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Abstract 
Rheumatoid arthritis (RA) is an autoimmune disease characterized by excessive 
fibroblast proliferation to form vascular-crests, involving various organs. Hyaluronic-
acid is an important component of extracellular-matrix and functions on lymphocytes 
through its receptor CD44. The lack of hyaluronic-acid in synovial fluid causes joint 
damage. In this study, a collagen-induced arthritis (CIA) rat model was established to 
investigate hyaluronic-acid associated inflammatory mechanism during RA/CIA 
development and to study the effect of Dimethyl curcumin (DiMC) treatment in the 
progression of CIA in rats, also a primary synovial fibroblast cell model was set-up to 
explore the effects of DiMC and hyaluronic-acid on cell proliferation and MMPs 
secretions. We found that in CIA rat model, the levels of hyaluronic-acid, matrix-
metalloproteinases-2/9 and glutathione were varied in different organs and the 
expressions of TNF-α, and NLRP3 were altered in synovia fluids during CIA progress in 
rats; compared to untreated CIA rats, DiMC treatments attenuate CIA progress and 
relieve the symptoms by regulating hyaluronic-acid levels and recovering those factors 
in rats in most organs, but not kidney. Cell model demonstrated that DiMC and 
hyaluronic-acid can affect fibroblast growth. These findings provide new insights into 
the hyaluronic-acid related pathogenesis of CIA in rats, and the mechanism of DiMC 
treatment for CIA, also suggest that DiMC can be considered as a potential drug for RA 
treatment. 
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1. Introduction 

Rheumatoid arthritis (RA) is a common systemic autoimmune disease. Main lesions of RA are located 
in the interfibrous matrix of tissues. In normal synovial tissue, fibroblast maintain the integrity of the 
tissue and extracellular matrix (ECM) turnover [1]; but in RA synovial tissue, fibroblasts are activated 
to proliferate and express adhesion molecules which enhances the interactions of fibroblasts with 
ECM, where fibroblasts break through physiological barriers and resemble tumor-like invasion of 
cartilage, causing ECM degradation, tissue and bone damage, and ultimately joint function loss [2]. 
Activated fibroblasts release a range of cytokines and matrix metalloproteinases, stimulating the 
immune system and recruiting immunocytes.  

Hyaluronic-acid (HA, Hyaluronan, C14H21NO11, CAS:9004-61-9) is a kind of glycosaminoglycan, 
and composed of the long chain with repeating polymers of n-acetylglucosamine and glucuronic acid. 
Hyaluronic-acid is widely distributed in the human body, especially in connective tissues and 
synovial fluid [3,4]. Fibroblast is the major producer of hyaluronic-acid [5]. In the normal joint cavity, 
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fibroblasts provide hyaluronic-acid to the joint cavity and adjacent cartilage to control the synovial-
fluid volume, maintain the balance of the interior of the joint cavity [6]. CD44 protein is a receptor 
for hyaluronic-acid, and fibroblasts can be affected through the binding of hyaluronic-acid with CD44 
[7]. In clinical practice, the measurement of hyaluronic-acid has certain clinical significance for the 
determination of RA stages. The abnormal expressions of hyaluronic-acid and matrix 
metalloproteinases (MMPs) can mediate the development of RA [8,9]. 

Curcumin [1,7-bis (4-hydroxy-3-methoxyphenyl)-1, 6-heptadiene-3, 5-dione], a polyphenolic 
compound derived from the rhizome of Curcuma longa, possesses diverse pharmacological activities 
including anti-inflammatory, anti-proliferative and anti-angiogenic activities [10,11]. Dimethyl 
curcumin (1e,4z,6e)-1,7-bis (3,4-dimethoxyphenyl)-5-hydroxy-1,4,6-heptatrien-3-one, DiMC), a 
synthetic analogue of curcumin, has been reported to exhibit better in-vivo stability and higher 
metabolic stability [12,13]. Previous study shown that DiMC inhibited over-proliferation of 
lymphocytes against collagen-induced-arthritis in rats [14]. But, the effects of DiMC on fibroblasts 
or hyaluronic-acid were unclear. In this study, a collagen-induced arthritis (CIA) rat model, a widely 
used animal model that shares many features with human RA especially, was established to 
investigate the hyaluronic-acid related pathogenesis of CIA and explore the in-vivo effects of DiMC 
on CIA development in rats. Also, an in-vitro primary synovial fibroblast cell model was set-up to 
examine the in-vitro effects of DiMC on cell proliferation and hyaluronic-acid secretion. 

2. Materials and methods 

2.1 Collagen-induced arthritis (CIA) rat model and DiMC treatment 

CIA rat model is a wide used animal model for RA study as previously described [15]. Sprague 
Dawley (SD) rats (male, 3-5weeks, 100-120g) were obtained from Cavens experiment animal Co.Ltd. 
(China) and housed in a controlled environment under the Guidelines on Animals (Scientific 
Procedures) Act 1986. All procedures were undertaken with the approval of the Changzhou 
University Ethics Association. All animal selections for experimental groups were randomized and 
assays were applied blindly. 

Rats were divided into three groups: normal, CIA and DiMC treated CIA (CIA+DiMC), 3-7 rats in 
each group. DiMC was purchased from Tauto Biotech (Shanghai, China). CIA rats were injected with 
300μL of type-II collagen (2mg/mL in 0.05M acetic-acid, Chondrex, USA) mixed with an equal 
volume of complete Freund's adjuvant (Sigma, USA) at the base of rat tail, on day 0, followed by 
boosting-injections on day 3 and 7. The DiMC treatments (total six times) for the CIA rats started 
from day 5 and day 8, 11, 14, 17 and 20 post-immunization by intra-articular injections of 400μL of 
DiMC (300μM, sterilized by 0.22μm filter). At day 23 post-immunization, all rats were sacrificed, 
the tissues from various organs and serum samples were collected from each rat and stored in -80℃ 
for further analysis.  

2.2 Physiological assessments and scoring system for severity of CIA 

The body weight and paws-thickness were measured over the time-course for all rats at every time-
points. The severity of CIA in rats was defined by allocating a score for each paw; 0: no evidence of 
arthritis, 1: single focus of redness or swelling, 2: two or more foci of redness or swelling, 3: confluent 
but not global swelling, 4: severe global swelling. The ‘joints core’ for each rat, the sum of the scores 
obtained from the four paws per rats (maximum score=16). 

2.3 Primary synovial fibroblasts extraction and stimulation   

The synovium was removed from the rat joint and placed in a test tube containing 0.9% physiological 
saline. Under sterile conditions, the tissue was washed several times with PBS containing 4% 
penicillin-streptomycin (Hyclone, USA) to remove fat and blood vessels. The synovial tissues were 
digested by trypsin/EDTA at 37°C for 20-40 minutes, followed by centrifugation and transferring to 
TEMED (GIBCO, USA) containing 10% fetal bovine serum, 2% penicillin (100 U/Ml) and 
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100μg/mL streptomycin. The digested-tissue were added into 6 well-culture plate, the synovial 
fibroblasts gradually moving out. 

2.4 Cell viability assay (MTT) 

Cells were seeded (5×103 cells/well) in a 96-well plate were treated with DiMC (0, 15, 30, 60, 
120μg/mL) or hyaluronic acid (0, 0.01, 0.05, 0.1, 0.5, 1mg/mL) in triplicates for 24h in serum-free 
condition. The supernatants were collected for gelatin zymography assay; the cells were further 
incubated with 5mg/mL MTT(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide 
for 4h, and then examined by Bio-Rad micro-plate reader at 570nm. Microplate Manager®6 software 
was used for analysis. Relative growth rate (%)=mean of treated cells/mean of untreated cell×100%. 

2.5 Detection of hyaluronic-acid content 

The hyaluronic-acid concentration in rat serums and the homogenates of liver, lung, kidney, heart, 
uterus, ovary, bone marrow, spinal cord, synovial were determined using the carbazole-method. In a 
96-well plate, 100μL of sodium tetraborate sulfuric-acid solution was mixed with 20μL of sample in 
each well and reacted at 95℃ for 15 minutes. After rapid cooling on ice, 4μL of carbazole ethanol 
was added to each well, and reacting again at 95℃ for 15 minutes, the optical densities of the purple-
red reactions were read by Bio-Rad micro-plate reader at 530nm and the hyaluronic-acid 
concentration (mg/ml) was calculated using the standard curve equation. 

2.6 Gelatin Zymography 

The activities of MMP-2/9 in rat serum and the homogenates of liver, lung, kidney, heart, uterus, 
ovary, bone marrow, spinal cord, synovial, and conditional cell culture mediums were detected by 
gelatin zymography analysis as described previously [16]. Gel images were taken by gel imager (Gel 
DocXR+, Bio-Rad) and the relative intensities of the bands of each sample were analyzed by Image 
Lab software (Bio-Rad).  

2.7 Western blot 

The total protein concentration of rat synovial fluid was quantified by bicinchoninic acid protein assay 
kit (Sigma). The standard protocol for western blotting was carried out with 20μg of protein, the 
polyclonal-antibodies (Proteintech, USA) against TNF-α and NLRP3 inflammasome were applied, 
followed by horseradish -peroxidase -conjugated secondary -antibodies and enhanced 
chemiluminescence (Perkin Elmer, Waltham, USA). Images were captured using a ChemiDoc™ 
CRS + molecular imager (Bio-Rad Laboratories, USA). 

2.8 Glutathione assay  

The glutathione concentrations in homogenates of all tissues were determined using the DTNB (5,5'-
Dithiobis-(2-nitrobenzoic acid) method. In a 96-well plate, 70μL of ethylene-diamine tetraacetic-acid 
(EDTA) buffer and 10μL of 6.0mM DTNB was mixed with 10μL of sample in each well, at room 
temperature for 10 minutes, glutathione reaction with DTNB produces a yellow compound TNB (2-
Nitro-5-methylbenzoic acid). The optical densities of the yellow reactions were read by Bio-Rad 
micro-plate reader at 412nm. The glutathione concentration (μg/ml) was calculated using the standard 
curve equation. 

2.9 Statistics analysis 

Prism software version 8.0 was employed for statistical analysis and graphs. All values are expressed 
as mean±SD for rats sample analysis; mean±SEM for cell analysis. The Mann-Whitney 
nonparametric t-test was used to compare differences between two groups.  

3. Result 

3.1 DiMC treatments relieved paw swelling of CIA rats 

CIA rat model was set up successfully, paw-swelling is one of the symptoms at the early development 
of CIA. The arrow in figure-2 indicates the initiation of DiMC treatments from day 5 till day 21. 
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During CIA development, joints scores (Figure 1 A), and the toes thickness of CIA rats was increased 
rapidly, but compared with untreated CIA rats, the paw swelling of DiMC treated CIA rats were 
reduced (Figure 1 B). 

3.2 DiMC treatments regulated the levels of hyaluronic-acid and glutathione in tissues and the 
expressions of TNF-α and NLRP-3 in synovial fluids of CIA rats 

As shown in Figure 1 D, the hyaluronic-acid concentration in the synovial fluid of CIA rats was 
reduced compared with that of normal rats (P=0.0002), while DiMC treatments recovered and 
increased the level of hyaluronic acid in the synovial fluid of DiMC+CIA rats (P=0.0024). The 
hyaluronic-acid concentration in the serums of CIA rats was increased compared with that of normal 
rats (P=0.0401), while DiMC treatments showed the recovering effects on hyaluronic-acid level in 
the serum of DiMC+CIA rats(P=0.0468). The hyaluronic-acid concentration in bone marrow 
homogenates was also decreased after DiMC treatments (P=0.002), whereas the hyaluronic-acid 
levels in the spinal cord, liver, lung, heart, and uterus homogenates of three rat groups did not show 
the significant differences (Figure 1 D). 

 
Figure 1. CIA rats before (day0) and after immunizations (day 1 to 21, spot), normal rats (square), 

and DiMC(400μL×6) treated CIA rats (triangle so). 

The arrow (day 5) indicates the time when DiMC(400μL) treatments started after immunizations, 
and at day 1, 3, 7, 13, 21 followed (total six times). (A) Joint scores of CIA rats and 

DiMC(400μL×6) treated CIA rats during whole time course (mean±SD, n=3-5). (B) Photos of rat 
paws in three groups during the time course. (C) TNF-a and NLRP-3 expressions (calibrated with 

total protein concentrations) in synovial fluid. In different types of tissue homogenates: (D) 
hyaluronic-acid concentrations(mg/mL) and (E) The glutathione (GSH) concentrations (μg/mL) of 

rats in normal, CIA and DiMC+CIA groups (n=3-5/each group). *P< 0.05, **P< 0.01, ***P< 0.001, 
****P< 0.0001. 

 

Glutathione concentrations in the homogenates of bone marrow and kidney of CIA rats were 
increased compared with normal rats (P=0.0104, 0.0002); while DiMC recovered and decreased the 
glutathione concentration in the bone marrow (P=0.0032), but was increased in kidney homogenate 
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(P<0.0001). Glutathione concentrations in lung and liver homogenates of CIA rats were decreased 
compared with normal rats (P=0.0177, 0.0118). There were no significant differences found at 
glutathione concentrations in heart and uterus homogenates of three groups (Figure 1 E).  

As shown in Figure 1 C, TNF-α level in synovial fluid of CIA rats was reduced compared with normal 
rats, while DiMC recovered and increased the level of TNF-α in DiMC+CIA rats. Compared with 
normal rats, NLRP3 expression in synovial fluids of CIA rats was increased, but DiMC seemed not 
affect this alteration, suggesting different inflammatory pathways in which DiMC involved. 

3.3 DiMC treatments regulated MMPs activity in tissues of CIA rats  

Compared with normal rats, the activities of MMP-2/9 in synovial fluids of CIA rats were elevated 
(P=0.0047, 0.0182), but were reduced in bone marrow homogenates of CIA rats (P=0.0093, 0.0368); 
meanwhile, DiMC treated CIA rats were recovered (P=0.0370, 0.0279). After DiMC treatments in 
CIA rats, the activities of MMP-2 in the spinal cord homogenates were increased (P=0.0247), but 
were reduced in serum samples compared with normal rats (P=0.0024) (Figure 2 A). 

The activities of MMP-2/9 in liver homogenates of CIA rats were elevated compared with normal 
rats (P=0.002, 0.009), and were recovered and reduced after DiMC treatments (P=0.01, 0.023). The 
activities of MMP-2 in lung and heart homogenates of CIA rats were reduced compared with normal 
rats (P=0.028, 0.0248), and were increased after DiMC treatments in CIA rats (P=0.021, 0.021). 
DiMC increased the activity of MMP-9 in heart homogenate (P=0.0005) (Figure 2 B). 

 

 
Figure 2. Gelatin zymography analysis of tissue homogenates of three rat groups. 

MMP-2/9 activities in (A) synovial fluid and marrow, spinal cord, serum and (B) liver, lung, heart, 
uterus homogenate; (Aa, Ba) MMP-2 integrated optical density analysis, (Ab, Bb) MMP-9 

integrated optical density analysis (n=3-5/each group, mean±SD) *P< 0.05, **P< 0.01, ***P< 
0.001. 
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3.4 Hyaluronic-acid and DiMC affected synovial fibroblast proliferation in-vitro  

The data showed that hyaluronic-acid affected fibroblasts growth. Compared to untreated cells, the 
relative growth rates (RGR%) of the fibroblasts treated with hyaluronic-acid (0.01, 0.05, 0.1, 0.5, 
1mg/mL), were 132.3±29.6, 133.3± 21.6, 137.8±29.3,109.3±30.6, 81.6±17.3 (%, mean± SEM) 
(Figure 3 A); the lower concentrations of hyaluronic-acid promoted cell growth, but when hyaluronic-
acid above 0.5mg/mL, the cells growth was suppressed. As the concentration of hyaluronic-acid 
increases, MMP-2 activity decreases. When the concentration of hyaluronic acid was 0.5 mg/mL, the 
expression of MMP-2 activity of fibroblasts was similar to that of untreated fibroblasts (Figure 3 B). 

 

 
Figure 3. Synovial fibroblasts proliferation and MMPs secretion in DiMC conditions with or 

without hyaluronic-acid. 

Synovial fibroblasts were seeded in the wells with or without hyaluronic-acid coating(0.5mg/mL), 
then DiMC treatments (24hrs) were followed: (A) Hyaluronic-acid affected the relative growth rates 
(RGR %) of fibroblasts; (B) hyaluronic-acid affected MMP-2 activities of fibroblasts. (C) Relative 

growth rates of DiMC treated fibroblasts with or without hyaluronic acid environments. In the 
culture medium of fibroblasts after DiMC intervention: (D) hyaluronic-acid concentrations; (E) 

MMP-2 activities and semi-quantitative analysis; (F) MMP-2 of fibroblasts after DiMC intervention 
with hyaluronic-acid and semi-quantitative analysis. n=3-6, mean±SEM. 
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Serum-activated fibroblasts were seeded to the wells with or without hyaluronic-acid coating 
(0.5mg/mL), and then treated with DiMC (0,15,30,60,100μg/mL); in non-coating condition, the RGR 
(%) of fibroblasts were 181.5±22.5, 132.6±24.6, 73.6±7.33 and 66.3±13.3(%, mean±SEM), but in 
hyaluronic-acid coating condition the RGR (%) were 115.6±15.3, 106.6±14.3, 64.0±5.0 and 53.3 
±6.67 (mean±SEM) respectively (Figure 3 C). The coating environment of hyaluronic-acid 
suppressed DiMC effects on fibroblasts, and DiMC treatment affected fibroblasts growth in dose-
dependent manner. 

Fibroblast is a HA producer cell, in DiMC conditions (0, 15, 30, 60, 120μg/mL), after 24hrs 
treatments, the hyaluronic-acid secreted from fibroblasts into culture mediums were 3.11±0.17, 
3.20±0.29, 3.68±0.2, 3.09±0.52, 2.67±0.49 (mg/mL, mean±SEM) (Figure 3 D). Meanwhile, in the 
same culture mediums, 15 and 30μg/mL of DiMC increased MMP-2 activities, 60 and 120μg/mL of 
DiMC decreased MMP-2 activities (Figure 3 E, F). 

4. Discussion 

RA is a systemic autoimmune disease, and the investigations on its pathogenesis are still on the way. 
Hyaluronic acid is important part in connective tissues and synovial fluid, with the functions of 
lubrication, immune regulation, microcirculation exchange, etc. The imbalance of hyaluronic acid in 
organs, such as lung, synovia and liver, can cause lesion. In RA, the loss of hyaluronic acid lubrication 
in the joint cavity leads to damage. Previous studies have showed the elevated hyaluronic acid 
concentrations in serum of the patients with RA [17]. And that in RA condition, the synovial fibroblast 
were differentiating and becoming proliferative [18]. The development of RA can affect multiple 
organs and tissues [19]. The data from hyaluronic acid analysis using CIA rat model demonstrated 
that CIA development in rats affected hyaluronic acid contents in various tissues and organs, such as 
serum, synovial fluids, synovial membrane, bone marrow, spinal cord, liver, and lung; whereas, 
DiMC treatments for CIA rats could alter the situations, resulting in the recoveries of the levels of 
hyaluronic acid towards normal levels, compared to normal rats. The cell model using primary 
synovial fibroblasts demonstrated that the high concentrations of DiMC could effectively reduce 
fibroblast proliferation without affecting secretion of hyaluronic acid of fibroblasts. 

MMP-2/9 are the two major components of matrix metalloproteinases family, previous studies have 
shown that MMP-2/9 activities are related to the progression of RA disease, also play important roles 
in the angiogenesis as well as the pannus formation of RA [20]. In CIA rat model of this study, most 
of the rat tissue homogenates recovered MMP-2/9 after DiMC treatment; in particular, DiMC reduced 
the CIA-induced increases of MMP-2/9 activities in synovial fluid. In cell model, DiMC inhibited the 
proliferation and reduced MMP-2 activity of fibroblasts. These in-vivo and in-vitro studies indicate 
that DiMC reduces CIA symptoms in rats by regulating hyaluronic acid and MMP-2/9 activity and 
fibroblasts proliferation to inhibit pannus formation. Previous study revealed that MMP-2/9 can be 
activated by CD44 protein, which is a cell membrane receptor for hyaluronic acid [21]. It seems that 
DiMC might restore the activities of MMP-2/9 by affecting the binding of hyaluronic acid with its 
receptor CD44. 

TNF-α, a pro-inflammatory factor, can stimulate synovial cells and chondrocytes to synthesize PGE2 
and collagenase, leading to the absorption and destruction of bones and cartilage in rheumatoid 
arthritis lesions. Reduction of TNF-α level in synovial fluids of DiMC treated CIA arts suggests that 
DiMC can indeed effectively alleviate the progress of CIA. NLRP3 inflammatory bodies, as 
important components of innate immunity, play an important role in the body's immune response and 
disease development [22,23]. The activation of NLRP3 in inflammation will stimulate the production 
and accumulation of more inflammatory factors [22]. But, DiMC did not alleviate the level of NLRP3 
in synovial fluid of CIA rats, suggesting the different inflammation/immune pathways for survivals 
from CIA condition in rats.  

The portent function of glutathione is involved in the redox process in the body, which can be 
combined with free radicals to combat the damage of free radicals to important organs [24,25]. 
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Glutathione plays an important role in the detoxification processes of electrophilic metabolites of 
xenobiotics and oxygen free radicals [26,27]. In RA, OH-free radicals stimulated by inflammatory 
factors degrade hyaluronic acid in proteoglycan aggregates (PGA), leading to a large amount of 
protein aggregation sugars released, which has a destructive effect on cartilage [28]. The data of 
present study showed the alterations in glutathione contents in various tissue and organs of CIA rats, 
and that DiMC treatments for CIA rats could recover the glutathione concentrations in most CIA rats’ 
tissues. DiMC relieved CIA symptoms also by regulating glutathione levels in rats. 

Previous studies found that lymphocytes affect fibroblasts through the combination of hyaluronic acid 
with CD44 [29], and that in RA, lymphocytes to proliferate and bind to hyaluronic acid, which 
reduces hyaluronic acid in joints and loses joint lubrication, and activate fibroblasts hyperproliferation, 
damage joints [7]. Our previous study reported DiMC treatment in CIA rat inhibited the excessive 
proliferation of lymphocytes by regulating cell cycles [14]; and our present study demonstrated DiMC 
can also influence synovial fibroblasts and recovered hyaluronic acid in joints of CIA rats; we 
speculate that DiMC seems like a multi-targeted drug, reorganizes the networks among different types 
of cells and the balance of ECM in the body, thereby alleviating RA symptoms.  

5. Conclusion 

The rats during CIA development, the hyaluronic acid levels in different tissue and organs are altering 
in different patterns, while DiMC treatment for the CIA rats can recovery hyaluronic acid in most rat 
tissues toward normal rat level in-vivo. In-vitro, DiMC can affect synovial fibroblasts proliferation 
differently in the condition with or without hyaluronic acid present. These findings provide the new 
insights into the possible pathogenesis of RA diseases with hyaluronic acid involvement and the 
regulatory role of DiMC treatment for the balances of hyaluronic acid and synovial fibroblasts in CIA 
rats, also suggest that DiMC could be considered as a potential drug for RA treatment.  
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