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Cinnamomi Ramulus (CR) has been extensively used as a remedy for inflammatory diseases in China. This study adopted an
integrative approach of experimental research, phytochemistry, and network pharmacology to investigate its alleviative effects
on rheumatoid arthritis (RA) and the underlying potential mechanisms. CR extract (50, 100, and 200 mg/kg) and methotrexate
(MTX) significantly ameliorated RA symptoms in the collagen-induced arthritis (CIA) rat model. They also reduced paw
volume, arthritis index, proinflammatory cytokines (TNF-«, IL-17A, IL-6, and IL-1p), and oxidative damage. Sixty-three
compounds were systematically identified as the basic components of CR. Fifty-five common genes obtained from compounds
and GEO databases were employed to construct the protein-protein interaction (PPI) network. Among them, 20 hub genes
were identified via the cytoHubba. Enrichment analysis of the common genes indicated that the TNF signaling pathway and
IL-17 signaling pathway might be the potential key pathways. Moreover, molecular docking methods confirmed the high
affinity between the top 10 bioactive components of CR and the top 10 targets. In addition, in vitro results showed that CR
extract (0.2, 0.4, and 0.8mg/mL) inhibited inflammation and oxidative damage in MH7A cells stimulated by
lipopolysaccharide (LPS). In summary, this study adopted multiple approaches to elucidate the protective effect and potential
mechanisms of CR on RA, indicating that CR might be a promising herbal candidate for further investigation of RA treatment.

1. Introduction

Rheumatoid arthritis (RA) is a progressive inflammatory
autoimmune disease that causes severe joint damage, local
inflammation, cartilage destruction, and bone erosion. It is
associated with multiple genetic and environmental factors,
impacts approximately 1% of the population, and is most
prevalent among the middle-aged women, imposing a sub-
stantial emotional and financial burden on individuals and
society [1]. Abnormal activation of fibroblast-like synovial
cells (FLS) is the initial event of synovitis and joint injury,
leading to bone and cartilage tissue damage, pannus forma-
tion, and finally joint destruction [2]. As the disease pro-

gresses, patients with RA experience an upsurge of
inflammation and oxidative stress, leading to widespread
pain from synovitis, progressive histological alterations,
and disabling symptoms [3]. Currently, the commonly pre-
scribed drugs for RA include glucocorticoids, nonsteroidal
anti-inflammatory drugs (NSAIDs), disease-modifying anti-
rheumatic drugs (DMARDs), and biological therapies [4].
Although these medications are widely prescribed to control
the pain, immune responses, and inflammation of RA, their
limited efficacy with noticeable side effects are inadequate to
address this multifactorial disease. Thus, in order to investi-
gate the pathogenesis of RA and explore valuable natural
drugs, bioinformatics approaches should be utilized to
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identify disease biomarkers and effective targets of natural
medicines and clarify their therapeutic effects.

Cinnamomi Ramulus, the dried twigs of the aromatic
plant Cinnamomum cassia (L.) Presl, is an important com-
ponent of Guizhi-Shaoyao-Zhimu decoction (an effective
antiarthritic prescription) [5]. According to phytochemistry
and pharmacology researches, CR contains a variety of
active substances represented by cinnamaldehyde, which
have anti-inflammatory, antioxidant, antitumor, antipyretic,
and analgesic effects [6]. Modern studies suggested that vol-
atile oil is the main active component of CR, accounting for
about 1% of the total medicinal materials [7]. In 2016, Sun
et al. found that CR volatile oil alleviates pain and inflamma-
tion in mice by inhibiting inflammatory mediator release
and iNOS and COX-2 activation [8]. Besides, 80% ethanolic
extract of CR exhibited anti-inflammatory and antiarthritic
activity by reducing the volume of edema in the CFA-
induced chronic arthritic paw of rats [9]. Our previous stud-
ies explored its therapeutic value in RA by inhibiting the
proliferation, invasion, and migration of fibroblast-like
synoviocyte MH7A cells, inducing cell cycle arrest and apo-
ptosis [10]. Certain active compounds in CR may contribute
to these biological activities, while their detailed molecular
mechanisms remain unclear. With the development of com-
prehensive bioinformatics analysis, microarray technology
provides new insights into identifying key biomarkers for
multiple diseases by analyzing data with sophisticated statis-
tical algorithms and investigating overall patterns of gene
expression [11]. Network pharmacology is a novel discipline
based on system biology, which analyzes the network of bio-
logical systems and selects specific signal nodes for a multi-
target drug molecule design. In recent years, it has become
a pragmatic strategy to decipher the correlations between
multicompounds, multitargets, and multipathways of
TCM [12].

In this study, the alleviative effect of CR on RA was
observed in the collagen-induced arthritis (CIA) rat model.
Next, the phytochemical analysis of CR was conducted using
ultraperformance liquid chromatography-Q  Exactive
Orbitrap-mass spectrometry (UPLC-Q Exactive-MS) com-
bined with gas chromatography-mass spectrometry (GC-
MS). Then, network pharmacology was employed to syste-
matically decode the potential mechanisms of CR’s allevia-
tive actions on RA, and molecular docking was applied to
verify the molecular targets. Finally, its potential effects on
inhibiting inflammation and oxidative damage were
screened in vitro based on lipopolysaccharide- (LPS-)
induced MH7A cells. This study is aimed at elucidating the
therapeutic effect and exploring the potential mechanisms
and active ingredients of CR in improving RA, providing
useful insight into future drug research and development
for RA treatment.

2. Materials and Methods

2.1. Chemicals and Reagents. Cinnamomi Ramulus original
material was purchased from the Sichuan New Green Phar-
maceutical Technology Development Co., Ltd. (Chengdu,
China). Herbal medicine was identified by Prof. Chunjie
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Wu (School of Pharmacy, Chengdu University of TCM).
The bovine type II collagen (CII) was provided by Chondrex
Inc. (Chondrex, Seattle, WA, USA). Dimethyl sulfoxide
(DMSO), methotrexate (MTX), complete Freund’s adjuvant
(CFA), and lipopolysaccharide (LPS) were provided by
Sigma-Aldrich Co. (St. Louis, MO, USA). The hematoxylin
and eosin (H&E) and Safranin O-fast green (SFG) were pur-
chased from Solarbio (Beijing, China). The ELISA assay kits
for tumor necrosis factor- (ITNF-) «, interleukin- (IL-) 1,
IL-6, and IL-17A were obtained from Beijing 4A Biotech
Co. (Beijing, China). Oxidative stress parameters of superox-
ide dismutase (SOD), glutathione peroxidase (GSH-Px), cat-
alase (CAT), and malonaldehyde (MDA) were purchased
from Suzhou Michy Biomedical Technology Co., Ltd.
(Suzhou, China). CCK-8 kits and dihydroethidium (DHE)
fluorescent probe were obtained from US Everbright® Inc.
(Suzhou, China). The 4',6-diamidino-Z—phenyIindole
(DAPI) was purchased from BOSTER biological technology
company (Wuhan, China). Antibodies against NF-«B p65
and goat-anti-rabbit/rat horseradish-peroxidase-conjugated
(HRP) secondary antibodies were purchased from Abcam
(Cambridge, MA, USA). High-performance liquid
chromatography-grade acetonitrile, methyl alcohol, and for-
mic acid were obtained from Merck KGaA (Merck, Darm-
stadt, Germany); analytical grade anhydrous diethyl ether,
anhydrous sodium sulphate, petroleum ether, ethyl acetate,
and n-butyl alcohol were provided by Chengdu Kelong
Chemical Co., Ltd. (Chengdu, China).

2.2. Preparation of CR Freeze-Dried Powder. The CR freeze-
dried powder was prepared as follows. Briefly, the dried
plants (200g) were powdered and soaked with 75% etha-
nol (1:8, w/v) for 30 min. Reflux extraction was performed
3 times for 1.5h per time. Each filtrate was combined, and
the resulting filtrate mixture was rotationally evaporated at
60°C using a rotary evaporator (EYELA, N-1300V, Tokyo,
Japan). The concentrated filtrate was cooled to room tem-
perature, freeze-dried using a lyophilizer (Labconco Co.,
Kansas, MI, USA) to obtain the dry extract, and stored
at 4°C until later use. The yield of the CR extract was
9.85%.

2.3. Animals. Specific pathogen-free (SPF) Wistar rats (6-7
weeks old, 200 + 20 g) were obtained from Chengdu Dossy
Experimental Animals Co., Ltd. (Chengdu, China). The ani-
mals were acclimated for one week at room temperature (22-
24°C) with 50%-65% relative humidity and an alternating
12h light-dark cycle. All animal experiments were con-
ducted in conformity with the international guidelines for
animal experiments and approved by the Animal Care and
Use Committee of Chengdu University of Traditional Chi-
nese Medicine.

2.4. Establishment of CIA Animal Model and Treatment.
Collagen-induced arthritis (CIA) model was prepared
according to the description of previous literature [5].
Firstly, bovine type II collagen (2mg/mL) was emulsified
in an equal volume of complete Freund’s adjuvant (2 mg/
mL). Rats were immunized by subcutaneous injection with
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0.1 mL emulsion into the back (left and right sides) and tail
base, respectively. The same doses of collagen mixture was
performed on day 14 to boost immunization. The normal
group was injected with equal volumes of normal saline at
the same sites. Rats with CIA on day 21 were randomized
into five groups (n=8) based on the volume of hind paw
swelling and arthritis score, namely, the CIA model group,
CIA+CR (50 mg/kg) group, CIA+CR (100mg/kg) group,
CIA+CR (200mg/kg) group, and positive control CIA
+MTX group (0.2mg/kg, 3 times/week). CR freeze-dried
powder was dissolved in 0.5% CMC-Na solution. Rats in
the CR group were given CR freeze-dried powder orally for
24 days, and rats in the normal group and CIA model group
were given 0.5% CMC-Na solution in the same volume. Rats
in the CR group were given oral administration of CR
freeze-dried powder for 24 consecutive days, and the normal
group and CIA model group received normal saline simulta-
neously. Paw volume and arthritis index were measured
every three days to evaluate the severity of arthritis. The
scoring criteria were as follows: 0 for no erythema or swell-
ing, 1 forslight erythema or swelling of one toe or finger, 2
for erythema and swelling of more than one toe or finger, 3
for erythema and swelling of the ankle or wrist, and 4 fore-
rythema and swelling of all toes or fingers and ankle or wrist
[13]. Two hind legs were graded, and a total arthritis score
was given for each animal.

2.5. Micro-CT Analyses and Histopathological Examination.
The hind limb of each rat was harvested after sacrifice and
scanned using a PerkinElmer Quantum GX micro-CT sys-
tem (Norwalk, CT, USA) with the following parameters: X-
ray, 90kV, and 80 pA; field of view (FOV), 72 mm; voxel
size, 45-90; scan mode, high resolution; and scan time,
4min. The 3D reconstruction images were analyzed using
the PerkinElmer Analyze software (version 12.0, Norwalk,
CT, USA). For histopathological analysis, ankle joints were
fixed in 10% formalin after removing the skin and excess tis-
sue. After decalcified in 10% ethylenediaminetetraacetic acid
(EDTA) for one month, the samples were embedded in par-
affin, sliced into 5 ym sections, stained with H&E, and exam-
ined under Nikon TS2 light microscope and high-resolution
digital camera system (Nikon TS2, Tokyo, Japan).

2.6. Volatile Oil Preparation. In order to explore the main
active components in CR, volatile oil was obtained by steam
distillation for GC-MS analysis. A total of 200g of plant
material in 0.5L water were subjected to hydrodistillation
for 3h in a standard apparatus set. The white-yellow or
brown oil samples were extracted with anhydrous diethyl
ether twice, dried using anhydrous sodium sulphate to
remove traces of moisture, and stored in the dark at 4°C
until further investigation.

2.7. GC-MS Analysis and Compound Identification. The col-
lected essential oil solution was analyzed using a gas
chromatography-mass spectrometry (GC-MS) (Agilent
5975C gas chromatography instrument, Agilent Technolo-
gies, USA). An  HP-5MS  capillary  column
(30 m x 250 ym x 0.25 ym) was employed for the separation.

High-purity helium was used as the carrier gas, with a flow
rate of 1.0 mL/min. In addition to the injection temperature
and interface temperature of 250°C, standard electron
impact mass spectrometry source temperature of 230°C
and quadrupole temperature of 150°C, the resolution ratio
was set as 30 : 1. The full scan monitoring mode was adopted
for the mass spectrometry, and the scanning range was m/z
12-550. The column temperature was set at 60°C and pro-
grammed to rise at 4°C/min to 200°C (2min held) and
15°C/min to 290°C (3 min held) kept for 40 min. Upon com-
parison with the mass spectrometry recorded by the
National Institute of Standards and Technology (NIST)
mass spectral library, the components contained in CR
essential oil were obtained, and the area normalization
method was adopted to determine the relative percentage
content of each component.

2.8. CR Solvent Extraction Preparation. After extracting the
volatile oil, the filtrates were concentrated using a vacuum
rotary evaporator (Yarong RE 52AA). The obtained concen-
trate was mixed with water to form a suspension, and the
corresponding extraction sections were extracted with petro-
leum ether, ethyl acetate, and n-butanol successively. Each
solvent was extracted 5 times per 200 mL, and the remaining
section was the water part. After lyophilization, an appropri-
ate amount of each extracted part was dissolved in methanol
and filtered by 0.22 ym microporous membrane. The chem-
ical constituents of each part were qualitatively analyzed by
UPLC-Q Exactive-MS.

2.9. UPLC-Q Exactive-MS Conditions. Mass spectrum iden-
tification was performed using Thermo Scientific Q Exactive
Orbitrap HRMS (Thermo Fisher Scientific, Massachusetts,
USA) connected to Thermo Scientific Vanquish UPLC
(Thermo Fisher Scientific, Massachusetts, USA). Chromato-
graphic separation was achieved on a Thermo ScientificTM
AccucoreTM Cl18 (3 x 100 mm, 2.6 yum) with a flow rate of
0.2mL/min at 30°C. The mobile phase A was acetonitrile,
and the mobile phase B was deionized water (0.1% formic
acid). The gradient elution procedures of each part was
described in detail: petroleum ether (0-15min, 40-75% A;
15-30 min,75-85% A; 30-35min, 85-95% A; 35-40 min, 95-
95% A), ethyl acetate (0-15min, 20-40% A; 15-20 min, 40-
80% A; 20-35min, 80-95% A; 35-40 min, 95-95% A), n-
butanol (0-5min, 10-20% A; 5-15min, 20-50% A; 15-
35min, 50-95% A; 35-40 min, 95-95% A), and water (0-
5min, 10-30% A; 5-15min, 30-50% A; 15-25min, 50-70%
A; 25-35min, 70-95% A; 35-40 min, 95-95% A). After guid-
ing into the electrospray ionization (ESI) source, MS condi-
tions were performed as follows: heath gas flow rate, 35L/
min; spray voltage, 3000V; capillary temperature, 320°C;
aux gas flow rate, 10.00 L/min; and probe heater tempera-
ture, 350°C. Full scan spectra were recorded in the mass
range of m/z 100-1500. Based on retention time, fragmenta-
tion patterns, literature, and the Thermo Scientific™ Com-
pound Discoverer™ software (3.0), the chemical
composition was identified in UPLC-Q Exactive-MS positive
and negative ion mode.



2.10. Network Pharmacology Analysis of CR against RA

2.10.1. Acquisition of RA Targets. In this study, GSE55457
and GSE55235 datasets containing gene expression profiles
were downloaded from the Gene Expression Omnibus
(GEO) database. Dataset GSE55457, containing synovial tis-
sue samples from 13 RA patients and 10 healthy individuals,
was constructed by the Affymetrix Human Genome U133A
Array (GPL96 platform). Dataset GSE55235 consisted of 20
samples (10 RA synovial tissue samples and 10 healthy sam-
ples) and was based on Affymetrix Human Genome U133A
Array (GPL96 platform). To identify the differentially
expressed genes (DEGs) between RA and normal samples,
GSE55457 and GSE55235 were normalized and visualized
by the Limma R package. Based on the threshold of p value
< 0.05 and [logFC| > 1 judgment, the volcano plot and heat
map were obtained through the ggplot2 package and heat
map package, respectively. After filtering according to the
threshold, these DEGs were collected to form the RA targets
library.

2.10.2. Acquisition of CR Targets. We collected the targets of
extracted compounds from the Chinese Medicine Systems
Pharmacology Database and Analysis Platform (TCMSP),
SwissTargetPrediction, PharmMapper online database, and
available literature reports [14-17]. After deleting duplicated
targets, the Uniprot database was utilized to convert the tar-
get names into corresponding gene names to obtain the CR
targets library, and then, Cytoscape (3.8.0) software was
applied to construct the compound-target network diagram.

2.10.3. Construction of a Protein-Protein Interaction
Network. The screened CR and RA targets were imported
into the draw Venn diagram for analysis, and overlapping
genes were identified as the potential therapeutic targets
for CR acting on RA. After the overlapping genes were
uploaded to the STRING database, a protein-protein inter-
action (PPI) network was performed to show interactions
between individual targets. The PPI network identified using
STRING was further integrated, analyzed, and visualized
using the Cytoscape 3.8.0, and hub genes were selected from
the PPI networks using the cytoHubba plug-in. Afterwards,
a compound-common gene network was constructed by cal-
culating the degrees of each node.

2.10.4. Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes Pathway. To comprehensively analyze the biological
processes and signaling pathways involved in common genes,
the clusterProfiler software package of R (4.0.2) was utilized to
perform Gene Ontology (GO) enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analy-
sis. GO biological processes and KEGG pathways with p value
< 0.05 were considered to be significantly enriched. The top 10
results of GO enrichment and the top 20 results of KEGG
pathway enrichment analyses were visualized with bubble
plots and column charts by the R software package.

2.11. Docking Verification of Compound and Target
Molecule. Discovery Studio 4.5 software was used to build
the molecular docking model between the top 10 key active
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ingredients and the top 10 hub genes. We obtained 3D struc-
tures of these compounds from ChemDraw software and
downloaded “PDB” format files of optimal protein crystal
structures for corresponding targets from the RCSB PDB
database. Subsequently, ligand and receptor were prepared
using Discovery Studio 4.5 software to determine the loca-
tion of the receptor’s active site. Small molecule compounds
matching the protein active site were screened by the ligand
docking module. The compounds with higher docking
scores than the prototype ligand were selected as active
molecules.

2.12. Cell Culture and Treatment. Human synovial cells
MH7A were purchased from the Beina Biological Company
(Beijing, China) and cultured in DMEM containing 10%
FBS at 37°C in a 5% CO, humidified atmosphere. CCK-8
assay was used to determine the optimal concentration of
LPS-induced MH7A cells and the optimal intervention con-
centration of CR. In brief, MH7A cells (5 x 10%) were seeded
in 96-well plates and treated with various concentrations of
LPS for 6h [18]. The optimal concentration of LPS-
stimulated MH7A cells was treated with CR extract at differ-
ent doses for 24h. Then, 10 yuL CCK-8 was added to each
well and incubated at 37°C for 2h. The absorbance of each
well at 450nm was measured by an iMARK microplate
reader (Bio-Rad, Hercules, CA, USA), and the cell survival
rate was calculated.

2.13. ELISA Assays of the Proinflammatory Cytokines. Rats
were sacrificed, and the serum was collected from the
abdominal aorta by centrifugation at 3000 rpm for 15min
and stored at -80°C until assayed. Concentrations of TNF-
a, IL-1f3, IL-6, and IL-17A in the serum were measured
using ELISA according to the manufacturer’s instructions.
MHT7A cells were treated with LPS (1 ug/mL) for 6h and
then intervened with various doses of CR for 24h. Then,
the concentrations of TNF-a, IL-183, IL-6, and IL-17A in
MH7A cells were determined using commercial ELISA Kkits.

2.14. Assessment of Oxidative Stress Parameters. All experi-
mental rats were sacrificed, and the serum was obtained by
centrifugation at 3000rpm for 15min. The serum SOD,
CAT, and GSH-Px activities and MDA level were deter-
mined by the corresponding assay kit following the manu-
facturer’s protocols. Meanwhile, MH7A cells were treated
with LPS (1 ug/mL) for 6h and then treated with various
doses of CR for 24h. The levels of SOD, CAT, GSH-Px,
and MDA in MH7A cells were determined following the
manufacturer’s protocols.

2.15. Determination of Reactive Oxygen Species (ROS). The
DHE fluorescent probe was adopted to detect the level of
intracellular reactive oxygen species. In brief, MH7A cells
(1% 10°) were incubated in a 6-well plate and treated with
LPS and different concentrations of CR. Subsequently, the
cells were incubated with DHE (10 uM) for 30 min at 37°C
in a dark environment, followed by washing three times with
PBS. Cells were collected for intracellular ROS analysis using
a FACSCanto II Flow cytometer (BD Company, New York,
NY, USA).
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2.16. Immunofluorescence Assay. MH7A cells were seeded
into a confocal laser dish and treated with LPS and different
concentrations of CR. At the end of the intervention, the
cells were fixed with 4% paraformaldehyde for 20 min and
then permeated with 0.1% Triton X-100 in PBS for 1h at
room temperature. The cells were incubated with NF-«B
p65 antibody (diluted 1:200) overnight at 4°C. Anti-rabbit
IgG (H+L) Alexa Fluor® was incubated at room temperature
for 1h in the dark, and the nuclei were visualized using
DAPI staining. After washing with PBS for three times, the
fluorescence intensity was observed using a confocal laser
microscope (Leica, SP8 SR, Wetzlar, Germany).

2.17. Statistical Analysis. Data were expressed as mean +
standard deviation. Differences between multiple groups
were assessed using one-way analysis of variance. p values
< 0.05 were deemed statistically significant. Analysis and
graphing were completed utilizing GraphPad Prism 8.0 soft-
ware (San Diego, CA, USA).

3. Results

3.1. CR Alleviated the Severity of RA in CIA Rats. As shown
in Figure 1(a), the CIA rat model was established to validate
the efficacy of CR against RA. Photographs of paw edema
showed that joint swelling in CIA rats was significantly
reduced after 24 days of MTX and CR treatment
(Figure 1(b)). The arthritis index in CIA rats peaked on
day 9 after administration (day 30 after primary immuniza-
tion) compared with the normal control group. After MTX
and CR treatment, arthritic symptoms and arthritic scores
of CIA rats were significantly improved (Figures 1(c) and
1(d)). As shown in Figure 1(e), the levels of inflammatory
cytokines (TNF-q, IL-1f, IL-6, and IL-17A) were signifi-
cantly higher in the model group than in the normal group.
The results of the CR group and MTX group were consis-
tent, and the effects of different CR concentrations on
TNF-a, IL-1B, IL-6, and IL-17A levels were dose-
dependent. As displayed in Figure 1(f), CIA rats developed
oxidative stress with a decreased antioxidant enzyme activity
(SOD, CAT, and GSH-Px) and an increased serum MDA
level compared to the normal group. However, CR and
MTX treatments were observed to significantly reduce oxi-
dative damage. As expected, intervention of CR at different
doses (50, 100, and 200mg/kg) significantly reduced the
serum level of MDA and elevated the activity of antioxidant
enzyme.

3.2. CR Inhibited Ankle and Cartilage Damage in CIA Rats.
The results of H&E and Safranin O staining demonstrated
that the ankle joint and synovial tissue in the normal group
were intact without damage. On the contrary, synovial cell
proliferation and inflammatory cell infiltration were noted
in the model group. CR (50, 100, and 200mg/kg) and
MTX treatment all reduced synovial hyperplasia, synovial
inflammation, and cartilage erosion in CIA rats. Micro-CT
imaging revealed that normal rats had smooth articular sur-
face, clear and complete articular structure, normal bone and
articular space, and absence of soft tissue swelling. CIA rats

showed joint surface fusion, joint space narrowing, severe
structural erosion, and destructive bone resorption and dis-
solution. CR and MTX intervention reduced soft tissue
swelling and bone destruction, as well as deterioration of
articular surface structure and space clarity (Figure 2(a)).
The quantitative analysis for synovitis and cartilage damage
is shown in Figures 2(b) and 2(c).

3.3. Analysis of the Constituents of Volatile Oil Obtained
from CR. A total of 28 volatile compounds were identified
utilizing the NIST mass spectral library and literature data
[19-21] (Figure 3(a)). The retention time, formula, molecu-
lar weight, and area percentage of benzaldehyde (1), 4-
hydroxybenzaldehyde (2), acetophenone (3), benzenepropa-
nal (4), linderol (5), (-)-alpha-terpineol (6), cis-cinnamalde-
hyde (7), 3-phenylpropanol (8), 2-methoxybenzaldehyde
(9), cinnamaldehyde (10), alpha-copaene (11), beta-
caryophyllene (12), coumarin (13), cinnamyl acetate (14),
gamma-muurolene (15), alpha-curcumene (16), alpha-
muurolene (17), beta-bisabolene (18), trans-calamenene
(19), 2-methoxycinnamaldehyde (20), alpha-calacorene
(21), spathulenol (22), cedrol (23), tetradecanal (24), tau-
cadinol (25), alpha-cadinol (26), cadalene (27), and alpha-
bisabolol (28) are shown in Table 1. The structures of these
compounds are presented in Figure 3(b).

3.4. Identification and Analysis of Active Constituents in CR
Extract. Total ion chromatograms of each part in positive
and negative ion modes are presented in Figures 4(a)-4(d).
A total of 35 compounds were preliminarily isolated and
identified from CR extract, including azelaic acid (29), syrin-
galdehyde (30), coniferyl aldehyde (31), caryophyllene oxide
(32), benzyl cinnamate (33), oleoyl ethanolamide (34), olea-
mide (35), stearoyl ethanolamide (36), stearamide (37), ben-
zoic acid (38), catechin (39), 4-methoxybenzaldehyde (40),
caffeic acid (41), 4-methoxycinnamaldehyde (42), p-
coumaric acid (43), quercetin (44), taxifolin (45), ferulic acid
(46), kaempferol (47), cinnamic acid (48), methyl eugenol
(49), methyl cinnamate (50), ethyl 4-methoxycinnamate
(51), 4-methoxycinnamic acid (52), 2-hydroxycinnamic acid
(53), 3,4-dimethoxycinnamic acid (54), 2,3-dihydroxyben-
zoic acid (55), syringic acid (56), 2,4-dihydroxybenzoic acid
(57), sebacic acid (58), 2-methoxybenzoic acid (59), 2-
methoxycinnamic acid (60), isoquercetin (61), kaempferol-
3-O-glucoside (62), and quercitrin (63) [22-42]. The reten-
tion time, formula, molecular weight, error value, fragment
ion, and other details of 35 compounds are shown in
Table 2, and the structures of these compounds are displayed
in Figure 4(e).

3.5. Results of Network Pharmacology Analysis

3.5.1. Prediction of Related Targets of RA. After standardized
processing of the two datasets downloaded from the GEO
database, 419 DEGs were obtained from the RA synovial tis-
sues and normal controls, including 183 upregulated genes
(red dots) and 236 downregulated genes (green dots). Vol-
cano map and heat map analysis of the DEGs were per-
formed by R software (Figures 5(a) and 5(b)).
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FiGurk 1: CR attenuated CIA-induced RA in rats. (a) The experimental procedure was illustrated. (b) Representative photographic images of
rats in different treatment groups. (c) Effects of CR extract on paw volume of CIA rats. (d) Effects of CR extract on arthritis index of CIA
rats. (e) Effects of CR extract on serum levels of pro-inflammatory cytokines (TNF-a, IL-17A, IL-6, and IL-1p). (f) Effects of CR extract on
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(c) cartilage damage. Data are expressed as mean + SD; *p < 0.05, **p < 0.01 vs. the model group.

3.5.2. Prediction of Anti-RA Targets of CR. We obtained tar-
gets for 63 compounds from TCMSP, PharmMapper, and
SwissTargetPrediction databases, and a total of 559 undupli-
cated targets were collected. A compound-target network
was constructed based on the interaction relationship
between these 63 compounds and their corresponding tar-
gets (Figure 5(c)). The network consists of 622 nodes (63

compounds and 559 targets) and 2075 edges. Red circular
nodes represent compounds, blue circular nodes symbolize
targets, green circular nodes represent common targets,
and edges symbolize interactions between compounds and
targets. The 559 active compound targets and the 419 dis-
ease targets were used to draw a Venn diagram, and 55 com-
mon targets were obtained (Figure 5(d)).
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FIGURE 3: (a) The total ion chromatograms of volatile oil from Cinnamomi Ramulus. (b) Compounds in volatile oil from Cinnamomi
Ramulus.

TaBLE 1: Compounds identified in volatile oil from CR.

Peak no. RT (min) Compound Formula Molecular weight Relative amount (%)
1. 5.705 Benzaldehyde C,H,O 106.12 0.74
2. 7.947 4-Hydroxybenzaldehyde C,HO, 122.12 0.1
3. 8.64 Acetophenone CgHgO 120.15 0.97
4. 11.722 Benzenepropanal CoH,,O 134.17 0.74
5. 11.918 Linderol C,oH 50 154.25 0.19
6. 12.696 Alpha-terpineol C,oH;s0 154.25 0.08
7. 13.621 cis-Cinnamaldehyde Cy,H,O 132.16 1.20
8. 14.252 3-Phenylpropanol C,H,,0 136.19 0.22
9. 14.393 2-Methoxybenzaldehyde CgH,0, 136.15 0.32
10. 15.919 trans-Cinnamaldehyde Cy,HO 132.16 88.30
11. 18.719 Alpha-copaene C,sH,, 204.35 0.22
12. 20.116 Beta-baryophyllene C,sH,, 204.35 0.09
13. 20.729 Coumarin CyHO, 146.14 0.21
14. 20.962 Cinnamyl acetate C,,H,,0, 176.21 0.28
15. 21.899 Gamma-muurolene CisH,, 204.35 0.11
16. 22.095 Alpha-curcumene C,sH,, 202.33 0.2
17. 22.628 Alpha-muurolene C,sH,, 204.35 0.1
18. 22.867 Beta-bisabolene C,sH,, 204.35 0.16
19. 23.327 trans-Calamenene C,sH,, 202.33 0.19
20. 23.639 2-Methoxycinnamaldehyde C,oH;00, 162.18 2.88
21. 23.939 Alpha-calacorene C,sH,, 200.32 0.14
22. 25.018 Spathulenol C,sH,,0 220.35 0.45
23. 25.729 Cedrol C,sH,0 22237 0.08
24. 25912 Tetradecanal C,,H,s0 212.37 0.12
25. 26.844 Tau-cadinol C,sH,O 222.37 0.23
26. 27.218 Alpha-cadinol C,sH,O 222.37 0.13
27. 27.781 Cadalene C;sH, 198.3 0.12

stlig
28.075 Alpha-bisabolol C,sH,,O 222.37 0.25

)
*®
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FIGURE 4: The total ion chromatograms of different fractions of Cinnamomi Ramulus: (a) petroleum ether fraction, (b) ethyl acetate fraction,
(c) n-butanol fraction and (d) water fraction. (¢) Compounds in different fractions of Cinnamomi Ramulus.
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TaBLE 2: Compounds identified in the CR by UPLC-QE-MS/MS.
E(e:xk (:13;1) Formula ~ Molecular weight ESI-MS (]IE)r;r(;r) Fragment ions (m/z) Name Ref
29 1.94 CoH,,0, 188.10469 187.09741[M-H] -0.9 169, 125, 97 Azelaic acid 22
30 2.509 CoH,,0, 182.05843 183.06576[M+H]* 2.85 168, 155, 140, 123, 95 Syringaldehyde 23
31 2.98 C,oH;005 178.06265 179.06978[M+H]"  -1.93 164, 161, 147, 133, 119, 105, 55 Coniferyl aldehyde 24
32 6.763 C,sH,,0 220.18333 221.19066[M+H]™  2.81 207,175, ;§1)811476’913535’ 121, 105, Caryophyllene oxide 25
33 9.261 Ci6H,1,0, 238.09984 239.10710[M+H] " 1.93 192, 131, 91 Benzyl cinnamate 26
34 18.823  C,,H;,NO, 325.29875 326.30603[M+H]" 2.07 308, 62 Oleoyl ethanolamide 27
35 27451 C,;gH;NO 281.27245 282.27982[M+H]" 2.07 97, 83, 55 Oleamide 28
36 30611  C,H,,NO, 327.31456 32832178[M+H]* 254 311, 62 Stearoyl ethanolamide 29
37 34293  CgH;,NO 283.2883 284.29556[M+H] " 2.7 266, 88, 57 Stearamide 30
38 1.981 C,HO, 122.03708 121.04431[M-H] 2.44 93, 65 Benzoic acid 31
39 1.999 C5H,,0¢ 290.07902 289.08643[M-H] -0.07 245, 203, 151, 125, 109, 97 Catechin 22
40 2.813 CgHgO, 136.05254 137.05983[M+H]* 0.84 122, 109, 94 4-Methoxybenzaldehyde 23
41 2.861 CyHgO, 180.04176 179.03433[M-H] -2.76 135, 107 Caffeic acid 22
42 2.947 C,0H,00, 162.06806 163.07544[M+H]* 0.05 145, 135, 121, 105, 79, 55 4-Methoxycinnamaldehyde 26
43 4.396 CoHgO4 164.04719 163.03949[M-H]- -0.93 119, 93 p-Coumaric acid 22
44 4.584 Cy5H,,0, 302.0428 303.05014[M+H]" 0.5 257, 229, 201, 165, 153, 137 Quercetin 32
45 5.018 C;5H,,0, 304.05854 303.05130[M-H] -3.62 285, 217, 151, 125, 109 Taxifolin 22
46 5.661 C,oH;00, 194.0578 193.05026(M-H] -0.59 161, 151, 134 Ferulic acid 33
47 5863  C,H, 0, 286.04805 287.05533[M+H]* 1.1 165, 153 Kaempferol 32
48 6.15 CoH 0, 148.05288 149.04446[M+H]"  -4.55 131, 123, 103 Cinnamic acid 26
49 8789  C,,H,,0, 178.0629 179.07045[M+H]*  -0.54 103, 91 Methyl eugenol 34
50 1021 C,oH,,0, 162.06814 163.07553[M+H]* 0.4 131, 103, 95 Methyl cinnamate 35
51 11111 C,H,,0, 206.09453 207.10184[M+H]* 113 161, 134, 133 Ethyl 4-methoxycinnamate 36
52 12.743 CoH;005 178.06343 179.07039[M+H]* 1.34 133, 117, 105 4-Methoxycinnamic acid 35
53 18.67 CoHgO4 164.04758 165.05475[M+H]* 1.43 147, 123, 103, 91 2-Hydroxycinnamic acid 26
54 2013 C,H,,0, 208.0738 209.:)121]? (M 0.92 191, 163, 91 3 ’4‘Dlmet2:i’éycmnamm 37
55 3699  CHO, 154.0259 153.0186[M-H]-  -4.57 153, 109 2,3-Dihydroxybenzoic acid 38
56 575  CoH,oOs 198.0534 197.06065[M-H]- 2.8 182, 167, 153, 139, 123 Syringic acid 2
57 7366  CHO, 154.0259 153.01859[M-H]-  -4.85 153, 109 2,4-Dihydroxybenzoic acid 38
58 9367  C,oH,50, 202.1203 201.12743[M-H]-  -1.04 183, 139 Sebacic acid 39
59 11.23 CgH O, 152.0477 153'215_;1]13[1\4 2.09 135,92, 77 2-Methoxybenzoic acid 40
60 11.561  C,H,;,O4 178.063 179'_(317_10]?_6[1\4 -0.01 161, 131, 103, 77 2-Methoxycinnamic acid 41
61 8225  CyH,0,, 464.0958 463.08865[M-H]-  0.66 317, 287, 259, 151, 125, 109 Isoquercetin 2
62 9.335  C,1H,,0y, 448.101 447.09409[M-H]-  0.97 285, 255, 227 Kaempferol-3-O-glucoside 31
63 9496  CypH,,0;, 448.101 447.09372[M-H]- 097 301, 300, 255, 179 Quercitrin 42

3.5.3. Compound-Common Gene Network. The PPI network
was obtained by importing 55 common targets into STRING
and removing five disconnected points. The downloaded
TSV data were imported into Cytoscape 3.8.0 to visualize
the protein interaction network, with darker node colors
representing larger degree values (Figure 6(a)). The 20 hub
targets were calculated by the cytoHubba plug-in, and the
ranks were represented by color changes from red to yellow
(Figure 6(b)). After removing 12 compounds without related
targets, 51 active candidate compounds were obtained.
Cytoscape 3.8.0 was utilized to construct a network diagram
of 51 compounds and 55 common gene targets, as shown in
Figure 6(c), consisting of 106 nodes and 244 edges. The
results showed that cinnamaldehyde (10), caffeic acid (41),

benzyl cinnamate (33), cinnamyl acetate (14), 4-methoxy-
cinnamaldehyde (42), 2-methoxy-cinnamaldehyde (20),
quercetin (44), kaempferol (47), 3, 4-dimethoxy-4-meth-
oxy-cinnamic acid (52), cinnamic acid (54), ethyl 4-
methoxycinnamate (51), 4-methoxy-benzaldehyde (40), 2-
methoxybenzaldehyde (9), and coniferyl aldehyde (31)
might be candidate bioactive substances for the treatment
of RA.

3.5.4. GO and KEGG Pathway Enrichment Analyses. We per-
formed GO and KEGG pathway enrichment analyses to fur-
ther elucidate the biological functions of 55 common genes
systematically. As shown in Figure 6(d), the top 10 terms
in the BPs, CCs, and MFs were selected. The enrichment
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(d) Common genes between DEGs and compound targets.
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F1Gure 6: GO and KEGG enrichment analysis results. (a) PPI networks for common genes. (b) The top 20 hub genes of the common genes.
(c) Active compound-common gene network. (d) The top 10 items with significant enrichment in BP, CC, and MF of GO analysis. The y
-axis represents the enrichment count of target genes, and the x-axis represents the GO category of target genes. (e) The KEGG analysis
diagram including the top 20 significant enrichment pathways. The y-axis represents the enrichment pathways, and the x-axis represents

the enrichment score.

of BPs involved the regulation of cytosolic calcium ion con-
centration, cell chemotaxis, regulation of inflammatory
response, and cellular calcium ion homeostasis. Enrichment
to CCs mainly included membrane raft, membrane micro-
domain, and membrane region. The MFs most enriched in
protein serine/threonine kinase activity, metallopeptidase
activity, and metalloendopeptidase activity. Additionally,
the KEGG pathways were most enriched in apoptosis and
inflammatory-associated pathways, such as the TNF signal-
ing pathway, osteoclast differentiation, IL-17 signaling path-
way, apoptosis, Th17 cell differentiation, Thl and Th2 cell
differentiation, rheumatoid arthritis, and NF-kappa B signal-
ing pathway. The top 20 pathways are shown in Figure 6(e).

3.6. Molecular Docking Verification. We searched the 3D
structure of these 10 hub genes in the PDB database: IL6
(PDB: 4CNI), MAPK8 (PDB: 4HYS), PTGS2 (PDB:
5KIR), JUN (PDB: 2NO3), CCL5 (PDB: 5UIW), STATI
(PDB: 6HHO), FOS (PDB: 6W3E), ILIR1 (PDB: 4GAF),
SOCS3 (PDB: 6C7Y), and MAPK14 (PDB: 6SFO). The
higher the molecular docking score, the better the
receptor-ligand binding ability. According to Figure 7,
the optimal docking results of the 10 hub genes and the
top 10 bioactive compounds were presented in 3D topo-
logical structures of the drug-target binding model. Nota-
bly, these compounds were closely bound to the
receptors through hydrogen bonds, hydrophobic interac-
tion of amino acids, and m-conjugated effects. The above
results indicated that the interaction between these core
targets and core components was the biological basis for
the multitarget action of CR against RA.

3.7. CR Ameliorated LPS-Induced Inflammatory Injury in
MH7A Cells. MH7A cells were treated with different doses
of LPS for 6h to establish the LPS-induced inflammatory
injury model. As shown in Figure 8(a), 1ug/mL of LPS
increased the viability of MH7A cells compared to the
untreated control group, while LPS-induced survival
decreased from 4 pug/mL. Given the effect of LPS on enhanc-
ing the viability of MH7A cells, 1 ug/mL LPS was selected as
the stimulation condition for subsequent experiments. LPS-
induced MH7A cells were treated with different doses of CR
to detect cytotoxicity. Data in Figure 8(b) showed that
0.2 mg/mL CR began to decrease the viability of MH7A cells
compared with the LPS group. Thus, 0.2, 0.4, and 0.8 mg/mL
were selected as a CR-intervention condition for follow-up
experiments. Since inflammation is a major contributor to
LPS damage, the release of proinflammatory cytokines was
also measured in this study. ELISA assay showed that CR
significantly decreased the LPS-induced release of four pro-
inflammatory cytokines (Figure 8(c)). NF-«B plays a crucial
role in modulating synovial inflammation and joint destruc-
tion. Immunofluorescence results were shown in
Figure 8(d), indicating that the activated NF-xB P65 in
MH?7A cells was significantly translocated into the nucleus
after LPS treatment. However, this translocation effect was
restrained by CR.

3.8. CR Ameliorated LPS-Induced Oxidative Stress in MH7A
Cells. The effect of CR treatment on ROS overproduction in
LPS-stimulated MH7A cells was determined by the DHE
probe. The results showed that ROS accumulation in 1 pug/
mL LPS-induced cells increased dramatically compared with
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FIGURE 7: Molecular docking results of the 10 hub genes and the top 10 bioactive compounds: (a) IL6 and 44, (b) MAPKS and 47, (c) PTGS2
and 33, (d) JUN and 47, (e) CCL5 and 10, (f) STAT1 and 42, (g) FOS and 54, (h) IL1R1 and 51, (i) SOCS3 and 14, and (j) MAPK14 and 41.

normal cells. However, CR treatment significantly reduced
the intracellular ROS production in LPS-induced MH7A
cells (Figure 9(a)). In addition, the antioxidant activity of
CR was evaluated by determining the contents of antioxi-
dant enzymes SOD, CAT, GSH-Px, and lipid peroxidation
product MDA in LPS-induced MH7A cells. As shown in
Figure 9(b), the MDA content of MH7A cells was signifi-
cantly increased after LPS treatment, while activities of
SOD, CAT, and GSH-Px were decreased. Nevertheless, the
level of MDA was significantly downregulated and the activ-
ities of SOD, CAT, and GSH-Px were upregulated after CR
treatment, indicating CR at different doses exerted therapeu-
tic effects. These results suggested that CR could balance the
LPS-induced oxidative stress in MH7A cells, which might be
associated with the increased ROS scavenging enzyme
activity.

4. Discussion

Cinnamomi Ramulus is a commonly prescribed Chinese
medicine for arthritis treatment. There are many effective
antiarthritis prescriptions containing CR in the Chinese
Pharmacopoeia, and some studies on the anti-
inflammatory and antiarthritic effects of CR in animal
models of RA have been published. Notably, in addition to
CR volatile oil and its extracts significantly alleviating
inflammation and pain in CFA-induced chronic arthritis
rats, active components such as cinnamaldehyde in CR vol-
atile oil could also reduce RA symptoms by ameliorating
oxidative stress and the release of inflammatory factors [14,
15]. However, due to the complex chemical composition of
CR, its potential active components and the exact pharma-
cological mechanism for the treatment of RA remain diffi-
cult to elucidate. In our study, a comprehensive
investigation approach integrating the CIA rat model, GC-
MS, UPLC-Q Exactive-MS analysis, and bioinformatics were
adopted to reveal the material basis and molecular mecha-
nism of CR for RA treatment, and corresponding in vitro
data were provided for verification.

A CIA rat model with similar clinical symptoms and
pathological changes to RA was used for the in vivo explora-
tion. Compared with the normal group, CIA rats showed
obvious arthritis symptoms such as joint swelling, increased

paw volume, and arthritic index. Since the initial phase of
RA involves an imbalance of proinflammatory and anti-
inflammatory cytokine activities, increasing proinflamma-
tory cytokines such as TNF-«, IL-6, and IL-17 could stimu-
late inflammation and degradation of bone and cartilage
[43]. Therefore, analysis of the expression of inflammatory
cytokines has been deemed an important index to study
the occurrence of RA. In this study, ELISA results showed
that serum levels of inflammatory cytokines TNF-«, IL-
17A, IL-18, and IL-6 in CIA rats were higher than in the
normal group, while MTX and CR extract significantly
reversed these changes. In addition to inflammatory factors,
the total ROS in peripheral blood and synovial tissue of RA
patients were also significantly increased. After ROS inhibi-
tor treatment, the expression of inflammatory cytokines in
RA-FLS was distinctly inhibited [44]. As part of the endoge-
nous antioxidant system, SOD, CAT, and GSH-Px protect
tissues from oxidative damage by scavenging free radical
superoxides. MDA is a decomposition product of lipid
hydroperoxides and is correlated with the increased oxida-
tive stress activity in inflammatory sites [45]. Our study
demonstrated that CR attenuated the lipid peroxidation,
enhanced the activity of antioxidant defense enzymes, and
inhibited the oxidative stress state in RA rats. The H&E
and safranin O-fast green staining results revealed that the
cartilage tissue structure in the model group was signifi-
cantly changed with hyperplastic and disordered synovial
cells and infiltrating inflammatory cells, while CR extract
could improve these pathological changes. Micro-CT scan-
ning imaging results demonstrated that normal rats had
obvious articular space, clear articular structure, and no
bone erosion or hyperplasia changes, while CIA rats pre-
sented bone erosion-like changes, coarse articular surface,
and notably narrowed joint space. After CR treatment, only
slight erosive changes and joint space narrowing were
observed in CIA rats.

Furthermore, 63 compounds were identified from the
volatile oil and extract of CR, among which cinnamalde-
hyde, caffeic acid, benzyl cinnamate, cinnamyl acetate, 4-
methoxy-cinnamaldehyde, and quercetin were closely corre-
lated with anti-RA bioactivity. Cinnamaldehyde effectively
ameliorated oxidative stress and inflammation in RA rats
by activating enzymatic antioxidants and inhibiting the



16 Oxidative Medicine and Cellular Longevity
120 - L. 120 -
& I +
100 —~ 100 - U L e
x . 8 o T o
:; 80 = 80 - . : *%
%E" 60 - : %(.; 60 - :
; 40 H ; 40 -
3 S
O 20 4 20 -
0 T T T 0 T T T T T T T
0 02505 1 2 4 16 PS - + + + + + + 4
LPS (ug/mL) CR(mg/mL) - - 0.1 02 04 0.8 0.6 3.2
(a) (b)
350 300 - . 150 . 200+
~ 300 - 250 - * . T 3
3 . L
E . 5 ¥ 2 ; E 150
= 250 '—El 200 - Fo §D 100 v %
2200 - Y . a, ° H% g
S 150 A £ 150 oL ; £ 100
| N . o~ ek Q.
jam} — o — — o .
Z 100 & 1009 RO T 50
= s = 50 4 s = . N ok
1 1 N L
0 T T T 0 T T T T 0 T T T T T 0 T T
LPS - + -+ + + -+ o+ o+ o+ _
CR(mg/mL)- - 02 04 038 - - 02 04 08 - - 02 04 08 - -
()
LPS + CR
Normal LPS 0.2 mg/mL
& 2y 2y
< < <
a . g 2 .
) ) 3
4 ~ ~
i i i
Z Z Z
LPS + CR LPS + CR
0.4 mg/mL 0.8 mg/mL
& &
< <
g . g
) )
x 4
i e
Z Z
(d)
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release of pro-inflammatory factors (TNF-a, IL-6, and IL-
10) [14]. Caffeic acid not only mitigated adjuvant-induced
paw edema and inflammatory cell infiltration in arthritic
rats but also lowered the paw expression of NF-«B,
chitinase-3-like protein-1, and angiogenesis [46]. Quercetin
provided better protection against arthritis than MTX in
terms of body weight, edema, joint damage, and cytokine
production in mice [47]. Multiple compounds of CR acted

on multiple targets at the same time, indicating that the
anti-RA effect of CR was realized through the synergistic
interaction of its compounds. IL6, MAPKS8, PTGS2, JUN,
and CCL5 were the core target proteins of CR for the treat-
ment of RA. IL-6 is a highly expressed proinflammatory
cytokine in the rheumatoid synovium, causing inflamma-
tion, pannus formation, and cartilage destruction. As an
established target for the treatment of RA, its receptor
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antagonist tocilizumab has been widely accepted in the mar-
ket [48]. The mitogen-activated protein kinase (MAPKs)
signaling cascade is involved in the inflammation and tissue
destruction of RA [49]. C-Jun N-terminal kinase (JNK) is
highly activated in RA fibroblast-like synovial cells and
synovium, which participated in cellular inflammation and
cartilage degradation [50]. Selective cyclooxygenase-2
(COX-2) inhibitors (such as celecoxib) are commonly uti-
lized to treat RA due to their significant anti-inflammatory,
analgesic, and antipyretic activities [51]. Chemokine (C-C
motif) ligand 5 (CCL5) regulates the immunopathological
mechanism of RA joint inflammation and also increases
MMP expression to induce collagen degradation [52]. The
main compounds in CR binded well to these core proteins,
which was further confirmed by molecular docking. These
results provide supporting evidence that cinnamaldehyde,
caffeic acid, benzyl cinnamate, cinnamyl acetate, 4-meth-
oxy-cinnamaldehyde, and quercetin may be the main active
compounds of CR in the treatment of RA, as they affect most
of the targets associated with RA.

The actions of CR on RA are primarily based on effective
pathophysiological mechanisms. According to the functional

enrichment analysis results, CR interferes with the occur-
rence and development of RA mainly through the TNF sig-
naling pathway, osteoclast differentiation, IL-17 signaling
pathway, apoptosis, Th17 cell differentiation, and NF-
kappa B signaling pathway. TNF is a pleiotropic cytokine
widely involved in multiple aspects of RA modulation, and
anti-TNF biological therapy has been deemed a second-line
treatment for RA after methotrexate [53]. High levels of
IL-17 produced by Th17 cells in RA promote osteoclast for-
mation, bone resorption, marginal erosions, and release of
other proinflammatory cytokines [54]. NF-«B is an impor-
tant regulator of inflammatory response and immune stabil-
ity, controlling normal development and the pathological
destruction of cartilage. Meanwhile, NF-«B pathway is the
major upstream signaling pathway controlling the produc-
tion of TNF-q, IL-1f3, IL-6, and IL-17A [55]. In the current
study, MH7A cells were treated with LPS to establish the
RA cell model. LPS stimulated MH7A cells to generate pro-
inflammatory cytokines, such as TNF-a, IL-1p3, IL-6, and IL-
17A, and increased NF-«xB P65 nuclear translocation. How-
ever, cells treated with CR significantly attenuated LPS-
triggered inflammatory damage. RA symptoms are also
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attributed to oxidative imbalance, with ROS resulting in
altered chondrocyte metabolic function, which subsequently
leads to impaired extracellular matrix synthesis and activa-
tion of inflammatory-related events [56]. Consequently, in
addition to the inflammatory pathway, we further observed
that CR treatment could upregulate the activities of SOD,
CAT, and GSH-Px and downregulate the levels of ROS
and MDA in a concentration-dependent manner, indicating
that CR maintained ROS homeostasis in MH7A cells. There-
fore, these results suggested that inhibition of ROS-NF-«B-
related inflammation and oxidative damage is an effective
pathway for CR to relieve RA.

5. Conclusion

In summary, the present study revealed the protective effect
of CR on experimental RA cartilage destruction and inflam-
mation. Specifically, its effects against RA were mediated via
improving synovial hyperplasia and inflammation, reducing
ROS-mediated lipid peroxidation, and enhancing antioxi-
dant defense mechanisms. Hopefully, this study may also
provide useful insight for screening and investigating the
complex pharmacodynamic components and mechanisms
of natural medicine.

Abbreviations

BP: Biological process

CC: Cellular component

CIA: Type II collagen-induce arthritis

CR: Cinnamomi Ramulus

CXCLS: C-X-C motif chemokine ligand 8

DAVID: Database for Annotation, Visualiza-
tion and Integrated Discovery

DMARD:s: Disease-modifying antirheumatic
drugs

EDTA: Ethylenediaminetetraacetic acid

ELISA: Enzyme-linked immunosorbent
assays

ESI: Electrospray ionization

GC-MS: Gas chromatography-mass
spectrometry

GEO: Gene Expression Ominibus

GO: Gene Ontology

H&E: Hematoxylin and eosin

IL: Interleukin

KEGG: Kyoto Encyclopedia of Genes and
Genomes

MAPK: Mitogen-activated protein kinase

ME: Molecular function

MMP: Matrix metalloproteinases

MTX: Methotrexate

NIST: National Institute of Standards and
Technology

NSAIDs: Nonsteroidal anti-inflammatory
drugs

PDB: Protein Data Bank

PPI: Protein-protein interaction

RA: Rheumatoid arthritis

Oxidative Medicine and Cellular Longevity

STRING: Search Tool for the Retrieval of
Interacting Genes/Proteins

TCM: Traditional Chinese medicine

TCMSP: Traditional Chinese medicine sys-
tems pharmacology database and
analysis platform

TNEF: Tumor necrosis factor

UPLC-Q Exactive-  Ultraperformance liquid
MS: chromatography-Q Exactive
Orbitrap-mass spectrometry.

Data Availability

The datasets generated for this study are available.

Conflicts of Interest

There are no conflicts of interest associated with this paper.

Authors’ Contributions

Jia Liu and Qing Zhang contributed equally to this paper,
and both should be considered the first author. Qing Zhang,
Qiang Ren, and Yunhui Chen conceived and designed this
paper. Jia Liu, Qing Zhang, Yuanyuan Chen, Lingyu Wang,
and Ting Tao completed the experiments. Jia Liu, Qing
Zhang, and Yunhui Chen drafted the paper. Yunhui Chen
and Xiuping Chen reviewed and edited the paper. All
authors have read and approved the final submitted
manuscript.

Acknowledgments

The research was supported by the International Coopera-
tion and Exchange Project of Science & Technology Depart-
ment of Sichuan Province (No. 2017HH0004), the National
Natural Science Foundation of China (No. 81603537), and
the Sichuan Provincial Administration of Traditional Chi-
nese Medicine (No. 2021MS464). The authors thank Jiayi
Sun (Innovative Institute of Chinese Medicine and Phar-
macy, Chengdu University of Traditional Chinese Medicine,
Chengdu, China) for his technological assistance in fluores-
cence microscope and flow cytometry analysis.

References

[1] D. van der Woude and A. H. M. van der Helm-van Mil,
“Update on the epidemiology, risk factors, and disease out-
comes of rheumatoid arthritis,” Best Practice ¢ Research Clin-
ical Rheumatology, vol. 32, no. 2, pp. 174-187, 2018.

[2] Q. Zhang, J. Liu, M. Zhang et al., “Apoptosis induction of
fibroblast-like synoviocytes is an important molecular-
mechanism for herbal medicine along with its active compo-
nents in treating rheumatoid arthritis,” Biomolecules, vol. 9,
no. 12, p. 795, 2019.

[3] D. Dragos, M. Gilca, L. Gaman et al., “Phytomedicine in joint
disorders,” Nutrients, vol. 9, no. 1, p. 70, 2017.

[4] M. Abbasi, M. J. Mousavi, S. Jamalzehi et al, “Strategies
toward rheumatoid arthritis therapy; the old and the new,”



Oxidative Medicine and Cellular Longevity

(5]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

Journal of Cellular Physiology, vol. 234, no. 7, pp. 10018-
10031, 2019.

Q. Zhang, W. Peng, S. Wei et al., “Guizhi-Shaoyao-Zhimu
decoction possesses anti-arthritic effects on type II collagen-
induced arthritis in rats via suppression of inflammatory reac-
tions, inhibition of invasion & migration and induction of apo-
ptosis in  synovial fibroblasts,”  Biomedicine &
Pharmacotherapy, vol. 118, article 109367, 2019.

J. Liu, Q. Zhang, R. L. Li et al,, “The traditional uses, phyto-
chemistry, pharmacology and toxicology of Cinnamomi ramu-
lus: a review,” The Journal of Pharmacy and Pharmacology,
vol. 72, no. 3, pp. 319-342, 2020.

F. Xu, D. Wang, and N. Zeng, “Review on chemical compo-
nents of Rimulus cinnamon essential oil,” Natural Product
Research and Development, vol. 29, no. 3, pp. 532-541,
2017.

L. Sun, S. B. Zong, J. C. Li et al., “The essential oil from the
twigs of Cinnamomum cassia Presl alleviates pain and inflam-
mation in mice,” Journal of Ethnopharmacology, vol. 194,
pp. 904-912, 2016.

J. Lee and S. Lim, “Anti-inflammatory, and anti-arthritic
effects by the twigs of Cinnamomum cassia on complete
Freund's adjuvant-induced arthritis in rats,” Journal of Ethno-
pharmacology, vol. 278, article 114209, 2021.

J. Liu, Q. Zhang, R. L. Li et al., “Anti-proliferation and anti-
migration effects of an aqueous extract of Cinnamomi ramulus
on MH7A rheumatoid arthritis-derived fibroblast-like syno-
viocytes through induction of apoptosis, cell arrest and sup-
pression of matrix metalloproteinase,” Pharmaceutical
Biology, vol. 58, no. 1, pp. 863-877, 2020.

C.Xu, L. B. Meng, Y. C. Duan et al., “Screening and identifica-
tion of biomarkers for systemic sclerosis via microarray tech-
nology,” International Journal of Molecular Medicine, vol. 44,
no. 5, pp. 1753-1770, 2019.

F.Lu, D. Wang, R. L. Li, L. Y. He, L. Ai, and C. J. Wu, “Current
strategies and technologies for finding drug targets of active
components from traditional Chinese medicine,” Frontiers in
Bioscience-Landmark, vol. 26, no. 9, pp. 572-589, 2021.

F. Gao, Q. Yuan, P. Cai et al., “Au clusters treat rheumatoid
arthritis with uniquely reversing cartilage/bone destruction,”
Advanced Science, vol. 6, no. 7, article 1801671, 2019.

S. Mateen, S. Shahzad, S. Ahmad et al.,, “Cinnamaldehyde and
eugenol attenuates collagen induced arthritis via reduction of
free radicals and pro-inflammatory cytokines,” Phytomedicine,
vol. 53, pp. 70-78, 2019.

A. A. Azouz, E. Saleh, and A. A. Abo-Saif, “Aliskiren, tadalafil,
and cinnamaldehyde alleviate joint destruction biomarkers;
MMP-3 and RANKIL; in complete Freund's adjuvant arthritis
model: Downregulation of IL-6/JAK2/STAT3 signaling path-
way,” Saudi Pharmaceutical Journal, vol. 28, no. 9, pp. 1101-
1111, 2020.

P. Liu, J. Wang, W. Wen et al., “Cinnamaldehyde suppresses
NLRP3 derived IL-1p via activating succinate/HIF-1 in rheu-
matoid arthritis rats,” International Immunopharmacology,
vol. 84, article 106570, 2020.

X. Li and Y. Wang, “Cinnamaldehyde attenuates the progres-
sion of rheumatoid arthritis through down-regulation of
PI3K/AKT signaling pathway,” Inflammation, vol. 43, no. 5,
pp. 1729-1741, 2020.

D. Meng, J. Li, H. Li, and K. Wang, “Salvianolic acid B remits
LPS-induced injury by up-regulating miR-142-3p in MH7A

(19]

(20]

(21]

[22]

(23]

[24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

19

cells,” Biomedicine & Pharmacotherapy, vol. 115, article
108876, 2019.

X. Deng, Q. Liao, X. Xu et al., “Analysis of essential oils from
Cassia bark and Cassia twig samples by GC-MS combined
with multivariate data analysis,” Food Analytical Methods,
vol. 7, no. 9, pp. 1840-1847, 2014.

P. N. Kaul, A. K. Bhattacharya, B. R. R. Rao, K. V. Syamasun-
dar, and S. Ramesh, “Volatile constituents of essential oils iso-
lated from different parts of cinnamon (Cinnamomum
zeylanicum Blume),” Journal of Science and Food Agriculture,
vol. 83, no. 1, pp. 53-55, 2003.

C.J. Xu, Y. Z. Liang, Y. Q. Song, and J. S. Li, “Resolution of the
essential constituents of Ramulus cinnamomi by an evolving
chemometric approach,” Fresenius’ Journal of Analytical
Chemistry, vol. 371, no. 3, pp. 331-336, 2001.

Y. G. Zhang, H. Kan, S. X. Chen et al., “Comparison of pheno-
lic compounds extracted from Diaphragma juglandis fructus,
walnut pellicle, and flowers of Juglans regia using methanol,
ultrasonic wave, and enzyme assisted-extraction,” Food Chem-
istry, vol. 321, article 126672, 2020.

R. Flamini, A. Dalla Vedova, D. Cancian, A. Panighel, and
M. De Rosso, “GC/MS-positive ion chemical ionization and
MS/MS study of volatile benzene compounds in five different
woods used in barrel making,” Journal of Mass Spectrometry,
vol. 42, no. 5, pp. 641-646, 2007.

N. Sahu, S. Meena, V. Shukla et al., “Extraction, fractionation
and re-fractionation of Artemisia nilagirica for anticancer
activity and HPLC-ESI-QTOF-MS/MS determination,” Jour-
nal of Ethnopharmacology, vol. 213, pp. 72-80, 2018.

A. Aliboni, A. D'Andrea, and P. Massanisso, “Propolis speci-
mens from different locations of Central Italy: chemical profil-
ing and gas chromatography-mass spectrometry (GC-MS)
quantitative analysis of the allergenic esters benzyl cinnamate
and benzyl salicylate,” Journal of Agricultural and Food Chem-
istry, vol. 59, no. 1, pp. 282-288, 2011.

P.Y. Chen,]J. W. Yu, F. L. Lu, M. C. Lin, and H. F. Cheng, “Dif-
ferentiating parts of Cinnamomum cassia using LC-qTOF-MS
in conjunction with principal component analysis,” Biomedi-
cal Chromatography, vol. 30, no. 9, pp. 1449-1457, 2016.

J. Palandra, J. Prusakiewicz, J. S. Ozer, Y. Zhang, and T. G.
Heath, “Endogenous ethanolamide analysis in human plasma
using HPLC tandem MS with electrospray ionization,” Journal
of Chromatography B, Analytical Technologies in the Biomedi-
cal and Life Sciences, vol. 877, no. 22, pp. 2052-2060, 2009.
A. M. Zaher, A. M. Moharram, R. Davis, P. Panizzi, M. A.
Makboul, and A. I. Calderdn, “Characterisation of the metab-
olites of an antibacterial endophyte Botryodiplodia theobromae
Pat. of Dracaena draco L. by LC-MS/MS,” Natural Product
Research, vol. 29, no. 24, pp. 2275-2281, 2015.

S. Gouveia-Figueira and M. L. Nording, “Development and
validation of a sensitive UPLC-ESI-MS/MS method for the
simultaneous quantification of 15 endocannabinoids and
related compounds in milk and other biofluids,” Analytical
Chemistry, vol. 86, no. 2, pp. 1186-1195, 2014.

L. S. Castillo-Peinado, M. A. Lopez-Bascon, A. Mena-Bravo,
M. D. Luque de Castro, and F. Priego-Capote, “Determination
of primary fatty acid amides in different biological fluids by
LC-MS/MS in MRM mode with synthetic deuterated stan-
dards: influence of biofluid matrix on sample preparation,”
Talanta, vol. 193, pp. 29-36, 2019.

J. Chen, S. Mangelinckx, H. Li, Z. T. Wang, W. L. Li, and
N. De Kimpe, “Profiling and elucidation of the phenolic



20

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

(44]

compounds in the aerial parts of Gynura bicolor and G. divar-
icata collected from different Chinese origins,” Chemistry &
Biodiversity, vol. 12, no. 1, pp. 96-115, 2015.

M. H. Liu, Q. Zhang, Y. H. Zhang, X. Y. Lu, W. M. Fu,and J. Y.
He, “Chemical analysis of dietary constituents in Rosa roxbur-
ghii and Rosa sterilis fruits,” Molecules, vol. 21, no. 9, p. 1204,
2016.

G. Zengin, M. F. Mahomoodally, G. Rocchetti et al., “Chemical
characterization and bioactive properties of different extracts
from Fibigia clypeata, an unexplored plant food,” Food,
vol. 9, no. 6, p. 705, 2020.

X. C. Liu, L. G. Zhou, Z. L. Liu, and S. S. Du, “Identification of
insecticidal constituents of the essential oil of Acorus calamus
rhizomes against Liposcelis bostrychophila Badonnel,” Mole-
cules, vol. 18, no. 5, pp. 5684-5696, 2013.

G. Zengin, A. Uysal, A. Diuzheva et al., “Characterization of
phytochemical components of Ferula halophila extracts using
HPLC-MS/MS and their pharmacological potentials: a multi-
functional insight,” Journal of Pharmaceutical and Biomedical
Analysis, vol. 160, pp. 374-382, 2018.

Y. Nishidono, T. Fujita, A. Kawanami, M. Nishizawa, and
K. Tanaka, “Identification of PGC-1« activating constituents
in Zingiberaceous crude drugs,” Fitoterapia, vol. 122, pp. 40-
44, 2017.

H. He, L. Qin, Y. Zhang et al., “3,4-Dimethoxycinnamic acid as
a novel matrix for enhanced in situ detection and imaging of
low-molecular-weight compounds in biological tissues by
MALDI-MSL,” Analytical Chemistry, vol. 91, no. 4, pp. 2634~
2643, 2019.

K. P. Cheiran, V. P. Raimundo, V. Manfroi et al., “Simulta-
neous identification of low-molecular weight phenolic and
nitrogen compounds in craft beers by HPLC-ESI-MS/MS,”
Food Chemistry, vol. 286, pp. 113-122, 2019.

D. Leyva, R. Jaffe, and F. Fernandez-Lima, “Structural charac-
terization of dissolved organic matter at the chemical formula
level using TIMS-FT-ICR MS/MS,” Analytical Chemistry,
vol. 92, no. 17, pp. 11960-11966, 2020.

S. Oelschlaegel, M. Gruner, P. N. Wang, A. Boettcher,
L. Koelling-Speer, and K. Speer, “Classification and characteri-
zation of manuka honeys based on phenolic compounds and
methylglyoxal,” Journal of Agricultural and Food Chemistry,
vol. 60, no. 29, pp. 7229-7237, 2012.

G. P.Lv, W. H. Huang, F. Q. Yang, J. Li, and S. P. Li, “Pressur-
ized liquid extraction and GC-MS analysis for simultaneous
determination of seven components in Cinnamomum cassia
and the effect of sample preparation,” Journal of Separation
Science, vol. 33, no. 15, pp. 2341-2348, 2010.

D. Singh, Y. Y. Siew, T. I. Chong et al., “Identification of phy-
toconstituents in Leea indica (Burm. F.) Merr. leaves by high
performance liquid chromatography micro time-of-flight
mass spectrometry,” Molecules, vol. 24, no. 4, p. 714, 2019.

S. Mateen, A. Zafar, S. Moin, A. Q. Khan, and S. Zubair,
“Understanding the role of cytokines in the pathogenesis of
rheumatoid arthritis,” Clinica Chimica Acta, vol. 455,
pp. 161-171, 2016.

H.R.Lee,S.]. Yoo, . Kim, C. K. Park, and S. W. Kang, “Reduc-
tion of oxidative stress in peripheral blood mononuclear cells
attenuates the inflammatory response of fibroblast-like syno-
viocytes in rheumatoid arthritis,” International Journal of
Molecular Sciences, vol. 22, no. 22, article 12411, 2021.

(45]

(46]

(47]

(48]

(49]

(50]

[51]

(52]

(53]

(54]

(55]

(56]

Oxidative Medicine and Cellular Longevity

S.Luo, H. Li, J. Liu et al., “Andrographolide ameliorates oxida-
tive stress, inflammation and histological outcome in complete
Freund's adjuvant-induced arthritis,” Chemico-Biological
Interactions, vol. 319, article 108984, 2020.

E. M. Fikry, A. M. Gad, A. H. Eid, and H. H. Arab, “Caffeic acid
and ellagic acid ameliorate adjuvant-induced arthritis in rats
via targeting inflammatory signals, chitinase-3-like protein-1
and angiogenesis,” Biomedicine ¢  Pharmacotherapy,
vol. 110, pp. 878-886, 2019.

N. Haleagrahara, S. Miranda-Hernandez, M. A. Alim,
L. Hayes, G. Bird, and N. Ketheesan, “Therapeutic effect of
quercetin in collagen-induced arthritis,” Biomedicine ¢ Phar-
macotherapy, vol. 90, pp. 38-46, 2017.

F. Pandolfi, L. Franza, V. Carusi, S. Altamura, G. Andriollo,
and E. Nucera, “Interleukin-6 in rheumatoid arthritis,” Inter-
national Journal of Molecular Sciences, vol. 21, no. 15,
p. 5238, 2020.

R. Wang, J. Liu, Z. Wang et al., “Mangiferin exert protective
effects on joints of adjuvant-induced arthritis rats by regulat-
ing the MAPKs/NF-xB pathway of fibroblast-like synovio-
cytes,” International Immunopharmacology, vol. 101, Part B,
article 108352, 2021.

C. Xie, J. Jiang, J. Liu, G. Yuan, and Z. Zhao, “Ginkgolide B
attenuates collagen-induced rheumatoid arthritis and regu-
lates fibroblast-like synoviocytes-mediated apoptosis and
inflammation,” Annals of Translational Medicine, vol. 8,
no. 22, p. 1497, 2020.

E. Alaaeldin, H. A. Abou-Taleb, S. A. Mohamad, M. Elrehany,
S. S. Gaber, and H. F. Mansour, “Topical nano-vesicular span-
lastics of celecoxib: enhanced anti-inflammatory effect and
down-regulation of TNF-a, NF-xB and COX-2 in complete
Freund's adjuvant-induced arthritis model in rats,” Interna-
tional Journal of Nanomedicine, vol. 16, pp. 133-145, 2021.

S. A. Agere, N. Akhtar, J. M. Watson, and S. Ahmed,
“RANTES/CCLS5 induces collagen degradation by activating
MMP-1 and MMP-13 expression in human rheumatoid
arthritis synovial fibroblasts,” Frontiers in Immunology,
vol. 8, p. 1341, 2017.

J. L. Davignon, B. Rauwel, Y. Degboé et al., “Modulation of T-
cell responses by anti-tumor necrosis factor treatments in
rheumatoid arthritis: a review,” Arthritis Research & Therapy,
vol. 20, no. 1, p. 229, 2018.

R. Kugyelka, Z. Kohl, K. Olasz et al., “Enigma of IL-17 and
Th17 cells in rheumatoid arthritis and in autoimmune animal
models of arthritis,” Mediators of Inflammation, vol. 2016,
Article ID 6145810, 11 pages, 2016.

E. Jimi, H. Fei, and C. Nakatomi, “NF-«B signaling regulates
physiological and pathological chondrogenesis,” International
Journal of Molecular Sciences, vol. 20, no. 24, p. 6275, 2019.

A.R. Phull, B. Nasir, I. U. Haq, and S. J. Kim, “Oxidative stress,
consequences and ROS mediated cellular signaling in rheuma-

toid arthritis,” Chemico-Biological Interactions, vol. 281,
pp. 121-136, 2018.



	Integrated Experimental Approach, Phytochemistry, and Network Pharmacology to Explore the Potential Mechanisms of Cinnamomi Ramulus for Rheumatoid Arthritis
	1. Introduction
	2. Materials and Methods
	2.1. Chemicals and Reagents
	2.2. Preparation of CR Freeze-Dried Powder
	2.3. Animals
	2.4. Establishment of CIA Animal Model and Treatment
	2.5. Micro-CT Analyses and Histopathological Examination
	2.6. Volatile Oil Preparation
	2.7. GC-MS Analysis and Compound Identification
	2.8. CR Solvent Extraction Preparation
	2.9. UPLC-Q Exactive-MS Conditions
	2.10. Network Pharmacology Analysis of CR against RA
	2.10.1. Acquisition of RA Targets
	2.10.2. Acquisition of CR Targets
	2.10.3. Construction of a Protein-Protein Interaction Network
	2.10.4. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway

	2.11. Docking Verification of Compound and Target Molecule
	2.12. Cell Culture and Treatment
	2.13. ELISA Assays of the Proinflammatory Cytokines
	2.14. Assessment of Oxidative Stress Parameters
	2.15. Determination of Reactive Oxygen Species (ROS)
	2.16. Immunofluorescence Assay
	2.17. Statistical Analysis

	3. Results
	3.1. CR Alleviated the Severity of RA in CIA Rats
	3.2. CR Inhibited Ankle and Cartilage Damage in CIA Rats
	3.3. Analysis of the Constituents of Volatile Oil Obtained from CR
	3.4. Identification and Analysis of Active Constituents in CR Extract
	3.5. Results of Network Pharmacology Analysis
	3.5.1. Prediction of Related Targets of RA
	3.5.2. Prediction of Anti-RA Targets of CR
	3.5.3. Compound-Common Gene Network
	3.5.4. GO and KEGG Pathway Enrichment Analyses

	3.6. Molecular Docking Verification
	3.7. CR Ameliorated LPS-Induced Inflammatory Injury in MH7A Cells
	3.8. CR Ameliorated LPS-Induced Oxidative Stress in MH7A Cells

	4. Discussion
	5. Conclusion
	Abbreviations
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

