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ABSTRACT

Medicated moxa sticks were prepared by mixing the herbs in Juanbi decoction with moxa wool. The components of smoke
produced by combustion of these medicated moxa sticks and pure moxa sticks were analysed by gas chromatography-mass
spectrometry. The smoke of the medicated moxa sticks contained 34 more active ingredients than that of the pure moxa

sticks. Six of the active ingredients screened using network pharmacology and molecular docking can regulate joint diseases via

the tumour necrosis factor pathway and have good binding affinities with core targets. The preparation process of the medicated

moxa sticks was optimised using Box-Behnken design of response surface methodology. The smoke of the optimised product

contained a high concentration of active ingredients and a low tar concentration. Molecular dynamics simulations and rat

experiments demonstrated that the smoke derived from medicated moxa sticks possessed good skin permeability and detu-

mescence activity. The developed medicated moxa sticks are environmentally friendly and show good prospects for the

treatment of joint disease.

1 | Introduction

Moxibustion is a traditional Chinese medical treatment tech-
nique that benefits Qi, activates collaterals and warms the me-
ridians [1-3]. It is suitable for bi syndrome induced by wind,
cold and dampness. Its therapeutic effect is attributed to the
combined effects of thermal and non-thermal radiation and
pharmacological effects, with the thermal effect playing a
crucial role [4]. This treatment had been used to treat arthritis,
rheumatoid arthritis, hypertension and various other diseases
[5-9]. When used to treat arthritis, moxibustion has shown
unique benefits and remarkable efficacy. Moxibustion treatment
provides pain relief and enhances the overall function and
quality of life. Compared with drugs, surgery and targeted
therapy, moxibustion is non-invasive, does not affect the
gastrointestinal tract, can be applied directly, is cost-effective

and has good patient acceptance [10-13]. Additionally, the
temperature increase induced by moxibustion increases the
skin's permeability to polymeric compounds [14]. To further
enhance the therapeutic effect of moxibustion, Chinese herbs
can be incorporated into the moxa sticks.

Aromatic Chinese herbs are traditional Chinese medicines in
which volatile components are the main active ingredients.
These active ingredients primarily enter the body through skin
permeation and inhalation, and then exert pharmacological ef-
fects [15]. Recent pharmacological investigations have demon-
strated that volatile oils, terpenes, phenols and other active
ingredients that are abundant in aromatic Chinese herbs have
significant anti-inflammatory and analgesic effects and effec-
tively promote blood circulation and accelerate tissue repair
[16]. These compounds also effectively  improve
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microcirculation and relieve inflammation and pain [17]. Ma
et al. [18] showed that thunder-fire moxa sticks containing ar-
omatic Chinese herbs were more therapeutic for knee osteoar-
thritis than pure moxa sticks. The addition of aromatic Chinese
herbs to moxa sticks greatly improves the therapeutic efficacy
and increases the comfort of patients during treatment. The
formulation of aromatic Chinese herbs in medicated moxa
sticks and the preparation process are crucial to the therapeutic
efficacy.

Juanbi decoction (JBD), which was first described in the book
Medical Mind Understanding by the Qing Dynasty physician
Cheng Guopeng, has historically been used for the treatment of
paralysis in Chinese medicine and has the ability to disperse
wind, remove dampness and relieve pain [19]. The herbs in
JBD include 11 kinds such as Cinnamomi Cortex, Chuanxiong
Rhizoma and Olibanum [20]. The synergistic effects of these
aromatic Chinese herbs produce a potent pharmaceutical effect
in the human body. Clinical data have shown that JBD can
effectively reduce the joint inflammatory response, relieve joint
pain and significantly improve functional recovery in rheu-
matoid arthritis patients [21]. Additionally, studies have shown
that JBD mitigates synovial and bone erosion by suppressing
the production of proinflammatory cytokines [20, 22]. There-
fore, JBD has had a profound impact on the treatment of
arthritis.

In the present study, we developed medicated moxa sticks JBD
and investigated if the warmth of moxibustion would promote
transdermal penetration of the JBD active ingredients for
treatment of joint diseases. The components in smoke produced
by the combustion of medicated and pure moxa sticks were
analysed wusing gas chromatography-mass spectrometry
(GC-MS). The pharmacological mechanisms of the smoke
components produced by medicated moxa sticks were analysed
via network pharmacology and molecular docking. We also
investigated controlling the tar concentration whilst increasing
the active ingredient concentration because tar is a challenging
impurity in waste synthetic gas and has multiple environmental
hazards [23]. To address this, the medicated moxa sticks prep-
aration process was optimised using the Box-Behnken design
(BBD) with response surface methodology (RSM). The purpose
of this optimisation was to achieve a high concentration of
active ingredients and a low concentration of bottom tar. The
medicated moxa sticks developed in this study are environ-
mentally friendly and contain effective pharmaceutical compo-
nents. In future, this method will allow for development of
efficient and safe treatment options for patients.

2 | Materials and Methods

2.1 | Materials and Reagents

2.1.1 | Materials

Cambridge filters (¢ 92 mm) were obtained from Shanghai

Biotech Biotechnology Co. Ltd., China. Moxa wool was obtained
from Anhui Guanaiyuan Chinese Medicine Biological Co. Ltd.,

China. Commercial medicated moxa sticks (State Food and
Drug Administration approval number: No. Z20184071 and No.
732020252) were purchased from Anhui Lvying Pharmaceutical
Co. Ltd. and Jiangsu Kangmei Pharmaceutical Co. Ltd., China.
Notopterygii Rhizoma Et Radix, Angelicae Pubescentis Radix,
Cinnamomi Cortex, Gentiana Macrophylla Radix, Angelicae
Sinensis Radix, Chuanxiong Rhizoma, Piperis Kadsurae Caulis,
Mori Ramulus, Olibanum and Aucklandiae Radix were pur-
chased from Bozhou Kangyiyin Biotechnology Co. Ltd., China.
Glycyrrhizae Radix Et Rhizoma Praeparata Cum Melle was
purchased from Danbell Biotechnology Co. Ltd., China.

2.1.2 | Reagents

Huangjiu (Chinese rice wine) was puechased from Kuaiji
Mountain Shaoxing Rice Wine Co. Ltd., China. Borneol,
terpineol, camphor, ligustilide, d-limonene and cineole
(all > 98% pure) were purchased from Shanghai Macklin
Biochemical Technology Co. Ltd., China. Physiological saline
was purchased from Shandong Qidu Pharmaceutical Co. Ltd.,
China. Methanol (analytical purity) was obtained from
Shanghai Macklin Biochemical Technology Co. Ltd.

2.1.3 | Animals

Healthy specific pathogen-free grade Sprague Dawley rats
weighing 180-220 g, were purchased from Liaoning Chang-
sheng Technology Co. Ltd. (License No. SCXK (Liao) 2020-001).
The experimental protocol was approved by the Animal Ethics
Committee of Anhui University of Chinese Medicine (Approval
No. AHUCM-rats-2024172).

2.2 | Preparation of Medicated Moxa Sticks

Huangjiu is often used to process herbs during traditional
Chinese medicine processing due to it can guide medicinal
components into blood circulation, warm and unblock the
meridians, facilitate the release of active ingredients and
improve drug permeability and stability [24]. The preparation
process of the medicated moxa sticks is shown in Figure 1. First,
20 g of moxa wool was mixed with 2 g of Huangjiu (15%
alcohol), giving a solid liquid of 10:1. The mixture was left to
stand for 3 h and then the wool was dried for a predetermined
period (1-4 h) at a predetermined temperature (35°C-65°C) for
subsequent use. Next, 5 g of powdered Chinese herbs was added
to the treated moxa wool. Huangjiu (15% alcohol, 2.5 g) was
added and the mixture was left to stand for a further 3 h. The
resulting mixture was dried at a predetermined temperature
(35°C-65°C) for a predetermined period (1-4 h) to obtain the
final moxibustion material. Finally, the moxibustion material
was wrapped in mulberry paper to produce a medicated moxa
stick. The solid-liquid ratio (R, g/g), drying time (g, h) and
drying temperature (T4, °C) were used to control the active in-
gredients and tar concentration.
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2.3 | Collection of Combustion Smoke and Tar
From the Moxa Sticks

A moxa stick (1.5 x 20 cm) was ignited, and the smoke was
collected in 50 mL of methanol solution until the stick was
completely burnt. Subsequently, the methanol was analysed by
GC-MS. The tar produced by the medicated moxa sticks com-
bustion was compared with that produced by pure moxa sticks
and commercial medicated moxa sticks. The tar concentration
produced by moxa sticks combustion was determined by the
gravimetric method [25]. Cambridge filter were used to capture
the moxa smoke, and the change in mass of the filter was used
to calculate the tar concentration. The combustion gas and tar
collection and analysis processes are shown in Figure 2.

The components of smoke produced by moxa sticks combus-
tion were examined using GC-MS (7890 B GC system, 5977 A
mass spectrometer, Agilent Technologies Inc.). The stationary
phase was a modified polyethylene glycol capillary column
(30 m x 0.25 mm and 0.25 pum) purchased from Abel In-
dustries Ltd., Canada. The column temperature was main-
tained at 40°C for 3 min, then increased to 220°C at 5°C/min
(held for 4 min) and finally increased to 280°C at 15°C/min
(held for 3 min). The injector temperature was set to 280°C
and the detector temperature was maintained at 280°C. A split
ratio of 2:1 was used and 0.5 uL of both the reference solution
and the test sample were injected. The ion source temperature
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was 230°C, the solvent delay was 4 min and the scan range
was m/z 19-600.

2.4 | Network Pharmacology and Molecular
Docking

241 | Active Ingredients and Target Screening

The identified main components were entered into the TCMSP
database (https://old.tcmsp-e.com/tcmsp.php) and the Swis-
SADME database (http://www.swissadme.ch/) for preliminary
screening [26]. For the TCMSP database, compounds with oral
bioavailability > 30% and drug-like properties > 0.18 were
selected. For the SwissADME database, only with gastrointestinal
absorption classified as ‘High’ were selected. For these com-
pounds, seven pharmacokinetic or inhibition-related parameters
(blood-brain barrier permeaation, P-glycoprotein substrate, cy-
tochrome P450 [CYP] 1A2 inhibition, CYP2C19 inhibition,
CYP2C9 inhibition, CYP2D6 inhibition and CYP3A4 inhibition)
were considered and compounds with three or more ‘yes’ results
were selected. Compounds meeting either the TCMSP or Swis-
SADME requirements were retained for further analysis. The
target of the retained compound was searched and predicted us-
ing the Swiss target prediction (http://www.swisstargetpredictio
n.ch/) website, and the targets with a probability > 0 were
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retained. The UniProt (https://www.uniprot.org) database was
used to standardise the target names.

2.4.2 | Joint Disease Targets

The GeneCards database (https://www.genecards.org/) and
OMIM (https://omim.org/) database were searched for the
keyword ‘joint disease’ for disease genes.

2.4.3 | Screening of Drug-Disease Targets and
Construction of the Active Ingredient-Target-Disease
Network

The Veeny 2.1.0 platform was applied to integrate active
ingredient targets with the disease targets to obtain the inter-
section targets. The ‘component-target’ network of medicated
moxibustion smoke was constructed by Cytoscape software.

2.4.4 | Construction of Protein-Protein Interaction
Networks

The intersected gene targets were entered into the STRING
(https://www.string-db.org/) database and the protein-protein
interaction network was constructed. The output files were
further analysed using Cytoscape software [27, 28]. Three to-
pological attribute parameters were selected as the screening
conditions for the core nodes, and targets with values greater
than the respective median values were retained to finally
obtain the core targets for the treatment of joint disease with the
medicated moxibustion smoke.

2.4.5 | Enrichment Analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) were used to carry out enrichment analysis to
obtain insight into the functions of genes and their roles in
biological pathways. The results indicate the pathways in which
the genes are involved and the roles they play in those pathways
and can provide important clues to reveal complex biological
phenomena and mechanisms. GO and KEGG enrichment ana-
lyses were performed using an online bioinformatics platform
(https://www.bioinformatics.com.cn) [29].

2.4.6 | Molecular Docking Validation

Protein Data Bank files corresponding to the three-dimensional
structures of the six active components were retrieved. The
components and their respective targets were imported into
AutoDock Tools for docking simulation calculations, and the
binding abilities between the ligands and receptors were
determined from the results. If the binding energy is less than
0 kcal/mol, it confirms that a component and target can spon-
taneously bind. If the binding energy is less than or equal to
—5.0 kcal/mol, it indicates that the binding affinity between the
component and target is favourable [30]. The molecular docking

results were imported into PyMOL software for three-
dimensional visualisation mapping and into Discovery Studio
software for two-dimensional visualisation mapping.

2.5 | RSM Design

In the RSM design, Ry (X7), t4 (X3) and T, (X3) were selected as
variables. Discrete coding levels for the design variables were
determined by referencing the most pronounced ranges of
variability identified through the outcomes of univariate ex-
periments (Table 1). RSM was used to optimise the preparation
process of the medicated moxa sticks. Design-Expert 13 statis-
tical software was used to construct a regression model for the
experimental data (Equation 1) to evaluate the validity of the
response model.

Y=p5+ ZBiXi + ZﬁiiXiz + Z Z By XiXj, @

i <j=2

where Y is the predicted response (Equation 2), 3, is a constant,
X; is the linear coefficient, Xj; is the interaction coefficient and
Bii is the quadratic coefficient.

E;

Y=5 )

where E; is the active component concentration (%) and E; is the
tar concentration (g/g). A higher Y value is a better result.

2.6 | Models of Molecular Dynamics Simulation

To simulate the transdermal behaviour of six active ingredients
in moxa stick combustion smoke, a skin stratum corneum
model was established using Materials Studio software as shown
in Figure 3a. The model was mainly composed of ceramides,
free fatty acids and cholesterol, which were the major lipid
components in the stratum corneum. These ingredients were set
at a molar ratio of 1:1:1 [29]. Molecular models of the six active
ingredients of terpineol, borneol, camphor, ligustilide, d-
limonene and cineole were constructed as presented in
Figure 3b. A transdermal simulation system model with a size of
45 x 34 x 104 A was finally constructed as illustrated in
Figure 3c. A 20 A vacuum layer was added along the Z direction
to reduce the interference of periodic boundary conditions on
intermolecular interactions. Geometric optimisation was carried
out using the COMPASS force field to achieve a fully relaxed
state. After optimisation, 1000 ps molecular dynamics

TABLE 1 | Coding levels of independent variables for the
Box-Behnken design.

Range and levels of independent

factors
Factors Symbol -1 0 1
Ry (8/8) X 20 15 10
tqg (h) X 1 2 3
T4 (°C) X; 35 45 55
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simulations were performed at 310.15 K and 1 atm with the
Berendsen thermostat and barostat. The interaction patterns
between pharmacodynamic molecules and the skin stratum
corneum were systematically analysed. The transdermal pene-
tration mechanism of these active ingredients from moxa stick
combustion smoke was further explored.

2.7 | Evaluation of Transdermal Penetration of
Active Components

2.7.1 | Preparation of Rat Skin

The rats were first anesthetised and there abdominal hair was
removed using a depilatory cream. Next, the rats were euthan-
ised by exsanguination from the common carotid artery. This
was followed by dissection of abdominal skin. Subcutaneous fat,
connective tissues and blood vessels were excised from the
dissected skin [31]. Intact and undamaged skin samples were
selected, rinsed with physiological saline, dried and then
wrapped in aluminium foil. The skin samples were stored in a
low-temperature environment at —20°C and used within
1 month [32]. Before used, the skin samples were thawed and
soaked in physiological saline to restore physiological state at

N b
Ceramide D-limonene Terpineol
—
i 53
Aquifer ;
(Y P &k L% 9
Cineole

> | Lipid layer

Free fatty acid Aquifer C

%L Ligustilide

e

room temperature slowly, and then blotted dry on the surface
prior to use in vitro transdermal experiments.

2.7.2 | In Vitro Transdermal Experiments

In vitro transdermal experiments were performed in a trans-
dermal absorption device (Figure 4) using a vertical Franz
diffusion cell with a receptor compartment volume of 8.0 mL
and a contact area of 3.14 cm?. The prepared rat skin was fixed
on the Franz diffusion cells with the stratum corneum facing
the donor compartment and the dermis in full contact with the
receptor solution. A magnetic stir bar was placed inside the
receptor compartment and the temperature of the receiving
solution in the transdermal device was maintained at 37°C.
After 40 min, 2 h, 4 h, 6 h, 8 h and 12 h, the receptor solution
was collected and passed through a 0.45 um microporous
membrane filter. A 1 uL aliquot of the filtrate was withdrawn
for gas chromatography analysis. Moreover, skin samples were
collected at 10, 20, 30 and 40 min, respectively. The collected
skin were washed three times with PBS buffer, and stored
frozen in a —80°C refrigerator for 12 h. Skin tissue sections were
then prepared using a cryostat at —20°C, and the sections were

Borneol

z © O =X

Q
o
e

000"

Camphor
‘Water molecule
Stratum corneum model Pharmacophore Model Percutaneous penetration model
FIGURE 3 | Molecular simulation models. (a) Stratum corneum, (b) active pharmaceutical molecules and (c) transdermal simulation.
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FIGURE 4 | Device for transdermal absorption.
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observed and analysed under an inverted fluorescence
microscope.

2.8 | In Vivo Animal Experiments

2.8.1 | Model Preparation

After 1 week of adaptive feeding, male SD rats were randomly
divided into four groups with each group consisted of six rats.
The groups were a blank group, a model group, a pure moxa
stick treatment group and a medicated moxa stick treatment
group. Rats in the model group, pure moxa stick treatment
group and medicated moxa stick treatment group were subcu-
taneously injected with Complete Freund's adjuvant (CFA) at
the tail base and right hind toe. The injection volume was
0.1 mL per site to establish the swelling model. The rats were
observed continuously for 3 days after injection. Modelling was
considered successful when the rat toes and ankle joints showed
different degrees of redness and swelling [33, 34]. Rats in the
blank group were subcutaneously injected with the same vol-
ume of normal saline at the same sites. All other procedures
were consistent with those of the model groups.

2.8.2 | Intervention Methods

According to the animal acupoint standards in Experimental
Acupuncture, rats in the pure moxa stick treatment group and
medicated moxa stick treatment group were treated at the
Zusanli acupoint on the right hind limb. Mild moxibustion was
applied starting on the fourth day after model establishment. A
moxibustion jar with a smoke reflux device was used for the
treatment. The moxa stick was positioned 3-5 cm above the skin
surface. This allowed the heat and moxa smoke to fully act on
the local acupoint area. Each treatment session lasted 20 min.
The procedure was performed once daily for 7 consecutive

days [35].
106 ) ) ﬁ

2.8.3 | Evaluation of Toe Joint Swelling Degree

The day after each intervention, the toe volume of the right hind
paw was measured for all rats in each group. Before measure-
ment, a mark was placed at the rat's ankle joint. The toe volume
of the right hind limb was determined using a toe volume metre
(PV-200). Each rat was measured three times consecutively. The
average of the measurements was used as a quantitative index to
evaluate the swelling degree of the toe joints of each group.

3 | Results and Discussion

3.1 | Components in Smoke Produced by Moxa
Sticks Combustion

Total ion flow diagrams of the methanol extracts of the medi-
cated and pure moxibustion smoke were obtained using GC-MS
(Figure 5). Comparison with the NIST mass spectrometry
database and relevant literature was used to identify 84 com-
ponents in the medicated moxibustion smoke (Supporting
Information S1: Table S1) and 45 components in the pure
moxibustion smoke (Supporting Information S1: Table S2).

3.2 | Network Pharmacology Analysis and
Molecular Docking Results

3.21 | Network Pharmacology Analysis

The 84 components in the medicated moxibustion smoke were
imported into the TCMSP database. Twenty-nine components
that did not meet the conditions were eliminated, which left 55
active ingredients (Supporting Information S1: Table S3). After
integrating the target proteins of 55 active ingredients, the
Uniprot database was applied to query gene names of the target
proteins and 422 active ingredient targets were obtained. For the
smoke of pure moxa stick, after importing into the TCMSP
database, 24 components that did not meet the conditions were

2
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FIGURE 5 | Total ion flow diagrams for (a) medicated moxibustion smoke and (b) pure moxibustion smoke.
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eliminated, which left 21 active ingredients (Supporting
Information S1: Table S4). These results show that the medi-
cated moxibustion smoke contained more active ingredients.
Therefore, this smoke may have a wider range of potential
pharmacological effects than pure moxibustion smoke. Next, we
conducted a network pharmacology analysis of the active in-
gredients in the medicated moxibustion smoke.

The GeneCards and OMIM databases were used to retrieve
targets associated with joint disease. Merging and removal of
duplicated genes resulted in 2431 gene targets associated with
joint disease (Figure 6a), which may serve as therapeutic targets
for the management of joint diseases. To further elucidate the
shared therapeutic targets between the bioactive compounds in

Genecards OMIM
a
1876 125 430
(77.2%) (5.1%) (17.7%)
c o - . _
- i
(Y

Erichment score

medicated moxibustion smoke and joint disease-related path-
ways, a Venn diagram analysis was conducted. The findings
revealed 123 overlapping targets (Figure 6b), indicating poten-
tial synergistic effects or common mechanisms of action. An
‘active ingredient-target’ regulatory network was constructed
using 55 active ingredients and 123 targets related to joint dis-
ease (Figure 6c). Topological attribute analysis of the
protein-protein interaction network was conducted using
Cytoscape software (Figure 6d).

The median values of betweenness centrality, close-
nesscentrality and degree were used to screen the core targets.
The analysis yielded 44 core targets (Supporting Information S1:
Table S5). Thirteen core targets were from six active ingredients,

b Component gene Disecase gene

‘ 299 123 2308
(11%) | (4.5%) (84.5%)

~logo(pvalue)

!
oo
Necroptosis

ICAM1 PTGS2 VCAM1

e
—4a
2

FIGURE 6 | Network pharmacology analysis. (a) Intersection of joint disease targets, (b) intersection of active ingredients and joint disease targets,

(c) active ingredient target regulation network, (d) protein-protein interaction network diagram from Cytoscape software, (¢) GO enrichment analysis

diagram, (f) KEGG enrichment analysis map and (g) schematic diagram of the tumour necrosis factor signalling pathway.
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namely terpineol, borneol, camphor, ligustilide, d-limonene and
cineole. The network topology parameters of the active
ingredients-related targets and the corresponding peak area
percentages detected by GC-MS are shown in Table 2. It means
that these six active ingredients are potential targets for the
treatment of joint disease.

Signalling pathway enrichment analyses were performed on the
intersected genes in Table 2. The top 10 results of GO enrich-
ment analyses for biological processes, cellular components,
molecular functions and the number of targets enriched were
plotted in bar charts (Figure 6e). The results showed that the
mode of drug action of the six active ingredients was related to
the nuclear receptor-mediated steroid hormone signalling
pathway, chromatin and nuclear receptor activity. The top 20
results of KEGG enrichment analysis were plotted as bubble
plots (Figure 6f).

Treatment of joint disease may act through the tumour necrosis
factor (TNF) pathway (Figure 6g), pathway in cancer and NF-xB
pathway. Previous studies have demonstrated that pathway in
cancer are highly regulated in synovial tissues of patients with
joint disease [36]. These findings suggest that synovial tissues in
joint disease exhibit tumour-like properties; therefore, pathway
in cancer might serve as potential targets for the treatment and
diagnosis of joint disease. TNF is involved in the inflammatory
response of local tissues, primarily because of its promotion of
inflammatory substances represented by NLRP3 vesicles [37,
38]. Previous research has shown that inhibition of the NF-xB

pathway attenuates destructive effects of cartilage in a murine
osteoarthritis model [39]. Our results suggest that the six iden-
tified active ingredients can modulate metabolic pathways
associated with joint disease.

Because the TNF pathway in Figure 6f had the lowest p-value
and highest significance among the pathways, we selected it for
target analysis. From this analysis, the main targets for the ac-
tion of the active ingredients were ICAM1, PIK3R1, PTGS2 and
VCAM1 (Figure 6g). ICAM-1 is a transmembrane protein con-
taining 505 amino acids and is widely found on the surface of a
variety of cells. Its polymorphism is associated with suscepti-
bility to joint disease [40]. Studies had shown that ICAM1
greatly affects the pathogenesis of joint diseases, and it is
expressed in the invasion and metastasis of various malignant
tumours [41]. PIK3R1 is a negative regulator of PI3K/Akt/
mTOR signalling. Lipopolysaccharide down-regulates its
expression and contributes to inflammation progression [42,
43]. MiR-155 can target and downregulate PIK3R1 expression,
which in turn activates PI3K/Akt signalling and promotes
chondrocyte apoptosis [44]. PTGS2 is a key enzyme that catal-
yses the rate-limiting step in the synthesis of several inflam-
matory prostaglandins [45]. This leads to bone destruction by
promoting abnormal fibroblast-like synoviocytes proliferation
and migration [46]. Additionally, it regulates angiogenesis,
apoptosi and cytokine expression, all of which are down-
regulated to attenuate the inflammatory response and joint
disease [47]. VCAM-1 is closely related to the pathogenesis of
joint disease. Relevant studies have demonstrated that it plays

TABLE 2 | The network topology parameters of the active ingredients-related targets and the corresponding peak area percentages detected by

GC-MS.
No. Name Core target Degree Betweenness Closeness Peak area %
1 Terpineol AR 24 101.61 0.51 0.34
ESR1 56 678.01 0.62
ACHE 24 619.23 0.54
DRD2 20 101.03 0.51
PPARG 53 741.83 0.62
PPARA 25 97.56 0.52
NR3C1 31 112.18 0.55
2 Borneol AR 24 101.61 0.51 1.34
ESR1 56 678.01 0.62
NR3C1 31 112.18 0.55
DRD2 20 101.03 0.51
Camphor AR 24 101.61 0.51 0.79
4 Ligustilide CTSB 27 143.27 0.52 0.38
ICAM1 51 203.05 0.59
VCAM1 47 145.00 0.58
PTGS2 52 456.25 0.62
MAOA 28 507.11 0.55
PIK3R1 31 75.06 0.52
D-limonene PPARA 25 97.56 0.52 9.93
6 Cineole ACHE 24 619.23 0.54 0.47
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an important role in the activation and release of immune cells
in the early inflammatory response process [48, 49]. VCAM-1
can mediate the infiltration, adhesion and transendothelial
movement of inflammatory cells, which are an important fac-
tors leading to the development of synovial inflammation. The
above network pharmacological predictions illustrate the po-
tential of the six active ingredients in the management of joint
disease.

In this paper, six active ingredients with therapeutic effects on
joint disease were identified (Table 3). Network pharmacological
predictions indicated that these six active ingredients can
modulate metabolic pathways associated with joint disease via
pathways such as TNF signalling pathway, pathway in cancer and
NF-B signalling pathway. These six active ingredients show
unique and important effects in joint disease treatment. For
example, cineole and terpineol in herbal essential oils can inhibit
the expression of TNF, interleukin-6 and interleukin-1 and show
significant anti-inflammatory activity [50]. Ligustilide is prom-
ising for the treatment of migraine and rheumatoid arthritis pain
because of its unique analgesic properties [51]. Borneol demon-
strates favourable efficacy in anti-inflammatory, analgesic and
antibacterial applications [52, 53]. Camphor has analgesic and
anti-injury properties and is an effective ingredient for arthritis
pain relief [54, 55]. D-limonene has anti-inflammatory, antibac-
terial and anti-injury properties and can be used to treat arthritis
[56-59]. El-Ghffar et al. [60] found that cineole reduced synovial
joint inflammation and improved antioxidant defence systems.

3.2.2 | Molecular Docking Results

The six active ingredients were subjected to molecular docking
with the core target proteins (Supporting Information S1: Table
S6). Sixteen ligand-receptor pairs had binding energies
of < —5.0 kcal/mol, which indicated that these molecular pairs
had favourable binding potentials. According to previous
research [30], target proteins and active ingredients with bind-
ing energies of < —6 kcal/mol were selected for mapping
(Table 4). From the results, we observed that ligustilide and
CTSB were connected to the LYS-18 amino acid residue via one
hydrogen bond; terpineol and AR were linked to the GLU-193
and LYS-194 amino acid residues through two hydrogen
bonds; borneol and AR were connected to the LEU-195 and

GLN-192 amino acid residues by two hydrogen bonds; terpineol
and PPARA were connected to the GLU-91, GLN-24 and MET-
25 amino acid residues through four hydrogen bonds and lig-
ustilide and PTGS2 were connected to the ASN-43 and ARG-44
amino acid residues via two hydrogen bonds.

3.3 | Effects of Single Variables

It is well known that numerous parameters can have significant
and variable effects on the preparation process. These parame-
ters include, but are not limited to, the solid-liquid ratio, drying
time, drying temperature and ultrasonication power, each of
which play a crucial role in the preparation process [61-63]. In
view of the importance of these parameters and their complex
interactions with each other, the three most critical parameters
(solid-liquid ratio, drying time and drying temperature) were
selected and a series of one-factor experiments were carried out
to investigate their effects separately. The results are shown in
Figure 7.

3.3.1 | Solid-Liquid Ratio

The effect of the solid-liquid ratio on the preparation process was
directly correlated with the tar and active ingredient concentra-
tions. As the solid-liquid ratio was gradually adjusted from 20 to
5 g/g, the Y variable first increased and then decreased
(Figure 7a). This trend indicates that the tar concentration
decreased and then increased. At the same time, the active in-
gredients concentration first increased and then decreased. The
lowest tar concentration and highest active ingredients concen-
tration occurred when the solid-liquid ratio was 15 g/g. The
results for the active ingredients were attributed to optimisation
of the dissolution of the active ingredients in the solvent with an
appropriate solid-liquid ratio. However, when the solid-liquid
ratio was increased beyond 15 g/g, the excess solvent led to
excessive dilution of the active ingredients and a decrease in their
concentration [64]. The change in the tar concentration, may be
closely related to the amount of Huangjiu added and the degree
of protein degradation. As the solid-liquid ratio increased, the
amount of Huangjiu added increased, which accelerated the
protein degradation process to a certain extent and led to an
initial decrease in the tar concentration. However, when the

TABLE 3 | Active ingredients in moxibustion smoke for the treatment of joint disease.

Name Chemical structure Pure moxibustion smoke Medicated moxibustion smoke
Terpineol o — +
Borneol [(:1 +
Camphor P - +
$
Ligustilide i - +
D-limonene ( + +
Cineole ' + +
¢

Note: — Not present; + present.
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TABLE 4 | Molecular docking binding energies and visual diagrams.

ﬁlcgtli'zzients Target protein Binding energy (kcal/mol) Visual diagram
Terpineol AR —6.08
PPARA —6.35
Ligustilide CTSB —6.92
PTGS2 -7.0 § =
Borneol AR —6.08 o
a b c
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FIGURE 7 | Influence of independent variables on dependent variables. (a) Solid-liquid ratio, (b) drying time and (c) drying temperature.

solid-liquid ratio exceeded 15 g/g, the protein degradation pro-
cess was excessive and more tar precursor substances were
released. These precursor substances would be further trans-
formed in the subsequent preparation process, which eventually
resulted in the tar concentration increasing again [65, 66].

3.3.2 | Drying Time

The effect of drying time on the Y is shown in Figure 7b. As the
drying time increased, the value of Y initially increased to a peak
at 2 h and then decreased. This trend showed that the tar
concentration first decreased and then increased. At the same
time, the concentration of active ingredients first increased and
then decreased. The increase in the concentration of active in-
gredients was attributed to gradual removal of water during the
early stages of drying, resulting in increased volatilisation of the
active ingredients from the herbs. However, when the drying
time was > 2 h, excessive drying of the herbs would lead to
degradation of the active ingredients and decrease their con-
centrations in the smoke [67]. The changes in tar concentration
were likely related to changes in enzyme activity in Huangjiu. In
the early stage of drying, the enzyme activity may have

increased because the conditions were favourable. However, as
the drying process continued, the decreasing water content may
inhibit enzyme activity and result in a gradual decrease in the
enzyme activity [65, 68].

3.3.21 | Drying Temperature. The effect of the drying
temperature on the Y is shown in Figure 7c. The value of Y first
increased steadily as the drying temperature was increased,
reached a maximum value at 45°C and then decreased. This
trend showed that the tar concentration decreased and then
increased. At the same time, the concentration of active
ingredients increased and then decreased. In the initial stage of
temperature increase, the concentration of active ingredients
increased. This was attributed to the fact that a suitable
temperature increased the release of the active ingredients from
the herbs into the smoke. The decrease in the concentration of
active ingredients when the temperature exceeded 45°C was
attributed to degration of the components at high temperatures
[69]. The changes in the tar concentration were also attributed
to changes in the enzyme activity in the Huangjiu. Initially, as
the temperature increased, the enzyme activity would increased
to promote enzymatic reactions that reduce the tar
concentration. However, as the temperature continued to
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increase, thermal denaturation of the enzymes would lead to a
decrease in enzymatic activity. Consequently, tar-forming
reactions would resume and the tar concentration would
increase [65, 70].

3.3.2.2 | BBD. A mathematical model was constructed us-
ing a BBD. The factors and levels for the response surface ex-
periments are shown in Table 5. Regression analysis was
conducted on the experimental results using Design Expert 8.6

and gave the following regression equation:

Y = 14.08 — 0.8996X,; + 0.6068X, — 0.2411X3

— 0.0783X1X, — 0.8385X,X;3 — 2.32X,X; + 0.4990X>

—0.0316X3 — 0.3352X>.

3

The normal probability plot of the responses Y residuals is
illustrated in Figure 8a. The residuals were distributed along an
approximately straight line, which indicated that the error
obeyed a normal distribution [71]. The correlation between the
predicted and actual values (Figure 8b) clearly demonstrated
agreement between the model's predicted values and the actual
values of the experimental data. This indicated that there was a
good fit between the actual values and the model predictions and
showed that the preparation conditions for the medicated moxa
sticks were appropriate. The order of influence of various factors
on the Y responses (Table 6) was as follows: solid-liquid ratio
(F = 35.95) > drying time (F = 16.39) > drying temperature
(F = 2.59). The regression model was significant, with a p-value
of < 0.05 [72]. The lack-of-fit term for the model had a p-value of
0.8989 (i.e., > 0.05), which indicated that the model was
consistent with reality and suitable for analysis and prediction of
the preparation process of medicated moxa sticks. The correla-
tion coefficient was 0.9659, and the adjusted coefficient of
determination was 0.9220. These values indicated that the model
could account for 92.2% of the variation in the response value and
demonstrated that the model closely approximated reality.

3.4 | RSM Variable Analysis

Figure 9 shows the interactions of the solid-liquid ratio and
drying time on the Y values at three different drying tempera-
ture levels (—1, 0 and 1). When the drying temperature was at
level—-1, the effect of drying time on Y value was small
regardless of the solid-liquid ratio (Figure 9a,a*). When the
drying temperature was increased to level 0 and the solid-liquid
ratio was moderate, the Y values increased with increases in the
drying time. When the drying temperature at level 1, the Y
values did not change with the drying time. This results suggest
that drying times that are too short or too long affect the active
ingredients as well as the tar concentration. An appropriate
solid-liquid ratio and drying time are needed to increase in the
concentrations of active ingredients and decrease the tar
concentration.

Figure 10 shows the interaction of the solid-liquid ratio and
drying temperature on the Y values at three drying time levels

TABLE 5 Response surface methodology experimental design and
responses.
Run X (g/g) X; (h) X; (°C) Y
1 10:1 (1) 3(D) 45 (0) 359.294
2 15:1 (0) 2 (0) 45 (0) 368.928
3 20:1 (-1) 1(-1) 45 (0) 364.355
4 15:1 (0) 2 (0) 45 (0) 339.590
5 10:1 (1) 2 (0) 55 (1) 303.238
6 20:1 (—1) 2 (0) 35(-1) 367.222
7 20:1 (1) 3(1) 45 (0) 402.586
8 15:1 (0) 3(1) 55 (1) 292.892
9 20:1 (—1) 2 (0) 55 (1) 395.646
10 20:1 (—1) 1(-1) 55 (1) 382.353
11 15:1 (0) 2 (0) 45 (0) 353.778
12 10:1 (1) 2 (0) 35(-1) 358.661
13 15:1 (0) 2 (0) 45 (0) 359.775
14 15:1 (0) 1(-1) 35(-1) 277.137
15 15:1 (0) 2 (0) 45 (0) 338.412
16 15:1 (0) 3(1) 35(-1) 419.320
17 10:1 (1) 1(-1) 45 (0) 328.890
a
997
g 95 i
S50, £
3 39
E 04 L~
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Regression model of yield analysis: (a) normal plot of residuals and (b) comparison between the predicted and actual value.
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TABLE 6 | Analysis of variance.
Source Sum of squares Dy Mean square F-value p-value Significant
Model 22,265.46 9 2473.94 22.02 0.0002 ok
X 4037.70 1 4037.70 35.95 0.0005 ok
X, 1840.94 1 1840.94 16.39 0.0049 *
X3 290.54 1 290.54 2.59 0.1518
X1 X, 15.32 1 15.32 0.1363 0.7229
X1 X5 1757.55 1 1757.55 15.65 0.0055 *
X5 X5 13,414.84 1 13,414.84 119.43 < 0.0001 ok
X2 655.35 1 655.35 5.83 0.0464 *
X2 2.63 1 2.63 0.0234 0.8827
X2 295.71 1 295.71 2.63 0.1487
Residual 786.28 7 112.33
Lack of fit 97.51 3 32.50 0.1888 0.8989
Pure error 688.77 4 172.19
Correlation total 23,051.74 16

Note: R* = 0.9659; Ryq;” = 0.9220.
*p < 0.05.
*#p < 0.001.
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FIGURE 9 | (a), (b) and (c) Three-dimensional of effects of the interactions between X; and X, on Y at three X; levels (—1, 0 and 1). (a*), (b*) and
(c*) Contours of the effects of the interactions between X; and X, on Y at the three levels of X5 (—1, 0 and 1).

(—1, 0 and 1). When the drying time was at level—1, the Y values
were greatly affected by the solid-liquid ratio. However, when
the drying time was increased to level 0, the effects of the
solid-liquid ratio and drying temperature on the Y values were
only moderate. When the drying time was increased to level 1,
the effects of the solid-liquid ratio and drying temperature on
the Y values were minimal. The results showed that the best Y’
values were obtained with a moderate drying temperature.

Figure 11 shows the effects of the interactions of drying time
and drying temperature on the Y values at three solid-liquid
ratios (—1, 0 and 1). At level-1 and level 0, the Y values
increased with the drying time and drying temperature.

However, when the solid-liquid ratio was at level 1, the Y values
were less affected by the drying temperature but increased as
the drying time increased. These changes were attributed to the
high drying temperature causing volatilisation of the active in-
gredients, which led to a decrease in the Y values.

3.5 | Verification the Optimum Conditions

The optimum conditions to prepare the medicated moxa sticks
were a solid-liquid ratio of 15 g/g, a drying time of 3 h and a
drying temperature of 35°C (Table 7). Under these conditions,
the predicted Y value was 422.033. To verify the reliability of the
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FIGURE 11 | (a), (b) and (c) Three-dimensional surfaces of the effects of the interaction between X, and X; on Y at three X; levels (—1, 0 and 1).
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TABLE 7 | Optimum conditions and validation results.

R (g/g) tq (h) Ty (°C)

Predicted

Experimental Standard deviation

15 3 35

422.033

420.586 0.724

experimental results, the experiment was repeated under the
same conditions and the measured value of Y was 420.586. The
standard deviation between the predicted and experimental
values was approximately 0.724, which indicated that the RSM
model had good validity and reliability. Under these optimum
conditions, the active ingredients content was 7.1%, which was
made up of 0.3% terpineol, 0.4% borneol, 1.7% camphor, 0.1%
ligustilide, 4.2% d-limonene and 0.4% cineole. The total content
of active ingredients in the medicated moxibustion smoke was

34 times that in the pure moxibustion smoke. The tar concen-
tration was 16.7 mg/g, which was lower than the Chinese na-
tional standard.

3.6 | Comparison of the Tar Concentration

The tar concentration produced by burning four types of moxa
sticks were determined (Table 8). Among the moxa sticks tested,
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the medicated moxa sticks prepared in this study had the lowest
tar concentration. The use of Huangjiu during preparation of
the medicated moxa sticks may have contributed to the low tar
concentration. Huangjiu contains protease, which can effec-
tively degrade the active ingredients in the moxa stick and
reduce the amount of tar produced [65, 66]. In the Chinese
national standard [73], the maximum allowable concentration
of tar in moxa stick smoke is 45 mg/g. The tar concentration
produced by burning the moxa sticks was lower than the stan-
dard for all four sticks tested; therefore, they all comply with the
safety standard. However, the potential hazards of the tar
should still be considered. Tar contains a variety of toxic poly-
cyclic aromatic hydrocarbons [74], which pose a threat to hu-
man health. Therefore, because they have the lowest tar
concentration, the medicated moxa sticks prepared in this study
should be safer than the other moxa sticks tested.

3.7 | Transdermal Absorption Mechanism of
Active Ingredients in Moxibustion Smoke

Figure 12a,b show the microscopic transdermal processes of the
active ingredients in pure moxibustion smoke and medicated
moxibustion smoke. Obvious molecular diffusion and adsorp-
tion behaviour can be observed in both systems during the

TABLE 8 | Tar concentrations in the moxa sticks.

dynamic process. In comparison, the medicated moxibustion
smoke ingredients displays a higher degree of molecular ag-
gregation at 1000 ps with a denser adsorption layer, whereas the
molecular distribution of the pure moxibustion smoke is rela-
tively loose. Moreover, the active ingredients in medicated
moxibustion smoke exhibiting generally higher adsorption en-
ergy with the skin system compared to that of pure moxibustion
smoke, indicating a stronger binding affinity between the active
ingredients and the adsorption sites within the stratum cor-
neum of the skin. These results demonstrate that the active
ingredients from the medicated moxibustion smoke tend to
form more stable interactions and show stronger adsorption
behaviour with the skin interface. It further means that the
medicinal components of the medicated moxibustion smoke are
more likely to accumulate in the stratum corneum of the skin
for transdermal diffusion. This provides direct molecular-level
evidence for its better therapeutic effect in the future practical
applications.

The density distribution curves in Figure 12c shows that the
active ingredients of both moxibustion smoke formed a con-
centration peak around from 50 to 60 A, with the peak of
medicated moxibustion smoke ingredients being sharper and
higher, indicating a more concentrated distribution of the active
ingredients in this region. The mean square displacement curves
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FIGURE 12 | Molecular dynamics simulation. Transdermal processes of the active ingredients in (a) pure moxibustion smoke and (b) medicated
moxibustion smoke, (c) density distribution and (d) mean square displacement.
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in Figure 12d shows that the diffusion coefficient of the active
ingredients in medicated moxibustion smoke (0.43) was signif-
icantly higher than that in pure moxibustion smoke (0.16),
indicating the stronger mobility within the diffusion system.
Overall, the adsorption, concentration distribution and diffusion
mobility of the active ingredients in medicated moxibustion
smoke within the stratum corneum of the skin were enhanced,
which might be help to improve the clinical efficacy.

3.8 | In Vitro Transdermal Experiments

The relationship between transdermal time and average fluo-
rescence intensity of the active ingredients accumulated in the
skin samples treated by moxibustion smoke was shown in
Figure 13a. It can be seen that the average fluorescence intensity
of the skin samples treated by both the pure and medicated
moxibustion smoke increased as the transdermal time extended
from 10 to 40 min, suggesting that the degree of transdermal
penetration of active ingredients improved with longer appli-
cation time. Moreover, the average fluorescence intensity of the
skin treated by the medicated moxibustion smoke was consis-
tently higher than that of the pure moxibustion smoke at each
time point. It further confirms that the transdermal absorption
efficiency of the active ingredients in the medicated moxibus-
tion smoke is superior to that of the pure moxibustion smoke.

As shown in Figure 13b, the total contents of active ingredients
in receiving solutions from pure moxibustion smoke and
medicated moxibustion smoke were measured at 40 min, 2 h,
4 h, 6 h, 8 h and 12 h. In both groups, the content of active
ingredients gradually increased over time, which indicated that
the compounds accumulated after percutaneous permeation.
Throughout the observation period, the content of active in-
gredients in the medicated moxibustion smoke receiving solu-
tion was much higher than that in the pure moxibustion smoke
receiving solution. This showed that the components from

a
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@ 16 15558 5 051
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medicated moxibustion smoke had superior transdermal
permeation rates and total cumulative permeation amounts
compared with those from pure moxa moxibustion smoke. The
higher surface temperature of the skin induced by the medi-
cated moxibustion smoke compared with that by the pure
moxibustion smoke potentially accelerated the transdermal ab-
sorption rate of pharmacologically active components [75].
These results confirmed the medicated moxibustion smoke had
enhanced transdermal delivery capacity compared with pure
moxibustion smoke. The results also provide a reference for
further evaluation of the ability of moxibustion smoke to pro-
mote transdermal absorption and enhance bioavailability of
active components in practical applications.

3.9 | Experiments in Rats

Figure 14 shows the therapeutic effects of moxibustion with
pure moxa sticks and medicated moxa sticks on toe swelling in a
rat model of joint disease. It could be seen that the toe swelling
of rats in all groups was significantly increased after modelling.
Following moxibustion intervention, toe swelling of rats in both
the pure and medicated moxa stick treatment groups was
gradually reduced. On day 7, the toe swelling degree of rats in
medicated moxa stick treatment group was significantly lower
than that in the pure moxa stick treatment group and the model
group. Morphological observations showed the obvious redness
and swelling in the rat toes after modelling. The redness and
swelling in the medicated moxa stick treatment group began to
alleviate after one day moxibustion and the toe morphology
almost returned to normal on day 7, whereas the improvement
was much slower in the other two groups. These results indi-
cated that moxibustion with medicated moxa sticks alleviated
joint swelling more effectively than that of pure moxa sticks.
The better therapeutic effect could be attributed to the enhanced
anti-inflammatory and detumescent effects induced by the
transdermal absorbed active ingredients in the medicated
moxibustion smoke.
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FIGURE 13 | Transdermal performance of active ingredients in pure and medicated moxibustion smoke. (a) Average fluorescence intensity of

active ingredients accumulated in the skin samples treated by moxibustion smoke and (b) contents of active ingredients in receiving solutions

obtained from moxibustion smoke.
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(a) Changes in toe swelling degree and (b) photographs of toe morphology.

4 | Conclusions

In this study, the herbs in JBD was added to moxa wool to
prepare medicated moxa sticks for joint disease. GC-MS was
used to analyse the moxibustion smoke components. Network
pharmacology and molecular docking were used to explore the
pharmacological mechanisms for joint disease. A BBD was used
to optimise the preparation process of the medicated moxa
sticks. At the same time, molecular dynamics simulations were
combined with animal experiments to verify its efficacy. The
main conclusions were as follows.

1. Thirty-four more active ingredients were detected in
smoke produced by medicated moxa sticks than that
produced by pure moxa sticks. Network pharmacological
predictions suggested that six active ingredients,
terpineol, borneol, camphor, ligustilide, d-limonene, and
cineole, were the most likely to modulate joint disease
through the TNF signalling pathway. The results of
molecular docking validation demonstrated that favour-
able binding interactions existed between these active
ingredients and their target proteins. It demonstrated the
potential of the medicated moxa sticks for multitargeted
anti-inflammatory therapy for joint disease.

2. The total content of the six active ingredients in the
medicated moxibustion smoke was 34 times to that in the
pure moxa stick smoke. However, the tar concentration in
medicated moxa sticks prepared under optimised condi-
tions was 14.8% lower than that in pure moxa sticks and
30.7% lower than that in commercially available medicated
moxa sticks. These indicate that the developed medicated
moxa sticks are more environmentally friendly and effec-
tive for the treatment of joint disease than that of pure
moxa sticks.

3. Molecular dynamics simulations and experiment in rats
proved that the medicated moxa sticks outperformed pure
moxa sticks in the cumulative of active ingredients in skin,
transdermal penetration rate and detumescence efficacy,
showing the good therapeutic effect of the develop medi-
cated moxa sticks on joint diseases.

The developed medicated moxa sticks displayed good efficacy
and environmental safety for the clinical treatment of joint
disease. In future, a series of animal experiments will be used to

fully assess the pharmacological effects and bioavailability of the
active ingredients.
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