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Objective To reveal the therapeutic effects of moxibustion in collagen-induced arthritis (CIA)
rat models using the combined analysis of plasma and synovial membrane lipidomic profil-
ing and to enhance the understanding of how moxibustion affects lipid metabolism in
rheumatoid arthritis (RA).

Methods A total of 32 male Sprague-Dawley (SD) rats were randomly assigned to four groups:
control, moxibustion control (MC), model, and moxibustion model (MM) groups, with 8 rats
in each group. CIA was induced in SD rats by two immunizations. The paw volume was mea-
sured before the induction of CIA. Following induction, after assessing paw volume and
arthritis index (AI) scores, the MC and MM groups received treatment at bilateral Shenshu
(BL23) and Zusanli (ST36) acupoints for 10 min per acupoint. The intervention included three
treatment courses, each spanning 6 d and followed by a 1-d interval. Paw volume and Al
scores were assessed after each treatment course. After the completion of the three treatment
courses, serum, plasma, synovial tissue, and ankle joint samples were collected. Enzyme-
linked immunosorbent assay (ELISA) was employed to quantify the levels of interleukin (IL)-6
and tumor necrosis factor (TNF)-a in serum. Hematoxylin and eosin (HE) staining was per-
formed for histopathological examination of the ankle joint tissues. Meanwhile, ultra-high-
performance liquid chromatography coupled with Q-Exactive Orbitrap mass spectrometry
(UHPLC-Q-Exactive Orbitrap MS) was utilized to analyze the plasma and synovial tissue sam-
ples. In addition, multivariate statistical analysis was performed to identify differential lipid
metabolites, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis was applied to explore metabolic pathways modulated by moxibustion therapy.
Results No significant difference in hind paw volume and Al scores was observed among the
groups (P > 0.05). After CIA induction, model group showed increased hind paw volume and
Al scores compared with control group (P < 0.05), which were significantly reduced after mox-
ibustion treatment in MM group compared with model group (P < 0.05). The levels of IL-6
and TNF-o were significantly higher in model and MM groups compared with control group
(P <0.05), but were lower in MM group than those in model group (P < 0.05). Histopathologi-
cal analysis showed improved cartilage and reduced inflammation in MM group. A total of 33
differential lipid metabolites in the plasma and 24 in the synovial membranes of CIA rat mod-
els were identified when compared with control group. Among these lipid metabolites, 31 in
the plasma and all 24 in the synovial membranes were regulated by moxibustion treatment.
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Pathological analysis revealed upregulation of diacylglycerol (DG) and fatty acid (FA) levels,
alongside downregulation of lysophosphatidylcholine (LPC), phosphatidylcholine (PC), and
phosphatidylethanolamine (PE). Under physiological conditions, the treatment specifically
reduced LPC and PC levels. Pathway enrichment analysis revealed that moxibustion predom-
inantly affected a-linolenic acid, glycerophospholipid, and sphingolipid metabolism under
pathological conditions. Under physiological conditions, the regulation was centered around
a-linolenic acid and glycerophospholipid metabolism.

Conclusion The RA rat models exhibited significant lipid metabolic disturbances. Moxibus-
tion alleviated paw swelling, reduced Al scores, modulated inflammatory cytokine levels, and
partially corrected the altered levels of multiple lipid metabolites. The potential metabolic
pathways implicated in the regulation of lipid metabolism under both physiological and
pathological conditions include o-linolenic acid, glycerophospholipid, and sphingolipid

metabolism.

1 Introduction

Rheumatoid arthritis (RA) is a chronic systemic autoim-
mune joint disease characterized by persistent synovitis,
which can result in irreversible destruction of joints, dis-
ability, reduced quality of life, and socioeconomic bur-
den . It affects approximately 1% — 2% of the global pop-
ulation ’!. Currently, medication is the primary treatment
for RA, including disease-modifying anti-rheumatic
drugs (DMARDs), nonsteroidal anti-inflammatory drugs
(NSAIDs), glucocorticoids, and biological agents. Howev-
er, medication can cause toxic and adverse reactions,
such as gastrointestinal side effects, abnormality in the
liver, kidney damage, and infection risk P. Thus, treat-
ment for RA with fewer side effects and better curative ef-
fects is urgently needed.

At present, an alternative medicine, namely tradition-
al Chinese medicine (TCM), shows unique advantages of
fewer side effects and good clinical efficacy in the preven-
tion and treatment of RA. Moxibustion, as an important
component of TCM, is one of the research hotspots in RA
treatment in recent years . A growing number of animal
experiments has indicated that moxibustion could acti-
vate immune response, inhibit inflammatory responses,
and alleviate cartilage degradation and bone destruction
to lessen the severity of RA 7., Clinical trials have shown
that moxibustion could play anti-inflammatory and anal-
gesic roles to improve patients’ clinical symptoms and
mitigate disease severity I, Although moxibustion has a
good curative effect, limited information is known about
its specific therapeutic mechanism in the treatment of
RA. TCM is characterized as a multi-target, multi-system,
multi-link, and multi-faceted treatment for RA ). There-
fore, the underlying mechanism of moxibustion in the
treatment of RA should be explained from the perspec-
tive of holistic science.

Metabolomics, an emerging technology in systems bi-
ology, has been applied to understand metabolic changes
in endogenous metabolites in living systems in response

to pathological stimuli or drug treatments to identify po-
tential biomarkers in biological samples, such as plasma,
urine, or membrane [, Metabolomics embodies the
characteristics of integrity and dynamics, consistent with
the theory of TCM "], In addition, it has been widely used
to explore the mechanisms of both complementary and
alternative medicines, which include moxibustion treat-
ment . Lipidomics, the most cutting-edge branch of
metabolomics, can screen and discover endogenous
small-molecule differential lipids and identify potential
biomarkers in human bodies. Changes in lipid metabo-
lism participate in the pathogenesis and disease severity
of RA ", For example, lipid peroxidation leads to the for-
mation of malondialdehyde, which accelerates bone ero-
sion in RA patients and plays a critical role in the patho-
genesis of RA ['*, Abnormal lipid metabolism is common-
ly observed in RA patients, with significantly higher levels
of pro-inflammatory high-density lipoproteins (pi-HDL)
compared to healthy controls. The anti-inflammatory
and antioxidant functions of pi-HDL are impaired in RA
patients, which are associated with disease activity 'l In
recent years, studies have shown that RA is related to dif-
ferent lipid metabolites and lipid metabolism path-
ways !> 1%, Lipidomics based on liquid chromatography-
mass spectrometry (LC-MS) is a powerful tool used to
discover biomarkers in RA patients.

Although some studies have explored the therapeutic
effects of moxibustion on RA patients, the understanding
of its mechanism focuses primarily on localized changes
at the cellular and molecular levels, lacking a systematic
analysis at the metabolic level. There is a significant gap
between the research regarding the role of lipid
metabolism and the treatment of RA with moxibustion.
Lipids, as essential components of cell membranes and
key molecules in signal transduction, play important
roles in inflammatory responses and immune regulation
in human bodies. However, current research has pre-
dominantly concentrated on changes in cytokines or
gene expression, neglecting the overall changes in the
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lipid metabolism network. Hence, the advent of
lipidomics technology can address this issue by compre-
hensively analyzing lipid metabolites in biological sam-
ples and revealing dynamic changes in metabolic path-
ways, thereby providing a new perspective for a deeper
understanding of the therapeutic mechanisms of moxi-
bustion treatment.

This study aimed to explore changes in lipid
metabolism within the plasma and synovial membranes
of RA rats using lipidomics technology, determine the po-
tential metabolic pathways of moxibustion in the treat-
ment of RA, and reveal the underlying therapeutic mech-
anism.

2 Materials and methods
2.1 Reagents and instruments

2.1.1 Reagents Reagents for establishing CIA rat models
included bovine type II collagen (CII, Chondrex, USA),
complete Freund’s adjuvant (CFA, Sigma-Aldrich, USA),
and incomplete Freund’s adjuvant (IFA, Sigma-Aldrich,
USA). Glacial acetic acid (Nanjing Chemical Reagent Co.,
Ltd., China, purity: 99.5%) was also used in the study. For
the moxibustion treatment, smokeless moxa sticks
(Nanyang Hanyi Aijiu Co., Ltd., Henan, China, specifica-
tion: 4 mm x 120 mm) were employed. Rat interleukin
(IL)-6 and tumor necrosis factor (TNF)-o enzyme -linked
immunosorbent assay (ELISA) kits (Nanjing Jinyibai, Chi-
na) were used for cytokine tests. The organic solvents,
which included formic acid, ammonium formate, acetic
acid, ammonium acetate, methanol, ethanol, and methyl
tert-butyl ether (MTBE), were all of mass spectrometry
(MS) grade purity and were sourced from Merck (Darm-
stadt, Germany). The internal standards for lipid analysis
comprised lysophosphatidylethanolamine (LPE 17:1),
phosphatidylethanolamine (PE 17:0/17:0), and sphin-
gomyelin (SM 17:0) all purchased from Avanti Polar
Lipids, USA. Other specific lipid standards included CU-
DA (Aladdin Biochemical Technology Co., Ltd., China),
fatty acids (FA) 22:4, 22:5, and 22:6, and lysophos-
phatidylcholine (LPC 16:0) (all from Yeon Yeon Biotech-
nology Co., Ltd., China).

2.1.2 Instruments In this experiment, we utilized the
following key instruments and equipment: D-160
handheld homogenizer (Beijing Dalong Xingchuang
Company, DLAB D-160), toe volume meter (Chengdu
Taimeng Software Co., Ltd., PV-200), electronic balance
with a precision of 0.0001 g (Mettler Toledo, ME155DU),
and high-speed refrigerated centrifuge (Eppendorf,
5810R). Additionally, we employed high-performance
liquid chromatography (HPLC, Dionex Corporation,
U3000), quadrupole-Orbitrap mass spectrometer (Ther-
mo Fisher Scientific, Q-Exactive), triple quadrupole
liquid chromatography-mass spectrometer (Thermo

Jiamin WEN, et al. / Digital Chinese Medicine 8 (2025) 254-266

Fisher Scientific, TSQ Vantage), vacuum centrifugal con-
centration machine (Thermo Fisher Scientific, Savant
SPD1010), vortex mixer (Scientific Industries, Vortex-Ge-
nie 2), ultrasonic cleaner (Kunshan Ultrasonic Instru-
ments Co., Ltd., KQ-500B), electronic balance with a pre-
cision of 0.0001 g (Sartorius, CPA225D), and ultrapure
water system (Millipore, Milli-Q).

2.2 Animals

A total of 32 specific pathogen-free (SPF) grade male
Sprague-Dawley (SD) rats (7 weeks old, weighing 180 -
220 g) were purchased from Shanghai Slack Laboratory
Animal Co., Ltd. [experimental animal license No. SYXK
(Hu)-2017-0005], with facility license No. SYXK (Su) 2023-
0077. All animals were housed in an SPF animal experi-
ment center under controlled environmental conditions
(temperature: 22 - 24 °C; humidity: 55% - 57%) with a
standardized 12 h light/dark cycle. Food and water were
provided ad libitum. This experiment was approved by
the Animal Ethics Committee of Nanjing University of
Chinese Medicine (202001A009).

2.3 Experimental design

2.3.1 Grouping and timeline The timeline of the experi-
mental design is shown in Figure 1. After adaptive feed-
ing for one week (day 0), hind paw volume was measured
from all rats to ensure consistent initial status between
groups. Subsequently, 16 out of the 32 rats were random-
ly divided into control group (n = 8) and moxibustion
control (MC) group (n = 8), while the remaining 16 rats
were used for CIA modeling. After successful establish-
ment of CIA rat models, hind paw volume and arthritis
index (AI) scores were assessed (day 14). The rats were
randomly divided into model group (n = 8) and moxibus-
tion model (MM) group (n = 8).

Start of primary immunization CII-CFA

Start of secondary immunization CII-IFA

Start of moxibustion treatment

The end of the first treatment course

The end of the second treatment course

The end of the last treatment course

— l
UHPLC-Q-Exactive Plasma
Orbitrap/MS synovial membrane ELISA

Figure 1 Timeline of the experimental design

2.3.2 CIA model establishment and evaluation In the
study, CIA rat models were established in accordance
with the procedures described in our previous study .
CII was dissolved in 0.05 mol/L glacial acetic acid to pro-
duce a 2 mg/mL mixture, which was stored at 4 °C for
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12 h. Next, an equal volume of CFA was employed to pre-
pare CII-CFA emulsion of 1 mg/mL, which was injected
intradermally into rats at a dose of 0.2 mg/kg through
their tails as the primary immunization. On day 7 after
the first injection, another CII was again emulsified with
IFAin a 1: 1 ratio (v/v) to produce the CII-IFA emulsion,
which was injected into rats at a dose of 0.1 mg/kg as the
secondary immunization. Additionally, rats in control
and MC groups were injected with the same volume of
physiological saline at the same time points and loca-
tions. The standard of CIA model established was evalu-
ated based on the Al scores, which were scored as fol-
lows. 0 points: no macroscopic signs of arthritis or
swelling (normal state); 1 point: mild swelling limited to
individual digits; 2 points: moderate redness and swelling
localized to the ankle; 3 points: redness and swelling ex-
tending to the entire paw and digits; 4 points: severe in-
flammation involving multiple joints across the limb. CIA
rats were deemed successfully modeled if the Al score for
each paw was = 2 117,

2.3.3 Moxibustion treatment Rats in MM and MC
groups received moxibustion treatment on day 14 using a
previously described method . The rats were immobi-
lized in the prone position, with their heads and limbs
fixed using a customized fixation device. The hair around
the acupoints was shaved to expose the skin surface for
sterilization prior to moxibustion. For moxibustion, bilat-
eral Shenshu (BL23) and Zusanli (ST36) acupoints were
selected according to Experimental Acupuncture Scien-
ce "1, Shenshu is located 7 mm outward from the second
lumbar vertebra, and Zusanli is located about 5 mm be-
low the fibular head of the lower lateral knee joint. Each
smokeless moxa stick (4 mm in diameter and 120 mm in
length) was ignited and placed 2 cm above the acupunc-
ture points for 10 min. Each rat was treated with moxi-
bustion for three treatment courses, with each treatment
course lasting 6 d, followed by a 1-d interval. Rats in con-
trol and model groups were fixed with the same method
at the same time without any intervention.

2.4 Sample collection and processing

At the end of the moxibustion treatment, rats were fasted
for 12 h. Then, anesthesia was induced via intraperi-
toneal injection of 3% pentobarbital sodium at a dosage
of 50 mg/kg. Blood samples were extracted from the ab-
dominal aorta of each rat, and centrifuged at 3 000 rpm
for 10 min at 4 °C to separate serum and plasma. The
serum was stored at - 80 °C for cytokine detection using
the ELISA method, while the plasma was stored at - 80 °C
for lipidomics analysis. Following blood collection, the
skin of the left knee joint was prepared, and the patellar
ligaments of both sides were longitudinally incised. The
upper edge of the patella was transversely cut to the
femur, creating an area of approximately 3 cm x 3 cm
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centered on the knee joint. The free distal patella and sur-
rounding tissues were carefully collected using oph-
thalmic forceps. The synovial tissue and fibrous layer of
the joint capsule were separated with ophthalmic pliers
and scissors to isolate the synovial membranes. The iso-
lated synovial membranes were stored at - 80 °C for
lipidomics analysis. Additionally, the right ankle joints of
the rats were removed and fixed in 4% paraformaldehyde
solution for histopathological examination. All collected
samples were processed and stored under specified con-
ditions to ensure reproducibility for subsequent experi-
ments.

2.5 Outcome measurements

2.5.1 Physical parameters Following the primary immu-
nization, the hind paw volume of rats in the four groups
were measured using a plethysmometer (PV-200, Tech-
man Soft). Measurements were taken on the primary im-
munization day (day 0), on the day before moxibustion
treatment (day 14), and at the end of each treatment
course (day 21, 28, and 35). The measurement process
lasted across the three treatment courses. The Al score
was used weekly to evaluate the severity of arthritis in rats
in model and MM groups, with measurement times align-
ing with those for hind paw volume measurements, start-
ing from the onset of moxibustion. All parameters were
evaluated by two observers independently and blinded
for any data. A double-blinded method was used in the
entire experiment.

2.5.2 Inflammatory markers The levels of pro-inflam-
matory cytokines such as IL-6 and TNF-o in the serum
were measured using ELISA kits according to the manu-
facturer’s instructions.

2.5.3 Histopathological examination At the end of the
experiment, all rats were euthanized to acquire synovial
membrane tissues from their right ankles. The collected
tissues were fixed in 4% neutral buffered formalin for 48 h.
Following fixation, the samples were dehydrated through
a graded series of ethanol solutions (75%, 85%, and 95%),
with each concentration being applied for approximately
1 h. The dehydrated tissues were then cleared in xylene to
remove residual ethanol and embedded in paraffin
blocks. The paraffin-embedded tissue blocks were sec-
tioned into 5 pm thick slices using a microtome. The sec-
tions were mounted onto glass slides and immersed in
xylene to remove paraffin. After paraffin removal, the sec-
tions were rehydrated through a descending ethanol se-
ries (100%, 95%, and 75%), with each concentration be-
ing applied for approximately 30 min. The rehydrated
sections were stained with hematoxylin and eosin (HE)
for 5 min and rinsed with tap water to remove excess
stains. The stained sections were subsequently differenti-
ated using 1% hydrochloric acid in 70% ethanol for 20 s to
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enhance staining contrast and clarity, followed by rinsing
with tap water. The sections were then blued in an alka-
line solution and re-stained with HE for 2 min. The re-
stained sections were dehydrated in 100% ethanol,
cleared in xylene, and mounted with a glycerol-gelatin
medium. After drying, the samples were examined under
an optical microscope to capture synovitis and cartilage
destruction in each slide.

2.6 Lipidomics analysis

2.6.1 Sample preparation and ultra-high-performance
liquid chromatography (UHPLC)-MS/MS analysis Pla-
sma samples were thawed at 4 °C, after which 20 pL of it
was mixed with 225 pL of cold methanol containing inter-
nal standards, vortexed for 30 s, followed by the addition
of 750 pL of precooled MTBE and oscillation at 4 °C for
10 min. Next, after being added with 188 pL of ultrapure
water, the mixture was vortexed for 20 s, centrifuged at
14000 rpm for 2 min at 4 °C. The post-centrifugation su-
pernatant was dried and reconstituted with 110 pL of
methanol : toluene (9 : 1, v/v) for subsequent analysis.
Quality control (QC) samples, prepared by pooling 20 pL
from each plasma sample, were injected after every eight
samples to monitor instrument stability. Synovial sam-
ples were thawed at 4 °C, homogenized with 200 pL ultra-
pure water, and processed similarly to plasma for analy-
sis.

Lipidomics analysis was performed using UHPLC (ul-
timate 3000 system) coupled with a Q-Exactive Orbitrap
mass spectrometer. Plasma samples were separated on
an ACQUITY CSH C18 column (2.1 mm x 100 mm, 1.7 pum)
at 65 °C with a flow rate of 0.3 mL/min. The mobile phas-
es in positive ion mode were acetonitrile: water in a 6 : 4
ratio with 0.01 mol/L ammonium formate and 0.1%
formic acid (A), and isopropanol : acetonitrileina 9: 1 ra-
tio with 0.01 mol/L ammonium formate and 0.1% formic
acid (B), with a gradient elution (all ratios are in volume,
v/v). In negative ion mode, ammonium acetate was used
to replace the ammonium formate. Synovial membrane
samples were analyzed under similar conditions but at a
flow rate of 0.6 mL/min and adjusted gradient times.
Mass spectrometry parameters included spray voltages of
3.5 kV (+) and 3.0 kV (-), with an Orbitrap resolution of
35 000 (215 - 1 800 m/z) for full scan and 17 500 (200 -
2 000 m/z) for ddMS2 mode.

2.6.2 Data processing The raw spectrogram file was
converted into Abf format by Abf Converter (http://www.
reifycs.com/AbfConverter/). MS-DIAL software v4.60 and
the LipidBlast database were employed to analyze raw
data. The data in positive ion and negative ion modes
were imported into MS-DIAL for data processing, includ-
ing peak detection, deconvolution identification, and
alignment. For accurate mass and MS/MS matching, the

Jiamin WEN, et al. / Digital Chinese Medicine 8 (2025) 254-266

public built-in LipidBlast library was used for lipid identi-
fication. Lipid information included the name of the
identified lipid, retention time, mass-to-charge ratio
(m/z), and peak height. The data were then exported
from MS-DIAL for further statistical analysis.

The exported data matrix consisting of normalized
peak areas, charge-mass ratio, retention time, and sam-
ple name was imported into MetaboAnalyst 5.0 (http://
www.metaboanalyst.ca/) for further principal compo-
nent analysis (PCA), partial least-squares discriminant
analysis (PLS-DA), and orthogonal partial least squares
discriminant analysis (OPLS-DA) to obtain an overview of
the samples and identify biomarkers. Differential lipids
were identified based on a variable importance in the
projection (VIP) score > 1 and statistically significant dif-
ferences (P < 0.05) in the ¢ test between the model group
and the control group. The effects of moxibustion inter-
vention on lipid metabolism pathways were analyzed us-
ing MetaboAnalyst 5.0.

Hierarchical clustering and heatmap visualization
were conducted using GraphPad Prism v9.4.0 based on
fold-change values (log, transformed), with Euclidean
distance and Ward'’s linkage method applied for cluster-
ing. The identification of significantly altered pathways
was based on the criteria of pathway impact > 0.1 and
- log,y P > 2. These thresholds were selected to ensure bi-
ological relevance and statistical robustness. The result-
ing pathways were visualized using bubble plots and net-
work diagrams to elucidate potential therapeutic mecha-
nisms.

2.7 Statistical analysis

Statistical analyses were performed using SPSS 22.0. Con-
tinuous variables were expressed as mean + standard de-
viation (SD). After assessing normality, one-way analysis
of variance (ANOVA) was conducted, followed by least
significant difference (LSD) post-hoc test for homoge-
neous variances or Dunnett’s post-hoc test for heteroge-
neous variances. P < 0.05 was considered statistically sig-
nificant.

3 Results

3.1 Physical, biochemical, and histopathological evalua-
tion of moxibustion treatment

The hind paw volume, Al scores, and the levels of IL-6
and TNF-o were evaluated to study the effects of moxi-
bustion treatment on CIA rats. No significant differences
in paw volumes and Al scores were observed among the
groups (P > 0.05). Following CIA induction, the Al scores
of rats in model and MM groups significantly increased
(P < 0.05), reaching the threshold for successful CIA mod-
el establishment. Additionally, the hind paw volumes of
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these rats also significantly increased (P < 0.05), further
indicating the progression of arthritis (Figure 2A). Follow-
ing moxibustion treatment, the hind paw volumes of rats
in MM group were significantly reduced compared with
model group (P < 0.05). Similarly, AI scores in MM group
progressively decreased post moxibustion treatment and
were significantly lower compared with model group
(P<0.01) (Figure 2B).

Histopathological examination results are shown in
Figure 2C. In model group, cartilage erosion, synovial
membrane proliferation, and inflammatory cell infiltra-
tion were observed, while these symptoms were alleviat-
ed in MM group, indicating that moxibustion effectively
relieved joint damage and inflammation. In contrast,
both control and MC groups displayed intact hyaline car-
tilage and smooth joint capsules, with histopathological
features consistent with normal joint architecture.

Furthermore, the levels of IL-6 and TNF-o in model
group were significantly higher than those in control and
MC groups (P < 0.05) (Figure 2D). After moxibustion
treatment, these inflammatory factor levels in MM group
significantly decreased (P < 0.05), confirming the in-
hibitory effect of moxibustion on inflammatory respons-
es and demonstrating its therapeutic benefits in the treat-
ment of CIA rats.

A:}\ *- Control Control
g 2.8 7 Model B 159+MC
5 2644 MG PR MM
(5] . A
£ 24 P By e 121+ Model
<22 i g 9
> 2.0 /}/’ 26 #i b
E 1.8 %/ - < 3 i
a 1.6
'g 1.4 + T T 0 : v v v
e 0 14 21 28 35 0 14 21 28 35

Day

i —

= UL~
DNONSNSNSNDS

IL-6 TNF-a

Concentration (pg/mL)

Figure 2 Evaluation of CIA model construction and ther-
apeutic efficacy of moxibustion

A, hind paw volumes. B, Al scores. C, representative histopa-
thological images of right ankle joints (HE staining, 100 x).
D, quantification of IL-6 and TNF-o levels in the serum. Data
were represented as mean + SD (n = 8). *P < 0.05, compared
with control group. *P < 0.05 and *P < 0.01, compared with
model group.

3.2 Multivariate statistical analysis of lipid profile alter-
ations

PCA and PLS-DA were employed to evaluate differences
in lipid profiles of plasma and synovial membrane
samples among different groups. The PCA score plots
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showed that the QC samples formed tight clusters with-
out observable drift in both positive and negative ion
modes, confirming excellent stability and repeatability of
the LC-MS system throughout the analytical process
(Figure 3A and 3B). Furthermore, PLS-DA analysis re-
vealed significant separations among different groups:
the lipid profiles of plasma and synovial membrane sam-
ples in model group were significantly altered, showing
clear distinction from control group (Figure 3C - 3]). This
significance was evident in different ion modes, specifi-
cally, in plasma samples, P = 0.002 in the positive ion
mode and P = 0.007 in the negative ion mode; in synovial
membrane samples, P = 0.005 in the positive ion mode
and P = 0.004 in the negative ion mode. The lipid profiles
in MM group were closer to those in control and MC
groups, indicating that moxibustion intervention effec-
tively alleviated the metabolic disorders caused by CIA.

To further identify differential lipids, OPLS-DA was
used. OPLS-DA score plots showed significant differ-
ences in both plasma and synovial membrane samples
between model group and control group (Figure 3K - 3R).
The model parameters (R?Y and Q?) indicated good ex-
planatory and predictive power for both plasma (R*Y =
0.951, Q* = 0.86 in positive ion mode; R?Y = 0.991, Q* =
0.849 in negative ion mode) and synovial membrane
samples (R?Y = 0.964, Q* = 0.664 in positive ion mode;
R?Y = 0.993, * = 0.843 in negative ion mode). These re-
sults demonstrated that the lipid profiles were markedly
altered in CIA rats, whereas moxibustion intervention ef-
fectively regulated these changes and restored normal
lipid metabolism.

3.3 Differential lipid metabolites regulated by moxibus-
tion treatment

In plasma and synovial membrane samples, a total of 33
and 24 differential metabolites were identified in model
and control groups, respectively. These differential me-
tabolites were primarily concentrated in several key lipid
classes, including DG, LPC, PC, and TG. In the pathologi-
cal conditions, MM group modulated 31 differential lipid
metabolites compared with model group, including up-
regulating the levels of DG and FA, and downregulating
the levels of LPC, PC, and PE. Under physiological condi-
tions, MC group modulated the levels of 23 differential
metabolites compared with control group, including
downregulating the levels of LPC and PC, further sup-
porting the regulatory effect of moxibustion intervention
(Supplementary Table S1 and S2).

In synovial membrane samples, 18 differential lipid
metabolites were detected in the positive ion mode and 6
in the negative ion mode (Supplementary Table S3 and
S4). The results suggested that moxibustion regula-
ted metabolic disorders in CIA rat models. Moreover,
2 classes of lipid metabolites, namely, DG and FA, were
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Figure 3 Integrated multivariate analysis of plasma and synovium samples with QC validation and permutation tests

A, PCA of plasma samples and QC samples in positive ion mode. B, PCA of plasma samples and QC samples in negative ion mode.
C, PLS-DA score plots of plasma from each group in positive ion mode. D, permutation test result for plasma in positive ion mode
(1 000 permutations, 2/1 000). E, PLS-DA score plot of plasma from each group in negative ion mode. F, permutation test result for
plasma in negative ion mode (1 000 permutations, 7/1 000). G, PLS-DA score plots of synovial membrane from each group in positive
ion mode. H, permutation test result for synovial membrane in positive ion mode (1 000 permutations, 5/1 000). I, PLS-DA score plots
of synovial membrane from each group in negative ion mode. J, permutation test result for synovial membrane in negative ion mode
(1 000 permutations, 4/1 000). K, OPLS-DA score plot for plasma in positive ion mode in model and control groups. L, permutation test
result of plasma in positive ion mode. M, OPLS-DA score plot for plasma in negative ion mode in model and control groups. N, permu-
tation test result of plasma in negative ion mode. O, OPLS-DA score plot for synovial membrane in positive ion mode in model and
control groups. P, permutation test result of synovial membrane in positive ion mode. Q, OPLS-DA score plot for synovial membrane
in negative ion mode in model and control groups. R, permutation test result of synovial membrane in negative ion mode. 1, plasma
samples. 2, QC samples.

up-regulated, and 7 classes of lipid metabolites, includ- A heatmap was drawn to visualize variations in
ing ceramide (Cer), SM, phosphatidylcholine (PC), LPC, differential metabolites across plasma and synovial mem-
PE, LPE, and N-acylethanolamine (NAE), were down-reg- brane samples in the four groups using fold change val-

ulated following moxibustion intervention. ues and hierarchical clustering (Figure 4).
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Figure 4 Heatmap analysis of differential lipid metabo-
lites within plasma and synovial membrane in the four
groups

A, differential lipids within plasma in positive ion mode. B, dif-
ferential lipids within plasma in negative ion mode. C, differen-
tial lipids within synovial membrane in positive ion mode.
D, differential lipids within synovial membrane in negative ion
mode. Blue, downregulation. Red, upregulation.

3.4 Pathway analysis of moxibustion-regulated lipid
metabolism

Metabolic pathways were analyzed to explore the poten-
tial mechanism of moxibustion intervention for RA rat
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models and healthy controls. Under pathological condi-
tions (MM group vs. model group), two major metabolic
pathways were identified in plasma samples: a-linolenic
acid metabolism and glycerophospholipid metabolism
(Figure 5A). In synovial membrane samples, three
metabolic pathways were identified: a-linolenic acid
metabolism, glycerophospholipid metabolism, and sph-
ingolipid metabolism (Figure 5B). Under physiological
conditions (MC group vs. control group), the glyc-
erophospholipid metabolism pathway was identified in
both plasma (Figure 5C) and synovial membrane sam-
ples (Figure 5D). Additionally, the o-linolenic acid
metabolism pathway was identified in synovial mem-
brane samples (Figure 5D).
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Figure 5 Bubble diagram and network diagrams of
metabolic pathways in plasma and synovial membrane
samples regulated by moxibustion

A, comparison of metabolic pathways in plasma between MM
and model groups in pathological conditions. B, comparison of
metabolic pathways in plasma between MC and control groups
in physiological conditions. C, comparison of metabolic path-
ways in synovial membrane between MM and model groups in
pathological conditions. D, comparison of metabolic pathways
in synovial membrane between MC and control groups in phys-
iological conditions. E, network diagram of main metabolic
pathways involved in moxibustion treatment of RA. SMS, sphin-
gomyelin synthase. SMase, sphingomyelinase. PLA, phospholi-
pase A. LPEAT, lysophosphatidylethanolamine acyltransferase.
LPCAT, lysophosphatidylcholine acyltransferase. PLA2, phos-
pholipase A,. PLAAT3, phospholipase A and acyltransferase 3.
AdPLA, adipose - specific phospholipase A.

The identification of these pathways was based on the
criteria of pathway impact > 0.1 and - log;, P > 2. The
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network diagram of the key pathways (Figure 5E) further
elucidated the potential mechanisms of moxibustion in-
tervention in the treatment of RA rat models. These path-
ways not only provide key clues for understanding the
underlying mechanism of moxibustion intervention in
RA treatment but also offer potential biomarkers and
therapeutic targets for future research.

4 Discussion

RA, a systemic autoimmune disorder marked by chronic
synovitis, joint destruction, bone loss, and systemic com-
plications, is increasingly linked to dysregulated lipid
metabolism, which contributes to its pathogenesis and
progression ! 2’ Advances in multi-omics technologies
have opened new avenues for deciphering the mecha-
nisms of TCM, including moxibustion, in modulating
RA P, This study is the first comprehensive investigation
of lipid metabolomics profiles of both plasma and syn-
ovial membrane samples in CIA rat models treated with
moxibustion. Plasma was prioritized over serum for
lipidomics analysis due to its reduced susceptibility to co-
agulation-related artifacts, ensuring more reliable
biomarker identification . Our findings revealed that
moxibustion’s therapeutic effects in pathological states
were mediated through modulation of o-linolenic acid
metabolism, glycerophospholipid metabolism, and sph-
ingolipid metabolism. In contrast, under physiological
conditions, its activity centered on a-linolenic acid
metabolism and glycerophospholipid metabolism.

4.1 Therapeutic mechanism of moxibustion

4.1.1 o-Linolenic acid metabolism a-Linolenic acid
metabolism plays an important role in the pathogenesis
of RA. a-Linolenic acid and its metabolites could inhibit
the activation of pro-inflammatory transcription factor
NF-«xB, a prominent transcription factor mitigating in-
flammatory responses and reducing the levels of IL-6 and
TNF-oin RA patients ** Y. These metabolites could re-
duce the production of pro-inflammatory eicosanoids by
competing with arachidonic acid for enzymatic conver-
sion and directly inhibit the synthesis and release of pro-
inflammatory cytokines, including IL-6 and TNF-o .
Additionally, they could promote the production of spe-
cialized pro-resolving mediators (SPMs), which further
decrease the levels of IL-6 and TNF-o. ***, In the current
study, the levels of fatty acids associated with a-linolenic
acid metabolism were significantly downregulated in the
model group when compared to the control group, indi-
cating a metabolic a-linolenic acid disorder in CIA rats,
which is consistent with previous studies ***). Moxibus-
tion intervention significantly upregulated the levels of
these metabolites, indicating its potential to reduce the
levels of TNF-aand IL -6 in plasma by regulating the
abnormal metabolism of a-linolenic acid %, thereby
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improving the joint symptoms in RA rat models. These
findings highlight the potential therapeutic role of moxi-
bustion in modulating lipid metabolism in RA patients.

4.1.2 Glycerophospholipid metabolism Accumulating
evidence indicates that abnormal glycerophospholipid
metabolism is closely associated with inflammatory pro-
cesses [' %2, Glycerophospholipids, such as PC, PE, and
LPC, are not only major components of cell membranes
but also important signaling molecules involved in in-
flammation-induced immune responses *?. These lipids
are closely related to key inflammatory cytokines, includ-
ing TNF-a and IL-6. In the glycerophospholipid metabo-
lism pathway, the TNF signaling pathway is particularly
involved in the conversion of PC to LPC, which further
promotes the inflammatory process ©* *J, In RA, this
metabolic pathway elevates the level of IL-6 through re-
ducing 1-oleoyl-sn-glycero-3-phosphocholine (OGPC) ¥,

In the current study, we observed significant distur-
bances in glycerophospholipid metabolism in RA rat
models, with lipid biomarkers primarily identified in the
PC, PE, LPC, and LPE subgroups. LPC, in particular, can
aggravate inflammation and disrupt osteoblast home-
ostasis, contributing to the development of inflammatory
diseases like RA F°, Previous study has shown that the ra-
tio of PC/LPC in plasma is a reliable measure of inflam-
mation and can serve as an early indicator for RA 7,
Acupuncture has been reported to alleviate inflammato-
ry responses by regulating glycerophospholipid metabo-
lism B9,

In our study, glycerophospholipid metabolism was
significantly disrupted in model group compared with
control group, with several key metabolites (including
LPC, PC, and PE) showing marked upregulation. These
findings are consistent with previous studies ! and high-
light the role of abnormal glycerophospholipid metabo-
lism in the pathogenesis of RA. In addition, they also un-
derscore the role of abnormal glycerophospholipid
metabolism in RA patients. Moxibustion treatment effec-
tively decreased the levels of these metabolites, suggest-
ing its therapeutic efficacy in improving glycerophospho-
lipid pathway and alleviating clinical symptoms in RA rat
models.

4.1.3 Sphingolipid metabolism Sphingolipids, as a class
of bioactive lipids including Cer, SMs, and lactosylce-
ramides, are involved in multiple pathophysiological
functions, encompassing the mediation of inflammatory
responses through regulating cytokine and cellular signal
transduction > *, Additionally, imbalance between os-
teoblasts and osteoclasts can lead to bone-related dis-
eases, for instance, RA. However, sphingolipids can help
maintain balance between the two . Cer plays a key role
in regulating inflammation and is associated with the ac-
tivation of NF-«B, which is produced within local inflam-
matory foci or elsewhere [** *I, The activation of NF-xB
promotes the expression of pro-inflammatory cytokines
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such as IL-6 and TNF-a, which damage articular cartilage
as a result (), This is consistent with the increased levels
of IL-6 and TNF-a observed in model group in this study.

Cer is a central molecule and an important second
messenger in the sphingomyelin signaling pathway,
closely related to the activation of the sphingolipid signal-
ing pathway. SMase converts SM to Cer, a process that
can increase the generation of mitochondrial reactive
oxygen species (ROS) through oxidative stress (). Oxida-
tive stress is associated with the formation of Cer and oth-
er sphingolipids and is involved in the pathophysiology of
RA [/17].

In the current study, we observed significant distur-
bances in sphingolipid metabolism in CIA rat models,
with several key sphingolipids showing marked upregula-
tion. These changes are closely related to the pathogene-
sis of RA. Moxibustion effectively regulated the levels of
these sphingolipids. Similar findings have been reported
in the synovial fluid of RA patients and in human os-
teoarthritic synoviocytes, where the levels of SM and Cer
were elevated compared with normal controls but re-
stored to normal levels after treatment * *!. These re-
sults highlight the potential role of sphingolipid metabo-
lism in RA and the therapeutic efficacy of moxibustion in
regulating this metabolic pathway.

Overall, moxibustion significantly modulated the ex-
pression levels of metabolic components involved in a-
linolenic acid metabolism, glycerophospholipid metabo-
lism, and sphingolipid metabolism, underscoring its po-
tential as a therapeutic intervention for RA by targeting
key metabolic pathways.

4.2 Health-promoting mechanisms of moxibustion

Despite its widespread use in TCM, the mechanisms by
which moxibustion modulates lipid metabolism under
physiological conditions remain underexplored. This
study shows that moxibustion primarily engages two
metabolic pathways: o-linolenic acid metabolism and
glycerophospholipid metabolism. These findings align
with prior work demonstrating moxibustion’s ability to
regulate lipid and energy metabolism in peripheral
tissues, such as gastric mucosa under physiological
conditions !, Moxibustion’s systemic effects may arise
through multiple interconnected mechanisms: by regu-
lating autonomic nervous activity, moxibustion restores
homeostasis, indirectly influencing lipid metabolism and
energy balance PV, It restores immune function, thereby
enhancing host resistance by exerting bidirectional im-
munoregulatory effects, suppressing excessive inflamma-
tion while bolstering defense mechanisms 2. Critically,
our data demonstrated that moxibustion altered the
levels of PC and LPC metabolites related to the glyc-
erophospholipid metabolism pathway in the control
group. This suggested that moxibustion fine-tuned
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membrane synthesis, cellular recognition, and signal
transduction through the metabolism of glycerophospho-
lipids under physiological conditions. In summary, moxi-
bustion has important regulatory effects on lipid
metabolism in hosts under physiological conditions,
highlighting its potential as a health-promoting interven-
tion.

4.3 Limitations and future research directions

The limitations of this study included the following. First,
while our lipidomics approach identified key metabolic
alterations in RA rat models, the exclusive reliance on
lipidomic profiling may overlook interactions with other
molecular pathways. Future investigations should em-
ploy integrated multi-omics strategies (e.g., proteomics,
transcriptomics) to establish cross-platform metabolic
networks, complemented by functional validation experi-
ments to confirm mechanistic links. In addition, future
studies should expand biofluid analysis (such as urine
samples) to map systemic metabolic networks. Such ef-
forts will deepen our understanding of moxibustion’s du-
al regulatory effects (balancing physiological homeosta-
sis and counteracting pathological cascades) in RA, ulti-
mately guiding the development of personalized, mecha-
nism-driven therapies. Second, the experimental design
lacked critical control groups including non-heat stimu-
lated skin areas, sham moxibustion (placebo) groups,
and standard drug-treatment positive controls. Incorpo-
rating these controls in subsequent studies would
strengthen the specificity of observed treatment effects.
Finally, the mechanism of moxibustion in the physiologi-
cal state remains unclear, and further studies should be
conducted to explore how moxibustion regulates physio-
logical processes in the body.

5 Conclusion

This study employed lipidomics profiling to explore the
therapeutic mechanism of moxibustion in the treatment
of RA, demonstrating its efficacy in ameliorating lipid
metabolic dysregulation in CIA rat models. By rectifying
imbalances in key lipid classes and modulating critical
pathways, moxibustion attenuates inflammation and re-
stores metabolic homeostasis, providing a mechanistic
foundation for its clinical application in RA management.
These findings not only validate moxibustion’s tradition-
al use but also unveil novel therapeutic targets for RA,
bridging TCM with precision metabolomics.
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X RETIRRFHFHERT KRR R 5 5 BG40 5 AT 5

L& R RAS, A8, FhE4

a. H 7P EZAFPIEFRZ LA FRE 210023, F EH
b. 7 Fe$ P G AL (LY B 210003, F E

[#2) Be) BT BES B RBBARATON, WTLRTRBRFFEET X (CIA) BE X987 2
R, RREXLEEREXT X (RA) PABAR MA@, Fik 32 R SD K AAA ML H 420, TR
. L EASB (MC) 41, BAAAL EHEA (MM) 20, H#HA8R, B HRLEFFSDRAZEL
CIA#A , E#F CIAW#TEAZRAGNE, FFTRE, FHELZBERFXT K454 (AD) F5.
MC 2842 MM 2B 42 30 §-4r o (BL23) fe B = 2 5% (ST36) #ATE KB, AR 10 547, 497 46
3N, BEAFERFLEE6R, FEAARL R, BAFTELEREHERXRLARTRf Al 15, £3ANAFE
GRGE, RERF, o, BREARFRXFTHRA, RABERKLZRRNE (ELISA) AR fi# ¥ & @i
% (IL) -6 Aoht B3R B F (TNF) -0 #9/KF, @i B AH-74 (HE) e LT HALRITHUL RS
W&, RE, AR ZERAEE-3 9 # RiE (UHPLC-Q-Exactive Orbitrap MS ) & o 32 Fe 7 B2 48 LR AF A
AT, MSh, it S ALK S E R EF AR MY, FRAATHRLAALSARATHAAL P (KEGG) i@
BGESVRAL L AR AR, 2R ZAKRMBERERIAIFHALEZFE2F (P>0.05)
CIA##%J5, Harmauinrt, BAMGRAETME KA AIF2»FE (P<0.05) , m MM AZ¥ £875/5+E
RIEHFRBEAE T FZHEIK (P<0.05) ., HarmEatart, AP IL-6 42 INF-a ¥ KFREEHZH (P<
0.05) , 2 MM AKERANEIETHE (P<0.05) . ALEFREFHHI B R, MM AHKR TR K E, £
JEREE. SRRk, CIA XK A wgd i 5w h 3340 2 F A5 AR, B PE T 24 HF, EX LR
R, X EIAT T Py 31 AR R VAR B P 6 AR 24 RS AR . REKRAT, ¥4 L
P H =B (DG) FlElER (FA) R-F, TRARBIRBZH (LPC) | BrIgBLAZ4 (PC) FoBt 5Bt LB
Bz (PE) AKF; AZKRET N FHEALLPC f2 PC KT, BHK S ESHEANH, LEERERETIEY
o) o- TR ER . H BB RE fe SRR, MAARRKAET, LAY EEAL o-LRR A AR AM., &b
RA KR ALEREZGRARBFTIL, LRTHRBANIMIK, BILAL S, AT LERE T RFF3HR02 E54
AR AR T, EARFRELENT, LELALAT KRR B EERZ O o- BRBARS . Hibs
R AR B AE AR
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