—
activity relationship (SAR) was established. Firstly, the dimeric phen-
anthrenes (1-4) generally exhibited superior potential compared to
their monomeric counterparts (5 and 6), suggesting that the increased
molecular surface area and the specific spatial orientation provided by
the dimer skeleton are essential for effective binding within the large
interfacial ADaM site of the AMPK. Among the dimers, compounds 3
and 4 showed significant activity, whereas 1 and 2 were largely inactive.
The lack of potency in compound 2 suggests that the saturation of the

Frontiers in Nutrition

Cy-C)y bond (dihydrophenanthrene moiety) disrupts the planar aro-
maticity required for stable z-7 stacking interactions within the bind-
ing pocket. Most notably, compound 3 demonstrated the highest
potency, outperforming its structural analogs, compounds 1 and 4. The
primary structural difference lies in the substitution at the C, position;
compound 3 possesses a free hydroxyl group (-OH), while compounds
1 and 4 are methylated at this position (-OCH3). As shown in Figure 5],
this specific hydroxyl group in compound 3 is a critical pharmaco-
phore, acting as a hydrogen bond donor to interact with key residues
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such as Asp290. The methylation in compounds 1 and 4 likely intro-
duces steric hindrance or eliminates this essential polar interaction,
leading to reduced affinity.

3.5 Compound 3 inhibited LPS-induced
NF-xB signaling activation

There is evidence that AMPK activation inhibits the inflammatory
response by modulating the NF-xB pathway (12, 35). Therefore, the
effects of compound 3 on the NF-«kB pathway were explored. As key
nodes in NF-kB signaling, the phosphorylation of IxBa and P65 is a
marker of NF-xB signaling activation. As shown in Figures 6A-C,
compound 3 dose-dependently reduced LPS-induced phosphorylation
of IxkBa and P65, suggesting that compound 3 can inhibit the activa-
tion of NF-kB signaling. The conclusion was further confirmed by
immunofluorescence staining (Figure 6D), which showed that com-
pound 3 blocked the phosphorylation of P65 and its nuclear
translocation.

4 Conclusion

In our metabolomic study of the edible parts of O. patens, 10
phenanthrene derivatives, including four pairs of atropisomeric
phenanthrene dimers (compounds 1a/1b-4a/4b) and two monomers
(compounds 5 and 6), were obtained for the first time. More impor-
tantly, phenanthrene dimer 3 demonstrated potential anti-inflamma-
tory effects in LPS-stimulated MH-S macrophages. Mechanistic
studies indicated that compound 3 can stably bind to the kinase
AMPK, thereby activating it, increasing the phosphorylation of
downstream ACC, and subsequently regulating the NF-kB signaling
to exert anti-inflammatory effects. The report provides a new exam-
ple of natural plant compounds from dietary sources with anti-
inflammatory effects.

Data availability statement
The original contributions presented in the study are included in

the article/Supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement
Ethical approval was not required for the studies on animals in
accordance with the local legislation and institutional require-

ments because only commercially available established cell lines
were used.

Author contributions

FW: Data curation, Methodology, Investigation, Writing —
original draft. RW: Formal analysis, Writing — original draft,

Frontiers in Nutrition

10.3389/fnut.2026.1781206

Methodology, Investigation. YL: Visualization, Investigation,
Validation, Methodology, Writing - original draft. HR:
Writing - original draft, Data curation, Formal analysis,
Software. WY: Writing - original draft, Visualization, Data cura-
tion, Investigation. HS: Resources, Formal analysis,
Writing - original draft, Conceptualization. WZ: Supervision,
Funding acquisition, Writing - review & editing, Writing -
draft. SL:

review & editing.

original Project administration, Writing -

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This work was supported by the Natural
Science Foundation of Liaoning Province (No. 2024-MSLH-099),
Basic Scientific Research Project of Liaoning Province Department of
Education, Young Elite Scientists Sponsorship Program by CAST (No.
2023QNRC001).

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accu-
racy, including review by the authors wherever possible. If you iden-
tify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the review-
ers. Any product that may be evaluated in this article, or claim that
may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2026.1781206/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnut.2026.1781206
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2026.1781206/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2026.1781206/full#supplementary-material

Wei et al.

References

1. Gan T, Han J, Tian Y. Chemical constituents in EtOAc extract from rare medicinal
herbs Oreorchas patens in Changbai Mountain. Zhong Cao Yao. (2017) 48:3051-5. doi:
10.7501/j.issn.0253-2670.2017.15.006

2. Suetsugu K, Okada H. Subterranean morphology underpins the degree of mycohet-
erotrophy, mycorrhizal associations, and plant vigor in a green orchid Oreorchis patens.
Plant J. (2025) 121:70045. doi: 10.1111/tpj.70045

3. Ramos-Lopez O, Martinez-Urbistondo D, Vargas-Nuriez JA, Martinez JA. The role of nutri-
tion on Meta-inflammation: insights and potential targets in communicable and chronic
disease management. Curr Obes Rep. (2022) 11:305-35. doi: 10.1007/s13679-022-00490-0

4. Zhang S-s, Feng D, An J-z, Zhao J, Zhao J-y, Guo Y, et al. Total glycosides of Cistanche
deserticola attenuates DSS-induced inflammatory bowel disease by regulating intestinal
environmental homeostasis. Food Med Homol. (2025) 2:9420048. doi: 10.26599/
FMH.2025.9420048

5. Chen M, Wei W, Wang Z, Huo J, Wang W. Platycodon grandiflorum: from phytochemi-
cal diversity to polysaccharides' prominent bioactivities and edible-medicinal applica-
tions. Front Nutr. 12:1742082. doi: 10.3389/fnut.2025.1742082

6. Lin L, Yao H, Fu J, Zhang W, Li Y, Wang Y, et al. Elastase inhibition by natural flavo-
noids: mechanistic insights and potential therapeutic applications. Front Nutr. (2025)
12:1693869. doi: 10.3389/fnut.2025.1693869

7. Chen C-Y, Cheng T-P, Hwang T-L, Hou Y-S, Salendra L, Ke T-Y, et al. Anti-
inflammatory Saponins from an edible aquatic plant Nymphoides Hydrophylla. Phytochem
Anal. (2025) 36:1710-8. doi: 10.1002/pca.3539

8. Zhu Y, Zhang Y, Zhang Q, Song P, Zhang ], Ma A, et al. Caffeic acid acts as a potent
Senomorphic and alleviates inflammation and lung fibrosis by covalently targeting
Annexin A5 protein in mice. Exploration. (2025) 5:20240069. doi: 10.1002/EXP.20240069

9. Steinberg GR, Hardie DG. New insights into activation and function of the Ampk. Nat
Rev Mol Cell Biol. (2023) 24:255-72. doi: 10.1038/s41580-022-00547-x

10. Desjardins EM, Steinberg GR. Emerging role of Ampk in Brown and Beige adipose
tissue (bat): implications for obesity, insulin resistance, and type 2 diabetes. Curr Diab
Rep. (2018) 18:80. doi: 10.1007/s11892-018-1049-6

11. Cool B, Zinker B, Chiou W, Kifle L, Cao N, Perham M, et al. Identification and char-
acterization of a small molecule Ampk activator that treats key components of type 2
diabetes and the metabolic syndrome. Cell Metab. (2006) 3:403-16. doi: 10.1016/j.
cmet.2006.05.005

12. Chen X, Li X, Zhang W, He J, Xu B, Lei B, et al. Activation of Ampk inhibits
inflammatory response during hypoxia and Reoxygenation through modulating
Jnk-mediated Nf-Kb pathway. Metabolism. (2018) 83:256-70. doi: 10.1016/j.
metabol.2018.03.004

13. Xiang H-C, Lin L-X, Hu X-E Zhu H, Li H-P, Zhang R-Y, et al. Ampk activation
attenuates inflammatory pain through inhibiting Nf-Kb activation and II-1p expression.
J Neuroinflammation. (2019) 16:34. doi: 10.1186/s12974-019-1411-x

14. Lv T, Fan X, He C, Zhu S, Xiong X, Yan W, et al. Slc7al1-Ros/akg-Ampk Axis regu-
lates liver inflammation through Mitophagy and impairs liver fibrosis and Nash progres-
sion. Redox Biol. (2024) 72:103159. doi: 10.1016/j.redox.2024.103159

15. Banskota S, Wang H, Kwon YH, Gautam J, Gurung P, Haq S, et al. Salicylates amelio-
rate intestinal inflammation by activating macrophage Ampk. Inflamm Bowel Dis. (2021)
27:914-26. doi: 10.1093/ibd/izaa305

16. Sha Y. Study on the Effects of Oreorchis Patens Extract on Fatty Liver Disease Induced
by a High-Fat Diet: Changchun Normal University (2025) Beijing: CNKIL

17. Wei W, Yong—hong W, Yi-xin T, Ji-ming S, You-chen W, Zeng-song C. Immunologic
competence of polysaccharide from pseudobulbs of Oreorchis patens. Shanghai ] Tradit
Chin Med. (2022) 50:84-7. doi: 10.16305/j.1007-1334.2016.04.026

18. Pracht P, Bohle F, Grimme S. Automated exploration of the low-energy chemical
space with fast quantum chemical methods. Phys Chem Chem Phys. (2020) 22:7169-92.
doi: 10.1039/c9cp06869d

Frontiers in Nutrition

11

10.3389/fnut.2026.1781206

19. Meng A, Wang B, Zhang X, Qi N, Liu D, Wu J. Additive suppression of LPS-induced
11-10 and Tnf-A by pre-treatment of dexamethasone and Sb203580 in a murine alveolar
macrophage cell line (Mh-S). Inflammation. (2015) 38:1260-6. doi: 10.1007/
510753-014-0093-x

20. Lomenick B, Hao R, Jonai N, Chin RM, Aghajan M, Warburton S, et al. Target iden-
tification using drug affinity responsive target stability (Darts). Proc Natl Acad Sci. (2009)
106:21984-9. doi: 10.1073/pnas.0910040106

21. Song S-S, Sun C-P, Zhou J-J, Chu L. Flavonoids as human carboxylesterase 2 inhibi-
tors: inhibition potentials and molecular docking simulations. Int ] Biol Macromol. (2019)
131:201-8. doi: 10.1016/j.ijbiomac.2019.03.060

22.LiY, Ye M, He Q, Yang B, Luo P, Yang X. Novel dual Ampk/Nrf2 activation by
leucocyanidin from hawthorn (Crataegus) for mitochondria repair-targeted therapy
of hepatic steatosis. Phytomedicine. (2026) 150:157614. doi: 10.1016/j.
phymed.2025.157614

23. Lv X, Bai R, Yan J-K, Huang H-L, Huo X-K, Tian X-G, et al. Investigation of the
inhibitory effect of protostanes on human carboxylesterase 2 and their interaction: inhibi-
tion kinetics and molecular stimulations. Int J Biol Macromol. (2021) 167:1262-72. doi:
10.1016/j.ijbiomac.2020.11.080

24. Shi X, Dai S, Song J, Zhang S, Zhang W, Guo Y, et al. Structurally diverse
Meroterpenoids from Arnebia Euchroma and their anti-inflammatory effects
through Nf-Kb pathway. Bioorg Chem. (2025) 154:108048. doi: 10.1016/j.
bioorg.2024.108048

25. Huo X, Li D, Wu E Li S, Qiao Y, Wang C, et al. Cultivated human intestinal fungus
Candida Metapsilosis M2006b attenuates colitis by secreting acyclic Sesquiterpenoids as
Fxr agonists. Gut. (2022) 71:2205-17. doi: 10.1136/gutjn]-2021-325413

26. Xue Z, Li S, Wang S, Wang Y, Yang Y, Shi J, et al. Mono-, bi-, and Triphenanthrenes
from the tubers of Cremastra Appendiculata. ] Nat Prod. (2006) 69:907-13. doi: 10.1021/
np060087n

27. Yao S, Tang C-P, Li X-Q, Ye Y. Phochinenins a - E, dimeric 9,10-dihydrophenanthrene
derivatives, from Pholidota chinensis. Helv Chim Acta. (2008) 91:2122-9. doi: 10.1002/
hlca.200890228

28. Yang M, Cai L, Tai Z, Zeng X, Ding Z. Four new Phenanthrenes from Monomeria
Barbata Lindl. Fitoterapia. (2010) 81:992-7. doi: 10.1016/j.fitote.2010.06.019

29. Yamaki M, Bai L, Inoue K, Takagi S. Biphenanthrenes from Bletilla striata.
PhytochEmistry. (1989) 28:3503-5. doi: 10.1016/0031-9422(89)80373-5

30. Adam KP, Becker H. Phenanthrenes and other phenolics from in vitro cultures of
Marchantia  polymorpha.  Phytochemistry.  (1993)  35:139-43. doi: 10.1016/
$0031-9422(00)90522-3

31. Sui J, Tang C, Ke C-Q, Ye Y. Dimeric 9,10-dihydrophenanthrene derivatives from
Bletilla striata and their atropisomeric nature. Fitoterapia. (2021) 152:104919. doi:
10.1016/j.fitote.2021.104919

32. Xu Z-J, Han J-J, Zhang C-Y, Lou H-X. The ballet of nature: the interconvertible
isomerisation of natural products. Nat Prod Rep. (2025) 42:1548-74. doi: 10.1039/
D5NP00019]

33. Sanders MJ, Ratinaud Y, Neopane K, Bonhoure N, Day EA, Ciclet O, et al. Natural
(Dihydro)Phenanthrene plant compounds are direct activators of Ampk through its allo-
steric drug and metabolite-binding site. J Biol Chem. (2022) 298:101852. doi: 10.1016/j.
jbc.2022.101852

34. Mather KM, Boland ML, Rivers EL, Srivastava A, Schimpl M, Hemsley P, et al. Direct
B1/B2 Ampk activation reduces liver steatosis but not fibrosis in a mouse model of non-
alcoholic steatohepatitis. bioRxiv. (2024):2024.05.30.596624). doi:
10.1101/2024.05.30.596624

35. Zhou M, Konigsberg WH, Hao C, Pan Y, Sun J, Wang X. Bioactivity and mechanisms
of flavonoids in decreasing insulin resistance. J Enzyme Inhib Med Chem. (2023)
38:2199168. doi: 10.1080/14756366.2023.2199168

frontiersin.org


https://doi.org/10.3389/fnut.2026.1781206
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.7501/j.issn.0253-2670.2017.15.006
https://doi.org/10.1111/tpj.70045
https://doi.org/10.1007/s13679-022-00490-0
https://doi.org/10.26599/FMH.2025.9420048
https://doi.org/10.26599/FMH.2025.9420048
https://doi.org/10.3389/fnut.2025.1742082
https://doi.org/10.3389/fnut.2025.1693869
https://doi.org/10.1002/pca.3539
https://doi.org/10.1002/EXP.20240069
https://doi.org/10.1038/s41580-022-00547-x
https://doi.org/10.1007/s11892-018-1049-6
https://doi.org/10.1016/j.cmet.2006.05.005
https://doi.org/10.1016/j.cmet.2006.05.005
https://doi.org/10.1016/j.metabol.2018.03.004
https://doi.org/10.1016/j.metabol.2018.03.004
https://doi.org/10.1186/s12974-019-1411-x
https://doi.org/10.1016/j.redox.2024.103159
https://doi.org/10.1093/ibd/izaa305
https://doi.org/10.16305/j.1007-1334.2016.04.026
https://doi.org/10.1039/c9cp06869d
https://doi.org/10.1007/s10753-014-0093-x
https://doi.org/10.1007/s10753-014-0093-x
https://doi.org/10.1073/pnas.0910040106
https://doi.org/10.1016/j.ijbiomac.2019.03.060
https://doi.org/10.1016/j.phymed.2025.157614
https://doi.org/10.1016/j.phymed.2025.157614
https://doi.org/10.1016/j.ijbiomac.2020.11.080
https://doi.org/10.1016/j.bioorg.2024.108048
https://doi.org/10.1016/j.bioorg.2024.108048
https://doi.org/10.1136/gutjnl-2021-325413
https://doi.org/10.1021/np060087n
https://doi.org/10.1021/np060087n
https://doi.org/10.1002/hlca.200890228
https://doi.org/10.1002/hlca.200890228
https://doi.org/10.1016/j.fitote.2010.06.019
https://doi.org/10.1016/0031-9422(89)80373-5
https://doi.org/10.1016/S0031-9422(00)90522-3
https://doi.org/10.1016/S0031-9422(00)90522-3
https://doi.org/10.1016/j.fitote.2021.104919
https://doi.org/10.1039/D5NP00019J
https://doi.org/10.1039/D5NP00019J
https://doi.org/10.1016/j.jbc.2022.101852
https://doi.org/10.1016/j.jbc.2022.101852
https://doi.org/10.1101/2024.05.30.596624
https://doi.org/10.1080/14756366.2023.2199168

	Discovery of anti-inflammatory agents from Oreorchis patens, a medicinal and edible plant: mechanistic insights and potential therapeutic applications
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Plant material
	2.3 Extraction and isolation
	2.4 ECD calculations
	2.5 Cell culture and cell viability assay
	2.6 Cellular thermal shift assay
	2.7 Drug affinity responsive target stability
	2.8 Molecular docking
	2.9 Molecular dynamics
	2.10 Western blotting
	2.11 Immunofluorescence
	2.12 Statistical analysis

	3 Results and discussion
	3.1 Structure elucidation of isolated compounds
	3.2 Optical resolution and stereochemical establishment of atropisomers
	3.3 Anti-inflammatory effects of compounds 1–6
	3.4 Compound 3 exerted anti-inflammatory effects by directly activating AMPK
	3.5 Compound 3 inhibited LPS-induced NF-κB signaling activation

	4 Conclusion

	References

