
Investigating the underlying
mechanisms of the ethanol
extract of saussureae involucratae
herba in anti-rheumatoid arthritis
effect based on
sphingolipidomics

Pingyuan Chi1†, Hairong Zhang2†, Yingjie Chen3,4, Jianhua Xie5,
Yiming Ayixianmuguli6*, Caisheng Wu2* and Mingyuan Liu1*
1School of Pharmaceutical Sciences, Jiamusi University, Jiamusi, China, 2Fujian Provincial Key Laboratory
of Innovative Drug Target Research and State Key Laboratory of Cellular Stress Biology, School of
Pharmaceutical Sciences, Xiamen University, Xiamen, China, 3Xiamen Key Laboratory for Clinical Efficacy
and Evidence-Based Research of Traditional Chinese Medicine, Xiamen University, Xiamen, China, 4Drug
Clinical Trial Institution, The First Affiliated Hospital, School of Medicine, Xiamen University, Xiamen,
China, 5Department of Food and Biological Engineering, Zhangzhou Institute of Technology,
Zhangzhou, China, 6School of Medical Sciences, Shihezi University, Shihezi, China

Introduction: Saussureae Involucratae Herba (SIH), a traditional Chinese
Medicine, is clinically used in treating rheumatoid arthritis (RA). However, the
anti-RA mechanisms of SIH remain unclear. Dysregulation of sphingolipid
metabolism is related to the pathogenesis of RA. This study aims to
investigate whether the regulation of sphingolipid metabolism is involved in
the anti-RA effects of an ethanol extract of SIH (SIE).

Methods: The collagen-induced arthritis (CIA) mouse model and LPS-stimulated
RAW 264.7 cells were used. Targeted sphingolipidomics were employed to
investigate the effects of SIE on the regulation of sphingolipid metabolism in
CIA mice.

Results: Results showed that SIE significantly reduced arthritis scores and the
average thickness of the four paws (both P < 0.01) in CIA mice. Additionally, it
improved histopathological manifestations (including synovial hyperplasia,
inflammatory cell infiltration, cartilage and bone destruction) in the ankle
joints of CIA mice, and inhibited bone erosion in the ankle and toe joints. In
cell assays, SIE significantly decreased the protein levels of TNF-α and IL-6 (both P
< 0.01) in LPS-stimulated RAW 264.7 cells. Mechanistically, SIE treatment
normalized the concentration of seven sphingolipids in plasma and eight
sphingolipids in spleen, which were identified as potential anti-RA targets of
SIE. Meanwhile, SIE treatment significantly lowered the protein level of SphK1 and
the content of S1P (both P < 0.01) in LPS-stimulated RAW 264.7 cells.

Discussion: We, for the first time, found that SIE has anti-RA effects in CIA mice
and that regulation of sphingolipid metabolism is involved in its anti-RA action.
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These findings provide pharmacological evidence for the use of SIH inmanaging RA
and support the theory that targeting sphingolipid metabolism is a strategy for
treating RA.
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1 Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease. Its
typical clinical manifestations include symmetrical polyarthritis, often
accompanied by pain, fatigue, joint dysfunction, and emotional
disturbances, which can lead to disability and deformity (Zhang
et al., 2022). In addition, compared to the general population, RA
patients take a higher risk of developing osteoporosis, cardiovascular
diseases, and cancer, with a comorbidity rate as high as 60% (Richards
et al., 2015; Sparks, 2019). Among these, cardiovascular diseases increase
the mortality rate of RA patients by about 60% (Chen J.-L. et al., 2020).
RA is observed globally across various regions and ethnic groups, with a
global prevalence of approximately 1.0% (Zhang et al., 2022). Currently,
the main medications used to treat RA include disease-modifying
antirheumatic drugs (DMARDs, such as methotrexate and
leflunomide), nonsteroidal anti-inflammatory drugs (NSAIDs, such as
aspirin, indomethacin, and ibuprofen), and glucocorticoids (such as
triamcinolone, dexamethasone palmitate, and prednisolone). Although
these treatments demonstrate some clinical efficacy, they often come
with adverse reactions (Burmester and Pope, 2017), and some patients
do not respond well to the existing treatments (Chen Y.-J. et al., 2020),
highlighting the urgent need to develop new therapies.

Traditional Chinese medicine, including ethnic medicines,
possesses multi-target characteristics, making them advantageous
for treating complex diseases. Saussureae Involucratae Herba (SIH)
is the dried aerial part of the plant Saussurea involucrata (Kar. et
Kir.) Sch.-Bip. from the Asteraceae family, mainly distributed in the
Tianshan and Altai Mountains of Xinjiang, China (Hu et al., 2023).
As an ethnic medicine, SIH has a long history of use in traditional
medicine, with records in classical Tibetan medical books the Yue
Wang Yao Zhen (Somaratsa, Moon kingMedical Manual) and the Si
Bu Yi Dian (Gyud-Zhi, The FourMedical Tantras) as early as the 8th
century (Xu, 2019). According to the 2020 edition of the
“Pharmacopoeia of the People’s Republic of China,” SIH has the
effects of warming kidney and tonifying Yang, dispelling wind and
dampness, and promoting blood circulation, commonly used for
diseases including wind-cold-damp arthralgia and RA (Committee,
2020). Currently, SIH is the main active ingredient of some
proprietary Chinese medicines use for treating RA, such as
Xuelian injection and Xuelian oral liquid (Cong et al., 2022; Yan
et al., 2023). However, the specific mechanisms of SIH in treating RA
remain unclear, which hinders its further development and broader
application in clinical settings.

Previous studies have shown that sphingolipid metabolism may
play a role in RA pathogenesis (Qu et al., 2018). The pathogenesis of
rheumatoid arthritis (RA) is complex, with the SphK1/S1P signaling
pathway playing a crucial role. Studies have shown that increased
SphK1 activity leads to excessive production of S1P, thereby
promoting inflammatory responses and joint damage in RA (Lai

et al., 2008; Wang et al., 2021). SPLs are a class of complex lipid
molecules primarily found in cell membranes. SPLs play essential
roles in cell membrane structure and function, participating in signal
transduction, molecular transport, apoptosis, cell proliferation, and
other physiological processes (Hannun and Obeid, 2008).
Sphingolipid metabolism affects the function of immune cells
(such as T cells and macrophages) and fibroblast-like synovial
cells (FLS) in RA patients (RA-FLS) (Guo et al., 2018; Komatsu
and Takayanagi, 2022). Cer, SM and S1P are three important
sphingolipid metabolic products (Hannun and Obeid, 2017). Cer
and SM can be interconverted, and Sph and S1P can be
interconverted under the catalysis of SphK1. Cer can induce
apoptosis of RA-FLS cells and inhibit cell invasion and migration
(Yang M. et al., 2022), whereas S1P can promote RA-FLS survival
and proliferation (Takeshita et al., 2012). It has been reported that
SphK1 is one of the therapeutic targets for RA (Baker et al., 2010). In
a TNF-α-induced arthritis mouse model, knocking out
SphK1 inhibited synovitis and bone erosion. These findings
indicate that sphingolipid metabolism plays an important role in
the pathogenesis of RA.

Sphingolipids (SPLs) are bioactive lipids that play crucial roles in
cell signaling, inflammatory responses, and immune functions
(Hannun and Obeid, 2017). Increasing evidence suggests that
dysregulation of sphingolipid metabolism is related to the
pathogenesis of RA (Hanaoka et al., 2017; Koh et al., 2022), and
certain key compounds in sphingolipid metabolism, such as
sphingosine 1 phosphate (S1P), are considered as new targets for
RA treatment (Hu et al., 2010). Compounds in SIH such as
chlorogenic acid (Ping et al., 2024) and quercetin (Momchilova
et al., 2022) have been reported to regulate sphingolipid metabolism
in cardio-myoblast and cancer cell lines, respectively. Additionally,
luteolin (Navone et al., 2023) and apigenin (Zhang et al., 2015) can
regulate components in the sphingolipid metabolic pathway, such as
sphingosine kinase 1 (SphK1), S1P, and ceramide (Cer). Therefore,
we hypothesize that the therapeutic effects of SIH on RA may be
partially achieved through the regulation of sphingolipid
metabolism. The purpose of this study was to determine whether
the therapeutic effect of SIH on RA is mediated by the regulation of
key molecules of sphingolipid metabolic pathway (such as ceramide,
sphingosine-1-phosphate, etc.)

2 Results

2.1 An extract of SIH (SIE) alleviated arthritis
symptoms in CIA mice

Collagen-induced arthritis (CIA) DBA-1J mice serve as a classic
RA animal model, sharing similar immunological and pathological
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features with human RA (Brand et al., 2007). Therefore, we selected
this mouse model to study the anti-RA effects of SIE (an ethanol
extract of SIH). As shown in Figure 1A, we evaluated the therapeutic
effect of SIE on CIA by constructing the mouse CIA model. As
shown in Figure 1B, from day 21 to day 42, the body weight of the
control group mice continued to increase under normal feeding
conditions, while the body weight of the CIA model group mice
decreased from day 21 to day 35 after modeling. By day 42, the
weight gain of mice in the CIA group was significantly less than that
in the control group. After SIE treatment, the low-dose group of SIE
(SIEL) and high-dose group (SIEH) showed an improvement in the
reduced weight gain caused by disease progression compared to the
CIA group mice at days 35 and 42.

As shown in Figure 1C, arthritis scores were evaluated based on
a 0–4 scoring standard for the forepaws and hind paws of the mice
(Alabarse et al., 2018). As shown in Figure 1D, starting on day 28,

the arthritis scores of mice in the CIA group were significantly
higher than those in the control group, reaching the highest value
on day 42. After SIE treatment, the arthritis scores of the SIEL
groupmice were significantly lower than those of the CIA group on
day 42, and the scores of the SIEH group mice were significantly
lower than those of the CIA group on days 35 and 42. As shown in
Figure 1E, on day 42, the paw thickness of the CIA group mice was
significantly higher than that of the control group. After treatment,
the paw thickness of mice in the SIEL and SIEH groups was
significantly lower than that in the CIA group. As shown in
Figure 2A, HE staining results indicated that, compared with
the control group, the CIA group mice had blurred joint
contours, reduced joint cavity space, significant synovial
hyperplasia, inflammatory cell infiltration, and severe cartilage
and bone structure damage. After treatment, these pathological
changes in the SIEL and SIEH group mice were improved. Micro

FIGURE 1
Effects of SIE on clinical symptoms ofmice with collagen induced arthritis. (A) Establishment of the CIAmodel and administrationmethods; (B) Body
weight of each group; (C) Arthritis scoring criteria: The upper panel represents the forepaws, while the lower panel represents the hind paws. The four
paws of mice were scored respectively. Scores of 0, 1, 2, 3, and 4 correspond to the scores of the mice’s paws shown in the images. The maximum
cumulative arthritis score for the four paws of a mouse is 16 points. The black dashed line indicates the position where the caliper measures the
thickness of the paws (on the far-right image). The four paw thicknesses of mice were measured respectively. (D) Arthritis score of each group. (E) The
average thickness of the four paws of the mice. The paw thickness was measured on day 42. Group comparisons were conducted using Dunnett’s t-test
andMann-Whitney U test. Data are presented asmean ± standard error ofmean (n = 10 per group). Compared to the control group, *P < 0.05, **P < 0.01;
compared to the CIA group, #P < 0.05, ##P < 0.01.
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CT results (Figure 2B) indicated that compared to the control
group, the CIA group mice had rough joint surfaces, and cavities
appeared in the ankle and toe joints, indicating severe bone
erosion. After treatment, the bone erosion in the ankle and toe
joints of both the SIEL and SIEH groups was significantly
improved. The in vivo data demonstrate that SIE effectively
inhibited disease progression without causing observable
toxicities and adverse reactions in CIA mice. The serum
cardiac, hepatic, and renal toxicity indicators in mice treated
with SIEH did not significantly differ from those in the control
group (Supplementary Figure S2).

2.2 Exploring the impact of SIE on
sphingolipid metabolism in CIA mice based
on targeted sphingolipidomics

2.2.1 Targeted sphingolipidomics analysis in
plasma and spleen of mice

To investigate the impact of SIE on sphingolipid metabolism in
the plasma and spleen of CIA mice, we used targeted
sphingolipidomics analysis based on HPLC-MS/MS. As shown in
Figure 3, under the positive ion mode of the electro-spray ionization
(ESI) source, we detected a total of 77 SPLs, including 8 categories:

FIGURE 2
(A) Representative images of hematoxylin and eosin (H&E)-stained ankle joint tissues frommice in each group. Scale bars: 200 μm (upper panel) and
100 μm (lower panel). a: bone, b: articular cartilage, c: synovium; black arrow (↑): cartilage destruction, blue arrow (↑): bone destruction, red arrow (↑):
inflammatory cell infiltration, yellow arrow (↑): synovial hyperplasia. (B) Representative micro-computed tomography (Micro CT) images of mouse hind
limbs. The red dashed box outlines the toe joints, while the black dashed box outlines the ankle joint.

Frontiers in Pharmacology frontiersin.org04

Chi et al. 10.3389/fphar.2025.1549437

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1549437


sphingomyelin (SM), Cer, dihydroceramide (DhCer), ceramide-1-
phosphate (Cer-1-P), sphingosine (Sph), dihydrosphingosine
(DhSph), S1P (also known as Sph-1-P), and hexosylceramide
(HexCer), along with 6 internal standards (IS). The heatmap
(Figure 4) of the 77 SPLs shows the differences in their relative
contents among the four groups of mice. The relative content of the
77 SPLs was used to establish principal component analysis (PCA)
and orthogonal partial least squares discriminant analysis (OPLS-
DA) models.

Unsupervised PCA models were used to visualize metabolic
differences between groups. As shown in Figures 5A,B, the PCA
results revealed clear separation between the plasma and spleen
samples of the control group mice and the CIA group mice. The
SIEL and SIEH groups’ mice samples were situated between the
control group mice and CIA group mice, showing a trend towards
the control groupmice. This indicates that CIA induces sphingolipid
metabolic disorders, and SIE can regulate these disorders
induced by CIA.

To identify potential biomarkers for the anti-RA effects of SIE,
supervised OPLS-DA was employed to maximize the differences
between groups. The parameters related to the reliability of the
OPLS-DA model were as follows: R2X (cum) = 0.475, R2Y (cum) =
0.992, Q2 (cum) = 0.903 (plasma); R2X (cum) = 0.387, R2Y (cum) =
0.995, Q2 (cum) = 0.82 (spleen). Generally, Q2 > 0.5 indicates a

reliable model (Chen et al., 2024). The Q2 values of the samples
suggest that the OPLS-DA model is reliable. As shown in Figures
5C,D, the OPLS-DA results display good differentiation and clear
clustering trends between the control and CIA groups, as well as
between the CIA and SIEL/SIEH groups in both plasma and spleen.

To prevent overfitting during model construction, permutation
tests were performed to ensure the validity of the models. The
parameters related to the validity of the permutation tests were as
follows: R2 = 0.92, Q2 = −0.22 (plasma); R2 = 0.948, Q2 = −0.14
(spleen). Generally, a Q2 intercept <0 indicates a reliable model
(Yang et al., 2024). As shown in Figures 5E,F, the permutation test
results revealed that all arranged Q2 values were lower than the
original values, indicating that there was no overfitting in the OPLS-
DA models, and they had good stability and predictive ability.

These results suggest that SIE exerts anti-RA effects by
regulating sphingolipid metabolism.

2.2.2 Screening of potential biomarkers in plasma
and spleen of mice

The variable importance in projection (VIP) values of the
metabolites were calculated using the OPLS-DA model, and
potential biomarkers in plasma and spleen were screened with
VIP >1 and P < 0.05. As shown in Figure 6A, seven potential
biomarkers were identified in the plasma, including SPLs in two

FIGURE 3
Chromatograms of 77 sphingolipids (SPLs) and 6 internal standard (IS) compounds.
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categories: SM and Cer. Compared with the control group, the levels
of SM (d18:1/18:2, downregulated), SM (d18:1/19:1,
downregulated), SM (d18:1/21:0, downregulated), Cer (d18:1/10:0,

upregulated), Cer (d18:1/18:0, downregulated), Cer (d18:1/22:0,
downregulated), and Cer (d18:1/24:0, downregulated) in the CIA
group showed significant changes. After SIE treatment, these seven

FIGURE 4
Heatmaps of differential metabolities in plasma (A) and spleen (B). The metabolites highlighted in red represent potential anti-RA biomarkers of SIE
that were screened out in subsequent experiments.
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potential biomarkers in CIA mice showed a reversal in levels
compared with the model group, either with low or high
doses of SIE.

As shown in Figure 6B, eight potential biomarkers were
identified in the spleen, including SPLs from four categories: SM,
Sph-1-P, DhCer, and HexCer. Compared with the control group, the
levels of SM (d18:1/14:1)9Z, SM (d18:1/18:2), SM (d18:1/22:1), Sph
(d18:1)-1-P, DhCer (d18:0/12:0), DhCer (d18:0/24:1), DhCer (d18:
0/26:0), and Hex2Cer (d18:1/22:0) in the CIA group were
significantly upregulated. After SIE treatment, these eight
potential biomarkers showed a reversal in levels with either low
or high doses of SIE.

2.3 Effects of SIE on inflammatory cytokines
and the SphK1/S1P signaling pathway in LPS-
stimulated RAW 264.7 cells

2.3.1 CCK8 assay
To explore the non-toxic concentrations of SIE in a cellular

model, we first used the CCK-8 assay to detect the effects of different
concentrations of SIE on the viability of RAW 264.7 cells. As shown
in Figure 7A, results showed that SIE had no effect on the viability of
RAW 264.7 cells at concentrations of 250 μg/mL, 500 μg/mL, and
1,000 μg/mL. However, at a concentration of 2000 μg/mL, cell
viability significantly decreased. Therefore, 250 μg/mL, 500 μg/

mL, and 1,000 μg/mL were selected as non-toxic concentrations
used for subsequent studies.

2.3.2 Effects of SIE on inflammatory cytokines in
LPS-stimulated RAW 264.7 cells

The protein levels of tumor necrosis factor-α (TNF-α) and
interleukin 6 (IL-6) in each group of cells were detected using
enzyme-linked immunosorbent assay (ELISA) (Zuo et al., 2024). As
shown in Figures 7B,C, the protein levels of TNF-α and IL-6
significantly increased after LPS stimulation for 24 h in RAW
264.7 cells. After treatment with low, medium, and high doses of
SIE for 24 h, the protein levels of TNF-α and IL-6 significantly decreased
in a dose-dependent manner. These results suggest that SIE can inhibit
the secretion of inflammatory cytokines in the cellular model.

The protein level of sphingosine kinase 1 (SphK1) and the
content of sphingosine 1 phosphate (S1P) in various groups of
cells were detected using ELISA. As shown in Figures 8A,B, the
protein level of SphK1 and the content of S1P significantly increased
after stimulating with LPS for 24 h in RAW 264.7 cells. After treating
with low, medium, and high doses of SIE for 24 h, the protein level of
SphK1 and the content of S1P decreased significantly in a dose-
dependent manner. Similarly, the protein level of SphK1 and the
content of S1P also significantly decreased after administering with
PF543 (positive control, SphK1 inhibitor) for 24 h (Cheresh et al.,
2020). These findings suggest that SIE’s inhibition of SphK1/S1P is
involved in SIE’s anti-inflammatory effect.

FIGURE 5
Principal component analysis (PCA) score plots of plasma (A) and spleen (B); Orthogonal partial least squares discriminant analysis (OPLS-DA) score
plots of plasma (C) and spleen (D); OPLS-DA model permutation test plots of plasma (E) and spleen (F).
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3 Discussion

Previous studies have showed that the ethanol extract of SIH has
anti-RA effects in CIA and adjuvant-induced arthritis (AIA) rat

models (Han et al., 2016; Xu et al., 2016). In the present study, we
found that SIE had anti-RA effects in the CIA mouse model,
including alleviating paw thickness (Figure 1E), reducing
inflammatory cell infiltration in the joints (Figure 2A), and

FIGURE 6
Relative content of potential biomarkers related to RA and SIE anti-RA in plasma (A) and spleen (B). Group comparisons were performed using
Dunnett’s t-test and Mann-Whitney U test. Data are presented as mean ± standard error of mean (n = 5 per group). Compared to the control group, *P <
0.05, **P < 0.01; compared to the CIA group, #P < 0.05, ##P < 0.01.

FIGURE 7
Effects of SIE on the protein levels of inflammatory factors. (A) Cell viability; (B) The protein level of TNF-α in cell supernatant among the five groups;
(C) The protein level of IL-6 in cell supernatant among the five groups. Group comparisons were performed using Dunnett’s t-test and Mann-Whitney U
test. Data are expressed as mean ± standard error of mean (n = 3 per group). Compared to the control group, *P < 0.05, **P < 0.01; compared to the CIA
group, #P < 0.05, ##P < 0.01.
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inhibiting bone erosion (Figure 2B). Moreover, SIE ameliorated
weight loss caused by the disease (Figure 1B) and SIEH exhibited no
toxicities in mice (Supplementary Figure S2). The serum
biochemical parameters of liver, kidney, and cardiac toxicity in
the SIEH group of mice were comparable to those in the normal
group (Supplementary Figure S2). In LPS-stimulated RAW

264.7 cells, SIE inhibited the release of inflammatory cytokines
TNF-α and IL-6 (Figures 7B,C). These findings support the safety
and efficacy of SIE in treating RA.

As mentioned in the introduction, the aim of this study is to
explore the potential anti-RA mechanisms of SIE from the
perspective of sphingolipid metabolism. Both in vivo and in vitro

FIGURE 8
Effects of SIE on the protein levels of SphK1 and the content of S1P. (A) The protein level of SphK1 in cell supernatant among the five groups; (B) The
content of S1P in cell supernatant among the five groups. Group comparisons were performed using Dunnett’s t-test and Mann-Whitney U test. Data are
expressed as mean ± standard error of mean (n = 3 per group). Compared to the control group, *P < 0.05, **P < 0.01; compared to the CIA group, #P <
0.05, ##P < 0.01.

FIGURE 9
(A) Sphingolipid metabolism network diagram. SPT, serine palmitoyltransferase; CDase, ceramidase; Cers, ceramide synthetase; CK, ceramide
kinase; GCase, glucosyl ceramidase; GCS, glucosylceramide synthase; SphK, sphingosine kinase; SMase, sphingomyelinase; SMS, sphingomyelin
synthase; SPPase, sphingosine phosphate phosphatase. (B) Effects of SIE on sphingolipid metabolism in the plasma and spleen of CIA mice, as well as the
supernatant of lipopolysaccharide (LPS)-stimulated RAW 264.7 cells.
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models to analyze the regulatory effects of SIE on sphingolipid
metabolism. A bovine type II collagen (CII)-induced collagen-
induced arthritis (CIA) mouse model was used to evaluate the
therapeutic effects of SIE. High performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS)
combined with multivariate statistical analysis (Yang et al., 2024)
was employed to study SIE’s impact on sphingolipid metabolism in
CIA mice. Additionally, lipopolysaccharide (LPS)-stimulated RAW
264.7 macrophage model was used as an in vitro inflammation
model to examine the direct effects of SIE on the production of
inflammatory factors and the activity of the SphK1/S1P signaling
pathway, which is closely related to the pathophysiological process
of RA and sphingolipid metabolism (Wang et al., 2021).

As shown in Figure 9, the SPLs metabolic network is highly
complex, connecting the metabolism of many SPLs compounds, such
as SM, Cer, DhCer, HexCer, Cer-1-P, Sph, DhSph, S1P, and others.
Each SPLs compound shows complex patterns of change in the serum,
cells, and tissues of RA patients, encompassing various subtypes. For
example, some specific SPLs molecule levels in the serum of RA
patients and AIA rats are higher, while some are lower compared to
healthy individuals and normal rats (Luan et al., 2023). This may be
due to structural differences between subtypes, leading to differences
in their distribution, biological functions, and metabolic pathways in
cell membranes. RA-related oxidative stress may cause certain SM
subtypes to be more easily oxidized or degraded, while others may
remain relatively stable. In this study, we identified two classes (seven)
SPLs biomarkers related to the anti-RA effect of SIE in mouse plasma
and four classes (eight) biomarkers in the spleen (Figures 6). SIE
reversed the disease-induced dysregulation of 15 SPLs compounds in
plasma and spleen of CIA mice (Figures 6). In LPS-stimulated RAW
264.7 cells, SIE inhibited the expression of SphK1 and S1P (Figures 8).
It is noteworthy that the SphK1/S1P signaling pathway plays a
significant role in the pathogenesis of rheumatoid arthritis (RA).
Previous studies have established RA models indicating that the
expression levels of SphK1 and S1P are significantly increased,
which is consistent with the results of this study and further
supports their importance in RA (Hammad et al., 2007; Sun et al.,
2020). In future studies, it will be necessary to examine whether SIE
inhibits the expression of SphK1 and S1P in the synovial tissue of CIA
mice; the sphingolipid metabolism in the synovial tissue of CIA mice
should also be investigated.

The complexity of sphingolipid metabolism is reflected in the
fact that the same sphingolipid can exhibit different changes in level
across different tissues or organs under disease conditions. For
instance, during RA progression, six sphingolipids such as
SM(d18:1/18:0) and SM(d18:1/20:0) are downregulated in serum
(Qu et al., 2018) but upregulated in synovial tissue (Kosinska et al.,
2014). In our study, we also observed a similar phenomenon. In
Figure 6, compared to the normal group, the trend of change in
SM(d18:1/18:2) is opposite in the plasma (decrease) and spleen
tissue (increase) for the model group mice. This may be attributed to
the distinct microenvironmental changes in different tissues or
organs, such as serum and spleen, throughout RA progression.
These specific sphingolipids may play different physiological roles
in serum and spleen, leading to differing trends of change in disease
settings. Furthermore, the roles of specific sphingolipids in the
pathological process of RA remain unknown, which warrants
further investigation in the future.

According to the 2020 edition of the “Pharmacopoeia of the
People’s Republic of China,” SIH is used by decoction or soaking in
alcohol. Both water and ethanol extracts of SIH have been reported
to have anti-RA effects in CIA rats. In our previous studies, UPLC-
HRMS was used for a preliminary analysis of the components of
ethanol and water extracts of SIH, identifying 151 components in a
ethanol extract based on molecular weight and fragmentation
patterns, as detailed in the Supplementary Table S1 (Yang L.
et al., 2022). Our network pharmacology analysis identified seven
effective anti-RA components: umbelliferone, apigenin, hispidulin,
chlorogenic acid, arctigenin, syringin, and quercetin. These
compounds have all been reported to have anti-RA activity (Song
et al., 2010; Chauhan et al., 2011; Liu et al., 2015; Kim et al., 2019; Li
et al., 2019; Yuan et al., 2020; Cai et al., 2022). We also found that the
content (Yang L. et al., 2022) and bioavailability (Yang L. et al., 2022)
of effective components in the ethanol extract of SIH are higher than
in the water extract. Therefore, in this experiment, we prepared SIE
using a 65% ethanol reflux extraction method and detected the
content of three effective components, as detailed in the
Supplementary Figure S1 and Supplementary Table S2. The
content of these three components is close to that in our
previous studies on the ethanol extract. As mentioned in the
introduction, compounds such as chlorogenic acid (Ping et al.,
2024), quercetin (Momchilova et al., 2022), luteolin (Navone
et al., 2023), and apigenin (Zhang et al., 2015) can regulate
sphingolipid metabolism or key sphingolipid metabolic products
in cell models. Whether these four compounds have the effect of
regulating sphingolipid metabolism in CIA mice deserves
further study.

RA-FLS are commonly used in the study of the mechanisms of
anti-RA drugs. RA-FLS are characterized by excessive proliferation
and apoptosis resistance. They secrete inflammatory cytokines
(Chen et al., 2021) and the osteoclastogenesis-promoting factor
RANKL (Tunyogi-Csapo et al., 2008). As mentioned earlier, Cer
can induce apoptosis in RA-FLS cells and inhibit cell invasion and
migration, while S1P can promote the survival and proliferation of
RA-FLS cells (Takeshita et al., 2012; Yang M. et al., 2022). Whether
SIE can inhibit the expression of SphK1 and S1P in RA-FLS cells will
also be investigated.

4 Materials and methods

4.1 Chemicals and reagents

IS: SM (d18:1/12:0), batch number: 860583P; Cer (d17:1/18:0),
batch number: 860646P; DhCer (d18:0/8:0), batch number:
860626P; HexCer (d18:1/17:0), batch number: 860569P was
purchased from Avanti Polar Lipids (Alabama, USA). C1P (d18:
1/8:0), batch number: 62547; Sph (d17:1), batch number:
10007902 was purchased from Cayman Chemical (Michigan,
USA). Methanol (chromatographic grade), isopropanol
(chromatographic grade), methyl tert-butyl ether (analytical
grade), formic acid, and ammonium acetate were purchased from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China).
Acetonitrile (chromatographic grade) was purchased from Sigma-
Aldrich (Shanghai) Trading Co., Ltd. (Shanghai, China). Bovine
type II collagen, batch number: 2022); complete freund’s adjuvant,
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batch number: 7001; incomplete freund’s adjuvant, batch number:
7002 was purchased from Chondrex (Washington, USA).
Paraformaldehyde, batch number: AR1069 was purchased from
Wuhan Boshide Biological Technology Co., Ltd. (Wuhan, China).
RPMI 1640 medium, batch number: C11965500BT; fetal bovine
serum, batch number: 10270-106; penicillin-streptomycin, batch
number: 15140122 was purchased from Thermo Fisher Scientific
(Massachusetts, USA). 0.25% trypsin, batch number: 40126ES60 was
purchased from Shanghai Yisheng Biotechnology Co., Ltd.
(Shanghai, China). Lipopolysaccharide, batch number: L880 was
purchased from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China). CCK-8 reagent kit, batch number: C0038 was
purchased from Biyuntian Biotechnology Co., Ltd. (Shanghai,
China). Mouse TNF-α ELISA Kit, batch number: 88-7324; Mouse
IL-6 ELISA Kit, batch number: 88-7064 was purchased from
Thermo Fisher Scientific (Massachusetts, USA). Mouse
Sphk1 ELISA Kit was purchased from Jiangsu Enzyme-linked
Immunosorbent Industrial Co., Ltd. (Yancheng, China). Mouse
S1P ELISA Kit was purchased from Wuhan Feiyin Biotechnology
Co., Ltd. (Wuhan, China). PF543, batch number: 567741 was
purchased from Sigma-Aldrich (Shanghai) Trading Co., Ltd.
(Shanghai, China).

4.2 Preparation of SIE

Following the preparation standard of “Snow Lotus Oral Liquid”
and a previous report (Lee et al., 2011), the preparation process of
SIE is as follows: The powder of dried SIH is passed through a 100-
mesh sieve and then soaked in 10 times the amount of 65% ethanol
for 30 min, heated to boiling point, and reflux extracted for 2 h. The
hot solution is then filtered to obtain residue 1 and filtrate 1. The
filtered residue 1 is then reflux extracted with 8 times the amount of
65% ethanol for another 2 h, and the hot solution is filtered to obtain
residue 2 and filtrate 2. Finally, the filtered residue 2 is reflux
extracted with 8 times the amount of 65% ethanol for an
additional 2 h, and the hot solution is filtered to obtain filtrate 3.
The three filtrates are combined, and the solvent is recovered under
reduced pressure and concentrated until the ethanol odor is
removed. The solution is then freeze-dried to obtain SIE
lyophilized powder (yield 29.66%), which is dissolved in distilled
water to the required concentration for use. To control the quality of
SIE, a HPLC method was used (Supplementary Figure S1). Results
showed that the mean content of chlorogenic acid per Gram of SIE
was 8,118.2 μg, while that of rutin was 5,772.8 μg and that of luteolin
was 1,451.9 μg (Supplementary Table S2).

4.3 Establishment of CIA mouse model and
administration

Forty DBA/1J mice (approximately 6–8 weeks old, male),
weighing 16–18 g, were purchased from Shanghai Slack
Laboratory Animal Co., Ltd. (Shanghai, China). After a 7-day
acclimation period, the mice were randomly divided into four
groups: control, CIA, SIEL, and SIEH, with 10 mice in each
group. According to the classic CIA modeling method (Brand
et al., 2007), except for the control group, which received an

equivalent stimulation of physiological saline, the other groups
received an intradermal injection of 0.1 mL of a collagen
emulsion composed of equal volumes of CII and Complete
Freund’s Adjuvant (CFA) at a site 1.5 cm from the base of the
tail, recorded as the first immunization. On the 21st day, a booster
injection of 0.1 mL of a collagen emulsion composed of equal
volumes of CII and Incomplete Freund’s Adjuvant (IFA) was
administered at the distal end of the mouse tail, recorded as the
second immunization. Administration of the treatment began on the
same day as the first immunization. The control and CIA groups
received physiological saline by gavage, while the SIE treatment
groups received low (SIEL, 231 mg/kg) and high (SIEH, 2.31 g/kg)
doses, based on the human recommended dose of 6 g/70 kg in the
“Chinese Pharmacopoeia” (Committee, 2020), adjusted to 1x and
10x the human dose, respectively. The treatment was administered
once daily for 42 consecutive days.

4.4 Measurement of body weight and
evaluation of arthritis index

From day 21 to day 42, the body weight of the mice was
measured using an electronic scale once a week. After the second
immunization (day 21), the mice were scored once a week based on a
mouse arthritis scoring standard for the ankle joint (Alabarse et al.,
2018). The scoring grades range from 0 to 4 points: 0 points, no
redness or swelling in the joints; 1 point, noticeable swelling and
redness in one toe; 2 points, swelling in two toes or mild redness and
swelling in the ankle joint; 3 points, moderate redness and swelling
in the ankle joint, accompanied by toe swelling; 4 points, erythema
and severe redness and swelling in the ankle joint and toes, with limb
stiffness and inability to bear weight. The maximum cumulative
arthritis score for the four paws of a mouse is 16 points. After the
administration ended on day 42, the thickness of the mice’s four
paws was measured using a vernier caliper. The results of the
arthritis scores and paw thickness of the CIA mice were
combined to verify the success of the model and the impact of
SIE on CIA mice.

4.5 Histopathological examination

Ankle joint tissues were fixed in 4% paraformaldehyde,
decalcified in 10% EDTA, embedded in paraffin, sectioned into
3 μm slices using a microtome, stained with hematoxylin and eosin
(HE), and mounted with neutral resin. Images were collected using
the Motic Digital Slide Assistant System, selecting appropriate fields
of view. Observations included the clarity of the mouse ankle joint
contours, the proliferation of synovial lining cells, the infiltration of
inflammatory cells in the joint cavity, and the destruction of
cartilage and bone.

4.6 Radiographic examination

Micro-computed tomography (Micro-CT, SKYSCAN 1272) was
used to scan the hind paws of the mice to construct three-
dimensional bone imaging and observe bone erosion.
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4.7 Targeted sphingolipidomics analysis

4.7.1 Preparation of plasma and spleen samples
A modified sample preparation method (Matyash et al., 2008)

was carried out. 90 μL of mouse plasma (n = 5) was placed in a 10mL
glass test tube. 10 μL of mixed internal standards (IS), including
SM(d18:1/12:0), Sph(d17:1)-1-P, Cer(d17:1/18:0), Cer(d18:1/8:0)-1-
P, DhCer(d18:0/8:0) and HexCer (d18:1/17:0), were added to the
sample to achieve final concentrations of 2000, 100, 10, 5, 10, and
50 ng/mL, respectively. The mixture was thoroughly combined, and
1.5 mL of methyl alcohol (MeOH) was added, followed by vortex
mixing. 5 mL of methyl tert-butyl ether (MTBE) was then added,
and the mixture was vortexed for 15 min and sonicated for 3 min
1.5 mL of ultrapure water was added to allow phase separation. The
sample was centrifuged at 3,000 rpm for 5 min, and approximately
4 mL of the upper (organic) layer was collected. For the lower
aqueous layer, a secondary extraction solution (MTBE: MeOH:
H2O = 20:6:5, v/v/v) of 2 mL was added, vortexed for 5 min, and
then centrifuged at 3,000 rpm for 5 min. The upper (organic) layers
from both extractions were combined, vortexed thoroughly, dried
under nitrogen at 37°C, and reconstituted with 100 µL of a MeOH:
CHCl3 (1:1, v/v) solution. The sample was then centrifuged
and analyzed.

For the spleen, the tissue (n = 5) was weighed, and three times
the volume of physiological saline was added to create a tissue
homogenate. 90 μL of the tissue homogenate was taken, 10 µL of
mixed IS was added, mixed thoroughly, and the sample was
processed using the same pretreatment method as for the plasma.

4.7.2 HPLC-MS/MS detection conditions
After pretreatment, the biological samples were analyzed using

an Agilent UPLC coupled with an Agilent 6460 triple quadrupole
mass spectrometry system for relative quantification. The specific
analytical conditions were as follows:

The chromatographic column used was a COPCELL CORE®PFP
(2.1 mm× 30mm, 2.7 μm), with the column temperature set at 35°C.
The flow rate was 0.3 mL/min, and the injection volume was 5 µL.
The mobile phase A consisted of 2 mM ammonium acetate buffer
solution with 0.1% formic acid, while the mobile phase B was
isopropanol/acetonitrile solution (2:5/v:v) containing 2 mM
ammonium acetate and 0.1% formic acid. The gradient elution
conditions for the mobile phase were as follows: 0–1 min (10% B
to 10% B), 1–3 min (10% B to 90% B), 3–7 min (90% B to 98% B),
7–7.1 min (98% B to 10% B), and 7.1–10 min (10% B to 10% B).

The mass spectrometry scanning was conducted in dynamic
multiple reaction monitoring (DMRM) mode with the following
conditions: the ionization mode was electrospray ionization (ESI)
and carried out in positive ion mode, capillary voltage at 4.0 kV,
nebulizer gas (N2) flow rate at 10.0 L/min, desolvation gas (N2) flow
rate at 30.0 L/min, desolvation temperature at 35°C, and the source
temperature set at 35°C.

4.7.3 Data acquisition and analysis
Data processing was conducted using Agilent Mass Hunter

workstation software (version B.06.00). The identification of SPLs
in mouse plasma and spleen was based on their accurate mass
spectrometry and MS/MS data. Relative quantification in mass
spectrometry mode was performed, and the relative content of

77 SPLs were estimated using Mass Hunter software based on
the mass spectrometric peak areas of 77 SPLs and 6 IS from the
HPLC-MS/MS data. Relative content calculated as follows: peak area
of target SPLs/peak area of corresponding IS. Supplementary Table
S3 lists the mass spectrometry parameters of the 77 SPLs and 6 IS
compounds, including precursor ion, product ion, fragmentor, and
collision energy. All relative quantification data were converted to
Microsoft Excel format and imported into SIMCA 14.0 software
(Umetrics, Umea, Sweden) for PCA and OPLS-DA analysis (Worley
and Powers, 2012).

4.8 Cell culture and CCK8 assay

RAW 264.7 cells were purchased from the American Type
Culture Collection (ATCC). The cells were cultured in 10 cm
dishes using 1,640 complete medium at 37°C with 5% CO2, with
daily passaging. For example, to prepare 100 mL of 1,640 complete
medium, 1 mL penicillin-streptomycin, 10 mL fetal bovine serum
(FBS), and 89 mL 1,640 medium were used to make a 10%
1,640 medium for cell culture. The medium was filtered through
a 0.22 μm microporous membrane before use.

For the CCK8 assay, RAW 264.7 cells were seeded in 96-well
plates at approximately 8 × 103 cells and incubated overnight. Then,
1,640 medium containing SIE at concentrations of 0, 250, 500, 1,000,
and 2000 μg/mL was added and incubated for 24 h. Afterward, 10 μL
of CCK8 solution was added to the cells and incubated for 2 h, and
absorbance was recorded at 450 nm. Cell viability was determined
based on the optical density (OD) values.

4.9 The evaluation of protein levels of
inflammation cytokines

RAW 264.7 cells were seeded in 12-well plates at approximately
3 × 104 cells per well and cultured at 37°C with 5%CO2 for 24 h. Cells
in the plates were pre-treated with or without LPS (1 μg/mL) for 24 h
and then treated with various concentrations (0, 250, 500, 1,000 μg/
mL) of SIE for another 24 h. The supernatants of the cell cultures
from each group were collected and centrifuged at 1,200 rpm for
3 min. The supernatants were then collected, and the TNF-α and IL-
6 protein levels were measured according to the instructions
provided in the ELISA (Enzyme-linked immunosorbent assay) kits.

4.10 ELISA assay of SphK1 and S1P

RAW 264.7 cells were seeded in 12-well plates at approximately
3 × 104 cells per well and cultured at 37°C with 5%CO2 for 24 h. Cells
in the plates were pre-treated with or without LPS (1 μg/mL) for 24 h
and then treated with various concentrations (0, 250, 500, 1,000 μg/
mL) of SIE or PF543 (positive control, concentration 10 μM,
SphK1 inhibitor) for another 24 h (Cheresh et al., 2020). The
supernatants of the cell cultures from each group were collected
and centrifuged at 1,200 rpm for 3 min. The supernatants were then
collected, and the protein levels of SphK1 and the content of S1P
were measured according to the instructions provided in
the ELISA kits.
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4.11 Statistical analysis

All statistical analyses were performed using SPSS software
(SPSS Inc, Chicago, IL, USA). Data results were expressed as
mean ± standard error of mean. Comparisons between groups
were conducted using Dunnett’s t-test and the Mann-Whitney U
test, with a significance level set at 0.05. A P-value <0.05 was
considered statistically significant. Graphs were plotted using
GraphPad Prism 8.0.2 software. Clustering heatmaps with
symbols were generated using the Bioinformatics platform
(https://www.bioinformatics.com.cn/).

5 Conclusion

In this study, we for the first time demonstrated that SIE could
alleviate disease progression in CIAmice, and its regulatory effect on
sphingolipid metabolism was involved in its anti-RA effects. More
importantly, these findings provide pharmacological evidence for
using SIH in the treatment of RA, and support the theory that
targeting sphingolipid metabolism is a therapeutic strategy for RA.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author/s.

Ethics statement

The animal study was approved by Ethics Committee of Xiamen
University. The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

PC: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Validation, Visualization,
Writing–original draft. HZ: Methodology, Data curation,
Writing–review and editing. YC: Writing–original draft. JX:
Methodology, Data curation, Writing–review and editing. YA:
Conceptualization, Resources, Writing–review and editing. CW:
Conceptualization, Methodology, Resources, Writing–review and
editing, Supervision, Funding acquisition. ML: Conceptualization,

Methodology, Resources, Writing–review and editing, Supervision,
Project administration, Funding acquisition.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was funded
by National Natural Science Foundation of China (Grant Nos.
U1903119 and 82405002), scientific research on traditional
Chinese medicine of Heilongjiang Chinese Medicine
Administration (Grant No. ZHY2024-094), Dongji academic team
of Jiamusi University (Grant No. DJXSTD202409), Heilongjiang
Provincial Natural Science Foundation Project (Grant No.
LH2024H005), Innovation Team Project of Heilongjiang Provincial
Department of Education (Grant No. 2024-KYYWF-0612) and
Excellent Scientific Research Team of the First Affiliated Hospital
of Jiamusi University (Grant No. 202302).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1549437/
full#supplementary-material

References

Alabarse, P. V. G., Lora, P. S., Silva, J. M. S., Santo, R. C. E., Freitas, E. C., de Oliveira,
M. S., et al. (2018). Collagen-induced arthritis as an animal model of rheumatoid
cachexia. J. Cachexia, Sarcopenia Muscle 9 (3), 603–612. doi:10.1002/jcsm.12280

Baker, D. A., Barth, J., Chang, R., Obeid, L. M., and Gilkeson, G. S. (2010). Genetic
sphingosine kinase 1 deficiency significantly decreases synovial inflammation and joint
erosions in murine TNF-α–induced arthritis. J. Immunol. 185 (4), 2570–2579. doi:10.
4049/jimmunol.1000644

Brand, D. D., Latham, K. A., and Rosloniec, E. F. (2007). Collagen-induced arthritis.
Nat. Protoc. 2 (5), 1269–1275. doi:10.1038/nprot.2007.173

Burmester, G. R., and Pope, J. E. (2017). Novel treatment strategies in rheumatoid
arthritis. Lancet 389, 2338–2348. doi:10.1016/s0140-6736(17)31491-5

Cai, L., Zhou, M.-Y., Hu, S., Liu, F.-Y., Wang, M.-Q., Wang, X.-H., et al. (2022).
Umbelliferone inhibits migration, invasion and inflammation of rheumatoid arthritis
fibroblast-like synoviocytes and relieves adjuvant-induced arthritis in rats by blockade
of wnt/β-catenin signaling pathway. Am. J. Chin. Med. 50 (07), 1945–1962. doi:10.1142/
s0192415x22500835

Chauhan, P. S., Satti, N. K., Sharma, P., Sharma, V. K., Suri, K. A., and Bani, S.
(2011). Differential effects of chlorogenic acid on various immunological parameters

Frontiers in Pharmacology frontiersin.org13

Chi et al. 10.3389/fphar.2025.1549437

https://www.bioinformatics.com.cn/
https://www.frontiersin.org/articles/10.3389/fphar.2025.1549437/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2025.1549437/full#supplementary-material
https://doi.org/10.1002/jcsm.12280
https://doi.org/10.4049/jimmunol.1000644
https://doi.org/10.4049/jimmunol.1000644
https://doi.org/10.1038/nprot.2007.173
https://doi.org/10.1016/s0140-6736(17)31491-5
https://doi.org/10.1142/s0192415x22500835
https://doi.org/10.1142/s0192415x22500835
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1549437


relevant to rheumatoid arthritis. Phytotherapy Res. 26 (8), 1156–1165. doi:10.1002/
ptr.3684

Chen, J.-L., Jin, Y.-B., Wang, Y.-F., Zhang, X.-Y., Jing, L., Yao, H.-H., et al.
(2020a). Clinical characteristics and risk factors of cardiovascular disease in
patients with elderly-onset rheumatoid arthritis: a large cross-sectional clinical
study. J. PEKING Univ. HEALTH Sci. 52, 1040–1047. doi:10.19723/j.issn.1671-
167X.2020.06.009

Chen, W., Yu, J.-W., Deng, Y.-Y., Wong, L. Y., Wang, C., Liang, Y.-L., et al. (2024).
Identification of sedative-hypnotic compounds shared by five medicinal Polyporales
mushrooms using UPLC-Q-TOF-MS/MS-based untargeted metabolomics.
Phytomedicine 128, 155355. doi:10.1016/j.phymed.2024.155355

Chen, Y.-J., Liu, Y.-X., Wu, J.-Y., Li, C.-Y., Tang, M.-M., Bai, L., et al. (2021). A two-
herb formula inhibits hyperproliferation of rheumatoid arthritis fibroblast-like
synoviocytes. Sci. Rep. 11, 3850. doi:10.1038/s41598-021-83435-2

Chen, Y.-J., Wu, J.-Y., Leung, W.-C., Liu, Y.-X., Fu, X.-Q., Zhu, J.-Q., et al.
(2020b). An herbal formula inhibits STAT3 signaling and attenuates bone erosion
in collagen-induced arthritis rats. Phytomedicine 76, 153254. doi:10.1016/j.
phymed.2020.153254

Cheresh, P., Kim, S.-J., Huang, L. S., Watanabe, S., Joshi, N., Williams, K. J. N., et al.
(2020). The sphingosine kinase 1 inhibitor, PF543, mitigates pulmonary fibrosis by
reducing lung epithelial cell mtDNA damage and recruitment of fibrogenic monocytes.
Int. J. Mol. Sci. 21, 5595. doi:10.3390/ijms21165595

Committee, N. P. (2020). Pharmacopoeia of the People’s Republic of China. Beijing:
China Medical Science and Technology Press.

Cong, S., Wang, L., Meng, Y., Cai, X., Zhang, C., Gu, Y., et al. (2022). Saussurea
involucrata oral liquid regulates gut microbiota and serum metabolism during
alleviation of collagen-induced arthritis in rats. Phytotherapy Res. 37 (4), 1242–1259.
doi:10.1002/ptr.7681

Guo, Q., Wang, Y., Xu, D., Nossent, J., Pavlos, N. J., and Xu, J. (2018). Rheumatoid
arthritis: pathological mechanisms and modern pharmacologic therapies. Bone Res. 6,
15. doi:10.1038/s41413-018-0016-9

Hammad, S. M., Crellin, H. G., Wu, B., Melton, J., Anelli, V., and Obeid, L. M.
(2007). Dual and distinct roles for sphingosine kinase 1 and sphingosine
1 phosphate in the response to inflammatory stimuli in RAW macrophages.
Prostagl. and Other Lipid Mediat. 85, 107–114. doi:10.1016/j.prostaglandins.
2007.11.002

Han, X., Su, D., Xian, X., Zhou, M., Li, X., Huang, J., et al. (2016). Inhibitory effects of
Saussurea involucrata (Kar. et Kir.) Sch. -Bip. on adjuvant arthritis in rats.
J. Ethnopharmacol. 194, 228–235. doi:10.1016/j.jep.2016.09.008

Hanaoka, B. Y., Ormseth, M. J., Michael Stein, C., Banerjee, D., Nikolova-
Karakashian, M., and Crofford, L. J. (2017). Secretory sphingomyelinase (S-SMase)
activity is elevated in patients with rheumatoid arthritis. Clin. Rheumatol. 37 (5),
1395–1399. doi:10.1007/s10067-017-3824-1

Hannun, Y. A., and Obeid, L. M. (2008). Principles of bioactive lipid signalling:
lessons from sphingolipids. Nat. Rev. Mol. Cell Biol. 9 (2), 139–150. doi:10.1038/
nrm2329

Hannun, Y. A., and Obeid, L. M. (2017). Sphingolipids and their metabolism in
physiology and disease. Nat. Rev. Mol. Cell Biol. 19 (3), 175–191. doi:10.1038/nrm.
2017.107

Hu, L., Lu, T., Wang, X., Wang, J., and Shi, W. (2023). Conservation priorities and
demographic history of Saussurea involucrata in the tianshan Mountains and Altai
Mountains. Life 13, 2209. doi:10.3390/life13112209

Hu, P.-f., Chen, Y., Cai, P.-f., Jiang, L.-f., and Wu, L.-d. (2010). Sphingosine-1-
phosphate: a potential therapeutic target for rheumatoid arthritis.Mol. Biol. Rep. 38 (6),
4225–4230. doi:10.1007/s11033-010-0545-9

Kim, D. E., Min, K.-j., Kim, M.-J., Kim, S.-H., and Kwon, T. K. (2019). Hispidulin
inhibits mast cell-mediated allergic inflammation through down-regulation of
histamine release and inflammatory cytokines. Molecules 24, 2131. doi:10.3390/
molecules24112131

Koh, J. H., Yoon, S. J., Kim,M., Cho, S., Lim, J., Park, Y., et al. (2022). Lipidome profile
predictive of disease evolution and activity in rheumatoid arthritis. Exp. and Mol. Med.
54 (2), 143–155. doi:10.1038/s12276-022-00725-z

Komatsu, N., and Takayanagi, H. (2022). Mechanisms of joint destruction in
rheumatoid arthritis — immune cell–fibroblast–bone interactions. Nat. Rev.
Rheumatol. 18 (7), 415–429. doi:10.1038/s41584-022-00793-5

Kosinska, M. K., Liebisch, G., Lochnit, G., Wilhelm, J., Klein, H., Kaesser, U., et al.
(2014). Sphingolipids in human synovial fluid - a lipidomic study. PLoS ONE 9 (3),
e91769. doi:10.1371/journal.pone.0091769

Lai, W.-Q., Irwan, A. W., Goh, H. H., Howe, H. S., Yu, D. T., Valle-Oñate, R., et al.
(2008). Anti-inflammatory effects of sphingosine kinase modulation in inflammatory
arthritis. J. Immunol. 181 (11), 8010–8017. doi:10.4049/jimmunol.181.11.8010

Lee, J.-C., Kao, J.-Y., Kuo, D.-H., Liao, C.-F., Huang, C.-H., Fan, L.-L., et al. (2011).
Antifatigue and antioxidant activity of alcoholic extract from Saussurea involucrata.

J. Traditional Complementary Med. 1 (1), 64–68. doi:10.1016/s2225-4110(16)
30058-x

Li, Y., Yang, B., Bai, J.-y., Xia, S., Mao, M., Li, X., et al. (2019). The roles of synovial
hyperplasia, angiogenesis and osteoclastogenesis in the protective effect of apigenin on
collagen-induced arthritis. Int. Immunopharmacol. 73, 362–369. doi:10.1016/j.intimp.
2019.05.024

Liu, H., Yang, Y., Cai, X., Gao, Y., Du, J., and Chen, S. (2015). The effects of arctigenin
on human rheumatoid arthritis fibroblast-like synoviocytes. Pharm. Biol. 53 (8),
1118–1123. doi:10.3109/13880209.2014.960945

Luan, H., Chen, S., Zhao, L., Liu, S., and Luan, T. (2023). Precise lipidomics decipher
circulating ceramide and sphingomyelin cycle associated with the progression of
rheumatoid arthritis. J. Proteome Res. 22 (12), 3893–3900. doi:10.1021/acs.
jproteome.3c00574

Matyash, V., Liebisch, G., Kurzchalia, T. V., Shevchenko, A., and Schwudke, D.
(2008). Lipid extraction by methyl-tert-butyl ether for high-throughput lipidomics.
J. Lipid Res. 49 (5), 1137–1146. doi:10.1194/jlr.D700041-JLR200

Momchilova, A., Nikolaev, G., Pankov, S., Vassileva, E., Krastev, N., Robev, B., et al.
(2022). Effect of quercetin and fingolimod, alone or in combination, on the
sphingolipid metabolism in HepG2 cells. Int. J. Mol. Sci. 23, 13916. doi:10.3390/
ijms232213916

Navone, S. E., Guarnaccia, L., Rizzaro, M. D., Begani, L., Barilla, E., Alotta, G., et al.
(2023). Role of luteolin as potential new therapeutic option for patients with
glioblastoma through regulation of sphingolipid rheostat. Int. J. Mol. Sci. 25, 130.
doi:10.3390/ijms25010130

Ping, P., Yang, T., Ning, C., Zhao, Q., Zhao, Y., Yang, T., et al. (2024). Chlorogenic
acid attenuates cardiac hypertrophy via up-regulating Sphingosine-1-phosphate
receptor1 to inhibit endoplasmic reticulum stress. Esc. Heart Fail. 11 (3),
1580–1593. doi:10.1002/ehf2.14707

Qu, F., Zhang, H., Zhang, M., and Hu, P. (2018). Sphingolipidomic profiling of rat
serum by UPLC-Q-TOF-MS: application to rheumatoid arthritis study. Molecules 23
(6), 1324. doi:10.3390/molecules23061324

Richards, J. S., Dowell, S. M., Quinones, M. E., and Kerr, G. S. (2015). How to use
biologic agents in patients with rheumatoid arthritis who have comorbid disease. BMJ
351, h3658. doi:10.1136/bmj.h3658

Song, Y.-Y., Yuan, L., and Zhang, H.-Q. (2010). Therapeutic effect of syringin on
adjuvant arthritis in rats and its mechanisms. Acta Pharm. Sin. 45, 1006–1011. doi:10.
16438/j.0513-4870.2010.08.002

Sparks, J. A. (2019). Rheumatoid arthritis. Ann. Intern. Med. 170, ITC1–ITC16.
doi:10.7326/aitc201901010

Sun, M., Deng, R., Wang, Y., Wu, H., Zhang, Z., Bu, Y., et al. (2020). Sphingosine
kinase 1/sphingosine 1-phosphate/sphingosine 1-phosphate receptor 1 pathway: a
novel target of geniposide to inhibit angiogenesis. Life Sci. 256, 117988. doi:10.1016/
j.lfs.2020.117988

Takeshita, H., Kitano, M., Iwasaki, T., Kitano, S., Tsunemi, S., Sato, C., et al. (2012).
Sphingosine 1-phosphate (S1P)/S1P receptor 1 signaling regulates receptor activator of
NF-κB ligand (RANKL) expression in rheumatoid arthritis. Biochem. Biophysical Res.
Commun. 419 (2), 154–159. doi:10.1016/j.bbrc.2012.01.103

Tunyogi-Csapo, M., Kis-Toth, K., Radacs, M., Farkas, B., Jacobs, J. J., Finnegan, A.,
et al. (2008). Cytokine-controlled RANKL and osteoprotegerin expression by human
and mouse synovial fibroblasts: fibroblast-mediated pathologic bone resorption.
Arthritis and Rheumatism 58 (8), 2397–2408. doi:10.1002/art.23653

Wang, Y., Wu, H., Deng, R., Dai, X., Bu, Y., Sun, M., et al. (2021). Geniposide
downregulates the VEGF/SphK1/S1P pathway and alleviates angiogenesis in rheumatoid
arthritis in vivo and in vitro. Phytotherapy Res. 35, 4347–4362. doi:10.1002/ptr.7130

Worley, B., and Powers, R. (2012). Multivariate analysis in metabolomics. Curr.
Metabolomics 1 (1), 92–107. doi:10.2174/2213235x11301010092

Xu, L.-C. (2019). Tibet snow lotus medicinal value. J. Med. Pharmacr Chin. Minorities
25, 29–31. doi:10.16041/j.cnki.cn15-1175.2019.11.019

Xu, M., Guo, Q., Wang, S., Wang, N., Wei, L., and Wang, J. (2016). Anti-rheumatoid
arthritic effects of Saussurea involucrata on type II collagen-induced arthritis in rats.
Food and Funct. 7 (2), 763–770. doi:10.1039/c5fo00603a

Yan, L.-S., Cheng, B.C.-Y., Wang, Y.-W., Zhang, S.-F., Qiu, X.-Y., Kang, J.-Y., et al.
(2023). Xuelian injection ameliorates complete Freund’s adjuvant-induced acute
arthritis in rats via inhibiting TLR4 signaling. Heliyon 9, e21635. doi:10.1016/j.
heliyon.2023.e21635

Yang, L., Lyu, H., Yiming, A., Xu, X., Ma, C., Tu, S., et al. (2022a). Integrated
metabolism, network pharmacology, and pharmacokinetics to explore the exposure
differences of the pharmacodynamic material basis in vivo caused by different
extraction methods for Saussurea involucrata. J. Ethnopharmacol. 298, 115648.
doi:10.1016/j.jep.2022.115648

Yang, M., Gu, J., Xu, F., Wang, Y., Wang, H., and Zhang, B. (2022b). The protective
role of glucocerebrosidase/ceramide in rheumatoid arthritis. Connect. Tissue Res. 63 (6),
625–633. doi:10.1080/03008207.2022.2055552

Frontiers in Pharmacology frontiersin.org14

Chi et al. 10.3389/fphar.2025.1549437

https://doi.org/10.1002/ptr.3684
https://doi.org/10.1002/ptr.3684
https://doi.org/10.19723/j.issn.1671-167X.2020.06.009
https://doi.org/10.19723/j.issn.1671-167X.2020.06.009
https://doi.org/10.1016/j.phymed.2024.155355
https://doi.org/10.1038/s41598-021-83435-2
https://doi.org/10.1016/j.phymed.2020.153254
https://doi.org/10.1016/j.phymed.2020.153254
https://doi.org/10.3390/ijms21165595
https://doi.org/10.1002/ptr.7681
https://doi.org/10.1038/s41413-018-0016-9
https://doi.org/10.1016/j.prostaglandins.2007.11.002
https://doi.org/10.1016/j.prostaglandins.2007.11.002
https://doi.org/10.1016/j.jep.2016.09.008
https://doi.org/10.1007/s10067-017-3824-1
https://doi.org/10.1038/nrm2329
https://doi.org/10.1038/nrm2329
https://doi.org/10.1038/nrm.2017.107
https://doi.org/10.1038/nrm.2017.107
https://doi.org/10.3390/life13112209
https://doi.org/10.1007/s11033-010-0545-9
https://doi.org/10.3390/molecules24112131
https://doi.org/10.3390/molecules24112131
https://doi.org/10.1038/s12276-022-00725-z
https://doi.org/10.1038/s41584-022-00793-5
https://doi.org/10.1371/journal.pone.0091769
https://doi.org/10.4049/jimmunol.181.11.8010
https://doi.org/10.1016/s2225-4110(16)30058-x
https://doi.org/10.1016/s2225-4110(16)30058-x
https://doi.org/10.1016/j.intimp.2019.05.024
https://doi.org/10.1016/j.intimp.2019.05.024
https://doi.org/10.3109/13880209.2014.960945
https://doi.org/10.1021/acs.jproteome.3c00574
https://doi.org/10.1021/acs.jproteome.3c00574
https://doi.org/10.1194/jlr.D700041-JLR200
https://doi.org/10.3390/ijms232213916
https://doi.org/10.3390/ijms232213916
https://doi.org/10.3390/ijms25010130
https://doi.org/10.1002/ehf2.14707
https://doi.org/10.3390/molecules23061324
https://doi.org/10.1136/bmj.h3658
https://doi.org/10.16438/j.0513-4870.2010.08.002
https://doi.org/10.16438/j.0513-4870.2010.08.002
https://doi.org/10.7326/aitc201901010
https://doi.org/10.1016/j.lfs.2020.117988
https://doi.org/10.1016/j.lfs.2020.117988
https://doi.org/10.1016/j.bbrc.2012.01.103
https://doi.org/10.1002/art.23653
https://doi.org/10.1002/ptr.7130
https://doi.org/10.2174/2213235x11301010092
https://doi.org/10.16041/j.cnki.cn15-1175.2019.11.019
https://doi.org/10.1039/c5fo00603a
https://doi.org/10.1016/j.heliyon.2023.e21635
https://doi.org/10.1016/j.heliyon.2023.e21635
https://doi.org/10.1016/j.jep.2022.115648
https://doi.org/10.1080/03008207.2022.2055552
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1549437


Yang, X., Chi, C., Li, W., Zhang, Y., Yang, S., Xu, R., et al. (2024).
Metabolomics and lipidomics combined with serum pharmacochemistry
uncover the potential mechanism of Huang-Lian-Jie-Du decoction alleviates
atherosclerosis in ApoE−/−mice. J. Ethnopharmacol. 324, 117748. doi:10.1016/j.
jep.2024.117748

Yuan, K., Zhu, Q., Lu, Q., Jiang, H., Zhu, M., Li, X., et al. (2020). Quercetin alleviates
rheumatoid arthritis by inhibiting neutrophil inflammatory activities. J. Nutr. Biochem.
84, 108454. doi:10.1016/j.jnutbio.2020.108454

Zhang, J.-F., Jin, Y.-J., Wei, H., Yao, Z.-Q., and Zhao, J.-X. (2022). Cross-sectional
study on quality of life and disease activity of rheumatoid arthritis patients.

J. PEKING Univ. HEALTH Sci. 54, 1086–1093. doi:10.19723/j.issn.1671-167X.
2022.06.005

Zhang, T., Yan, T., Du, J., Wang, S., and Yang, H. (2015). Apigenin attenuates heart
injury in lipopolysaccharide-induced endotoxemic model by suppressing sphingosine
kinase 1/sphingosine 1-phosphate signaling pathway. Chemico-Biological Interact. 233,
46–55. doi:10.1016/j.cbi.2014.12.021

Zuo, Q., He, L., Ma, S., Zhang, G., Zhai, J., Wang, Z., et al. (2024). Canagliflozin
alleviates atherosclerosis progression through inflammation, oxidative stress, and
autophagy in western diet-fed ApoE−/− mice. Cardiovasc. Innovations Appl. 9 (1).
doi:10.15212/cvia.2023.0093

Frontiers in Pharmacology frontiersin.org15

Chi et al. 10.3389/fphar.2025.1549437

https://doi.org/10.1016/j.jep.2024.117748
https://doi.org/10.1016/j.jep.2024.117748
https://doi.org/10.1016/j.jnutbio.2020.108454
https://doi.org/10.19723/j.issn.1671-167X.2022.06.005
https://doi.org/10.19723/j.issn.1671-167X.2022.06.005
https://doi.org/10.1016/j.cbi.2014.12.021
https://doi.org/10.15212/cvia.2023.0093
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1549437

	Investigating the underlying mechanisms of the ethanol extract of saussureae involucratae herba in anti-rheumatoid arthriti ...
	1 Introduction
	2 Results
	2.1 An extract of SIH (SIE) alleviated arthritis symptoms in CIA mice
	2.2 Exploring the impact of SIE on sphingolipid metabolism in CIA mice based on targeted sphingolipidomics
	2.2.1 Targeted sphingolipidomics analysis in plasma and spleen of mice
	2.2.2 Screening of potential biomarkers in plasma and spleen of mice

	2.3 Effects of SIE on inflammatory cytokines and the SphK1/S1P signaling pathway in LPS-stimulated RAW 264.7 cells
	2.3.1 CCK8 assay
	2.3.2 Effects of SIE on inflammatory cytokines in LPS-stimulated RAW 264.7 cells


	3 Discussion
	4 Materials and methods
	4.1 Chemicals and reagents
	4.2 Preparation of SIE
	4.3 Establishment of CIA mouse model and administration
	4.4 Measurement of body weight and evaluation of arthritis index
	4.5 Histopathological examination
	4.6 Radiographic examination
	4.7 Targeted sphingolipidomics analysis
	4.7.1 Preparation of plasma and spleen samples
	4.7.2 HPLC-MS/MS detection conditions
	4.7.3 Data acquisition and analysis

	4.8 Cell culture and CCK8 assay
	4.9 The evaluation of protein levels of inflammation cytokines
	4.10 ELISA assay of SphK1 and S1P
	4.11 Statistical analysis

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


