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Abstract
Pro-inflammatory cytokines and chemokines play critical roles in autoimmune diseases including
rheumatoid arthritis (RA). Recently, it has been reported that β-arrestin 1 and 2 are involved in the
regulation of inflammation. We hypothesized that β-arrestin 1 and 2 play critical roles in murine
models of RA. Using a collagen-induced arthritis (CIA) and a human TNFα transgenic (TNFtg)
mouse model, we demonstrated that β-arrestin 1 and 2 expression are significantly increased in
joint tissue of CIA mice and TNFtg mice. In fibroblast-like synoviocytes (FLS) isolated from hind
knee joint of CIA mice, we observed an increase of β-arrestin 1 and 2 protein and mRNA levels in
the early stage of arthritis. In FLS, low molecular weight hyaluronan (HA)-induced TNFα and
IL-6 production was increased by overexpression of β-arrestin 1 but decreased by overexpression
of β-arrestin 2 demonstrating isoform specific regulation. TNFα and HA induced an increase of β-
arrestin 1 and 2 expression in FLS, while high mobility group box (HMGB)-1 only stimulated β-
arrestin 1 expression. TNFα- or HA- induced β-arrestin 2 expression was blocked by a p38
inhibitor. To examine the in vivo role of β-arrestin 2 in the pathogenesis of arthritis, WT and β-
arrestin 2 KO mice were subjected to collagen antibody-induced arthritis (CAIA). β-arrestin 2 KO
mice exhibited more severe arthritis in CAIA. Thus β-arrestin 2 is anti-inflammatory in CAIA.
These composite observations suggest that β-arrestin 1 and 2 differentially regulate FLS
inflammation and increased β-arrestin 2 may reduce experimental arthritis severity.
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1. Introduction
Chronic inflammation is a key component of autoimmune diseases such as rheumatoid
arthritis (RA). RA affects approximately 1% of the global population and induces significant
morbidity and associated economic costs (Firestein, 2003). RA is characterized by chronic
inflammation of synovial joints leading to cartilage damage and ultimately total joint
destruction. Pro-inflammatory cytokines and chemokines play critical roles in autoimmune
diseases (Tremoulet and Albani, 2006). TNFα, IL-1β and IL-6 contribute to the development
of RA (Houssiau et al., 1988; Saxne et al., 1988; Youn et al., 2002). A number of agents that
block the TNFα, IL-1β and IL-6 have been introduced into clinical practice or are currently
in clinical trials (Moreland, 2004). Understanding the signaling pathways regulating pro-
inflammatory cytokine and chemokine production in RA may provide novel treatment
strategies.

Recent studies have addressed the potential role of Toll-like receptors (TLR)s in arthritis.
Involvement of various TLRs in the onset and perpetuation of experimental arthritis has
been convincingly demonstrated (Joosten et al., 2003; Lee et al., 2005). TLRs and several of
their endogenous ligands such as hyaluronan (HA) and high-mobility group box 1
(HMGB1) are highly expressed in synovial tissue from RA patients compared with that from
healthy donors (Radstake et al., 2004; Roelofs et al., 2005; Seibl et al., 2003). TLR4-
mediated activation of dendritic cells (DCs) from RA patients induced significantly higher
levels of pro-inflammatory cytokines compared to DCs from healthy volunteers (Roelofs et
al., 2005). Injection of the TLR4 ligand bacterial endotoxin LPS into murine synovial joints
induced experimental arthritis that shares similar features with human RA (Kyo et al., 2005).
Convincing evidence therefore suggests that the local activation of TLRs by either intrinsic
or extrinsic TLR ligands are critical inflammatory events that initiate and/or exacerbate the
development of RA.

Beta-arrestin 1 and 2 are adaptor proteins that lead to termination of G protein activation and
desensitization of G protein-coupled receptor (GPCR)s (Luttrell and Lefkowitz, 2002;
Pitcher et al., 1998). β-arrestins mediate GPCR desensitization by facilitating endocytosis by
interaction with clathrin in clathrin-coated pits (Goodman et al., 1996; Krupnick et al., 1997;
Miller and Lefkowitz, 2001). However, in addition to GPCR desensitization, it has been
shown that β-arrestin 1 and 2 function as multifunctional scaffold/adaptor proteins for
GPCR activation of MAP kinases including ERK1/2 (DeFea et al., 2000a; DeFea et al.,
2000b; Luttrell et al., 2001), JNK (McDonald et al., 2000), p38 (Sun et al., 2002), and Src
family kinases (Luttrell et al., 1999). The latter signaling events can occur independent of G
protein signaling. β-arrestins also regulate cellular survival/apoptosis pathways such as PI3K
(Povsic et al., 2003), ERK (DeFea et al., 2000a), JNK (McDonald et al., 2000; Miller et al.,
2001) and p38 (Bruchas et al., 2006; Miller et al., 2003; Sun et al., 2002) mediated
signaling. Recently, it has been reported that β-arrestin 1 and 2 are involved in regulation of
inflammation. We have observed a differential effect of β-arrestin 2 on mediating TLR4-
induced activation of ERK 1/2 but suppression of NFκB activation (Fan et al., 2007). NFκB
is inhibited as a consequence of β-arrestins associated with TNF receptor-associated factor
(TRAF) 6 and inhibiting TRAF6 ubiquitination (Wang et al., 2006). β-arrestin 1 and 2 also
bind and prevent degradation of IκBα-inhibiting NFκB activation (Gao et al., 2004;
Witherow et al., 2004). Our recent studies have demonstrated that β-arrestin 2 negatively
regulates polymicrobial sepsis-induced inflammation (Fan et al., 2010).

We hypothesized that β-arrestin 1 and 2 play a critical role in arthritis. Expression of β-
arrestin 1 and 2 were examined in joint of CIA mice and human TNFα transgenic (TNFtg)
mice. Since fibroblast-like synoviocytes (FLS) in synovium are the primary effectors of
cartilage destruction and inflammatory pathogenesis, ex vivo FLS were isolated from CIA
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mice and expression of β-arrestin 1 and 2 protein and mRNA, and inflammatory mediators
were determined. The effects of β-arrestin 1 and 2 overexpression on HA induction of
inflammatory mediators were determined and in subsequent studies signaling pathways
inducing β-arrestin 1 and 2 were examined in FLS. In the in vivo studies, we examined the
susceptibility of β-arrestin 2 KO mice in collagen antibody-induced arthritis (CAIA).
Collectively these studies suggest that β-arrestin 1 and 2 differentially regulate FLS
inflammatory mediator production and β-arrestin 2 is anti-inflammatory in experimental
arthritis. The newly discovered isoform specific role of β-arrestins as regulators of
inflammation may provide insights into molecular mechanisms of arthritis pathogenesis
from which novel molecular specific therapeutic approaches may be derived.

2. Materials and Methods
2.1. Mice

β-arrestin 2(−/−) mice and littermate WT mice with C57BL/6 background were generated
by breeding heterozygous animals. Studies employed 5 to 8 week old β-arrestin 2(−/−) and
age matched WT mice for all the experiments. The original heterozygous mice were
obtained from Dr. Robert J. Lefkowitz (Duke University Medical Center, Durham, NC).
PCR was performed with genomic DNA from 4-week-old mice tails. The following primer
pairs were used: forward, 5'-GATCAAAGCCCTCGATGATC-3'; reverse, 5'-
ACAGGGTCCACTTTGTCCA-3' and 5'-GCTAAAGCGCATGCTCCAGA-3'. The
reactions were run for 35 cycles. Western blot analysis of splenocytes from WT and β-
arrestin 2(−/−) confirmed the absence of β-arrestin 2 with no effect on β-arrestin 1
expression (Fan et al., 2010).

The joint tissue of human TNFα transgenic mice (Taconic Farms, Germantown, NY) was
provided by Dr. Gary Gilkeson (Medical University of South Carolina). TNFtg mice
spontaneously develop severe chronic arthritis by 20 weeks of age (Baker et al., 2010). The
joint tissue was collected from WT and human TNFα transgenic mice at 30 weeks of age.
DBA/1J mice were purchased from Harlan laboratories. The investigations conformed to the
Guide for the Care and Use of Laboratory Animals published by the National Institutes of
Health and commenced with the approval of the institutional animal care and use committee.

2.2.Flag-β-arrestin 1 and 2 lentivirus construction
Flag-β-arrestin 1 and Flag-β-arrestin 2 were cloned into a ViraPower Lentiviral Expression
System using pLenti6/V5 directional TOPO cloning kit. A pLenti6/V5-GW/lacZ plasmid
was used as a control plasmid. Lentivirus containing β-arrestin 1, β-arrestin 2 and control
vector were generated following manufacture’s instructions (Invitrogen). A representative
Western blot shows the β-arrestin 1 and β-arrestin 2 lentivirus transduced cells overexpress
β-arrestin 1 (Fig. 4A) and β-arrestin 2 (Fig. 4C).

2.3.Induction of arthritis and scoring
CIA was studied in DBA/1J mice (7–8 weeks old). Mice were immunized at the base of the
tail with 100 µg bovine type II collagen mixed with CFA containing 4 mg/ml M.
tuberculosis (Chondrex). Twenty-one days after the first injection, the mice received a
booster injection of bovine type II collagen (100 µg) mixed with IFA. The mice were
monitored daily for swelling of paws as a sign of arthritis. The severity of the arthritis was
scored from 0 to 4 as follows: grade 0, normal; grade 1, redness and mild swelling of the
ankle or wrist; grade 2, moderate redness and swelling of the ankle or wrist; grade 3, severe
swelling of the entire paw; and grade 4, deformity or ankylosis. Each limb was graded,
giving a maximum possible score of 16 per animal. At 4, 6, 8 and 10 weeks after first
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collagen injection, mice were sacrificed and joint inflammation and erosions were examined
with haematoxylin and eosin (H&E) stain of sections of the hind knee.

The CAIA was studied in WT and β-arrestin 2 KO mice in C57BL/6 background. The mice
were injected intravenously with a cocktail of 4 monoclonal antibodies, clone A2-10
(IgG2a), F10-21 (IgG2a), D8-6 (IgG2a), and D1-2G(IgG2b), (4 mg/0.4 ml/mouse,
Chondrex) through the tail vein (day 0). Three days later LPS (50 µg/0.2 ml/mouse) was
injected intraperitoneally. The mice were monitored daily for swelling of paws as a sign of
arthritis. The severity of the arthritis was graded as described previously and paw thickness
was measured with 0- to 10-mm calipers. Fourteen days after antibodies injection, mice
were sacrificed and joint inflammation and erosions were examined with H&E stain of
sections of the hind knee.

2.4.Histological sectioning
Histopathology studies were performed on a hind knee to assess the disease state. The hind
knee was removed and fixed in 10% formalin in phosphate-buffered saline, decalcified in
10% ethylenediaminetetra-acetic acid and embedded in paraffin. Sections of the hind knee
were stained with H&E. Evaluation of the severity of arthritis was carried out by a
pathologist who was blinded to the experimental groups.

2.5. FLS isolation, culture and stimulation
FLS were isolated from control and arthritic DBA/1J mice. Briefly, hind knee joint tissue
was minced with scalpels and incubated with 1 mg/ml of collagenase type II (Invitrogen,
Carlsbad, CA) for 2 hours at 37°C. Cells were passed through a 40µm nylon mesh to obtain
single cell suspensions and washed with culture medium. FLS in DMEM medium
(Invitrogen, Carlsbad, CA) supplemented with heat inactivated 10% fetal calf serum, 2%
penicillin/streptomycin and 0.25 µg/ml fungizone (Invitrogen, Carlsbad, CA) were grown in
150cm2 tissue culture flasks and maintained at 37°C in 5% CO2, 95% air. Non-adherent
cells were removed during cell culture, and cells between passages 3 to 9 were used.

FLS were transduced with lentivirus (MOI=1) containing β-arrestin 1, β-arrestin 2 or control
vector and stimulated with HA (10 µg/ml and 100 µg/ml, Calbiochem) in the presence of
polymyxin B (10 µg/ml) for 24 h. Polymyxin B, which binds to and inactivates LPS (100
ng/ml, ultra pure LPS from E.coli O111:B4), was added to rule out any potential LPS
contamination in HA. The supernatants were collected to determine the TNFα and IL-6
production by ELISA.

FLS from DBA/1J mice were stimulated with TNFα (10 ng/ml, Sigma), HA (100 µg/ml)
and HMGB1 (1 µg/ml, Prospec) for 6 h, 12 h, 24 h and 48 h. After stimulation, the protein
was collected to determine β-arrestin 1 and 2 expression in FLS. To determine the effects of
PI3K, ERK 1/2, JNK and p38 kinases on TNFα- and HA- induced increases of β-arrestin 1
and 2 expression in FLS, cells were pretreated with PI3K inhibitor Wortmannin (10 nM,
Calbiochem), MEK inhibitor PD98059 (10 µM, Calbiochem), JNK inhibitor SP600125 (10
µM, Calbiochem) or p38 inhibitor SB203580 (10 µM, Calbiochem) for 1 hour followed by
stimulation with TNFα (10 ng/ml) or HA (100 µg/ml) for 24 h. β-arrestin 1 and 2 expression
were examined by Western blot analysis.

2.6. Western blot
The joint tissues were minced and lysed with ice-cold RIPA lysis buffer (10 mM Tris, pH
7.4, 1% Triton X-100, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 1 µg/ml aprotinin, 1 µg/ml leupeptin, and 1 µg/ml pepstatin
A). Cells were also washed and lysed with ice-cold RIPA lysis buffer. All lysed samples
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were kept on ice for 30 min, and centrifuged for 10 min at 4°C at 10,000g. The supernatant
was collected and stored at −20°C until Western blot analysis.

For Western blotting, lysates were added to Laemmli sample buffer and boiled for 4 min.
Subsequently, protein from each sample was subjected to 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred onto a polyvinylidene difluoride
membrane. The membranes were washed with Tris-buffered saline-Tween 20 (TBST; 20
mM Tris, 500 mM NaCl, and 0.15% Tween 20) and blocked with 5% milk in TBST (20 mM
Tris, 500 mM NaCl, and 0.1% Tween 20) for 1 h. After washing with TBST (20 mM Tris,
500 mM NaCl, and 0.1% Tween 20) twice, membranes were incubated with primary
antibody overnight at 4°C. The following antibodies were used: the monoclonal anti-β-
arrestin 1 antibody was purchased from BD Transduction Laboratories; a polyclonal anti-β-
arrestin2 antibody was from Abcam and a monoclonal anti-α-tublin antibody was from Cell
Signaling. The membranes were washed twice with TBST (20 mM Tris, 500 mM NaCl, and
0.1% Tween 20) and incubated with HRP conjugated secondary antibody in blocking buffer
for 1 h. After washing three times with TBST (TBST; 20 mM Tris, 500 mM NaCl, and
0.15% Tween 20), immunoreactive bands were visualized by incubation with ECL plus
detection reagents (GE Healthcare) for 5 min and exposure to ECL Hyperfilm (GE
Healthcare). The densitometry of bands was quantified with NIH image 1.63 software. We
found α-Tubulin levels are consistent in the control and RA groups (Data not shown).
Therefore, α-Tubulin was used as the loading control.

2.7. Real-time RT-PCR
Total RNA was extracted from FLS using RNeasy mini kit (QIAGEN). The purity and
concentration of RNA is determined by plate reader with Gen5 1.09 software (BioTek).
cDNA was synthesized with superscript II Reverse transcriptase (Invitrogen) according to
the manufacturer’s instructions. Quantitative real-time PCR was performed by prism 7000
Real Time PCR System (ABI) using SYBR Green PCR kit (QIAGEN) in a final reaction
volume of 10 µl with 2 ρM of each primer (primers for α-tubulin, β-arrestin 1, β-arrestin 2
were from IDT, sequences are available upon request). A negative control without cDNA
did not produce any amplicons. Melting curve analysis was performed to verify that only
one product was amplified. The size of products was verified by agarose gel electrophoresis.
Data were analyzed with 2−ΔΔCt value calculation using α-Tubulin for normalization.

2.8. Assay for TNFα and IL-6 production
TNFα and IL-6 production were measured using an ELISA with mouse TNFα and IL-6
ELISA kits (eBioscience, San Diego, CA).

2.9. Statistical analysis
Data are expressed as the mean ± standard error of the mean (SEM). Statistical significance
was determined by analysis of variance (ANOVA) with Fisher’s probable least-squares
difference test or Student’s t-test using GraphPad Prism software. P< 0.05 value was
considered statistically significant.

3. Results
3.1.β-arrestin 1 and 2 protein levels are increased in joint tissue in CIA mice

To determine the β-arrestin 1 and 2 protein levels in the murine model of RA, CIA was
induced in DBA/1J mice. In DBA/1J mice, arthritis was apparent at 4 weeks post collagen
injection and reached a mean arthritis score of 15 at 10 weeks (Fig. 1A). The H&E stained
sections of the hind knee joint revealed the severity of disease development. Synovial
inflammation was observed at 4 and 6 weeks and bone erosion was evident at 8 and 10
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weeks after first collagen injection (Fig. 1B). The hind knee joint tissue were collected from
CIA mice and control mice at 4, 6, 8 and 10 weeks after the first collagen injection. In the
hind knee joint tissue from CIA mice, β-arrestin 1 expression was significantly increased at
4, 6, 8 and 10 weeks (1.3 ± 0.02 fold, n=5, 1.4 ± 0.1 fold, n=6, 1.4 ± 0.2 fold, n=6, and 2.1 ±
0.03 fold, n=5, respectively, p < 0.05) and β-arrestin 2 expression was significantly
increased at 4 and 6 weeks (1.8 ± 0.2 fold, n=5, and 1.7 ± 0.3 fold, n=6, respectively, p <
0.05) compared to the control mice (Fig. 1C). These observations demonstrate that increased
β-arrestin 2 expression in joint tissue is transient whereas increased β-arrestin 1 expression
persisted during disease severity.

3.2. β-arrestin 1 and 2 protein levels are increased in joint tissue from human TNFα
transgenic mice

Since TNFα is overexpressed in RA, we sought to determine what effects TNFα may have
on β-arrestin levels. Thus, we used a model of RA that is an overexpression of human
TNFα. The hind knee joint tissue was collected from the TNFtg mice and WT mice at 30
weeks of age. Our results demonstrated that β-arrestin 1 and 2 expression were significantly
increased (2.7 ± 0.5 fold and 2.0 ± 0.1 fold, respectively, n=5, p < 0.05) in the hind knee
joint tissue from the TNFtg mice compared to the control mice (Fig. 2). Thus β-arrestins
expression is also increased in the arthritic joint induced by excess expression of TNFα in
addition to immune complex formation.

3.3 β-arrestin 1 and 2 protein expression and mRNA levels are increased in FLS of CIA
mice

To investigate if specific cells exhibit increased β-arrestin expression in the joint tissue, FLS
were isolated from the hind knee joint tissue from the CIA mice and control mice at 4, 6 and
8 weeks. Cells were cultured and used at the third passage. In FLS from arthritic mice, β-
arrestin 1 protein expression was significantly increased at 4 and 6 weeks (4.1 ± 0.5 fold and
3.0 ± 0.5 fold, respectively, n=4, p < 0.05) and β-arrestin 2 expression was significantly
increased at 4 weeks (1.7 ± 0.1 fold, n=4, p < 0.05) compared to the control mice (Fig. 3A).
In the FLS from arthritic mice, mRNA levels of β-arrestin 1 (2.6 ± 0.3 fold and 4.6 ± 0.4
fold, respectively, n=3, p < 0.05) and β-arrestin 2 (3.8 ± 0.3 fold and 4.1 ± 0.7 fold,
respectively, n=3, p < 0.05) were both significantly increased at 4 and 6 weeks compared to
the control mice (Fig. 3B). These studies suggested that FLS in part contribute to the
increased β-arrestin isoform expression in arthritic joint.

3.4 Overexpression of β-arrestin 1 and 2 differentially regulates HA-induced TNFα and IL-6
production in FLS

Since the increases in β-arrestin 1 and 2 occurred coincidentally with the increases in
mediators, β-arrestin 1 and 2 could induce the mediators or negatively regulate the
mediators. Therefore HA induced TNFα and IL-6 production were determined in FLS
transduced with control, β-arrestin 1 or β-arrestin 2 lentivirus. β-arrestin 1 or 2 lentivirus
transduction increased β-arrestin 1 or 2 levels by 1.5±0.08 fold (Fig. 4A) and 2.1±0.23 fold
(Fig. 4C) respectively. In FLS transduced with control lentivirus, HA induced a significant
increase of TNFα and IL-6 production. In FLS transduced with β-arrestin 1 lentivirus, HA-
induced TNFα and IL-6 production were significantly increased (1.3 ± 0.04 fold for TNFα
and 3.9 ± 0.3 and 2.3 ± 0.1 fold for IL-6 respectively, n=4, p < 0.05) compared to control
lentivirus-transduced FLS (Fig. 4B). In FLS transduced with β-arrestin 2 lentivirus, HA-
induced TNFα and IL-6 production was significantly decreased (78 ± 4.4% and 81 ± 1.8%
for TNFα and 67 ± 2.4% and 65 ± 4.6% for IL-6 respectively, n=4, p< 0.05) compared to
control lentivirus transduced FLS (Fig. 4D). These data suggest that β-arrestin 2 is anti-
inflammatory whereas β-arrestin 1 is pro-inflammatory in experimental arthritis.
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3.5 TNFα, HA and HMGB1 induce increases of β-arrestin 1 and/or 2 expression in FLS
The potential roles of TLR ligands and TNFα in RA have been reported. To investigate
which agent may contribute to the increased β-arrestin 1 and 2 expression in FLS in CIA
mice, we tested the effects of TNFα, HA which is TLR2/4 endogenous ligand, and HMGB1
a TLR4 endogenous ligand. FLS from DBA/1J mice were stimulated with TNFα (10 ng/ml),
HA (100 µg/ml) and HMGB1 (1 µg/ml) for 6 h, 12 h, 24 h and 48 h. After stimulation,
protein was collected to determine β-arrestin 1 and 2 expression. β-arrestin 1 (1.8 ± 0.2 fold
and 1.7 ± 0.3 fold respectively, n=4, p < 0.05) and β-arrestin 2 (1.5 ± 0.2 fold and 1.3 ± 0.1
fold respectively, n=4, p < 0.05) expression were both significantly increased in FLS
stimulated with TNFα for 24 h and 48 h (Fig. 5A). β-arrestin 1 expression was increased in
FLS stimulated with HA for 12 h and 24 h (1.6 ± 0.1 fold and 1.7 ± 0.1 fold respectively,
n=3, p < 0.05) and β-arrestin 2 expression was increased in FLS stimulated with HA for 24 h
and 48 h (1.6 ± 0.2 fold and 1.6 ± 0.2 fold respectively, n=4, p < 0.05) (Fig. 5B). β-arrestin 1
expression was significantly increased (2.5 ± 0.5 fold, 2.7 ± 0.1 fold, 3.6 ± 0.5 fold, and 6.0
± 0.3 fold, respectively, n=3, p < 0.05) in FLS stimulated with HMGB1. Interestingly,
HMGB1 did not induce β-arrestin 2 expression (Fig. 5C). Taken together, HMGB1 induced
only β-arrestin 1 expression, while TNFα and HA induced both β-arrestin 1 and 2 expression
in FLS.

3.6 p38 MAPK mediates TNFα and HA-induced increases of β-arrestin 2
To further elucidate the signaling pathway which mediates TNFα and HA induced increases
of β-arrestin 1 and 2 expression in FLS, we used PI3K, MEK, JNK and p38 kinases
inhibitors. The concentrations of inhibitors we employed have been reported in several types
of cells to selectively block the respective kinases (Kesherwani and Sodhi, 2007; Senokuchi
et al., 2004; Zhang et al., 2011). When incubated with inhibitors alone, none of the inhibitors
exhibited any effect on β-arrestin 1 and 2 levels in FLS (data not shown). Both TNFα- and
HA-induced increases of β-arrestin 2 expression were blocked by SB203580 (p38 MAPK
inhibitor) but not by the other inhibitors (Fig. 6A, B). On the other hand, TNFα- or HA-
induced increases of β-arrestin 1 expression were unaltered by any of the inhibitors used
(Fig. 6A, B). These observations suggest that distinct signaling pathways regulate β-arrestin
1 and 2 expression.

3.7 β-arrestin 2 KO mice exhibit more severe arthritis in CAIA
β-arrestin 2 KO mice are in a C57BL/6 background, which is not susceptible to CIA. To
determine the effect of β-arrestin 2 gene deletion on arthritis development, collagen antibody
induced arthritis (CAIA) was employed. β-arrestin 2 KO mice exhibited an increased mean
arthritis score (Fig. 7A) and paw thickness (Fig. 7B) compared to the WT mice in CAIA.
The H&E stain of sections of hind knee joint revealed the severity of disease development.
More synovial inflammation was observed in the joint tissue from β-arrestin 2 KO mice
compared to WT mice as indicated by increased PMNs and macrophages infiltrating into the
synovial tissue and cavity. No pannus formation or joint erosion was observed (Fig. 7C).
These observations support our hypothesis that β-arrestin 2 is anti-inflammatory in
experimental arthritis.

4. Discussion
Our studies demonstrate that β-arrestin 1 and 2 expression are significantly increased in the
joint tissue in CIA and TNFtg mice. In ex vivo FLS derived from joint tissue, β-arrestin 1
and 2 protein and mRNA levels were increased early in the course of CIA. Our studies
demonstrated mRNA levels of TNFα and MMP3 were also increased in FLS in CIA (data
not shown) suggesting β-arrestins may regulate inflammatory mediator expression. To
determine if β-arrestins regulation of inflammation is isoform specific, we examined the
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effect of lentiviral overexpression of β-arrestin 1 or 2 in FLS. These studies demonstrated
that HA-induced inflammatory mediators were increased by β-arrestin 1 overexpression but
decreased by β-arrestin 2 overexpression. In subsequent studies, in vitro stimulation of FLS
with TNFα or HA significantly increased β-arrestin 1 and 2 expression. Interestingly,
HMGB1 stimulation only increased β-arrestin 1 but not β-arrestin 2 expression in FLS. By
employing MAP kinase inhibitors, we found that TNFα- or HA- induced β-arrestin 2
expression appears to be regulated via p38 pathway. To examine role of β-arrestin 2 in the
pathogenesis of arthritis, WT and β-arrestin 2 KO mice were subjected to the CAIA. β-
arrestin 2 KO mice exhibited greatly exacerbated arthritis in CAIA suggesting that β-arrestin
2 ameliorates the inflammatory and degenerative sequelae of experimental arthritis. These
observations demonstrate that both β-arrestin isoforms are increased in arthritis. However β-
arrestin 1 and 2 appear to paly differential roles in regulating arthritis development. β-
arrestin 2 may negatively regulate experimental arthritis whereas β-arrestin 1 may contribute
to the development of arthritis.

Activated FLS in RA play a major role in joint tissue destruction. FLS become activated
through growth factors, chemokines, cytokines and tissue degradation products such as
endogenous TLR ligand HA (Noss and Brenner, 2008). Quantitative Real-time PCR and
Western blot analysis confirmed the increased β-arrestin 1 and 2 expression on both mRNA
and protein levels in FLS in hind knee joint tissue in the CIA mice. These results
demonstrate that β-arrestin 1 and 2 in FLS may, in part, contribute to the observed increase
of β-arrestins in arthritic joint tissue. It is interesting that increased β-arrestin 1 expression in
knee joint is sustained during arthritis progression whereas increased β-arrestin 1 expression
in FLS subsides at 8 weeks. These data suggest other immune cells in addition to FLS also
contribute to β-arrestin 1 expression in arthritic joint. Indeed, we have observed that in
splenic CD4+ T cells and dendritic cells β-arrestin 1 expression are increased during arthritis
development (data not shown). These cells may be recruited into arthritic joints.

Activated FLS secrete numerous pro-inflammatory mediators and degradative enzymes
which contribute to the inflammation and joint destruction in RA (Pap et al., 2005; Sweeney
and Firestein, 2004). We observed that both β-arrestin isoforms protein and mRNA levels
increased early in FLS in CIA mice at 4 and 6 weeks and subsequently returned to the
baseline level at 8 weeks. Thus increased β-arrestin 1 and 2 expression occurs early in RA
pathogenesis. Parallel to β-arrestin mRNA levels, we found TNFα and MMP3 mRNA levels
were also increased in CIA mice (data not shown). Since lentiviral overexpression of β-
arrestin 1 augmented inflammatory cytokines and overexpression of β-arrestin 2 suppressed
inflammatory cytokines, the endogenous increase of β-arrestin isoforms may differentially
regulate the inflammatory response. Our previous studies have demonstrated that β-arrestin
1 and β-arrestin 2 differentially regulate LPS-induced signaling and pro-inflammatory gene
expression (Fan et al., 2007). Therefore β-arrestin 1 and β-arrestin 2 may induce or inhibit
respectively, inflammatory events at different stages in arthritis progression.

To determine which inflammatory mediators induced β-arrestins, FLS were exposed to
TNFα, HA (TLR2/4 endogenous ligand) and HMGB1 (TLR4 endogenous ligand).
Consistent with our results in vivo in CIA and TNFtg mice, β-arrestin 1 and 2 protein levels
were increased in vitro in FLS stimulated with TNFα and HA, while HMGB1 only
stimulated β-arrestin 1 expression. Since HMGB1 may activate TLR4 and HA may
stimulate TLR2 in addition to TLR4, it is possible that induction of β-arrestin 1 by HMGB1
may be TLR4 dependent whereas induction of β-arrestin 2 may be through TLR2. However
HA also activates CD44 and HMGB1 additionally activates RAGE receptor (Ponta et al.,
2003; Sims et al., 2010). These latter receptors may be also involved in induction of β-
arrestin isoforms. To further study the signaling pathway contributing to the increases of β-
arrestin 1 and 2 protein levels, PI3K, MEK, JNK and p38 kinases inhibitors were used in
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FLS. Our results demonstrate for the first time that the TNFα- and HA-induced increase of
β-arrestin 2 protein levels appears to be regulated by p38 pathway.

Our studies demonstrating that β-arrestin 2 negatively regulates the inflammatory response
in FLS and inhibits CAIA pathogenesis agree with our previous study that β-arrestin 2
negatively regulates sepsis-induced inflammation (Fan et al., 2010). The molecular
pathways remain to be defined but our previous studies demonstrated that β-arrestins
negatively regulate LPS-induced NFκB activation (Fan et al., 2007). Thus the protective
effect of β-arrestin 2 in FLS may be through inhibiting NFκB signaling. The role of β-
arrestin 1 in the inflammatory response remains to be further investigated. However,
previous studies demonstrated that β-arrestin 1 and 2 reciprocally regulate GPCR mediated
ERK 1/2 activation suggesting β-arrestin 1 and 2 may have distinct or even opposite
functions (Ahn et al., 2004).

In conclusion, increased β-arrestin 1 and 2 expression are found in vivo and in vitro in joint
and FLS in arthritis models. Moreover, the increased β-arrestin 2 expression seems to be
mediated via p38 pathway and β-arrestin 2 negatively regulates the inflammatory response
in FLS. Our findings that β-arrestin 2 prevents progress of CAIA supports this conclusion.
Although our studies suggest β-arrestin 1 may enhance inflammation in FLS, the role of β-
arrestin 1 in the in vivo experimental arthritis model remains to be further investigated. Our
data provide a novel insight into the molecular mechanisms of regulating the pro-
inflammatory response in RA pathogenesis suggesting that β-arrestins may become potential
therapeutic targets for RA.

Highlight
β-arrestin 1 and 2 expression are increased in experimental arthritis.

TNFα-, HA- and HMGB1-induced increases of β-arrestins.

β-arrestin 1 and 2 differentially regulate HA-induced pro-inflammatory cytokines.

β-arrestin 2 KO mice exhibited more severe arthritis in CAIA.

Abbreviations

RA rheumatoid arthritis

CIA collagen-induced arthritis

TNFtg human TNFα transgenic

FLS fibroblast-like synoviocytes

HA low molecular weight hyaluronan

HMGB-1 high mobility group box

CAIA collagen antibody induced arthritis

DC dendritic cells

GPCR G protein coupled receptor

WT wild type

KO knockout
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Figure 1. β-arrestin 1 and 2 expression in joint tissue in CIA mice
CIA was studied in DBA/1J mice. The mean arthritis score reveals the disease severity (A).
The hind knee joint tissue was collected from CIA mice and control mice at 4, 6, 8 and 10
weeks after the first collagen injection. Sections of joint were subjected to H&E stain (B).
Black arrows indicate the PMNs and macrophages that infiltrated into synovial tissue and
cavity and blue arrows indicate the bone erosion. The hind knee joints (C) were
homogenized and subjected to Western blot. The densitometric levels of the scanned gels
were normalized to control levels. α-Tubulin was used as an internal control. Data represent
means ± S.E of five to nine mice per group from three independent experiments. *p<0.05
compared to the control mice.
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Figure 2. β-arrestin 1 and 2 expression in joint tissue in TNFα transgenic mice
The TNFα transgenic mice were employed as a murine model of RA. The hind knee joint
tissue was collected from the TNFtg mice and control mice at 30 weeks of age. The hind
knee joints were subjected to Western blot. α-Tubulin was used as an internal control. Data
represent means ± S.E from five mice per group from two independent experiments.
*p<0.05 compared to the control mice.
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Figure 3. β-arrestin 1 and 2 protein expression and mRNA levels in FLS
FLS were isolated from the hind knee joint tissue from the CIA mice at 4, 6 and 8 weeks and
control mice. FLS were cultured for three passages. (A) Cell lysates were subjected to
Western blot. The densitometric levels of the scanned gels were normalized to control
levels. (B) Total RNA was extracted and mRNA levels of β-arrestin 1 and β-arrestin 2 were
determined by quantitative real-time PCR. α-Tubulin was used as an internal control for
both protein and mRNA levels. Data represent means ± S.E from three to four mice from
three independent experiments. *p<0.05 compared to the control FLS.
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Figure 4. The effects of β-arrestin 1 and 2 overexpression on HA-induced TNFα and IL-6
production in FLS
FLS were isolated from DBA/1J mice and transfected with control, flag-β-arrestin 1 or flag-
β-arrestin 2 lentivirus. Flag-β-arrestin 1 (A) and 2 (C) overexpression were determined by
Western blot. Effects of flag-β-arrestin 1 (B) and 2 (D) overexpression on HA-induced
TNFα and IL-6 production in FLS were determined by ELISA. Data represent means ± S.E
from four independent experiments. *p<0.05 compared to unstimulated group. #p<0.05
compared to control group.
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Figure 5. The effects of TNFα, HA and HMGB1 on β-arrestin 1 and 2 expression in FLS
FLS from DBA/1J mice were stimulated with TNFα (10 ng/ml), HA (100 µg/ml) or
HMGB1 (1 µg/ml) for 6 h, 12 h, 24 h and 48 h. After stimulation, protein was collected and
subjected to Western blot analysis. TNFα- (A), HA- (B) and HMGB1- (C) induced β-
arrestin 1 and 2 expression were determined. α-Tubulin was used as an internal control. Data
represent means ± S.E from three-four independent experiments.*p<0.05 compared to the
control FLS.
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Figure 6. The effects of PI3K, MEK, JNK and p38 inhibitors on TNFα- or HA-mediated β-
arrestin 1 and 2 expression in FLS
FLS were isolated and cultured from DBA/1J mice. Cells were pretreated with or without
the various inhibitors for 1 h followed by stimulation with TNFα or HA for 24 h. TNFα- (A)
or HA- (B) mediated increases of β-arrestin 1 and 2 expression in FLS were determined. α-
Tubulin was used as an internal control. Data represent means ± S.E from three independent
experiments. *p<0.05 compared to unstimulated cells. #p<0.05 compared to TNFα or HA
stimulation group.
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Figure 7. Effect of β-arrestin 2 gene deletion on the collagen antibody-induced arthritis (CAIA)
CAIA was studied in WT and β-arrestin 2 KO mice. The mean arthritis score (A) and paw
thickness (B) were determined as indicators of arthritis severity. Sections of the hind knee
from WT/β-arrestin 2 KO control, WT CIA and β-arrestin 2 KO CIA were stained with
haematoxylin and eosin (C). Picture II and III are enlarged sites of interest from picture I.
Arrows indicate the PMNs and macrophages that infiltrated into synovial tissue and cavity.
Data represent means ± SE from seven WT and six β-arrestin 2 KO mice from three
independent experiments. *p<0.05 compared to the WT group.
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