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INTRODUCTION
Rheumatoid arthritis (RA) is a chronic

autoimmune disease that affects 0.5% to
1% of the population (1) and is associ-
ated with increased risk for developing
joint deformities, disability and reduced
life expectancy (2–4). The synovial tissue
in RA is characterized by pronounced
hyperplasia, also called pannus, which
contains inflammatory cells, produces
several proinflammatory mediators and
proteases and invades and destroys
 cartilage and bone (2). The regulation of

these processes remains incompletely
 understood.

To identify genes and molecular
processes implicated in the development
of synovial hyperplasia and its destruc-
tive behavior in arthritis, we studied syn-
ovial tissues from rats with severe and
erosive disease and from rats with mild
and nonerosive disease in genome-wide
expression analyses using microarrays (5).
Those studies identified an increased ex-
pression of nuclear receptors (NRs), in-
cluding liver X receptor alpha (Lxrα), peroxi-

some proliferator-activated receptor gamma
(Pparγ) and retinoic acid receptor gamma
(Rxrγ), as well as NR target genes in syn-
ovial tissues of protected rats, suggesting
a new antiinflammatory and homeostatic
role for NRs. Although the vitamin D re-
ceptor (VDR) (also an NR) itself was not
differentially expressed, there was an
overrepresentation of VDR target genes
among the genes with increased expres-
sion in synovial tissues from arthritis-
 protected rats, suggesting increased VDR
activity. Furthermore, genes implicated in
the  hydroxylation and synthesis of alter-
native vitamin D active metabolites such
as Cyp27a1, Cyp2j3 and Cyp11a1 (6,7) were
also expressed in increased levels in the
tissues of the protected rats, suggesting
that the increased expression of target
genes could be related at least in part
to increased local production of VDR
 agonists (5).

There is mounting evidence suggest-
ing that vitamin D has a role in RA
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pathogenesis. Vitamin D deficiency is
common in RA (8–10) and correlates
with  increased risk of bone loss and dis-
ease severity, as well as increased risk
for disability (9,10). Rodents deficient in
vitamin D are more susceptible and de-
velop more severe disease and damage
in experimental arthritis (11). Treatment
with VDR agonists reduces disease
severity and joint damage in experimen-
tal arthritis (12). Vitamin D and analogs
interfere with several aspects of im-
mune responses central to RA pathogen-
esis, including cellular responses to in-
terleukin (IL)-1β and tumor necrosis
factor-α (13), the expression of IL-1β
and IL-6 (14), differentiation of Th17
(15) and B cells (16) and the expression
of proteases such as matrix metallopro-
tease (MMP)-1 and MMP-2 (14).

Fibroblast-like synoviocytes (FLSs)
have a central role in the development of
synovial hyperplasia and joint destruc-
tion in RA (17,18), and joint erosions cor-
relate with increased risk for disability
and reduced quality of living (19). We,
and others, have shown that the in vitro
invasive properties of FLSs through col-
lagen-rich Matrigel correlate with radi-
ographic erosive changes and with histo-
logical joint damage in patients with RA
and in rats with pristane-induced arthri-
tis (PIA) (20,21). Because vitamin D defi-
ciency correlates with increased risk for
erosive disease and treatment with VDR
agonists reduce joint damage, we hy-
pothesized that the increased VDR signa-
ture in rats with mild and nonerosive
arthritis could identify a new inhibitory
pathway of FLS invasion. We tested the
hypothesis with 1,25-dihydroxyvitamin
D3 (calcitriol), which is an active form of
vitamin D.

MATERIALS AND METHODS

Rats, PIA Induction and Synovial
Tissue Collection

Arthritis-susceptible DA/ Hsd rats were
purchased from Harlan (Indianapolis, IN,
USA) and housed in a specific pathogen-
free environment. The 8- to 12-wk-old rats
received 150 μL pristane by intradermal

injection, divided into two sites at the
base of the tail (22,23). On d 21 after pris-
tane injection, animals were euthanized
and synovial tissues were collected from
the ankle joints for FLS isolation. All ani-
mal work was approved by the Feinstein
Institute’s Institutional Animal Care and
Use Committee.

RA Patients and Synovial Tissues
Synovial tissues were obtained from

RA patients undergoing elective orthope-
dic surgery. All patients met the Ameri-
can College of Rheumatology criteria for
RA (24). Clinical characteristics of the RA
patients are shown in Table 1. Informed
consent was obtained from all participat-
ing subjects under an institutional review
board–approved protocol.

Isolation and Culture of FLSs
FLSs were obtained as previously de-

scribed (20). Briefly, tissues were minced
and incubated with a solution containing
0.15 mg/mL DNase, 0.15 mg/mL hyal -
uronidase type I-S and 1 mg/mL collage-
nase type IA (Sigma, St. Louis, MO, USA)
in DMEM (Invitrogen, Carlsbad, CA,
USA) for 1 h at 37°C. Cells were washed
and resuspended in complete media con-
taining DMEM supplemented with 10%
fetal bovine serum (FBS) (Invitrogen), 
300 ng/mL glutamine, 250 μg/ mL am-
photericin B (Sigma) and 20 ng/ mL gen-
tamycin (Invitrogen). After an overnight
culture, nonadherent cells were removed
and adherent cells were cultured. All ex-
periments were performed with FLSs
after passage four (>95% FLS purity).

Invasion Assay
The in vitro invasion of FLSs was

 assayed in a transwell system using
 Matrigel-coated inserts from BD

(Franklin Lakes, NJ, USA) as previously
described (20,21). Briefly, 70% to 80%
confluent cells were harvested by
trypsin-EDTA digestion and resuspended
at 2.0 × 104 cells in 500 μL serum-free
Dulbecco’s modified Eagle’s medium
(DMEM). Cells were placed in the upper
compartment of the Matrigel-coated in-
serts. The lower compartment was filled
with complete media (described above),
and the plates were incubated at 37°C for
24 h. After 24 h, the upper surface of the
insert was wiped with cotton swabs to
remove noninvading cells and the Ma-
trigel layer. The opposite side of the in-
sert was stained with Crystal Violet
(Sigma), and the total number of cells
that invaded through Matrigel was
counted using light microscopy at mag-
nification 100×. Experiments were done
in duplicate. Calcitriol (Cayman Chemi-
cal, Ann Arbor, MI, USA) or the diluent
dimethyl sulfoxide (DMSO) (control) was
added to serum-free medium (DMEM
with antibiotics and glutamine) in the
upper chamber, at the concentrations in-
dicated in Results.

Zymography
MMP levels and catalytic activity was

determined in FLS culture supernatants
using gelatin (MMP-2, MMP-9) zymog-
raphy as previously reported (20).
Briefly, equal volumes of supernatants
from the upper chamber of the Matrigel-
coated  invasion system were mixed with
Tris-glycine-SDS sample buffer (Invitro-
gen), loaded into a zymogram precasted
gel (Invitrogen) and run for 90 min at
125 V. After electrophoresis, gels were
treated with renaturing buffer (Invitro-
gen), followed by overnight incubation
in a developing buffer (Invitrogen) at
37°C. Gels were stained with SimplyBlue

Table 1. Clinical characteristics of the rheumatoid arthritis patients.

Age (years) Sex Rheumatoid factor Biological therapy Radiographs

59 F Positive Etanercept Erosive
59 F Positive None Erosive
81 M Positive Humira Erosive
69 F Positive Etanercept Not available
73 F Positive None Erosive



1 9 6 |  L A R A G I O N E  E T  A L .  |  M O L  M E D  1 8 : 1 9 4 - 2 0 0 ,  2 0 1 2

V D R  R E G U L A T E S  S Y N O V I A L  F I B R O B L A S T  I N V A S I O N

Safe-Stain (Invitrogen) for 1 h at room
temperature and were then washed
 extensively.

MMP-3 Western Blot
The same supernatants used for

zymo graphy as described above were
also used for MMP-3 quantification.
Equal volumes of the upper chamber su-
pernatants were loaded into a NuPAGE
10% Bis-Tris gel (Invitrogen) in the pres-
ence of 2-(N-morpholino)ethanesulfonic
acid MES buffer (Invitrogen) and run in
reducing conditions. Proteins were
transferred overnight to a polyvinyli-
dene fluoride membrane (Immobilion,
Millipore, Bedford, MA, USA). The
membrane was then blocked with 5%
blotting grade nonfat dry milk (Bio-Rad,
Hercules, CA, USA) and incubated with
the rabbit monoclonal antibody anti-
MMP-3 (Abcam, Cambridge, MA, USA).
Horseradish peroxidase–conjugated
anti-rabbit IgG antibody (GE Healthcare,
Buckinghamshire, UK) was used as the
secondary antibody. Protein bands were
detected with Amersham ECL plus (GE
Healthcare, Pittsburgh, PA, USA) and
 visualized using X-OMAT Kodak films.

Immunofluorescence Microscopy
Immunofluorescence was done as pre-

viously described (25). Briefly, FLSs
were cultured on coverslips to a 10% to
20% confluence and then starved
overnight and treated with either
DMSO or calcitriol in 10% FBS for
20 min, at the concentrations used in the
invasion experiments. The cells were
then fixed with 4% formaldehyde (Ted
Pella, Redding, CA, USA) for 15 min at
room temperature followed by perme-
abilization of the cells with phosphate-
buffered saline (PBS) plus 0.1% Triton X-
100 for 5 min. The 5% nonfat milk
(30 min) was used to prevent nonspe-
cific binding. Cells were incubated with
rabbit anti-phosphorylated focal adhe-
sion kinase (anti-p-FAK) antibody (Cell
Signaling) for 1 h at room temperature,
washed and then incubated with Alexa
Fluor 488 donkey anti-rabbit IgG anti-
body (Invitrogen). Cells were washed

with PBS and incubated with Alexa
Fluor 594 Phalloidin (actin filament
staining; Invitrogen) for 15 min. The

stained cells were washed with PBS and
mounted on a glass slide. A Zeiss Ax-
iovert 200M fluorescent microscope was

Figure 1. Calcitriol significantly reduces DA and RA FLS invasion. (A) Calcitriol reduced DA
rat FLS invasion by 54% (n = 5 per treatment group). (B) Total cell counts of DA FLS invasion
treated with DMSO or calcitriol. (C) Calcitriol treatment reduced RA FLS invasion by 52.5%
(n = 5 per group). (D) Total cells counts of RA FLS invasion treated with DMSO or calcitriol.
*Mean ± standard deviation (SD); P ≤ 0.003.

Figure 2. Quantitative polymerase chain reaction (qPCR) analyses of MMP-1 and VDR in
FLSs. Calcitriol (CALC) suppresses IL-1β–induced expression of MMP-1 in FLS from DA 
(50 nmol/L) by 95% (A) and in FLS from RA (1 μmol/L) by 73.5% (B). Calcitriol treatment for
24 h increased VDR mRNA levels by 2.6-fold in DA FLSs cultured on polystyrene plates 
(50 nmol/L; n = 7 per group; Figure 2C) (C) and by sixfold in RA FLSs cultured on Matrigel
compared with DMSO control (1 μmol/L; n = 5 per group) (D).
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used for visualization with the appro-
priate filters, with Zeiss Axioversion 4.7
software (Jena, Germany).

Actin Cytoskeleton, Lamellipodia and
p-FAK Scoring System

Cells were scored using a previously
reported method (26). Briefly, we evalu-
ated four major parameters: (a) actin fila-
ment characteristics and distribution (0 =
no filaments, 1 = fine filament at the cen-
ter of the cell, 2 = at least two thick fila-
ments at the center of the cell, 3 = 90%
thick filaments); (b) cell morphology (0 =
round shape, 2 = fusiform/linearized

shape); (c) lamellipodia localization (0 =
no lamellipodia or lamellipodia present
all around the cell, 2 = polarized forma-
tion on one side of the cell); and (d) dis-
tribution of p-FAK (0 = all around the
cell edges or in the nucleus, 1 = homoge-
neous distribution, 2 = pronounced colo-
calization with lamellipodia). The cell
scoring ranged from 0 to 9, and a mini-
mum of 10 cells per treatment group and
per cell line were analyzed. Results are
shown as the percentage of control. One
investigator (T Laragione) read all the
slides without knowledge of the group
identity.

MTT Assay
Forty thousand FLSs per well were

plated in triplicate in 96-well plates in
100 μL complete media. Cells were al-
lowed to adhere for 24 h. Media were
then changed to serum-free media and
either DMSO or calcitriol at the concen-
trations used in the invasion experiment
(50 nmol/L for DA FLSs and 1 μmol/L
for RA FLSs). After 24 h (same duration
of the invasion experiments), cell sur-
vival was determined using the colori-
metric MTT kit (Millipore) according to
the manufacturer’s instructions [MTT: 
3-(4,5-dimethylthiazol- 2-yl)-2,5-
 diphenyltetrazolium  bromide].

Quantitative Real-Time Polymerase
Chain Reaction

Total RNA was extracted from FLSs
using the RNeasy Mini Kit (Qiagen, Va-
lencia, CA, USA) according to the manu-
facturer’s instructions. Samples were di-
gested with DNase (Qiagen) and eluted
with 30 μL RNase-free water. RNA was
quantified and assessed for purity using
the NanoDrop spectrophotometer (Rock-
land, DE, USA); 200 ng of total RNA from
each sample was used for cDNA synthe-
sis with the Superscript III kit (Invitrogen).
We used the Universal  ProbeLibrary
(Roche, Indianapolis, IN, USA), and the
probes were used at a final concentration
of 250 nmol/L. Primers targeting rat and
human genes were designed using the
Universal ProbeLibrary Assay Design
Center (Roche) and were used at a
400 nmol/L concentration with Absolute
Blue QPCR Master Mix (Thermo Scien-
tific, Logan, UT, USA). The Roche 480
qPCR thermocycler was used at 95°C for
10 min, and 45 cycles of 95°C for 0.15 min
and 60°C for 1 min. Samples were run in
duplicate and the mean was used for
analysis. Data were analyzed using LC480
software version 1.5 (Roche). Results were
obtained as Ct (threshold cycle) values.
Relative expression of all genes was ad-
justed for GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) in each sam-
ple (ΔCt), and the ΔCt was used for t test
analysis. Fold differences were calculated
with the 2–ΔΔCt method (27).

Figure 3. Calcitriol prevents cytoskeleton and morphological changes required for FLS in-
vasion. DA (A–C) and RA (G–I) FLSs treated with DMSO have an elongated shape, with
thick and longitudinal actin filaments, polarized formation of lamellipodia and p-FAK colo-
calization with lamellipodia. Calcitriol-treated DA (D–F) and RA (J–L) FLSs have a round,
nonfusiform shape, with disorganized actin fibers and with either no lamellipodia forma-
tion or a nonpolarized formation of lamellipodia-like structures around the cell rim. These
lamellipodia-like structures do not colocalize with p-FAK, which in calcitriol-treated cells
tends to have a diffuse distribution (red = p-FAK; green = phalloidin-FITC-actin staining; im-
ages are representative of four different DA and five different RA FLS cell lines; bar in the
picture = 10 μm) (magnification 630×).
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Statistical Analyses
Means were compared with the t test

and median with the Mann-Whitney test
using SigmaStat 3.0 (SPSS, Chicago, IL,
USA). A P value ≤0.05 was considered
significant.

RESULTS

Calcitriol Significantly Reduces
Invasion of FLS from DA Rats and
RA Patients

Treatment of highly invasive DA FLSs
with 50 nmol/L calcitriol significantly de-
creased the number of cells invading Ma-
trigel over a 24-h period by 54% compared
with the DMSO control (Figures 1A, B; n =
5 per group; P = 0.003, t test). Calcitriol
concentrations were titrated, and 
≥1 μmol/L significantly  decreased inva-
sion of RA FLSs by 53% (Figures 1C, D; 
n = 5 per group; P ≤ 0.001, t test).

The calcitriol concentrations used in
the invasion experiments were not toxic
for DA or RA FLSs, as shown by the
MTT assay done over a 24-h period (data
not shown; same duration of the inva-
sion experiments).

Calcitriol Inhibits IL-1β–Induced
Expression of MMP-1

Treatment of DA FLSs with IL-1β
(50 pg/mL) increased MMP-1 expression
by 31-fold compared with DMSO-treated
controls (Figure 2A). Calcitriol used at
the same concentrations that suppressed
invasion (50 nmol/L) completely inhib-
ited (95% inhibition) the IL-1β–induced
MMP-1 expression in DA FLSs (n = 6, see
Figure 2A). In RA FLSs, IL-1β was
titrated for maximal MMP-1 expression,
and 5 ng/mL induced a 12-fold increase
in MMP-1 expression, whereas calcitriol
treatment (1 μmol/L) significantly inhib-
ited the IL-1β–induced expression by
73.5% (n = 4, Figure 2B).

mRNA levels of MMP-2, MMP-3,
MMP-14 and TIMP-1, and protein levels
of MMP-2 and MMP-3, were not signifi-
cantly affected by calcitriol treatment.

Regulation of VDR Level by Calcitriol
Calcitriol (50 nmol/L) increased VDR

mRNA levels by 2.6-fold in DA FLSs 
(n = 7; Figure 2C). Unlike DA FLSs, RA
FLSs cultured on polystyrene plates in
the presence of calcitriol did not have

increased levels of VDR mRNA (data
not shown). We next cultured RA FLSs
on Matrigel to recreate the invasion
chamber environment and to provide
collagen and other extracellular matrix
proteins. Calcitriol (1 μmol/L) induced
a sixfold increase in VDR expression in
RA FLSs cultured on Matrigel com-
pared with DMSO control (Figure 2D, 
n = 5), suggesting that by increasing 
the receptor expression, VDR agonists
can potentially increase cell sensitivity
to agonists, further enhancing the
 response.

Calcitriol Affects Cell Morphology,
Actin Filaments and Lamellipodia
Formation

DA and RA FLSs treated with 10%
FBS and DMSO as control had the typi-
cal elongated shape of moving cells,
with several thick actin filaments run-
ning parallel in one direction on the
cells. The majority of those cells had di-
rectional formation of lamellipodia at
one edge of the cells with colocalizing
p-FAK expression (Figures 3A, B and C
for DA and Figures 3G, H and I for
RA).

In contrast to DMSO-treated FLSs,
cells treated with calcitriol had a signif-
icantly different morphology (Fig-
ures 3D, E and F for DA and Figures 3J,
K and L for RA). Specifically, both DA
and RA FLSs treated with calcitriol had
reduced numbers of thick actin fila-
ments (23% and 34%, respectively, com-
pared with 65% and 82% in DMSO-
treated FLSs; DA: Figure 4A; RA:
Figure 4E; P < 0.05, t test), compared
with DMSO-treated cells, and a more
rounded shape with fewer elongated
cells (37% and 28%,  respectively, com-
pared with 94% and 98% in DMSO-
treated FLSs; DA: Figure 4B; RA: Fig-
ure 4F; P < 0.05, t test). Lamellipodia
formation at the leading edge of the
cells, which is required for cell move-
ment and invasion, was present in 93%
of DA and 98% of RA FLSs treated 
with DMSO, but only in 10% and 4% 
of the calcitriol-treated cells, respec-
tively (DA: Figure 4C; RA: Figure 4G; 

Figure 4. Scoring of DA and RA FLSs immunofluorescence. DA FLSs cultured on glass slides
in the presence or absence of calcitriol (CALC) were scored for actin filament character-
istics, cell shape, lamellipodia formation and location and p-FAK localization (see Materi-
als and Methods for details). Calcitriol treatment significantly reduced the number of cells
with thick actin filaments (A, E), the number of elongated cells (B, F), the formation of po-
larized lamellipodia (C, G) and the colocalization of p-FAK with lamellipodia (D, H) (*P <
0.05, t test; data shown as mean ± SD; DA, n = 4 per treatment group [50 nmol/L cal-
citriol]; RA, n = 5 per treatment group [1 μmol/L calcitriol]).
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P < 0.05, t test). p-FAK co localized with
lamellipodia in 42% of DA FLSs and
98% of RA FLSs treated with DMSO,
whereas calcitriol-treated cells had a
predominantly homogenous distribu-
tion in DA (68.3%) and RA (66%) (DA:
Figure 4D; RA: Figure 4H, P < 0.05, 
t test).

DISCUSSION
Disease severity and joint damage are

important outcome parameters that
strongly correlate with risk for disability,
deformities and reduced life expectancy
in RA (28–31). Vitamin D deficiency cor-
relates with increased disease severity
and joint damage in RA (9,10) and in ro-
dent models of arthritis (11). Treatment
with vitamin D and analog VDR agonists
have been shown to reduce disease
severity and joint damage in experimen-
tal arthritis (12,32), including collagen-
 induced arthritis (33,34). Vitamin D ex-
erts its activity via the VDR, which is an
NR with both genomic and nongenomic
activities. Vitamin D can potentially reg-
ulate arthritis pathogenesis and disease
severity through several of its known
 effects, such as interference with IL-1β
and IL-6 expression and activity, produc-
tion of MMPs (14), differentiation of
Th17 cells, which are central to autoim-
munity and RA (15), and differentiation
of B cells (16).

In the present study, we report a new
activity of vitamin D/calcitriol, where it
inhibits the invasive properties of FLSs
from patients with RA and DA rats with
PIA. The in vitro invasive properties of
both RA FLSs and DA rat FLSs studied
herein correlate with in vivo radi-
ographic and histological joint damage
(20,21), making our observations clini-
cally relevant. Additionally, we describe
a mechanism of action where calcitriol
interferes with the expression of MMP-1,
which is a protease implicated in carti-
lage and bone damage in RA (35), and
with cytoskeletal rearrangement and
lamellipodia formation, which are re-
quired for cell motility and invasion
(36). These observations support our
original hypothesis that VDR stimula-

tion could have a central role in the reg-
ulation of synovial processes implicated
in cartilage and bone erosive joint 
damage.

Calcitriol also increased FLS expres-
sion of VDR, suggesting that, in addition
to its direct invasion-suppressing effects,
calcitriol is at the same time rendering
the FLSs more sensitive to its agonistic
activity. Others have also previously re-
ported that VDR agonists increase VDR
expression in RA FLSs (37). Interestingly,
increased expression of VDR is associ-
ated with favorable prognosis in several
cancer cells, and part of that effect is due
to the ability of the VDR to decrease cell
invasiveness and risk for metastasis
(38–41), which fits our observations with
FLSs.

CONCLUSION
In conclusion, we have identified a

new role for the vitamin D active
metabolite calcitriol, a VDR agonist, in
reducing FLS invasion. Both FLS inva-
sion and vitamin D deficiency correlates
with increased risk for joint damage in
RA; therefore, we consider that vitamin
D (or active natural or synthetic analogs)
supplementation could be a potentially
safe, inexpensive and beneficial adjuvant
therapy aimed at reducing disease sever-
ity and protecting cartilage and bone
from erosive damage.
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