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KEYWORDS Abstract  Rhynchanthus beesianus is a medicine food homology plant, and its rhizome is a food spice
Phytochemical composition; and traditional Chinese medicine used to treat inflammation-related disorders. Still, little research has
Antioxidant activity; been done on its phytochemicals and biological activities. Therefore, this study firstly reported the
Tyrosinase inhibition; phytochemical analysis by UHPLC-Q-Orbitrap-MS, antioxidant, anti-enzymatic, and anti-
Cholinesterase inhibition; inflammatory effects of R. beesianus rhizome water extract (WE) and 70% ethanol extract (EE).
Anti-inflammatory action For phytochemical analysis, WE and EE had high total phenolic (25.57-28.19 mg GAE/g extract)

and flavonoid (10.57-28.08 mg RE/g extract) contents, and further UHPLC-Q-Orbitrap-MS test
identified sixty-one compounds, including twelve phenolic compounds and six flavonoids. In the
antioxidant assay, WE and EE showed significant DPPH (ICsy: 83.93 + 5.90 and 69.48 + 1.57 ng/
mL, respectively) and ABTS (ICsy: 73.46 £ 0.69 and 40.72 + 0.67 pg/mL, respectively) radical scav-
enging ability, especially the efficacy of EE was superior or equivalent to that of positive control BHT.
Moreover, the WE and EE exhibited poor inhibition on acetylcholinesterase (ICso: 3.31 £+ 0.16 and 3.
53 + 0.14 mg/mL, respectively), butyrylcholinesterase (ICso: 1.29 £ 0.02 and 0.75 £+ 0.08 mg/mL,

Abbreviations: WE, Water extract; EE, 70% Ethanol extract; TPC, Total phenol content; TFC, Total flavonoid content; mg GAE/g extract,
milligrams of gallic acid equivalent per gram of extract; mg RE/g extract, milligrams of rutin equivalent per gram of extract; UHPLC-Q-Orbitrap-
MS, Ultra-high-performance liquid chromatography coupled to quadrupole-Orbitrap high-resolution mass spectrometry; LPS, Lipopolysacchar-
ide; DXM, Dexamethasone; ROS, Reactive oxygen species; ELISA, Enzyme-linked immunosorbent assay; qRT-PCR, Real-time quantitative PCR;
SDS-PAGE, Sodium dodecyl sulfate-polyacrylamide gel electrophoresis; NO, Nitric oxide; PGE,, Prostaglandin E,; COX-2, Cyclooxygenase-2;
iNOS, Inducible nitric oxide synthase; TNF-o, Tumor necrosis factor-alpha; IL-6, Interleukin-6; MAPK, Mitogen-activated protein kinase; p38,
MAPK p38; JNK, c-Jun N-terminal kinase; ERK, Extracellular signal-regulated kinase; IxB, Inhibitor of kB; NF-kB, Nuclear factor-kB
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respectively), and tyrosinase (ICso: 5.91 + 0.63 and 21.30 + 1.52 mg/mL, respectively). Interestingly,
EE showed remarkable inhibition on NO, PGE,, IL-6, and TNF-a produced by LPS stimulation with-
out cytotoxicity. It reduced ROS generation and down-regulated mRNA and protein levels of iNOS
and COX-2 in LPS-stimulated RAW264.7 macrophages. Besides, EE decreased LPS-stimulated
MAPKs (ERK, p38, and JNK) phosphorylation and inhibited NF-kB p65 nuclear translocation by
suppressing the phosphorylation and degradation of IkBo. Therefore, R. beesianus can be used as a
promising natural antioxidant, enzyme inhibitor, and anti-inflammatory agent with great exploitation
potential in functional food and pharmaceuticals.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Overaccumulation of reactive oxygen species (ROS) can lead
to severe harm to intracellular macromolecules like lipids, pro-
teins, and nucleic acids, which are closely implicated in various
diseases (Brieger, et al., 2012; Ho et al., 2019). Previous studies
have demonstrated that antioxidants are beneficial in prevent-
ing and treating Alzheimer’s disease and hyperpigmentation
disorders (Bhatt et al., 2021; Ho et al., 2019). Besides, inhibi-
tion of macrophage-generated ROS can aid in treating
inflammation-mediated illnesses (Rendra et al., 2019).

Enzymes are important targets for disease intervention and
perform catalytic functions in diverse physiological responses
(Copeland, 2013). More than 90 enzyme inhibitors have been
marketed as drugs (Baloglu et al., 2019). Excess buildup of mel-
anin on the skin’s surface leads to freckles, age spots, melanoma,
and other diseases; inhibition of tyrosinase, a crucial enzyme for
melanin synthesis, is the main therapy for these diseases (Liu
et al., 2022). As one of the commonly occurring neurodegener-
ative disorders, Alzheimer’s disease is closely associated with a
functional defect of the cholinergic system. Blocking cholines-
terase function can restore cholinergic stability and relieve clin-
ical symptoms of Alzheimer’s disease (Elufioye et al., 2010).

Inflammation involves multiple pathological processes,
including the above-mentioned Alzheimer’s disease and hyper-
pigmentation disorders (Medzhitov, 2008; Rodrigues and
Ayala-Cortes, 2018). Chronic inflammation is accompanied by
the overproduction of pro-inflammatory factors, like pro-
inflammatory mediators (NO and PGE,) and cytokines (IL-6
and TNF-a), and inhibiting their over-production has become
an important means of inflammatory therapy (Gu et al., 2020).
Inflammation-related signaling pathways, including MAPK
and NF-kB, regulate the transcription of multiple pro-
inflammatory factor-related genes, and their persistent activa-
tion can aggravate inflammation (Zhang et al., 2021). ROS act
as secondary messengers and amplify inflammatory responses
by activating MAPK and NF-xB (Liu et al., 2012; Park et al.,
2015). Therefore, suppressing the activation of MAPK and
NF-kB pathways mediated by ROS can ameliorate
inflammation-related diseases.

Natural products of plant origin are rich in antioxidants,
especially phenols and flavonoids, which can combat disease
by regulating oxidative stress and scavenging free radicals
(Boo, 2019). Phenolics and flavonoids can suppress inflamma-
tory responses by inhibiting ROS generation and blocking
MAPK and NF-kB activation (Hussain et al., 2016). In addition,
natural products are excellent sources of enzyme inhibitors,
including tyrosinase and cholinesterase (Filho et al., 2006;

Gongalves and Romano, 2017). Plant-derived compounds have
fewer side effects than synthetic chemicals, so they have received
increasing attention in the development of antioxidants, enzyme
inhibitors, and anti-inflammatory agents (Virshette et al., 2019).

The genus Rhynchanthus J. D. Hooker belongs to the Zin-
giberaceae family (Gao et al., 2006; The Plant List, 2022).
Rhynchanthus beesianus W. W. Smith is a medicine food
homology plant with tuberous rhizomes, which is extensively
cultivated in Southern China (Gao et al., 2006; Wu and
Larsen. 2000). R. beesianus rhizome and tender leaf are con-
sumed as a vegetable and food spice (Zhu et al., 2021). In addi-
tion, its rhizome is utilized in traditional Chinese medicine as
an aromatic stomachic to remedy inflammation-related dys-
pepsia and stomachache (CHMC-Chinese Herbal Medicine
Company, 1994; Chinese Materia Medica Editorial
Committee, 1999; He, 2016). We have demonstrated that
essential oils from R. beesianus have potent antibacterial and
anti-inflammatory properties (Chen et al., 2021; Zhao et al.,
2020). Besides, fifteen phenolic compounds were isolated and
identified from R. beesianus rhizome, some of which were
demonstrated to possess antioxidant and cytoprotective effects
(Zhu et al., 2021). Currently, little research has been done on
the phytochemicals and biological activities of R. beesianus,
which may limit its industrial application. Hence, we analyzed
the phytochemical constituents of R. beesianus rhizome WE
and EE and assessed their antioxidant, anti-enzymatic, and
anti-inflammatory capacities. To our knowledge, the phyto-
chemical analysis by UHPLC-Q-Orbitrap-MS and biological
activities of R. beesianus rhizome extracts were first reported.

2. Materials and methods

2.1. Chemicals and reagents

RAW264.7 mouse macrophages and L929 mouse fibroblast
cells were supplied by Kunming cell bank (Kunming, China).
Roswell Park Memorial Institute-1640 medium (RPMI-1640)
and Dulbecco’s modified eagle medium (DMEM) were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA).
Rutin, gallic acid, MTT (3-[4, 5-Dimethylthiazol-2-yl]-2,
S-diphenyltetrazolium bromide), dimethyl sulfoxide (DMSO),
dexamethasone (DXM), lipopolysaccharide (LPS), and
reactive oxygen species assay kit were from Solarbio Science
& Technology (Beijing, China). NO detection Kkit, nuclear
protein and cytoplasm protein extraction kit, RIPA lysis
buffer, and BCA protein concentration quantitative kit were
offered by Beyotime Biotechnology (Shanghai, China). Mouse
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prostaglandin E2, IL-6, and TNF-a ELISA kits were obtained
from Multi Sciences (Lianke) Biotech, Co., Ltd. (Hangzhou,
China). Cell Signaling Technology (Danvers, MA, USA) sup-
plied the antibodies involved in this study.

2.2. Plant material

Rhynchanthus beesianus was collected in August 2020 at Aihua
Town, Lincang City, Yunnan Province, and was identified by
Professor Guoxiong Hu, an expert in plant taxonomy. A vou-
cher specimen (herbarium code: HC20200802) was kept in our
laboratory.

2.3. Extraction of WE and EE

The fresh rhizomes were washed, cut into pieces, added in
round bottom flasks (500 g), and soaked overnight in
3,000 mL of ultrapure water or 70% ethanol at a ratio of 1:6
(m/V). Then, the rhizomes were heat reflux extracted for 2 h,
the filtrate was collected, and the residue was extracted again
for 2 h. To remove the solvent, the two filtrates were com-
bined, concentrated at 70 °C under reduced pressure, and
freeze-dried by a freeze vacuum dryer. Finally, the freeze-
dried powders (WE and EE) were stored hermetically at
4 °C. The yield of WE or EE (%) = weight of WE or EE /
weight of fresh rhizome x 100%.

2.4. Total phenol (TPC) and flavonoid (TFC) contents

2.4.1. TPC assay

TPC was determined by the Folin-Ciocalteu method, and gal-
lic acid was used as a standard (Tian et al., 2020). Folin-
Ciocalteu reagent (2.5 mL) was mixed thoroughly with R. bee-
sianus extracts (WE and EE) or standard solutions (0.5 mL) by
vortexing for 5 min. Then, 7.5% Na,COj solution (2 mL) was
added and incubated for 1 h, and the absorbance was mea-
sured at 760 nm. A standard curve was established by regres-
sion analysis of gallic acid concentration and absorbance
values. Then, the TPC of the extracts was calculated according
to the standard curve and expressed in milligrams of gallic acid
equivalent per gram of extract (mg GAE/g extract).

2.4.2. TFC assay

TFC was estimated by the AICl; colorimetric method, and
rutin was used as a standard (Chouhan and Singh, 2011).
The extracts were dissolved into 5 mg/mL methanol solution.
Then, extracts or standard solutions (I mL) and 2% AICl,
solution (1 mL) were mixed thoroughly and reacted at 25 °C
for 10 min, and their absorbance was recorded at 415 nm. A
standard curve of rutin concentration and absorbance values
was generated by regression analysis. The TFC of extracts
was calculated and presented as milligrams of rutin equivalent
per gram of extract (mg RE/g extract).

2.5. UPLC-Q-Orbitrap MS analysis

The phytochemical composition of R. beesianus extracts was
further analyzed using UHPLC-Q-Orbitrap-MS (ultra-high-

performance liquid chromatography coupled to quadrupole-
Orbitrap high-resolution mass spectrometry). The UHPLC
conditions were as follows: liquid phase system (model: Dio-
nex Ultimate 3000 RSLC), column (Thermo Fisher Hypersil
GOLD aQ, 100 mm x 2.1 mm, 1.9 pum), injection volume
(5 pL), flow rate (0.3 mL/min), column temperature (40 °C),
and mobile phase (A: 0.1% formic acid acetonitrile and B:
0.1% formic acid aqueous solution). The separation of the
components in WE and EE was performed by gradient elution
under the following elution program: 0 ~ 2 min, 5% A;
2 ~ 42 min, 5%~95% A; 42 ~ 47 min, 95% A; 47 ~ 47.1 min,
95%~5% A; 47.1 ~ 50 min, 5% A.

The mass spectrometry system was the Thermo Scientific Q
Exactive Focus with a thermal spray ion source HESI-II. The
spray voltages were 3.0 kV and 2.5 kV in positive and negative
ion modes, respectively. The sheath and auxiliary gases were
35 arb and 10 arb, and the capillary temperature was set at
320 °C. The analyses were performed in the primary full scan
and data-dependent secondary mass spectrometry scan mode
with a full scan range of 100 to 1500 m/z. The settings were
as follows: maximum injection time 100 ms (Full MS) and
50 ms (MS?); resolution 70,000 (Full MS) and 17,500 (MS?);
maximum capacity of ion number in C-Trap (AGC target)
1e® (Full MS) and 2¢® (MS?). Mass spectral data of chemical
components were processed using Xcalibur 4.1 (Thermo Fisher
Scientific, Waltham, MA, USA) and identified by comparing
the mzCloud and mzVault databases and the references. The
allowed relative mass deviation was set at 10 ppm.

2.6. Determination of antioxidant capacity

DPPH and ABTS radical scavenging assays were used to
assess the antioxidant effect of WE and EE (Tian et al.,
2022). WE and EE were dissolved in ultrapure water and pre-
pared as a 5 mg/mL solution. As positive controls, ascorbic
acid and BHT were dissolved as 1 mg/mL by ultrapure water
and anhydrous ethanol, respectively.

2.6.1. DPPH assay

DPPH was dissolved and diluted with anhydrous ethanol to
0.08 mmoL/L. Extracts solution (2 mL) was added to an equal
amount of DPPH solution and reacted for 30 min under light-
free conditions at room temperature. The absorbance was
recorded at 517 nm. Data were presented as ICs, values and
in milligrams of ascorbic acid equivalent per gram of extract
(mg AE/g extract).

2.6.2. ABTS assay

ABTS was dissolved with anhydrous ethanol at a concentra-
tion of 0.7 mmoL/L. K,S,05 aqueous solution (50 mL, 2.45
mmoL/L) and ABTS solution (50 mL) were mixed and reacted
under light-free conditions for 16 h to obtain ABTSe " solu-
tion. Subsequently, 0.4 mL of extracts solution was reacted
with 4 mL of ABTSe ™ solution for 10 min without light. Opti-
cal density was recorded at 734 nm, and the ICs, values and
milligrams of ascorbic acid equivalents per gram of extract
(mg AE/g extract) were calculated to present ABTS radical
scavenging effect.
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2.7. Determination of enzyme inhibitory capacity

2.7.1. Tyrosinase inhibition

Tyrosinase solution (100 uL, 100 U/mL) and extracts solution
(70 uL) were added to a 96-well plate and reacted for 5 min at
37 °C, then 80 uL L-tyrosine solution (5.5 mM) was injected
into each well and maintained for 30 min at 37 °C. The absor-
bance was recorded at 492 nm, and 1Cs, values and milligrams
of arbutin equivalent per gram of extract (mg ARE/g extract)
were calculated to express tyrosinase inhibition.

2.7.2. Cholinesterase inhibition

In a 96-well plate, 50 pL of extracts solution was reacted with
10 pL of acetylcholinesterase (AChE) or butyrylcholinesterase
(BChE) solution (pH 8.0, 0.5 U/mL) for 10 min at 4 °C.
Acetylthiocholine or butyrylthiocholine solution (20 pL,
2 mM) and 5,5-dithiobis-(2-nitrobenzoic acid) solution
(20 pL, 2 mM) were injected into each well and maintained
for 30 min at 37 °C. After detecting the optical density at
405 nm, 1Cs, values and milligrams of galanthamine equiva-
lent per gram of extract (mg GALAE/g extract) were calcu-
lated to present cholinesterase inhibition.

2.8. Anti-inflammatory capacity analysis

2.8.1. Cell culture and analysis of cytotoxicity

L1929 cells and RAW264.7 macrophages were cultured at 37 °C
in humidified incubators containing 5% CO, in RPMI 1640
and DMEM medium, respectively. Both media were provided
with 10% FBS, 100 pg/mL streptomycin, 100 U/mL penicillin,
and 2 mmoL/L glutamine. The MTT method was used to eval-
uate the cytotoxicity of WE and EE (Zhao et al., 2020). Cells
were inoculated into a 96-well plate (2 x 10* cells per well) and
maintained at 37 °C for 24 h. After treatment with different
doses of WE or EE for 24 h, MTT solution (5 mg/mL,
10 pL) was injected into each well, maintained at 37 °C for
4 h, and gently removed the liquid. Then, DMSO (150 pL)
was added to fully dissolve the remaining crystals, and the
optical density was measured at 490 nm.

2.8.2. Determination of NO, PGE,, TNF-o, and IL-6 levels

RAW264.7 cell suspension (100 pL, 2 x 10° cells/mL) was dis-
tributed into a 96-well plate and cultivated in an incubator at
37 °C for 24 h. Macrophages were pretreated with different
doses of extracts or dexamethasone (DXM, 20 pg/mL) for
2 h. Then, LPS (1 pg/mL) was added to induce the inflamma-
tion for 24 h. Cell supernatants were collected, in which NO
content was measured using the NO detection kit (Beyotime,
Shanghai, China). In addition, the contents of PGE,, IL-6,
and TNF-a were detected by the respective ELISA Kkits.

2.8.3. Determination of ROS levels

RAW264.7 cell suspension (1 mL, 6 x 10° cells/mL) was dis-
tributed into a 6-well plate and cultivated for 24 h. After pre-
treatment with a range of concentrations (62.5, 125, 250 pg/
mL) of EE for 2 h, LPS (1 pg/mL) was injected to induce
the inflammation for 24 h. According to the instructions of
the ROS assay kit (Solarbio Science & Technology, Beijing,
China), cells were treated with 1 mL of DCFH-DA solution
at 37 °C for 20 min, washed with serum-free DMEM, and
observed under a Leica DMi8 microscope (Leica Microsys-
tems, Germany). Besides, the cells were collected in a 96-well
plate, and their fluorescence values were quantitatively
detected by a microplate reader at 488/525 nm (excitation/
emission wavelength).

2.8.4. qRT-PCR assay

Cells were incubated in a 6-well plate (6 x 10° cells per well)
for 24 h and pretreated with EE (62.5, 125, and 250 pg/mL)
for 2 h before induction with LPS (1 pg/mL) for 24 h. Total
RNA was extracted by E.Z.N.A.®Total RNA Kit I (Omega -
Bio-Tek, Norcross, GA, USA), and its concentration was mea-
sured using an ultra-micro UV spectrophotometer. RT
Easy™ II kit (FOREGENE, Chengdu, China) was used to
reverse transcribe RNA into cDNA. According to the instruc-
tions of the Real-time PCR Easy’™-SYBR Green I kit
(FOREGENE, Chengdu, China), the CFX Connect™ Real-
Time System (Bio-Rad, CA, USA) was utilized to quantita-
tively detect mRNA expression levels. The primers are shown
in Table 1. The results were analyzed by Bio-Rad CFX Mae-
stro 1.0 software, and GAPDH served as a reference gene.

2.8.5. Western blot assay

In a 6-well plate, macrophages (1 mL per well, 6 x 10° cells/
mL) were cultured for 24 h, pretreated with EE (62.5, 125,
and 250 pg/mL) for 2 h, and induced with LPS (1 pg/mL)
for 24 h. Total protein was extracted by radioimmunoprecipi-
tation assay (RIPA) lysis buffer. Nuclear protein and cytoplas-
mic protein were obtained by a nuclear protein and
cytoplasmic protein extraction kit (Beyotime Biotechnology,
Shanghai, China) based on the manufacturer’s instructions.
After quantifying the protein using the BCA kit (Beyotime
Biotechnology, Shanghai, China), proteins (20—40 pg) were
separated using 10% SDS-PAGE and transferred to PVDF
membranes. The blots were blocked with blocking solution
(TBST containing 5% nonfat milk solution) for 60 min,
immunolabeled with primary antibodies at 1:1000 (v/v) over-
night at 4 °C, and incubated with secondary antibody at
1:1000 (v/v) for 60 min. ECL reagent was used to detect the
blots, and the obtained images were quantitatively analyzed
using Image Lab software (Bio-Rad, CA, USA).

Table 1 Sequences of primers used in qRT-PCR.

Gene Forward (5'-3) Reverse (5'-3')

iNOS TCGGGTTGAAGTGGTATGC GAGGCCAGTGTGTGGGTCT
COX-2 TGACTGCCCAACTCCCAT GAACCCAGGTCCTCGCTT

GAPDH

AGCCTCGTCCCGTAGACAAAA

GATGGCAACAATCTCCACTTT
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2.8.6. Immunofluorescent staining assay

In a 6-well plate with sterile glass slides, macrophages (1 mL
per well, 6 x 10° cells/mL) were inoculated for 24 h, pretreated
with EE (250 pg/mL) for 2 h, and induced with LPS (1 pg/mL)
for 24 h. The cells on glass slides were treated with fixative
solution (4% paraformaldehyde) for 15 min and closure solu-
tion (1 x PBS, 0.3% TritonX-100, and 5% goat serum) for 1 h.
Subsequently, cells were incubated overnight at 4 °C with NF-
kB p65 primary antibody and conjugated with Alexa Fluor
488-labeled secondary antibody for 90 min. DAPI was used
to stain nuclei for 5 min. Before each subsequent step, cells
on glass slides were washed with PBS for 15 min. Leica TCS
SP8 laser confocal microscope (Leica Microsystems, Germany)
was utilized to assess the nuclear translocation of NF-xB p65.

2.9. Statistical analysis

Based on three independent experiments, the data were ana-
lyzed with SPASS 25 statistical software and presented as the
means + SD (standard deviation). The significant difference
between the two groups was examined by one-way analysis
of variance (ANOVA) and Fischer’s LSD post hoc test or
the two-tailed unpaired #-test at *p < 0.05, **p < 0.01, and
***p < 0.001.

3. Results and discussion

3.1. Phytochemical composition of WE and EE

The yields of WE and EE from fresh R. beesianus rhizome were
1.03% and 1.26%, respectively. The TPC and TFC of R. bee-
sianus thizome WE and EE were examined, and data are pre-
sented in Fig. 1. The TPC of WE and EE were 28.19 + 0.
60 mg GAE/g extract and 25.57 £ 0.07 mg GAE/g extract,
respectively. Besides, their TFC were 10.57 + 1.22 mg RE/g
extract and 28.08 + 1.00 mg RE/g extract, respectively. The
TPC in WE was significantly greater than that in EE. But
the TFC of EE was higher, nearly three times that of WE.
The phytochemical constituents of WE and EE were further
analyzed using UHPLC-Q-Orbitrap-MS. A total of 61 com-

skskok

30- |‘| % vt
i [ JEE
25- N\ 7

[
(=]
1

mg GAL (KLL)/g exuract
[
(9}
1

I
10 1\
5
0
Total phenolic content Total flavonoid content
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pounds were identified (Fig. 2 and Table S1, Supplementary
Material), of which 44 were identified in WE and 41 in EE.
As shown in Fig. 3, twelve identified phenolic compounds were
protocatechuic acid (8), isopropyl 4-hydroxybenzoate (12),
protocatechualdehyde (13), vanillic acid (16), 2-hydroxy-4-
methoxybenzaldehyde (17), (+)-magnoflorine (19), p-
coumaric acid (20), ginkgolic acid (C13:0) (24), 5-hydroxy-1-
tetralone (30), ethyl 3,4-dihydroxybenzoate (33), bis-
demethoxycurcumin (44), and carnosol (57). Besides, six iden-
tified flavonoids were isomucronulatol 7-O-glucoside (37),
naringenin chalcone (41), kaempferol (42), gardenin B (43),
6-demethoxytangeretin (48), and pectolinarigenin (53). Based
on past studies on the phytochemical constituents of R. beesia-
nus (Chen et al., 2021; Zhao et al., 2020; Zhu et al., 2021),
except for kaempferol (42), the remaining 60 compounds were
first identified from R. beesianus rhizome. The above data indi-
cated that R. beesianus WE and EE were rich in phenolic and
flavonoid compounds.

3.2. Antioxidant effect of WE and EE

The antioxidant properties of R. beesianus extracts were esti-
mated by DPPH and ABTS free radical scavenging assays.
As shown in Table 2, WE (ICsq: 83.93 = 5.90 and 73.46 + 0.
69 pg/mL, respectively) and EE (ICsy: 69.48 + 1.57 and 40.7
2 £+ 0.67 pg/mL, respectively) revealed significant DPPH
and ABTS scavenging ability, especially EE’s anti-
free radical efficacy was superior or equivalent to that of pos-
itive control BHT (ICsq: 72.61 + 2.42 and 48.05 + 1.52 ng/
mL, respectively). The antiradical ability of WE and EE in
ABTS assay (45.05 £+ 1.14 and 81.28 £+ 2.58 mg AE/g extract,
respectively) was more potent than that in DPPH assay (29.0
9 + 2.46 and 35.00 + 0.55 mg AE/g extract, respectively).
In past studies, plant extracts’ DPPH and ABTS scavenging
capacities have been well-demonstrated to correlate positively
with total phenolic and flavonoid contents (Jaganath and
Crozier, 2010; Mustafa et al., 2010). The high TPC and TFC
in WE and EE may explain their antioxidant properties.
BHT is a synthetic antioxidant and preservative, but its
adverse effects are causing increasing concern among con-
sumers (Ghosh et al., 2020). Interestingly, EE revealed supe-
rior or equal antioxidant activity to BHT. Hence, R.
beesianus rhizome could be a natural source of antioxidants
for functional foods and pharmaceuticals.

3.3. Enzyme inhibition of WE and EE

Inhibition of tyrosinase, a crucial enzyme for melanin synthe-
sis, has become an important approach for treating hyperpig-
mentation disorders (Liu et al., 2022). As shown in Table 3, the
tyrosinase inhibition of WE (ICsq: 5.91 + 0.63 mg/mL, 46.6
9 + 5.71 mg ARE/g extract) was better than that of EE
(ICs0: 21.30 = 1.52 mg/mL, 12.89 + 1.19 mg ARE/g extract).
Compared with the arbutin (ICsy: 0.27 + 0.02 mg/mL), the
tyrosinase inhibition of WE and EE was poor. Phenolics and
flavonoids can serve as excellent sources of tyrosinase inhibi-
tors (Gongalves and Romano, 2017). Protocatechuic acid
reduced tyrosinase activity and melanin level in o-MSH-
stimulated B16 cells and reduced melanin production in mice
(Chou et al., 2010). Vanillic acid decreased a-MSH-induced
intracellular tyrosinase activity and melanin generation in
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Table 2 Antioxidant properties of R. beesianus WE and EE.

0
OH P HO
°~ 1 8
HO OH OH 0] OH

GO/

Gardenin B (43) 6-Demethoxytangeretin (48) Pectolinarigenin (53)

Treatment DPPH ABTS

ICsp (ng/mL) ' mg AE/g extract ICs (ng/mL) ' mg AE/g extract *
WE 83.93 +£ 590 *° 29.09 + 2.46 * 73.46 + 0.69 * 45.05 + 1.14*
EE 69.48 + 1.57° 35.00 + 0.55° 40.72 + 0.67° 81.28 + 2.58°
Ascorbic acid 2.43 + 0.04° 331 + 0.07°
BHT 72.61 + 2.42° 48.05 + 1.52¢9

a4 Sjgnificant differences were represented by different letters in the same column (p < 0.05).
U ICs: Sample concentrations that scavenged half of the free radicals.
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Table 3 Enzyme inhibition of R. beesianus WE and EE.

Samples Tyrosinase Acetylcholinesterase Butyrylcholinesterase

IC5p (mg/mL) (mg ARE/g extract) ICsy (mg/mL)

(mg GALAE/g extract) ICsy (mg/mL) (mg GALAE/g extract)

WE 591 + 0.63%  46.69 + 5.71° 331 +0.16°
EE 21.30 + 1.52° 12.89 + 1.19° 3.53 + 0.14 2
Arbutin 0.27 + 0.02°

Galanthamine* 0.26 £+ 0.01°

0.079 + 0.004 * 129 + 0.02% 6.38 + 0.03 2
0.074 + 0.003 * 0.75 + 0.08°  11.05 + 1.34°
8.23 + 0.14°

ICsp: Sample doses afforded a 50% inhibition. The mg ARE/g extract represents milligrams of arbutin equivalent per gram of extract; mg
GALAE/g extract means milligrams of galanthamine equivalent per gram of extract.
¢ Significant differences were represented by different letters in the same column (p < 0.05).

B16F10 cells (Liu et al., 2019). According to previous research,
2-hydroxy-4-methoxybenzaldehyde (Kubo and Hori, 1999), p-
coumaric acid (An et al., 2010), and kaempferol (Solimine
et al., 2016) displayed stronger tyrosinase inhibitory properties
than arbutin or kojic acid. Besides, (+)-magnoflorine (Xu
et al., 2020) and ginkgolic acid (C13:0) (Fu et al., 2013) have
been proven to display moderate tyrosinase inhibition. Hence,
the tyrosinase inhibition of WE and EE could be attributed to
these phenolic and flavonoid constituents.

Blocking cholinesterase function can restore cholinergic
stability and is a common means of alleviating Alzheimer’s dis-
ease (Elufioye et al., 2010). WE and EE revealed poor AChE
and BChE inhibition compared with the positive control
galanthamine. For AChE inhibitory activity, WE (ICsq = 3.
31 £ 0.16 mg/mL, 0.079 + 0.004 GALAE/g extract) and
EE (ICsy = 3.53 £ 0.14 mg/mL, 0.074 = 0.003 mg
GALAE/g extract) displayed equivalent inhibitory effects
(p > 0.05). However, the BChE inhibition of EE (ICsq = 0.
75 £ 0.08 mg/mL, 11.05 =+ 1.34 mg GALAE/g extract) was
better than that of WE (IC5p = 1.29 £+ 0.02 mg/mL, 6.38 =+
0.03 mg GALAE/g extract) (p < 0.05). Various phenolics
and flavonoids identified from WE and EE can be used as cho-
linesterase  inhibitors, such as protocatechualdehyde
(Aderogba et al., 2013), vanillic acid (Isitk and Beydemir,
2021), 2-hydroxy-4-methoxybenzaldehyde (Kundu and
Mitra, 2013), (+)-magnoflorine (Durmaz et al., 2022), and
carnosol (Ramirez et al., 2018); especially protocatechuic acid
(Adefegha et al., 2016), p-coumaric acid (Kim et al., 2017;
Nugroho et al., 2017), bisdemethoxycurcumin (Tougeer and
Anwar, 2008), and kaempferol (Beg et al., 2018) have been
demonstrated to possess cholinesterase inhibitory effects and
memory-enhancing properties in vivo. Hence, these phenolic

and flavonoid compounds could be responsible for AChE
and BChE inhibition of WE and EE.

3.4. Anti-inflammatory ability of WE and EE

3.4.1. Cytotoxicity of WE and EE

MTT assay was conducted on RAW264.7 and L1929 cells
to determine the cytotoxic activity of WE and EE. As shown
in Fig. 4, compared to untreated cells, WE and EE did not dis-
play significant cytotoxicity to RAW264.7 and 1929 cells at
doses ranging from 31.25 to 250 pg/mL (p > 0.05). Hence,
WE and EE at the dose range of 62.5-250 pg/mL without cyto-
toxicity were used in subsequent assays.

3.4.2. WE and EE inhibited LPS-stimulated NO, PGE>, IL-6,
and TNF-o secretion

The pathogenesis of inflammation is associated closely with the
overproduction of inflammatory factors, such as NO, PGE,,
IL-6, and TNF-o, and suppressing their overexpression is a
vital means to treat inflammatory diseases (Zhao et al.,
2021). As shown in Fig. 5, after LPS stimulation of
RAW264.7 cells alone, NO, PGE,, IL-6, and TNF-a release
were obviously raised in comparison to the control group
(p < 0.05). Pretreatment of RAW264.7 with EE (62.5, 125,
and 250 pg/mL) resulted in a significant decrease in NO,
PGE,, and TNF-a release compared to the LPS group
(p < 0.05). Besides, EE at 125 and 250 pg/mL markedly low-
ered LPS-stimulated IL-6 secretion (p < 0.05). In particular,
EE at the dose of 125 and 250 pg/mL was equivalent or supe-
rior to DXM (20 pg/mL) in inhibiting inflammatory factors
(NO, PGE2, and TNF-a) release. However, RAW264.7 pre-

(A)120- - _ _ (B) 110+ -
110+ %r————*‘\%_,, 100 - —I
~ 100+ 1 + _ I
X - - - 1 < 901
. 901 = *
£ £ 80
S 801 S
= = 704
% 704 —=—1.929 % —=—1.929
o —e—RAW264.7 C 0] ——RAW2647
60 - 1
50 . . . . . 50 . . . . .
0 31.25 62.5 125 250 500 0 31.25 62.5 125 250 500

WE (ng/mL)

EE (pg/mL)

Fig. 4 Cytotoxic activity of WE (A) and EE (B) on L929 cells and RAW264.7 macrophages. *p < 0.05 versus the untreated cells.
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Fig. 6  Effects of EE on ROS production in RAW264.7 macrophages induced by LPS. (A) RAW264.7 cells’ morphology was observed
by a phase-contrast microscope (200 x magnification). (B) Intracellular ROS was detected using DCFH-DA fluorescent probe, which was
observed by fluorescence microscopy (100 x magnification). (C) Relative ROS levels in macrophages were quantified by a microplate

reader.

treated with WE failed to significantly reduce IL-6 secretion
compared to the LPS group. Meanwhile, the inhibitive ability
of WE on LPS-stimulated NO and PGE, release did not
appear dose-dependent. According to the above results, EE
significantly inhibited the release of pro-inflammatory factors
(NO, IL-6, PGE,, and TNF-a) in RAW264.7 cells stimulated
by LPS, and its inhibitory effect was superior to that of WE.

Thus, we selected EE for further studies on anti-

inflammatory activity and related mechanisms.

3.4.3. EE inhibited LPS-induced ROS generation

ROS, as second messengers, can promote pro-inflammatory
factors secretion via activating MAPK and NF-xB pathways
(Liu et al., 2012; Park et al., 2015). EE had a remarkable free
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radical scavenging effect in the above antioxidant assay. To
determine whether EE could reduce intracellular ROS levels,
the effect of EE on LPS-induced ROS generation was detected
using DCFH-DA fluorescent probe. Morphological changes of
RAW264.7 cells were observed by a phase-contrast microscope
(Fig. 6A). Control group’s cells were in a regular spherical
shape, but cells in the LPS-stimulated group increased in vol-
ume and showed fusiform or irregular pseudopodia. After pre-
treatment with EE at 62.5, 125, and 250 pg/mL, the cell
morphology gradually returned to a spherical shape. The effect
of EE on LPS-stimulated ROS generation was detected by a
microplate reader using DCFH-DA fluorescent probe. As
shown in Fig. 6B and C, the LPS group’s ROS generation
was significantly increased compared to the control group.
EE (62.5, 125, 250 pg/mL) significantly and dose-
dependently decreased LPS-induced ROS generation. There-
fore, R. beesianus rhizome EE can suppress inflammatory
response by inhibiting LPS-induced ROS production.

3.4.4. EE inhibited LPS-stimulated gene and protein expression
of iNOS and COX-2

iNOS and COX-2 are critical rate-limiting enzymes for synthe-
sizing NO and PGE,, which catalyze the conversion of L-
arginine to NO and arachidonic acid to PGE,, respectively
(Kawahara et al., 2015; Zamora et al., 2000). Hence, the effect
of EE on iNOS and COX-2 mRNA and protein overexpres-
sion induced by LPS was analyzed using qRT-PCR and west-
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ern blot. As depicted in Fig. 7A and B, compared to the
control group, iNOS and COX-2 mRNA expression levels in
the LPS group were significantly upregulated (p < 0.001).
EE (62.5, 125, 250 pg/mL) significantly and dose-
dependently reduced LPS-stimulated iNOS and COX-2
mRNA expression levels. As depicted in Fig. 7C and D, LPS
stimulation observably upregulated the expression levels of
iNOS and COX-2 proteins compared with the control group
(p < 0.001). After pretreatment with different concentrations
of EE, the protein expression levels of iNOS and COX-2 signif-
icantly and concentration-dependently decreased (p < 0.001).
The above data demonstrated that EE could decrease the
release of NO and PGE, via downregulating the transcrip-
tional and translational levels of iNOS and COX-2.

3.4.5. EE inhibited LPS-stimulated phosphorylation of MAPKs

After stimulation of RAW264.7 cells with LPS, MAPKs
(JNK, p38, and ERK) were phosphorylated and activated,
which regulated the expression of pro-inflammatory factors,
including IL-6, TNF-a, iNOS, and COX-2 (Zhang et al.,
2020). Therefore, the protein levels of p38, p-p38, ERK, p-
ERK, JNK, and p-JNK were assessed using western blot
(Fig. 8). The p38, ERK, and JNK phosphorylation levels of
the LPS group were dramatically higher than those of the con-
trol group (p < 0.001). After treatment with different doses of
EE (62.5, 125, and 250 pg/mL), their phosphorylation levels
observably and dose-dependently down-regulated. The above
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Fig. 7  Effects of EE on mRNA and protein overexpression of iNOS and COX-2 in RAW264.7 macrophages stimulated by LPS. The
internal reference was GAPDH. (A, B) qRT-PCR analyzed the mRNA relative expression levels of iNOS and COX-2. (C, D) The protein
levels of iNOS and COX-2 were determined by western blot. Results expressed the mean + SD. ###p < 0.001 vs. control group.

**p < 0.01, ¥**p < 0.001 vs. LPS group.
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results indicated that EE could inhibit LPS-stimulated phos-
phorylation levels of MAPKs in RAW264.7 cells.

3.4.6. EE inhibited LPS-stimulated NF-kB activation

NF-kB regulates the gene transcription of various pro-
inflammatory factors like IL-6, TNF-a, iNOS, and COX-2
(Pahl, 1999). Normally, NF-«B (comprising p50 and p65 sub-
units) binds to the inhibitor of kB (IxkB) and forms an inactive
complex in the cytoplasm. After stimulating RAW264.7 cells
with LPS, IkB is phosphorylated and rapidly degraded,

thereby releasing NF-kB. Released NF-«xB translocates into
the nucleus and regulates pro-inflammatory genes transcrip-
tion (Tian et al., 2023). Hence, we detected the effects of EE
on LPS-stimulated phosphorylation and degradation of IxBa
and NF-kB nuclear translocation by western blot. As depicted
in Fig. 9A-C, the phosphorylation and degradation of IxBa in
the LPS group were significantly increased than those in the
control group (p < 0.001). After pretreatment with EE at
62.5, 125, and 250 pg/mL, the phosphorylation level of IkxBa
was markedly decreased (p < 0.001), while the IxBa protein
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of NF-kB. Nuclear translocation of NF-kB p65 was assessed
under a laser scanning confocal microscope. NF-kB p65 (green)
was detected using Alexa Fluor 488-labeled immunostaining, and
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level was significantly increased (p < 0.001). The above data
showed that EE could dramatically suppress the phosphoryla-
tion and degradation of IxBa in RAW264.7 cells induced by
LPS. As depicted in Fig. 9D and E, after LPS induction, the
p65 protein level in the cytoplasm was significantly decreased
compared with the control group (p < 0.001), while the p65
protein level in the nucleus was dramatically increased
(p < 0.001), indicating the nuclear translocation of NF-xB
p65S. A significant increase in cytosol p65 and a significant
decrease in nucleus p65 were observed after pretreatment with
EE (62.5, 125, 250 g/mL). The results showed that EE could
effectively suppress LPS-stimulated nuclear translocation of
NF-kB p65 by blocking IkBa phosphorylation and
degradation.

To visualize the effects of EE on NF-«xB nuclear transloca-
tion, NF-kB p65 was detected by immunofluorescent staining
and observed under a laser scanning confocal microscope.
As shown in Fig. 10, the control group’s NF-xB p65 (green flu-
orescence) was surrounded outside the nucleus (blue fluores-
cence), and the LPS group’s NF-kB p65 was mainly
concentrated in the nucleus. However, after pretreatment with
EE (250 pg/mL), NF-kB p65 primarily existed in the cyto-
plasm, suggesting that EE suppressed NF-xB p65 nuclear
translocation stimulated by LPS.

The anti-inflammatory activity of phenols and flavonoids is
closely related to reducing ROS levels and blocking MAPK
and NF-xB activation, thereby suppressing pro-inflammatory
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The putative mechanism of R. beesianus rhizome EE inhibited LPS-stimulated over-secretion of pro-inflammatory mediators

and cytokines via repressing ROS-mediated activation of MAPK and NF-«kB pathways in RAW 264.7 macrophages.
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factors release (Hussain et al., 2016). In this study, EE has high
TPC and TFC, and 7 phenolic compounds and 5 flavonoids
were identified by UHPLC-Q-Orbitrap-MS, among which
multiple phenolic and flavonoid compounds have been found
to have anti-inflammatory properties. For example, past stud-
ies have shown that protocatechuic acid is a potent antioxidant
with higher potency than a-tocopherol and can reduce ROS
production and activation of MAPK and NK-kB pathways
(Song et al., 2020). Protocatechualdehyde attenuated intracel-
lular ROS levels and suppressed NF-kB and MAPK activation
in ultraviolet radiation (UV)-irradiated human dermal fibrob-
last (HDF) cells (Ding et al., 2020). Kaempferol has been con-
firmed to reduce oxidative stress and inflammatory responses
by downregulating ROS-dependent MAPK and NF-«B path-
ways (Liu et al., 2021). In addition, other phenolic and flavo-
noid compounds identified from EE, such as ethyl 3,4-
dihydroxybenzoate (Singh et al., 2016), bisdemethoxycur-
cumin (Kong et al., 2018), carnosol (Johnson, 2011), narin-
genin chalcone (Hirai et al., 2007), 6-demethoxytangeretin
(Kim et al., 2014), and pectolinarigenin (Heimfarth et al.,
2021), have been proved to possess anti-inflammatory effects
by NF-kB and MAPK pathways. Therefore, these phenolic
and flavonoid compounds may be responsible for EE’s out-
standing anti-inflammatory capacity.

In conclusion, EE showed remarkable DPPH and ABTS
scavenging activities and significantly reduced ROS produc-
tion and activation of MAPK and NF-kB in RAW264.7 cells
stimulated by LPS, suggesting that EE might inhibit LPS-
induced oversecretion of pro-inflammatory mediators and
cytokines via blocking ROS-mediated activation of MAPK
and NF-kB pathways. As depicted in Fig. 11, R. beesianus rhi-
zome EE reduced LPS-induced ROS generation and further
blocked the activation of MAPKSs (via inhibiting ERK, p38,
and JNK phosphorylation) and NF-«B (via suppressing the
phosphorylation and degradation of IxBa to prevent NF-xB
nuclear translocation). Inhibiting MAPKs and NF-«B activa-
tion further down-regulated the genes and proteins expression
of pro-inflammatory enzymes (iINOS and COX-2), which
reduced the release of pro-inflammatory mediators (NO and
PGE,) and cytokines (IL-6 and TNF-a). Hence, R. beesianus
rhizome EE can be used as a promising natural anti-
inflammatory agent with great exploitation potential in func-
tional food and pharmaceuticals.

4. Conclusion

To our knowledge, the phytochemical analysis by UHPLC-Q-
Orbitrap-MS, antioxidant, anti-enzymatic, and anti-
inflammatory properties of Rhynchanthus beesianus rhizome
WE and EE were studied for the first time. WE and EE were
high total phenolic and flavonoid contents and showed signif-
icant antioxidant properties, but had poor inhibitory activities
against tyrosinase, AChE, and BChE. Interestingly, EE exhib-
ited remarkable anti-inflammatory effect and inhibited LPS-
induced oversecretion of pro-inflammatory mediators (NO
and PGE,) and cytokines (IL-6 and TNF-a) by repressing
ROS-mediated activation of MAPK and NF-kB pathways in
RAW264.7 macrophages. Furthermore, the UHPLC-Q-
Orbitrap-MS test identified twelve phenolic compounds and
six flavonoids, which might be responsible for the bioactivities
of R. beesianus rhizome. Therefore, R. beesianus can serve as a

promising natural antioxidant and anti-inflammatory agent.
The above findings should facilitate the utilization of R. beesia-
nus in the functional food and pharmaceutical industries.
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