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Background: Rheumatoid arthritis (RA) is an autoimmune disease characterized 
by chronic inflammation and joint damage. Despite available treatments, many 
patients fail to achieve adequate disease control, prompting interest in 
complementary approaches. In traditional Chinese medicine, multi-herbal 
formulations such as Formulation C (Qushi-Juanbi Granules) are used clinically 
to treat RA. Among its component plants, S. costus (S. costus) has long been 
recognized for its anti-inflammatory properties that have largely been attributed 
to reactive α-methylene-γ-lactone-containing sesquiterpene lactones. However, 
comparatively little is known about the activities of non-reactive compounds.
Objective: This study aimed to investigate the anti-inflammatory and anti-arthritic 
potential of S. costus and to determine the contribution of reactive sesquiterpene 
lactones to this effect.
Materials and methods: Extracts from Formulation C plants were screened in 
cell-based assays targeting RA-relevant pathways (NF-κB, NFAT, STAT3/STAT5), 
prostanoid formation in a synovial fibroblast cell line, and cytokine production in 
primary B cells. The aqueous extract of S. costus and an electrophile-depleted 
version were prepared by elution through thiol-bonded silica and tested in vitro 
and in the KRN T cell transfer arthritis model in vivo. Seven compounds were 
isolated from S. costus and their activity characterized in vitro.
Results: Screening identified the aqueous extract of S. costus with potent in vitro 
activities, mainly affecting the NF-κB and NFAT pathways, and the B cell assay. This 
activity was lost upon electrophilic-compound depletion, and the sesquiterpene 
lactones costunolide and dehydrocostus lactone were identified as major active 
constituents. In vivo, the aqueous extract modestly reduced paw swelling during 
early disease phase, whereas the electrophile-depleted extract showed 
minimal activity.
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Conclusion: This study applies a straightforward thiol-reactive compound 
depletion method to explore the bioactive constituents of S. costus, a strategy 
that can be broadly applied to other natural product extracts. Our findings indicate 
that sesquiterpene lactones are major contributors to the overall anti-inflammatory 
activity of S. costus, while other, non-thiol-reactive compounds may also play a 
role for in vivo activity. Overall, these results provide a more detailed 
characterization of the bioactive profile of S. costus and support its future 
mechanistic and preclinical investigation for RA research.
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1 Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease 
characterized by persistent joint inflammation (synovitis), cartilage 
destruction, and musculoskeletal symptoms such as arthralgia 
(Maeda et al., 2022). RA arises from a combination of genetic 
and environmental risk factors and affects up to 1% of 
Europeans and 0.5% of Asians (Smolen et al., 2018). It involves 
complex interactions between cells of both the innate and adaptive 
immune systems (Jang et al., 2022). Autoreactive T and B cells play a 
central role in initiating inflammation through autoantibody 
production and cytokine release (Yamada, 2022). Fibroblast-like 
synoviocytes further perpetuate chronic inflammation by producing 
pro-inflammatory mediators such as prostaglandins (PG) and 
interacting with macrophages and osteoclasts (Bartok and 
Firestein, 2010). Key inflammatory signalling pathways implicated 
in RA include nuclear factor kappa B (NF-κB) (Liao et al., 2025), 
nuclear factor of activated T cells (NFAT) (Park et al., 2020), signal 
transducers and activators of transcription 3 (STAT3), and STAT5 
(Malemud, 2013), which promote pro-inflammatory mediator 
production, and immune cell activation and survival.

Despite the availability of various types of disease-modifying 
antirheumatic drugs (DMARDs), a substantial proportion of 
patients remain difficult-to-treat, with persistent disease activity 
despite conventional and multiple biologic or targeted therapies 
(Nagy et al., 2021). Combination therapies of two or more drugs are 
often used and can improve disease outcomes but increase treatment 
costs, risk of drug-drug interactions, and adverse events (Costello 
et al., 2019; Pflugbeil et al., 2020). Thus, there is an ongoing need for 
safe and effective alternative or adjunctive therapies.

Traditional Chinese medicine (TCM) offers a complementary 
approach for RA treatment, with multi-herbal formulations 
commonly used alongside conventional therapies in Chinese 
clinics (Zhang et al., 2020). While studies evaluating the efficacy 
of TCM formulations as monotherapy in RA are limited, meta- 
analyses of randomized controlled trials examining different RA 
formulations have demonstrated that combining TCM with 
conventional treatments, such as methotrexate (MTX), leads to 
improved efficacy and safety profiles compared to conventional 
therapies alone (Xing et al., 2020; Chen XM. et al., 2018; Kwon et al., 
2023). Furthermore, studies have shown that such combination 
strategies can achieve outcomes comparable to standard drug 
combinations in RA patients (Gong et al., 2021; Wu et al., 2020).

In this study, we investigated a clinically used TCM formulation 
for RA treatment, referred to as Formulation C (Qushi-Juanbi 

Granules, QSJB), consisting of nine plant species in defined ratios 
(Supplementary Material, Supplementary Table S1). This 
formulation is derived from the ancient herbal formula Juan Bi 
Tang, which is traditionally used to treat RA-related symptoms (Li 
et al., 2021). A randomized, double-blind, placebo-controlled 
clinical trial in RA patients with low disease activity involving 
Formulation C (QSJB) has been completed (registration number 
ChiCTR2100053894), showing decreased disease activity with good 
tolerability (unpublished results).

In the present work, we further investigated this formulation 
using a previously described bioassay-guided screening strategy 
(Welzel et al., 2025; Jakobsson et al., 2022). In brief, organic and 
aqueous extracts and fractions thereof were prepared from each 
individual plant and evaluated for their anti-inflammatory 
properties. A panel of cell-based assays was used reflecting RA- 
relevant signalling pathways, as well as prostanoid formation in a 
synovial fibroblast cell line, and cytokine and IgG production in 
primary human B cells. Through this screening, the aqueous extract 
of S. costus (syn. Dolomiaea costus, Aucklandia lappa; here referred 
to as S. costus) was identified as one of the most potent and broadly 
active components, mainly inhibiting NF-κB and NFAT signalling 
and cytokine production in primary B cells.

S. costus is native to China and other parts of Asia, and its dried 
root extract (Mu Xiang in TCM) has traditionally been used to treat 
a range of conditions (Chen et al., 2025; Kumari et al., 2024), 
including gastrointestinal disorders (Guo et al., 2014), 
inflammation (Lim et al., 2020; Pang et al., 2025), cancer 
(Hasson et al., 2018), and infections (Idriss et al., 2023). Many of 
the observed activities have been attributed to the sesquiterpene 
lactones costunolide and dehydrocostus lactone (Liu et al., 2021), 
both of which are highly abundant in the plant and frequently used 
as quality control markers in TCM. A key feature underlying the 
activity of both is the presence of α-methylene-γ-butyrolactone 
functionalities, which readily act as Michael acceptors and engage 
in covalent interactions with cysteine residues in proteins 
(Romagnoli et al., 2005; Cateni et al., 2006). While this reactivity 
underlies their broad range of biological activities, it also confers 
promiscuity, as they can react with multiple proteins, potentially 
leading to undesired side effects or toxicity (Peng et al., 2017; Lin 
et al., 2015). Many other α,β-unsaturated carbonyl-containing 
sesquiterpene lactones are found in S. costus. These highly 
reactive functional groups have attracted considerable scientific 
attention, and numerous studies have focused on these 
compounds (Kumari et al., 2024; D et al., 2015; Liang et al., 
2024). Conversely, non-α-methylene-γ-butyrolactone-containing 
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compounds from S. costus have been comparatively less explored, 
and whether these have important roles for the biological effects of S. 
costus remains unknown.

The aim of this study was to investigate the anti-inflammatory 
and anti-arthritic effects of the aqueous extract of S. costus, following 
initial screening of plants from Formulation C for their anti- 
inflammatory properties. Additionally, by selectively removing 
electrophilic constituents using thiol-bonded silica columns, we 
sought to elucidate the contribution of the α-methylene-γ- 
butyrolactone-containing compounds to the overall anti- 
inflammatory activity of this plant.

2 Materials and methods

2.1 Plant material

All plant material was provided by the Guangdong Provincial 
Hospital of Chinese Medicine in China and produced by Kangmei 
Pharmaceutical Co. Ltd., Guangdong, China. Harvesting and 
processing followed the guidelines outlined in the Chinese 
Pharmacopeia (Chinese Pharmacopoeia Commission, 2020).

2.2 General extraction and isolation 
procedures

2.2.1 Extraction and fractionation of plant material

Extraction and fractionation were performed according to a 
previously described protocol (Welzel et al., 2025). One single batch 
was prepared for each plant species, and used in all subsequent 
experiments. Initially, dried and pulverized plant material (100 g) 
was extracted by overnight maceration in dichloromethane/ 
methanol (1:1). The solvent was removed in vacuo to give the 
“organic extract” (A). The residual plant biomass was then 
sequentially extracted overnight with water followed by 60% 
acetonitrile in water. These aqueous phases were pooled and 
freeze-dried to give the “aqueous extract” (I). All extracts were 
stored in the dark at 4 °C until further processing.

Organic extracts were fractionated on a diol-bonded silica 
column (PF-DIOL, 30 μm, 40 g; Interchim) with seven fractions 
collected using stepwise elution with hexane 100% (B), hexane- 
ethyl acetate (5:1) (C), hexane-ethyl acetate (1:1) (D), hexane- 
ethyl acetate (3:7) (E), ethyl acetate (F), ethyl acetate-methanol 
(7:3) (G), and methanol (H). Aqueous extracts were fractionated 
by reversed-phase chromatography on a C18 column (Sfär C18, 
30 g, 100 Å, 30 μm; Biotage) with four fractions collected using 
stepwise elution with 5% (J), 20% (K), 60% (L), and 100% (M) 
acetonitrile in 0.1% trifluoroacetic acid (TFA). All fractions were 
dried and reconstituted to 2 mg/mL in 10% DMSO for 
bioactivity screening.

From 5 g of the organic extract (A) of S. costus, the following 
fractions were obtained: B (0.1642 g), C (1.4842 g), D (0.2020 g), E 
(0.1563 g), F (0.1154 g), G (1.1742 g), and H (0.9504 g). From 4 g of 
the aqueous extract (I) of S. costus, the following fractions were 
obtained: J (2.32 g), K (78 mg), L (94 mg), and M (113 mg).

Active fractions were identified by bioassay-guided screening 
and subjected to semi-preparative HPLC for subfractionation 

(Kinetex XB-C18, 5 μm, 100 Å, 250 × 10.0 mm). Identified active 
subfractions were then characterized by 1H NMR and LC–MS to 
obtain spectral fingerprints. If further purification was needed, these 
fingerprints guided the isolation of larger quantities.

2.2.2 General isolation procedures

All natural product isolation and extract purity analyses were 
conducted using a Shimadzu LC-20 system equipped with two LC- 
20AD pumps, a DGU-20A degasser, a SIL-20AC autosampler, a 
CTO-20A column oven, a SPD-M20A PDA, controlled by a CBM- 
20A (Shimadzu, Kyoto, Japan).

2.2.2.1 Isolation of 1–3
For preparative isolation, the organic extract of S. costus (1.5 g) 

was mixed with C18 silica gel (1.5 g) and dried. This extract 
impregnated dry powder was then packed into an empty HPLC 
precolumn (10 × 20 mm). The precolumn was connected in series 
with an HPLC column (Phenomenex Kinetex XB-C18, 150 × 
21.2 mm, 5 μM, 100 Å) and purified using a gradient from 0%– 
100% CH3CN (0.1% TFA) over 35 min at a flow rate of 9 mL/min, 
with fractions collected at 60 s intervals. The fraction eluting at 
25 min (40 mg) was further purified using semi-preparative HPLC 
(Phenomenex Kinetex XB-C18, 250 × 10 mm, 5 μM, 100 Å) at a flow 
rate of 4 mL/min using isocratic 71% CH3CN (0.1% FA) over 
16 min. Compound 1 (6 mg) eluted at 8 min, 2 (13 mg) eluted 
at 9 min, and 3 (2 mg) eluted at 11 min.

2.2.2.2 Isolation of 4–7
For preparative isolation, the organic extract of S. costus (5 g) 

was purified on diol-bonded silica as described above. The 
fraction eluting with EtOAc-MeOH (7:3) (800 mg) was mixed 
with C18 silica gel (800 mg) and dried. This extract impregnated 
dry powder was then packed into an empty HPLC precolumn 
(10 × 20 mm) and then connected in series with an HPLC column 
(Phenomenex Kinetex XB-C18, 150 × 21.2 mm, 5 μM, 100 Å). This 
was purified using a gradient from 30%–100% CH3CN (0.1% 
TFA) over 40 min at a flow rate of 9 mL/min, with fractions 
collected at 60 s intervals. The fraction eluting at 27 min contained 
6 (18 mg) and the fraction eluting at 32 min contained 7 (8 mg). 
Fractions eluting at 12 min (10 mg) and 18 min (5 mg) were 
separately purified further. The first fraction (10 mg) was purified 
using semi-preparative HPLC (Phenomenex Kinetex XB-C18, 
250 × 10 mm, 5 μM, 100 Å) at a flow rate of 4 mL/min using 
isocratic 30% CH3CN (0.1% FA) over 16 min, yielding pure 5 
(5 mg). The second fraction (5 mg) was purified using the same 
conditions but with 32% CH3CN (0.1% FA), yielding pure 
4 (2 mg).

2.2.2.3 Compound identification
Compound identification was performed with full 2D NMR 

analysis (1H, 13C, COSY, HSQC, HMBC, and NOESY) acquired at 
298 K on a Bruker 600 MHz (TCI CRPHe TR-1H and 19F/13C/15N 
5 mm-EZ CryoProbe) spectrometer (Bruker, Billerica, MA, 
United States). All experiments were Bruker standard. 
Comparisons with literature values were later performed (Re 
et al., 2018; Wang, 2007; Zorrilla et al., 2024; Yuuya et al., 1999; 
Abegaz, 1991; Donadel et al., 2005).
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2.2.3 Preparation of electrophile-depleted S. 
costus extract for in vitro and in vivo studies

For each preparation, ~3 g of the aqueous extract of S. costus 
was dissolved in water to a concentration of 50 mg/mL. The 
pH was measured (4.8), then adjusted to 8.0 with NaOH. Three 
equivalents (~9 g) of thiol-bonded silica gel (ISOLUTE® Si- 
Thiol, 40–60 μm; Biotage) were added to the solution and the 
mixture stirred for ~2 h at RT. The slurry was decanted into an 
empty solid-phase-extraction (SPE) column and eluted 
sequentially with 50 mL of distilled water, 50 mL of 50% 
acetonitrile, and finally with 50 mL of acetonitrile. The 
eluents were combined, freeze-dried, and weighed. Both the 
crude aqueous and the electrophile-depleted extract of S. 
costus were dissolved in DMSO (20 mg/mL) and analysed 
with HPLC-UV to confirm that the peaks associated with 
dehydrocostus lactone and costunolide had been depleted 
(Supplementary Figure S1). The depleted extract was then 
dissolved in distilled water to a concentration of 45 mg/mL 
and the pH adjusted back to 4.8 with HCl. For in vitro testing, the 
crude aqueous and depleted extracts were diluted to a stock 
concentration of 2 mg/mL in 10% DMSO.

2.2.3.1 HPLC-UV analysis
For purity confirmation of the electrophile-depleted and non- 

depleted extracts, samples were prepared to a concentration of 
20 mg/mL in DMSO and analysed using HPLC-UV using a 
gradient from 5%–95% CH3CN (0.1% FA) at a flow rate of 
0.3 mL/min (Phenomenex Kinetex XB-C18, 100 × 3 mm, 
2.6 µM, 100 Å).

2.2.3.2 HPLC-MS analysis
All analyses were performed in positive electrospray ionization 

mode on a Waters Xevo G2-XS QTOF coupled to an Acquity 
Premier UPLC system. The capillary voltage was set to 3.0 kV, 
cone voltage to 40 V, source temperature to 150 °C, desolvation 
temperature to 600 °C, cone gas flow to 50 L/h, and desolvation gas 
flow to 1200 L/h. Chromatographic separation was done on a 
Phenomenex Kinetex XB-C18 column (100 × 3 mm, 2.6 µm, 
100 Å) at 0.6 mL/min using a linear gradient of 5%–95% 
acetonitrile over 13 min.

2.3 Analysis of cell reporter bioassays using 
flow cytometry

Reporter cell lines were established in-house using retroviral or 
lentiviral transduction with different reporter plasmids as described 
previously (Welzel et al., 2025). Jurkat-NF-κB-GFP, Jurkat-NFAT- 
GFP, U937-STAT5-GFP, HEK-STAT3-GFP, and SW982-NF-κB- 
GFP cell lines were generated following previously described 
protocols (Boddul et al., 2021; Iyer et al., 2022; Wei et al., 2014). 
Cells were stimulated and populations with high green fluorescent 
protein (GFP) signal (stable reporter expression) were sorted on a 
Sony SH800 Cell Sorter (Sony Corporation) and used for 
subsequent bioassays.

All cell reporter lines were cultured according to the supplier’s 
recommended conditions (ATCC). Plant extracts and fractions were 
tested at a nominal concentration of 100 μg/mL in 0.5%–1% DMSO. 

The aqueous and depleted extracts of S. costus were tested at a range 
of concentrations (1–100 μg/mL) in Jurkat and SW982 (SW) cell 
reporter assays. Isolated compounds were tested at a range of 
concentrations (0.5–100 µM) in 0.5%–1% DMSO to obtain IC50 

values. Cells were stimulated with pathway-specific agents as 
described previously (Welzel et al., 2025), with additional 
experimental details provided in Supplementary Material, 
Supplementary Table S2. HEK-STAT3 and SW-NF-κB cells were 
seeded the day before treatment to allow attachment, whereas 
Jurkat-NF-κB, Jurkat-NFAT, and U937-STAT5 cells were seeded 
and treated on the same day. Non-stimulated cells, stimulated cells 
treated with reference inhibitors, and stimulated cells in 0.5%–1% 
DMSO (for normalization) were included as controls. Cells were 
incubated for 16 h (Jurkat-NFAT) or 24 h (HEK-STAT3, SW-NF- 
κB, Jurkat-NF-κB, and U937-STAT5). Following incubation, cells 
were resuspended in autoMACS Running Buffer (Miltenyi Biotec) 
and stained with the fluorescent dye 7-AAD (BD Biosciences) for 
viability evaluation. Cells were then analysed by flow cytometry 
(FACSVerse, BD Biosciences; CytoFLEX, Beckman Coulter) for 
viability (7-AAD negative cells) and GFP signal, gating on viable 
single cells using FlowJo software.

2.4 Cytokine and IgG production in 
primary B cells

CD19+ B cells were isolated from peripheral blood mononuclear 
cells (PBMCs) of healthy donors using MACS MicroBeads with 
positive selection (Miltenyi Biotec) as previously described 
(Sundstrom et al., 2021). Cell viability and purity were assessed 
by flow cytometry (Cytek Aurora 4L, Cytek Biosciences) following 
staining with LIVE/DEAD Fixable Violet Dead Cell Stain 
(Invitrogen) and BV711-conjugated anti-human CD20 antibody 
(clone 2H7, BD Biosciences), with purity and cell viability 
around 95%. Plant extracts and fractions were tested at a 
nominal concentration of 40 μg/mL in 0.2% DMSO. Isolated 
compounds were tested at a range of concentrations (1–40 µM) 
in 0.2% DMSO. Cells were stimulated with activating agents as 
described previously (Welzel et al., 2025), with additional 
experimental details provided in Supplementary Material, 
Supplementary Table S2. Non-stimulated cells, stimulated cells 
treated with a reference inhibitor, and stimulated cells in 0.2% 
DMSO (for normalization) were included as controls. Cells were 
incubated for 22 h for cytokine production and 96 h for IgG 
production. Cytokine levels (interleukin (IL)-6, tumor necrosis 
factor (TNF)-α, and granulocyte-macrophage colony-stimulating 
factor (GM-CSF)) were determined in culture supernatants using 
the Luminex Performance Human High Sensitivity Cytokine Panel 
B (R&D Systems). IgG levels were measured using the ELISA Flex: 
Human IgG (ALP) kit (Mabtech). Cell viability was measured in 
parallel using the CellTiter-Glo Luminescent Cell Viability Assay 
(G7571, Promega).

2.5 Prostanoid profiling in synovial fibroblast 
cell line using LC-MS/MS

Prostanoid levels were determined from supernatants of 
stimulated SW-NF-κB cells treated with isolated compounds and 
IC50 values were calculated. Cells were stimulated with activating 
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agents and incubated for 24 h as described previously (Welzel et al., 
2025), with additional experimental details provided in 
Supplementary Material, Supplementary Table S2. Non- 
stimulated cells, stimulated cells treated with a reference 
inhibitor, and stimulated cells in 0.5% DMSO (for normalization) 
were included as controls. Supernatants were collected, spiked with 
deuterated prostanoid internal standards (PGE2-d4, PGD2-d4, 
TxB2-d4, and PGF2α-d4) (Cayman Chemical), and extracted by 
solid-phase-extraction (SPE) as previously described (Welzel 
et al., 2025; Bergqvist et al., 2019). Following acidification with 
0.1% FA, samples were loaded onto Oasis HLB 96-well SPE plates 
(30 mg, 30 μm; Waters), washed with 5% methanol (0.05% FA), and 
eluted with 100% methanol. The eluates were dried, stored at −20 °C, 
and reconstituted in 20% acetonitrile prior to LC–MS/MS analysis 
(Acquity UPLC system coupled to a TQ detector, Waters). 
Chromatographic separation was done on an Acquity Premier 
BEH C18 column (1.7 µm, 130 Å, 2.1 × 50 mm) using a linear 
gradient from 20% to 80% acetonitrile (0.05% FA). Data acquisition 
and quantification were performed with MassLynx v4.2, using 
calibration with internal standards and external standard curves.

2.6 Mouse KRN T cell transfer arthritis model

Male and female B6.KRN and TCRβ−/− I-Ab/I-Ag7 mice, aged 
12–16 weeks, were used in all experiments. The B6.KRN strain was 
generously provided by Diane Mathis and Christophe Benoist 
(Kouskoff et al., 1996). The TCRβ−/− knockout (KO) mice (stock 
no. 002118) and non-obese diabetic (NOD) mice (stock no. 
001976) were obtained from Jackson Laboratory. The TCRβ−/− 

I-Ab/I-Ag7 strain was generated in-house by crossing TCRβ−/− KO 
mice with NOD mice. All procedures were conducted in 
accordance with ethical guidelines for the humane use of 
animals and were approved by the Regional Ethical Committee 
in Stockholm, Sweden (#7544-2024). The animals were housed 
under pathogen-free conditions in standard cages with a 12 h 
light-dark cycle and ad libitum access to standard chow food 
and water.

The KRN T cell transfer model of arthritis was employed as 
described previously (LaBranche et al., 2010). In brief, splenocytes 
were intravenously transferred into TCRβ−/− I-Ab/I-Ag7 recipient 
mice to induce arthritis from days 3–4 post-injection. Mice were 
randomly assigned to different groups (Maeda et al., 2022): S. costus 
crude aqueous extract (Smolen et al., 2018), S. costus electrophile- 
depleted extract (Jang et al., 2022), water (vehicle) (Yamada, 2022), 
MTX (Bartok and Firestein, 2010), PBS (vehicle) (Liao et al., 2025), 
Formulation C, or (Park et al., 2020) Formulation C without S. 
costus. Extracts were administered by daily oral gavage (500 μL, 
~1 g/kg) starting on day 2 post-induction. MTX (A6770, Sigma- 
Aldrich) was administered intraperitoneally (2 mg/kg) 
every second day.

Body weight and joint swelling were assessed daily by 
researchers blinded to the treatment using a visual scoring 
system (scores 0-3 per paw, maximum score 12) as described 
previously (Monach et al., 2008). Mice were sacrificed at the peak 
of inflammation (day 9) or when they reached the maximum clinical 
score (humane endpoint). Serum samples were collected for analysis 
of anti-glucose-6-phosphate isomerase (anti-GPI) IgG and IL- 
6 levels.

2.7 ELISA

2.7.1 Anti-GPI IgG

Serum anti-GPI IgG levels were measured by quantitative 
enzyme-linked immunosorbent assay (ELISA) as described 
previously (Welzel et al., 2025). In brief, 10 µg/well of the GPI 
protein (Merck) was coated on 96-well ELISA plates and incubated 
overnight at 4 °C. Plates were first blocked with blocking buffer, then 
samples added at 1:50 dilution and plates incubated for 2 h at RT on 
a rotating shaker. After incubation, the plates were first washed, then 
horseradish peroxidase-conjugated (HRP-conjugated) goat anti- 
mouse IgG (Santa Cruz Biotechnology) added and plates 
incubated for 2 h at RT on rotating shaker. After incubation, the 
plates were first washed, then developed by adding TMB substrate, 
and the reaction stopped by adding stop solution (Thermo-Fisher 
Scientific). Absorbance was measured at 450 nm on a plate reader.

2.7.2 IL-6

Serum IL-6 levels were measured by quantitative ELISA (Mouse 
IL-6, ELISA MAX Standard Set, BioLegend) according to the 
manufacturer’s protocol. Samples were tested at 1:20 dilution.

2.8 Statistical analysis

All statistical analysis was performed using GraphPad Prism 
9.0 software (CA, United States). IC50 values are shown as absolute 
IC50 values and were calculated based on GFP mean fluorescence 
intensities from n ≥ 2 independent experiments performed in 
duplicates and normalized to DMSO-treated activated control 
cells. If a GFP signal above 80% could not be achieved at the 
lowest tested concentration, a value of 100% was assigned at a 
100-fold lower dilution, following GraphPad’s guidelines for 
determining absolute IC50 values. The specific statistical analyses 
used are detailed in the figure legends.

3 Results

3.1 Anti-inflammatory activities of 
formulation C plants in cell-based assays

During the initial screening, we evaluated the inhibitory effects 
of the individual plants from Formulation C on different 
inflammatory pathways and cytokine production in primary 
B cells. Aqueous and organic extracts and their corresponding 
fractions were prepared for each plant species and tested at 
nominal concentrations of 100 μg/mL in reporter assays and 
40 μg/mL in primary B cells (Figure 1). These concentrations 
were chosen as standardized screening conditions to facilitate 
identification of potential bioactive constituents while attempting 
to limit strong effects on cell viability. The extracts and fractions 
exhibited distinct inhibitory effects across the different assays and on 
cell viability (Supplementary Figures S2,S3). Screening data for 
Angelica sinensis and Glycyrrhiza uralensis, which are also 
components of another Chinese herbal formulation (Formulation 
A), have been reported previously (Welzel et al., 2025).
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In general, the most active fractions were either derived from the 
organic extraction (fractions A-H) or from the aqueous extraction 
when eluted with 60% or 100% acetonitrile (fractions L and M) 
(Supplementary Figures S2, S3). These fractions frequently 
showed >50% inhibition on pathway activity (GFP signal <50% 
after normalization). However, they also often reduced cell viability 
(<50% after normalization), and the effects on the pathway could 
not be determined (Supplementary Figures S2, S3).

3.2 The aqueous extract of S. costus exhibits 
potent in vitro anti-inflammatory activity

Notably, the aqueous extract of S. costus (fraction I) showed anti- 
inflammatory activity in several cell-based assays, particularly 
inhibiting NF-κB and NFAT signaling in Jurkat cells (~75% GFP 
reduction) while maintaining acceptable cell viability (>50%) 
(Figure 2, Supplementary Figure S2). In contrast, the majority of 
the organic fractions of S. costus (fractions A-F) strongly decreased 
cell viability across most assays (<50%), and pathway inhibition 
could not be ascertained at the tested concentration (Supplementary 
Figures S2, S3). Other aqueous extracts, including L. chuangxiong 
and M. alba, also showed inhibitory effects in specific assays, but 
these effects were generally accompanied by reduced cell viability 
(Supplementary Figures S2-S3). Based on its favourable activity and 
viability profile, the aqueous extract of S. costus and its fractions were 
selected for further investigation.

The effects of the aqueous extract of S. costus and its fractions on 
the STAT5 and B cell assays could not be reliably assessed at 100 μg/ 
mL due to simultaneous strong reductions in cell viability (Figure 2, 
Supplementary Figure S2). However, inhibitory effects could be seen 
in the derived aqueous fractions L and M (Figure 2). Testing titrated 

concentrations revealed that these fractions largely retained potent 
pathway inhibition at lower concentrations in the Jurkat-NF-κB 
(20–50 μg/mL) and B cell cytokine assays (5 μg/mL), whereas higher 
concentrations resulted in decreased viability (Figure 2). These 
titration experiments should be considered as proof-of-concept 
studies (n ≥ 1) and were used to guide subsequent chemical 
analyses and studies of in vivo activity of the crude and 
electrophile-depleted extracts.

3.3 Anti-inflammatory activity of isolated 
compounds from S. costus in cell- 
based assays

After identifying the aqueous extract of S. costus with interesting 
bioactivities in vitro, we sought to investigate its molecular basis. 
Costunolide (1) and dehydrocostus lactone (2) were identified as the 
major constituents of the aqueous extract with HPLC-UV and LC- 
MS analysis (Supplementary Figures S1, S8–10). Although our 
biological investigations focused on the aqueous extract, 
additional compounds were isolated from the organic extract to 
provide a broader chemical overview of S. costus. Bioassay-guided 
fractionation followed by preparative and semi-preparative HPLC 
yielded seven purified compounds (1–7) (Figure 3). The isolated 
amounts ranged from 2 to 18 mg, with 1 and 2 obtained in the 
highest yields. Structural elucidation using 2D NMR and LC-MS 
confirmed identities consistent with reported literature (Re et al., 
2018; Wang, 2007; Zorrilla et al., 2024; Yuuya et al., 1999; Abegaz, 
1991; Donadel et al., 2005). All isolated compounds were 
subsequently evaluated in the aforementioned cell-based assays.

Among these, ilicic alcohol (6) and ilicic acid (7) showed no 
activity at the highest concentrations tested (50–100 µM) (Table 1). 

FIGURE 1 
Overview of the fractionation of plant extracts. Extracts and fractions were prepared for each plant species from Formulation C, here exemplified for 
S. costus. EtOAc, ethyl acetate; MeOH, methanol; CH3CN, acetonitrile.
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The remaining five compounds showed different potencies. 
Dihydroreynosin (4) was the least active, exhibiting effects only 
in the Jurkat-NFAT assay and on cytokine production at 
concentrations >50 µM (Table 1; Supplementary Figure S4). 
Reynosin (5) and β-cyclocostunolide (3) demonstrated moderate 

activity on the cell reporter assays, on prostanoid production in SW- 
NF-ĸB cells, and on cytokine and IgG production in primary B cells 
(Table 1; Supplementary Figure S4).

1 and 2 exhibited the broadest and most potent anti- 
inflammatory effects. Their IC50 values ranged from 

FIGURE 2 
Anti-inflammatory activity of the aqueous extract fractions of S. costus. (A) The upper heatmap displays mean % GFP reduction in activated cell 
reporter assays (Jurkat-NF-ĸB, Jurkat-NFAT, HEK-STAT3, U937-STAT5) and mean % reduction in cytokine levels (GM-CSF, TNF-α, IL-6) in activated 
primary B cells. (B) The lower heatmap displays mean % cell viability. Values are shown within each cell. Data are normalized to stimulated control cells 
with DMSO (n = 1 experiment, n = 2 experiments for B cells at 40 µg/mL). Values > 100% reflect normalization to stimulated control and indicate 
increased viable cell number relative to control. White cells indicate conditions not tested.
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approximately 1.5–9.5 µM across cell reporter assays, with 
particularly strong inhibition in the Jurkat-NF-κB and SW-NF- 
κB assays (Table 1). Notably, 1 showed potent inhibition of all 
prostanoids (IC50 < 2 µM), whereas 2 reduced cell viability at the 
reported IC50 values (Table 1). Both compounds also affected cell 
viability in certain assays, particularly 2 in the U937-STAT5 and 
SW-NF-κB assays, and 1 in the Jurkat-NFAT assay. Both 
compounds also reduced IL-6, TNF-α, and IgG levels in primary 
B cells by about 50% at 1 μM, whereas concentrations ≥5 µM were 
generally associated with reductions in cell viability 
(<50%) (Figure 4).

3.4 The electrophile-depleted extract of S. 
costus shows no anti-inflammatory activity 
in cell-based assays

As described above, the sesquiterpene lactones 1 and 2 were 
identified as the major compounds of the aqueous extract of S. 

costus by HPLC-UV chromatography (Supplementary Figure 
S1). Although these compounds are commonly described as 
lipophilic, aqueous extracts are clinically relevant and widely 
used in traditional Chinese medicine. In this study, we aimed to 
investigate the chemical constituents relevant for bioactivity 
within the aqueous extract rather than to optimize extraction 
efficiency for individual compounds. To assess the activity of 
the extract after removal of these compounds, an electrophile- 
depleted version was prepared by eluting it through a thiol- 
bonded silica column. 1 and 2 were completely removed (>99%) 
and selectively depleted as judged by HPLC-UV 
(Supplementary Figure S1). Approximately 90% of the 
extract mass remained after elution, indicating that about 
10% of the extract comprised compounds containing 
reactive α-methylene-γ-butyrolactone groups (Supplementary 
Figures S8–S10).

The electrophile-depleted extract was then tested alongside 
the crude aqueous extract in the assays that previously showed the 

FIGURE 3 
Isolated compounds from S. costus. Sesquiterpene lactones: Costunolide (1), dehydrocostus lactone (2), β-cyclocostunolide (3), dihydroreynosin (4), 
and reynosin (5). Sesquiterpenes: Ilicic alcohol (6) and ilicic acid (7).

TABLE 1 IC50 values (in µM) of isolated compounds on pathway inhibition in activated cell reporter assays (n ≥ 3 experiments in duplicates) and on inhibition of 
prostanoid production (PGD2, PGE2, PGF2α, and TxB2) in activated SW-NF-ĸB cells (n ≥ 2 experiments in duplicates).

Compound 
assay

1 2 3 4 5 6 7 Inhibitor

SW-NF-ĸB 3.5a 1.8 28.4 n.e 22.2 n.e n.e 4.3

Jurkat-NF-ĸB 1.5 1.5 12.1 n.d 8.2a n.e n.e 0.008

Jurkat-NFAT n.d 2.2 (33.3) (53.3) 15.4 n.e n.e 0.08

HEK-STAT3 7.3 9.1a 45.1a n.d 8.4 n.e n.e 0.65

U937-STAT5 8.5a (9.5) 45.5a 80.2a 39.1a n.e n.e 4.1

PGD2 0.4 (4.7) 14.6 n.e 13.6 n.e n.e 0.005

PGE2 0.9 (4.7) 16.2 n.e 12.7 n.e n.e 0.008

PGF2α 1.5 (4.2) 13.3 n.e 13.2 n.e n.e 0.004

TxB2 1.9 (4.5) 11.5 n.e 13.5 n.e n.e 0.007

The following reference inhibitors were used: Bay 11-7082 (SW-NF-ĸB); cyclosporin A (Jurkat-NF-ĸB, and Jurkat-NFAT); filgotinib (HEK-STAT3); STAT5 inhibitor ab141192 (U937-STAT5); 
and NS-398 (prostanoid production).
n.e., no effect up to 50 or 100 µM (<50% inhibition), n = 1 experiment.
n.d., not determined due to reduced cell viability at the tested concentration.
IC50 values in brackets indicate apparent values determined at concentrations where cell viability was ≤50%.
aCell viability was between 50%–75% at the reported IC50 value; for all other IC50 values the cell viability was >75%.
Dose-response curves corresponding to the IC50 determinations can be found in, Supplementary Figures S5–S7.
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most pronounced inhibitory activity, namely, the Jurkat-NF-ĸB 
and Jurkat-NFAT assays. Both extracts were also tested in the SW- 
NF-ĸB assay to confirm effects in a second NF-κB reporter system. 
Notably, the crude aqueous extract of S. costus showed 

pronounced activity at 50–100 μg/mL in all assays, reducing 
the GFP signal to nearly 50% (Figure 5). In contrast, the 
electrophile-depleted extract did not show detectable activity at 
the tested concentrations (Figure 5).

FIGURE 4 
Costunolide and dehydrocostus lactone inhibit cytokine and IgG production in primary B cells. (A) Reduction in GM-CSF, TNF-α, IL-6 (n = 2 
experiments), and IgG levels (n = 3 experiments) at different concentrations in activated primary B cells after treatment with costunolide (1) and 
dehydrocostus lactone (2). (B) Ibrutinib (for cytokine levels) and upadacitinib (for IgG levels) were used as reference inhibitors (n = 2 experiments). Data are 
presented as mean ± SEM. 1 and 2 simultaneously reduced cell viability (<50%) at concentrations ≥5 µM, and effects on cytokine and IgG production 
could not be reliably assessed.

FIGURE 5 
The electrophile-depleted extract shows no anti-inflammatory activity in vitro. Pathway inhibition was measured as reduction in GFP signal (mean ± 
SEM) in activated Jurkat-NF-ĸB, Jurkat-NFAT, and SW-NF-ĸB cells after treatment with different concentrations of the aqueous and the electrophile- 
depleted extract of S. costus. Data are normalized to stimulated control cells with DMSO (n = 3 experiments in duplicates). Cyclosporin A (CsA, Jurkat 
assays) and Bay-11 (SW-NF-ĸB assay) were used as reference inhibitors. Cell viability was ≥50% across all concentrations and assays, except at 100 µg/ 
mL in the Jurkat-NF-ĸB assay, and pathway inhibition could not be reliably assessed.
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3.5 The aqueous extract of S. costus 
modestly reduces joint inflammation in the 
KRN T cell transfer arthritis model

Although electrophile depletion resulted in a loss of in vitro 
activity, a potential functional role for non-thiol-reactive 
compounds could not be excluded, and prompted us to further 
investigate both extracts in vivo using the KRN T cell transfer 
arthritis model. This model is characterized by rapid disease 
onset and a severe polyarthritic phenotype that involves both 
priming and effector phases. The inflammation is mediated by T 
and B cell interactions, with subsequent pathogenic auto-antibody 
production against GPI (LaBranche et al., 2010; Christensen et al., 
2016). In a pilot study, we tested Formulation C (which contains S. 
costus), the aqueous extract of S. costus, and Formulation C with S. 
costus removed in this model (Supplementary Figure S11). All 
treatments significantly reduced joint swelling compared to 
vehicle, with Formulation C and the aqueous extract of S. costus 
showing the most pronounced effects (Supplementary Figures 

S11C,D). In general, the extract alone demonstrated comparable 
anti-inflammatory efficacy to that of the whole formulation, 
suggesting an important role of S. costus in mediating the 
observed effects and guiding us to further explore its anti- 
arthritic effects in vivo.

To assess the contribution of electrophilic sesquiterpene 
lactones to the observed in vivo effects, we tested the crude 
aqueous extract of S. costus alongside the electrophile-depleted 
one in this model (Figure 6), with MTX included as a positive 
control (Supplementary Figure S12). The crude aqueous extract 
significantly reduced arthritis scores on days 6–8 compared to 
vehicle (Figure 6D), corresponding to a reduction in overall 
disease severity of approximately 20% as measured by area under 
the curve (AUC) (Figure 6C). The effect was restricted to the early 
phase of disease progression and no significant differences were 
observed beyond day 8. The extract also did not alter serum anti-GPI 
IgG or IL-6 levels at the experimental endpoint (day 9) (Figures 
6E,F). The electrophile-depleted extract showed limited and variable 
effects on joint swelling, with mean values of joint scores between 

FIGURE 6 
The aqueous extract of S. costus reduces joint swelling in the KRN T cell transfer arthritis model. Mice were randomly assigned to one of the following 
groups: Vehicle (n = 21), S. costus aqueous extract (n = 19), or electrophile-depleted S. costus extract (n = 21). (A) Induction of arthritis and treatment 
scheme. (B) Body weight. (C,D) Arthritis severity was assessed daily by an investigator blinded to the treatment. (E,F) At the endpoint, serum was analyzed 
for anti-GPI IgG antibody (E) and IL-6 levels (F) by ELISA. Data is presented as mean ± SD, pooling three independent experiments. *p < 0.05, **p < 
0.01, and ns = not significant by two-way ANOVA (D) and one-way ANOVA (C,E,F).
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those of the vehicle and crude extract groups. MTX treatment 
showed a significant suppression of joint swelling from days 6–9, 
with a mean reduction in AUC of approximately 65% 
(Supplementary Figures S12C,D). MTX also significantly reduced 
both serum anti-GPI IgG and IL-6 levels at the experimental 
endpoint (day 9) (Supplementary Figures S12E,F), which is 
consistent with its known mechanism of suppressing T and 
B cell activity and pro-inflammatory cytokine production (Pigott 
et al., 2014; Zhou et al., 2010). Body weight and general health 
remained stable across all groups, indicating good treatment 
tolerability (Figure 6B; Supplementary Figure S12B).

4 Discussion

4.1 Anti-inflammatory effects of S. costus 
and its constituents in cell-based assays

Previous studies have reported anti-inflammatory activity of the 
organic extract of S. costus in vitro, with several studies showing 
inhibitory effects on the production of pro-inflammatory mediators, 
including TNF-α, IL-1β, and IL-6, as well as cyclooxygenase-2 
(COX-2), via suppression of NF-ĸB and mitogen-activated 
protein kinase (MAPK) signalling pathways (Lim et al., 2020; Jo 
et al., 2020). Consistent with these findings, we also observed 
marked anti-inflammatory activity of S. costus extracts and 
fractions. Interestingly, the aqueous extract displayed a 
particularly favourable profile, combining potent anti- 
inflammatory effects with retained cell viability in specific assays 
within a defined concentration range. Several fractions with strong 
effects on cell viability were also identified. While these fractions 
were not further investigated in this study, they may still be of 
interest in other research areas like cancer.

Among the identified bioactive compounds of S. costus, 1 is the 
most extensively studied, and previous reports have shown 
inhibition of NF-κB, STAT3, activator protein-1 (AP-1), and 
MAPK pathways in vitro (Butturini et al., 2011; Koo et al., 2001; 
Chen Z. et al., 2018). Similar biological activities have been 
demonstrated for 2 (Nie et al., 2019; Lee et al., 2020). Our 
findings are consistent with these reports, where 1 and 2 were 
identified as the most active compounds of S. costus. Comparable 
inhibitory effects in the Jurkat-NF-κB, Jurkat-NFAT, and SW-NF- 
κB assays were observed both for the isolated compounds and the 
crude extract, supporting their contribution in mediating these 
bioactivities. The reduction in cell viability observed for several 
of the S. costus fractions may also be in part mediated by 1 and 2, 
which affected cell viability in several assays at the measured IC50 

value. This overlap between pathway inhibition and reduced 
viability suggests a relatively narrow therapeutic window under 
the tested conditions and may limit translational potential unless 
selectivity can be improved. However, moderate reductions in 
viability do not exclude biological relevance, particularly in 
immune cell assays where pathway modulation and impaired 
survival may be mechanistically linked (Sarkar et al., 2008; Yu 
et al., 2009).

The activity of 1 and 2 is strongly mediated by the presence of α- 
methylene-γ-butyrolactone systems, characterized by an α,β- 
unsaturated carbonyl group with an exocyclic double-bond. This 

electrophilic group can covalently bind nucleophiles, e.g., cysteine 
thiols (-SH) in proteins via Michael addition (Liu et al., 2021). The 
minimal activity seen for 4 is presumably due to the reduction of its 
exocyclic double bond, eliminating the essential reactive 
electrophilic centre. Likewise, the lack of activity of 6 and 7 may 
be explained by the absence of the α-methylene-γ-butyrolactone 
ring system.

To our knowledge, this study is the first to apply such a broad 
panel of cell-based assays to assess the effects of S. costus on both 
signaling pathways and pro-inflammatory mediator production 
across multiple RA-relevant cell types.

4.2 Depletion of electrophilic thiol-reactive 
compounds from the aqueous extract of 
S. costus

Reactive sesquiterpene lactones like 1 and 2 often register 
activity in multiple assay types, a pattern consistent with broad, 
sometimes nonspecific, target engagement. Such promiscuous 
behaviour may categorize them as pan-assay interference 
compounds (PAINs) (Baell, 2016) and can complicate drug 
development due to increasing off-target effects and toxicity. Our 
in vitro results, comparing the activity of the crude aqueous extract 
of S. costus with that of the electrophile-depleted extract, support the 
promiscuous and highly reactive nature of these compounds. 
Removal of such compounds largely abolishes the in vitro 
activity, indicating that the observed effects of the extract are 
mainly attributable to these thiol-reactive constituents. Less- 
reactive compounds may still contribute to bioactivity, but their 
effects are not detected in the studied assays.

Although MS/UV-tagged thiol-based reagents have gained 
popularity in natural product research for the selective isolation 
of electrophilic compounds (Castro-Falcon et al., 2016), herein we 
describe a simple method to achieve the opposite. To our 
knowledge, we report the first application of thiol-functionalised 
silica columns for subtractive profiling of electrophilic natural 
products. Thiol-bonded silica is readily available commercially, 
primarily used for scavenging transition metals in synthetic 
chemistry (e.g., Pd, Cu, Ag). Depending on one’s perspective, 
Michael acceptors may be considered PAINs, often producing 
false-positive results in bioassays due to their promiscuous 
reactivity with cysteine residues (Baell, 2016). In such cases, a 
straightforward method like we introduce in this study for their 
selective removal could offer significant value in natural 
product research.

4.3 Evaluation of the aqueous and 
electrophile-depleted extracts of S. costus in 
the mice KRN T cell transfer arthritis model

Previous reports on the in vivo activity of S. costus have mainly 
focused on organic extracts, and have demonstrated anti-arthritic 
activity in different experimental models of arthritis (Jo et al., 2020; 
Tag et al., 2016). In the present study, we investigated the aqueous 
extract of S. costus, which showed a modest yet statistically 
significant reduction in joint swelling in the KRN arthritis model 
in the early phase of disease (days 6–8), but did not alter serum 
inflammatory markers (anti-GPI IgG and IL-6) at the experimental 
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endpoint (day 9). The lack of significant effects on serum markers 
may relate to the timing of sampling at peak inflammation (day 9). 
In fact, the extract exerted its strongest effects earlier in the disease 
course, suggesting limited efficacy in later stages of inflammation.

Given the model’s aggressive disease course, detecting efficacy 
for moderately active treatments is challenging, and even MTX did 
not fully suppress inflammation. Differences in administration 
routes and dosing regimens may also influence efficacy, as MTX 
was given intraperitoneally at a relatively high clinical dose, whereas 
the extract was administered orally. Importantly, the aim of this 
study was to assess whether depletion of electrophilic constituents 
would alter the biological activity of the extract rather than to show 
therapeutic equivalence to standard antirheumatic drugs like MTX. 
Due to the small effect size and high variability within and between 
groups, the present in vivo findings should be considered 
exploratory and indicative of preliminary activity rather than 
definitive therapeutic efficacy. Considering the acute nature of 
this model, additional studies in chronic arthritis models, such as 
collagen-induced arthritis (CIA), may provide further insight into 
the extract’s activity under sustained inflammatory conditions and 
complement the current findings.

Notably, the electrophile-depleted extract showed only limited 
suppression of joint swelling in this model. While the pronounced 
in vitro activity of 1 and 2 suggests they are key mediators of the in 
vivo effects, the remaining activity after depletion indicates that non- 
thiol-reactive and less-characterized compounds may also play a 
role. However, given the mild efficacy of the crude aqueous extract, 
the contribution of these less-reactive compounds remains difficult 
to delineate. Future studies are warranted to isolate and characterize 
these compounds and to further explore their role for the overall 
activity of S. costus.

Although the aqueous extract demonstrated only modest efficacy 
in vivo, its favourable tolerability suggests a potential use as an 
adjunctive treatment. Combination strategies are widely used in RA 
management to improve efficacy and minimize adverse effects. For 
example, MTX in combination with leflunomide (LEF) has 
demonstrated effective disease control in RA patients, but 
hepatotoxicity remains a concern (Wang et al., 2018). Plant-derived 
compounds, such as total glucosides of paeony, have been reported to 
reduce the incidence and severity of liver injury associated with MTX/ 
LEF therapy (Chen et al., 2013). Similarly, Tripterygium wilfordii Hook 
F in combination with MTX has shown improved remission rates 
compared to MTX alone (Lv et al., 2015). In this context, it would be of 
interest to explore whether S. costus could provide additive or 
synergistic benefit when combined with established antirheumatic 
treatments. Such approaches may allow dose reductions while 
maintaining therapeutic efficacy and improving safety.

5 Conclusion

In summary, the aqueous extract of S. costus exhibited strong 
anti-inflammatory activity in vitro and modest but measurable anti- 
arthritic effects in a highly aggressive and challenging murine 
arthritis model in vivo. This study advances previous work by 
systematically evaluating both crude and electrophile-depleted S. 
costus extracts. Our results identify the reactive sesquiterpene 
lactones costunolide and dehydrocostus lactone as major bioactive 

compounds in vitro and in vivo, while less-reactive and understudied 
compounds may also contribute to the observed in vivo effects.

Together, our findings reveal S. costus as a promising source of 
anti-inflammatory compounds and support its further preclinical 
evaluation, particularly in combination with existing therapies, in 
complementary arthritis models to better define its biological and 
therapeutic relevance for RA.

Finally, we introduce a straightforward subtractive approach 
using thiol-functionalised silica columns to selectively remove 
electrophilic constituents, offering a practical tool for dissecting 
bioactivity in complex natural product extracts and addressing the 
challenge of promiscuous Michael acceptors.

Data availability statement

The raw data supporting the conclusions of this article will be 
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Regional Ethical Committee 
in Stockholm, Sweden. The study was conducted in accordance with 
the local legislation and institutional requirements.

Author contributions

JW: Formal Analysis, Writing – original draft, Data curation, 
Visualization, Conceptualization, Methodology, Investigation, 
Validation. SB: Investigation, Data curation, Methodology, 
Conceptualization, Validation, Writing – review and editing, 
Visualization, Formal Analysis. LR: Writing – review and editing, 
Investigation, Data curation, Formal Analysis, Conceptualization, 
Validation, Methodology. LB: Validation, Formal Analysis, 
Writing – review and editing, Data curation, Investigation. IC: 
Investigation, Validation, Formal Analysis, Writing – review and 
editing, Data curation. OC: Investigation, Writing – review and 
editing, Formal Analysis, Validation. MS: Methodology, 
Writing – review and editing, Supervision. MZ: Writing – review 
and editing, Investigation. LM: Investigation, Writing – review and 
editing. WX: Conceptualization, Writing – review and editing, 
Investigation. LB: Methodology, Conceptualization, Supervision, 
Writing – review and editing, Project administration, Resources. 
HI: Methodology, Resources, Project administration, Supervision, 
Conceptualization, Writing – review and editing. FW: 
Writing – review and editing, Supervision, Resources. ZW: 
Resources, Conceptualization, Project administration, 
Writing – review and editing, Methodology, Funding acquisition, 
Supervision. MK: Resources, Project administration, Methodology, 
Supervision, Conceptualization, Writing – review and editing. RH: 
Conceptualization, Funding acquisition, Resources, Supervision, 
Project administration, Writing – review and editing, 
Methodology. UG: Funding acquisition, Resources, 
Writing – review and editing, Validation, Methodology, 
Supervision, Project administration, Conceptualization. P-JJ: 
Writing – review and editing, Methodology, Supervision, 

Frontiers in Pharmacology frontiersin.org12

Welzel et al. 10.3389/fphar.2026.1795322

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1795322


Funding acquisition, Resources, Conceptualization, Validation, 
Project administration.

Funding

The author(s) declared that financial support was received for 
this work and/or its publication. All funding was provided by 
Guangdong Provincial Hospital of Traditional Chinese Medicine 
within the scope of the Joint Research Base for the Scientific 
Advancement of Chinese Medicine.

Acknowledgements

We acknowledge the NMR Uppsala infrastructure, Department 
of Chemistry, BMC and the Disciplinary Domain of Medicine and 
Pharmacy, Uppsala University. We also thank Guangdong 
Provincial Hospital of Chinese Medicine (Joint Research Base for 
the Scientific Advancement of Plant-Based Chinese Medicine) for 
supporting this work.

Conflict of interest

The author(s) declared that this work 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) declared that generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support 
of artificial intelligence and reasonable efforts have been 
made to ensure accuracy, including review by the 
authors wherever possible. If you identify any issues, 
please contact us.

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.2026.1795322/ 
full#supplementary-material

References

Abegaz, B. M. (1991). Polyacetylenic thiophenes and terpenoids from the roots of 
Echinops pappii. Phytochemistry 30 (3), 879–881. doi:10.1016/0031-9422(91)85271-z

Baell, J. B. (2016). Feeling nature’s PAINS: natural products, natural product drugs, and 
pan assay interference compounds (PAINS). J. Nat. Prod. 79 (3), 616–628. doi:10.1021/ 
acs.jnatprod.5b00947

Bartok, B., and Firestein, G. S. (2010). Fibroblast-like synoviocytes: key effector cells in 
rheumatoid arthritis. Immunol. Rev. 233 (1), 233–255. doi:10.1111/j.0105-2896.2009. 
00859.x

Bergqvist, F., Carr, A. J., Wheway, K., Watkins, B., Oppermann, U., Jakobsson, P. J., et al. 
(2019). Divergent roles of prostacyclin and PGE(2) in human tendinopathy. Arthritis 
Res. Ther. 21 (1), 74. doi:10.1186/s13075-019-1855-5

Boddul, S. V., Sharma, R. K., Dubnovitsky, A., Raposo, B., Gerstner, C., Shen, Y., et al. 
(2021). In vitro and ex vivo functional characterization of human HLA-DRB1 
*04 restricted T cell receptors. J. Transl. Autoimmun. 4, 100087. doi:10.1016/j.jtauto. 
2021.100087

Butturini, E., Cavalieri, E., de Prati, A. C., Darra, E., Rigo, A., Shoji, K., et al. (2011). Two 
naturally occurring terpenes, dehydrocostuslactone and costunolide, decrease 
intracellular GSH content and inhibit STAT3 activation. PLoS One 6 (5), e20174. 
doi:10.1371/journal.pone.0020174

Castro-Falcon, G., Hahn, D., Reimer, D., and Hughes, C. C. (2016). Thiol probes to 
detect Electrophilic natural products based on their mechanism of action. ACS Chem. 
Biol. 11 (8), 2328–2336. doi:10.1021/acschembio.5b00924

Cateni, F., Zilic, J., Zacchigna, M., Bonivento, P., Frausin, F., and Scarcia, V. (2006). 
Synthesis and biological properties of new alpha-methylene-gamma-butyrolactones and 
alpha,beta-unsaturated delta-lactones. Eur. J. Med. Chem. 41 (2), 192–200. doi:10.1016/j. 
ejmech.2005.10.009

Chen, Z., Li, X. P., Li, Z. J., Xu, L., and Li, X. M. (2013). Reduced hepatotoxicity by total 
glucosides of paeony in combination treatment with leflunomide and methotrexate for 
patients with active rheumatoid arthritis. Int. Immunopharmacol. 15 (3), 474–477. 
doi:10.1016/j.intimp.2013.01.021

Chen, X. M., Wu, J. Q., Huang, Q. C., Zhang, J. Y., Pen, J. H., Huang, Z. S., et al. (2018a). 
Systematic review and meta-analysis of the efficacy and safety of Biqi capsule in 
rheumatoid arthritis patients. Exp. Ther. Med. 15 (6), 5221–5230. doi:10.3892/etm. 
2018.6121

Chen, Z., Zhang, D., Li, M., and Wang, B. (2018b). Costunolide ameliorates 
lipoteichoic acid-induced acute lung injury via attenuating MAPK signaling 
pathway. Int. Immunopharmacol. 61, 283–289. doi:10.1016/j.intimp.2018. 
06.017

Chen, J., Zhao, Z., Lin, L., Wang, G., Yang, H., and Wang, X. (2025). Aucklandia lappa 
decne.: a review of its botany, cultivation, ethnopharmacology, phytochemistry, 
pharmacology, and practical applications. Front. Pharmacol. 16, 1659831. doi:10. 
3389/fphar.2025.1659831

Chinese Pharmacopoeia Commission (2020). Chinese pharmacopoeia. 2020 Edition ed. 
Beijing: China Medical Science Press.

Christensen, A. D., Haase, C., Cook, A. D., and Hamilton, J. A. (2016). K/BxN serum- 
transfer arthritis as a model for human inflammatory arthritis. Front. Immunol. 7, 213. 
doi:10.3389/fimmu.2016.00213

Costello, R., David, T., and Jani, M. (2019). Impact of adverse events associated with 
medications in the treatment and prevention of rheumatoid arthritis. Clin. Ther. 41 (7), 
1376–1396. doi:10.1016/j.clinthera.2019.04.030

Dong, G. Z., Shim, A. R., Hyeon, J. S., Lee, H. J., and Ryu, J. H. (2015). Inhibition of wnt/ 
Beta-catenin pathway by dehydrocostus lactone and costunolide in Colon cancer cells. 
Phytother. Res. 29 (5), 680–686. doi:10.1002/ptr.5299

Donadel, O. J., Guerreiro, E., Maria, A. O., Wendel, G., Enriz, R. D., Giordano, O. S., 
et al. (2005). Gastric cytoprotective activity of ilicic aldehyde: structure-activity 
relationships. Bioorg Med. Chem. Lett. 15 (15), 3547–3550. doi:10.1016/j.bmcl.2005. 
05.053

Gong, X., Liu, W. X., Tang, X. P., Wang, J., Liu, J., Huang, Q. C., et al. (2021). Traditional 
Chinese medicine qingre huoxue treatment vs. the combination of methotrexate and 
hydroxychloroquine for active rheumatoid arthritis: a multicenter, double-blind, 
randomized controlled trial. Front. Pharmacol. 12, 679588. doi:10.3389/fphar.2021. 
679588

Guo, H., Zhang, J., Gao, W., Qu, Z., and Liu, C. (2014). Gastrointestinal effect of 
methanol extract of Radix aucklandiae and selected active substances on the transit 
activity of rat isolated intestinal strips. Pharm. Biol. 52 (9), 1141–1149. doi:10.3109/ 
13880209.2013.879601

Hasson, S. S., As, H. A.-S., Al-Busaidi, J. Z., Al-Balushi, M. S., Hakkim, F. L., Rashan, L., 
et al. (2018). Potential of Aucklandia lappa decne Ethanolic extract to trigger apoptosis 

Frontiers in Pharmacology frontiersin.org13

Welzel et al. 10.3389/fphar.2026.1795322

https://www.frontiersin.org/articles/10.3389/fphar.2026.1795322/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2026.1795322/full#supplementary-material
https://doi.org/10.1016/0031-9422(91)85271-z
https://doi.org/10.1021/acs.jnatprod.5b00947
https://doi.org/10.1021/acs.jnatprod.5b00947
https://doi.org/10.1111/j.0105-2896.2009.00859.x
https://doi.org/10.1111/j.0105-2896.2009.00859.x
https://doi.org/10.1186/s13075-019-1855-5
https://doi.org/10.1016/j.jtauto.2021.100087
https://doi.org/10.1016/j.jtauto.2021.100087
https://doi.org/10.1371/journal.pone.0020174
https://doi.org/10.1021/acschembio.5b00924
https://doi.org/10.1016/j.ejmech.2005.10.009
https://doi.org/10.1016/j.ejmech.2005.10.009
https://doi.org/10.1016/j.intimp.2013.01.021
https://doi.org/10.3892/etm.2018.6121
https://doi.org/10.3892/etm.2018.6121
https://doi.org/10.1016/j.intimp.2018.06.017
https://doi.org/10.1016/j.intimp.2018.06.017
https://doi.org/10.3389/fphar.2025.1659831
https://doi.org/10.3389/fphar.2025.1659831
https://doi.org/10.3389/fimmu.2016.00213
https://doi.org/10.1016/j.clinthera.2019.04.030
https://doi.org/10.1002/ptr.5299
https://doi.org/10.1016/j.bmcl.2005.05.053
https://doi.org/10.1016/j.bmcl.2005.05.053
https://doi.org/10.3389/fphar.2021.679588
https://doi.org/10.3389/fphar.2021.679588
https://doi.org/10.3109/13880209.2013.879601
https://doi.org/10.3109/13880209.2013.879601
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1795322


of human T47D and Hela cells. Asian Pac J. Cancer Prev. 19 (7), 1917–1925. doi:10. 
22034/APJCP.2018.19.7.1917

Idriss, H., Siddig, B., Gonzalez-Maldonado, P., Elkhair, H. M., Alakhras, A. I., Abdallah, 
E. M., et al. (2023). Inhibitory activity of Saussurea costus Extract against bacteria, 
Candida, herpes, and SARS-CoV-2. Plants (Basel) 12 (3), 460. doi:10.3390/ 
plants12030460

Iyer, V. S., Boddul, S. V., Johnsson, A. K., Raposo, B., Sharma, R. K., Shen, Y., et al. 
(2022). Modulating T-cell activation with antisense oligonucleotides targeting 
lymphocyte cytosolic protein 2. J. Autoimmun. 131, 102857. doi:10.1016/j.jaut.2022. 
102857

Jakobsson, P. J., Robertson, L., Welzel, J., Zhang, M., Zhihua, Y., Kaixin, G., et al. 
(2022). Where traditional Chinese medicine meets Western medicine in the 
prevention of rheumatoid arthritis. J. Intern Med. 292 (5), 745–763. doi:10.1111/ 
joim.13537

Jang, S., Kwon, E. J., and Lee, J. J. (2022). Rheumatoid arthritis: pathogenic 
roles of diverse immune cells. Int. J. Mol. Sci. 23 (2), 905. doi:10.3390/ 
ijms23020905

Jo, H. G., Lee, G. Y., Baek, C. Y., Song, H. S., and Lee, D. (2020). Analgesic and anti- 
inflammatory effects of Aucklandia lappa root extracts on acetic acid-induced writhing 
in mice and monosodium iodoacetate-induced osteoarthritis in rats. Plants (Basel) 10 
(1), 42. doi:10.3390/plants10010042

Koo, T. H., Lee, J. H., Park, Y. J., Hong, Y. S., Kim, H. S., Kim, K. W., et al. (2001). A 
sesquiterpene lactone, costunolide, from Magnolia grandiflora inhibits NF-kappa B by 
targeting I kappa B phosphorylation. Planta Med. 67 (2), 103–107. doi:10.1055/s-2001- 
11503

Kouskoff, V., Korganow, A. S., Duchatelle, V., Degott, C., Benoist, C., and Mathis, D. 
(1996). Organ-specific disease provoked by systemic autoimmunity. Cell. 87 (5), 
811–822. doi:10.1016/s0092-8674(00)81989-3

Kumari, R., Negi, M., Thakur, P., Mahajan, H., Raina, K., Sharma, R., et al. (2024). 
Saussurea costus (Falc.) Lipsch.: a comprehensive review of its pharmacology, 
phytochemicals, ethnobotanical uses, and therapeutic potential. Naunyn 
Schmiedeb. Arch. Pharmacol. 397 (3), 1505–1524. doi:10.1007/s00210-023- 
02694-0

Kwon, D. Y., Gu, J. H., Oh, M., and Lee, E. J. (2023). Combination effects of herbal 
and Western medicines on osteoporosis in rheumatoid arthritis: systematic 
review and meta-analysis. Front. Pharmacol. 14, 1164898. doi:10.3389/fphar. 
2023.1164898

LaBranche, T. P., Hickman-Brecks, C. L., Meyer, D. M., Storer, C. E., Jesson, M. 
I., Shevlin, K. M., et al. (2010). Characterization of the KRN cell transfer model 
of rheumatoid arthritis (KRN-CTM), a chronic yet synchronized version of the 
K/BxN mouse. Am. J. Pathol. 177 (3), 1388–1396. doi:10.2353/ajpath.2010. 
100195

Lee, H. I., Lee, G. R., Lee, J., Kim, N., Kwon, M., Kim, H. J., et al. (2020). 
Dehydrocostus lactone inhibits NFATc1 via regulation of IKK, JNK, and Nrf2, 
thereby attenuating osteoclastogenesis. BMB Rep. 53 (4), 218–222. doi:10.5483/ 
BMBRep.2020.53.4.220

Li, J., Li, L., Wang, Y., Zhao, Y., Hu, P., Xu, Z., et al. (2021). Systematic investigation on 
the anti-rheumatoid arthritis material basis and mechanism of juan Bi tang. Part 1: 
integrating metabolic profiles and network pharmacology. J. Pharm. Biomed. Anal. 202, 
114133. doi:10.1016/j.jpba.2021.114133

Liang, S., Chu, C., Li, R., Jiang, G., and Du, L. (2024). Costunolide and dehydrocostus 
lactone alleviate ulcerative colitis via regulating TLR4, NF-kappaB and PI3K expression. 
Sci. Rep. 14 (1), 29777. doi:10.1038/s41598-024-77021-5

Liao, H., Zheng, J., Lu, J., and Shen, H. L. (2025). NF-kappaB signaling pathway in 
rheumatoid arthritis: mechanisms and therapeutic potential. Mol. Neurobiol. 62 (6), 
6998–7021. doi:10.1007/s12035-024-04634-2

Lim, J. S., Lee, S. H., Lee, S. R., Lim, H. J., Roh, Y. S., Won, E. J., et al. (2020). 
Inhibitory effects of Aucklandia lappa decne. Extract on inflammatory and oxidative 
responses in LPS-treated macrophages. Molecules 25 (6), 1336. doi:10.3390/ 
molecules25061336

Lin, X., Peng, Z., and Su, C. (2015). Potential anti-cancer activities and mechanisms of 
costunolide and dehydrocostuslactone. Int. J. Mol. Sci. 16 (5), 10888–10906. doi:10.3390/ 
ijms160510888

Liu, X. N., Li, H. M., Wang, S. P., Zhang, J. Z., and Liu, D. L. (2021). Sesquiterpene 
lactones of aucklandia lappa: pharmacology, pharmacokinetics, toxicity, and 
structure-activity relationship. Chin. Herb. Med. 13 (2), 167–176. doi:10.1016/j. 
chmed.2020.11.005

Lv, Q. W., Zhang, W., Shi, Q., Zheng, W. J., Li, X., Chen, H., et al. (2015). 
Comparison of Tripterygium wilfordii hook F with methotrexate in the 
treatment of active rheumatoid arthritis (TRIFRA): a randomised, controlled 
clinical trial. Ann. Rheum. Dis. 74 (6), 1078–1086. doi:10.1136/annrheumdis- 
2013-204807

Maeda, K., Yoshida, K., Nishizawa, T., Otani, K., Yamashita, Y., Okabe, H., et al. (2022). 
Inflammation and bone metabolism in rheumatoid arthritis: molecular mechanisms of 
joint destruction and pharmacological treatments. Int. J. Mol. Sci. 23 (5), 2871. doi:10. 
3390/ijms23052871

Malemud, C. J. (2013). Intracellular signaling pathways in rheumatoid arthritis. J. Clin. 
Cell. Immunol. 4, 160. doi:10.4172/2155-9899.1000160

Monach, P. A., Mathis, D., and Benoist, C. (2008). The K/BxN arthritis model. Curr. 
Protoc. Immunol. 15 (15), 221–252. doi:10.1002/0471142735.im1522s81

Nagy, G., Roodenrijs, N. M. T., Welsing, P. M., Kedves, M., Hamar, A., van der 
Goes, M. C., et al. (2021). EULAR definition of difficult-to-treat rheumatoid 
arthritis. Ann. Rheum. Dis. 80 (1), 31–35. doi:10.1136/annrheumdis-2020- 
217344

Nie, Y., Wang, Z., Chai, G., Xiong, Y., Li, B., Zhang, H., et al. (2019). Dehydrocostus 
lactone suppresses LPS-Induced acute lung injury and macrophage activation through 
NF-kappaB signaling pathway mediated by p38 MAPK and akt. Molecules 24 (8), 1510. 
doi:10.3390/molecules24081510

Pang, W. L., Li, T. G., Wang, Y. Y., Song, L. Y., Li, L., Li, X. Y., et al. (2025). Saussurea 
costus alleviates ulcerative colitis by regulating the gut microbiota and improving 
intestinal barrier integrity. Front. Cell. Infect. Microbiol. 15, 1528578. doi:10.3389/ 
fcimb.2025.1528578

Park, Y. J., Yoo, S. A., Kim, M., and Kim, W. U. (2020). The role of Calcium-Calcineurin- 
NFAT signaling pathway in health and autoimmune diseases. Front. Immunol. 11, 195. 
doi:10.3389/fimmu.2020.00195

Peng, Z., Wang, Y., Fan, J., Lin, X., Liu, C., Xu, Y., et al. (2017). Costunolide and 
dehydrocostuslactone combination treatment inhibit breast cancer by inducing cell 
cycle arrest and apoptosis through c-Myc/p53 and AKT/14-3-3 pathway. Sci. Rep. 7, 
41254. doi:10.1038/srep41254

Pflugbeil, S., Bockl, K., Pongratz, R., Leitner, M., Graninger, W., and Ortner, A. (2020). 
Drug interactions in the treatment of rheumatoid arthritis and psoriatic arthritis. 
Rheumatol. Int. 40 (4), 511–521. doi:10.1007/s00296-020-04526-3

Pigott, E., DuHadaway, J. B., Muller, A. J., Gilmour, S., Prendergast, G. C., and Mandik- 
Nayak, L. (2014). 1-Methyl-tryptophan synergizes with methotrexate to alleviate 
arthritis in a mouse model of arthritis. Autoimmunity 47 (6), 409–418. doi:10.3109/ 
08916934.2014.914507

Reddy, D. S., and Corey, E. J. (2018). Enantioselective conversion of oligoprenol 
derivatives to macrocycles in the germacrene, cembrene, and 18-Membered cyclic 
sesterterpene series. J. Am. Chem. Soc. 140 (49), 16909–16913. doi:10.1021/jacs. 
8b10522

Romagnoli, R., Baraldi, P. G., Tabrizi, M. A., Bermejo, J., Estevez, F., Borgatti, M., et al. 
(2005). Design, synthesis, and biological evaluation of hybrid molecules containing 
alpha-methylene-gamma-butyrolactones and alpha-bromoacryloyl moieties. J. Med. 
Chem. 48 (24), 7906–7910. doi:10.1021/jm058012o

Sarkar, F. H., Li, Y., Wang, Z., and Kong, D. (2008). NF-kappaB signaling pathway and 
its therapeutic implications in human diseases. Int. Rev. Immunol. 27 (5), 293–319. 
doi:10.1080/08830180802276179

Smolen, J. S., Aletaha, D., Barton, A., Burmester, G. R., Emery, P., Firestein, G. S., 
et al. (2018). Rheumatoid arthritis. Nat. Rev. Dis. Prim. 4, 18001. doi:10.1038/nrdp. 
2018.1

Sundstrom, Y., Shang, M. M., Panda, S. K., Gronwall, C., Wermeling, F., Gunnarsson, I., 
et al. (2021). Identifying novel B-cell targets for chronic inflammatory autoimmune 
disease by screening of chemical probes in a patient-derived cell assay. Transl. Res. 229, 
69–82. doi:10.1016/j.trsl.2020.09.003

Tag, H. M., Khaled, H. E., Ismail, H. A., and El-Shenawy, N. S. (2016). Evaluation of anti- 
inflammatory potential of the ethanolic extract of the Saussurea lappa root (costus) on 
adjuvant-induced monoarthritis in rats. J. Basic Clin. Physiol. Pharmacol. 27 (1), 71–78. 
doi:10.1515/jbcpp-2015-0044

Wang, L., Ma, L., Lin, Y., Liu, X., Xiao, L., Zhang, Y., et al. (2018). Leflunomide increases 
hepatic exposure to methotrexate and its metabolite by differentially regulating 
multidrug resistance-associated protein Mrp2/3/4 transporters via peroxisome 
proliferator-activated receptor alpha activation. Mol. Pharmacol. 93 (6), 563–574. 
doi:10.1124/mol.117.110593

Wei, W., Tweardy, D. J., Zhang, M., Zhang, X., Landua, J., Petrovic, I., et al. (2014). 
STAT3 signaling is activated preferentially in tumor-initiating cells in claudin-low 
models of human breast cancer. Stem Cells 32 (10), 2571–2582. doi:10.1002/stem. 
1752

Welzel, J. R. L. P., Brieskorn, L., Chaitoglou, I., Boddul, S., Chuquimia, O., 
Shang, M., et al. (2025). Bioactivity-guided isolation of anti-inflammatory 
compounds from the herbs constituting a traditional Chinese medicine 
formulation used for rheumatoid arthritis. Phytomedicine. doi:10.1016/j. 
phymed.2025.157626

Wu, J., Chen, X., Lv, Y., Gao, K., Liu, Z., Zhao, Y., et al. (2020). Chinese herbal 
formula huayu-qiangshen-tongbi decoction compared with leflunomide in 
combination with methotrexate in patients with active rheumatoid arthritis: an 
open-label, randomized, controlled, pilot study. Front. Med. (Lausanne) 7, 484. 
doi:10.3389/fmed.2020.00484

Wang, L. S. (2007). Two new sesquiterpenoid glucosides from the aerial parts of 
saussurea involucrate. J. Integr. Plant Biol. 49 (5).

Xing, Q., Fu, L., Yu, Z., and Zhou, X. (2020). Efficacy and safety of integrated traditional 
Chinese medicine and Western medicine on the treatment of rheumatoid arthritis: a 

Frontiers in Pharmacology frontiersin.org14

Welzel et al. 10.3389/fphar.2026.1795322

https://doi.org/10.22034/APJCP.2018.19.7.1917
https://doi.org/10.22034/APJCP.2018.19.7.1917
https://doi.org/10.3390/plants12030460
https://doi.org/10.3390/plants12030460
https://doi.org/10.1016/j.jaut.2022.102857
https://doi.org/10.1016/j.jaut.2022.102857
https://doi.org/10.1111/joim.13537
https://doi.org/10.1111/joim.13537
https://doi.org/10.3390/ijms23020905
https://doi.org/10.3390/ijms23020905
https://doi.org/10.3390/plants10010042
https://doi.org/10.1055/s-2001-11503
https://doi.org/10.1055/s-2001-11503
https://doi.org/10.1016/s0092-8674(00)81989-3
https://doi.org/10.1007/s00210-023-02694-0
https://doi.org/10.1007/s00210-023-02694-0
https://doi.org/10.3389/fphar.2023.1164898
https://doi.org/10.3389/fphar.2023.1164898
https://doi.org/10.2353/ajpath.2010.100195
https://doi.org/10.2353/ajpath.2010.100195
https://doi.org/10.5483/BMBRep.2020.53.4.220
https://doi.org/10.5483/BMBRep.2020.53.4.220
https://doi.org/10.1016/j.jpba.2021.114133
https://doi.org/10.1038/s41598-024-77021-5
https://doi.org/10.1007/s12035-024-04634-2
https://doi.org/10.3390/molecules25061336
https://doi.org/10.3390/molecules25061336
https://doi.org/10.3390/ijms160510888
https://doi.org/10.3390/ijms160510888
https://doi.org/10.1016/j.chmed.2020.11.005
https://doi.org/10.1016/j.chmed.2020.11.005
https://doi.org/10.1136/annrheumdis-2013-204807
https://doi.org/10.1136/annrheumdis-2013-204807
https://doi.org/10.3390/ijms23052871
https://doi.org/10.3390/ijms23052871
https://doi.org/10.4172/2155-9899.1000160
https://doi.org/10.1002/0471142735.im1522s81
https://doi.org/10.1136/annrheumdis-2020-217344
https://doi.org/10.1136/annrheumdis-2020-217344
https://doi.org/10.3390/molecules24081510
https://doi.org/10.3389/fcimb.2025.1528578
https://doi.org/10.3389/fcimb.2025.1528578
https://doi.org/10.3389/fimmu.2020.00195
https://doi.org/10.1038/srep41254
https://doi.org/10.1007/s00296-020-04526-3
https://doi.org/10.3109/08916934.2014.914507
https://doi.org/10.3109/08916934.2014.914507
https://doi.org/10.1021/jacs.8b10522
https://doi.org/10.1021/jacs.8b10522
https://doi.org/10.1021/jm058012o
https://doi.org/10.1080/08830180802276179
https://doi.org/10.1038/nrdp.2018.1
https://doi.org/10.1038/nrdp.2018.1
https://doi.org/10.1016/j.trsl.2020.09.003
https://doi.org/10.1515/jbcpp-2015-0044
https://doi.org/10.1124/mol.117.110593
https://doi.org/10.1002/stem.1752
https://doi.org/10.1002/stem.1752
https://doi.org/10.1016/j.phymed.2025.157626
https://doi.org/10.1016/j.phymed.2025.157626
https://doi.org/10.3389/fmed.2020.00484
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1795322


meta-analysis. Evid. Based Complement. Altern. Med. 2020, 4348709. doi:10.1155/2020/ 
4348709

Yamada, H. (2022). Adaptive immunity in the joint of rheumatoid arthritis. Immunol. 
Med. 45 (1), 1–11. doi:10.1080/25785826.2021.1930371

Yu, H., Pardoll, D., and Jove, R. (2009). STATs in cancer inflammation and 
immunity: a leading role for STAT3. Nat. Rev. Cancer 9 (11), 798–809. doi:10. 
1038/nrc2734

Yuuya, S., Hagiwara, H., Suzuki, T., Ando, M., Yamada, A., Suda, K., et al. (1999). 
Guaianolides as immunomodulators. Synthesis and biological activities of 
dehydrocostus lactone, mokko lactone, eremanthin, and their derivatives. J. Nat. 
Prod. 62 (1), 22–30. doi:10.1021/np980092u

Zhang, L., Cao, Z., Yang, Y., Tan, X., Mao, J., and Su, L. (2020). Traditional Chinese 
medicine on treating active rheumatoid arthritis: a protocol for systematic review and 
meta-analysis. Med. Baltim. 99 (24), e20642. doi:10.1097/MD.0000000000020642

Zhou, H. F., Hu, G., Wickline, S. A., Lanza, G. M., and Pham, C. T. (2010). Synergistic 
effect of antiangiogenic nanotherapy combined with methotrexate in the treatment of 
experimental inflammatory arthritis. Nanomedicine (Lond). 5 (7), 1065–1074. doi:10. 
2217/nnm.10.78

Zorrilla, J. G., Cardenas, D. M., Rial, C., Molinillo, J. M. G., Varela, R. M., Masi, M., et al. 
(2024). Bioprospection of phytotoxic plant-derived eudesmanolides and guaianolides 
for the control of Amaranthus viridis, Echinochloa crus-galli, and Lolium perenne 
weeds. J. Agric. Food Chem. 72 (3), 1797–1810. doi:10.1021/acs.jafc.3c06901

Frontiers in Pharmacology frontiersin.org15

Welzel et al. 10.3389/fphar.2026.1795322

https://doi.org/10.1155/2020/4348709
https://doi.org/10.1155/2020/4348709
https://doi.org/10.1080/25785826.2021.1930371
https://doi.org/10.1038/nrc2734
https://doi.org/10.1038/nrc2734
https://doi.org/10.1021/np980092u
https://doi.org/10.1097/MD.0000000000020642
https://doi.org/10.2217/nnm.10.78
https://doi.org/10.2217/nnm.10.78
https://doi.org/10.1021/acs.jafc.3c06901
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1795322


Glossary
AP-1 activator protein-1

AUC area under curve

CH3CN acetonitrile

CIA collagen-induced arthritis

COX cyclooxygenase

CsA cyclosporin A

DMARDs disease-modifying antirheumatic drugs

ELISA enzyme-linked immunosorbent assay

EtOAc ethyl acetate

FA formic acid

FACS fluorescence-activated cell sorting

GFP green fluorescent protein

GM-CSF granulocyte-macrophage colony-stimulating factor

GPI glucose-6-phosphate isomerase

HCl hydrochloric acid

HEK293T HEK

HPLC high-performance liquid chromatography

HRP horseradish peroxidase

IgG immunoglobulin G

IL interleukin

KO knockout

LC-MS liquid chromatography-mass spectrometry

LEF leflunomide

MACS magnetic-activated cell sorting

MAPK mitogen-activated protein kinase

MeOH methanol

MS mass spectrometry

MTX methotrexate

NFAT nuclear factor of activated T cells

NF-ĸB nuclear factor kappa B

NMR nuclear magnetic resonance

NOD non-obese diabetic

PAINs pan-assay interference compounds

PBMCs peripheral blood mononuclear cells

PG prostaglandin

Qushi-Juanbi Granules QSJB

RA rheumatoid arthritis

Saussurea costus S. costus

SD standard deviation

SEM standard error of mean

SPE solid-phase-extraction

STAT signal transducers and activators of transcription

SW982 SW

TCM traditional Chinese medicine

TFA trifluoroacetic acid

TNF tumor necrosis factor

UPLC ultra-performance liquid chromatography.
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