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Zoledronic Acid Protects Against Local and Systemic Bone Loss
in Tumor Necrosis Factor–Mediated Arthritis
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Objective. Increased osteoclast activity is a key
factor in bone loss in rheumatoid arthritis (RA). This
suggests that osteoclast-targeted therapies could effec-
tively prevent skeletal damage in patients with RA.
Zoledronic acid (ZA) is one of the most potent agents
for blocking osteoclast function. We therefore investi-
gated whether ZA can inhibit the bone loss associated
with chronic inflammatory conditions.

Methods. Human tumor necrosis factor (TNF)–
transgenic (hTNFtg) mice, which develop severe de-
structive arthritis as well as osteoporosis, were treated
with phosphate buffered saline, single or repeated doses
of ZA, calcitonin, or anti-TNF, at the onset of arthritis.

Results. Synovial inflammation was not affected
by ZA. In contrast, bone erosion was retarded by a
single dose of ZA (�60%) and was almost completely
blocked by repeated administration of ZA (�95%).
Cartilage damage was partly inhibited, and synovial
osteoclast counts were significantly reduced with ZA
treatment. Systemic bone mass dramatically increased
in hTNFtg mice after administration of ZA, which was
attributable to an increase in trabecular number and
connectivity. In addition, bone resorption parameters

were significantly lowered after administration of ZA.
Calcitonin had no effect on synovial inflammation, bone
erosion, cartilage damage, or systemic bone mass. Anti-
TNF entirely blocked synovial inflammation, bone ero-
sion, synovial osteoclast formation, and cartilage dam-
age but had only minor effects on systemic bone mass.

Conclusion. ZA appears to be an effective tool for
protecting bone from arthritic damage. In addition to
their role in antiinflammatory drug therapy, modern
bisphosphonates are promising candidates for main-
taining joint integrity and reversing systemic bone loss
in patients with arthritis.

Bone erosion is a central feature of rheumatoid
arthritis (RA). Clinical observations reveal that bone
erosion starts early in the course of disease. After a
disease duration of only 6 months, �50% of patients
with RA experience radiographically detectable skeletal
damage, and this proportion might be even higher
considering the fact that small bone erosions may escape
detection by conventional radiography (1). A major aim
of antirheumatic therapies is to minimize bone damage.
This may be achieved either by adequately controlling
inflammatory disease activity (e.g., by using disease-
modifying antirheumatic drugs [DMARDs] including
cytokine blockers) or by enhancing the protection of
bone from attack by synovial inflammatory tissue.

Bone erosion is based on the generation of
osteoclasts within the synovial membrane. A stepwise
differentiation from mononuclear precursor cell to ma-
ture osteoclast occurs in the synovial membrane (2,3).
Due to the presence of essential osteoclastogenic factors
such as macrophage colony-stimulating factor and
RANKL, and cofactors such as tumor necrosis factor
(TNF) and interleukin-1 (IL-1), precursor cells and
mature osteoclasts are significantly enriched in the syno-
vial membrane of patients with RA (4–6). Moreover, by
using osteoclast-free animal models of arthritis, the
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decisive role of osteoclasts for arthritic bone erosion has
been documented (7,8). This suggests that an interven-
tion that protects bone from attack by inflammatory
synovial tissue may be based on powerful inhibition of
osteoclasts.

Indeed, osteoprotegerin, an inhibitor of oste-
oclastogenesis, blocks bone erosion (9–12). However,
the most widely used pharmacologic agents for blocking
osteoclasts are bisphosphonates. This family of drugs has
been proven to be highly effective in inhibiting oste-
oclast function (13). We recently demonstrated that the
bisphosphonate pamidronate inhibits bone erosion in an
animal model of arthritis (9). However, bone erosion
was not completely prevented, suggesting either that
erosions had been formed before therapeutic interven-
tion or that pamidronate is too weak to achieve full
blockade of bone resorption.

We thus hypothesized that early intervention
with a potent bisphosphonate might completely block
formation of arthritic bone erosions. To test this hypothe-
sis, we treated human TNF–transgenic (hTNFtg) mice
with the highly potent bisphosphonate zoledronic acid
(ZA) at the onset of arthritis symptoms. Herein, we
show preservation of articular bone upon treatment with
ZA.

MATERIALS AND METHODS

Animals. The heterozygous Tg197 hTNFtg mice have
been described previously (14). Briefly, mice were made
transgenic for the human TNF gene construct, using an
unmodified 5� promoter region but allowing deregulated hu-
man TNF gene expression in vivo. Preparation of the hTNF
gene constructs used has been previously described in detail
(14). All mice were inbred on a C57BL/6 genetic background,
either wild-type littermates or transgenic for hTNF (Tg197
strain). These latter mice develop a chronic inflammatory and
destructive polyarthritis within 4–5 weeks after birth. The local
ethics committee approved all animal procedures.

Reagents and treatments. ZA and calcitonin were
purchased from Novartis (Basel, Switzerland), and the human-
ized monoclonal anti–TNF� antibody (infliximab) was ob-
tained from Centocor (Leiden, The Netherlands). All animals
were fed a normal diet with water ad libitum. Transgenic mice
(n � 25) were divided into 5 groups of 5 mice each and
received ZA, calcitonin, and anti-TNF� at doses described in
the literature as being effective (15–17). All treatments were
administered by intraperitoneal injection. Group 1 was treated
with phosphate buffered saline and served as a negative
control. Group 2 received 100 �g/kg of ZA 5 times weekly
from week 4 to week 10. Group 3 received a single injection of
100 �g/kg of ZA at week 4 and then received no further
treatment. As an alternative therapeutic approach to inhibit
osteoclasts, group 4 received 16 IU/kg of calcitonin 5 times
weekly from week 4 to week 10. Group 5 received 10 mg/kg of
anti-TNF� 3 times weekly from week 4 to week 10 and served

as a positive control. Two independent experiments (n � 15
and n � 10, respectively) were performed. At week 10, all
animals were killed by cervical dislocation, blood was with-
drawn by heart puncture, and the paws and tibial bones of all
animals were dislocated for further analyses.

Clinical assessment of arthritis. Clinical evaluation
was started 4 weeks after birth and performed weekly up to
week 10. Arthritis was evaluated in a blinded manner as
described previously (8). Briefly, joint swelling was examined
using a clinical score graded 0–3 (0 � no swelling, 1 � mild
swelling, 2 � moderate swelling, and 3 � severe swelling of
toes and ankles). In addition, the grip strength of each paw was
analyzed on a wire of 3 mm diameter using a score from 0 to
�4 (0 � normal grip strength, �1 � mildly reduced grip
strength, �2 � moderately reduced grip strength, �3 �
severely reduced grip strength, and �4 � no grip strength at
all). The last evaluation was performed 10 weeks after birth.

Joint histology. Hind and front paws and the right knee
joints were fixed in 4.0% formalin overnight and then decalci-
fied in 14% EDTA (Sigma, St. Louis, MO) at 4°C (pH adjusted
to 7.2 by addition of ammonium hydroxide [Sigma]) until the
bones were pliable. Serial paraffin sections (2 �m) from all 4
paws and the right knee joint were stained with hematoxylin
and eosin (H&E) and toluidine blue for tartrate-resistant acid
phosphatase (TRAP) activity and analyzed by immunohisto-
chemical methods. TRAP staining was performed as previ-
ously described (8). Quantification of synovial inflammation,
bone erosion, osteoclast numbers, and cartilage destruction
was performed essentially as described (11).

For quantification of the areas of inflammation, H&E-
stained sections (5 per mouse) were evaluated. The sum of the
areas of inflammation for each single mouse was calculated by
evaluating all digital, carpal, and tarsal joints as well as the
right knee joint. The same H&E-stained sections were ana-
lyzed as described above for quantification of erosions. The
number of osteoclasts was counted as described above from
TRAP-stained serial sections. Toluidine blue–stained serial
sections were examined to measure the areas of total and
negatively stained cartilage. The proportion of damaged carti-
lage was calculated by dividing the area of negatively stained
cartilage by the area of total cartilage.

Bone histomorphometry. Left tibial bones were fixed
in 70% ethanol and embedded undecalcified in methylmetac-
rylate (K-Plast; Medim, Buseck, Germany). After polymeriza-
tion, 3-�m sections were prepared with a Jung microtome
(Jung, Heidelberg, Germany), deplastinated, and stained using
Goldner trichrome and von Kossa’s stain, as described previ-
ously (18,19). Histomorphologic parameters were assessed at
200� magnification using a Zeiss Axioskop 2 microscope
(Zeiss, Marburg, Germany) and quantitated using OsteoMea-
sure software, version 2.2 (Osteometrics, Atlanta, GA). The
following parameters were measured according to interna-
tional standards (20): the fraction of bone volume of the total
sample volume (bone volume/tissue volume [BV/TV]), trabec-
ular number, trabecular thickness, trabecular separation, num-
ber of osteoclasts per bone perimeter, and number of osteo-
blasts per bone perimeter.

Quantitative computed tomography (CT) analysis.
Cortical and trabecular bone mineral density as well as cortical
geometry in mouse tibiae were determined by peripheral
quantitative CT (pQCT) on an XCT Research SA� (Stratec
Medizintechnik, Pforzheim, Germany) fitted with a 0.5-mm
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collimator as described by Gasser (21). The following instru-
ment setting was chosen for the measurements: voxel-size 0.1
mm � 0.1 mm � 0.5 mm; for scan speed, scout view 10
mm/second, final scan 2 mm/second; contour mode 1, peel
mode 2, cortical threshold 400 mg/cm3. A slice located 2.5 mm
distal from the intercondylar tubercle in the proximal tibia
metaphysis was analyzed. Parameters of bone mineral density
end points measured by pQCT were total cross-sectional bone
mineral density, volumetric trabecular bone mineral density,
volumetric cortical bone mineral density (in mg/cm3 for all),
and mean cortical thickness (in millimeters)

Microfocal CT (micro-CT) measurements. Micro-CT
images were acquired on a vivaCT40 (Scanco Medical, Bass-
ersdorf, Switzerland). The scanner generates a cone beam at
5-�m spot size and operates at 50 keV. A region of 402 slices
was imaged at 10-�m isotropic resolution, starting from the
proximal end of the tibia.

Serum parameters of bone metabolism and hTNF
levels. Serum levels of deoxypyridinoline (DPD) crosslaps
were measured by enzyme immunoassay (Quidel, San Diego,
CA) after previous hydrolysis of serum samples according to
the manufacturer’s recommendations. Osteocalcin was mea-
sured by immunoradiometric assay (Immutopics, San Clem-
ente, CA).

Statistical analysis. Data are presented as the mean �
SEM. Group mean values were compared by Student’s un-
paired 2-tailed t-test or Dunnett’s test (results from micro-CT
scans).

Figure 1. Clinical course of arthritis in human tumor necrosis factor–
transgenic (hTNFtg) mice after intraperitoneal injection of zoledronic
acid (ZA) or calcitonin. The clinical course of arthritis as indicated by
joint swelling (A) and grip strength (B) was assessed in hTNFtg mice
between week 4 and week 10. The following treatment groups (n � 5
mice each) were analyzed: controls (open squares), repeated-dose ZA
(circles), single-dose ZA (hatched squares), calcitonin (diamonds),
and anti-TNF� (triangles). Note that ZA and calcitonin did not change
the clinical course of arthritis. � � P � 0.01 versus untreated hTNFtg
controls.

Figure 2. Arthritic bone erosion blocked by ZA but not calcitonin.
Histologic joint sections from paw (A, C, and E) and knee (B, D, and
F) joints of hTNFtg mice were quantitatively analyzed for synovial
inflammation (A and B), bone erosion (C and D), and osteoclast
number in the synovial pannus (E and F). The following treatment
groups were analyzed: saline (control), repeated-dose ZA, single-dose
ZA, calcitonin, and anti-TNF. Note that treatment with ZA affected
bone erosions and synovial osteoclast numbers, whereas anti-TNF�
had additional effects on synovial inflammation. Bars show the mean
� SEM. � � P � 0.01 versus controls (see Figure 1 for other
definitions).
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RESULTS

Lack of effect of ZA and calcitonin on clinical
course of arthritis in hTNFtg mice. We first tested
whether ZA or calcitonin affected the clinical course
of arthritis in hTNFtg mice. Progressive joint swelling
and loss of grip strength are typical features of
hTNFtg mice. Analysis of joint swelling revealed that

ZA, used either repeatedly or as a single dose, did not
prevent development of arthritis (Figure 1A). The same
result was observed for calcitonin. In contrast, anti-TNF
significantly (P � 0.01) inhibited arthritis. Grip strength
decreased in untreated hTNFtg mice as well as after
single or repeated dosing of ZA and after calcitonin
treatment (Figure 1B). Anti-TNF maintained grip

Figure 3. Preserved bone architecture with ZA treatment. Histologic sections from
the hind paws of hTNFtg mice were stained with tartrate-resistant acid phosphatase.
Osteoclasts appear as purple cells. Representative sections from hTNFtg mice
treated with A, saline (control), B, calcitonin, C, repeated doses of ZA, D, a single
dose of ZA, and E, anti-TNF are shown (original magnification � 100). Note the
preserved bone architecture with ZA or anti-TNF treatment and the absence of
inflammatory tissue with anti-TNF. Green arrows indicate osteoclasts at sites of bone
erosion; black arrow in A indicates synovial inflammation. F and G, High-power (�
400) photomicrographs of the interface of synovial membrane, cartilage, and bone in
control and ZA-treated hTNFtg mice. Black arrows indicate the junction zone
between synovial membrane, cartilage, and bone. See Figure 1 for definitions.
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strength at an almost normal level. These data indicate
that neither ZA nor calcitonin influences clinical signs of
arthritis.

Blocking of arthritic bone erosion by ZA but not
calcitonin. To address the efficacy of ZA and calcitonin
on synovial inflammation, bone erosion, and synovial
osteoclast counts, we next performed a quantitative
histologic analysis of joints. Although anti-TNF treat-
ment significantly inhibited synovial inflammation (by
85% in paw joints and 92% in the knee joints), treatment
with ZA did not inhibit formation of a synovial inflam-
matory tissue, regardless of whether it was used as a
single-dose or repeat-dosing regimen (Figures 2A and
B). Similar results were obtained with calcitonin. In
contrast, bone erosion was strongly inhibited by ZA,
showing a 95% inhibition in both paws and knee joints
(Figures 2C and D). Also, a single dose of ZA adminis-
tered at the onset of disease could significantly block
bone erosion, although efficacy was lower (�60% for
paw joints and �60% for knee joints) compared with
that achieved with the repeated-dose regimen. In con-
trast, calcitonin had no effect on the formation of bone
erosions. Anti-TNF almost completely prevented bone
erosion (�99%).

Osteoclast counts in the pannus were reduced by
repeated treatment with ZA (for paw joints, �81%; for
knee joints, �87%) and by anti-TNF (for paw joints,
�98%; for knee joints, �95%) (Figures 2E and F).
Single-dose ZA had no significant effect on osteoclast
counts, suggesting that its bone-sparing effect is medi-

ated by interference with osteoclast function rather than
by inhibition of osteoclastogenesis. Apart from the os-
teoclast count (if osteoclasts were present), the distribu-
tion of osteoclasts on and off the bone surface at the
bone–pannus interface was not different among the
groups.

Figure 3 shows histologic sections of hind paws
from untreated, ZA-treated, and anti-TNF–treated hT-
NFtg mice. Untreated hTNFtg mice showed severe
hyperplasia of the synovial membrane and profound
bone erosions with numerous osteoclasts at the erosion
front (Figure 3A). Calcitonin did not affect histologic
signs of arthritis (Figure 3B). Treatment with ZA left
synovial inflammation unaffected but inhibited bone
erosion and, in the case of repeated dosing, also inhib-
ited synovial osteoclast formation (Figures 3C and D).
Anti-TNF treatment inhibited synovial inflammation,
bone erosion, and synovial osteoclastogenesis (Figure
3E). Wherever bone-sparing effects were observed, the
structure of the junction zone was preserved (Figures 3F
and G). Subchondral bone erosions in knee joints were
additionally visualized by micro-CT scans, as depicted in
Figure 4. Severe loss of subchondral bone was seen in
hTNFtg controls and appeared as a rough bone surface
with multiple erosion lacunae (Figure 4A). Such areas
were totally absent in hTNFtg mice treated with ZA or
anti-TNF (Figures 4B and C).

ZA-induced partial protection against cartilage
damage. Hypothesizing that bone damage and cartilage
damage are at least partially linked to each other, we

Figure 4. Microfocal computed tomography (micro-CT) scans showing bone erosion in the knee joints of hTNFtg mice and the effects of ZA and
anti-TNF treatment. Micro-CT reconstruction image of the tibial plateau of hTNFtg mice treated with saline (control) (A), repeated doses of ZA
(B), or anti-TNF (C). Images show subchondral bone underlying cartilage. Note the areas of bone erosion exhibiting a rough surface in the control,
which are absent in the ZA- and anti-TNF–treated hTNFtg mice. See Figure 1 for other definitions.
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assessed articular cartilage for signs of proteoglycan loss.
Human TNFtg controls showed advanced proteoglycan
loss in the paws (28% damaged cartilage area) and knee
joints (37% damaged cartilage area) (Figures 5A and B).
Treatment with repeated doses of ZA as well as anti-
TNF partially protected against cartilage proteoglycan
loss in paws (�61% and �79%, respectively) and knee
joints (�56% and �91%, respectively). Single doses of
ZA and calcitonin were not effective. These data show

that arthritic bone loss and cartilage damage are linked
to but are not completely dependent on each other.
Figures 5C and D illustrate representative cartilage
specimens obtained from control hTNFtg mice (Figure
5C) with severe proteoglycan loss in the vicinity of
synovial pannus. In contrast, mice treated with repeated
doses of ZA (Figure 5D) or with anti-TNF (Figure 5E)
showed good preservation of cartilage proteoglycan con-
tent aside from preservation of bone.

Figure 5. Reduced cartilage damage in hTNFtg mice treated with ZA and anti-
TNF. Histologic joint sections from A, paw and B, knee joints of hTNFtg mice were
quantitatively analyzed for proteoglycan loss in articular cartilage. Note that treat-
ment with repeated-dose ZA or anti-TNF significantly reduced proteoglycan loss in
articular cartilage. Bars show the mean � SEM. C, D, and E, Representative sections
from the hind paws of hTNFtg mice treated with phosphate buffered saline (control),
repeated doses of ZA, or anti-TNF. Black arrows indicate destained articular
cartilage; white arrow indicates maintained proteoglycan content, as shown by
intense toluidine blue staining. (Original magnification � 200.) � � P � 0.01 versus
controls (see Figure 1 for definitions).
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Increased systemic bone mass upon treatment
with ZA. Based on the fact that the hTNFtg mouse is
considered a model for systemic inflammatory bone loss,
we addressed the efficacy of various treatments on the
osteoporotic phenotype of these mice. Total bone density,
as measured by micro-CT scans of tibial bones, increased
by 58% and 30% with repeated-dose and single-dose ZA
treatment, respectively (Figure 6A). In contrast, calcitonin
and anti-TNF had no significant effects. The gain in bone
density observed with ZA therapy was predominantly
attributable to an increase in trabecular bone density and,
to a limited extent only, to increased cortical bone density
(Figures 6B and C). However, assessment of cortical
thickness showed that ZA also had profound effects on
cortical bone (Figure 6D). Thus, use of repeated-dose and
single-dose ZA increased cortical thickness significantly
(�96% and 84%, respectively).

Reversal of systemic inflammatory bone loss by
increasing bone volume and trabecular number after
treatment with ZA. To define the effects of ZA on
systemic bone in more detail, we performed histopatho-

logic analyses of the tibiae from hTNFtg mice in the
various treatment groups. Bone volume (bone volume
per tissue volume) increased 6-fold with repeated treat-
ment with ZA and 3-fold with a single injection, suggest-
ing that inflammatory bone loss is highly responsive to
bisphosphonates (Figure 7A). Calcitonin had no effect,
whereas anti-TNF treatment doubled bone volume. This
gain in bone mass was primarily based on an increase in
trabecular number (Figure 7B), whereas trabecular
thickness was affected only by repeated injections of ZA
and not by the other treatments (data not shown).
Interestingly, ZA did not decrease osteoclast numbers
(osteoclasts per bone perimeter), suggesting that its
effects are primarily mediated by inhibition of osteoclast
activity rather than reduction in their numbers (Figure
7C). Osteoclast numbers in tibial bones were thus com-
parable in all groups (data not shown). In contrast,

Figure 6. Increased total, trabecular, and cortical bone mineral den-
sity (BMD) in human tumor necrosis factor–transgenic (hTNFtg) mice
treated with zoledronic acid (ZA). Total (A), trabecular (B), and
cortical (C) BMD as well as cortical thickness (D) were measured by
microfocal computed tomography in the tibial bones of hTNFtg mice.
Analyses were performed in hTNFtg mice treated with phosphate
buffered saline (control), repeated doses of ZA, a single dose of ZA,
calcitonin, or anti-TNF. Bars show the mean � SEM. � � P � 0.05
versus controls.

Figure 7. Induction of increases in systemic bone mass by gain in
trabecular number (Tb.N) and connectivity by ZA. Bone histomor-
phometry was performed in 10-week-old hTNFtg mice, which were
treated with saline (control), repeated doses of ZA, a single dose of
ZA, calcitonin, or anti-TNF. The fraction of bone volume of the total
sample volume (BV/TV) (A) and trabecular number (B) were signifi-
cantly increased in mice treated with ZA. No difference in osteoclast
counts (number of osteoclasts per bone perimeter [N.Oc/B.Pm]) was
observed (C). The number of osteoblasts per bone perimeter (N.Ob/B.
Pm) was decreased in hTNFtg mice receiving repeated doses of ZA
(D). Bars show the mean � SEM. � � P � 0.05 versus controls (see
Figure 6 for other definitions).
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osteoblast numbers decreased with repeated ZA treat-
ment (Figure 7D). This effect was not observed with
single dosing of ZA or with any of the other treatments.
The overall effects are illustrated by representative
histologic sections of tibial bones (Figure 8).

Decreased parameters of systemic bone resorp-
tion and formation after ZA treatment. To address the
effects of various treatments on bone turnover, serum
parameters of bone resorption and formation were
analyzed (Figure 9). Use of ZA, in either single or
repeated doses, led to significant inhibition of DPD
crosslaps in hTNFtg mice, indicating reversal of en-
hanced bone resorption (Figure 9A). In contrast, calci-
tonin did not change levels of crosslaps. Anti-TNF
significantly down-regulated bone resorption para-
meters, although its effect was milder than that of ZA.
The osteocalcin level, which is a marker of osteoblast
activation and bone formation, was decreased only with
repeated dosing of ZA, whereas the other regimens had
no significant effect (Figure 9B).

DISCUSSION

TNF is a key mediator of arthritis. This is evident
not only from the observation that chronic overexpres-
sion of TNF is sufficient to promote destructive arthritis
but also from the fact that TNF blockade is a highly
efficient therapeutic approach in human RA (14,22–24).
TNF drives at least 2 major pathomechanisms in RA,
namely, generating synovitis and triggering structural
damage. Both mechanisms essentially influence the clin-
ical course and outcome of RA. Thus, TNF blockade not
only inhibits signs and symptoms of arthritis but also
reduces structural damage. Interestingly, TNF is a po-
tent indirect stimulator of osteoclastogenesis via induc-
tion of RANKL expression and induces bone resorption
(25). Local bone erosion is not only a crucial clinical
indicator of structural damage in RA but also a consis-
tent hallmark of experimental models of arthritis. In-
deed, the synovial membrane of patients with RA and
animals with experimental arthritis harbors a large num-

Figure 8. Tibial sections obtained from hTNFtg mice, showing changes in systemic bone mass. Undecalcified methylmetacrylate-embedded (A–E)
and decalcified paraffin-embedded (F–J) sections of tibial bones from hTNFtg mice were stained with von Kossa’s and tartrate-resistant acid
phosphatase, respectively. Mice were treated with phosphate buffered saline (control) (A and F), repeated doses of ZA (B and G), a single dose of
ZA (C and H), calcitonin (D and I), or anti-TNF (E and J). Arrow indicates a trabecular osteoclast. Note the massive increase of trabecular bone
after ZA treatment. See Figure 6 for definitions.
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ber of osteoclasts, which have all of the functional
properties necessary to resorb bone (3,9). Recently,
osteoclasts have been identified as the cell type neces-
sary to promote arthritic bone erosion and are therefore
considered as a novel therapeutic target (7,8).

Currently, the most powerful drugs for inhibition
of osteoclast-mediated bone resorption are bisphospho-
nates (26). Due to modification, especially insertion of
nitrogen-containing moieties, the potency of the new

bisphosphonates has increased (13). In contrast, the
antiinflammatory capacity, as is seen with use of liposo-
mal clodronate, has disappeared (27). ZA currently is
one of the most powerful bisphosphonates (13,28). The
exact action of bisphosphonates is still not fully eluci-
dated, but it is commonly accepted that they accumulate
in bone, are taken up by osteoclasts, and subsequently
prevent osteoclast function, possibly due to interference
with the mevalonate pathway (13). Modern bisphospho-
nates are highly effective in increasing systemic bone
mass and reducing the incidence of osteoporotic fracture
(29,30). In contrast, such effects are not or only incon-
sistently observed with other osteoclast-targeted treat-
ments, such as calcitonin (26).

So far, the ability to block arthritic bone erosions
by bisphosphonates remains controversial. At least in
animal models, a positive effect in slowing bone erosion
was observed, although no full protection could be
achieved (9). Moreover, data from human clinical trials
that used bisphosphonates for preventing or slowing
bone erosion in RA are contradictory (31–34). However,
it should be considered that these agents were added to
the DMARD regimens, which modulate disease activity
and joint destruction, and that the dose and potency of
the agents used were comparably low. For these reasons,
we designed an experiment that included 1) a highly
potent bisphosphonate, 2) sufficient dosing, 3) no con-
current antiinflammatory treatment, and 4) an early
start of treatment to allow intervention before severe
bone erosions are formed.

Although ZA treatment did not inhibit clinical
and histologic signs of inflammation, it highly effectively
inhibited the formation of bone erosions. When ZA was
administered repeatedly, bone erosions were almost
completely blocked. In addition, a single injection of ZA
at the beginning of clinically overt disease significantly
blocked bone erosion, although its effect was incom-
plete. In contrast, calcitonin, although applied at high
doses and despite the fact that synovial osteoclasts
express the calcitonin receptor (3), was ineffective for
blocking bone erosion. Interestingly, cartilage damage
was reduced by treatment with ZA, although the effect
was weaker than the effect on bone erosion and was
present only with repeated dosing. In part, the beneficial
effect on cartilage proteoglycan staining could be related
to protection from attack of the articular cartilage by
inflammatory tissues that have eroded from the marrow
space through subchondral bone.

Assessment of systemic bone mass showed a
massive increase with ZA treatment. The effect was
more prominent with the high-dose regimen than with

Figure 9. ZA-induced decreases in the parameters of systemic bone
resorption and formation. Serum levels of A, deoxypyridinoline (DPD)
crosslaps and B, osteocalcin (OC) were measured in hTNFtg mice,
which were treated with phosphate buffered saline (control), repeated
doses of ZA, a single dose of ZA, calcitonin, or anti-TNF. DPD
crosslaps, a marker of bone resorption, decreased most prominently
during treatment with ZA but also with anti-TNF treatment, indicating
an antiresorptive capacity of those agents. Osteocalcin levels, a marker
of osteoblast activation and bone formation, was altered only with
repeated dosing of ZA. Bars show the mean � SEM. � � P � 0.05
versus control (see Figure 6 for other definitions).
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the single-injection approach; however, the gain in bone
mass observed with both ZA regimens exceeded by far
the gain demonstrated with TNF blockade. Thus, ZA
clearly reversed the osteoporotic phenotype of hTNFtg
mice. The effects on trabecular bone were dominant and
were based on an increase in trabecular density rather
than thickness. Furthermore, even high doses of ZA did
not reduce trabecular osteoclast numbers in tibial bones,
in contrast to its effects on synovial osteoclasts, which
were diminished with ZA treatment. Therefore, a reduc-
tion in osteoclast numbers by ZA appears important in
inflammatory bone lesions but not in trabecular bone
remodeling, where inhibition of osteoclast function
rather than reduction in numbers appears to be the
primary mechanism of action of ZA. Interestingly, the
high-dose ZA regimen strongly reduced osteoblast num-
bers in trabecular bone, suggesting strong interference
with bone turnover. This was not observed with the
single-dose regimen. Calcitonin again failed to affect
inflammatory bone loss, although it was used in doses
known to increase bone mass in ovariectomized animals
(16). These findings suggest that calcitonin does not
affect inflammation-induced bone loss.

In summary, the data presented show that
bisphosphonates can inhibit or even completely block
local bone erosion in arthritis. However, such ap-
proaches require the use of a potent bisphosphonate at
sufficiently high doses. Interestingly, in contrast to TNF
blockade, which inhibited local bone erosion completely
when started as early in the disease course as was done
in this study but had little effect on systemic bone loss,
ZA had profound effects on systemic bone mass that
were equal to or even higher than its influence on the
local erosive processes. The reason for such differential
responsiveness of local and systemic bone is yet unclear.
However, differences in the microenvironment may be
important. Whereas local bone erosions stem from a
synovial membrane full of inflammatory cells and acti-
vated synovial fibroblasts, which itself participates in
structural damage, generalized bone loss occurs in a
normal bone marrow environment (35). Furthermore,
accelerated osteoclastogenesis in the synovial membrane
leads to continuous recruitment of new osteoclasts and
thus may require a more aggressive approach to achieve
inhibition of osteoclasts in local bone erosions. In fact,
TNF blockade interferes with osteoclastogenesis at var-
ious levels, which include inhibition of synovial inflam-
mation, reduction of synovial monocytes, functioning as
osteoclast precursors, and direct interference with syno-
vial osteoclastogenesis. In contrast, the action of

bisphosphonates is limited to interference with oste-
oclasts.

Thus, it can be assumed that therapeutic use of
bisphosphonates in RA might greatly profit patients by
attaining sufficient control of synovial inflammation and,
conversely, that antiinflammatory therapy may gain a
synergistic benefit from the concomitant use of potent
bisphosphonates, which interfere with osteoclast func-
tion.
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