(@ ITETREL M S CIM O GIA ORIGINAL ARTICLE

do0i:10.1111/j.1365-2249.2008.03594.X

Oestrogen exhibits type Il collagen protective effects and attenuates
collagen-induced arthritis in rats

R. H. Nielsen,* C. Christiansen,*

M. Stolina” and M. A. Karsdal*

*Nordic Bioscience A/S, Herlev, Denmark, and
"Department of Metabolic Disorders, Amgen Inc.,
Thousand Oaks, CA, USA

Accepted for publication 12 December 2007
Correspondence: R. H. Nielsen, Nordic
Bioscience A/S, Herlev Hovedgade 207,
DK-2730 Herlev, Denmark.

E-mail: rhn@nordicbioscience.com

Introduction

Rheumatoid arthritis (RA) is an autoimmune inflammatory
disease in which progressive destruction of cartilage, and
later of bone, causes severe disability and morbidity of the
patient [1]. Interestingly, RA is more common in women
than in men, with peak incidence coinciding with the meno-
pause and the cessation of ovarian production of oestrogens
[2,3]. In conjunction, several investigators have reported
favourable effects of oestrogen or hormone replacement
therapy on disease activity and the progression of RA in
postmenopausal women [4-6]. Collectively, these observa-
tions corroborate the notion that oestrogens may exert
disease-modifying effects in systemic inflammatory diseases.

Steroid treatment for rheumatoid arthritis, glucocorti-
coids, is associated with strong negative effects on bone
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Summary

As anti-inflammatory treatments used in rheumatoid arthritis, such as gluco-
corticoids, often result in secondary detrimental effects on bone health, the
objective of this study was to investigate the effects of oestrogen therapy (ET)
on the development and activity of collagen-induced arthritis (CIA) in rats,
with a focus on assessment of chondroprotective effects using biomarkers of
type II collagen degradation. Forty female Lewis rats were allocated into four
intervention groups: (i) control + vehicle; (ii) CIA + vehicle; (iii) CIA + ET;
and (iv) CIA + prednisolone. During the 28-day intervention period we moni-
tored body weight, time-point of disease onset, incidence of manifest disease
and paw volume. Levels of the type II collagen degradation marker (CTX-II)
were measured in serum. At euthanasia, hind paws were isolated, extracted for
proteins and measured for the concentration of CTX-II. Matrix metallopro-
teinase (MMP) activity was evaluated using gelatinase zymography. Oestrogen
treatment delayed the time-point of disease onset and reduced the incidence
and degree of manifest immunoarthritis significantly, assessed by macroscopic
evaluation of hind paw inflammation and paw volume. Measures of serum or
tissue levels of CTX-II showed significantly reduced type II collagen degrada-
tion elicited by oestrogen treatment. In alignment, a decreased activity of
MMP-2 and MMP-9 was found in the paw protein extracts. We have demon-
strated that the anti-inflammatory effect of ET is linked to chondroprotective
effects in an animal model of systemic immunoarthritis. As ET has positive
rather than negative effects on bone health in contrast to prednisolone, these
observations may be important for potential combination therapy.
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health leading to secondary osteoporosis [7,8]. If, however,
an alternative steroid treatment with positive effects on bone
was identified, this would benefit a large number of RA
patients. The use of another natural steroid, oestrogen, is
currently under much debate, in which negative and positive
effects are compiled and evaluated [9-11]. An increasing
body of evidence suggests positive effects of oestrogens on
RA, in addition to the well-known beneficial effects on bone,
vasomotor symptoms and a range of other postmenopausal
symptoms [12].

Several investigations report that ovariectomy enhances
susceptibility to arthritis [13—15], and that oestrogen supple-
mentation suppresses inflammatory processes leading to
autoimmunity [16—18], as well as reducing the incidence and
degree of arthritic disease [13,15]. Raloxifene, a selective
oestrogen receptor modulator, was able to attenuate
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inflammation and joint tissue damage associated with paw
oedema and pleurisy in carrageenan-induced acute inflam-
mation in rats, whereas an oestrogen receptor antagonist
resulted in earlier onset of arthritis [19]. Many lines of evi-
dence suggest that oestrogens and oestrogen-like substances
may exert anti-inflammatory effects; oestrogen replacement
therapy is shown to decrease levels of C-reactive protein and
inflammatory cytokines during hormone replacement
therapy in animals [20] and patients [21].

Elevated levels of proinflammatory cytokines have direct
implications for increased secretion of proteolytic enzymes
(e.g. matrix metalloproteinases, MMPs) from stromal cells of
the synovium and from chondrocytes which, in turn, play a
major role in eliciting cartilage damage [22-24]. Further-
more, experimental observations indicate that oestrogen can
inhibit the expression and activity of MMPs and tissue
inhibitors of MMPs [12,25]. However, whether the disease-
modifying effects of oestrogens in systemic inflammatory
joint disease can be assessed using specific markers of type II
collagen degradation that reflect cartilage status, and how
these relate to onset of disease and inflammation, remains to
be investigated in detail in an i1 vivo animal model.

Therefore, the aims of this study were: to investigate how
oestrogen therapy influences (i) the clinical manifestations
of local inflammation; (ii) biomarkers of type II collagen
degradation in the serum and joint protein extracts; and (iii)
and the tissue levels of MMP activity in the rat model of
collagen-induced arthritis.

Materials and methods

Animals

Forty female Lewis rats, 9 weeks old, weighing 151-175 g,
were obtained from Charles River Laboratories (Sulzfeld,
Germany). Two days after arrival, the animals were
ear-marked, weighed and stratified into four groups of
10 animals per group (average weight in the range of
165 = 1-9 g—165 = 22 g). Animals were housed in standard
type III H cages with sawdust bedding and nesting material
in a Scantainer-plus (Scanbur, Sweden). They were fed with
a standard diet (no. 1324, Altromin, Lage, Germany) and had
access to MilliQ water ad libitum. Experiments began after
1 week of acclimatization.

All procedures were approved by the Danish Animal
Experiments Inspectorate.

Induction of arthritis

Animals were anaesthetized by O,/CO, and shaved around
the root of the tail. On day 0 of the experiment arthritis was
induced by intradermal injection at the root of the tail with
450 pg porcine type II collagen dissolved in 0-05 N acetic
acid and emulsified 1 : 1 in incomplete Freund’s adjuvant, to
a total concentration of 1 mg/ml. Seven days after the first
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immunization, a similar booster injection was performed.
Control rats were injected with 0-05 N acetic acid only.

Treatments

Animals were dosed orally twice a day, starting on the day of
induction of arthritis, receiving a volume of 1-0 ml/200 g/
dose. The animals were allocated into four intervention
groups, receiving the following treatment: (i) control group,
receiving vehicle [phosphate-buffered saline (PBS)]; (ii)
CIA + vehicle, receiving vehicle (PBS); (iii) CIA +ET,
implant of oestrogen-pellet (0-18 mg/60 days release) (Inno-
vative Research of America, Sarasota, FL, USA) subcutane-
ously in the neck on day 0 and receiving vehicle (PBS); and
(iv) CIA + prednisolone, receiving 1-5 mg/kg/dose (oral
prednisolone fluid, Skanderborg Apotek, Skanderborg,
Denmark).

Detection of disease onset and measurement of
paw volume

From day 7, the animals were examined daily for signs of
disease onset, defined as the first macroscopic evidence of
hind paw erythema and oedema. At indicated time-points
the hind paw volume was measured by immersion of the paw
into a proper-sized container filled with a 10% soap solution
of a known density. After retraction of the paw, the container
was weighed, subtracted from the start weight and corrected
for fluid density. Two people performed detection of disease
onset by turns, while a single person recorded paw volume.

Collection of blood and preparation of serum

Blood was sampled from overnight-fasted, CO,/O,-
anaesthetized animals exactly 3 h after the morning dosing.
Blood was collected from the eye orbital sinus into plain tubes
and left to coagulate at room temperature for 30 min. Samples
were centrifuged at 1500 g for 10 min and crude serum was
transferred to a new plain tube. Centrifugation was repeated
and pure serum was harvested and stored at —20°C until use.

Protein extraction from hind paws

Hind paws were isolated following euthanasia, snap-frozen in
liquid nitrogen and stored at —80°C until use. Still-frozen
paws were submerged in liquid nitrogen and placed in a
Bessman tissue pulverizer (Spectrum, Breda, the Nether-
lands). The sample was crushed and transferred to 3 ml of
extraction buffer [50 mM TrisHCL buffer, pH 7-4, containing
0-1 M NaCl, 0-1% Triton X-100, 1 tablet/10 ml complete
mini ethylenediamine tetraacetic acid (EDTA)-free pro-
tease inhibitor cocktail (Roche, Basel, Switzerland) and
10 uM GM6001 (Biomol, PA, USA)]. Tissues were homog-
enized (2x30s) using an OMNI homogenizer (Omni
International, Marietta, GA, USA), speed level 4; the sample
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was then centrifuged at 1700 g for 10 min, supernatants were
harvested and centrifuged again at 10-000 g for 10 min,
whereafter supernatants were stored at —20°C.

Enzyme-linked immunosorbent assay (ELISA)

C-terminal telopeptides of type II collagen (CTX-II) were
measured in undiluted serum and paw protein extracts using
the serum preclinical Cartilaps ELISA (Nordic Bioscience
A/S, Herlev, Denmark). All measures were performed in
duplicate.

Gelatinase zymography of MMP activity

Paw extracts from two animals in each group were evaluated.
In the CIA + vehicle and CIA + ET groups the paws used
were all diseased (established macroscopic erythema and
oedema). Protein extracts from paw extraction were diluted
1:10 in PBS and 10 pul were mixed with 125 ul sample
buffer [25% 1 M Tris/Base pH 6-8, 40% glycerol, 80 mg/ml
sodium dodecyl sulphate (SDS), 0-5 mg/ml bromphenol
blue (Merck, Whitehouse Station, NJ, USA)]. A 22-5ul
sample, 5 ul rainbow marker (Amersham, Buckinghamshire,
UK) and 5 pl gelatinase zymography standards for MMP-2
and MMP-9 (Millipore, Billerica, MA, USA) were loaded
onto a 7-5% SDS-polyacrylamide gel containing 0-5 mg/ml
gelatine (Sigma-Aldrich Denmark, Brendby, Denmark) as a
substrate, and proteins were separated. After electrophoresis,
gels were washed three times with 2-5% Triton X-100 in
water and incubated overnight at 37°C in incubation buffer
(0-1% TritonX-100, 5 mM CaCl,, 1 mM ZnCl,, 3 mM NaN;,
50 mM Tris pH 7-4) in a closed container. Gels were stained
for 30 min with 0-25% Coomassie R-250 (Sigma-Aldrich) in
10% acetic acid and 45% methanol and destained for 30 min
with 20% acetic acid, 20% methanol, 17% ethanol, 0-6%
diethylether. Images were obtained by an Olympus C5050
zoom camera (Olympus Denmark, Ballerup, Denmark)
and processed in CorelDraw (Corel, Unterschleissheim,
Germany).

Data and statistical analysis

All values are expressed as the mean = standard error of the
mean (s.e.m.). All mean values presented in figures represent
the entire group, ie. both symptomatic and non-
symptomatic animals. Statistical comparison was performed
in PRISM software using an analysis of variance (ANOvVA) test
and a Tukey’s multiple comparison test. A Fisher’s exact test
for comparison of small sample sizes was applied for statis-
tical evaluation of the disease incidence data.

Results

Animals

Regardless of whether immunized with vehicle or porcine
type II collagen, animals developed superficial wounds from
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Fig. 1. Weights of animals. The graph shows the mean * standard
error of the mean weights of the four groups in percentage of the
control group at day 0.

intradermal injections. However, these were not disabling
the animals in any way. Disease manifestations, i.e. swelling
of the hind paws, was restrictive on mobility, but not to the
extent of disabling the animals to move around freely.

One animal in the CIA + ET group died from anaesthesia
during blood sampling, while two animals in the
CIA + prednisolone group were killed due to too great a
weight loss.

Weights of animals

Figure 1 depicts the results from monitoring body weight
during the study period. At baseline, the average weight of
the groups fell into the range of 165 * 1-9-165 * 2-2 g.
During the experiment, the control group increased body
weight continuously over the study period (+19%). After an
initial peak non-treated CIA rats showed an even decline,
resulting in a final 2-6% weight increase. Oestrogen replace-
ment therapy resulted in an 11-7% weight increase despite a
rapid drop at the end of the study period, whereas predniso-
lone treatment reduced weight by 0-5%.

Disease incidence

The time-point of disease onset and percentage of diseased
animals during the course of the study period are shown in
Fig. 2. Disease onset in the non-treated CIA + vehicle group
occurred on day 11 after immunization, and incidence
increased rapidly to 100% by day 15. Oestrogen treatment
both delayed the average time-point of disease onset and
reduced the number of diseased animals to 66%. Predniso-
lone treatment prevented disease onset completely in the
immunized animals. Using Fisher’s exact test for small
sample numbers, a statistical comparison of disease
incidence between the control and CIA groups showed
a significant increase (P < 0-05) from day 13 after immuni-
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Fig. 2. Disease incidence. The graph shows the course of animals with
manifest disease in percentage of total animals within the group.

zation. Incidence in the CIA+ET group was reduced
significantly (P < 0-05) from days 15 to 18 when compared
to the CIA group, but from day 19 to the end of the
study the difference was non-significant. A significant
difference (P <0-05) between the CIA+ET and CIA +

prednisolone groups occurred on day 14 and continued to
the end of the study.

Paw volume

As inflammation is accompanied by interstitial oedema, the
paw volume is a frequently used measure of disease activity.
As shown in Fig. 3a, no difference in changes in paw volume
was seen between groups before disease onset (day 7),
whereas on days 14, 21 and 28 the paw volume change was
increased considerably in the CIA group. Oestrogen supple-
mentation reduced paw inflammation efficiently and
decreased paw volume by 48% (P < 0-01) on day 28, com-
pared to the CIA group (Fig. 3b), while prednisolone treat-
ment caused a negative change in paw volume.

Serum markers of cartilage degradation

The C-terminal telopeptide of type II collagen (CTX-II) is a
biochemical marker of type II collagen degradation. Levels
of serum CTX-II were similar between groups at baseline
(Fig. 4a); thereafter, CTX-II increased progressively in the
non-treated CIA group. Intervention prevented CTX-II
release efficiently, so that on day 28 (Fig. 4b) CTX-II in the

Fig. 3. Change in paw volume in ml from
baseline within each animal group at different
time-points during the course of the study (a),
and on day 28 (b). Values are shown as

mean =+ standard error of the mean changes in
paw volume (ml) from baseline within each

group.

Fig. 4. Type II collagen degradation measured
in serum. The graph shows mean = standard
error of the mean serum C-terminal telopeptide
of type II collagen levels at different time-points
during the course of the study in percentage of
control on individual days (a) and on day 28 in
percentage of control (b).
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Fig. 5. Type II collagen degradation measured in protein extracts
from paws. The graph shows mean * standard error of the mean
C-terminal telopeptide of type II collagen levels in percentage of
control.

CIA group was increased to 250% (P < 0-01) compared to
control, while oestrogen and prednisolone treatment
restored CTX-II levels to 116% (P<0-01) and 49%
(P < 0-001), respectively, compared to control.

Measures of cartilage degradation in protein extracts
from hind paws

To assess local chondroprotective effects from treatment, we
extracted proteins from hind paws collected on day 28 and
measured type II collagen degradation. Compared to levels
in control joints, the type II collagen degradation marker
CTX-II was elevated by 400% (P < 0-001) in joints from the
non-treated CIA group (Fig. 5). Oestrogen and prednisolone
treatment reduced CTX-II levels efficiently to 112%
(P <0-001) and 21% (P < 0-001), respectively, compared to
control.

MMP activity in protein extracts from hind paws

Using gelatinase zymography (Fig. 6), we detected marked
increases in MMP-2 and MMP-9 activity in paw protein
extracts from non-treated CIA rats, identified by clear bands
from gelatine degradation. This increased MMP activity
associated with disease was countered efficiently by both
oestrogen replacement and prednisolone treatment.

Discussion

The main findings of the study were as follows: (i) ET
delayed the time-point of disease onset and reduced disease
incidence significantly in immunized CIA rats; (ii) increases
in paw volume due to arthritic disease were inhibited effi-
ciently by ET; (iii) ET efficiently reduced type II collagen
degradation measured in serum and locally in protein
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extracts from paws; (iv) ET reduced MMP-2 and MMP-9
activity and expression resulting from arthritic disease; and
(v) the anti-inflammatory effects of ET were less than, but
the effects on reduction of type II collagen degradation
similar to, those of prednisolone. Collectively, these observa-
tions argue for the notion that the anti-inflammatory effects
of ET are associated with decreased collagen type II degra-
dation, and thereby protection of the cartilage in the CIA
model, suggesting that this therapy might be a useful adju-
vant intervention in the treatment of joint destruction in RA.

Arthritic disease resulted in reduced growth, whereas
control animals gained weight as expected. Although pred-
nisolone completely prevented arthritic disease, glucocort-
coids are known to possess a general anti-anabolic and
catabolic effect on bone and muscle growth, adding to the
risk of developing secondary osteoporosis [7,8,26]. In con-
trast, ET almost restored weights of collagen-challenged
animals towards control levels.

ET delayed efficiently the time-point of disease onset and
reduced significantly the incidence of manifest arthritis at
some time-points. These anti-inflammatory effects of
oestrogen are reported by several other studies showing that
administration of oestrogens [27-29] or oestrogen receptor
agonists [30,31] relieve arthritic disease. Accordingly, an
oestrogen receptor antagonist given to CIA mice resulted in
the earlier development of arthritis [19]. Indeed, in vitro
observations corroborate the notion that the sex steroid may
exert an inhibitory effect on the secretion of proinflamma-
tory cytokines such as tumour necrosis factor (TNF)-o.,
interleukin (IL)-1 and IL-6 from stromal cells of the syn-
ovium [28] or from macrophages [32], which play a central
role in the provocation of local symptoms such as hyper-
aemia and interstitial oedema. Apparently, ET is able to sup-
press the overall initial immune responses sufficiently to
prevent one-third of the animals from ever developing visual
signs of disease, while not ruling out some level of immune
response. Oestradiol treatment has also been shown to
decrease the production of specific IgG2a anti-collagen type
II antibodies and alter the T helper (Th) profile of the
autoimmune T cell response towards a poor antibody
isotype [33,34]. In addition, the direct effects of oestrogens

MMP-9

Control CIA CIA + CIA +
oestrogen prednisolone

Fig. 6. Matrix metalloproteinase (MMP)-9 and MMP-2 activity in
protein extracts from paws, assessed by gelatinase zymography. The
figure shows bands corresponding to MMP-9 and MMP-2 from two
representative diseased paws within each group. Intervention
decreased MMP activity compared to the collagen-induced arthritis
group, indicated by a smaller band of degraded gelatin.
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on articular cartilage health have been proposed recently,
and preliminary evidence has been provided [12].

Prednisolone is a strong anti-inflammatory corticosteroid
derivative with marked effects on the propagation of white
blood cells at sites of immunoreaction. In clinical settings,
prednisolone is a standard intervention to suppress acute or
fulminate forms of immunoarthritis in RA and other
autoimmune diseases [35]. Compared to the effects of pred-
nisolone, ET was also able to exert significant protective
effects and prevent the manifestation of the local joint
symptoms, suggesting anti-inflammatory properties of
oestrogen.

Parallel to the propagation of inflammatory symptoms in
affected joints, we observed marked elevation of serum
CTX-II in the CIA-group, whereas significantly lower levels
were observed in both ET and prednisolone-treated animals,
the level being approximately similar to those in control
animals. These observations suggest that type II collagen
degradation could be prevented effectively by both interven-
tions [12,36]. Interestingly, ET only partly prevented disease
incidence, indicating that the cartilage protective properties
of oestrogen might originate from direct effects on the car-
tilage and not solely through modulation of the immune
response.

To validate that the protective effects of interventions act
on the collagen type II content of affected joints, we
extracted proteins from the collected joints and compared
CTX-II content between the different groups at different
time-points. In accordance with the findings in serum, the
local concentration of the biomarker also indicated effective
countering of the accelerated type II collagen degradation
accompanying the propagation of CIA. Thus, this latter
observation made directly in affected joints provides proof
for the emerging concept that the anti-inflammatory effects
can be linked to cartilage protective effects in animals with
immunoarthritis.

Collectively, the observations outlined above support the
statement that the anti-inflammatory effects of the interven-
tions tested in this study provide chondroprotective effects,
countering effectively the degradation of the collagen type II
network, the major component of the extracellular matrix in
articular cartilage.

MMPs are pivotal for the generation of CTX-II epitopes
from type II collagen [24], and demonstrate clearly that an
increase in MMP activity is a major component of disease
mechanisms. Proinflammatory cytokines are known stimu-
lators of this enzyme group, as demonstrated by both in vitro
and in vivo observations [24,37,38]. We demonstrated by
zymography that ET resulted in inhibition of MMP activity
and significantly less type II collagen degradation in paw
extracts, suggesting that ET works at different levels to
improve joint health.

There are important clinical implications as a conse-
quence of the use of different steroids affecting the choles-
terol backbone. Whereas glucocorticoids are well known to
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have deleterious effects on bone health [39,40], oestrogens
and oestrogen-like molecules have documented positive
effects [41]. Thereby, different steroids that have alternative
modes of action may result in different clinical outcomes
with highly divergent effects on the bone compartment.
Further experimental data and clinical studies are needed to
investigate these important implications.

In conclusion, this study demonstrates that ET, similar to
corticosteroids, can exert important immunomodulant
effects and can be linked to effective protection of type II
collagen in an animal model of RA. Underlying mechanisms
probably involve the inhibited release of proinflammatory
cytokines and other agents which, in turn, results in
decreased expression of MMPs and ultimately in decreased
type II collagen degradation in affected joints, assessed easily
by measures of biochemical markers. Further studies are
warranted to test whether ET could be beneficial for reduc-
ing the incidence of RA or be used as an adjuvant therapy to
promote more effective cartilage protection in destructive
joint diseases in patients.
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