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Abstract

Objective To investigate the influence of a combined

therapy consisting of dexamethasone and osteoprotegerin

(OPG) on bone alterations and disease activity in antigen-

induced arthritis (AIA) in the rat.

Methods AIA rats received dexamethasone (0.25 mg

kg-1 day-1, i.p.), OPG (2.5 mg kg-1 day-1, i.p.), or a

combination of both at regular intervals for 21 consecutive

days. At the end of the treatment, bone structure was

analyzed by histomorphometry. Primary spongiosa was

measured using linear scanning.

Results AIA led to significant periarticular and axial

bone loss. Dexamethasone monotherapy substantially

suppressed joint swelling without inhibiting bone loss of

the secondary spongiosa, whereas OPG monotherapy

showed no anti-inflammatory effect. Despite reduction of

bone resorption, OPG did not inhibit AIA-induced bone

loss. In contrast, the combination of dexamethasone and

OPG not only produced an anti-inflammatory effect, but

also resulted in inhibition of periarticular and axial bone

loss. OPG increased trabecular number of the primary

spongiosa whilst combination therapy led to an increase in

both trabecular number and trabecular width.

Conclusion The principle of combining a glucocorticoid

together with inhibition of the receptor activator of NF-

kappaB ligand (RANKL) may be an effective bone-saving

therapy in rheumatoid arthritis.

Keywords Arthritis models � Bone � Corticosteroids �
Osteoprotegerin

Introduction

Rheumatoid arthritis (RA) is characterized by chronic joint

inflammation, progressive destruction of periarticular

bone and periarticular and systemic osteoporosis [1–3].

Glucocorticoids, highly effective in suppressing this

inflammation and thereby proffering an increase in

mobility and quality of life, have been shown to inhibit

joint destruction (radiological progression) in early RA in

various randomized placebo-controlled trials [4–7]. Con-

versely, glucocorticoids are also known to contribute to

osteoporosis and fractures in RA [2, 8, 9].

The osteoclastogenesis regulating system consisting of

the receptor activator of NF-kappaB ligand (RANKL), its

receptor RANK, and osteoprotegerin (OPG), the RANKL

decoy receptor, is critically involved in both inflammation-

and glucocorticoid-induced bone loss in RA [10–16].

Inhibition of RANKL, which is essential for osteoclasto-

genesis and osteoclastic activation by its decoy receptor

OPG has been shown to protect bone from arthritis-induced

alterations and inhibit bone loss in various animal models of

RA [17–22]. Furthermore, the monoclonal anti-RANKL

antibody denosumab has been shown to retard radiological

progression in RA [23]. Glucocorticoids induce the

expression of RANKL and suppress that of OPG [10, 13, 16,

24]. Therefore, to modulate the influence of glucocorticoid
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Institute of Pathology, University Hospital of Jena,

Jena, Germany

Inflamm. Res. (2010) 59:731–741

DOI 10.1007/s00011-010-0184-6 Inflammation Research



therapy on arthritis-induced bone alterations, an additional

therapy that interacts with the RANKL-RANK-OPG system

is of great interest. Against this background of complex

interactions of glucocorticoids with the RANKL-RANK-

OPG system, the question of whether an additional therapy

decreasing the RANKL/OPG ratio could block potentially

unfavourable effects of glucocorticoids on bone, but still

preserve, or even amplify, the bone protective effects of

glucocorticoids in chronic joint inflammation needs to be

explored.

This study compared the influence of a combination

therapy consisting of a glucocorticoid and OPG with the

respective monotherapies on arthritis-induced bone alter-

ations and inflammatory disease activity in antigen-

induced arthritis (AIA) of the rat—an animal model

sharing essential features with RA such as synovial

hyperplasia, inflammatory infiltration, cartilage destruction

and substantial periarticular and moderate axial bone loss

[22, 25–28].

Materials and methods

Arthritis induction

Eight-week-old female Lewis rats (LEW/Crl; Charles

River, Sulzfeld, Germany) maintained under standardized

conditions were subjected to a 12 h/12 h light/darkness

cycle and fed with pellet food (Altromin, No 1326, Lage,

Germany) and water ad libitum. The animals were immu-

nized subcutaneously with 0.5 mg methylated bovine

serum albumin (mBSA, Sigma, Deisenhofen, Germany) in

0.5 ml saline and emulsified in 0.5 ml complete Freund’s

adjuvant (Sigma), containing 2 mg/ml heat-killed Myco-

bacterium tuberculosis strain H37RA (Difco, Detroit, MI)

14 and 21 days before AIA induction.

Arthritis was elicited by injecting 0.5 mg mBSA in

50 ll sterile phosphate-buffered saline (PBS) into the right

knee joint cavity. The same volume of PBS was injected

into the left knee as an intra-individual control. Ethical

guidelines for experimental investigations in animals were

conformed to [29]. All procedures complied with the reg-

ulations of the Thuringian Commission for Animal

Protection.

Drug administration

Rats with AIA were divided into four groups to receive

intraperitoneal injections after AIA induction according to

the following regimens:

Group 1: PBS (200 ll) after 3 h and on days 1, 3, 6, 8,

11, 14 and 17 (n = 8)

Group 2: Dexamethasone (Merck Pharma, Darmstadt,

Germany; 0.25 mg/kg in 200 ll PBS) after 3 h and on

days 1, 2, 3, 5, 8, 11, 14 and 17 (n = 10)

Group 3: Recombinant OPG fusion protein (Fc-OPG;

2.5 mg/kg in 200 ll PBS) after 3 h and on days 1, 3, 6,

8, 11, 14 and 17 (n = 7)

Group 4: Dexamethasone (0.25 mg/kg in 200 ll) after

3 h and on days 1, 2, 3, 5, 8, 11, 14 and 17 ? OPG

(2.5 mg/kg in 200 ll PBS) after 3 h and on days 1, 3, 6,

8, 11, 14 and 17 (combination therapy; n = 7)

Fc-OPG, a chimeric molecule comprising amino acids

22–194 of human OPG, fused at the N-terminus to the

C-terminus of human IgG1 [3] was kindly provided by

Amgen (Thousand Oaks, CA).

The choice of drug concentrations of OPG and dexa-

methasone was based on previous investigations in

adjuvant arthritis [30] and AIA of the rat [22, 28]. It has

been shown that daily subcutaneous injection of 2.5 mg/kg

OPG preserved or enhanced bone mineral density and

prevented bone erosion in adjuvant arthritis of the rat [30]

and that the i.p. administration of 3 mg/kg OPG every

2–3 days inhibited bone loss in AIA of the rat [22]. The i.p.

administration of 0.25 mg kg-1 day-1 of dexamethasone

led to a highly significant reduction of joint swelling

(inflammatory activity) and destruction in AIA of the rat

[28]. Additionally, eight healthy animals without AIA and

no immunization were used as healthy controls.

Assessment of arthritis

Arthritis was monitored by measuring the mediolateral

joint diameter using a vernier caliper [25]. Swelling was

expressed as the difference in millimeters between the right

arthritic and the left reference joint.

Preparation of bones for histomorphometric analysis

All 32 arthritic and 8 healthy rats were sacrificed on day 21

after AIA induction. Both the right tibia head of the arthritic

knee joint and the third lumbar vertebra were removed and

used for histomorphometric analysis. After preparation, the

bones were fixed in acetone for 24 h and embedded with the

help of the embedding system Technovit 9100 NEU

(Haraeus-Kulzer, Wehrheim, Germany) for mineralized

tissue. In principal, the system is based on chemical poly-

merization employing a catalytic system consisting of

peroxide and amine without oxygen. A Polycut S-Special

Microtome was used to cut 5 lm thick sections (Jung/Leica,

Heidelberg, Germany). Trichrome Masson/Goldner stain-

ing was performed to differentiate mineralized bone and

osteoid [31]. In addition, Giemsa staining was performed to

allow distinction of cellular components.
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Histomorphometric analysis of bone structure

Bone structure analysis involved an examination of the

primary and secondary spongiosa of the right tibia head

as well as the third lumbar vertebra. Structural homoge-

neity of bone architecture is an important aspect relating

to the method used for investigating bone structure. Pri-

mary spongiosa of growing rats is characterized by partial

resorption of calcified longitudinal cartilage septa by

osteoclasts followed by blood vessel invasion and for-

mation of woven bone on the basis of these septa by

osteoblasts [32, 33]. The growing process results in an

inhomogeneity of the bone structure of primary spongi-

osa. The bone architecture of the primary spongiosa

during physiological growing conditions is characterized

by a continuous increase of trabecular width and a

decrease of trabecular number with increasing distance

from the growth plate. Therefore, histomorphometry is

not suitable for the analysis of bone structure of primary

spongiosa. In contrast, secondary spongiosa consists of

lamellar bone without cartilage cores, which represents

homogeneous bone tissue and can thus be investigated

using histomorphometry.

Histomorphometric measurement of the bone structure

of secondary spongiosa was performed commencing at a

distance of 1.25 mm from the growth plate. In this zone,

the trabecular bone volume, trabecular width and histo-

morphometric parameters of bone formation and bone

resorption were evaluated by standard histomorphometry

[31, 34, 35] (see Table 1 for details of parameters

evaluated).

Additional analysis of the bone structure of the primary

spongiosa was performed on periarticular bone within a

distance of 1.25 mm from the growth plate. The primary

spongiosa, identified by means of morphological criteria

(presence of cartilage cores) and by its distance from the

growth plate [33, 36] was subsequently analyzed employ-

ing linear scanning [36, 37] (Table 2).

In a digital image of the tibial head generated by a

camera, a line was drawn by a cursor at the first calcified

structures below the growth plate. The length of the line

was measured. This line was successively advanced from

the first calcified structures towards the distal end in equal

steps of 15 lm through the 975 lm of the proximal tibial

metaphysis. Automatic scrolling and measuring procedures

were accomplished by a software application (Zeiss, Jena,

Germany). At every step, the following parameters were

measured automatically: (1) the number of trabeculae

encountered by the measuring line; and (2) the total length

of the measuring line covering calcified structures. These

parameters were analyzed as a function of distance from

the first calcified structures below the growth plate.

In various previous studies in rat AIA with parallel

investigation of inflammatory disease activity, cartilage

destruction and bone loss including healthy controls and

investigation of the contralateral (non-arthritic) tibia head,

spontaneous bone loss and cartilage destruction in healthy

animals or at the knee joint not affected by arthritis were

not observed [25–27].

Statistical analysis

Data were presented as means ± standard deviation. The

data were analysed statistically using the SPSS for Win-

dows Statistical Programme [38]. Data were subjected to

the non-parametric Kruskall-Wallis-analysis and, subse-

quently to the non-parametric Mann–Whitney U test. In the

primary spongiosa, the different parameters were compared

at identical distances from the growth plate. Differences of

P \ 0.05 were considered significant.
Table 1 Parameters of standard histomorphometry of trabecular

bone

Parameter Description

Bone volume Trabecular bone volume in

relationship to tissue volume

(%)

Bone resorption Resorption surface with

osteoclasts in relation to whole

bone surface (%) (i.e. levels of

osteoclastic bone resorption)

Bone formation Osteoid-covered surface in relation

to whole bone surface (%) (i.e.

bone surface covered with non-

mineralized, newly formed bone

matrix)

Osteoid-covered surface with

osteoblasts in relation to whole

bone surface (%) (i.e. levels of

cellular bone formation)

Table 2 Parameters of linear scanning analysis of trabecular bone.

Primary spongiosa (i.e., up to 975 lm from the growth plate)

Parameter Description

Number of trabeculae

(N.Tb/Ln.Le)

Trabecular number: linear referent

(mean number of trabeculae in

relation to a given distance)

(#/mm)

Mineralized tissue

(Md.Le/Ln.Le)

Total trabecular width: linear

referent (mineralized tissue in

relation to the whole bone)

(lm/mm)

Trabecular width (Md.Le/N.Tb) Trabecular width: linear referent

(mean trabecular width) (lm)
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Results

Influence of dexamethasone, OPG, and the combination

of dexamethasone plus OPG on clinical disease activity

Dexamethasone monotherapy resulted in a significant

reduction of joint swelling in comparison to untreated AIA

from day 8 up to the end of the study (Fig. 1, Table 3). At

all time points, joint swelling was numerically lower in

animals receiving combination therapy with dexametha-

sone and OPG; however, the differences in comparison to

vehicle-treated AIA reached significance only on days 17

and 20. In contrast to therapy regimens containing dexa-

methasone, OPG therapy showed no anti-inflammatory

effects.

Influence of AIA on periarticular and axial bone

(secondary spongiosa)

Vehicle-treated AIA resulted in a significant decrease of

trabecular bone volume in both periarticular and axial bone

in comparison to healthy controls (Figs. 2a,b; 3a; 4a). This

periarticular and systemic bone loss was associated with an

increase in bone turnover as reflected by a highly signifi-

cant increase in the resorption surface with osteoclasts at

periarticular bone and a numerical increase of this

parameter at the lumbar vertebra as well as by a significant

increase in the osteoid surface covered with osteoblasts at

both sites (Figs. 3b–d, 4b–d).

Influence of dexamethasone, OPG, and the combination

of dexamethasone plus OPG on arthritis-induced bone

alterations of the periarticular bone (secondary

spongiosa)

Monotherapy with OPG resulted in a significant decrease in

the resorption surface with osteoclasts in comparison to

vehicle-treated AIA, and reduced this parameter to the

levels of healthy animals (Fig. 3b). However, this sup-

pressive effect on osteoclastic bone resorption was not

associated with a prevention of periarticular bone loss

(Figs. 2, 3a). Although the resorption surface with osteo-

clasts in dexamethasone-treated rats was not significantly

different to healthy controls, and was lower numerically

than in vehicle-treated AIA (Fig. 3b), AIA-induced bone

loss was not prevented by dexamethasone (Fig. 3a).

In contrast to monotherapy with dexamethasone or

OPG, the combination of both substances led to a partial

prevention of periarticular bone loss, as indicated by a

significantly higher trabecular bone volume in this group in

comparison to vehicle-treated arthritic animals as well as

animals treated with dexamethasone monotherapy (Figs. 2,

3a). This preventive effect was associated with a significant

decrease in the resorption surface with osteoclasts in

comparison to untreated AIA (Fig. 3b). In contrast to ani-

mals treated with OPG monotherapy, animals receiving

combination therapy demonstrated a significantly higher

osteoid surface covered with osteoblasts than healthy

animals.

Influence of dexamethasone, OPG, and the combination

of dexamethasone plus OPG on arthritis-induced bone

alterations of axial bone (secondary spongiosa)

Neither dexamethasone nor OPG monotherapy prevented

vertebral bone loss (Fig. 4). In contrast, the combination of

dexamethasone plus OPG resulted in a complete preven-

tion of AIA-induced bone loss at the axial bone (Fig. 4a).

Moreover, the resorption surface with osteoclasts was

lowest in rats receiving a combination of dexamethasone

plus OPG; however, due to the high standard deviation the

statistical differences were significant only when compared

to animals treated with OPG monotherapy (Fig. 4b).

Influence of AIA on primary spongiosa

In comparison to healthy controls, vehicle-treated AIA

resulted in a significant decrease in trabecular number,

beginning at a distance of 645 lm up to a distance of

0

DEX + OPG vs. PBS

DEX vs. OPG

DEX vs. PBS

0

0,5

1

1,5

2

2,5

0 2 4 6 8 10 12 14 16 18 20

m
m

AIA + PBS (n=8) AIA + DEX (n=10)
AIA + OPG (n=7) AIA + DEX + OPG (n=7)

Days

DEX + OPG vs. OPG

Fig. 1 Inflammatory disease activity measured by knee joint swelling

depicted as difference between right and left joint (mm) during the

course of antigen-induced arthritis (AIA). Dexamethasone mono-

therapy (DEX) resulted in a significant reduction in joint swelling

from day 8 in comparison to vehicle-treated AIA (PBS) and from

day 6 up to the end of the study (P \ 0.05 to\ 0.01) compared with

AIA treated with osteoprotegerin (OPG) monotherapy. Joint swelling

was also lower in animals receiving combination therapy with

dexamethasone and OPG in comparison to vehicle-treated AIA, and

compared to AIA treated with OPG monotherapy, but the differences

reached significance only on days 17 and 20 and between day 14 and

20, respectively (P \ 0.05 to\ 0.01). In contrast to therapy regimens

containing dexamethasone, OPG therapy showed no anti-inflamma-

tory effect
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910 lm from the growth plate, as well as in a significant

decrease in trabecular width between 30 and 60 lm and

between 675 and 705 lm from the growth plate (Figs. 2, 5,

6). Accordingly, mineralized tissue was significantly lower

in vehicle-treated AIA in comparison to healthy controls

between 585 and 870 lm from the growth plate.

Influence of dexamethasone, OPG, and the combination

of dexamethasone plus OPG on arthritis-induced bone

alterations of primary spongiosa

In animals receiving OPG monotherapy, trabecular number

was significantly higher starting at a distance of 165 lm

from the growth plate in comparison to vehicle-treated AIA

and healthy controls, and also compared to rats receiving

dexamethasone monotherapy commencing at a distance of

120 lm from the growth plate (Fig. 5a, c). In contrast to

the increase in trabecular number, trabecular width was

significantly lower in the OPG group in comparison to

healthy controls at distances between 30–210 lm and 585–

765 lm from the growth plate, respectively. In comparison

to rats receiving dexamethasone monotherapy, trabecular

width was lower in the OPG group commencing at dis-

tances of 30–510 lm from the growth plate. Due to the

increase in trabecular number and despite a relative

reduction in trabecular width, animals with OPG

Table 3 Inflammatory disease activity measured by knee joint swelling depicted as difference between right and left joint (mm) during the

course of antigen-induced arthritis (AIA). PBS Phosphate-buffered saline, OPG osteoprotegerin, DEX dexamethasone

AIA ? PBS AIA ? OPG AIA ? DEX AIA ? DEX ? OPG

Day 0 0.12 ± 0.18 0.05 ± 0.14 0.04 ± 0.17 0.13 ± 0.14

Day 1 2.13 ± 0.62 1.96 ± 0.91 2.05 ± 0.64 1.90 ± 0.72

Day 2 2.19 ± 0.53 1.90 ± 0.89 1.70 ± 0.51 1.65 ± 0.48

Day 3 1.93 ± 0.92 1.76 ± 0.82 1.40 ± 0.48 1.76 ± 0.48

Day 5 1.48 ± 1.00 1.38 ± 0.82 0.96 ± 0.33 1.23 ± 0.45

Day 6 1.38 ± 0.98 1.61 ± 0.66*** 0.60 ± 0.27 1.07 ± 0.23

Day 8 1.53 ± 0.74 1.35 ± 0.51*** 0.41 ± 0.28* 1.09 ± 0.38

Day 11 0.76 ± 0.46 0.83 ± 0.48*** 0.25 ± 0.13* 0.54 ± 0.24

Day 14 0.66 ± 0.41 0.91 ± 0.38*** 0.08 ± 0.06** 0.40 ± 0.27****

Day 17 0.76 ± 0.54 0.83 ± 0.45*** 0.03 ± 0.00** 0.10 ± 0.18*,****

Day 20 0.60 ± 0.27 0.66 ± 0.35*** 0.06 ± 0.11** 0.05 ± 0.14**,****

** P \ 0.01, * P \ 0.05 vs AIA ? PBS, *** P \ 0.01 vs AIA ? DEX; **** P \ 0.01 vs OPG ? PBS

Fig. 2 Assessment of bone

histology, primary and

secondary spongiosa of the right

tibia head (representative

Masson/Goldner stained

sections). In comparison to

healthy controls (a), vehicle-

treated AIA resulted in

significant bone loss in both

primary and secondary

spongiosa (b). OPG

monotherapy inhibited bone

loss of the primary spongiosa

without protecting effect on

secondary spongiosa (c).

Combination therapy of

dexamethasone plus OPG was

effective in prevention of bone

loss at both primary and

secondary spongiosa (d)

Dexamethasone and osteoprotegerin against bone alterations 735



monotherapy had a significantly higher mineralized tissue

content in comparison to vehicle-treated AIA at distances

between 225 and 750 lm and between 810 and 975 lm

from the growth plate. Moreover, mineralized tissue con-

tent was significantly higher in AIA rats with OPG

monotherapy compared with AIA rats receiving dexa-

methasone monotherapy beginning at a distance of 270 lm

from the growth plate and in comparison to healthy con-

trols at distances between 270 and 645 lm from the growth

plate (Fig. 6a, c). Interestingly, the effects of OPG mono-

therapy on parameters measured by linear scanning

beginning at distances very close to the growth plate are in

part different to the effect on these parameters at distances

further away from the growth plate. For example, in OPG-

treated AIA rats, trabecular number was significantly lower

in comparison to healthy animals commencing at a distance

of 15–45 lm from the growth plate (Fig. 5a) and miner-

alized tissue mass was significantly lower compared to

healthy controls at a distance of 30–120 lm from the

growth plate (Fig. 6a).

In contrast to OPG monotherapy, dexamethasone mono-

therapy had no influence on the parameters of the primary

spongiosa measured by linear scanning (Figs. 5d, 6d).

Animals receiving the combination therapy of dexa-

methasone plus OPG showed a significantly higher

trabecular number starting at a distance of 315 lm from the

growth plate in comparison to both vehicle-treated AIA

and rats receiving dexamethasone monotherapy, and

compared to healthy rats at a distance commencing 495 lm

from growth plate, respectively (Fig. 5b, c). Regarding the

trabecular width, combination therapy with dexamethasone

plus OPG resulted in a significant increase of this para-

meter compared with vehicle-treated AIA (at a distance

between 180 and 465 lm from the growth plate), healthy

controls (at a distance between 315 and 480 lm from the

growth plate), and OPG monotherapy (at a distance

between 60 and 630 lm from the growth plate). Due to the

increase in both trabecular number and trabecular width,

the mineralized tissue content in rats receiving combination

therapy with dexamethasone plus OPG was significantly
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Fig. 3 Trabecular bone volume and cellular bone turnover parame-

ters (secondary spongiosa of the right tibia head: arthritic joint) in

AIA of the rat. Influence of dexamethasone monotherapy (AIA ?

DEX), OPG monotherapy (AIA ? OPG) and combination therapy

with dexamethasone and OPG (AIA ? DEX ? OPG). In comparison

to healthy controls, vehicle-treated AIA (AIA ? PBS) resulted in a

highly significant decrease in periarticular trabecular bone volume

associated with a significant increase in both resorption surface with

osteoclasts and the osteoid-covered surface with osteoblasts (a, b, d).

Dexamethasone monotherapy had no effect on arthritis-induced bone

alterations. OPG monotherapy reduced resorption surface with

osteoclasts significantly in comparison to vehicle-treated AIA without

inhibiting arthritis-associated bone loss (a, b). Only combination

therapy with dexamethasone and OPG resulted in a partial but

significant inhibition of AIA-induced bone loss associated with a

significant reduction in resorption surface with osteoclasts (a, b).

**P \ 0.01; *P \ 0.05 vs healthy controls, ??P \ 0.01; ?P \ 0.05

vs AIA ? PBS, �P [ 0.05 vs AIA ? OPG)
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higher in most distances from the growth plate in com-

parison with all other groups (Figs. 2d; 6b, c).

Discussion

The present study clearly demonstrates the inhibition of

periarticular and axial bone loss of the secondary spongiosa

by means of a combination therapy consisting of dexa-

methasone plus OPG, whereas monotherapy with both of

these substances at identical concentrations was ineffective

in reducing bone loss.

In this regard, it is important to discuss the finding that

dexamethasone monotherapy had no significant influence

on AIA-induced bone alterations of the secondary spong-

iosa of both periarticular and axial bone despite effective

suppression of inflammation. The main reason for the

ineffectiveness of dexamethasone monotherapy on AIA-

induced bone alterations may be due to glucocorticoid-

induced suppression of OPG expression by both direct and

indirect cytokine-mediated influences.

With respect to the increased bone resorption in AIA,

effective prevention of bone loss is dependent on the

equilibrium between RANKL and its decoy receptor OPG.

Against the background of no inflammation, glucocorti-

coids have been shown to stimulate the expression of

RANKL and inhibit OPG, resulting in an increase of bone

resorption thereby contributing to glucocorticoid-induced

osteoporosis [10, 13, 16, 24]. In the case of inflammation,

as is present in AIA, glucocorticoids may indirectly inhibit

RANKL expression by suppressing proinflammatory

cytokines that induce RANKL, such as TNF-a, IL-1 and

IL-6 [39], resulting in a protective effect on inflammation-

induced bone alterations. However, the proinflammatory
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OPG (n=7)

%

(C) Osteoid-covered surface (D) Osteoid-covered surface with osteoblasts

Fig. 4 Trabecular bone volume and cellular bone turnover parameters

(secondary spongiosa of the third lumbar vertebra) in AIA of the rat.

Influence of dexamethasone monotherapy (AIA ? DEX), OPG mono-

therapy (AIA ? OPG) and combination therapy with dexamethasone

and OPG (AIA ? DEX ? OPG). In comparison to healthy controls,

vehicle-treated AIA (AIA ? PBS) resulted in a highly significant

decrease in trabecular bone volume associated with a numerical

increase in resorption surface with osteoclasts and a significant

increase in osteoid-covered surface with osteoblasts (a, b, d). Neither

dexamethasone and OPG monotherapy had any significant effect on

arthritis-induced bone alterations. However, combination therapy with

dexamethasone and OPG resulted in a complete inhibition of AIA-

induced bone loss associated with a reduction of cellular bone turnover

(a, b). Resorption surface with osteoclasts was significantly lower and

trabecular bone volume was significantly higher in the combination

therapy group in comparison to AIA treated with OPG monotherapy.

(**P \ 0.01; *P \ 0.05 vs healthy controls, ??P \ 0.01 vs AIA ?

PBS, �P [ 0.05 vs AIA ? OPG)
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cytokines that are suppressed by glucocorticoids induce not

only RANKL but also OPG [40–45]. Thus, glucocorticoid

inhibition of these cytokines in the inflammatory setting

may also result in a decrease of OPG. Although the

expression of RANKL and OPG was not determined in the

present study, it can be presumed that dexamethasone

monotherapy induced a relative deficiency of OPG by

means of direct and indirect cytokine-mediated effects and,

in so doing, counteracted its own potential protective effect

on AIA-induced bone alterations. Thus, the addition of

OPG in the combination therapy, in contrast to dexa-

methasone monotherapy, may counter the effect of the

glucocorticoid-induced relative OPG deficiency and lead to

effective prevention of AIA-induced bone loss.

The possibility that dexamethasone may inhibit alternative

RANKL-independent pathways of osteoclastogenesis and

osteoclastic activation, potentiating OPG effects in the

combination therapy group is unlikely, since RANKL is the

crucial cytokine involved in osteoclastic activation [3, 17].

Furthermore, in particular with regard to axial bone loss, it is

likely that suppression of inflammation by dexamethasone

in combination with OPG may prevent immobilization of

the animals and protect bone from the consequences of

immobility. The ineffectiveness of OPG monotherapy in

inhibiting periarticular and systemic bone loss of the sec-

ondary spongiosa despite a significant reduction of

osteoclast resorption surface observed in this study is not in

accordance with previous findings and calls for an expla-

nation. OPG monotherapy has been shown to inhibit

arthritis-induced bone loss in collagen-induced arthritis

(CIA) of rats and mice, arthritis in human TNF-transgenic

mice und adjuvant arthritis in the rat [17–21]. In previous

investigations, we were able to demonstrate that a higher

OPG dose of 3 mg/kg, applied ten times over a period of

23 days, inhibited periarticular bone loss in AIA [22]. The

cumulative dose in this previous investigation amounted to

30 mg/kg in 23 days of arthritis compared with 20 mg/kg in

21 days of AIA in the present study. Therefore, it is probable

that the OPG monotherapy dose used in the present study is

to low to allow effective inhibition of osteoclastic bone

resorption. However, because the decrease in resorption

surface for osteoclasts is comparable in both studies

(approximately 80% in the previous and around 60% in the

present study), it is probable that the OPG dose of 2.5 mg/kg,
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Fig. 5 Number of trabeculae of the proximal zone of the tibial

metaphysis (primary spongiosa) measured by linear scanning at

day 21 of AIA. Vehicle-treated AIA resulted in a significant decrease

in trabecular number beginning at a distance of 645 lm up to a

distance of 910 lm from the growth plate (a; P \ 0.05 to \ 0.01).

OPG monotherapy was associated with a significant increase in

trabecular number in comparison to both vehicle-treated AIA (PBS)

and healthy controls commencing at a distance of 165 lm (a) and also

compared to AIA rats receiving dexamethasone monotherapy where

the distance commenced at 120 lm from the growth plate (c;

P \ 0.01 to\ 0.001). Combination therapy with dexamethasone plus

OPG led to a significant increase in trabecular number compared to

vehicle-treated AIA and animals receiving dexamethasone mono-

therapy from a distance of 315 lm (b, c), and compared to healthy

rats from a distance of 495 lm from the growth plate (b; P \ 0.05 to

\ 0.001). Trabecular number was not influenced by dexamethasone

monotherapy (d)
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though not high enough to inhibit AIA-induced bone

resorption during the acute phase of AIA typified by high

inflammatory activity, is sufficient to reduce bone resorption

in the chronic phase of arthritis characterized by lower

inflammatory activity. Trabecular bone volume is the result

of bone turnover throughout the duration of arthritis; how-

ever, a decrease in the resorption surface for osteoclasts

reflects the inhibition of osteoclastic differentiation, a cel-

lular event that can occur in a relatively short time period of

12–24 h following treatment with OPG-Fc-fusion protein

[16]. Therefore, it can be argued that inhibition of osteo-

clastogenesis by OPG in the chronic phase of arthritis and at

the end of the study, occurs too late to inhibit bone loss. This

assumption is in accordance with the observation of Stolina

et al. [46], who demonstrated a rapid increase in local con-

centrations of RANKL protein followed by a slow decrease

in the joints of CIA and adjuvant arthritis in rats.

The finding that OPG monotherapy is ineffective in

reducing joint swelling is not surprising and is in compli-

ance with previous investigations in AIA of the rat [22],

CIA of mice [19] and rats [18], arthritis of human TNF-

transgenic mice [20, 21] and in rat adjuvant arthritis [17].

Our data show that bone loss during AIA is substantially

lower in primary spongiosa in comparison to secondary

spongiosa as indicated by a reduction of mineralized tissue

mass of the primary spongiosa of the order of around 20–

25% compared with a reduction of periarticular bone vol-

ume of the secondary spongiosa of more than 50%. Both a

continuous apposition of newly formed bone as well as

differential hormonal mechanisms of regulating bone

modeling and remodeling may contribute to a reduced

sensitivity of primary spongiosa in comparison to second-

ary spongiosa with regard to inflammation-induced bone

loss [47]. Thus, the OPG dosage, which was not sufficient
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Fig. 6a–d Mineralized tissue of the proximal zone of the tibial

metaphysis (primary spongiosa) measured by linear scanning at day

21 of AIA. Vehicle-treated AIA (PBS) was associated with a

significant decrease in mineralized tissue in comparison to healthy

controls at distances between 585 and 870 lm from the growth plate

(d; P \ 0.05 – \ 0.01). Monotherapy with dexamethasone did not

inhibit AIA-induced bone loss (d). Both OPG monotherapy and

combination therapy with dexamethasone plus OPG prevented AIA-

associated bone loss of the primary spongiosa (a, b). Thus, animals

with OPG monotherapy had a significantly higher mineralized tissue

content in comparison to vehicle-treated AIA at distances between

225 and 750 lm and between 810 and 975 lm from the growth plate

(a; P \ 0.005 to \ 0.001), in comparison to healthy controls at a

distance between 270 and 645 lm from the growth plate (a; P \ 0.05

to \ 0.01) and compared with rats receiving dexamethasone mono-

therapy beginning at a distance of 270 lm from the growth plate (c;

P \ 0.05 to \ 0.01) Mineralized tissue in animals with combination

therapy with dexamethasone plus OPG was not only significantly

higher in comparison to vehicle-treated AIA (commencing at a

distance of 45 lm from growth plate; P \ 0.05 to \ 0.001; b) to

healthy controls (at a distance between 120 and 780 lm; P \ 0.05

to\ 0.001; b) and to rats with dexamethasone monotherapy (starting

at a distance of 105 lm; P \ 0.05 to\ 0.001; c) but also compared to

rats with OPG monotherapy (at a distance between 15 and 600 lm

from the growth plate; P \ 0.05 to \ 0.01; c). Between 30 and

120 lm from the growth plate, mineralized tissue was lower in rats

treated with OPG monotherapy in comparison to healthy rats

(P \ 0.05 to \ 0.01; a)
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to prevent AIA-induced bone loss of the secondary

spongiosa, led to a complete inhibition of AIA-induced

bone loss of the primary spongiosa by means of effecting

the AIA-induced reduction of trabecular number. However,

the higher trabecular number in AIA rats subjected to OPG

monotherapy, which is due to the inhibition of the physi-

ological reduction of trabecular number with increasing

distance from growth plate in comparison to healthy rats,

indicates an interference of OPG with the physiological

remodeling process via inhibition of osteoclastic bone

resorption in the primary spongiosa. The decrease in tra-

becular number following OPG therapy in the area closer

to the growth plate may be a consequence of OPG inter-

fering with bone growth—a process partly dependent on

RANKL owing to an indirect inhibition of bone formation

mediated either by the coupling process or due to RANKL

inhibition [3, 16, 21]. Combination therapy with dexa-

methasone plus OPG induced an increase not only in

trabecular number, but also in trabecular width as a result

of the inhibition of both inflammation-induced bone loss by

the glucocorticoid and the resorption of newly formed

trabeculae by OPG.

In summary, the results of the present study show that

the combination of glucocorticoids with RANKL inhibition

through osteoprotegerin in doses that are ineffective when

applied as monotherapy, results in an effective inhibition of

periarticular and systemic bone loss in AIA. The reason for

this protective effect of the combination therapy on bone

may be the substitution of OPG deficiency that results from

a glucocorticoid-induced OPG loss, thus restoring the

equilibrium between inhibition of both inflammation and

bone resorption, and the suppression of ongoing bone

resorption despite suppression of inflammation. Therefore,

the principle of a combination therapy consisting of glu-

cocorticoids with RANKL inhibition may provide an

effective means of saving bone in rheumatoid arthritis.
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