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Abstract
Background  Aberrant proliferation and inflammation of fibroblast-like synoviocytes (FLSs) significantly contribute 
to the pathogenesis of rheumatoid arthritis (RA). Deficiency of hydrogen sulfide (H2S) is a driving force for the 
development of RA, and the short half-life of the H2S-releasing donor sodium hydrosulfide (NaHS) limits its clinical 
application in RA therapy. Designing a targeted delivery system with slow-release properties for FLSs could offer novel 
strategies for treating RA.

Methods  Herein, we designed a strategy to achieve slow release of H2S targeted to the synovium, which was 
accomplished by synthesizing NaHS-CY5@mesoporous silic@LNP targeted peptide Dil (NaHS@Cy5@MS@SP) 
nanoparticles.

Results  Our results demonstrated that NaHS@Cy5@MS@SP effectively targets FLSs, upregulates H2S and its-
producing enzyme cystathionine-γ-lyase (CSE) in the joints of arthritic mice. Overexpression of CSE inhibited 
the proliferation, migration, and inflammation of FLSs upon lipopolysaccharide (LPS) exposure, effects that were 
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mimicked by NaHS@Cy5@MS@SP. In vivo studies showed that NaHS@Cy5@MS@SP achieved a threefold higher AUCinf 
than that of free NaHS, significantly improving the bioavailability of NaHS. Further, NaHS@Cy5@MS@SP inhibited 
synovial hyperplasia and reduced bone and cartilage erosion in the DBA/1J mouse model of collagen-induced 
arthritis (CIA), which was superior to NaHS. RNA sequencing and molecular studies validated that NaHS@Cy5@MS@
SP inactivated the Hedgehog signaling pathway in FLSs, as evidenced by reductions in the protein expression of SHH, 
SMO, GLI1 and phosphorylated p38/MAPK.

Conclusion  This study highlights NaHS@Cy5@MS@SP as a promising strategy for the controlled and targeted 
delivery of H2S to synoviocytes, offering potential for RA management.
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Keywords  Rheumatoid arthritis, Fibroblast-like synoviocytes, Hydrogen sulfide, Inflammation, Hedgehog



Page 3 of 23Zhu et al. Journal of Nanobiotechnology          (2025) 23:192 

Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory and 
autoimmune disorder that usually affects the articular 
structures and synovial membranes of the joints, lead-
ing to local inflammation, joint destruction, remodeling 
and dysfunctio [1, 2]. To date, RA remains a challenging 
condition to cure, often requiring lifelong treatment [3]. 
Current RA therapies include non-steroidal anti-inflam-
matory drugs (NSAIDs), glucocorticoids (GCs), disease-
modifying antirheumatic drugs (DMARDs), and biologic 
agents. Common examples are ibuprofen (NSAID), dexa-
methasone (GC), methotrexate (DMARD), and etaner-
cept (biologic agent) [4]. However, the efficacy of such 
treatments is often limited by several factors, such as 
poor solubility, low bioavailability, off-target toxicity, and 
insufficient drug accumulation at inflamed joints [5].

RA is mainly triggered by the activation of fibroblast-
like synovial cells (FLSs), leading to the breakdown of the 
cartilage matrix and destruction of bone [6, 7]. The lin-
ing layer of FLSs in the synovium expands significantly 
from a thickness of 1–3 cells to 10–20 cells, adopting 
an aggressive phenotype as the disease progresses. The 
uncontrolled proliferation and migration of aggressive 
FLSs lead to resistance to cell death signaling in the RA 
microenvironment [8]. This expansion correlates with 
disease duration, macrophage infiltration, and the sever-
ity of cartilage and bone damage through the production 
of pathogenic mediators such as inflammatory cytokines, 
proangiogenic factors, and matrix-degrading enzymes 
[9]. Targeting FLSs is considered an effective approach 
to restoring synovial homeostasis and reversing bone 
and cartilage destruction [6]. The Hedgehog pathway is 
a critical regulator of embryonic development and tissue 
homeostasis, and it is activated by three main ligands: 
Sonic Hedgehog (SHH), Indian Hedgehog (IHH), and 
Desert Hedgehog (DHH) [10]. Mounting evidence sug-
gests that the Hedgehog signaling pathway plays a signifi-
cant role in the pathogenesis of RA by regulating synovial 
inflammation, FLS proliferation, and joint destruction 
[11]. The activation of Hedgehog signaling promotes 
hyperproliferation and migration of FLSs, contributing to 
synovial hyperplasia [12]. Increased expression of SHH, 
Smoothened (SMO), and GLI family zinc finger 1 (GLI1) 
has been detected in RA synovial tissue, correlating with 
disease severity [13, 14]. Given its role in RA progression, 
targeting the Hedgehog pathway has emerged as a poten-
tial therapeutic approach.

Hydrogen sulfide (H2S), along with nitric oxide (NO) 
and carbon monoxide (CO), is an endogenous gas 
that plays a crucial role in regulating inflammatory 
responses [15–17]. Physiologically, H2S is produced 
by the pyridoxal-5′-phosphate-dependent enzymes 
cystathionine-γ-lyase (CSE), cystathionine-β-synthase 
(CBS) and 3-mercaptopyruvate sulfurtransferase 

(3-MST) [18]. CBS is predominantly expressed in the 
brain, whereas CSE is more highly expressed in the liver, 
kidneys, and peripheral tissues [18]. Although the exact 
mechanisms by which H2S acts as an inflammatory medi-
ator are not fully understood, existing data suggest that it 
targets multiple and distinct signaling pathways [19]. H2S 
levels in plasma and synovial fluid of the knee joint are 
higher in RA patients compared to healthy controls [20]. 
The H2S donor S-propargyl-cysteine (SPRC) has been 
shown to alleviate adjuvant-induced arthritis in rats by 
regulating the HDAC6/MyD88/NF-κB signaling pathway 
[21]. The same group also demonstrated that SPRC dis-
plays anti-inflammatory properties in RA by upregulat-
ing the Nrf2-antioxidant pathway [22]. H2S prevents the 
release of interleukin-6 (IL-6) into FLSs by deactivating 
the p44/42 mitogen-activated protein kinase [23]. The 
ability of CSE to reduce the development of RA is attrib-
uted to blocking the autoimmune response in FLSs [24]. 
A novel nano-system, which can simultaneously scavenge 
NO and release therapeutic H2S, is reported to mitigate 
the synovial inflammation, osteoporosis, and clinical 
symptoms in RA rats [25]. These findings provide solid 
evidence that H2S exerted a significant anti-inflammatory 
effect in the treatment of RA.

The selection of H2S donors is critical due to the short 
half-life of this gas in biological fluids and its toxicity at 
high concentrations. Conventional H2S donors, such 
as Na2S and NaHS, release H2S rapidly, leading to a sig-
nificant accumulation of the gas in a short period, which 
can lead to potential toxicity and reduced treatment effi-
cacy [26]. Therefore, controlled release of H2S is prefer-
able. One approach is to deliver drugs directly to arthritic 
joints, ensuring high local concentrations and minimiz-
ing off-target effects [27]. The advent of nanomedicine 
has introduced new avenues for RA treatment. Novel 
carriers such as liposomes, polymeric nanoparticles, 
albumin nanoparticles, membrane nanoparticles, den-
dritic polymers, and gold nanoparticles are being used 
[28]. Recently, “triggered-release” scaffolds have been 
reported to enable controlled release and target selectiv-
ity of H2S [29]. While the anti-inflammatory properties 
of H2S have been extensively explored, to our knowl-
edge, there are few studies, combining H2S slow release 
and synoviocytes-targeting agents in a nano-platform for 
alleviating RA.

In this study, we developed a novel NaHS@Cy5@
MS@SP nanocomplex composed of CY5@SiO2, sodium 
hydrosulfide (NaHS), SPC, DSPE PEG peptide, choles-
terol, and Dil, which can deliver therapeutic H2S to syn-
oviocytes in a targeted manner. This approach enabled 
the stable release of H2S that effectively inhibited the pro-
liferation, migration, and inflammation of FLSs by inacti-
vating the Hedgehog signaling pathway. The H2S released 
by NaHS@Cy5@MS@SP had obvious therapeutic 
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potential in a mouse model of collagen-induced arthri-
tis (CIA). Therefore, it is expected that our proposed 
administration of H2S nanomedicine to restrain the pro-
liferation, migration and inflammation of FLSs will delay 
arthritis progression in RA (Scheme 1).

Materials and methods
Reagents and chemicals
NaHS and lipopolysaccharide (LPS) were bought from 
Sigma-Aldrich (St. Louis, MO, USA). Trypsin, Dulbecco’s 

Modified Eagle Medium (DMEM), and 1% Penicillin-
Streptomycin were procured from Hyclone Laborato-
ries (South Logan, UT, USA). Fetal bovine serum (FBS) 
was purchased from Boster Biological Technology co. 
Itd (Wuhan, China). BeyoClick™ EdU Cell Proliferation 
Kit with Alexa Fluor 488, Western and IP Lysis Buffer, 
and Proteinase inhibitor were purchased from Beyotime 
(Shanghai, China). Cell Counting Kit-8 (CCK-8), hochest 
and DAPI dye was obtained from Biosharp Life Sciences 
(Beijing, China).

Fig. 1  Preparation of NaHS@Cy5 @ MS@SP nanoparticles and the mechanisms for H2S in synovium alleviating rheumatoid arthritis via the Hedgehog 
signaling pathway inhibition and inactivation
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Fabrication of NaHS@Cy5@MS@SP nanoparticles
Firstly, mesoporous silicon and CY5 were dissolved in 
ethanol, stirred at room temperature overnight, centri-
fuged to remove ethanol, washed in deionized water, and 
dispersed in deionized water to obtain CY5@SiO2. Then, 
CY5@SiO2 and sodium hydrosulfide (NaHS) were dis-
solved in water, stirred at room temperature overnight, 
centrifuged to remove ethanol, washed in deionized 
water, and dispersed in deionized water to obtain NaHS@
CY5@SiO2. Finally, SPC, DSPE-PEG-polypeptide, cho-
lesterol and DIL were dissolved together in 3 mL of chlo-
roform, evaporated into a film under reduced pressure 
in sample bottle, supplemented with a small amount of 
deionized water, sonicated with liposome extruder (poly-
carbonate film with a pore size of 100  nm), and then 
sonicated in a water bath for 5 min after adding NaHS@
CY5@SiO2. NaHS@Cy5@mesoporous silic@LNP-tar-
geted peptide-DIL (NaHS@Cy5@MS@SP) was obtained 
by using a nanodialysis device (polycarbonate membrane, 
pore size 30 nm).

Characterizations of NaHS@Cy5@MS@SP
Dynamic light scattering NanoZS ZEN3600 (Malvern, 
UK) was used to measure the size and zeta potential of 
NaHS@Cy5@MS@SP. Fourier transform infrared (FT-
IR) spectra (4000–400 cm− 1) were recorded by an FT-IR 
spectrophotometer (Bruker Corporation, FT-IR TENSO-
RII, Berlin, Germany). Transmission electron microscopy 
(TEM, Tokyo, Japan) was used to observe the micro-
morphology of NaHS@Cy5@MS@SP. Ultraviolet-visible 
spectrometers (Synergy H4, Bio Tek, America) were used 
to detect the characteristic groups of NaHS@Cy5@MS@
SP.

Animals
Male DBA/1J mice were purchased from GemPharmat-
ech Co., Ltd (Nanjing, China). The animals were housed 
in the Laboratory Animal Center, School of Medicine, 
Jiangnan University, at a temperature of 22 ± 2  °C and 
a humidity of 40–70% with 12-h alternating light and 
dark. The animal experimental ethics was approved by 
the Experimental Animal Ethics Committee of Jiangnan 
University (JN.No20230330d0400930[98]). Forty-five 
DBA/1J mice were divided into 5 groups with 9 mice 
in each group, which were divided into control group, 
model group, Cy5@MS@SP group, NaHS@Cy5@MS@SP 
group (75 mg/kg), and NaHS group (50 µM/kg), respec-
tively. The doses of NaHS@Cy5@MS@SP and NaHS were 
selected according to previous reports [21, 25, 30–32]. 
The control group did not undergo collagen induction 
treatment, and the other groups underwent collagen 
induction for a second time 7 days after the first bovine 
collagen II induction to construct CIA mice. The inter-
vention was administered on day 15, and the blood and 

internal organs of mice were collected on the 45th day for 
the detection of relevant indicators. The clinical scoring 
criteria are: no erythema or swelling, 0 points; Only ankle 
erythema or mild ankle swelling, 1 point; Ankle joint ery-
thema with mild swelling, 2 points; Ankle to metatarsal 
joint erythema and moderate swelling, 3 points; Ankle, 
toe or limb redness and severe swelling, 4 points.

Cellular uptake
RAW264.7 cells and FLSs were cultured in 6 confo-
cal dishes with a density of 1 × 105 cells, and cultured at 
37  °C and 5%CO2 for 6  h. After cell adhesion, the cell 
media were replaced with 200 µL fresh media contain-
ing NaHS@Cy5@MS@SP (0.28  mg/mL). The doses 
of NaHS@Cy5@MS@SP in cellular experiments were 
selected according to previous reports [25, 32]. Cells 
were incubated for 1, 4, and 24  h. Subsequently, cells 
were fixed with 4% paraformaldehyde for 10 min, washed 
three times with PBS, stained with DAPI for 10 min, and 
resuspended in 200 µL PBS. Fluorescence imaging was 
then performed.

In vivo biodistribution
CIA mice (23–25 g) were randomly divided into 6 groups 
and administered NaHS@Cy5@MS@SP (75  mg/kg) via 
tail vein injection. Whole-body fluorescence imaging 
and ex vivo organ imaging were recorded at 1, 2, 4, 8, 12, 
and 24 h post-injection using the IVIS spectrum in vivo 
imaging system under anesthesia at λ ex (650  nm)/λ em 
(670 nm) (3 mice per time point). All images were ana-
lyzed and normalized using Living Imaging software.

Pharmacokinetics analysis
Free NaHS (50 µM/kg) and NaHS@Cy5@MS@SP 
(75 mg/kg) were injected into CIA mice via the tail vein, 
and blood samples were collected from the eyeballs at 1, 
2, 4, 8, 12, and 24 h after injection (3 mice were taken at 
each time point). The H2S content in the blood was then 
detected using a H2S assay kit.

Cell culture and treatment
FLSs were maintained in DMEM containing 10% FBS 
and 1% penicillin/streptomycin (Gibco, Carlsbad, CA, 
USA) in a 5% CO2 incubator (HeracellVIOS160i, Ther-
moScientific, USA) at 37℃. FLS cells were pre-treated 
with NaHS@Cy5@MS@SP (0.1 mg/mL) and NaHS (100 
µM) for 30 min, followed by exposure to LPS (1 µg/mL) 
for 24 h. To explore the involvement of the Hedgehog sig-
naling pathway, FLS cells were pre-incubated with SAG 
for 30 min, and then stimulated with LPS (1 µg/mL) for 
24 h.
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Cell counting kit-8 (CCK-8) assay
FLS cell viability was assessed using CCK-8 assay 
(Biosharp, Beijing, China). In brief, 10 µL of the CCK-8 
reagent was added to each well of a 96-well plate. The 
plate was then incubated at 37℃ for 1  h. Subsequently, 
the absorbance at 450 nm was detected by a microplate 
reader (Winooski, VT, USA).

Micro-CT detection of femur and paw
CIA mice were continuously anesthetized with isoflu-
rane. After anesthesia, the imaging was performed on a 
small animal imaging bed. Micro-CT (quantum GXII, 
PE, Germany) was performed to detect the paw defor-
mity, and bone volume fraction (BV/TV) of the femur by 
analysis 12.0 software. Micro-CT scanning voltage: 90 kv, 
scanning current: 80 µA, scanning field of view: 86 mm, 
scanning time: 4 min, scanning mode: high resolution, fil-
ter: Cu 0.1 mm, scanning slice thickness: 36 μm.

Masson staining
Firstly, dewaxing was performed on the paraffin sections 
of the knee joint, followed by gradient hydration. Then, 
Weigert hematoxylin staining solution was used for stain-
ing for 8  min. After washing with water, Masson blue 
staining solution was used for 5 min, followed by 5 min 
of Lichun red staining, 1  min of phosphomolybdic acid 
washing, and 2 min of aniline blue staining. Finally, per-
form dehydration transparency, film sealing, and micro-
scopic observation.

Safranin fast green staining
After the paraffin section of the knee joint was dewaxed 
and hydrated, the nucleus was stained with hematoxylin, 
and then the eosinophilic bone tissue was stained with 
solid green dye solution for 5  min. After cleaning, the 
cartilage was stained with safranin dye solution for 5 min. 
Finally, neutral gum was used to seal and solidify, and 
then photographed and observed under a microscope.

HE staining
Mice knees were fixed in 4% paraformaldehyde for 10 d, 
followed by a 4-week decalcification process. The decal-
cified knees were then embedded in paraffin and cut 
into 5 μm thick sections. After deparaffinization, the tis-
sue sections were hydrated using gradient ethanol and 
stained using a hematoxylin-eosin staining kit. The path-
ological changes of the knee joint were observed using a 
digital slice scanner (3DHISTECH, Hungary).

Immunohistochemical (IHC) staining
IHC staining of IL-6 and TNF-α in the knee joint of rats 
was performed. The knee joint was first dewaxed, fol-
lowed by gradient alcohol hydration, citric acid anti-
gen repair, peroxidase inactivation, and BSA closure. 

Subsequently, the slices were incubated with specific 
primary antibodies (dilution 1:200) at 4  °C overnight. 
On the second day, the tissue sections were rewarmed at 
37 °C for 1 h, washed with PBS buffer solution, and then 
stained with horseradish peroxidase (HRP) labeled sec-
ondary antibody at room temperature for 2 h. Finally, a 
digital slide scanner (3DHISTECH, Hungary) was used 
to observe the expression of inflammatory factors in the 
knee joint of rats.

5-ethynyl-2’-deoxyuridine (EdU) staining
The detection of cell proliferation was used BeyoClick™ 
EdU Cell Proliferation Kit with Alexa Fluor 488 (Beyo-
time, Shanghai, China). Briefly, the treated FLS cells were 
fixed with 4% paraformaldehyde (Solarbio, Beijing) for 
1 h. Following washing three times, cells were pretreated 
with 0.5% TritonX-100 for 15  min, and then incubated 
with 50 mM EdU for 2  h under ambient environment. 
The nuclei were dyed with Hoechst 33,342 and imaged 
with a ZEISS fluorescence microscope (Zeiss Axio imagar 
2, Germany).

Cell migration assay
To assess the migration and invasion ability of FLS cells, 
serum-free DMEM was added to the upper chamber, 
while 750 µL medium containing 10% FBS was added to 
the lower chamber. After stimulation for 24 h, FLS cells 
on the upper surface of the transwell filters were wiped 
with a cotton swab. The migrated cells were stained with 
1% crystal violet. The images were observed and photo-
graphed under a microscope (Nikon, Japan).

Immunofluorescence staining
The joint sections underwent fixation, paraffin embed-
ding, deparaffinization, hydration, and heat-induced 
antigen retrieval. The FLS cells were fixed with 4% para-
formaldehyde at 4℃ for 1  h. After washing with PBS 
three times, the samples were permeabilized by 0.1% Tri-
ton X-100 for 15 min, and subsequently blocked by 5% 
BSA at 37℃ for 1 h. After three PBS washes, the samples 
were incubated overnight with the indicated antibody at 
4℃. On the next day, samples were stained with fluores-
cently labeled secondary antibodies (Invitrogen) at 37℃ 
for 1  h under light-protected environment. The nuclei 
were visualized with 4’,6-diamidino-2-phenylindole 
(DAPI). The images were observed and captured using 
a ZEISS fluorescence microscope (Zeiss Axio imagar 2, 
Germany).

Enzyme-linked immunosorbent assay (ELISA)
The levels of tumor necrosis factor-α (TNF-α), inter-
leukin-6 (IL-6) and vascular endothelial growth factor 
(VEGF) were determined by ELISA kits (Elabscience, 
Wuhan, China) under the guideline of manufacturer’s 
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protocols. The absorbance values were read using a 
microplate instrument (Synergy H4, BioTek, Winooski, 
VT, USA) at 450 nm.

Western blotting
After samples were lysed by Ultrasonic Cell Crusher 
(Xinchen, Nanjing, China), total protein concentra-
tions were measured by BCA Protein Quantification Kit 
(Abbkine, Wuhan, China). An equal quantity of protein 
underwent sodium dodecyl sulfate-polyacrylamide gel 
(SDS-PAGE) and was subsequently transferred onto the 
polyvinylidene difluoride (PVDF, Millipore Darmstadt, 
Germany) membrane. After that, the membranes were 
blocked by 5% skim milk (Beyotime, Shanghai, China), 
followed by incubated with the indicated primary anti-
bodies overnight at 4℃. After washing with TBST, the 
blots were exposed to horseradish peroxidase (HRP)-
coupled secondary antibodies at room temperature for 
an hour. The following antibodies were used in this study: 
anti-CSE (60234-1-Ig, Proteintech), anti-CBS (67861-
1-Ig, Proteintech), anti-3-MST (ab96705, Abcam), anti-
SHH (20697-1-AP, Proteintech), anti-SMO (20787-1-AP, 
Proteintech), anti-GLI1 (66905-1-Ig, Proteintech), anti-P-
P38 (9211, Cell signaling), anti-T-P38 (9212, cell signaling 
technology) and anti-β-actin (66009-1-Ig, Proteintech), 
HRP-linked anti-rabbit IgG (SA00001-2, Proteintech), 
HRP-linked anti-mouse IgG (SA00001-1, Proteintech). 
Eventually, the blots were visualized using enhanced 
chemiluminescence solution (ECL, Biosharp, Shanghai, 
China). ImageJ software (version 1.53t) was applied to 
analyze the densities.

Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA from FLS cells was extracted using TRIzol 
Reagent (Vazyme BioTech Co., Ltd, Nanjing) according 

to the manufacturer’s instructions. RNA concentration 
and purity were measured using ultramicro spectropho-
tometer (Nanodrop one, Thermo Fisher Scientific, USA). 
RNA (1  µg) of each sample was subjected to reverse-
transcription with Hifair® AdvanceFast 1st Strand cDNA 
Synthesis Kit (Yeasen, Shanghai, China). Real-time PCR 
was carried out using Hieff® qPCR SYBR® Green Master 
Mix (Yeasen Biotechnology, Shanghai, China) under the 
LightCycler 480 II PCR System (Roche, USA). The rela-
tive expression levels of indicated genes were normalized 
to β-actin and calculated using 2-△△Ct method. Gene-
specific primers were shown in Table 1.

Transcriptome sequencing analysis
Transcriptome sequencing and analysis were carried out 
by OE Biotech Co., Ltd. (Shanghai, China), as previously 
reported [16, 33, 34]. In brief, total RNA in each sample 
was extracted using TRIzol reagent (Invitrogen, CA, 
USA) according to the manufacturer’s protocols. RNA 
purity and concentration were assessed with a NanoDrop 
2000 spectrophotometer (Thermo Scientific, USA), while 
RNA integrity was evaluated using the Agilent 2100 Bio-
analyzer (Agilent Technologies, Santa Clara, CA, USA). 
RNA libraries were prepared using the VAHTS Univer-
sal V6 RNA-seq Library Prep Kit following the manu-
facturer’s instructions. Transcriptome sequencing and 
subsequent analysis were performed by OE Biotech Co., 
Ltd. (Shanghai, China), with sequencing carried out on 
the Illumina NovaSeq 6000 platform using 150 bp paired-
end reads. The raw reads per sample were generated. 
Raw reads in fastq format were processed with fastp1, 
and low-quality reads were removed to yield clean reads. 
After filtering, the clean reads per sample were retained 
for further analysis. Clean reads were aligned to the ref-
erence genome using HISAT22. Gene expression was 
quantified by calculating FPKM values for each gene, and 
gene read counts were obtained using HTSeq-count4. 
Principal component analysis (PCA) was performed in 
R (v 3.2.0) to evaluate sample duplication and biological 
variability. Differential expression analysis was conducted 
using DESeq25, with a threshold set at Q value < 0.05 and 
fold change > 2 or < 0.5 to identify significantly differen-
tially expressed genes (DEGs). Hierarchical clustering of 
DEGs was performed in R to visualize gene expression 
patterns across different groups and samples. A radar plot 
of the top 30 up- and down-regulated DEGs was gener-
ated using the gradar package in R. Enrichment analysis 
of DEGs was conducted for Gene Ontology (GO), KEGG 
pathways, Reactome, and WikiPathways using hypergeo-
metric distribution, all performed in R (v 3.2.0). The raw 
RNA sequencing data in this study is deposited in the 
public database (the Sequence Read Archive, SRA) under 
accession number PRJNA1143598.

Table 1  The primer sequences used in this study
Target gene Primer sequences (5’-3’)
CSE Forward: CATGAGTTGGTGAAGCGTCAG

Reverse: AGCTCTCGGCCAGAGTAAATA
CBS Forward: GGCCAAGTGTGAGTTCTTCAA

Reverse: GGCTCGATAATCGTGTCCCC
3-MST Forward: TGCTGGCTTTGGACCAGAATA

Reverse: GCAAACCAGTCAATGCACTGA
IL-6 Forward: CCTGAACCTTCCAAAGATGGC

Reverse: TTCACCAGGCAAGTCTCCTCA
COX2 Forward: TCCACAGTTACCCGGAGTTTA

Reverse: GCCGAGCTATCAACCGGAT
MMP-1 Forward: AAAATTACACGCCAGATTTGCC

Reverse: GGTGTGACATTACTCCAGAGTTG
MMP-3 Forward: CTGGACTCCGACACTCTGGA

Reverse: CAGGAAAGGTTCTGAAGTGACC
MMP-9 Forward: TGTACCGCTATGGTTACACTCG

Reverse: GGCAGGGACAGTTGCTTCT
β-actin Forward: CCGAGCCGTGTTTCCTTCC

Reverse: GCCATGCTCAATGGGGTACT
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Statistical analysis
All values were represented as mean ± SEM. All cell 
experiments were repeated 4–6 times, and animal experi-
ments were repeated 5–6 times, except for the tran-
scriptome which had 3 samples per group. All data were 
analyzed with GraphPad Prism software. Differences 
between two groups were performed using unpaired 
t-test. Comparisons between multiple groups were ana-
lyzed using ANOVA followed by the Bonferroni post hoc 
test, with p < 0.05 considered significant.

Results and discussion
CSE decreased the inflammatory response in LPS-induced 
FLS cells
To investigate the role of endogenous H2S in LPS-evoked 
inflammation within the context of RA, we focused on 
the three key enzymes responsible for H2S generation, 
including CSE, CBS, and 3-MST, in FLSs. Notably, only 
the protein expressions and mRNA levels of CSE, and not 
those of CBS or 3-MST, were significantly enhanced in 
LPS-exposed FLSs (Fig. 2A-B). Immunofluorescence (IF) 
staining further confirmed the upregulated expression 
of CSE in LPS-induced FLSs and joint tissue of arthritic 
mice (Fig.  2C). This was paralleled by an increase in 
H2S content in response to LPS, indicating a compensa-
tory upregulation of CSE enzyme and H2S production in 
both LPS-induced FLSs and synovial tissue of RA mice 
(Fig. 2D). The significant upregulation of CSE in response 
to LPS suggests a compensatory mechanism aimed at 
counteracting inflammation through increased H2S pro-
duction. Previous studies have established that H2S pos-
sesses anti-inflammatory properties [35–37], and our 
data corroborate these findings by demonstrating that 
overexpression of CSE, and consequently H2S, can ame-
liorate LPS-induced inflammatory responses in FLS cells.

To assess the impact of CSE on inflammation related 
to RA pathogenesis, FLSs were transfected with a CSE 
overexpression plasmid. Overexpression of CSE notably 
increased the protein and mRNA levels of CSE in FLS 
cells (Fig.  2E-F). This overexpression ameliorated LPS-
induced inflammatory responses, as evidenced by the 
downregulation of mRNA levels of interleukin-6 (IL-6) 
and cyclooxygenase-2 (COX-2), along with a reduction in 
the release of tumor necrosis factor α (TNF-α) and IL-6, 
as determined by RT-PCR and ELISA analysis (Fig. 2G-
J). Furthermore, both the CCK-8 assay and EdU staining 
indicated that CSE overexpression inhibited LPS-stim-
ulated synoviocyte viability (Fig.  2K-L). Importantly, 
LPS-induced migration of FLS was prevented by CSE 
overexpression (Fig.  2M). Additionally, LPS increased 
vascular endothelial growth factor (VEGF) release and 
elevated the mRNA levels of matrix metalloproteinase 
(MMP)-1, 3, and 9, effects which were reversed by CSE 
overexpression (Fig. 2N-O). These findings highlight the 

pivotal role of CSE and the endogenous production of 
H2S in modulating inflammatory responses in RA. The 
observed reduction in IL-6 and COX-2 mRNA levels, as 
well as the decreased release of TNF-α and IL-6 upon 
CSE overexpression, underscores the anti-inflammatory 
potential of CSE-derived H2S. These cytokines are well-
known mediators of inflammation and are critically 
involved in the pathogenesis of RA. Therefore, targeting 
CSE to boost H2S production could represent a novel 
therapeutic strategy for mitigating inflammation in RA. 
This study identifies CSE and the H2S pathway as critical 
modulators of inflammation in RA, offering new insights 
into the potential therapeutic applications of targeting 
CSE for RA treatment.

Fabrication and characterization of NaHS@Cy5@MS@SP 
nanoparticles
Mesoporous silicon is widely used due to its high loading 
capacity and excellent biocompatibility [38]. Addition-
ally, targeted peptide fusion liposomes efficiently deliver 
drugs to target cells [39]. In this study, mesoporous sili-
con loaded with NaHS was prepared, followed by the cre-
ation of a fusion liposome membrane targeting fibroblast 
synovial cells through sonication and liposome extrusion. 
Finally, a nano-dialysis device was employed to encap-
sulate the liposome membrane on mesoporous silicon, 
resulting in NaHS@Cy5@MS@SP (Fig.  3A). Transmis-
sion electron microscopy revealed that MS and NaHS@
Cy5@MS@SP had a spherical structure (Fig. 3B-C), and 
the surface of the NaHS@Cy5@MS@SP nanoparticles 
can be seen to be coated with a milky white liposome. 
The ZetaPALS analyzer measured the hydrodynamic size 
of MS and NaHS@Cy5@MS@SP were 60.58 ± 2.16  nm 
and 130.23 ± 4.36  nm respectively (Fig.  3D-E). The 
zeta potential of MS and NaHS@Cy5@MS@SP were 
− 0.51 ± 0.012 mV and − 15.24 ± 2.04 mV, respectively 
(Fig. 3F). The PDI of MS and NaHS@Cy5@MS@SP were 
0.153 ± 0.01 and 0.163 ± 0.01, respectively (Fig.  3G). The 
loading rate of NaHS@Cy5@MS@SP for both Cy5 and 
NaHS was approximately 4.2% (Fig. 3H), and the encap-
sulation rate was close to 90% (Fig. 3I). The stability test 
results show that the particle size of NaHS@Cy5@MS@
SP has no significant change in the pH range of 5–9, but 
the potential fluctuates between − 6 mV and − 15 mV, and 
the lowest potential is close to -15 mV at pH = 7 (Fig. 3J-
K). When the temperature increased from 25 °C to 37 °C, 
the particle size expanded from 130 nm to about 140 nm, 
and the potential fluctuated between − 6mV and − 17 mV 
(Fig. 3L-M).

UV-vis spectroscopy results showed no significant 
change in the absorption peak position of NaHS@Cy5@
MS@SP after loading NaHS, but the absorption intensity 
increased significantly, likely due to the n→σ* transition 
of the -S group [40], particularly around the wavelength 
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Fig. 2 (See legend on next page.)
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of 200 nm (Fig. 3N). The IR spectrum indicated a signifi-
cantly enhanced absorption band in the range of 2857–
3000 cm-1 for the NaHS@Cy5@MS@SP group compared 
to the Cy5@MS@SP group (Fig.  3O), which may be 
attributed to the presence of the S-H bond in NaHS 
[41]. The absorption band at 1091 cm-1 is the vibrational 
absorption band of the Si-O bond. Both UV-vis and IR 
spectra confirmed the successful encapsulation of NaHS 
in NaHS@Cy5@MS@SP.

Cellular uptake of NaHS@Cy5@MS@SP
To investigate intracellular localization and uptake path-
ways, the hydrophilic dye Cy5 was encapsulated within 
the nucleus of mesoporous silicon, while the lipophilic 
dye DIL was incorporated into the liposome lobules. 
DIL, being hydrophobic, localizes in the lipid bilayer of 
the cell membrane during NaHS@Cy5@MS@SP uptake, 
whereas Cy5 is endocytosed into the cytoplasm. Confo-
cal microscopy was employed to observe the uptake of 
NaHS@Cy5@MS@SP by cells.RAW264.7 macrophages 
were selected to study the uptake process over 24 h, given 
their phagocytic capabilities. After incubating NaHS@
Cy5@MS@SP with RAW264.7 cells for 1  h, significant 
red fluorescence from Cy5 was detected in the cells, 
while the orange fluorescence from DIL was weak. The 
red fluorescence remained concentrated in the cytoplasm 
and did not vary significantly over time. In contrast, the 
orange fluorescence gradually increased and was local-
ized on the cell membrane (Fig. 4A). For targeted delivery 
to joint cells, FLS targeting peptides were incorporated 
into the NaHS@Cy5@MS@SP liposomal shell. FLS cells 
were used to evaluate the uptake of NaHS@Cy5@MS@
SP (Fig. 4B). After co-incubation with FLS cells for 1 h, 
strong red fluorescence from CY5 was observed in the 
cytoplasm, while the orange fluorescence from DIL was 
relatively dim. After 4 h, the orange fluorescence on the 
cell membrane significantly increased, and after 24  h, 
the intensity of orange fluorescence on the FLS cell 
membrane was approximately twice that observed in 
RAW264.7 cells (Fig.  4C-D). These results indicate that 
NaHS@Cy5@MS@SP exhibits effective targeting of FLS 
cells, likely due to the presence of FLS targeting peptides.

In vivo distribution of NaHS@Cy5@MS@SP
To evaluate the targeted delivery of NaHS@Cy5@MS@SP 
to joint synovium in vivo, we assessed its biodistribution 
in CIA mice. NaHS@Cy5@MS@SP was administered via 
tail vein injection, and its accumulation in the joints was 
monitored over a 24-h period. Red fluorescence from 
Cy5 in the feet of CIA mice increased gradually from 1 to 
24 h post-injection, indicating progressive accumulation 
of NaHS@Cy5@MS@SP in the joint synovium (Fig. 5A). 
Dissection and live imaging of the mice revealed that, 
over time, NaHS@Cy5@MS@SP primarily accumulated 
in the liver for metabolism and showed minimal presence 
in other organs (Fig. 5B). This demonstrates the targeted 
delivery of NaHS@Cy5@MS@SP to the synovial mem-
brane of the joints.

In addition, in vivo pharmacokinetics of NaHS and 
NaHS@Cy5@MS@SP were studied in mice following a 
single intravenous administration (Fig. 5C-D). The results 
demonstrated that NaHS was rapidly degraded in blood 
circulation, with a half-life (t1/2) of 4.51 ± 0.3  h. In con-
trast, the release of NaHS from NaHS@Cy5@MS@SP 
was significantly prolonged, with a t1/2 of 17.07 ± 1.2  h. 
The maximum concentration (Cmax) of NaHS was 164.78 
nmol/mL, while NaHS in the NaHS@Cy5@MS@SP 
group reached a Cmax of 181.53 nmol/mL. Addition-
ally, the area under the curve (AUC inf) for NaHS@Cy5@
MS@SP was three times higher than that of free NaHS, 
indicating significantly improved bioavailability. These 
findings suggest that NaHS encapsulated in NaHS@
Cy5@MS@SP can circulate in the blood for an extended 
period, maintain a higher blood drug concentration, and 
is more likely to accumulate at the target site to exert its 
therapeutic effect.

Therapeutic effect of NaHS@Cy5@MS@SP on CIA mice
The experiment design for the animal study was shown 
in Fig.  6A. NaHS@Cy5@MS@SP was administered via 
tail vein to CIA mice, and its therapeutic potential for RA 
was evaluated after 30 days of intervention. As shown in 
Fig. 6B, NaHS@Cy5@MS@SP significantly reduced ankle 
swelling in CIA mice, with a swelling inhibition rate of 
(50 ± 4.16%) compared to the model group. Micro-CT 

(See figure on previous page.)
Fig. 2  CSE inhibited FLS cells inflammation and growth in vitro. (A) Western blot analysis of CSE, CBS and 3-MST protein levels in FLSs treated with LPS. (B) 
RT-PCR analysis of CSE, CBS and 3-MST mRNA levels in FLSs treated with LPS. (C) Immunofluorescence analysis of CSE in FLSs treated with LPS and joint 
tissue of RA mice. (D) H2S levels in FLSs treated with LPS. (E) Western blot analysis of CSE protein levels in FLSs. (F) RT-PCR analysis of CSE in FLSs. (G-H) RT-
PCR analysis of IL-6 and COX2. (I-J) The levels of TNF-α and IL-6 measured by ELISA. (K) Cell viability. (L) Representative photographs of EdU-positive cells. 
(M) Transwell migration assay. (N) The level of VEGF. (O) RT-PCR analysis of MMP-1, MMP-3, and MMP-9. *P < 0.05 versus Con or Vector; †P < 0.05 versus LPS. 
n = 4–6. H2S, hydrogen sulfide; CSE, cystathionine-γ-lyase; CBS, cystathionine-β-synthase; 3-MST, 3-mercaptopyruvate sulfurtransferase; FLSs, fibroblast-
like synoviocytes; LPS, lipopolysaccharide; RT-PCR, Reverse transcription-polymerase chain reaction; IL-6, interleukin-6; COX2, cyclooxygenase-2; TNF-α, 
tumor necrosis factor-α; EdU, 5-Ethynyl-2’-deoxyuridine; VEGF, endothelial growth factor; MMP-1, matrix metalloproteinase-1; MMP-3, matrix metallopro-
teinase-3; MMP-9, matrix metalloproteinase-9
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imaging, known for its precise qualitative and quantita-
tive assessment capabilities [42, 43], demonstrated sub-
stantial improvements in ankle bone deformity in both 
NaHS@Cy5@MS@SP and NaHS groups (Fig. 6C). Addi-
tionally, Micro-CT imaging of the entire foot revealed sig-
nificant improvements in foot joint enlargement in CIA 
mice treated with NaHS@Cy5@MS@SP (Fig.  6D). The 
red arrow points to the joint deformity site. The clinical 
score of arthritis severity shows that both NaHS@Cy5@
MS@SP and NaHS have significant improvement effects 
on arthritis (Fig.  6E). Analysis using Analyze 12.0 indi-
cated that NaHS@Cy5@MS@SP significantly enhanced 
the bone volume fraction (BV/TV%), bone surface area 
to tissue volume ratio (BS/TV%), and bone surface area 
to bone volume ratio (BS/BV) in CIA mice, outperform-
ing the NaHS intervention group (Fig.  6F-H). Although 
there was no significant difference in the cortical bone 
thickness of the ankle among the groups (Fig.  6I), the 
model group exhibited a significant reduction in trabecu-
lar number, which was reversed by NaHS@Cy5@MS@SP 
intervention (Fig. 6J). Furthermore, trabecular thickness 
analysis showed superior results in the NaHS@Cy5@
MS@SP group compared to the NaHS group (Fig.  6K). 
These results indicate that NaHS@Cy5@MS@SP not 
only reduces foot swelling and bone mineral density loss 
in CIA mice, but also has a protective effect on the ankle 
joint.

Pathological evaluation of the joint after NaHS@Cy5@MS@
SP intervention
Partial knee lesions are a hallmark of RA [44, 45]. The 
therapeutic efficacy of NaHS@Cy5@MS@SP on knee 
joint pathology was assessed through various staining 
methods. Masson’s staining revealed collagen fibers in 
blue, which are typically abundant during bone injury 
repair [46]. As illustrated in Fig. 7A, extensive blue stain-
ing was observed at the cartilage repair sites in the con-
trol, NaHS@Cy5@MS@SP, and NaHS groups, indicating 
substantial collagen presence. In contrast, the model and 
Cy5@MS@SP groups exhibited reduced collagen fiber 
expression. Hematoxylin and eosin (HE) staining in the 
model and NaHS@Cy5@MS@SP groups revealed promi-
nent inflammatory factors and inflammatory pannus 
(Fig. 7B). Safranin and fast green staining demonstrated 
that knee cartilage (indicated by blue arrows) was thinner 
and more severely damaged in the model and NaHS@
Cy5@MS@SP groups. However, cartilage recovery was 

notably better in the NaHS@Cy5@MS@SP intervention 
group (Fig. 7C). Immunohistochemical (IHC) staining for 
inflammatory markers IL-6 and TNF-α showed signifi-
cantly elevated levels in the model group compared to the 
control group. This elevation was effectively reversed fol-
lowing NaHS@Cy5@MS@SP treatment (Fig. 7D-E, H-I).

Additionally, immunofluorescence staining for mac-
rophage markers CD206 and CD86 indicated that the 
model group had lower CD206 expression and higher 
CD86 expression, reflecting a predominance of pro-
inflammatory M1 macrophages. Conversely, the NaHS@
Cy5@MS@SP intervention group exhibited higher 
CD206 expression and lower CD86 expression com-
pared to the NaHS group, suggesting a shift towards 
anti-inflammatory M2 macrophages (Fig.  7F-G, J-K). In 
summary, pathological staining results demonstrate that 
both NaHS@Cy5@MS@SP and NaHS treatments can 
alleviate knee joint lesions, with NaHS@Cy5@MS@SP 
showing more pronounced therapeutic benefits.

NaHS@Cy5@MS@SP decreased pro-inflammatory 
expression in LPS-provoked FLSs
In order to elucidate the impact of NaHS@Cy5@MS@SP 
on pro-inflammatory expression in LPS-provoked FLSs, 
various concentrations of NaHS@Cy5@MS@SP were 
administered to FLSs. Our experiments demonstrated 
that NaHS@Cy5@MS@SP did not significantly affect cell 
viability (Fig.  8A), but it did enhance the mRNA levels 
of cystathionine-γ-lyase (CSE) within the concentration 
range of 0.05-1 mg/mL (Fig. 8B). Upon LPS exposure, the 
release of TNF-α was markedly increased; however, treat-
ment with NaHS@Cy5@MS@SP (0.05-1  mg/mL) effec-
tively inhibited this response (Fig. 8C). Consequently, the 
dose of 0.1  mg/mL was selected for subsequent cellular 
experiments. The lack of impact on cell viability suggests 
that NaHS@Cy5@MS@SP is non-toxic at the tested con-
centrations, making it a promising therapeutic candidate. 
The upregulation of CSE mRNA levels by NaHS@Cy5@
MS@SP indicates a potential mechanism through which 
H2S-mediated anti-inflammatory effects are enhanced. 
This is particularly relevant as CSE is a key enzyme in 
H2S biosynthesis, and H2S has been shown to possess 
anti-inflammatory properties.

IL-6 and COX-2 are pivotal mediators in the inflamma-
tory cascade associated with RA, and their downregula-
tion is indicative of a significant anti-inflammatory effect. 
Further analysis revealed that both NaHS@Cy5@MS@SP 

(See figure on previous page.)
Fig. 3  Preparation and characterization of NaHS@Cy5@MS@SP nanoparticles. (A) Preparation of NaHS@Cy5@MS@SP Nanoparticles. (B and C) Transmis-
sion electron microscope images of MS and NaHS@Cy5@MS@SP. (D and E) Size of MS and NaHS@Cy5@MS@SP. (F) Zeta potential of MS and NaHS@Cy5@
MS@SP. (G) PDI of MS and NaHS@Cy5 @ MS@SP. (H and I) NaHS@Cy5@MS@SP Loading capacity and encapsulation efficiency for NaHS and Cy5.(J-M) 
Particle size and potential of NaHS@Cy5@MS@SP in the pH range of 5–9 at 25 °C and 37 °C. (N) UV spectrogram of NaHS@Cy5@MS@SP and Cy5@MS@SP. 
(O) IR spectrogram of NaHS@Cy5@MS@SP and Cy5@MS@SP. MS, Mesoporous silicon; DIL, 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlo-
rate; SPC, Soy lecithin; DSPE-PEG-MP, 1, 2-distearoyl-Sn-glycerol-3-phosphate ethanolamine-Polyethylene glycol-polypeptide; SP, Soy lecithin bimolecular 
polypeptide; NaHS, Sodium Hydrosulfide; UV, Ultra Violet; IR, Infrared ray
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and NaHS significantly ameliorated LPS-induced inflam-
mation. This was evidenced by a reduction in the release 
of IL-6 (Fig. 8D) and decreased mRNA levels of IL-6 and 
COX-2 (Fig.  8E-F). The observed reduction in IL-6 and 
COX-2 mRNA levels, along with decreased IL-6 release, 
underscores the efficacy of NaHS@Cy5@MS@SP in 
dampening inflammatory signaling pathways.

The CCK-8 assay (Fig. 8G) and EdU staining (Fig. 8H) 
confirmed that NaHS@Cy5@MS@SP and NaHS sup-
pressed LPS-induced viability of FLSs. Additionally, 
NaHS@Cy5@MS@SP and NaHS treatment reduced the 
migratory capability of FLS cells, as demonstrated by the 
Boyden chamber assay (Fig. 8I-J). The inhibition of FLS 
cell viability and migration by NaHS@Cy5@MS@SP is 
particularly noteworthy, as these processes are critical 
in the progression of RA. Synoviocyte proliferation and 
migration contribute to the formation of pannus and 

joint destruction in RA, and their suppression by NaHS@
Cy5@MS@SP highlights its therapeutic potential.

Moreover, treatment with NaHS@Cy5@MS@SP 
and NaHS led to decreased levels of vascular endothe-
lial growth factor (VEGF) and reduced mRNA levels of 
matrix metalloproteinases (MMP-1, MMP-3, and MMP-
9) in FLS cells (Fig. 8L). Importantly, the beneficial effects 
of NaHS@Cy5@MS@SP were more pronounced than 
those observed with NaHS treatment alone (Fig.  8). 
The reduction in VEGF levels and MMP expression by 
NaHS@Cy5@MS@SP points to its role in modulating 
angiogenesis and tissue remodeling, processes that are 
aberrantly regulated in RA. VEGF and MMPs facilitate 
the invasive and destructive behavior of synoviocytes, 
and their inhibition by NaHS@Cy5@MS@SP could pre-
vent joint damage and disease progression. Notably, the 
effects of NaHS@Cy5@MS@SP were stronger than those 
of NaHS alone, suggesting that the formulation of NaHS 

Fig. 4  In vitro cellular uptake of NaHS@Cy5@MS@SP. After co-culture for 1 h, 4 h and 24 h respectively, images were captured using Zeiss confocal mi-
croscope to observe the uptake level of NaHS@Cy5@MS@SP by RAW264.7 (A) and FLSs (B). (C-D) Represents fluorescence intensity statistics at different 
time points. *P < 0.05 versus RAW264.7. n = 4–6. NaHS, Sodium Hydrosulfide; MS, Mesoporous silicon; DIL, 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbo-
cyanine perchlorate; SP, SP, Soy lecithin bimolecular polypeptide; FLSs, fibroblast-like synoviocytes
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with Cy5 and MS@SP enhances its bioavailability or sta-
bility, leading to improved therapeutic outcomes. This 
enhanced efficacy warrants further investigation to fully 
understand the underlying mechanisms and to optimize 
the therapeutic potential of NaHS@Cy5@MS@SP for 
clinical application in RA. Overall, our findings indicate 
that NaHS@Cy5@MS@SP has potent anti-inflammatory 
effects in LPS-provoked FLS cells, making it a promising 
candidate for RA therapy. Future studies should focus on 
elucidating the detailed mechanisms of action and assess-
ing the in vivo efficacy and safety of NaHS@Cy5@MS@
SP in RA models.

NaHS@Cy5@MS@SP prevents the activation of the 
Hedgehog signaling pathway in FLSs
To elucidate the potential mechanism of H2S in RA, we 
conducted transcriptome sequencing on FLSs exposed to 

LPS stimulation, with or without H2S treatment. Follow-
ing H2S treatment, we identified 80 genes with elevated 
expression and 67 genes with decreased expression in 
LPS-stimulated FLSs (Fig.  9A-B). Gene set enrichment 
analysis (GSEA) revealed a significant positive correla-
tion between H2S treatment and the Hedgehog signal-
ing pathway (Fig. 9C-D). Our transcriptome sequencing 
results highlight the significant impact of H2S on gene 
expression in LPS-stimulated FLSs, revealing both 
upregulation and downregulation of numerous genes. 
These findings suggest a broad modulatory role of H2S 
in inflammatory processes, with the potential to influ-
ence various pathways and cellular functions. The GSEA 
indicating a positive correlation between H2S treatment 
and the Hedgehog signaling pathway is particularly 
intriguing. The Hedgehog pathway is known to play a 
crucial role in cell differentiation, proliferation, and tissue 

Fig. 5  Biodistribution of NaHS@Cy5@MS@SP. (A) In vivo imaging of NaHS@Cy5@MS@SP, after 200 µL, 75 mg/kg NaHS@Cy5@MS@SP solution was in-
jected into the tail vein of CIA mice for 1–24 h, fluorescence detection was performed at 650 nm. (B) Representative ex vivo images of NaHS@Cy5@MS@
SP fluorescence of harvest organs (Heart, Liver, Spleen, Lung, Kidney) from CIA mice after different injection times. (C) NaHS circulation times in the serum 
of CIA mice after tail vein injection with NaHS (50 μm▪kg− 1) and NaHS@Cy5@MS@SP (75 mg▪kg− 1). Mean ± SEM. n = 5. (D) Pharmacokinetic parameters 
(Cmax: maximum plasma concentration, t1/2: elimination half-life and AUC inf: area under the curve from zero to infinity). Mean ± SEM. n = 5
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Fig. 6  Therapeutic effect of NaHS@Cy5@MS@SP on CIA mice. (A) Animal experiment design. (B) Photographs of the foot of CIA mice. (C-D) Micro-CT 
images of the ankle and foot of CIA mice. (E) Limb arthritis severity score. (F-H) BV/TV, BS/TV and BS/BV of CIA mice. (I-K) Ct.Th, Tb.N and Tb.Th of CIA mice. 
*P < 0.05 versus Control; †P < 0.05 versus Model. n = 5. BV, Bone volume; BS, Bone surface area; TV, Tissue volume; CIA, collagen-induced arthritis
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patterning [47]. Activation of this pathway contributes 
to disease progression by promoting FLS proliferation, 
inflammatory cytokine production, and joint destruction 
in RA [48]. Blocking Hedgehog signaling might decrease 
IL-6 production, which is a key cytokine in RA pathogen-
esis [11]. In RA, studies have shown increased expression 
of Hedgehog pathway-related proteins in synovial tis-
sues compared to healthy controls [49, 50]. Further clini-
cal trials are needed to explore Hedgehog inhibitors as 
adjunctive therapy in RA treatment.

To determine whether the Hedgehog signaling pathway 
is involved in the pathological process of RA, we used 
western blotting to analyze the protein expression lev-
els of key pathway components: Sonic Hedgehog (SHH), 
Smoothened (SMO), and GLI family zinc finger 1 (GLI1). 
LPS stimulation resulted in increased protein levels of 
SHH, SMO, and GLI1, which were reversed by treatment 
with NaHS@Cy5@MS@SP and NaHS (Fig. 9E). Notably, 
NaHS@Cy5@MS@SP exhibited a stronger inhibitory 
effect compared to NaHS alone (Fig. 9).

The reversal of LPS-induced upregulation of SHH, 
SMO, and GLI1 by H2S treatment suggests that H2S 
exerts its anti-inflammatory effects, at least in part, by 
modulating the Hedgehog signaling pathway. The usage 
of western blotting to confirm the involvement of the 
Hedgehog pathway provides robust evidence supporting 
this mechanism. The findings that NaHS@Cy5@MS@SP 
had a stronger inhibitory effect on the protein levels of 
SHH, SMO, and GLI1 compared to NaHS alone under-
score the enhanced efficacy of the nanocomposite for-
mulation. This superior performance may be attributed 
to improved stability, targeted delivery, or increased 
bioavailability of H2S when encapsulated in the NaHS@
Cy5@MS@SP complex. The modulation of the Hedge-
hog pathway by H2S adds a new dimension to our under-
standing of its therapeutic potential in RA. By inhibiting 
key components of this pathway, H2S may help to reduce 
inflammation, prevent synovial hyperplasia, and inhibit 
the invasive behavior of FLS cells, all of which are hall-
marks of RA pathology.

The effect of NaHS@Cy5@MS@SP on the Hedgehog 
signaling was abolished by SAG
SHH has been implicated in exacerbating articular injury 
and inflammation via the p38 mitogen-activated protein 
kinase (MAPK) signaling pathway [51]. To further verify 
the therapeutic effects of H2S on RA in vitro, we investi-
gated the impact of the Smoothened (SMO) agonist SAG 

on LPS-challenged FLSs treated with NaHS@Cy5@MS@
SP and NaHS. Western blotting analysis revealed that 
SAG negated the inhibitory effects of NaHS@Cy5@MS@
SP and NaHS on the protein expression levels of SHH, 
SMO, GLI1, and phosphorylated p38 (P-P38) (Fig. 10A). 
The reversal of the inhibitory effects on SHH, SMO, 
GLI1, and P-P38 by SAG indicates that the Hedgehog 
pathway is a key target of H2S action in reducing inflam-
mation and cell proliferation in RA. This is consistent 
with previous findings that SHH can exacerbate articular 
injury and inflammation through the p38 MAPK signal-
ing pathway. Our data suggest that H2S, via NaHS@Cy5@
MS@SP and NaHS, mitigates these detrimental effects by 
downregulating this pathway.

Furthermore, SAG abolished the reductions in TNF-α 
and IL-6 levels induced by NaHS@Cy5@MS@SP and 
NaHS treatment (Fig.  10B). Similarly, RT-PCR analysis 
demonstrated that SAG markedly offset the suppressive 
effects of NaHS@Cy5@MS@SP and NaHS on the mRNA 
levels of IL-6 and COX2 (Fig.  10C). The abrogation of 
TNF-α and IL-6 reduction by SAG further highlights 
the role of the Hedgehog pathway in the inflamma-
tory response. These cytokines are central mediators of 
inflammation in RA, and their regulation is crucial for 
controlling disease progression. The ability of SAG to 
counteract the suppression of IL-6 and COX2 mRNA 
levels by H2S treatments provides additional evidence 
that H2S exerts its anti-inflammatory effects through this 
pathway.

The decrease in cell viability and migration observed 
following NaHS@Cy5@MS@SP and NaHS treatment was 
reversed by SAG (Fig. 10D-F). The reversal of decreased 
cell viability and migration by SAG suggests that H2S 
inhibits these processes through Hedgehog pathway 
modulation. This finding is significant, as synoviocyte 
proliferation and migration contribute to joint destruc-
tion and inflammation in RA. By targeting this pathway, 
H2S treatments can potentially prevent these pathologi-
cal processes.

Additionally, the suppression of VEGF release and 
the mRNA levels of matrix metalloproteinases (MMP-
1, MMP-3, and MMP-9) by NaHS@Cy5@MS@SP and 
NaHS was dramatically reversed by SAG (Fig.  10G-H). 
The inhibition of VEGF release and MMP expression by 
H2S, and the subsequent reversal by SAG, further cor-
roborates the involvement of the Hedgehog pathway 
in angiogenesis and tissue remodeling in RA. VEGF 
and MMPs are key factors in these processes, and their 

(See figure on previous page.)
Fig. 7  Pathological staining of the knee joint was performed. (A) Representative images of Masson staining. (B) Representative images of Hematoxylin 
and eosin (HE) staining. (C) Representative images of Safranin fast green staining. (D) Representative IHC images of TNF-α in the joint site. (E) Representa-
tive IHC images of IL-6 IHC staining in the joint site. (F and G) Representative images of CD206 and CD86 staining in the synovium. (H and I) Quantitative 
analysis of TNF-α and IL-6 expression levels. (J and K) Quantitative analysis of CD206 and CD86 expression levels in synovium. *P < 0.05 versus Control; 
†P < 0.05 versus Model. n = 6. NaHS, Sodium Hydrosulfide; TNF-α, tumor necrosis factor-α. IL-6, interleukin-6
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Fig. 7 (See legend on next page.)
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Fig. 8  NaHS@Cy5@MS@SP inhibited FLS cells inflammation and growth in vitro. (A) Effect of NaHS@Cy5@MS@SP on FLS viability. (B) RT-PCR analysis 
of CSE in FLSs treated with NaHS@Cy5@MS@SP. (C) ELISA analysis of TNF-α in FLSs treated with NaHS@Cy5@MS@SP. (D) The levels of IL-6 by ELISA. (E-F) 
RT-PCR analysis of IL-6 and COX2. (G) Cell viability. (H) Representative photographs of EdU-positive cells. (I-J) Transwell migration assay. (K) The level of 
VEGF. (L) RT-PCR analysis of MMP-1, MMP-3, and MMP-9. *P < 0.05 versus Con; †P < 0.05 versus LPS. n = 4–6. NaHS, Sodium Hydrosulfide; FLSs, fibroblast-like 
synoviocytes; LPS, lipopolysaccharide; RT-PCR, Reverse transcription-polymerase chain reaction; IL-6, interleukin-6; COX2, cyclooxygenase-2; TNF-α, tumor 
necrosis factor-α; EdU, 5-Ethynyl-2’-deoxyuridine; VEGF, endothelial growth factor; MMP-1, matrix metalloproteinase-1; MMP-3, matrix metalloprotein-
ase-3; MMP-9, matrix metalloproteinase-9
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Fig. 9 (See legend on next page.)
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regulation by H2S indicates a broader therapeutic poten-
tial for H2S in managing RA. Our study demonstrates 
that H2S, particularly through NaHS@Cy5@MS@SP, 
exerts significant anti-inflammatory, anti-proliferative, 
and anti-migratory effects in LPS-challenged FLSs by 
modulating the Hedgehog signaling pathway. The rever-
sal of these effects by the SMO agonist SAG underscores 
the critical role of this pathway in the therapeutic actions 
of H2S. These findings provide a strong foundation for 
further research into H2S-based therapies for RA, with 
a focus on targeting the Hedgehog pathway to achieve 
optimal therapeutic outcomes (Fig. 10).

Conclusion
In this study, we developed a dissolvable nanocomplex 
loaded with NaHS to achieve the stable and targeted 
release of H2S in synoviocytes, resulting in the restored 
synovial homeostasis. Our results allowed NaHS@Cy5@
MS@SP to alleviate inflammation and clinical symptoms 
in RA mice. Collectively, NaHS@Cy5@MS@SP might be 
a promising combinatorial anti-inflammatory strategy 
for preventing and treating RA by therapeutically target-
ing the Hedgehog signaling pathway in synoviocytes. The 
targeted Hedgehog pathway inhibitors or NaHS@Cy5@
MS@SP may be developed for RA treatment, considering 
factors such as patient selection, biomarker identifica-
tion, and potential combination therapies. The long-term 
efficacy studies and the potential clinical trial should be 
designed to assess the safety and therapeutic benefits 
of NaHS@Cy5@MS@SP in RA patients. Future studies 
are highly required to validate the efficacy and safety of 
NaHS@Cy5@MS@SP in human RA models, including 

clinical trials to assess its therapeutic potential in RA 
patients. Additionally, the potential applications of H2S-
releasing nanoparticles in other inflammatory diseases 
could be investigated, and the more targeted delivery sys-
tems, long-term stability, and dose optimization for clini-
cal usage should be developed.

This cell type-specific uptake of NaHS@Cy5@MS@
SP is a promising advantage for clinical and therapeutic 
applications. Notably, the cell type-specific uptake can 
vary significantly depending on cellular characteristics, 
which may influence therapeutic efficacy. Further stud-
ies are required to investigate uptake efficiency across 
different relevant cell types and provide quantitative data 
to clarify the selectivity of NaHS@Cy5@MS@SP. In addi-
tion, the potential factors influencing the cellular uptake 
of NaHS@Cy5@MS@SP, such as receptor expression 
and endocytosis mechanisms, will be explored in future 
studies. Moreover, the additional long-term data will be 
conducted to assess the sustained therapeutic effects of 
NaHS@Cy5@MS@SP on disease progression, inflamma-
tion, and joint protection in RA models in future studies. 
The particle stability and immune response of NaHS@
Cy5@MS@SP were not directly assessed in this study. 
More studies are recommended to evaluate the poten-
tial barriers to translation, such as nanoparticle aggre-
gation, degradation, or unintended immune activation 
of NaHS@Cy5@MS@SP in vivo. The particle clearance, 
biodistribution, and bioavailability of NaHS@Cy5@MS@
SP should be considered, as these impact therapeutic 
efficacy and potential off-target effects. The standard-
ized protocols are needed to assess the efficacy and long-
term safety of NaHS@Cy5@MS@SP in diverse patient 

(See figure on previous page.)
Fig. 9  NaHS@Cy5@MS@SP may inhibit FLS cells inflammation and growth via the Hedgehog signaling pathway. (A) The number of differentially ex-
pressed genes between LPS and LPS + H2S group. (B) Heatmap of differentially expressed genes between LPS and LPS + H2S group. (C) Gene set enrich-
ment analysis of the Hedgehog signaling pathway. (D) Heatmap of the Analyzed GeneSet of the Hedgehog signaling pathway. (E) Western blot analysis 
of SHH, SMO, and GLI1 in FLS cells. *P < 0.05 versus Con; †P < 0.05 versus LPS. n = 4. NaHS, Sodium Hydrosulfide; H2S, hydrogen sulfide; FLSs, fibroblast-like 
synoviocytes; LPS, lipopolysaccharide; SHH, Sonic Hedgehog; SMO, Smoothened; GLI1, GLI family zinc finger 1
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Fig. 10  SAG reversed the inhibitory effect of NaHS@Cy5@MS@SP on inflammation and cell growth in LPS-induced FLS cells. (A) Western blot analysis of 
SHH, SMO, GLI1, P-P38 and T-P38 protein levels in FLSs. (B) ELISA analysis of TNF-α and IL-6 in FLSs. (C) RT-PCR analysis of IL-6 and COX2. (D) Cell viability. (E) 
Representative photographs of EdU-positive cells. (F) Transwell migration assay. (G) The level of VEGF. (H) RT-PCR analysis of MMP-1, MMP-3, and MMP-9. 
*P < 0.05 versus Con; †P < 0.05 versus LPS; ‡ P < 0.05 versus LPS + NaHS@Cy5@MS@SP. n = 4–6. NaHS, Sodium Hydrosulfide; H2S, hydrogen sulfide; FLSs, 
fibroblast-like synoviocytes; LPS, lipopolysaccharide; SHH, Sonic Hedgehog; SMO, Smoothened; GLI1, GLI family zinc finger 1. LPS, lipopolysaccharide; RT-
PCR, Reverse transcription-polymerase chain reaction; IL-6, interleukin-6; COX2, cyclooxygenase-2; TNF-α, tumor necrosis factor-α; EdU, 5-Ethynyl-2’-de-
oxyuridine; VEGF, endothelial growth factor; MMP-1, matrix metalloproteinase-1; MMP-3, matrix metalloproteinase-3; MMP-9, matrix metalloproteinase-9
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populations. The variability in patient genetics, disease 
stage, and immune status of RA patients may impact 
therapeutic response of this nanoparticle.
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