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Purpose: Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by persistent inflammation, pain, and joint 
destruction, largely driven by inflammation and oxidative stress. This study explored the therapeutic potential of a thermosensitive 
hydrogel (TPTH) loaded with TP-P1, a derivative of triptolide, focusing on anti-inflammatory and antioxidant effects.
Methods: A collagen-induced arthritis (CIA) model was established by dual immunization with type II collagen and Freund’s 
adjuvant. Mice were randomized into control, model, dexamethasone (DEX), blank hydrogel, and TPTH groups. After 28 days of 
intra-articular treatment, arthritis severity was assessed by paw swelling, arthritis scores, and histopathology. Cytokines (IL-6, IL-1β, 
TNF-α) were measured by RT-qPCR and flow cytometry, oxidative stress markers (MDA, SOD, CAT, GSH) were determined, and 
TLR4/NF-κB expression was analyzed by Western blotting, immunohistochemistry, and RT-qPCR. Biosafety was evaluated via liver/ 
kidney histology and plasma indices (ALT, AST, BUN, CRE).
Results: TPTH treatment markedly alleviated arthritis symptoms, reducing paw swelling and scores (p < 0.0001). It downregulated 
inflammatory cytokines, improved antioxidant status (SOD, CAT, GSH) and decreased MDA. TPTH also suppressed TLR4 and NF-κB 
expression, indicating modulation of inflammatory signaling. Importantly, no obvious hepatic or renal toxicity was observed.
Conclusion: TPTH significantly ameliorates inflammation and oxidative stress in CIA mice by modulating the TLR4/NF-κB pathway 
and shows promise as a safe and effective therapeutic strategy for RA.
Keywords: anti-inflammatory, antioxidant stress capacity, TP-P1-loaded thermosensitive hydrogel, rheumatoid arthritis

Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease characterized by the breakdown of immune 
tolerance, abnormal synovial hyperplasia, and progressive joint destruction, ultimately leading to systemic manifestations 
and long-term disability.1 Although the precise etiology of RA remains unclear, it is widely accepted that genetic, 
environmental, and immunological factors contribute synergistically to the onset and progression of the disease.2 The 
conventional first-line treatment for RA involves the use of anti-inflammatory agents, such as nonsteroidal anti- 
inflammatory drugs (NSAIDs), disease-modifying antirheumatic drugs (DMARDs), and biologic agents. These therapies 
mainly provide symptomatic relief rather than targeting the underlying causes of the disease.3 However, long-term 
administration is often associated with serious side effects and high financial burden, which severely limits their 
prolonged use and overall therapeutic efficacy.4 For instance, nonsteroidal anti-inflammatory drugs (NSAIDs) are linked 
to gastrointestinal complications such as dyspepsia, peptic ulceration, and bleeding, as well as cardiovascular risks 
including myocardial infarction, hypertension, and heart failure.5 Disease-modifying antirheumatic drugs (DMARDs) 
may induce adverse events such as nausea, oral ulcers, alopecia, cytopenia, elevated hepatic enzymes, and, albeit rarely, 
interstitial pneumonitis.6 Therefore, there is a growing need to develop safer and more effective therapeutic strategies that 
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offer sustained efficacy, particularly those that can target the underlying mechanisms such as inflammation and oxidative 
stress.7

In recent years, hydrogel-based controlled drug delivery systems have attracted considerable attention in tissue 
engineering and biomedicine due to their ability to provide localized, sustained release of therapeutics. Among them, 
thermosensitive hydrogels, which remain in a sol state at room temperature and rapidly undergo gelation at body 
temperature, offer advantages such as minimally invasive administration and prolonged drug retention at the site of 
inflammation.8,9 Chitosan (CS), a naturally derived polysaccharide extracted from the shells of crustaceans such as crabs 
and shrimp, is widely used in hydrogel formulation owing to its excellent biocompatibility, biodegradability, and non- 
toxicity, making it a promising material for drug delivery applications.

Traditional Chinese Medicine (TCM), as a significant source of complementary and alternative therapies, provides 
a rich reservoir of bioactive compounds with immunosuppressive and anti-inflammatory properties.10,11 Tripterygium 
wilfordii Hook F (TWHF), a well-known medicinal herb in TCM, has been extensively studied for its potent therapeutic 
effects in autoimmune diseases.12 Triptolide (TP), a diterpenoid triepoxide and the principal active component of TWHF, 
has demonstrated robust anti-inflammatory and bone-protective effects in both in vitro and in vivo models.13–15 However, 
the clinical application of TP is severely limited by its poor water solubility and considerable toxicity. To address these 
limitations, we previously synthesized a novel TP derivative, TP-P1, which exhibits significantly improved aqueous 
solubility and safety profile. As a novel prodrug of triptolide (TP), TP-P1 markedly undergoes rapid and complete 
conversion to active TP in vivo. Compared with other TP derivatives such as Minnelide, TP-P1 exhibits superior 
pharmacokinetic properties and higher oral bioavailability. In animal models, TP-P1 demonstrates potent antitumor and 
anti-inflammatory activity with reduced toxicity and a broader therapeutic window. These advantages highlight TP-P1 as 
a promising candidate for further development and clinical translation.16

The TLR4/NF-κB pathway is a central regulator of inflammatory responses in rheumatoid arthritis, controlling the 
production of key pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β. Its aberrant activation in synovial 
fibroblasts, macrophages, and CD4+ T cells drives persistent inflammation and joint destruction, and TLR4-deficient 
mice are resistant to experimental arthritis.17 These findings highlight the pathway’s mechanistic and clinical relevance, 
justifying its focus as a therapeutic target in RA.

In this study, we developed a thermosensitive hydrogel formulation (TPTH) incorporating TP-P1 as the therapeutic 
agent and systematically evaluated its therapeutic efficacy in a collagen-induced arthritis (CIA) mouse model. 
Furthermore, we explored its underlying mechanisms from the perspectives of inflammation and oxidative stress. This 
work aims to provide a scientific foundation for the development of novel therapeutic formulations and targets for the 
treatment of rheumatoid arthritis.

Materials and Methods
Reagents and Instruments
Chitosan (CAS: 9012–76-4; molecular weight 190,000–375,000 Da) and β-Glycerophosphate disodium salt hydrate 
(CAS: 154804–51-0; molecular weight 216.04) were purchased from Sigma-Aldrich (USA); Primary antibodies included 
anti-TLR4 (19811-1-AP; Proteintech, China), anti-NF-κB p65 (66535-1-Ig; Proteintech, China) and anti-GAPDH 
(60004-1-Ig; Proteintech, China). Immunization Grade Bovine Type II Collagen (20022), Complete Freund’s Adjuvant 
(7023) and Incomplete Freund’s Adjuvant (7002) were purchased from Chondrex (USA).

Fabrication of Thermosensitive Chitosan Hydrogel
The thermosensitive chitosan hydrogel was prepared as previously described.18 Briefly, chitosan (deacetylation degree 
≥85%) was dissolved in 0.1 M acetic acid under magnetic stirring. A 56% (w/v) β-glycerophosphate (β-GP) solution was 
prepared in ultrapure water and gradually added to the chitosan solution under vigorous stirring at 4°C. The mixture was 
sterilized by autoclaving (15 min) and stored at 4°C until use. TPTH was prepared by combining the CS/β-GP solution 
with TP-P1 under gentle mixing until a homogeneous mixture was obtained.
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Injectability Studies
The injectability of solutions of TPTH was assessed by observing thread-like hydrogel formation when the solution in 
a syringe was injected into a vial containing PBS solution at 37 °C.

Gelation Time
The gelation time was measured using the test tube inversion method in a constant-temperature water bath at 37 °C. For 
each sample, 1 mL was transferred into a test tube at room temperature and then incubated in the water bath. At 
30 second intervals, the flowability of the sample was assessed by tilting the tube. The time point at which the sample 
ceased to flow was defined as the gelation time, and the corresponding value was recorded.

In vitro Release Study
For the in vitro release experiment, TPTH and free TP-P1 solution was loaded into a 1000 Da dialysis bag. The dialysis 
bag was immersed in a transparent vial containing 10 mL of PBS (pH 7.4) and placed on a shaker at 150 rpm under 
gentle, constant agitation. The release study was conducted at 37 °C, and at predetermined time intervals, the release 
medium was replaced with fresh PBS to maintain consistent release conditions. The amount of TP-P1 released was 
quantified using UV–visible spectrophotometry at 304 nm.

Cell Culture and Treatment
Mouse mononuclear macrophage leukemia cells (RAW264.7) were provided by Department of Hematology, Jiangsu 
Provincial Hospital of Traditional Chinese Medicine. RAW264.7 was cultured in DMEM medium (Gibco, USA) with 
10% fetal bovine serum (FBS; Gibco, USA) in a 37°C incubator with a humidified atmosphere of 5% CO2. RAW 264.7 
macrophages were seeded in 24-well plates at a density of 5×104 cells per well. Cells were first stimulated with 1 μg/mL 
LPS for 24 hours, followed by treatment with DEX and hydrogel extracts for an additional 24 hours. After 24 h of 
cultivation, the total RNA of macrophage was extracted from each sample and the relevant gene expression was 
measured by RT-qPCR assay.

Experimental Animals
Male SPF-grade DBA/1J mice (Mus musculus, 6–8 weeks old, 18–22 g) were purchased from Jiangsu GemPharmatech 
Co., Ltd. (SCXK Su 2022–0070, Jiangsu, China) and housed under standard laboratory conditions: temperature 22 ± 2°C, 
relative humidity 60–80%, 12 h light/dark cycle, with ad libitum access to food and water. All procedures complied with 
the NIH Guide for the Care and Use of Laboratory Animals (Publication No. 8023) and were approved by the Ethics 
Committee of Nanjing University of Chinese Medicine (Approval No. 2024DW-024-01S).

Animal Grouping
Collagen-induced arthritis (CIA) was established as reported.19 Bovine type II collagen (CII) was emulsified with an 
equal volume of complete Freund’s adjuvant (CFA; Chondrex, USA) using a homogenizer on ice. Successful emulsifica
tion was confirmed by the absence of water dispersion upon droplet testing. The final CII concentration was adjusted to 
1 mg/mL. For primary immunization, 100 μL of CII/CFA emulsion was intradermally injected at the tail base. On day 21, 
a booster immunization with CII emulsified in incomplete Freund’s adjuvant (IFA) was administered at the same site. 
Control mice received saline. Post-modeling, mice were randomized into five groups (n = 6): Control (CTR), Model 
(MCG), Positive drug (MCG + DEX, 2mg/kg),20 Blank hydrogel (Blank-H), Treatment (MCG + TPTH, 250μg/kg). The 
grouping and sample size are also consistent with previously published studies.12,21 All treatments were administered via 
intra-articular injection every 4 days for 28 days. Clinical arthritis scores (AS) were assessed every 4 days. Mice were 
euthanized using an overdose of carbon dioxide, followed by collection of blood, knee, and ankle joints for analysis.
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Paw Swelling and Arthritis Scoring
Right hind paw volume (PV) was measured every 4 days using a plethysmometer. A clinical scoring system was used to 
evaluate arthritis. (1) No sign of hyperemia or inflammation, the score is 0; (2) Little hyperemia with no paw swelling, 
the score is 1; (3) Modest hyperemia with swelling mainly localized in the ankle region, the score is 2; (4) The increased 
hyperemia and paw swelling in the ankle and metatarsal regions, the score is 3; (5) Significant hyperemia and paw 
swelling in the ankle, metatarsal and tarsal regions, the score is 4. The total score was calculated by summing the 
individual scores from both hind paws in each mouse.

Histopathological Staining
Knee joints and liver/kidneys were fixed in 4% neutral-buffered formalin (>48 h), paraffin-embedded, and sectioned 
(5 μm). Sections were stained with hematoxylin and eosin (H&E), safranin O-fast green (SO-FG), and Masson’s 
trichrome using standard protocols. Images were acquired using a Nikon Eclipse Ni-U microscope (Japan).

Immunohistochemistry
Deparaffinized sections underwent antigen retrieval, endogenous peroxidase blocking (3% H2O2, 25 min), and blocking 
with 3% BSA (30 min). Primary anti-TLR4 antibody (1:100) was applied overnight at 4°C. After secondary antibody 
incubation (50 min, RT), DAB chromogen and hematoxylin counterstaining were performed. Sections were dehydrated 
and mounted with neutral resin.

Cytokine Quantification
EDTA-anticoagulated blood was centrifuged (1500×g, 10 min) to isolate plasma. Joint homogenates were centrifuged 
(1500×g, 10 min) to collect supernatants. Inflammatory cytokines were quantified using a multi-analyte flow assay kit 
(Biolegend, USA) on a Navios flow cytometer (RAISECARE, China). Data were analyzed with LEGENDplex v8 
software.

Measurement of Anti-Type II Collagen Antibody Levels
Serum anti-type II collagen antibody (IgG) levels were measured using a commercial ELISA kit (Nanjing Youmeng 
Biotechnology Co., Ltd., China) according to the manufacturer’s instructions. Absorbance was recorded at 450 nm with 
a microplate reader, and antibody concentrations were calculated based on the standard curve.

Quantitative Real-Time PCR (RT-qPCR)
Cell and Tissue RNA was extracted using a rapid RNA isolation kit (Feijie, China). cDNA was synthesized with 5× All- 
In-One RT Master Mix (Yugong Biotech, China). Primers and SYBR Green Master Mix (DBI Bioscience, China) were 
used for amplification on an ABI 7500 Real-Time PCR System (Thermo Fisher, USA). Relative mRNA expression was 
calculated via the 2−ΔΔCt method, normalized to GAPDH. Experiments included triplicate replicates. Specific primers 
were synthesized by Sangon Biotech (Shanghai, China), with detailed sequences provided in Text S1.

Assessment of Oxidative and Antioxidant Biomarkers
Oxidative stress was evaluated by measuring malondialdehyde (MDA), a lipid peroxidation product, using an MDA 
assay kit (Beyotime, China) according to the manufacturer’s protocol. Antioxidant capacity was determined through 
enzymatic activities of superoxide dismutase (SOD), catalase (CAT), and reduced glutathione (GSH) using commercial 
kits (Nanjing Jiancheng, China). Final concentrations were calculated based on standard formulas provided in the 
respective kits.

Western Blot Analysis
Joint tissue samples were homogenized with steel beads, and protein concentrations were quantified using a BCA assay. 
Equal amounts of protein (40 μg) were separated by 12.5% SDS-PAGE and transferred to PVDF membranes. 
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Membranes were blocked with protein-free rapid blocking buffer (PS108P, Epizyme, China) for 15 min at room 
temperature, followed by overnight incubation at 4°C with primary antibodies: TLR4 (1:1000), NF-κB (1:1000), and 
GAPDH (1:5000) (all from Proteintech, China). After incubation with HRP-conjugated secondary antibodies for 1 h at 
room temperature, protein bands were visualized using an ECL chemiluminescence reagent (P2300, NCM Biotech, 
China). Relative protein expression was analyzed using ImageJ software.

Safety and Biochemical Test
Systemic safety of drug treatment was assessed by analyzing plasma levels of aspartate aminotransferase (AST), alanine 
aminotransferase (ALT), creatinine (CRE), and blood urea nitrogen (BUN) in mice. Commercial assay kits (AST/GOT, 
ALT/GPT, CRE, BUN; Nanjing Jiancheng, China) were used strictly following the manufacturer’s instructions. Plasma 
samples were incubated with specific reaction reagents, and absorbance of reaction products was measured using 
a microplate reader. Enzyme activities or metabolite concentrations were calculated based on standard curves. The 
in vitro cytocompatibility of the thermosensitive hydrogel was evaluated using RAW264.7 cells. Approximately 10% 
serum-containing culture medium was added to the hydrogel and incubated at 37 °C for 24 h to prepare the extraction 
medium, which was then sterilized using a 0.2 μm filter. RAW264.7 cells were seeded into 96-well plates at a density of 1 
× 104 cells per well and incubated for 24 h at 37 °C in a humidified atmosphere containing 5% CO2. The culture medium 
was then replaced with the hydrogel extraction medium, and the cells were further incubated for 24, 48, and 72 h. At the 
predetermined time points, cell viability was assessed using a microplate reader according to the CCK-8 assay protocol.

Statistical Analysis
Data are expressed as mean ± SEM. Statistical significance was determined using one-way or two-way ANOVA in 
GraphPad Prism 10. p<0.05 was considered statistically significant.

Results
TPTH Attenuates CIA-Induced Rheumatoid Arthritis in Mice
CS is the active ingredient extracted from chitosan and is a valuable natural product. As shown in Figure 1A, we 
prepared a thermosensitive TP-P1 hydrogel (TPTH). The hydrogel formulation flowed freely within the syringe. When 
injected into PBS (at 37°C), the contents smoothly exited the needle, forming a continuous thread-like soft gel that settled 
at the bottom of the vial without any phase separation or clumping. This indicates that the formulation is homogeneous, 
stable, and suitable as a thermosensitive injectable preparation (Figure 1B). The Blank-H and TPTH rapidly gelled within 
approximately 3 minutes, indicating quick gelation at body temperature. (Supplementary Figure 1). Free TP-P1 was 
completely released within 1 h, while TPTH showed a sustained release of 81% over 36 h (Supplementary Figure 2). 
A CIA-induced murine RA model was successfully established, with the experimental timeline illustrated in Figure 1C. 
To further confirm successful model induction, serum anti-type II collagen antibody levels were measured, which showed 
a significant increase in the model group and Blank-H (Supplementary Figure 3). The therapeutic efficacy of TPTH was 
evaluated in CIA mice through body weight monitoring, hind paw swelling measurement, and arthritis scoring, using 
dexamethasone (DEX) — a clinically established anti-inflammatory and analgesic agent — as the positive control. 
During the peak disease phase (days 29–33), model (MCG) and blank hydrogel (Blank-H) groups exhibited significant 
body weight loss (p < 0.0001 vs CTR, Figure 1D), accompanied by hind paw swelling (p< 0.0001 vs CTR, Figure 1E) 
and elevated arthritis scores compared to the control group (CTR) (p< 0.0001 vs CTR, Figure 1F). Macroscopic 
evaluation revealed pronounced hind paw edema and erythema in CIA mice (Figure 1E). Both TPTH and DEX markedly 
suppressed disease progression and paw swelling (p < 0.0001 vs MCG), whereas Blank-H showed no therapeutic effect. 
Histopathological analysis confirmed these findings: MCG and Blank-H groups exhibited cell proliferation, panus, cell 
erosion, inflammation and joint space narrowing, while TPTH and DEX maintained cartilage integrity and reduced 
synovial proliferation (Figure 1G and Supplementary Figure 4). Notably, there was no significant difference in efficacy 
between TPTH and DEX (p > 0.05), indicating comparable potency.
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Figure 1 TPTH alleviates rheumatoid arthritis in CIA mice. (A) Schematic fabrication process of Thermosensitive TP-P1 Hydrogel. (B) Injectability of hydrogel studied under 
physiological conditions (37 °C and pH 7.4). (C) Schematic diagram of the animal experimental design. (D) Body weight changes of mice during the treatment period. (E) Swelling 
degree of the hind paws. (F) Clinical arthritis scores of the mice. (G) Representative images of paw swelling and histological sections of knee joints stained with H&E, Safranin O/Fast 
Green and Masson’s trichrome. Scale bar: 50 μm per grid. Data are presented as mean ± SEM (n = 6). *p < 0.05, *** p < 0.001 vs CTR; # p < 0.05, ### p < 0.001 vs MCG. 
Abbreviations: CTR, healthy control group; MCG, model control group; DEX, dexamethasone positive control group; Blank-H, blank hydrogel group; TPTH, TP-P1 
hydrogel group.
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TPTH Reduces Proinflammatory Cytokine Levels in CIA Mice
To further evaluate the anti-inflammatory efficacy of TPTH, we assessed the expression levels of proinflammatory 
cytokines in both plasma and joint tissues of mice. Flow cytometry analysis revealed that levels of key proinflammatory 
cytokines, including IL-6, IL-23, IL-1 α, IL-1β, and TNF-α etc. were significantly elevated in the CIA model control 
group (MCG) compared to the normal group (Figure 2A and B). Notably, treatment with TPTH markedly attenuated the 
expression of these cytokines in both compartments. As a positive control, dexamethasone (DEX) also exerted 
a suppressive effect on the expression of these inflammatory mediators, albeit to a variable extent (Figure 2A and B). 
In addition, we examined the mRNA expression of selected cytokines in ankle and knee joint tissues. Compared with the 
normal group, CIA mice exhibited significantly increased mRNA levels of IL-6, IL-1β, and TNF-α, which were 
substantially downregulated following treatment with either TPTH or DEX (Figure 2C). Collectively, these results 
demonstrate that TPTH effectively suppresses the expression of multiple key proinflammatory cytokines in CIA mice, 
suggesting its potent immunomodulatory and anti-inflammatory properties.

TPTH Modulates Oxidative Biomarker Expression and Attenuates Oxidative Stress in 
CIA Mice
As shown in Figure 3, compared with the healthy control group, mice in the CIA model control group (MCG) exhibited 
increase in plasma malondialdehyde (MDA) levels, indicating enhanced lipid peroxidation and oxidative damage 
(Figure 3A). Concurrently, key antioxidant indicators, including catalase (CAT) activity, superoxide dismutase (SOD) 
activity, and glutathione (GSH) content, were reduced in the MCG group, reflecting impaired antioxidant defense and 
elevated oxidative stress (Figure 3B–D). In contrast, treatment with TPTH significantly reduced MDA levels while 
restoring CAT and SOD activities as well as GSH content, suggesting that TPTH effectively mitigates oxidative stress by 
both inhibiting oxidative damage and enhancing the endogenous antioxidant system. Similarly, dexamethasone (DEX) 
treatment also resulted in decreased MDA levels and improved antioxidant parameters. These findings indicate that 
TPTH alleviates oxidative damage in CIA mice by reducing the accumulation of oxidative products and enhancing 
antioxidant capacity, thereby contributing to its overall therapeutic efficacy.

TPTH Alleviates Joint Inflammation in CIA Mice via the TLR4/NF-κB Signaling Pathway
The TLR4/NF-κB signaling pathway plays a pivotal role in mediating inflammatory responses.22 To further elucidate the 
anti-inflammatory mechanism of TPTH, we examined the expression levels of key components of this pathway using RT- 
qPCR, Western blotting and immunohistochemistry. Compared with the normal control group, the MCG group exhibited 
increased mRNA expression levels of TLR4, MyD88 and NF-κB in both cell and tissue samples (Figure 4A). As shown 
in Figure 4B, protein levels of TLR4 and its downstream effector NF-κB were elevated in the CIA model control group 
(MCG) compared to the healthy control group, indicating marked activation of this signaling axis in the disease state. 
Notably, treatment with TPTH significantly suppressed the expression of both TLR4 and NF-κB, suggesting that TPTH 
inhibits the activation of the TLR4/NF-κB pathway. These findings were further corroborated by immunohistochemical 
analysis, which demonstrated reduced TLR4 expression in joint tissues following TPTH treatment (Figure 4C). 
Collectively, these results suggest that the anti-inflammatory and antioxidative effects of TPTH are, at least in part, 
mediated through modulation of the TLR4/NF-κB signaling pathway.

In vivo Safety Evaluation of TPTH
To assess the in vivo biocompatibility of TPTH, histopathological analysis of liver and kidney tissues was performed 
using hematoxylin and eosin (H&E) staining. As shown in Figure 5A, the hepatic and renal tissue architecture in the 
TPTH-treated group remained intact, with no observable pathological alterations, indicating the absence of significant 
toxicity. Furthermore, we evaluated systemic toxicity by measuring plasma levels of key biochemical markers reflecting 
hepatic and renal function, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea 
nitrogen (BUN), and creatinine (CRE). As shown in Figures 5B–E, the levels of ALT, AST, BUN, and CRE in the TPTH 
group were comparable to those of the healthy control group, suggesting that TPTH did not induce hepatic or renal 
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Figure 2 TPTH reduces proinflammatory cytokine levels in CIA mice. (A) The expression levels of proinflammatory cytokines in plasma. (B) The expression levels of 
proinflammatory cytokines in joint tissue. (C) The mRNA expression levels of IL-6, IL-1β, and TNF-α in ankle and knee joint tissues. Data are presented as mean ± SEM (n 
= 6). *p < 0.05, ** p < 0.01, *** p < 0.001 vs CTR; # p < 0.05, ## p < 0.01, ### p < 0.001 vs MCG. 
Abbreviations: CTR, healthy control group; MCG, model control group; DEX, dexamethasone positive control group; Blank-H, blank hydrogel group; TPTH, TP-P1 
hydrogel group.
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injury. In the in vitro evaluation of biocompatibility, RAW264.7 cells were cultured in hydrogel extracts for 24, 48, and 
72 hours, and cell viability was assessed using the CCK-8 assay (Supplementary Figure 5). At all three time points, cell 
viability remained above 90%, indicating that TPTH exhibited low cytotoxicity and further confirming its good 
cytocompatibility. Taken together, these results demonstrate that TPTH exhibits excellent biocompatibility both 
in vitro and in vivo, as well as favorable safety in CIA mice.

Discussion
Rheumatoid arthritis (RA) is a severe autoimmune disease and one of the most common types of systemic arthritis,23 

characterized by joint deformities, cartilage destruction, and persistent inflammation, RA has been described as a “cancer 
that never dies” and affects hundreds of millions of people worldwide.24 Although nonsteroidal anti-inflammatory drugs 
(NSAIDs) and disease-modifying antirheumatic drugs (DMARDs) are currently the main therapeutic strategies for 

Figure 3 TPTH attenuates oxidative stress in CIA mice. (A) Malondialdehyde (MDA) levels in knee joint tissues. (B) Glutathione (GSH) levels in knee joint tissues. (C) 
Catalase (CAT) activity in knee joint tissues. (D) Superoxide dismutase (SOD) activity in knee joint tissues. Data are presented as mean ± SEM (n = 3). *** p < 0.001 vs CTR; 
# p < 0.05 vs MCG. 
Abbreviations: CTR, healthy control group; MCG, model control group; DEX, dexamethasone positive control group; TPTH, TP-P1 hydrogel group.
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Figure 4 TPTH alleviates joint inflammation in CIA mice via the TLR4/NF-κB signaling axis. (A) mRNA expression levels of TLR4, MYD88 and NF-κB in knee, ankle joint 
tissues and cell. (B) Protein expression levels of TLR4 and NF-κB in knee joint tissues. (C) Representative immunohistochemical images of TLR4 expression in knee joint 
tissues and corresponding quantitative analysis. Data are presented as mean ± SEM (n = 3). *p < 0.05, ** p < 0.01 vs CTR; # p < 0.05, ## p < 0.01, ### p < 0.001 vs MCG. 
Abbreviations: CTR, healthy control group; MCG, model control group; DEX, dexamethasone positive control group; TPTH, TP-P1 hydrogel group.
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Figure 5 TPTH exhibited no significant toxicity in CIA mice. (A) Representative H&E staining images of liver and kidney sections from each group. (B–E) Plasma levels of 
liver and kidney function markers, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), and creatinine (CRE), 
respectively. Data are presented as mean ± SEM (n = 3). 
Abbreviations: CTR, healthy control group; MCG, model control group; DEX, dexamethasone-treated group; Blank-H, blank hydrogel group; TPTH, TP-P1 hydrogel- 
treated group.
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managing RA progression, their widespread use is limited due to adverse side effects and high treatment costs. Therefore, 
there remains a significant clinical demand for safer, more affordable, and effective therapeutic approaches for RA.

The collagen-induced arthritis (CIA) mouse model is a well-established experimental model of immune-mediated 
inflammation and has been widely used for drug screening and mechanistic studies in RA research.25 In the present study, 
the CIA model was used to simulate RA pathology. Consistent with previous reports,26 mice in the model group 
exhibited pronounced inflammatory cell infiltration and cartilage destruction. In RA model evaluations, the arthritis 
score serves as a critical indicator of joint swelling severity. Due to sustained cellular infiltration and edema, mice in the 
model group displayed persistent joint swelling over 28 days. In contrast, the treatment groups exhibited peak swelling 
around day 7, followed by a gradual resolution of inflammation. Moreover, TPTH treatment significantly ameliorated 
body weight loss, hind paw swelling, and other RA-associated symptoms compared to the model control group (MCG), 
achieving therapeutic effects comparable to those of the positive control drug dexamethasone, indicating promising anti- 
RA potential of TPTH. Inflammation is widely recognized as a central mechanism and a key driver in the onset and 
progression of RA.27

Numerous pro-inflammatory cytokines are known to contribute to RA pathogenesis by promoting the generation of 
additional chemokines and cytokines at the pannus-cartilage interface, thereby exacerbating cartilage destruction. 
Interleukin-6 (IL-6) promotes B cell activation and proliferation, drives effector T cell-mediated tissue damage, and 
induces osteoclast differentiation, ultimately accelerating bone erosion and disease progression.28 Tumor necrosis factor- 
alpha (TNF-α), another key inflammatory cytokine in RA, promotes osteoclastogenesis, inhibits osteoblast recruitment, 
and downregulates the expression of bone matrix–associated genes.29 TNF-α also stimulates activated macrophages to 
release additional inflammatory mediators such as IL-6 and IL-1β, further amplifying the inflammatory response.30,31 In 
addition to its established role in promoting inflammation, TNF has been shown to modulate mesenchymal stem cell 
(MSC) function in rheumatoid arthritis (RA). Recent studies indicate that TNF can influence MSC autophagy and 
apoptosis, thereby affecting tissue repair and immune homeostasis in RA joints.32 Moreover, IL-1β is a classical serum 
biomarker of RA and is closely associated with disease severity.33 Consistent with these findings, our study observed 
elevated levels of IL-6, IL-1β, and TNF-α in RA mice. Notably, TPTH treatment significantly reduced the plasma levels 
of these pro-inflammatory cytokines, supporting its potent anti-inflammatory efficacy.34,35

Oxidative stress also plays a vital role in the progression of painful RA and represents another key pathological 
feature of the disease.36 Studies have shown that oxidative stress is markedly elevated in RA patients, potentially 
disrupting the body’s natural antioxidant defense system and promoting the release of various pro-inflammatory 
cytokines and oxidative enzymes by immune cells, thereby intensifying autoimmune damage. Malondialdehyde 
(MDA), a lipid peroxidation product induced by free radicals, is widely recognized as a biomarker of oxidative damage, 
while superoxide dismutase (SOD) reflects the body’s antioxidant capacity.28 It has been reported that excessive 
accumulation of reactive oxygen species (ROS) impairs antioxidant defense mechanisms—including glutathione 
(GSH), catalase (CAT), and SOD—leading to elevated oxidative stress in RA.37,38 Our current data similarly demonstrate 
increased plasma MDA levels and reduced CAT, SOD, and GSH levels in CIA mice, likely due to dysfunctional 
antioxidant defense systems failing to eliminate free radicals effectively.39 Interestingly, TPTH-treated mice exhibited 
a marked reduction in MDA levels, accompanied by enhanced levels of CAT, SOD, and GSH, indicating the therapeutic 
potential of TPTH in alleviating oxidative stress-induced damage in RA.

The TLR4/NF-κB signaling pathway is critically involved in the pathogenesis of various inflammatory diseases, 
including RA. A growing body of evidence suggests that this pathway represents a potential therapeutic target for 
RA.40,41 The progression of arthritis is closely linked to NF-κB, a key transcription factor activated downstream of 
TLR4. MyD88, a key adaptor protein downstream of TLR4, is essential for NF-κB activation through the MyD88- 
dependent pathway. Once activated, NF-κB not only promotes the inflammatory cascade but also contributes to bone 
loss, further aggravating joint destruction. Notably, NF-κB inhibitors have shown promising therapeutic effects in RA 
and are considered attractive candidates for clinical development.42 In our study, both TLR4 and NF-κB expression were 
significantly upregulated in the MCG group, while TPTH treatment markedly reduced the expression of these pathway- 
associated proteins. These findings suggest that the anti-inflammatory effects of TPTH may be mediated, at least in part, 
through the inhibition of the TLR4/NF-κB signaling axis. This is consistent with findings reported by other researchers. 
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Interestingly, some studies also identified a decrease in the expression of pain-related genes, which provides a new 
direction for future investigations into the potential of this material in alleviating arthritis-associated pain.43

The sustained release properties and demonstrated efficacy of TPTH in preclinical models suggest promising potential 
for clinical translation. By maintaining therapeutic drug concentrations over an extended period, TPTH may reduce 
dosing frequency and minimize systemic side effects, which are common limitations of conventional TP therapy. 
Moreover, the local administration strategy could enhance target specificity, improving efficacy while limiting off- 
target toxicity. These findings provide a rationale for further development of TPTH as a safe and effective therapeutic 
option for rheumatoid arthritis and potentially other inflammatory diseases. Although this study demonstrated the 
potential of TPTH in suppressing inflammation and oxidative stress, certain limitations should be acknowledged, 
including the absence of gradient dosing and the relatively small sample size. In future studies, we plan to increase 
the sample size and include gradient doses to further investigate whether TPTH exhibits dose-dependent effects.

Conclusion
In summary, the thermosensitive hydrogel loaded with TP-P1 (TPTH) exhibits excellent anti-inflammatory and anti
oxidant properties, demonstrating great potential for the treatment of rheumatoid arthritis (RA). Within the pathological 
environment of RA—characterized by oxidative stress and extensive infiltration of inflammatory cells—this study 
highlights the protective role of TPTH in immune-mediated arthritis. In an inducible RA mouse model, TPTH 
significantly ameliorated multiple key pathological features of the disease, including reductions in arthritis index (AI), 
paw volume (PV), pro-inflammatory cytokine levels, and oxidative stress markers. These findings underscore the 
therapeutic promise of TPTH and suggest that TP-P1, a structurally modified derivative of Tripterygium wilfordii, 
holds considerable potential as a novel treatment for RA and other inflammation-related diseases associated with 
oxidative stress. These findings provide important insights for its potential clinical translation in patients with rheumatoid 
arthritis and expanded applications of such materials. Future studies will focus on evaluating the therapeutic effects of 
TPTH across different doses, exploring potential dose-dependent mechanisms, further assessing safety, and examining its 
translational potential in preclinical models.
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