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Abstract
Introduction. Rheumatoid arthritis (RA) is an autoimmune disorder associated with joint damage and attendant 
cardiovascular complications. Wedelolactone (Wed), derived from Eclipta alba, possesses anti-inflammatory activity. 
Whether Wed regulates RA inflammation and related heart damage remains unknown.
Material and methods. A murine model of collagen-induced arthritis (CIA) was well-established by two subcutaneous 
injections of type II collagen (days 0 and 21). Wed was then administered via intraperitoneal injection every other day 
from day 28 to day 48. Joint swelling was monitored and paw thickness was calculated. Histopathological changes in 
synovial tissues or ankle cartilage were evaluated by hematoxylin and eosin (H&E) and Safranin O-Fast Green staining. 
The concentrations of inflammatory factors in serum and synovial tissues were detected by ELISA. The qRT-PCR, 
Western blotting, immunohistochemistry (IHC), and immunofluorescence (IF) were performed to assess receptor acti-
vator of nuclear factor kappa ligand (RANKL), matrix metalloprotease (MMP)-3, NLRP3, caspase-1 (pro- and cleaved 
forms), p-p65, IκBα, p-IκBα, p65, αsmooth-actin 2 (ACTA2), collagen type I and E-cadherin expression. H&E and 
Masson staining were used to assess the pathological alterations in the heart.
Results. Treatment with Wed ameliorated ankle joint swelling and cartilage degradation. Wed decreased the infiltration 
of inflammatory cells, the release of pro-inflammatory cytokines (IL-1β, IL-6, TNF-α, and IL-18), and the expression of 
RANKL and MMP-3 in serum and synovial tissues of CIA mice. Moreover, Wed increased the expression of NLRP3 and 
cleaved-caspase-1 in the synovium, leading to IL-1β and IL-18 secretion. Nuclear factor-kappaB (NF-κB) activation 
in synovial tissues was suppressed by Wed, as manifested by reduced phosphorylation of p65 and IκBα and nuclear 
translocation of p65. Furthermore, Wed reduced in CIA mice heart weight/body weight ratio and dampened cardiac 
inflammation and fibrosis that was accompanied at the mRNA level by down-regulation of ACTA2 and collagen I and 
up-regulation of E-cadherin.
Conclusions. These findings suggested that Wed attenuated synovial inflammation and joint damage in a mouse model 
of RA via inhibiting NF-κB/NLRP3 inflammasome activation, and ameliorated RA-induced cardiac complications. 
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Introduction

Rheumatoid arthritis (RA) is a chronic destructive 
autoimmune disorder characterized by systemic in-
flammation, autoantibody generation, and persistent 
synovitis [1]. During RA, the joints are infiltrated with 
a large number of inflammatory cells, accompanied by 
the secretion of inflammatory cytokines, especially 
tumor necrosis factor (TNF)-α, interleukin (IL)-1β, 
and IL-6 [2, 3]. Nonsteroidal anti-inflammatory drugs 
are widely applied for the treatment of RA; howev-
er, several inevitable side effects including muscle 
weakness and a high risk of infection are present 
[4]. In addition to joint symptoms, the secretion of 
pro-inflammatory factors in RA also contributes to 
the incidence of cardiovascular complications [5, 6]. 
Thus, the development of effective therapeutic agents 
for RA is of great significance.

Wedelolactone (Wed), an Eclipta alba-derived 
natural bioactive compound, belongs to a class of fla-
vonoids [7]. It exhibits a variety of biological effects, 
such as anti-inflammatory, anti-oxidative, anti-tumor, 
and anti-fibrotic [8, 9]. Wed has been reported to 
exert protective roles against tissue or organ damage 
by inhibiting nuclear factor-kappaB (NF-κB)-based 
inflammation [10, 11]. Wed declines the production 
of IL-1β, thereby relieving monosodium urate-in-
duced inflammation [12]. In addition, Wed may have  
anti-toxic and cardioprotective abilities [13]. However, 
the function of Wed in RA and its related cardiac injury 
remains obscure.

The NLP family pyrin domain containing 
3 (NLRP3) inflammasome, the most fully char-
acterized inflammasome, plays a vital role in im-
mune diseases including RA. The components of 
the NLRP3 inflammasome, including NLRP3 and 
caspase-1, are abnormally expressed in the synovi-
um of RA patients [14–16]. Excessive activation of 
the NLRP3 inflammasome is tightly associated with 
the pathogenesis of RA [17]. Collagen type II (CII) 
is a major protein constituent in articular cartilage 
and provokes an autoimmune response resulting in 
joint damage. Collagen-induced arthritis (CIA) is the 
most widely used experimental model of RA in vivo 
[18]. A highly activated NLRP3 inflammasome was 
observed in CIA mice [17]. Wed has been found to 
efficiently suppress the activation of the NLRP3 in-
flammasome in both in vitro and in vivo models of 
inflammatory diseases [12, 19].

In the present study, we investigated whether Wed 
impacts the progression of RA and cardiac complica-
tions in a CIA model by modulating the NLRP3 in-
flammasome. Our findings help us understand the 
possible therapeutic role of Wed, which may provide 

a novel insight into future research on RA and it 
complications.

Material and methods

Animals and group division. All experimental procedures 
followed the standards of the Animal Care and Use Committee 
(Hebei General Hospital). Healthy DBA/1 male mice (7 weeks 
old) were acclimatized for one week under a suitable laboratory 
environment (12 h/12 h light/dark cycle; 25 ± 1°C; 45–55% 
humidity; food and water freely). CIA is a common animal 
model for studying RA and has been performed in this study 
as previously described [20]. Mice were injected subcutane-
ously at the tail base with 100 μg of CII (2 mg/mL, YuanYe, 
Shanghai, China) emulsified in the same volume of complete 
Freund’s adjuvant (SigmaAldrich, St. Louis, MO, USA) in 
a total volume of 0.1 mL, followed by boost immunization 
21 days later with equal CII emulsified in incomplete Freund’s 
adjuvant. Following 28 days, Wed (10 mg/kg, YuanYe) was 
intraperitoneally injected into CIA mice every other day until 
experiment termination (day 48).

Arthritis evaluation and paw thickness measurement. From 
day 28, the hind paw thickness of mice was measured using 
a caliper and the arthritis index was scored every 4 days in 
a blinded manner. Arthritis scores were determined as the fol-
lowing criteria [20]. Grade 0: Normal; Grade 1: Erythema and 
mild swelling limited to the tarsals or ankle; Grade 2: Erythema 
and mild swelling from the ankle to the tarsal bone; Grade 3: 
Erythema and moderate swelling from the ankle to the metatarsal 
bone; Grade 4: Erythema and severe swelling from the ankle 
to the entire limb. Score of per mouse ranges from 0 to 16, and 
a higher score represents more severe damage.

Ratios of heart weight to body weight. On day 48 of the first 
CII immunization, mice were euthanized and weighed. Their 
hearts were weighed after dissection and the heart/body weight 
ratio was calculated.

Histological analysis. After fixation with 4% formaldehyde, 
the synovial tissues, hearts, and ankle joints were embedded 
in paraffin and then cut into 5 μm-thick sections for hematox-
ylin and eosin (H&E, Solarbio, and Sangon, China) staining, 
Masson-trichrome staining and Safranin O-Fast Green assay. 
The sections were checked and photographed under a light 
microscope (Olympus DP73, Tokyo, Japan).

Enzyme-linked immunosorbent assay. The synovial tissues 
and blood were harvested from mice. The sterile saline was 
added to the synovial tissues at a ratio of weight (g): volume 
(mL) = 1:9. Tissue samples were homogenized using a glass 
homogenizer for 30 strokes on ice. Tissue homogenate super-
natant and blood serum were obtained by centrifugation. The 
concentrations of IL-1β, IL-6, TNF-α, and IL-18 in serum and 
supernatants were determined using enzyme-linked immu-
nosorbent assay (ELISA) kits (LianKe, Hangzhou, Zhejiang, 
China) as described in the manufacturer’s instructions.



www.journals.viamedica.pl/folia_histochemica_cytobiologica
©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2022
10.5603/FHC.a2022.0025
ISSN 0239-8508, e-ISSN 1897-5631

303Wedelolactone ameliorates synovial inflammation and cardiac complications in a murine model of collagen-induced arthritis

Immunohistochemistry and immunofluorescence. Fixed 
synovial tissues were used for immunohistochemistry (IHC) 
and immunofluorescence (IF) analysis. After fixation, the tissues 
were dehydrated, paraffin-embedded, and sectioned (5 μm-thick 
sections). The sections were soaked in citrate buffer (9 mL 
citric acid and 41 mL sodium citrate added to 450 mL distilled 
water; pH = 6.0) and heated in the microwave oven until boil-
ing (10 min) for antigen retrieval. They were then incubated 
overnight at 4°C with primary antibody. The following primary 
antibodies applied were: receptor activator of nuclear factor 
(NF) kappa B ligand (RANKL, 1:100, ABclonal, Wuhan, Hubei, 
China), matrix metalloprotease 3 (MMP-3, 1:100, ABclonal), 
phosphorylated (p)-p65 (1:100, Affinity, Changzhou, Jiangsu, 
China) and NLRP3 (1:200, ABclonal). The HRP-linked goat 
anti-rabbit antibody (1:500) for IHC or Cy3 fluorescein-labeled 
secondary antibody (1:200) for IF was added and incubated 
for 1 h at 37°C. Counterstaining for labeling cell nuclei was 
performed with hematoxylin for IHC or DAPI for IF. The mi-
croscope was used for the visualization of staining and for the 
acquisition of microphotographs.

Quantitative reverse transcription-PCR. Total RNA from 
synovial tissues or hearts was extracted using TRIpure Iso-
lation Reagent (BioTeke, Beijing, China) and used for the 
first strand cDNA synthesis following the manufacturer’s 
instructions (Beyotime, Shanghai, China). Quantitative reverse 
transcription-PCR (qRT-PCR) was carried out using Taq PCR 
MaterMix and SYBR Green with primers specific to RANKL, 
MMP-3, αsmooth-actin 2 (ACTA2), collagen type I (CI) and 
E-cadherin. The primers utilized for qRT-PCR were: RANKL 
F, 5’-ATGAAAGGAGGGAGCACG and R, 5’-GCAGGGAA-
GGGTTGGAC; MMP-3 F, 5’-CCTATTCCTGGTTGCTG and 
R, 5’-AGAGTTAGACTTGGTGGG; ACTA2 F, 5’-GAGCGT-
GAGATTGTCCG and R, 5’-GCTGTTATAGGTGGTTTCG; 
collagen I F, 5’-CGCCATCAAGGTCTACTGC and R, GAATC-
CATCGGTCATGCTCT; E-cadherin F, 5’-GGGACAAA-
GAAACAAAGGT and R, 5’-TGACACGGCATGAGAATAG. 
The relative expression of these mRNAs was measured using 
the 2−ΔΔCT method.

Western blotting. The western blotting assay was performed 
utilizing primary antibody against NLRP3, pro-caspase-1/ 
/cleaved-caspase-1, IκBα, phosphorylated (p)-IκBα, p-p65 or 
nuclear p65. NLRP3 antibody was purchased from ABclonal and 
all others were from Affinity. Proteins isolated were quantified 
with the BCA kit and separated by SDS-PAGE. After transfer 
onto PVDF membranes and blocked with 5% BSA, the sam-
ples were incubated overnight (4°C) with the diluted primary 
antibody (1:1000) and subsequent HRG-conjugated secondary 
antibody (1:10000) for 40 min (37°C). Finally, enhanced chemi-
luminescence (ECL, 7 Sea biotech, Shanghai, China) was used 
for western blotting development.

Statistical analysis. Values in the graphs were represented as 
means ± standard deviation (SD). One-way or two-way analysis 
of variance in GraphPad Prism 8.0 software was used to evaluate 

statistical differences. P values less than 0.05 were considered 
to be significant.

Results

Wed alleviates RA development  
in CIA-induced mice
CII is frequently used to induce RA [20]. As shown 
in Fig. 1A, arthritis in mice was developed by twice 
immunizations with CII, and then these mice were 
treated with Wed for exploring its role in RA. From 
day 28 to day 48, the ankle swelling score and paw 
thickness of CIA model mice were obviously greater 
than those in control mice, while Wed treatment low-
ered them (Fig. 1B, C). On day 48, as exhibited in Fig. 
1D, the paws of euthanized model mice were mark-
edly swollen, which was alleviated by Wed. Fig. 1E  
displayed the histopathological images of syno-
vial tissues stained by H&E. CIA mice exhibited  
synovial tissue hyperplasia, joint space narrowing, 
and severe cartilage damage as compared to the mice 
in the control group. These changes were improved  
following Wed treatment. Moreover, Wed administra-
tion significantly declined the levels of serum IL-1β, 
IL-6, TNF-α, and IL-18 induced by CII (Fig. 1F),  
suggesting the anti-inflammatory function of Wed  
in CIA.

Wed improves cartilage degradation  
in CIA-induced synovial tissue
The pathological changes of the ankle cartilage 
were next evaluated. Safranin O-Fast Green staining 
demonstrated that CIA triggered erosion and destruc-
tion in articular cartilage. In contrast, Wed treatment 
resulted in a relatively intact cartilage surface and 
reduced injuries (Fig. 2A). Fig. 2B revealed RANKL 
and MMP-3 mRNA expression detected by qRT-PCR. 
The expression levels of RANKL and MMP-3 mRNAs 
were up-regulated in the synovial tissues of CIA mice 
and Wed significantly down-regulated their levels. 
Changes in the protein expression levels of RANKL 
and MMP-3 analyzed by IHC were consistent with the 
mRNA results (Fig. 2C). These data suggest that Wed 
prevents CIA-induced synovial tissue damage possibly 
through inhibiting RANKL and MMP-3 expression.

Wed suppresses CIA-induced NLRP3  
inflammasome activation
NLRP3 expression in synovial tissues was assessed by 
IF staining. As shown in Fig. 3A, the number of NL-
RP3-positive cells was significantly increased in the 
synovium of CIA mice, which was partly reversed by 
Wed administration. Wed also remarkably down-reg-
ulated the protein expression levels of NLRP3 and 
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Figure 1. Wedelolactone ameliorates collagen-induced arthritis in mice. A. Experimental scheme was depicted. Arthritis in mice 
was induced via immunization twice, followed by Wedelolactone (Wed) administration every other day from day 28 to day 48;  
B, C. On days 28, 32, 36, 40, 44, 48, arthritis scores of mice were performed and paw thickness was recorded in different treatment 
groups; D. Representative pictures of hind paws on day 48; E. On day 48, mice were euthanized and synovial tissues were harvested 
for histological study (H&E staining; size bar, 500 µm). Abbreviations: bm — bone marrow; m — meniscus; s — synovial; c — 
cartilage. Black arrow — cartilage destruction; F. Collagen-induced changes in serum inflammatory cytokines (IL-1β, IL-6, TNF-α 
and IL-18) were determined by ELISA. The results were shown as mean and standard deviation of at least 6 mice each group.  
**P < 0.01 for CIA vs. Control, #P < 0.05, ##P < 0.01 for CIA + Wed vs. CIA.
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cleaved-caspase-1 induced by CIA in the synovium. 
There were no changes in pro-caspase-1 expression 
in these groups (Fig. 3B). ELISA results showed that 
Wed declined CIA-induced elevation in IL-1β and 
IL-18 concentrations in synovial tissues (Fig. 3C). 
These findings suggest that Wed is a possible sup-
pressor of NLRP3 inflammasome activation during 
RA development.

Wed inhibits the NF-κB signaling pathway
Abnormal NF-κB activation may lead to the develop-
ment of inflammatory diseases such as RA [21]. IHC 
staining for p-p65 showed that the p-p65-positive cells 
in synovial tissues of CIA mice were greatly enhanced 

compared with control mice. Treatment with Wed 
abolished the CIA-induced increase in p-p65 (Fig. 
4A). Western blotting assay was performed to detect 
the expression of NF-κB-related proteins. The results 
revealed that significant increases in p-IκBα, p-p65, 
and nuclear translocation of p65 protein were observed 
in the CIA group, which was partially abolished by 
Wed (Fig. 4B). Taken together, Wed suppresses the 
NF-κB signaling pathway in CIA.

Wed ameliorates CIA-caused cardiac injury
The potential effect of Wed on the hearts of CIA mice 
was further investigated. Compared with the control 
group, the ratio of heart/body weight was elevated in 

Figure 2. Wedelolactone alleviates collagen-induced damage in synovial tissues. A. Safranin O-fast green staining showed cartilage 
erosion in synovial tissues. Size bar, 100 µm; B. QRT-PCR assay was performed for RANKL and MMP-3 mRNA levels in synovial 
tissues; C. Immunohistochemical (IHC) studies for RANKL and MMP-3. Size bar, 50 µm. Data were shown as mean and standard 
deviation. **P < 0.01 for CIA vs. Control, ##P < 0.01 for CIA + Wed vs. CIA.
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the CIA group. However, treatment with Wed dimin-
ished it (Fig. 5A). H&E staining was used to reveal 
the pathological alterations in heart tissues. The myo-
cardial cells in the control mice were morphologically 
intact with centrally-located nuclei. CIA resulted in 
myocardial structural damage and inflammatory cell 
infiltration into the heart, but Wed treatment partially 
ameliorated the CIA-induced cardiac morphological 
alterations (Fig. 5B). Masson staining was applied 

for fibrosis evaluation. No significant fibrosis was 
observed in the hearts of control mice. A strongly blue-
stained area was present in the myocardium of CIA 
mice, while Wed reduced the intensity of myocardial 
fibrosis (Fig. 5C). 

ACTA2, collagen I, and E-cadherin expression 
in the hearts was also measured at the mRNA level 
by qRT-PCR assay. It was found that CIA increased 
the expression of ACTA2 and collagen I, but reduced  

Figure 3. Wedelolactone inhibits collagen-induced NLRP3 inflammasome activation. A. NLRP3 expression in synovial tissues 
was displayed by immunofluorescence. Size bar, 50 µm; B. Representative immunoblots of NLRP3, pro-caspase-1 (pro-Casp-1) 
and cleaved-caspase-1 (Cl-Casp-1), with β-actin as a control; C. ELISA showed the levels of IL-1β and IL-18 in synovial tissues. 
Values were indicated as mean and standard deviation. **P < 0.01 for CIA vs. Control, #P < 0.05, ##P < 0.01 for CIA + Wed vs. CIA.

Figure 4. Wedelolactone hinders the activation of NF-κB signaling pathway. A. P-p65 expression in synovial tissues (IHC staining, 
400×); B. Western blotting analysis of IκBα, p-IκBα, p-p65 and nuclear p65.
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the expression of E-cadherin mRNA. These alterations 
were significantly reversed after Wed administration 
(Fig. 5D).

Discussion

Rheumatoid arthritis is a progressive autoimmune dis-
order affecting synovial tissue and articular cartilage 
[22]. CIA is a widely accepted animal model for RA, 
which is of great significance for the exploration of 
RA pathogenesis and the development of therapeutic 
strategies. In the present study, wedelolactone was 
found to ameliorate synovial and articular cartilage 
damage caused by CIA. The findings also indicate that 
Wed may be a suppressor of NLRP3 inflammasome 
activation and NF-κB signaling pathway. Our work 
presents strong evidence supporting the protective 
effect of Wed in RA development.

Synovial inflammation is a hallmark of chronic 
inflammatory joint diseases including RA [23]. IL-1β,  
IL-6, TNF-α and IL-18 are important pro-inflam-
matory cytokines that have been implicated in the 

accumulation of inflammatory cells and synovial 
tissue destruction in RA [24]. Wed has been reported 
to function as an anti-inflammatory agent in models 
of some inflammatory disorders, such as arthritis [12], 
fungal keratitis [25], and colitis [26]. In our study, 
serum IL-1β, IL-6, TNF-α and IL-18 levels elevated 
in CIA mice were significantly decreased after suc-
cessive Wed administration, indicating that Wed has 
anti-inflammatory activity in this RA animal model. 
Moreover, inflammatory cytokines can stimulate the 
production of RANKL in cartilage [27, 28]. It has 
been shown that RANKL acts not only as a mediator 
of osteoclastogenesis and bone resorption but also as 
a critical regulator of the inflammatory reaction in the 
genetic model of RA in which overexpressed RANKL 
aggravated the course of the disease [29–32]. Specific 
MMPs, including MMP-1, MMP-3, and MMP-13, 
have been reported to degenerate articular cartilage 
matrix components and play predominant roles in 
joint destruction in RA [33–35]. MMP-3, a member 
of the MMP family that is produced primarily by 
synoviocytes [36, 37], is responsible for the cleavage 

Figure 5. Wedelolactone improves CIA-caused cardiac injury. A. The ratio of heart weight to body weight was calculated;  
B. Pathological alteration in cardiac tissues was shown by H&E staining. Size bar, 100 µm; C. Masson staining was performed to 
evaluate cardiac fibrosis. Size bar, 100 µm; D. QRT-PCR results of ACTA2, Collagen I and E-cadherin in cardiac tissues. Results 
were expressed as mean and standard deviation. **P < 0.01 for CIA vs. Control, ##P < 0.01 for CIA + Wed vs. CIA.
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of extracellular matrix proteins, resulting in severe 
inflammation and joint destruction [38]. Our results 
obtained by IHC and qRT-PCR analysis showed that 
Wed reduced synovial RANKL and MMP-3 expres-
sion in the CIA murine model, further indicating the 
protective function of Wed against synovial tissue and 
cartilage damage.

Accumulating studies have confirmed that 
NLRP3 inflammasome activation is a critical mecha-
nism in the pathogenesis of RA [17, 39, 40]. Collagen 
type II is known to induce the activation of NLRP3, 
as demonstrated by up-regulated NLRP3 and cleaved-
caspase-1 expression in the joints of CIA mice as 
well as increased serum pro-inflammatory IL-1β 
and IL-6 levels [41]. Activated NLRP3 inflammas-
ome has been observed in synovial tissues of RA 
patients and CIA mice [17, 42]. Negative regulation 
of NLRP3 leads to the reduction of downstream 
pro-inflammatory cytokine release, which promotes 
cartilage degradation and synovial inflammation [43, 
44]. It has been also reported that joint inflammation 
in CIA mice can be alleviated by inhibition of the 
NLRP3 inflammasome [44]. Wed has been considered 
to be an inhibitor of NLRP3 inflammasome formation 
in macrophages [12] and animal colitis model [19]. In 
line with previous findings in different experimental 
models of inflammation, our study demonstrated that 
Wed blocked the activation of NLRP3 inflammasome 
and synovial inflammation in CIA mice. Stimulation 
of IL-1β production by NLRP3 is thought to induce 
the production of RANKL, matrix metalloproteinase 
3 (MMP-3), and downstream inflammatory cytokines 
such as IL-6 [45]. Our findings collectively imply that 
Wed may prevent RA development via inhibiting the 
NLRP3 inflammasome activation.

Wed has been reported to exert anti-inflamma-
tory effects by negatively modulating the activation 
of IκBα/NF-κB [7, 46]. The previous investigation 
showed that NF-κB activation contributes to the se-
cretion of inflammatory cytokines TNF-α, IL-6, bone 
erosion, and joint injury [47–50]. Blockage of NF-κB 
appears to play a crucial role in the modulation of an 
inflammatory cascade of RA [48]. Here, we found that 
the NF-κB signaling pathway was activated by CIA 
in synovial tissues. Wed treatment hindered CIA-in-
duced phosphorylation of IκBα and p65 as well as 
p65 nuclear translocation, suggesting the inhibitory 
role of Wed in NF-κB activation in RA. Additionally, 
activated NF-κB increases the expression of down-
stream RANKL and MMP-3 in the joints of mice 
with CIA [51]. NF-κB acts as an upstream regulatory 
factor of NLRP3, and activation of NF-κB can induce 
NLRP3 inflammasome activation [52, 53]. Our study 
indicates that the anti-inflammatory effect of Wed 

in RA is associated with the suppression of NF-κB/ 
/NLRP3 inflammasome activation.

Emerging evidence suggests that patients with RA 
are at significant risk for cardiovascular diseases [54]. 
Wed has previously been shown to be beneficial in 
alleviating tissue injury including the kidney and liver 
[11, 46]. Wed appears to be useful in preventing heart 
diseases [13]. Whether Wed affects RA-associated 
cardiac complications and the underlying molecular 
mechanism are yet not explored. In our study, Wed 
decreased CIA-induced cardiac inflammation and fi-
brosis, along with down-regulation of fibrotic markers 
ACTA2 and collagen I and up-regulation of E-cadher-
in. Our work demonstrated for the first time that Wed 
might prevent the development and progression of 
RA-related cardiac damage. Additional experiments 
will be required to determine the action of Wed in 
the heart. In addition, the protective effects of Wed  
in tissue injuries have been linked with the suppres-
sion of the NF-κB signaling pathway [11, 46]. Fur-
ther investigations are required to elucidate whether  
NF-κB is involved in Wed-mediated protection against 
RA-associated complications.

In conclusion, our study suggested that Wed, a nat-
ural bioactive compound, alleviated RA development 
in the CIA mouse model. Wed might improve CIA-in-
duced joint inflammation and cartilage destruction 
via the suppression of NF-κB/NLRP3 inflammasome 
activation. Wed also attenuated RA-induced cardiac 
fibrosis. Together, these results indicate that Wed may 
be a novel promising agent for the treatment of RA 
and related cardiovascular complications.

Authors’ contribution

JJC designed the study, performed the experiments 
and reviewed the draft of the manuscript. XRN and 
HXZ analyzed the results of the experiments. YHN 
performed the experiments and drafted the ma- 
nuscript. All authors have read and approved the 
manuscript.

Data availability statement

All data supporting our findings are included in this 
manuscript.

Experimental ethics

All experimental procedures followed the standards 
of the Animal Care and Use Committee of Hebei 
General Hospital.



www.journals.viamedica.pl/folia_histochemica_cytobiologica
©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2022
10.5603/FHC.a2022.0025
ISSN 0239-8508, e-ISSN 1897-5631

309Wedelolactone ameliorates synovial inflammation and cardiac complications in a murine model of collagen-induced arthritis

Conflict of interest

The authors claim that they have no competing interest.

References
1. Scott DL, Wolfe F, Huizinga TWJ. Rheumatoid arthritis. 

Lancet. 2010; 376(9746): 1094–1108, doi: 10.1016/s0140-
6736(10)60826-4, indexed in Pubmed: 20870100.

2. Jang S, Kwon EJ, Lee JJ. Rheumatoid arthritis: pathogenic roles 
of diverse immune cells. Int J Mol Sci. 2022; 23(2): 905, doi: 
10.3390/ijms23020905, indexed in Pubmed: 35055087.

3. Pandolfi F, Franza L, Carusi V, et al. Interleukin-6 in rheuma-
toid arthritis. Int J Mol Sci. 2020; 21(15): 5238, doi: 10.3390/
ijms21155238, indexed in Pubmed: 32718086.

4. Yuan F, Quan Ld, Cui L, et al. Development of macromolecu-
lar prodrug for rheumatoid arthritis. Adv Drug Deliv Rev. 2012; 
64(12): 1205–1219, doi: 10.1016/j.addr.2012.03.006, indexed in 
Pubmed: 22433784.

5. Choy E. Understanding the dynamics: pathways involved in the 
pathogenesis of rheumatoid arthritis. Rheumatology (Oxford). 
2012; 51 Suppl 5: v3–11, doi: 10.1093/rheumatology/kes113, 
indexed in Pubmed: 22718924.

6. Dessein PH, Norton GR, Woodiwiss AJ, et al. Influence of non-
classical cardiovascular risk factors on the accuracy of predicting 
subclinical atherosclerosis in rheumatoid arthritis. J Rheumatol. 
2007; 34(5): 943–951, indexed in Pubmed: 17444592.

7. Yuan F, Chen J, Sun Pp, et al. Wedelolactone inhibits LPS-induced 
pro-inflammation via NF-kappaB pathway in RAW 264.7 cells. 
J Biomed Sci. 2013; 20: 84, doi: 10.1186/1423-0127-20-84, in-
dexed in Pubmed: 24176090.

8. Ali F, Khan BA, Sultana S. Wedelolactone mitigates UVB induced 
oxidative stress, inflammation and early tumor promotion events 
in murine skin: plausible role of NFkB pathway. Eur J Pharmacol. 
2016; 786: 253–264, doi: 10.1016/j.ejphar.2016.05.008, indexed 
in Pubmed: 27164422.

9. Xia Y, Chen J, Cao Y, et al. Wedelolactone exhibits anti-fibrotic 
effects on human hepatic stellate cell line LX-2. Eur J Pharma-
col. 2013; 714(1-3): 105–111, doi: 10.1016/j.ejphar.2013.06.012, 
indexed in Pubmed: 23791612.

10. Fan R, Sui J, Dong X, et al. Wedelolactone alleviates acute pan-
creatitis and associated lung injury via GPX4 mediated suppres-
sion of pyroptosis and ferroptosis. Free Radic Biol Med. 2021; 
173: 29–40, doi: 10.1016/j.freeradbiomed.2021.07.009, indexed 
in Pubmed: 34246777.

11. Luo Q, Ding J, Zhu L, et al. Hepatoprotective effect of 
wedelolactone against concanavalin a-induced liver injury in 
mice. Am J Chin Med. 2018; 46(4): 819–833, doi: 10.1142/
S0192415X1850043X, indexed in Pubmed: 29737211.

12. Pan H, Lin Y, Dou J, et al. Wedelolactone facilitates Ser/Thr 
phosphorylation of NLRP3 dependent on PKA signalling to block 
inflammasome activation and pyroptosis. Cell Prolif. 2020; 53(9): 
e12868, doi: 10.1111/cpr.12868, indexed in Pubmed: 32656909.

13. Melo PA, Pinheiro DA, Ricardo HD, et al. Ability of a synthetic 
coumestan to antagonize Bothrops snake venom activities. Toxi-
con. 2010; 55(2-3): 488–496, doi: 10.1016/j.toxicon.2009.09.021, 
indexed in Pubmed: 19883675.

14. Kolly L, Busso N, Palmer G, et al. Expression and function of the 
NALP3 inflammasome in rheumatoid synovium. Immunology. 
2010; 129(2): 178–185, doi: 10.1111/j.1365-2567.2009.03174.x, 
indexed in Pubmed: 19824913.

15. Cheng L, Liang X, Qian L, et al. NLRP3 gene polymorphisms 
and expression in rheumatoid arthritis. Exp Ther Med. 2021; 
22(4): 1110, doi: 10.3892/etm.2021.10544, indexed in Pubmed: 
34504564.

16. Wu XY, Li KT, Yang HX, et al. Complement C1q synergizes 
with PTX3 in promoting NLRP3 inflammasome over-activation 
and pyroptosis in rheumatoid arthritis. J Autoimmun. 2020; 106: 
102336, doi: 10.1016/j.jaut.2019.102336, indexed in Pubmed: 
31601476.

17. Guo C, Fu R, Wang S, et al. NLRP3 inflammasome activation 
contributes to the pathogenesis of rheumatoid arthritis. Clin Exp 
Immunol. 2018; 194(2): 231–243, doi: 10.1111/cei.13167, in-
dexed in Pubmed: 30277570.

18. Holmdahl R, Bockermann R, Bäcklund J, et al. The molecular 
pathogenesis of collagen-induced arthritis in mice--a model for 
rheumatoid arthritis. Ageing Res Rev. 2002; 1(1): 135–147, doi: 
10.1016/s0047-6374(01)00371-2, indexed in Pubmed: 12039453.

19. Wei W, Ding M, Zhou K, et al. Protective effects of wedelolactone 
on dextran sodium sulfate induced murine colitis partly through 
inhibiting the NLRP3 inflammasome activation via AMPK sig-
naling. Biomed Pharmacother. 2017; 94: 27–36, doi: 10.1016/j.
biopha.2017.06.071, indexed in Pubmed: 28750357.

20. Brand DD, Latham KA, Rosloniec EF. Collagen-induced arthritis. 
Nat Protoc. 2007; 2(5): 1269–1275, doi: 10.1038/nprot.2007.173, 
indexed in Pubmed: 17546023.

21. van Loo G, Beyaert R. Negative regulation of NF-κB and its 
involvement in rheumatoid arthritis. Arthritis Res Ther. 2011; 
13(3): 221, doi: 10.1186/ar3324, indexed in Pubmed: 21639951.

22. Momohara S, Okamoto H, Iwamoto T, et al. High CCL18/PARC 
expression in articular cartilage and synovial tissue of patients 
with rheumatoid arthritis. J Rheumatol. 2007; 34(2): 266–271, 
indexed in Pubmed: 17304652.

23. Smolen J, Aletaha D, McInnes I. Rheumatoid arthritis. Lan-
cet. 2016; 388(10055): 2023–2038, doi: 10.1016/s0140-
6736(16)30173-8, indexed in Pubmed: 27156434.

24. Tincani A, Andreoli L, Bazzani C, et al. Inflammatory molecules: 
a target for treatment of systemic autoimmune diseases. Auto-
immun Rev. 2007; 7(1): 1–7, doi: 10.1016/j.autrev.2007.03.001, 
indexed in Pubmed: 17967717.

25. Cheng M, Lin J, Li C, et al. Wedelolactone suppresses IL-1β 
maturation and neutrophil infiltration in Aspergillus fumigatus 
keratitis. Int Immunopharmacol. 2019; 73: 17–22, doi: 10.1016/j.
intimp.2019.04.050, indexed in Pubmed: 31078922.

26. Prakash T, Janadri S. Anti-inflammatory effect of wedelolactone 
on DSS induced colitis in rats: IL-6/STAT3 signaling pathway.  
J Ayurveda Integr Med. 2022 [Epub ahead of print]: 100544, doi: 
10.1016/j.jaim.2022.100544, indexed in Pubmed: 35337710.

27. Hashizume M, Hayakawa N, Mihara M. IL-6 trans-signalling 
directly induces RANKL on fibroblast-like synovial cells and is 
involved in RANKL induction by TNF-alpha and IL-17. Rheu-
matology (Oxford). 2008; 47(11): 1635–1640, doi: 10.1093/rheu-
matology/ken363, indexed in Pubmed: 18786965.

28. Fujii Y, Inoue H, Arai Y, et al. Treadmill running in established 
phase arthritis inhibits joint destruction in rat rheumatoid arthritis 
models. Int J Mol Sci. 2019; 20(20), doi: 10.3390/ijms20205100, 
indexed in Pubmed: 31618828.

29. Papadaki M, Rinotas V, Violitzi F, et al. New insights for 
RANKL as a proinflammatory modulator in modeled inflamma-
tory arthritis. Front Immunol. 2019; 10: 97, doi: 10.3389/fim-
mu.2019.00097, indexed in Pubmed: 30804932.

30. Wada T, Nakashima T, Hiroshi N, et al. RANKL-RANK signaling 
in osteoclastogenesis and bone disease. Trends Mol Med. 2006; 
12(1): 17–25, doi: 10.1016/j.molmed.2005.11.007, indexed in 
Pubmed: 16356770.

31. Tanaka S, Tanaka Y, et al. RANKL as a therapeutic target for bone 
destruction in rheumatoid arthritis. J Bone Miner Metab. 2021; 
39(1): 106–112, doi: 10.1007/s00774-020-01159-1, indexed in 
Pubmed: 33070253.

http://dx.doi.org/10.1016/s0140-6736(10)60826-4
http://dx.doi.org/10.1016/s0140-6736(10)60826-4
https://www.ncbi.nlm.nih.gov/pubmed/20870100
http://dx.doi.org/10.3390/ijms23020905
https://www.ncbi.nlm.nih.gov/pubmed/35055087
http://dx.doi.org/10.3390/ijms21155238
http://dx.doi.org/10.3390/ijms21155238
https://www.ncbi.nlm.nih.gov/pubmed/32718086
http://dx.doi.org/10.1016/j.addr.2012.03.006
https://www.ncbi.nlm.nih.gov/pubmed/22433784
http://dx.doi.org/10.1093/rheumatology/kes113
https://www.ncbi.nlm.nih.gov/pubmed/22718924
https://www.ncbi.nlm.nih.gov/pubmed/17444592
http://dx.doi.org/10.1186/1423-0127-20-84
https://www.ncbi.nlm.nih.gov/pubmed/24176090
http://dx.doi.org/10.1016/j.ejphar.2016.05.008
https://www.ncbi.nlm.nih.gov/pubmed/27164422
http://dx.doi.org/10.1016/j.ejphar.2013.06.012
https://www.ncbi.nlm.nih.gov/pubmed/23791612
http://dx.doi.org/10.1016/j.freeradbiomed.2021.07.009
https://www.ncbi.nlm.nih.gov/pubmed/34246777
http://dx.doi.org/10.1142/S0192415X1850043X
http://dx.doi.org/10.1142/S0192415X1850043X
https://www.ncbi.nlm.nih.gov/pubmed/29737211
http://dx.doi.org/10.1111/cpr.12868
https://www.ncbi.nlm.nih.gov/pubmed/32656909
http://dx.doi.org/10.1016/j.toxicon.2009.09.021
https://www.ncbi.nlm.nih.gov/pubmed/19883675
http://dx.doi.org/10.1111/j.1365-2567.2009.03174.x
https://www.ncbi.nlm.nih.gov/pubmed/19824913
http://dx.doi.org/10.3892/etm.2021.10544
https://www.ncbi.nlm.nih.gov/pubmed/34504564
http://dx.doi.org/10.1016/j.jaut.2019.102336
https://www.ncbi.nlm.nih.gov/pubmed/31601476
http://dx.doi.org/10.1111/cei.13167
https://www.ncbi.nlm.nih.gov/pubmed/30277570
http://dx.doi.org/10.1016/s0047-6374(01)00371-2
https://www.ncbi.nlm.nih.gov/pubmed/12039453
http://dx.doi.org/10.1016/j.biopha.2017.06.071
http://dx.doi.org/10.1016/j.biopha.2017.06.071
https://www.ncbi.nlm.nih.gov/pubmed/28750357
http://dx.doi.org/10.1038/nprot.2007.173
https://www.ncbi.nlm.nih.gov/pubmed/17546023
http://dx.doi.org/10.1186/ar3324
https://www.ncbi.nlm.nih.gov/pubmed/21639951
https://www.ncbi.nlm.nih.gov/pubmed/17304652
http://dx.doi.org/10.1016/s0140-6736(16)30173-8
http://dx.doi.org/10.1016/s0140-6736(16)30173-8
https://www.ncbi.nlm.nih.gov/pubmed/27156434
http://dx.doi.org/10.1016/j.autrev.2007.03.001
https://www.ncbi.nlm.nih.gov/pubmed/17967717
http://dx.doi.org/10.1016/j.intimp.2019.04.050
http://dx.doi.org/10.1016/j.intimp.2019.04.050
https://www.ncbi.nlm.nih.gov/pubmed/31078922
http://dx.doi.org/10.1016/j.jaim.2022.100544
https://www.ncbi.nlm.nih.gov/pubmed/35337710
http://dx.doi.org/10.1093/rheumatology/ken363
http://dx.doi.org/10.1093/rheumatology/ken363
https://www.ncbi.nlm.nih.gov/pubmed/18786965
http://dx.doi.org/10.3390/ijms20205100
https://www.ncbi.nlm.nih.gov/pubmed/31618828
http://dx.doi.org/10.3389/fimmu.2019.00097
http://dx.doi.org/10.3389/fimmu.2019.00097
https://www.ncbi.nlm.nih.gov/pubmed/30804932
http://dx.doi.org/10.1016/j.molmed.2005.11.007
https://www.ncbi.nlm.nih.gov/pubmed/16356770
http://dx.doi.org/10.1007/s00774-020-01159-1
https://www.ncbi.nlm.nih.gov/pubmed/33070253


www.journals.viamedica.pl/folia_histochemica_cytobiologica
©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2022
10.5603/FHC.a2022.0025
ISSN 0239-8508, e-ISSN 1897-5631

310 Jingjing Cao et al.

32. Sun X, Feng X, Tan W, et al. Adiponectin exacerbates colla-
gen-induced arthritis via enhancing Th17 response and prompt-
ing RANKL expression. Sci Rep. 2015; 5: 11296, doi: 10.1038/
srep11296, indexed in Pubmed: 26063682.

33. Burrage PS, Mix KS, Brinckerhoff CE. Matrix metalloprotein-
ases: role in arthritis. Front Biosci. 2006; 11: 529–543, doi: 
10.2741/1817, indexed in Pubmed: 16146751.

34. Araki Y, Mimura T. Matrix metalloproteinase gene activation 
resulting from disordred epigenetic mechanisms in rheuma-
toid arthritis. Int J Mol Sci. 2017; 18(5): 905, doi: 10.3390/
ijms18050905, indexed in Pubmed: 28441353.

35. Qin Yi, Cai ML, Jin HZ, et al. Age-associated B cells contribute 
to the pathogenesis of rheumatoid arthritis by inducing activation 
of fibroblast-like synoviocytes via TNF-α-mediated ERK1/2 and 
JAK-STAT1 pathways. Ann Rheum Dis. 2022 [Epub ahead 
of print], doi: 10.1136/ard-2022-222605, indexed in Pubmed: 
35760450.

36. Du F, Lü Lj, Teng Jl, et al. T-614 alters the production of matrix 
metalloproteinases (MMP-1 andMMP-3) and inhibits the mi-
gratory expansion of rheumatoid synovial fibroblasts, in vitro. 
Int Immunopharmacol. 2012; 13(1): 54–60, doi: 10.1016/j.in-
timp.2012.03.003, indexed in Pubmed: 22446297.

37. Tetlow LC, Lees M, Ogata Y, et al. Differential expression of ge-
latinase B (MMP-9) and stromelysin-1 (MMP-3) by rheumatoid 
synovial cells in vitro and in vivo. Rheumatol Int. 1993; 13(2): 
53–59, doi: 10.1007/BF00307734, indexed in Pubmed: 8356391.

38. Ma JD, Zhou JJ, Zheng DH, et al. Serum matrix metallopro-
teinase-3 as a noninvasive biomarker of histological synovitis 
for diagnosis of rheumatoid arthritis. Mediators Inflamm. 2014; 
2014: 179284, doi: 10.1155/2014/179284, indexed in Pubmed: 
25147433.

39. Li Z, Guo J, Bi L. Role of the NLRP3 inflammasome in autoim-
mune diseases. Biomed Pharmacother. 2020; 130: 110542, doi: 
10.1016/j.biopha.2020.110542, indexed in Pubmed: 32738636.

40. Jäger E, Murthy S, Schmidt C, et al. Calcium-sensing recep-
tor-mediated NLRP3 inflammasome response to calciprotein par-
ticles drives inflammation in rheumatoid arthritis. Nat Commun. 
2020; 11(1): 4243, doi: 10.1038/s41467-020-17749-6, indexed 
in Pubmed: 32843625.

41. Wang H, Wang Z, Wang L, et al. IL-6 promotes collagen-induced 
arthritis by activating the NLRP3 inflammasome through the 
cathepsin B/S100A9-mediated pathway. Int Immunopharmacol. 
2020; 88: 106985, doi: 10.1016/j.intimp.2020.106985, indexed 
in Pubmed: 33182050.

42. Yin H, Liu Na, Sigdel KR, et al. Role of NLRP3 inflammasome 
in rheumatoid arthritis. Front Immunol. 2022; 13: 931690, doi: 
10.3389/fimmu.2022.931690, indexed in Pubmed: 35833125.

43. Unterberger S, Davies KA, Rambhatla SB, et al. Contribution of 
toll-like receptors and the NLRP3 inflammasome in rheumatoid 

arthritis pathophysiology. Immunotargets Ther. 2021; 10: 285–
298, doi: 10.2147/ITT.S288547, indexed in Pubmed: 34350135.

44. Deng Y, Luo H, Shu J, et al. Pien Tze Huang alleviate the joint 
inflammation in collagen-induced arthritis mice. Chin Med. 2020; 
15: 30, doi: 10.1186/s13020-020-00311-3, indexed in Pubmed: 
32256686.

45. Tenshin H, Teramachi J, Ashtar M, et al. TGF-β-activated ki-
nase-1 inhibitor LL-Z1640-2 reduces joint inflammation and 
bone destruction in mouse models of rheumatoid arthritis by 
inhibiting NLRP3 inflammasome, TACE, TNF-α and RANKL 
expression. Clin Transl Immunology. 2022; 11(1): e1371, doi: 
10.1002/cti2.1371, indexed in Pubmed: 35079379.

46. Zhu MM, Wang L, Yang D, et al. Wedelolactone alleviates dox-
orubicin-induced inflammation and oxidative stress damage of 
podocytes by IκK/IκB/NF-κB pathway. Biomed Pharmacother. 
2019; 117: 109088, doi: 10.1016/j.biopha.2019.109088, indexed 
in Pubmed: 31202173.

47. Liu H, Zhu Y, Gao Y, et al. NR1D1 modulates synovial inflam-
mation and bone destruction in rheumatoid arthritis. Cell Death 
Dis. 2020; 11(2): 129, doi: 10.1038/s41419-020-2314-6, indexed 
in Pubmed: 32071294.

48. Li J, Tang RS, Shi Z, et al. Nuclear factor-κB in rheumatoid arthri-
tis. Int J Rheum Dis. 2020; 23(12): 1627–1635, doi: 10.1111/1756-
185X.13958, indexed in Pubmed: 32965792.

49. He J, Zheng S. NF-κB phosphorylation inhibition prevents ar-
ticular cartilage degradation in osteoarthritis rats via 2-amino-
quinoline. Med Sci Monit. 2020; 26: e920346, doi: 10.12659/
MSM.920346, indexed in Pubmed: 31978040.

50. Jimi E, Aoki K, Saito H, et al. Selective inhibition of NF-kappa 
B blocks osteoclastogenesis and prevents inflammatory bone de-
struction in vivo. Nat Med. 2004; 10(6): 617–624, doi: 10.1038/
nm1054, indexed in Pubmed: 15156202.

51. Wang Z, Huang W, Ren F, et al. Characteristics of ang-(1-7)/
mas-mediated amelioration of joint inflammation and cardiac 
complications in mice with collagen-induced arthritis. Front 
Immunol. 2021; 12: 655614, doi: 10.3389/fimmu.2021.655614, 
indexed in Pubmed: 34079544.

52. Haneklaus M, O’Neill LAJ. NLRP3 at the interface of metabo-
lism and inflammation. Immunol Rev. 2015; 265(1): 53–62, doi: 
10.1111/imr.12285, indexed in Pubmed: 25879283.

53. Swanson KV, Deng M, Ting JPY. The NLRP3 inflammasome: 
molecular activation and regulation to therapeutics. Nat Rev Im-
munol. 2019; 19(8): 477–489, doi: 10.1038/s41577-019-0165-0, 
indexed in Pubmed: 31036962.

54. England BR, Thiele GM, Anderson DR, et al. Increased cardio-
vascular risk in rheumatoid arthritis: mechanisms and implica-
tions. BMJ. 2018; 361: k1036, doi: 10.1136/bmj.k1036, indexed 
in Pubmed: 29685876.

Submitted: 12 July, 2022
Accepted after reviews: 7 November, 2022

Available as AoP: 15 November, 2022

http://dx.doi.org/10.1038/srep11296
http://dx.doi.org/10.1038/srep11296
https://www.ncbi.nlm.nih.gov/pubmed/26063682
http://dx.doi.org/10.2741/1817
https://www.ncbi.nlm.nih.gov/pubmed/16146751
http://dx.doi.org/10.3390/ijms18050905
http://dx.doi.org/10.3390/ijms18050905
https://www.ncbi.nlm.nih.gov/pubmed/28441353
http://dx.doi.org/10.1136/ard-2022-222605
https://www.ncbi.nlm.nih.gov/pubmed/35760450
http://dx.doi.org/10.1016/j.intimp.2012.03.003
http://dx.doi.org/10.1016/j.intimp.2012.03.003
https://www.ncbi.nlm.nih.gov/pubmed/22446297
http://dx.doi.org/10.1007/BF00307734
https://www.ncbi.nlm.nih.gov/pubmed/8356391
http://dx.doi.org/10.1155/2014/179284
https://www.ncbi.nlm.nih.gov/pubmed/25147433
http://dx.doi.org/10.1016/j.biopha.2020.110542
https://www.ncbi.nlm.nih.gov/pubmed/32738636
http://dx.doi.org/10.1038/s41467-020-17749-6
https://www.ncbi.nlm.nih.gov/pubmed/32843625
http://dx.doi.org/10.1016/j.intimp.2020.106985
https://www.ncbi.nlm.nih.gov/pubmed/33182050
http://dx.doi.org/10.3389/fimmu.2022.931690
https://www.ncbi.nlm.nih.gov/pubmed/35833125
http://dx.doi.org/10.2147/ITT.S288547
https://www.ncbi.nlm.nih.gov/pubmed/34350135
http://dx.doi.org/10.1186/s13020-020-00311-3
https://www.ncbi.nlm.nih.gov/pubmed/32256686
http://dx.doi.org/10.1002/cti2.1371
https://www.ncbi.nlm.nih.gov/pubmed/35079379
http://dx.doi.org/10.1016/j.biopha.2019.109088
https://www.ncbi.nlm.nih.gov/pubmed/31202173
http://dx.doi.org/10.1038/s41419-020-2314-6
https://www.ncbi.nlm.nih.gov/pubmed/32071294
http://dx.doi.org/10.1111/1756-185X.13958
http://dx.doi.org/10.1111/1756-185X.13958
https://www.ncbi.nlm.nih.gov/pubmed/32965792
http://dx.doi.org/10.12659/MSM.920346
http://dx.doi.org/10.12659/MSM.920346
https://www.ncbi.nlm.nih.gov/pubmed/31978040
http://dx.doi.org/10.1038/nm1054
http://dx.doi.org/10.1038/nm1054
https://www.ncbi.nlm.nih.gov/pubmed/15156202
http://dx.doi.org/10.3389/fimmu.2021.655614
https://www.ncbi.nlm.nih.gov/pubmed/34079544
http://dx.doi.org/10.1111/imr.12285
https://www.ncbi.nlm.nih.gov/pubmed/25879283
http://dx.doi.org/10.1038/s41577-019-0165-0
https://www.ncbi.nlm.nih.gov/pubmed/31036962
http://dx.doi.org/10.1136/bmj.k1036
https://www.ncbi.nlm.nih.gov/pubmed/29685876



