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Summary

Oestradiol and the selective oestrogen receptor modulator (SERM) raloxifene
have been shown to ameliorate collagen-induced arthritis (CIA) in rats and in
mice. One aim was to investigate if raloxifene exerts its anti-arthritic and
anti-osteoporotic effects during the induction or effector phase of arthritis. A
second aim was to analyse if raloxifene activates the oestrogen response
element (ERE) to produce its immune-modulator effects. CIA or collagen–
antibody-induced arthritis (CAIA) was induced in ovariectomized DBA/1-
mice. CIA was used for evaluation of treatment during the induction, and
CAIA for the effector phase of arthritis and osteoporosis development.
Raloxifene, oestradiol or vehicle was administered 5 days/week. The clinical
disease was evaluated continuously. Bone marrow density (BMD) was analy-
sed with peripheral quantitative computer tomography, paws were collected
for histological examination, and sera were analysed for markers of bone and
cartilage turnover and proinflammatory cytokines. Transgenic luciferase
(Luc)-ERE mice were immunized with collagen (CII), and after 10 days
injected once with raloxifene, oestradiol or vehicle before termination.
Spleens were analysed for luciferase activity to measure ERE activation. Treat-
ment with oestradiol or raloxifene during the induction phase of CIA failed
to affect arthritis. Raloxifene did not hamper disease activity in CAIA,
whereas oestradiol delayed the onset and ameliorated the severity. Both ral-
oxifene and oestradiol preserved BMD in CAIA. CII-immunization increased
the oestradiol-induced ERE activation in spleen, and raloxifene activated the
ERE at about 25% the intensity of oestradiol. Further experiments are needed
to elucidate the exact mechanisms behind this finding.
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Introduction

Rheumatoid arthritis (RA) is a progressive systemic
autoimmune disease, causing great morbidity. Both focal
joint erosions and generalized osteoporosis result in a dis-
abling disease. The prevalence is 0·5–1% worldwide [1],
with a female to male ratio of 3:1, and the prevalence of
concurrent osteoporosis is 50% [2,3]. The female sex
steroid oestradiol has been shown to be beneficial in
postmenopausal osteoporosis, and also to influence the
incidence and progression of RA. We have previously
reported decreased joint destruction and disease progres-
sion in postmenopausal RA patients treated with
oestrogen-containing hormone replacement therapy (HRT)

[4]. Unfortunately, HRT has been associated with severe
side effects [5], and is no longer recommended for long-
term therapy. Therefore, there is a need to find alternative
oestrogen-like substances with the beneficial properties,
and lacking the side effects.

We and others have shown previously that administration
of both oestradiol and raloxifene, a selective oestrogen recep-
tor modulator (SERM) approved for the treatment of post-
menopausal osteoporosis, can ameliorate collagen-induced
arthritis (CIA), a murine model of human RA [6,7]. Even
when treatment was initiated in mice with severe, established
disease, these effects were substantial [7]. Also, when oestra-
diol was administered (at doses equivalent to estrus, result-
ing in serum levels of 400 pg/ml, or 50% of pregnancy levels,
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with serum levels of 4000 pg/ml) from 7 days prior to immu-
nization until termination, three different mouse models
failed to develop arthritis [8]. In addition to the anti-
arthritic properties, treatment with raloxifene also prevented
arthritis-induced osteoporosis development [6,7]. CIA and
the loss of endogenous oestrogen after ovariectomy (OVX)
have been shown to contribute to osteoporosis development
in an additive way [9].

In the present study we wanted to investigate whether
raloxifene would display anti-arthritic effects with treatment
only during the induction phase of CIA, or during the effec-
tor phase of the disease. For treatment during the induction
phase we used the CIA model, and treated the mice from 2
days pre- to 10 days postimmunization. Treatment during
the effector phase was evaluated using the collagen–
antibody-induced arthritis (CAIA) model [10]. In CAIA, the
introduction of preformed antibodies induces arthritis.
Antibodies to collagen II (CII) have been shown previously
to be involved in both human and experimental RA [11], and
oestradiol has been shown to hamper the disease in CAIA
[12].

Oestrogens activate target genes via various signalling
pathways, including the classical pathway, in which oestro-
gen receptors (ER) a and b bind to oestrogen response ele-
ments (ERE) on DNA, and thereby promote gene
transcription. We therefore wanted to investigate whether
the ERE is activated by CII immunization, and whether ral-
oxifene can activate this pathway. To this end, we used a
transgenic ERE-luciferase (Luc) reporter mouse model
[13].

One recent 10-week Phase II clinical trial investigated an
agonist of ERa (Org 37663) in postmenopausal RA, and
found no clinical benefit despite induction of oestrogenic
responses in several organ systems [14]. In another recent
12-week Phase II trial an agonist of ERb (ERB-041) was
investigated, and similar results were found [15]. One expla-
nation may be that the duration of the trials was not long
enough to induce clinical benefit, as a previous trial with
HRT showed benefit only after 2 years. As animal studies
with both compounds had shown anti-arthritic properties, it
is important to investigate further the mechanisms for these
effects, and to evaluate whether there is a difference between
different species [16,17]. Indeed, we have shown previously
that stimulation of ERa ameliorated CIA in mice, whereas
an agonist of ERb did not, while the specific ERb agonist
ERB-041 improved arthritis in rats [18].

Based on the current study, we conclude that neither the
SERM raloxifene nor oestradiol had any effect on the induc-
tion phase of CIA. Oestradiol, but not raloxifene, modified
the effector phase of the disease in CAIA. Raloxifene acti-
vated the classical signalling pathway to promote gene tran-
scription, although not to the same extent as oestradiol.
However, both compounds displayed potent anti-
osteoporotic properties in lipopolysaccharide (LPS)-
induced bone loss seen in CAIA.

Materials and methods

Animals and experimental procedures

The ethical committee for animal experiments at Gothen-
burg University approved this study. Female DBA/1 mice
were purchased from Taconic M&B A/S (Ry, Denmark).
Male transgenic 3 ¥ ERE-TAT-Luc (ERE-luciferase) mice, on
a mixed CBA ¥ C56Bl/6 J background, were generated as
described previously [13]. Mice were electronically tagged
and kept, five to 10 animals per cage, under standard envi-
ronmental conditions, and fed standard laboratory chow
and tap water ad libitum.

OVX and sham operations were performed at 10 weeks of
age. Ovaries were removed through a midline incision of the
skin, and flank incisions of the peritoneum. The skin inci-
sion was then closed with metallic clips. Sham-operated
animals had their ovaries exposed but not removed. Orchiec-
tomy was performed at 20 weeks of age. Testes were removed
through an incision of the scrotum, and the incision was
closed with a metallic clip. Surgery was performed after
ketamine (PfizerAB, Täby, Sweden) and medetomidin
(OrionPharma, Espoo, Finland) anaesthesia. Carprofen
(OrionPharma) was used postoperatively as a painkiller.

Experimental design

Induction phase. CIA was induced 2 weeks after OVX in
female DBA/1 mice. Treatment with raloxifene, oestradiol or
vehicle 5 days per week was started 2 days prior to immuni-
zation and continued for 12 days. A booster injection of
collagen II with incomplete Freund’s adjuvant was given 3
weeks after immunization, and arthritic score and severity
were monitored. Mice were terminated 2 weeks later.

Effector phase. CAIA: Treatment with raloxifene, oestradiol
or vehicle 5 days per week started 10 days after OVX or sham
operation, and continued until termination of the
experiment. The mice received a four-collagen–antibodies
cocktail intravenously (i.v.) 10 days later (20 days after
surgery, day 0). One week later, they received an intraperito-
neal (i.p.) injection of LPS to enhance arthritis incidence and
severity, and the experiment was terminated on day 14.
Control mice were injected with phosphate-buffered saline
(PBS) i.v. and LPS i.p.

Male transgenic ERE-luciferase mice were castrated and
11 days later immunized with chicken CII and adjuvant.
After 9 days they received one subcutaneous injection of
raloxifene, oestradiol or vehicle, and were then terminated
10 h later (day 10 after immunization).

Treatment

Mice were given subcutaneous injections 5 days per week of
the raloxifene analogue LY117018 (generous gift from Eli
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Lilly, Indianapolis, IN, USA) (60 mg/mouse/day) or 17b-
oestradiol-3-benzoate (E2) (Sigma, St Louis, MO, USA)
(1·0 mg/mouse/day) dissolved in Miglyol812 (OmyaPeralta
GmbH, Hamburg, Germany). Control mice received Mig-
lyol812 (100 ml/mouse/day). The dosages of Ral and E2 have
been shown previously to prevent osteoporosis equally well
in mice [19–21]. LY117018 differs from raloxifene at only
one site on the molecule, with a pyrrolidine ring on the basic
side chain instead of a piperidine ring. This small difference
does not affect its biological properties. Thus, Ral and
LY117018 can be regarded as replaceable with respect to their
biological properties.

Induction of arthritis

Experiment 1. Two weeks after ovariectomy DBA/1 mice
were immunized with 100 mg of chicken CII (Sigma,
St Louis, MO, USA) dissolved in 0·1 m acetic acid and emu-
lsified with an equal volume of incomplete Freund’s adju-
vant (Sigma) supplemented with 0·5 mg/ml Mycobacterium
tuberculosis (Sigma). A total volume of 100 ml was injected
intradermally at the base of the tail. After 21 days, mice
received a booster injection with CII emulsified in incom-
plete Freund’s adjuvant. Arthritis developed shortly thereaf-
ter, and was evaluated continuously for frequency and
severity.

Experiment 2. Twenty days after OVX or sham-operation,
DBA/1 mice received an intravenous shot of a four-antibody
cocktail [monoclonal immunoglobulin (Ig)G antibodies
specific for the C1, J1, D3 and U1 epitopes on the collagen
type II molecule], according to the protocol of Nandakumar
and Holmdahl [10]. Non-arthritic controls received equal
volumes of PBS. One week later, all mice received an intra-
peritoneal injection of 25 mg LPS (Escherichia coli 055 : B5;
Difco Laboratories, Detroit, MI, USA).

Experiment 3. ERE-luciferase mice were immunized with
100 mg of chicken CII (Sigma) dissolved in 0·1 m acetic acid
and emulsified with an equal volume of incomplete Freund’s
adjuvant (Sigma) supplemented with 0·5 mg/ml M. tubercu-
losis (Sigma). A total volume of 100 ml was injected intrad-
ermally at the base of the tail. Control mice were injected
with 100 ml PBS.

Evaluation of arthritis

In experiments 1 and 2, the animals were evaluated every
other day for frequency and severity of arthritis. Scoring was
performed in a blinded manner without knowledge of the
treatment groups and previous scores. Severity was graded as
described previously [22], scoring 1–3 in each paw
(maximum of 12 points per mouse) as follows: (i) swelling
or erythema in one joint; (ii) swelling or erythema in two
joints; or (iii) severe swelling of the entire paw or ankylosis.

Tissue collection and histological examination

At termination of the experiments, mice were anaesthetized
for blood withdrawal, and then killed by cervical dislocation.
Sera were collected individually and stored at -20°C until
used. Successful removal of the ovaries was confirmed by
weighing the uteri. For experiment 2, one femur was placed
in formaldehyde for analysis of bone mineral density. The
paws (experiments 1 and 2) were placed in formaldehyde,
decalcified and embedded in paraffin. Sections were stained
with haematoxylin and eosin and encoded before
examination. In sections from each animal, the distal and
proximal areas of all four paws were graded separately on a
scale of 0–4 and the score was then divided by 2, which
yielded a maximum histological destruction score of 16
points per mouse, assessed as follows: 1 = synovial hypertro-
phy; 2 = pannus, discrete erosions of cartilage and bone;
3 = severe erosions of cartilage and bone; and 4 = complete
ankylosis. In experiment 3, spleens were collected and frozen
individually in liquid nitrogen, and kept at -20°C until use.

Assessment of bone mineral density (BMD)

One femur was subjected to a peripheral quantitative com-
puted tomography (pQCT) scan with a Stratec pQCT XCT
Research M, software version 5·4B (Norland, Fort Atkinson,
WI, USA) at a resolution of 70 mm, as described previously
[23]. Trabecular BMD was determined with a metaphyseal
scan at a point 3% of the length of the femur from the
growth plate. The inner 45% of the area was defined as the
trabecular bone compartment. Cortical BMD was deter-
mined with a mid-diaphyseal scan.

Identification of serological markers of bone and
cartilage remodelling

For measurement of bone resorption, serum levels of frag-
ments of type I collagen were assessed using a RatLaps
enzyme-linked immunosorbent assay (ELISA) kit (Nordic
Bioscience Diagnostics A/S, Herlev, Denmark). Serum levels
of osteocalcin, a marker of bone formation, were determined
with a mouse osteocalcin immunoradiometric assay (IRMA)
kit (Immutopics, Inc., San Clemente, CA, USA). As a marker
of cartilage destruction, serum levels of cartilage oligomeric
matrix protein (COMP) were determined with an animal
COMP ® ELISA kit (AnaMar Medical AB, Uppsala, Sweden).

Serum anti-CII antibody ELISA and serum interleukin
(IL)-6 bioassay

By use of a previously described ELISA, serum levels of anti-
CII antibodies were determined [24]. A bioassay with cell
line B13·29, subclone B9 (which is dependent on IL-6 for
growth), was used to measure serum levels of IL-6, as
described previously [25,26].
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Protein preparation and luciferase analysis

The frozen spleen was homogenized in lysis buffer [25 mm
Tris pH 7·8, 1·5 mm ethylenediamine tetraacetic acid
(EDTA), 10% glycerol, 1% Triton X-100, 2 mm dithiothreitol
(DTT) and complete protease inhibitors, #1535101; Roche
Diagnostics, Mannheim, Germany] and separated by cen-
trifugation at 10 650 g for 30 min. The supernatant was
stored at -20°C until further analysis. The protein content
was measured using Bio-Rad DC protein assay (#500–0116;
Promega, Madison, WI, USA). The luciferase activity was
performed using a standard luciferase assay (#E4030;
Promega) according to the manufacturer’s instructions and
measured on a GloMax™ 20/20 luminometer (#E5311;
Promega).

Statistical analysis

For statistical evaluation, the Kruskall–Wallis test followed
by a post hoc test was used for comparisons between all
groups in each experiment. A P-value � 0·05 was considered
significant.

Results

Raloxifene or oestradiol treatment did not influence
the induction phase of collagen-induced arthritis

To investigate whether raloxifene can influence the induction
phase of CIA, OVX DBA/1 mice were treated from 2 days
pre-immunization until 10 days postimmunization with
either raloxifene (60 mg/day), oestradiol (1 mg/day) or the
Miglyol812 vehicle control (100 ml/day), as described in

Materials and methods. Arthritis scores were evaluated every
other day after administration of the booster injection of CII
on day 21. In this experiment raloxifene or oestradiol did not
hamper the development of arthritis significantly, as mea-
sured by frequency (Fig. 1) and severity (data not shown) of
arthritis. In addition, we found no differences in the serum
levels of anti-CII antibodies, IL-6 or the cartilage degrada-
tion marker COMP (Fig. 1).

Oestradiol delayed the onset and reduced the severity
of collagen-antibody induced arthritis, but
raloxifene did not

To investigate the anti-arthritic properties of raloxifene,
female DBA/1-mice were ovariectomized or sham-
operated, and CAIA was induced. Ten days prior to receiv-
ing the antibody cocktail, administration of raloxifene
(60 mg/day), oestradiol (1 mg/day) or vehicle (Miglyol812,
100 ml/day) was started, and continued 5 days per week
until termination of the experiment. Figure 2a shows that
treatment with oestradiol resulted in a significantly later
onset of disease compared to vehicle-treated OVX controls
(P < 0·001 on day 7 and P < 0·01 on day 9). The presence of
endogenous hormones (sham-operated mice) also delayed
the onset of arthritis (P < 0·01 on day 7), but this effect was
not sustained. Raloxifene treatment did not result in
delayed onset compared to vehicle controls. Figure 2b
shows that oestradiol treatment resulted in less severe
arthritic disease, and this effect was sustained throughout
the experiment (P < 0·001 compared to vehicle-treated con-
trols). There was no maintained difference in arthritic
severity between the OVX and sham vehicle-treated groups,
although the groups differed significantly (P < 0·05) on day

Fig. 1. Treatment with raloxifene or oestradiol

during the induction phase of collagen-induced

arthritis (CIA). Female ovariectomized (OVX)

DBA/1 mice were treated with raloxifene

(60 mg/day; n = 13) (open circles), oestradiol

(1 mg/day; n = 14) (triangles) or vehicle control

(Miglyol812; n = 14) (open squares) from 2

days before until 10 days after immunization.

The development of arthritis was evaluated

every other day until termination on day 35.

Lines represent medians. Kruskall–Wallis test

with post hoc comparison was used. There was

no statistical difference regarding frequency of

arthritis (a), anti-collagen II (CII) antibodies

(b), serum interleukin (IL)-6 (c) or cartilage

oligomeric matrix protein (COMP) (d) between

the treatment groups.
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7. Raloxifene treatment did not alter disease frequency or
severity significantly compared to OVX vehicle controls at
any time-point.

Histological examination of the paw sections (Fig. 2c and
d) revealed the same degree of destruction in joints from OVX
and sham-operated controls (median destruction scores of
5·2 and 6·0 of a maximum of 16, respectively). Oestradiol
treatment resulted in preserved joint architecture (P < 0·001)
compared to vehicle-treated OVX controls. Raloxifene did
not affect the degree of joint destruction significantly.

Treatment with raloxifene or oestradiol protected mice
with CAIA from osteoporosis

Non-arthritic OVX controls and both OVX and sham-
operated mice with CAIA had low trabecular bone mineral
density (BMD), with median values of 184, 170 and 185 mg/
cm3, respectively (Fig. 3). In contrast, treatment with ralox-
ifene increased the BMD (median 271 mg/cm3) compared to
controls (P < 0·01), although raloxifene did not hamper
arthritis development. Oestradiol treatment resulted in a tra-
becular BMD of 469 mg/cm3. The cortical thickness was
higher in sham-operated than in OVX mice (P < 0·01), and
was increased by treatment with both oestradiol and ralox-
ifene (P < 0·001).

Serological markers of bone and cartilage remodelling
in mice with collagen-antibody induced arthritis

Bone formation, as measured by serum levels of osteocalcin,
was significantly higher in non-immunized mice versus
arthritic OVX mice (Table 1). Raloxifene increased the
osteocalcin levels compared to both oestradiol treatment
and vehicle controls. In contrast, the levels of RatLaps (indi-
cating bone resorption) did not differ between the ralox-
ifene, oestradiol and vehicle groups, whereas sham-operated
mice had lower levels than OVX mice.

Measurement of cartilage degradation in CAIA

The serum level of COMP is a marker of the degree
of cartilage destruction, and has been shown to increase
both in human RA [27,28] and in murine CIA [29]. In
the CAIA experiment, COMP was increased in OVX
mice compared to non-arthritic OVX mice, and arthritic
OVX mice had significantly higher levels than the sham-
operated controls. Oestradiol lowered the COMP level sig-
nificantly, compared to arthritic OVX controls, whereas
raloxifene did not. These findings are consistent with the
degree of cartilage destruction seen in histological sections
(Table 1).
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Fig. 2. Exogenous and endogenous oestradiol hampered the development of collagen II-antibody induced arthritis (CAIA), but raloxifene did not.

Female ovariectomized (OVX) DBA/1 mice were treated with raloxifene (60 mg/day; n = 11) (open circles), oestradiol (1 mg/day; n = 8) (triangles) or

vehicle control (Miglyol812; n = 10) (open squares) and CAIA was induced. Sham-operated controls received vehicle control (n = 11) (open

triangles), as did OVX non-arthritic mice (n = 11) (solid squares). Treatment was started 10 days prior to injection of the four-antibody cocktail to

induce CAIA. Frequency (a) and severity (b) were evaluated continuously. Severity was graded 1–3 in each paw (maximum score of 12 per mouse),

expressed as the mean in each group. Asterisks show the difference between oestradiol and vehicle treatment, and the pound signs show the

difference between sham-operated and OVX controls. (c) Histological destruction scores of paw sections. Scatter-plots show the scores of individual

mice, and bars show the median in each group. (d) Representative images of paw tissue sections, revealing treatment effects on histological features

in each group. The Kruskall–Wallis test with post hoc comparison was used; *P < 0·05; ***P < 0·001.
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IL-6 levels in serum

The serum levels of the proinflammatory cytokine IL-6 were
measured using a bioassay. Data from the CAIA experiment
are depicted in (Table 1). Mice immunized with CAIA had
significantly higher serum levels of IL-6 compared with non-
immunized healthy controls (P < 0·001). All CAIA mice had
similar levels of IL-6, regardless of treatment, at the time of
termination when sera were collected.

Raloxifene activated the oestrogen response element to
a lesser degree than oestradiol

Transgenic Luc-ERE mice were orchiectomized and 11 days
later they were immunized with CII and Freund’s adjuvant, as
described in Materials and methods. Ten days after immuni-
zation they were terminated after having received one subcu-
taneous injection of raloxifene (60 mg), oestradiol (1 mg) or

vehicle (Miglyol812, 100 ml) 10 h previously. The amount of
luciferase activity in spleen was measured and related to the
amount of protein present (Fig. 4). Compared to non-
immunized oestradiol controls, there was a 10-fold increase
in luciferase activity in the spleen of immunized oestradiol-
treated mice, demonstrating increased ERE activation after
CII immunization. The luciferase activity was enhanced more
than 100-fold in immunized oestradiol-treated mice com-
pared to vehicle controls, with median values of 2400 and 12
units/mg protein, respectively. Raloxifene treatment resulted
in a median value of 570 units/mg protein, displaying an
activation of the ERE, but not to the same extent as oestradiol.

Discussion

It has been shown previously that both exogenous and
endogenous oestradiol hamper CAIA [12], as well as CIA
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Fig. 3. Treatment with raloxifene or oestradiol protected arthritic mice from osteoporosis. Scatter-plots showing the trabecular bone mineral

density (BMD) (a) and the cortical thickness (b), measured with peripheral quantitative computer tomography (pQCT) in mice with collagen

II-antibody induced arthritis (CAIA) treated with raloxifene (60 mg/day; n = 11) (open circles), oestradiol (1 mg/day; n = 8) (triangles) or vehicle
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(OVX) non-arthritic mice (n = 11) (solid squares). Lines represent medians. Kruskall–Wallis test with post hoc comparison was used; *P < 0·05;

**P < 0·01; ***P < 0·001. (c) Representative pQCT scans of cross-sections of the femur, showing the bone mineral density (BMD). The pictures

show one representative mouse in each treatment group. The bar shows the density of the bone, from 0 (black) to > 750 mg/cm3 (white).

Table 1. Serum levels of bone and cartilage turnover markers and interleukin (IL)-6 in mice with collagen–antibody-induced arthritis (CAIA) treated

with raloxifene, oestradiol or vehicle control.*

Non-immunized OVX

vehicle healthy controls

Immunized

sham

vehicle

Immunized

OVX

vehicle

Immunized

OVX

E2

Immunized

OVX

raloxifene

Bone formation 178††† 118 137 138 170††#

Osteocalcin, ng/ml (145–213) (103–135) (114–151) (121–172) (155–185)

Bone resorption 14·1 13·2††† 15·9 14·5 15·6

RatLaps, ng/ml (13·4–15·8) (12·7–13·5) (13·4–17·9) (14·2–16·1) (14·6–17·0)

Cartilage destruction 3·0††† 4·2† 8·3 3·9†† 5·8#

COMP, U/l (2·6–4·6) (3·4–6·8) (3·8–10·1) (3·4–4·6) (4·0–7·0)

IL-6 (pg/ml) 105††† 240 230 203 199

(85–125) (217–290) (145–397) (130–301) (154–297)

*Values are the median (interquartile range) of eight to 12 animals per group. †P < 0·05 versus ovariectomy (OVX) vehicle; ††P < 0·01 versus OVX

vehicle; †††P < 0·001 versus OVX vehicle; #P < 0·05 versus OVX E2. COMP: cartilage oligomeric matrix protein.
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[30–32]. We have shown potent anti-arthritic effects of ral-
oxifene previously in the CIA model [6,7], with protection
against both erosivity and generalized osteoporosis even
when treatment was started in established disease. The
present study is the first to show that despite these anti-
arthritic properties, raloxifene did not affect CAIA. The
CAIA model does not involve the induction phase, but
instead only the antibody-mediated effector phase of
arthritic disease. Our results suggest therefore that raloxifene
does not exert its effects during the effector phase, in contrast
to oestradiol, which has an effect at this stage of disease
development [12].

It has also been shown that oestradiol treatment during
the induction phase of CIA delays the onset of the disease by
approximately 10 days [33]. Therefore, in an additional
study, mice were treated with raloxifene, oestradiol or vehicle
during the induction phase, and were then evaluated con-
tinuously for arthritis. However, in this study treatment with
oestradiol or raloxifene daily for 12 days, starting 2 days
before immunization, did not influence the appearance of
arthritis significantly.

Recent studies have proposed that the anti-inflam-
matory mechanisms may be different during raloxifene
treatment compared to oestradiol treatment. Oestradiol
down-regulated T lymphocyte-dependent and granulocyte-
mediated inflammation, but raloxifene did not [19]. Ralox-
ifene lowered the levels of tumour necrosis factor (TNF)-a
and receptor activator of nuclear factor kappa-B ligand
(RANKL) mRNA in spleen from arthritic mice, whereas
oestradiol did not affect these mediators of inflammation
[6].

To elucidate further the differences between these two
compounds, we investigated the activation of the ERE in
spleen from ERE-Luc reporter mice immunized with CII and
Freund’s complete adjuvant. As expected, exposure to
oestradiol resulted in increased luciferase activity in the
spleen, whereas vehicle controls displayed a total lack of
luciferase activity. Immunization with CII greatly enhanced
the luciferase activity (indicating oestradiol-induced ERE
activation). One previous in vitro study shows that raloxifene
acts ERE-dependently in osteoblasts as an oestradiol agonist,
and in breast cancer cells as an antagonist [34]. In addition,
both oestradiol and raloxifene can act via the raloxifene
response element [35] and at an AP1 enhancer element
[36,37] (non-classical pathway), suggesting different path-
ways of activation in different cells. Interestingly, exposure to
raloxifene increased the ERE-induced luciferase activity in
spleen, but to a lesser degree than oestradiol. These results
indicate that although raloxifene affected tissues via the clas-
sical oestrogen receptors and ERE in spleen, it did not have
the same impact as oestradiol. The doses of raloxifene and
oestradiol were chosen for their equipotent effects on BMD,
and therefore it is possible that a higher dose of raloxifene
could have activated the ERE to the same extent as
oestradiol.

The present study is the first to analyse the effects of CAIA
on BMD and cartilage and bone remodelling. Sham-
operated mice with CAIA, non-arthritic OVX mice and OVX
mice with CAIA displayed the same trabecular BMD. These
results were unexpected, as both OVX and CIA have been
shown to induce bone loss separately and additively [9]. All
mice had received an intraperitoneal injection of LPS 1 week
prior to termination. LPS is well known to induce osteoporo-
sis quickly [38,39]. Because we did not find any difference
in BMD between the vehicle-treated mice that had rec-
eived collagen-antibodies and the non-arthritic controls,
osteoporosis may have been induced by the administration
of LPS. Also, the duration of the experiment was 2 weeks
after administration of antibodies, and this short observa-
tion time may conceal pro-osteoporotic properties of CAIA.
This issue needs to be studied further. Interestingly, ralox-
ifene treatment resulted in increased BMD, although it did
not affect the severity of the arthritic disease, suggesting
anti-osteoporotic properties by raloxifene during LPS-
induced inflammation. In addition, raloxifene increased
bone formation as measured by serum levels of osteocalcin.
This is in accordance with our previous results [6].

The histological destruction found in paw sections was
not as severe as in some previous studies [10,12], and this
was due most probably to the short experiment protocol (2
weeks of disease).

Serum levels of COMP reflect the degree of cartilage
destruction during arthritic disease [27–29]. To our knowl-
edge, this has not been investigated previously in CAIA.
The arthritic disease resulted in a significant increase
in COMP levels in OVX mice compared to non-arthritic
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Fig. 4. Raloxifene activated the oestrogen response element to a lesser

degree than oestradiol. Transgenic luciferase-oestrogen response

element (ERE) mice were orchiectomized and 2 weeks later

immunized with type II collagen and Freund’s adjuvant, as described

in Materials and methods. Ten days after immunization they were

terminated after having received one subcutaneous injection of

raloxifene (60 mg), oestradiol (1 mg) or vehicle (Miglyol812, 100 ml)

10 h previously. The amount of luciferase activity in spleen was

measured and related to the amount of protein in the tissue. Bars

show the median in each group; n = 5 per group, *P < 0·05;

**P < 0·01.
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controls (P < 0·001). As both groups had received an injec-
tion of LPS, administration of anti-CII antibodies contrib-
uted to the cartilage destruction. Indeed, it has been shown
previously in vitro that anti-collagen II antibodies are
pathogenic to chondrocytes, affecting both cartilage forma-
tion [40] and cartilage explants [41]. Administration of
oestradiol and sham operation lowered the COMP levels
compared to arthritic OVX controls, indicating protection
of cartilage by both exogenous and endogenous oestradiol.
In contrast, raloxifene did not influence the serum levels of
COMP or the destruction of cartilage. It has been reported
previously that raloxifene does not hamper granulocyte-
mediated inflammation, whereas oestradiol does [19]. This
could explain the difference between raloxifene and oestra-
diol treatment, as CII antibodies have been shown to
mediate cartilage destruction even in the absence of
inflammation [42,43].

In conclusion, we found that raloxifene and oestradiol, in
doses that have been shown previously to have anti-arthritic
and anti-osteoporotic properties, both activated the ERE but
did not affect the induction phase of CIA. In contrast to
oestradiol, raloxifene did not have the capacity to ameliorate
the effector phase of arthritis. We also report that the induc-
tion of CAIA, by itself, did not induce osteoporosis. Interest-
ingly, both raloxifene and oestradiol prevented LPS-induced
trabecular bone loss. Additional experiments are needed to
elucidate the mechanisms whereby oestradiol and raloxifene
exert their beneficial effects on arthritis and inflammation-
triggered osteoporosis.
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