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Abstract 1,25-Dihydroxyvitamin D (1,25(OH),D3), the
active form of vitamin D, modulates both innate and
adaptive immune responses. Emerging epidemiological
data has also demonstrated disease-modifying and immu-
nomodulatory effects of vitamin D in a wide range of
human autoimmune diseases, including rheumatoid arthri-
tis (RA). To evaluate in vitro effects of 1,25(OH) ,D3 in
primary cultures of peripheral blood monocyte-derived
macrophages of RA patients, monocyte/macrophages, iso-
lated from peripheral blood mononuclear cells of RA
patients and healthy subjects by exploiting their ability to
adhere to plastic, were treated with increasing concentra-
tions of 1,25(OH),D; for 48 h. TNF-a,, IL-1 o, IL-18, IL-6
and RANKL production was determined by ELISA and
nitric oxide (NO) release using the Griess method. Immu-
nocytochemistry analysis was also performed to evaluate
alterations in transmembrane TNF-o expression after
1,25(0OH) ,D; treatment. A significant dose-dependent
decrease in TNF-oo and RANKL production by cultured RA
macrophages after 1,25(OH),D; treatment was found,
whereas a significant reduction in normal cells was
observed only at higher concentrations. IL-1 o, IL-13 and
IL-6 levels were reduced by 1,25(OH) ,D5 at higher con-
centrations in all cell populations. TNF-o immunostaining
was less intense in treated cells compared with untreated.
1,25(0H) ,D5 significantly reduced NO levels regardless of
the concentration used. Vitamin D downregulated proin-
flammatory mediators in monocyte-derived macrophages,
and RA cells appeared more sensitive than normal cells.
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These effects further provide a rationale for the therapeutic
value of vitamin D supplementation in the treatment for
RA.
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Introduction

By binding its nuclear receptor (VDR), the steroid hormone
1,25-dihydroxyvitamin D [1,25(OH),Ds], the active form
of vitamin D, regulates the expression of target genes that
encode proteins involved in calcium homoeostasis and
bone metabolism.

Besides this classical role, it has been demonstrated that
vitamin D is able to maintain tolerance and promote pro-
tective immunity. Almost all immune cells, both those of
the innate response and those of the adaptive response,
express receptors for active vitamin D (VDR) and are also
capable of synthesizing the active vitamin D metabolite [1].
Vitamin D affects innate immune responses by enhancing
the development of monocytes into macrophages and by
influencing their chemotaxis and cytokine expression; at the
same time, vitamin D suppresses immunoglobulin produc-
tion and B-cell proliferation and differentiation and directly
affects T-cell response by inhibiting the release of Thl and
Th17 cytokines and by inducing Th2 cytokine production.
Additionally, epidemiological and clinical evidence sug-
gested a significant association between vitamin D defi-
ciency and an increased incidence of autoimmune diseases,
including rheumatoid arthritis (RA), as well as studies in
RA animal models, which showed the effectiveness of
vitamin D treatment in the suppression of disease devel-
opment and disease severity [1].

@ Springer



276

Clin Exp Med (2014) 14:275-283

Rheumatoid arthritis is an autoimmune disease charac-
terized by chronic inflammation of synovial joints and
destruction of cartilage and bone, as well as by systemic
extra-articular inflammation [2]. Although the cause of RA
is still unknown, macrophages are likely to contribute in
several ways to the pathogenesis of RA [3]. First, their
numbers increase massively in RA synovial membrane [4],
and they show clear signs of activation and orchestrate the
development and perpetuation of RA chronic inflammation
by releasing proinflammatory cytokines and reactive oxy-
gen species. Second, RA macrophages directly contribute
to the degradation of articular cartilage and subchondral
bone [5], [6]. Furthermore, the activation of RA monocyte—
macrophages is not locally restricted at the synovial level,
but involves also those of the peripheral circulation [7], [8].
Thus, even if macrophages are not recognized as initiators
of the pathogenic cascade in RA, their role as amplifiers of
local and systemic inflammation is well accepted, with a
direct contribution to joint degradation. Most effective
drugs for the treatment for RA act to decrease the pro-
duction of cytokines produced primarily by macrophages
[9].

The aim of this study is to evaluate vitamin D respon-
siveness by primary cultures of human monocyte-derived
macrophages, isolated from whole blood of patients with
RA, in terms of proinflammatory cytokines (TNF-alpha,
IL-1a, IL-1PB, IL-6), osteoclastogenic cytokine (RANKL)
and nitric oxide (NO) production.

Patients and methods
Patients

Whole blood was obtained from eleven healthy donors (2
men, 9 women) aged 48.3 + 6.2 years (mean + SD, range
41-61) and 15 untreated patients (5 men, 10 women) aged
55.2 &+ 7.32 years (mean + SD, range 42-65), with RA
previously diagnosed, according to the classification cri-
teria of the American College of Rheumatology [10]. The
enrolled patients had suffered from RA for <1 year and
had moderate disease activity (3.2 < DAS 28 < 5.1).
Donors gave their informed consent, and the study was
approved by the Institutional Ethics Committee.

Monocytes isolation and macrophages differentiation

Human macrophages were obtained from monocytes iso-
lated from heparinated whole blood samples collected by
venipuncture, by exploiting their ability to adhere to plas-
tic. Peripheral blood mononuclear cells (PBMC), consist-
ing of lymphocytes and monocytes, were separated from
erythrocytes by density centrifugation on a Ficoll (PAA;
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Austria) gradient. After washing, human monocytes were
purified from PBMC by positive selection with anti-CD14
magnetic beads, as recommended by the manufacturer
(Miltenyi Biotec), and were resuspended in culture media
(2 x 10° cells/well) consisting of RPMI 1640 (Sigma)
supplemented with antibiotics (penicillin 100 IU/ml and
streptomycin 100 mg/ml; PAA; Austria) and with 10 %
foetal calf serum (FCS; PAA; Austria) and incubated at
37 °C in a water-saturated atmosphere with 5 % CO,.

After 24 h, the media and non-adherent cells, consisting
mainly of lymphocytes, were removed and adherent cells
were incubated with complete media (RPMI, 10 %FCS,
penicillin and streptomycin) for 14 days. Media were
replaced every 2 days.

Cells were >95 % CDI14+, as determined by FACS
analysis (data not shown) prior to culture.

Macrophages stimulation

On day 15, the media were removed, and cells were
washed with phosphate-buffered saline (PBS; PAA; Aus-
tria) and then exposed to 1 pg/mL of lipopolysaccharide
(LPS; Sigma, St. Louis, MO, USA) for 6 h. Cells were then
treated with increasing concentrations (10~'°-10~7 M) of
1,25(0OH),D5 (vitamin D3, Roche) for 48 h. Treatment
conditions previously used for RA PBMC were adopted
[11].

At the end of the vitamin D3 exposure, the cells were
used for different test assays. All experiments were per-
formed in triplicate for each sample.

Untreated cells served as control cultures.

Vitamin D receptor m-RNA expression and protein
levels

Total RNA was isolated from untreated and treated cells
using the RNeasy mini-RNA isolation Kit (Qiagen, Hil-
den), according to the manufacturer’s recommendations for
cultured cells. To generate a cDNA template for the fol-
lowing real-time PCR, 1 pg of total RNA was reverse
transcripted with the Transcriptor First Strand cDNA
Synthesis Kit (Roche, Mannheim). Real-time PCR (qPCR)
was carried out with the Applied Biosystems 7300 Real-
Time PCR System. A total of 20-uL reactions were pre-
pared with the TagMan Universal PCR Master Mix, VDR
TagMan Gene Expression Assay (Hs00172113_ml;
Applied Biosystems, Foster City, CA, USA), cDNA tem-
plate (1 pl) and RNase-free water. The Ct (cycle threshold
fluorescence values) was automatically given by SDS 2.1
software (Applied Biosystems), and the relative expression
levels of VEGF mRNA were calculated using the com-
parative AACt method [12] after normalization with the
endogenous gene f-actin (Hs99999903_ml; Applied
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Biosystems, Foster City, CA, USA). The relative quanti-
tative value was expressed as 242",

Total VDR protein levels in cell lysates were measured
by the specific enzyme-linked immunosorbent assay (Cu-
sabio; China). The VDR concentrations were calculated
over the standard curve, and the results were shown as pg/
mg proteins.

TNF-a, IL-10, IL-1P, IL-6 release measurement

After vitamin D3 exposure, the cell culture supernatants
were collected and stored at —80 °C until further use.
Levels of TNF-a (Thermo Scientific), IL-1a, IL-1p, IL-6
(R&D Systems, Minneapolis, MN) and RANKL (Bioven-
dor) were determined using the quantitative sandwich
enzyme immunoassay technique (ELISA), with commer-
cial kits, according to the instructions of the manufacturers.

The sample cytokine concentrations were obtained by
interpolation of absorbance values from the standard curve,
prepared for each analysed cytokine, and were normalized
per mg/ml intracellular proteins. The protein content of
each well was determined by the Bradford method (Bio-
Rad protein assay, Bio-Rad Laboratories, Richmond, CA,
USA).

TNF-a levels: inhibition assay

For the inhibition experiments, the cells were preincubated
for 30 min, at 37 °C, in the presence of monoclonal anti-
body (diluted to 1:100; Millipore), which detects the vita-
min D receptor, and were then treated with vitamin D3, as
previously described. The specificity of the vitamin D
effect was determined by a negative control, replacing the
specific primary antibody with non-immune immunoglob-
ulin of the same isotype (R&D Systems, Minneapolis, MN,
USA).

After the vitamin D3 exposure, the levels of TNF-o in
culture medium were detected by ELISA (Thermo Scien-
tific), with the commercial kit according to the instructions
of the manufacturers. The results were expressed as pg/mL
and normalized per mg/ml intracellular proteins.

TNF-o expression: immunocytochemistry

For immunocytochemical staining of TNF-o, cells were
seeded onto LabTek Chamber slides (Nunc, Wiesbaden,
Germany), treated with increased concentration of vitamin
D for 48 h and then fixed with 4 % paraformaldehyde at
4 °C for 20 min. Blocking of endogenous peroxidase
activity and non-specific binding was achieved by incu-
bation with Perox Abolish (BioCare, USA) and albumin
serum bovine 0.1 % (Sigma, St. Louis, MO, USA),
respectively. Cells were then incubated with the specific

primary antibody, monoclonal anti-human TNF-o/
TNFSF1A (R&D Systems, Minneapolis, MN, USA) for
45 min. Immunostaining was performed using a biotinyl-
ated secondary antibody and followed by incubation with
streptavidin—horseradish ~ peroxidase  (Goat-on-Rodent
HRP-Polymer, Biocare, USA). Adding diaminobenzidine
as a substrate developed the peroxidase reaction.
Cell nuclei were counterstained with haematoxylin.

Nitric oxide measurement

Nitric oxide (NO) levels in the culture supernatants of
treated macrophages were detected by the Griess colori-
metric test. A total of 150 pl of Griess reagent (Sigma) was
added to the equal volume of the sample in 96-well plates,
and after 15 min, the absorbance was read at 540 nm and
compared with the absorbance curves of serial dilutions of
sodium nitrate in complete culture medium.

Statistical analysis

Data were obtained from experiments carried out in trip-
licate and are expressed as the mean + standard deviations
(SD). The paired ¢ test and one-way randomised ANOVA
were applied to evaluate the differences between treatment
groups, and the level of significance was set at p < 0.05.

Results

Effect of vitamin D on m-RNA VDR expression
and protein levels

According to previous studies [1], [3], human macrophages
express and produce VDR both in normal and in patho-
logical conditions. There was no statistically significant
difference between normal and RA cells. The mRNA
expression and similarly VDR protein levels were signifi-
cantly greater in treated cells compared with untreated cells
only when exposed to higher concentrations of vitamin D
(107% and 1077) (Fig. 1).

Effect of vitamin D on proinflammatory cytokine
production

TNF-a levels were detected in supernatants of normal and
pathological cells after treatment with vitamin D and
compared to those of untreated cells (controls). First of all,
RA macrophages produced significantly more TNF-o than
macrophages from healthy volunteers (p < 0.01), and
vitamin D reduced TNF-a levels in all cell populations. RA
monocyte-derived macrophages treated with vitamin D
showed a significantly lower production of TNF-a
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Fig. 1 Effects of 1,25(OH),D; on VDR m-RNA expression (a) and
protein production (b) in monocytes/macrophages derived from
whole blood of RA patients and healthy controls. VDR m-RNA
expression and protein levels were determined by the Qualitative
Real-Time PCR and the ELISA, respectively. The data represent the

>
=
S

500 4
400 4

pg/mg proteins

RPMI 10" M 10°M 10°M 107
C
w 100
8
&
=
=
g ) ﬂ |]
0 B
RPMI  10'*M 10 M 105 M 10°M

s

mean of results obtained from cultures of treated macrophages from
15 RA patients and 11 healthy subjects. The asterisks and section
sign, respectively, indicate p value < 0.05 and 0.01, with respect to
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Fig. 2 Effects of 1,25(OH),D3 on proinflammatory cytokines TNF-a
(a), IL-1 o (b), IL-18 (c¢) and IL-6 (d) production in monocytes/
macrophages derived from whole blood of RA patients and healthy
controls. Culture supernatants were collected 48 h after 1,25(0OH),D3
stimulation, and cytokines concentrations were determined by the
ELISA. The data represent the mean of assay results from cultures of

compared with untreated cells. Vitamin D reduced TNF-o
levels regardless of the concentration used and in a dose-
dependent manner; also at lower levels of concentration,
the drug induced a dramatic decrease in TNF-a levels
(p < 0.01). Unlike RA cells, TNF-a levels were signifi-
cantly reduced in normal cells only when treated with
higher concentrations of vitamin D (p < 0.05); lower
concentrations of vitamin D (10~ and 1071 M) produced
no appreciable effects (Fig. 2a). Preincubation of cells with
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treated macrophages from 15 RA patients and 11 healthy subjects.
The error bars represent the standard deviation. The asterisks and
section sign, respectively, indicate p value < 0.05 and 0.01, with
respect to untreated cells. The double asterisks indicate
p value < 0.05 with respect to healthy controls

a monoclonal antibody that detects the vitamin D receptor
abolished 1,25(OH) ,Ds;-mediated changes in TNF-o lev-
els. Figure 3 shows TNF-o levels in normal and RA
macrophage cultures treated with variable vitamin D con-
centrations, in the presence of a non-specific antibody and
an anti-vitamin D receptor antibody.

The IL-1a, IL-1B and IL-6 synthesis was significantly
reduced only at higher concentrations of vitamin D. In all
cell populations, no significant differences were observed
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Fig. 3 Effects of 1,25(OH),D3; on TNF-a cytokine production in
monocytes/macrophages derived from whole blood of RA patients
and healthy controls, in the presence of a monoclonal antibody that
detects the vitamin D receptor (a) and non-immune immunoglobulin
of the same isotype (b). The data represent the mean of enzyme-
linked immunosorbent assay results from cultures of treated
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Fig. 4 Effects of 1,25(OH),D; on TNF-o expression in monocyte-
derived macrophages obtained from whole blood of RA patients and
healthy controls (magnification x40). TNF-o expression in RA
monocyte-derived macrophages in basal conditions and after

in cells treated with vitamin D 10~'° and 107° M, when
compared to untreated cells. Interestingly, RA and normal
cells produced similar levels of IL-la, IL-1f and IL-6
when treated with a higher concentration of vitamin D (10-
7 M). Figure 2b—d) shows IL-1a, IL-1f and IL-6 levels in
RA and normal monocyte-derived macrophages treated
with variable vitamin D concentrations.

macrophages from 15 RA patients and 11 healthy subjects. The
error bars represent the standard deviation. The asterisks and section
sign, respectively, indicate p value < 0.05 and 0.01, with respect to
untreated cells. The double asterisks indicate p value < 0.05 with
respect to healthy controls
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treatment with increasing concentrations of 1,25(OH),Dj3 has been
detected by immunocytochemistry. 1,25(OH),Dj; treatment induced a
decrease in TNF-o expression at all levels of concentration, in all cell
populations

Effect of vitamin D on TNF-o expression

The effect of vitamin D on the expression of TNF-o was
evaluated by immunocytochemistry analysis. Diffuse
immunostaining for TNF-o was present at the membrane
level of the majority of untreated cells. After vitamin D
treatment for 48 h, the intensity of this staining seemed to
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Fig. 5 Effects of 1,25(0OH),D; on RANKL production in monocytes/
macrophages derived from whole blood of RA patients and healthy
controls. RANKL levels in cell culture medium after treatment with
1,25(0OH),D5 concentrations ranging from 1071% to 1077 M for 48 h
have been detected by the ELISA assay. The data represent the mean
of enzyme-linked immunosorbent assay results from cultures of
treated macrophages from 15 RA patients and 11 healthy subjects.
The error bars represent the standard deviation. The asterisks and
section sign, respectively, indicate p value < 0.05 and 0.01, with
respect to untreated cells. The double asterisks indicate
p value < 0.01 with respect to healthy controls

be reduced and this effect appeared to be similar in normal
and RA cells. Figure 4 shows the effect of different con-
centrations of vitamin D on TNF-a expression in mono-
cyte-derived macrophages from healthy and RA patients.

Effect of vitamin D on pro-osteoclastogenic cytokine
production

RA macrophages produced significantly more RANKL
than control cells. Vitamin D-treated RA macrophages
showed a significant reduction in RANKL production when
compared with untreated cells. The maximum effect was
observed when cells were treated with the highest con-
centrations of vitamin D (10™® and 10~ M) suggesting a
dose-dependent effect (p < 0.01). The production of
RANKL by control cells was significantly reduced by
vitamin D only at higher concentrations (10~° and 1077).
Figure 5 shows the effect of different concentrations of
vitamin D on RANKL synthesis in monocyte-derived
macrophages from healthy and RA patients.

Effect of vitamin D on nitric oxide production

In the culture supernatants, NO synthesis was determined
by the Griess reaction. As shown in Fig. 6, treatment of
normal and RA macrophage cultures with vitamin D
resulted in downregulation of NO production. RA vitamin
D-treated macrophages showed a significant reduction in
NO production when compared with untreated cells, at all
levels of concentrations used. Also at a lower level of
concentration, the drug induced a dramatic decrease in NO
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Fig. 6 Effects of 1,25(OH),D; on nitric oxide (NO) production in
monocytes/macrophages derived from whole blood of RA patients
and healthy controls. NO levels were detected by the Griess method,
after treatment with 1,25(OH)2D3 ranging from 107'° to 10~7 M for
48 h. The data represent the mean of results obtained from cultures of
treated macrophages from 15 RA patients and 11 healthy subjects.
The error bars represent the standard deviation. The asterisks and
section sign, respectively, indicate p value < 0.05 and 0.01, with
respect to untreated cells. The double asterisks indicate
p value < 0.01 with respect to healthy controls

synthesis in RA cells (p < 0.01). However, normal cells
showed reduced NO production only when treated with
higher concentrations of vitamin D.

Conclusions

Although first observations linking vitamin D with the
immune system were reported in the early 1980s, only the
emerging epidemiological data of the last few years, which
have evidenced the increasing global prevalence of vitamin
D insufficiency and the correlation between vitamin D
status and the incidence of autoimmune diseases, have
driven investigators to once again turn their attention to the
immunological action of vitamin D. The first autoimmune
disorder to be investigated was multiple sclerosis [13],
since then an anti-inflammatory and immunomodulatory
role of vitamin D has been demonstrated via various
immunological mechanisms in a wide range of autoim-
mune human diseases, including diabetes mellitus,
inflammatory bowel disease, systemic lupus erythematosus
and RA [1]. Significantly lower 25(OH)D serum levels
were observed in RA patients from North versus South
Europe with a circannual rhythm in winter and summer
time, and a significant negative correlation has been doc-
umented between 25(OH)D values and RA severity [14]. A
3-month open-label trial on 19 RA patients showed a
positive effect of the alphacalcidol, a vitamin D analogue,
on disease activity in 89 % of patients [15]. Similarly,
disease-modifying and immunomodulatory effects of 1,25-
dihydroxycholecalciferol and/or its analogues have been
revealed in arthritis mouse models [16].

To date, the pathophysiological role of vitamin D in RA
remains to be clarified. Pioneering works have focused on



Clin Exp Med (2014) 14:275-283

281

the influence of vitamin D in RA synovial fibroblasts and
cells of adaptive immunity, but much less is known con-
cerning the effects of vitamin D in innate immunity cells.
In this study, we have evaluated the impact of 1,25(OH),D3
in peripheral blood monocyte-derived macrophages iso-
lated from RA patients. Treatment of RA macrophages
with increasing concentrations of 1,25(OH),D;, ranging
from 107'° to 1077 M induced a significant dose-depen-
dent decrease in protein production for TNF-a-soluble
form, a well-known key molecule in early inflammatory
responses, which acts at sites remote from the TNF-o
producing cells. Preincubation of cells with a monoclonal
antibody that detects the vitamin D receptor abolished
1,25(OH) ,Dj3-mediated changes in TNF-a levels. Inter-
estingly, we observed a significant reduction in normal
cells only after treatment with higher concentrations. TNF-
o is a pleiotropic cytokine, which coordinates the inflam-
matory response through the induction of other cytokines
such as IL-1 and IL-6, and by the recruitment of immune
and inflammatory cells and up-regulation of adhesion
molecules. TNF-a also represents the major therapeutic
target for RA: anti-TNFa drugs, which consist of TNFo-
neutralizing antibodies and fusion proteins, have been
demonstrated to ameliorate clinical manifestations, reduce
joint damage and radiographic progression, and induce
remissions [17], [18]. Evidence exists that not only soluble
TNF-o, but also its precursor form, transmembrane TNF-o,
binds to TNF receptors and mediates proinflammatory and
proarthritic effects [19]. Transmembrane TNF-o has been
shown to be sufficient to induce arthritis with synovial
hyperplasia and inflammation in transgenic mice only
expressing membrane-bound TNF-oo [20], [21]. The
immunocytochemistry analysis showed the diffuse immu-
nostaining for TNF-a at the membrane level of the majority
of untreated cells and the reduced intensity of this staining
after 1,25(OH),D; treatment in all cell populations. Thus,
the 1,25(OH),D3 appears to be able to impair the TNF-a
functions in macrophages by reducing the transmembrane
form, which acts in a cell-to-cell contact fashion, as well as
the soluble form, which acts at sites remote from the TNF-
a-producing cells. It is interesting that RA macrophages
were more sensitive to vitamin D treatment than normal
cells, even if no change in phenotype during vitamin D
treatment was observed, as demonstrated by the analysis of
VDR m-RNA expression and protein levels.

Unlike TNF-a, synthesis of IL-1a, IL-1p and IL-6 was
significantly downregulated by 1,25(OH),D; treatment
only at higher concentrations of 107 and 10~’ M in all
cell populations. This different modulation could depend
on the fact that interleukins synthesis is regulated by a
variety of factors that macrophages produce themselves,
such as the IL-15, macrophage migration inhibitory factor,
nitric oxide, TGF-B [22-25]. Additionally, the different

influence of vitamin D on cytokines production by mono-
cyte—-macrophages could be related to the complex network
of pathways that regulate the cytokines gene expression
and to the intracellular signalling pathways engaged by
vitamin D. It has been recently demonstrated that vitamin
D mediates anti-inflammatory effects in activated mono-
cyte-macrophages by regulating the mitogen-activated
protein kinase 1 (MAPK-1), the critical regulator of cyto-
kines production, including TNF-a, IL-1 and IL-6 [26].
Nevertheless, IL-6 production in activated macrophages,
unlike TNF-a, is also positively regulated by two distinct
Src homology domain 2-containing tyrosine phosphatase-1
(SHP-1) [27], [28].

The dose-dependent inhibition of all tested cytokines in
macrophages activated by stimulation with lipopolysac-
charide has previously been demonstrated. Lipopolysac-
charide is the major component of the outer membrane of
Gram-negative bacteria, considered to be the most potent
activator of the macrophage secretory response [26]. The
reasons for these varying data could depend not only on
differences in cell types, but also on differences in the
duration of treatment and the concentration of drug used.

In addition to TNF-o, IL-1 and IL-6, another proin-
flammatory mediator produced by RA macrophages is NO,
a well-known free radical implicated in cytotoxic tissue
injury in a variety of diseases and whose overproduction
has been linked to lymphocyte dysfunction characteristic of
RA [29]. We showed that 1,25(OH),D5 significantly
reduced NO levels in culture medium at any level of
concentration used. It has been demonstrated that NO by
RA macrophages induces synovial cells to produce TNF-o
[30], favouring inflammation and bone destruction, and NO
production is in turn stimulated by TNF-a [31]. Thus, the
decrease in NO production observed in treated cells could
also be induced by the decrease in TNF-oL.

Parallel with the reduced synthesis of proinflammatory
cytokines, a strong inhibition was seen in RANKL pro-
duction by RA macrophages. RANKL, a member of the
TNF superfamily, exists as a transmembrane cell-bound
and as a soluble form and is a component of the trimo-
lecular control factor complex (OPG/RANK/RANKL).
RANKL binds to the RANK receptor on the surface of
osteoclast precursors and mature osteoclasts, resulting in
differentiation and activation of osteoclasts; on the con-
trary, the binding to the decoy receptor osteoprotegerin
(OPG) inhibits osteoclastic bone resorption [32]. RANKL
expression has been documented at the sites of active RA
bone erosions [33] as well as in multinucleated cells
expressing osteoclast markers [34], demonstrating that the
bone erosion, the hallmark of RA, is the result of osteo-
clastic bone resorption at the sites of synovitis. Addition-
ally, an arthritis RANKL-deficient mouse, obtained by
using a transfer of arthritogenic serum, developed
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inflammation similar to that seen in the control mice, but
the dramatically reduced degree of bone erosion [35].
Similarly, RANKL blockade in adjuvant-induced arthritis,
TNF-mediated arthritis and collagen-induced arthritis
experimental models, even if did not inhibit inflammation,
preserved from bone erosions [36-38]. We found that
RANKL levels in the medium of RA-treated cells
decreased at any level of concentrations used, when com-
pared with those of untreated cells. Interestingly, vitamin D
treatment reduced RANKL production in healthy and RA
macrophages with an IC50 of 172 and 58.71 nM, respec-
tively, suggesting the more potent antiresorptive effect
under pathological conditions. The possible explanation for
the high vitamin D concentration that give the half-maxi-
mal response in RANKL production by normal macro-
phages might be related to the classical role of vitamin D
on mineral homoeostasis and maintenance of skeletal
architecture. In physiological conditions, in order to regu-
late calcium levels, vitamin D increases the efficiency of
intestinal calcium absorption and optimizes the activity of
bone cells, by regulating metabolic activity of osteoblasts
and osteoclasts differentiation and resorption. A number of
papers reported that vitamin D significantly increased
RANKL levels in normal primary human [39] and murine
osteoblasts [40] suggesting its osteoclastogenic potential,
whereas under pathological conditions characterized by
excessive bone resorption, its action was to suppress
osteoclasts formation and activity [41].

Taking into account the ability of TNF-o to induce
osteoclastogenesis in vitro [42], and to activate osteoclasts
through a direct action independent of RANKL [43], we
hypothesized that vitamin D could indirectly reduce RA
osteoclastogenesis and consequently bone erosion, also by
downregulating TNF-a synthesis. Of noteworthy, we
observed the much more potent effect of vitamin D on
inhibition of TNF-a: the IC50 values in normal and RA
macrophages were 73.35 and 2 nM, respectively. In line
with these data, it has been recently described the different
impact of 1,25(OH),D5 at various concentrations on the
production of RANKL and the secretion of TNF-a in
healthy and RA PBMCs stimulated with anti-CD3 and anti-
CD-28 [44].

In conclusion, the preliminary data presented in this
report, even if more complete and exhaustive studies are
required, demonstrated for the first time the immunomod-
ulatory activity of vitamin D under these experimental
conditions and pointed out its inhibitor potential in
peripheral RA macrophages mediators, including the pro-
inflammatory cytokine network, NO and RANKL. Our
data, together with those previously obtained in RA syno-
vial cells and those obtained in preclinical studies, further
support the interest for vitamin D and urge additional
investigations to evaluate the possible use of this
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secosteroid as therapeutic intervention in RA. Neverthe-
less, taking into account the toxic effects of supra-physi-
ological doses of vitamin D, it would be better to evaluate
the use of structural analogues that exert similar immuno-
regulatory activity without causing hypercalcemia.
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