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1 Bisphosphonates (BPs) are inhibitors of bone resorption, and many derivatives have been developed
for the treatment of enhanced bone resorption. Aminobisphosphonates (aminoBPs) are particularly
potent in this respect. We have shown previously that aminoBPs, such as 4-amino-1-hydroxybutylidene-
1,1-bisphosphonic acid (AHBuBP), induce histidine decarboxylase, the enzyme forming histamine, and
increase macrophages, granulocytes and osteoclast numbers. Non-aminoBPs do not show this activity.
2 In the present study, an additional aminoBP, cycloheptyl-aminomethylene bisphosphonate
(CHAMBP), was shown to have similar properties to AHBuBP suggesting that these actions are
common among aminoBPs.
3 In experiments carried out to determine if aminoBPs affect immune responses, we found that
CHAMBP and AHBuBP each exacerbated the arthritis induced in mice by the co-injection of type II
collagen and an adjuvant, a model for rheumatoid arthritis. In contrast, dichloromethylene
bisphosphonate (C12MBP), a typical non-aminoBP, did suppress the arthritis.
4 On the basis of these results, and those obtained previously, we propose that the exacerbating effects
of CHAMBP and AHBuBP may be related to their ability to stimulate the synthesis of histamine and to
increase macrophages and granulocytes. Conversely, we propose that the suppressive effect of C12MBP
on arthritis is related to its cytotoxic action on macrophages or granulocytes.
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Introduction

Many derivatives of bisphosphonates (BPs) have been devel-
oped as promising agents for the therapeutic correction of
enhanced bone resorption, such as occurs in Paget's disease,
tumoural osteolysis, tumoural hypercalcaemia, osteoporosis,
and rheumatoid arthritis (Green et al., 1994; Bonjour et al.,
1994; Geddes et al., 1994). Among these derivatives, amino-
bisphosphonates (aminoBPs) are particularly potent. We have
reported that aminoBPs with a free amino group in their
molecule, when injected into mice, enhanced the activity of
histidine decarboxylase (HDC), the enzyme forming histamine,
in the bone marrow, spleen, lung and liver (Endo et al., 1993).
However, non-aminoBPs showed no such activity. Compared
to the transient enhancement of HDC activity after the injec-
tion of lipopolysaccharides (LPS) or cytokines (Endo, 1989;
Endo et al., 1992b), the enhancement of HDC activity by the
aminoBPs was remarkably long-lasting, persisting for several
days (Endo et al., 1993).

In addition to its role in inflammation, histamine has been
shown to stimulate haematopoietic precursor cells in vitro
(Byron, 1977; Shounan & You-Heng, 1988; Nakaya & Tasaka,
1988; Schneider et al., 1990; Dy et al., 1993). Moreover, hae-
matopoietic cytokines, such as interleukin-3 (IL-3), granulo-
cyte-macrophage-colony stimulating factor (GM-CSF) and
granulocyte-colony stimulating factor (G-CSF), induced HDC
in vivo only in haematopoietic organs (Lebel et al., 1990; Endo
et al., 1992b). These, and our recent results (Endo et al., 1995),
suggest that histamine is involved in haematopoiesis, probably
with a role in the formation of macrophages and granulocytes.

It is known that the precursor cells of granulocytes, macr-
phages and osteoclasts are identical. In correspondence with
the haematopoietic action of histamine, the aminoBPs which
enhanced HDC activity increased granulocytes, macrophages
and osteoclasts (Endo et al., 1993). However, the activity and
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morphological properties of osteoclasts were impaired (Endo
et al., 1993). None of the non-aminoBPs tested showed such
effects These results support the idea that histamine may be
involved in the formation of granulocytes, macrophages and
osteoclasts and, therefore, suggested to us that aminoBPs may
affect immune responses.

Granuloyctes, macrophages and osteoclasts are believed to
play important roles in the pathogenesis of rheumatoid ar-
thritis. Because rheumatoid arthritis produces destruction of
the bone around joints, and this destruction is generally be-
lieved to be due to enhanced bone resorption by osteoclasts,
agents inhibiting bone resorption should be useful in the
treatment of this disease. The inhibitory actions of aminoBPs
on bone resorption are much stronger than those of non-
aminoBPs (Muhlbauer et al., 1991; Green et al., 1994).
Therefore, it seemed important to examine whether aminoBPs
and non-aminoBPs might have different effects on a model of
rheumatoid arthritis. Polyarthritis induced in mice or rats by
the injection of type II collagen together with an adjuvant is
widely used as a model for rheumatoid arthritis. In the present
study, therefore, the effects were examined of two aminoBPs
and a typical non-aminoBP on this model.

Methods

Mice and reagents

Male DBA/1 (6 weeks old) were obtained from the Mouse
Centre of our University.

Bovine type II collagen prepared by Collagen Research
Centre (Kiyose, Japan) was purchased from Cosmo-Bio Inc.
(Tokyo, Japan). A peptidoglycan subunit from the cell wall of
Staphylococcus epidermidis (designated as SEPS, Kawata et al.,
1984) was provided by Dainippon Pharmaceutical Co. (Osaka,
Japan).
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The bisphosphonates used in this study were cycloheptyla-
minomethylene bisphosphonate (CHAMBP or YM-175) from
Yamanouchi Pharmaceutical Co. (Tokyo, Japan), di-
chloromethylene bisphophonate (C12MBP) from Kissei
Pharmaceutical Co. (Matsumoto, Japan), 4-amino-i-hydro-
xybutylidene-l,l-bisphophonic acid (AHBuBP) and 3-amino-
1-hydroxypropylidene-l,1-bisphosphonate (AHPrBP) from
Teijin Pharmaceutical Co. (Tokyo, Japan). Bisphosphonates
were dissolved in sterile saline (or water, in the case of high
concentrations) and their pH adjusted to 7 with NaOH or HCL.
These solutions were injected intraperitoneally (i.p., 0.1 ml per
10 g body weight).

Assay of HDC activity

Mice were killed by decapitation at the indicated times, and
tibias and femurs rapidly removed and kept at -80'C until
assayed. HDC activity, i.e. the activity of the enzyme con-
tained in tissues that produces histamine from histidine, was
assayed as described previously (Endo, 1983). HDC activity in
the bone marrow was expressed in terms of nmol histamine
produced during 1 h incubation by the enzyme contained in
the bone marrow of 1 g tibia and/or femur (nmol h-' g-')
(Endo et al., 1992a).

Induction of arthritis

Arthritis was induced in DBA/1 mice by co-injection of type II
collagen and an adjuvant. In some experiments, SEPS was
used as a bacterial component of the adjuvant. Its molecular
properties were described by Kawata et al. (1984). In such
experiments, 1 ml of 0.2% type II collagen in 0.01 M acetic
acid, 1 ml of Freund's incomplete adjuvant and 4 mg of SEPS
were mixed homogeneously by use of a sonicator, and 50 yl of
the mixture was injected intradermally at the root of the tail of
DBA/1 mice of 6 to 8 weeks of age (1st sensitization). Three
weeks later, the same mixture was again injected in the same
way (2nd sensitization). In other experiments, we used

Freund's complete adjuvant (FCA) as follows: 1 ml of the type
II collagen solution described above was mixed with 1 ml of
FCA, and the mixture was injected as described above.

The severity of the joint inflammation in each mouse was
quantified by scoring each paw on a scale of 0 to 4 (Wood et
al., 1969). The incidence of arthritis and total of the score for
all four paws were used as indices of the arthritis produced.
For convenience, the mean score per mouse in each experi-
mental group has been used to illustrate the effects of the
drugs. However, statistical analysis of the scores was per-
formed by use of a non-parametric method as described be-
low.

Administration of bisphosphonates

CHAMBP (0.32 and 1.6 imol kg-'), AHBuBP (1.6 and
8.0 pmol kg-') and C12MBP (160 umol kg-') were each in-
jected intraperitoneally once per week. The reasons for using
this regimen were as follows (1) Doses: the doses of C12MBP
used in many reports to inhibit bone resorption are 20 to
200 tmol kg-' per day, but the minimum effective doses of
AHBuBP and CHAMBP are about 1/100 of that of C12MBP,
and CHAMBP is more potent than AHBuBP (Isomura et al.,
1990; Fujimoto et al., 1990; Muhlbauer et al., 1991). (2) In-
terval between injections: bisphosphonates bind strongly and
almost irreversibly to the bone and tend to accumulate there
(Lin et al., 1991).

The lethal doses in mice within 1 week after a single in-
traperitoneal injection of AHBuBP or CHAMBP were about
80 and 160 Mmol kg-', respectively. C12MBP did not induce
any macroscopic symptoms even at 800 Mmol kg-'.

Histological observation of the bone

Tissues were stained with haematoxylin-eosin as described
previously (Endo et al., 1993). Macrophages and granulocytes
in the peritoneal cavity were detected by nonspecific esterase
staining (Yam et al., 1971).

Table 1 Effects of weekly i.p. injections of C12MBP and CHAMBP on normal DBA/I mice

Dose body
(ymol kg-') (g)

28+2
160 28+2

1.6 28+3

Weight
spleen
(mg)

64+7
68+11
68+10

HDC activity
tibiaa in the tibia
(mg) (nmol h-1 g')

56 ± 3
66+4*
68+5*

1.2+0.2
1.1+0.3
1.6 + 0.2*

HDC activity in the tibia of each DBA/1 mouse was assayed 4 days after the 5th weekly injection. Each value is the mean+ s.d. from 5
mice. afrom two legs of each mouse. *P<0.05 vs saline group (unpaired t test).

Table 2 Effect of bisphosphonates on the activity of histidine decarboxylase (HDC) in mice treated with a mixture of Freund's
complete adjuvant and type II collagen (FCA-collagen)

Treatment
Ist injection 2nd injection

Saline Saline
Saline C12MBP
Saline ABHuBP
Saline CHAMBP
FCA-collagen Saline
FCA-collagen C12MBP
FCA-collagen AHBuBP
FCA-collagen CHAMBP

HDC activity (nmol h-I g1)
Spleen Bone

1.0+0.4
0.8 +0.3
1.3 + 0.3
1.1 +0.5
1.2+0.3
1.0+0.2
2.1 +0.2*
2.1 +0.3*

2.0+0.3
1.8 +0.3
1.8+0.4
2.0+0.3
2.6+0.5
2.3 +0.5
3.4+0.5*
4.4+0.6*

FCA-collagen or saline was injected intradermally into DBA/1 mice as described in the Methods. Six days later, C12MBP
(160 .mol kgl), CHAMBP (1.6 imol kg1l), AHBuBP (8 ymol kg-') or saline was injected intraperitoneally. HDC activities in the
spleen and bone (tibia plus femur) of the mice were assayed 3 days after the 2nd injection. Each value is the mean+ s.d. from 6 mice.
*P<0.01 vs the corresponding control, in which bisphosphonate was replaced by saline (unpaired t test).

Saline
C12MBP
CHAMBP
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Statistical evaluation

The change in the arthritic score within each experimental
group during an experimental period was analyzed using a
one-way analysis of variance (ANOVA). The difference be-
tween two experimental groups in terms of their arthritic
scores at a given time was analyzed using a Ridid test, a non-
parametric test.

Any changes in arthritic incidence throughout an experi-
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mental period among or between experimental groups were
analyzed by a two-factor ANOVA test. The difference, in
terms of incidence, between two experimental groups at a given
time was analyzed by Fisher's exact probability test.

The values sampled from a population that followed a
Gaussain distribution were analyzed by Student's unpaired t
test, a parametric test.

Ridid analysis was carried out using a hand calculator and
other analyses using a Macintosh computer and InStat and
Super ANOVA software.

Results

Effects of weekly injections of CHAMBP and C12MBP
in normal mice

Before starting experiments on the arthritis model, the effects
of weekly i.p. injection of these agents on normal DBA/l mice
were tested (Table 1). Under our conditions, these agents
caused no decrease in body weight, no depression of beha-
vioural activity, no increase in the weight of spleen, and no
detectable increase in macrophages and granulocytes in the
peritoneal cavity. However, there was a significant increase in
the weight of the tibia, which was due to hypertrophy in the
metaphyseal portion, i.e. the bone developed a club-like shape,
indicating a strong inhibition of bone resorption. Under these
conditions, only CHAMBP significantly increased HDC ac-
tivity in the tibia.
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Figure 1 Effects of CHAMBP and C12MBP on the arthritis induced
by co-injection of type II collagen, Freund's incomplete adjuvant and
SEPS. CHAMBP (0, 1.6 .mol kg- 1), C12MBP (A, 160mumol kg- 1)
or saline (-) was injected i.p. once each week for 8 weeks. The
injection sequence was started 7 days before the 1st sensitization.
Data are from 7 to 9 mice. (a) The arthritic scores for saline and
CHAMBP groups increased significantly with time (P<0.0001 by
one-way ANOVA test and P<0.01 vs. week 4 by Dunnett' multiple
comparison test). In each week, the scores for the CHAMBP and
C12MBP groups were compared to that of the saline group using a

Ridid test (#P<0.05 vs. saline group). (b) The incidence for the
C12MBP group as a whole was significantly lower than for the saline
or CHAMBP group (P<0.05, two-factor ANOVA). The incidences
in each group were compared by Fisher's exact probability test
(tP<00.5 vs. saline group). Note: although there was no significant
difference betwen the CHAMBP group and the saline group in a two-
factor ANOVA test, the incidence for the CHAMBP group for week
5 was significantly higher than that for the saline group when Fisher's
exact probability test was used.

Effects of C12MBP, CHAMBP and AHBuBP on the
activity of histidine decarboxylase (HDC) in mice
treated with an arthritis-inducing mixture

A single i.p. injection ofCHAMBP (1.6 pmol kg-'), AHBuBP
(8 yrmol kg-') or C12MBP (160 Mmol kg-') produced no
significant elevation in HDC activity in either the spleen or
bone marrow of sham-immunized mice. However, CHAMBP
and AHBuBP, but not C12MBP, significantly elevated HDC
activity in these tissues in mice treated with the arthritis-in-
ducing mixture of Freund's complete adjuvant and type II
collagen (Table 2).

Effects of CHAMBP, AHBuBP and C12MBP on
arthritis

Figure 1 shows the effects of CHAMBP and C12MBP on
the arthritis induced by type II collagen combined with
SEPS and Freund's incomplete adjuvant. Compared with
the saline-group, the C12MBP-group showed a significantly
lower arthritic score at 6 and 7 weeks after the first sensi-
tization, whereas CHAMBP significantly increased the score
at 5 and 7 weeks. The incidence of arthritis in the
C12MBP-group at 6 and 7 weeks was significantly lower
than in the saline-group. In contrast, the incidence in the
CHAMBP-group at 5 weeks was significantly higher than in
the saline-group.

Our result with C12MBP is essentially the same as those
described in the literature. However, the effect of CHAMBP
is different from those of many other bisphosphonates. In an
attempt to confirm this unusual effect of CHAMBP, we next
examined the effect of CHAMBP and ABHuBP on the ar-
thritis induced by collagen type II and Freund's complete
adjuvant, because this adjuvant is commonly used by other
investigators. In these experiments, CHAMBP and AHBuBP
were administered 7 days after the 1st sensitization.

As shown in Figure 2, the arthritic score at 5 weeks in the
C12MBP group was significantly lower than that in the saline
group, whereas the scores in the CHAMBP group at 6, 7 and 8
weeks were all significantly higher than those in the saline
group. However, any difference in incidence among these
groups did not reach significance. CHAMBP at a lower dose
(0.32 pmol kg-') did not induce such an exacerbating effect
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(data not shown). AHBuBP also worsened the arthritis at
8 Mimol kg-' (Figure 3), but not at 1.6 timol kg-' (data not
shown).

Effects of CHAMBP administered 3 weeks after the Ist
sensitization

In the above experiments, the administration of CHAMBP
was started one week before or after the 1st sensitization. In
the next experiment (Table 3), the injection of CHAMBP was
started 3 weeks after the 1st sensitization. In this experiment, at

six weeks after the 1st sensitization the incidence in the saline
group was 0/5, but the incidence in the CHAMBP-group was
5/5.

Table 3 also shows HDC activity in the tibia. The HDC
activity of the saline-group was significantly higher than that
of age-matched normal DBA/1 mice. In turn, the HDC activity
of the CHAMBP-group was markedly higher than that of the
saline group.
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Figure 2 Effects of C12MBP and CHAMBP on the arthritis induced
by co-injection of type II collagen and Freund's complete adjuvant.
C12MBP (-, 160 umolkg-'), CHAMBP (0, 1.6 umolkg-l) or
saline (0) was injected once each week for 8 weeks, the injection
sequence being started 7 days after the 1st sensitization. Data are
from 14 mice of each group. (a) The arthritic score for each group
increased significantly with time (P<0.0001 by one-way ANOVA
test). In each week, the score for the CHAMBP and C12MBP groups
was compared to that of the saline group using a Ridid test
(#P <0.05). (b) In this experiment, there was no statistically
significant difference between the 3 groups in terms of the incidence
of arthritis.
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Figure 3 Effects of AHBuBP on the arthritis induced by co-injection
of type II collagen and Freund's complete adjuvant. AHBuBP (-,
8 pmol kg- 1) or saline (U) was injected once each week. The
injection sequence was started 7 days after the 1st sensitization.
Data are from 8 mice of each group. (a) The arthritic scores for
saline and AHBuBP groups increased significantly with time
(P<0.0001 by one-way ANOVA test). In each week, the arthritic
score for the AHBuBP group was compared to that of the saline
group using a Ridid test (eP<0.05 vs. saline group). (b) The
incidence for the AHBuBP groups as a whole was significantly higher
than that for the saline group (P<0.05, two-factor ANOVA). In
week 7, the incidence for the AHBuBP group was significantly higher
than that for the saline group by Fisher's exact probability test
(tP< 0.05).
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Histochemical analysis ofjoints and growth plates of
tibias

Joints and tibias from the arthritic mice were compared his-
tologically. In these experiments, joints from paws that had a
severity score of three in the experiment shown in Figure 1
were selected from each group. There was marked bone de-
struction (arrow head) around the joints of the saline-group
(Figure 4b). Similar bone destruction also occurred in the
joints of the CHAMBP-group (Figure 4c). Although C12MBP
exerted a suppressive effect on the arthritis, bone destruction
was also evident in the joints of the C12MBP group (Figure
4d). Synovial proliferation with pannus formation, cartilage
erosion, and infiltration of polymorphonuclear cells and
mononuclear cells (macrophages and lymphocytes) into the
joints were also evident in all of the arthritic groups. Thus, no
apparent differences were detected among the joints of the
saline, CHAMBP and C12MBP groups.

The effect of bisphosphonates on bone resorption in the
growth plate of tibias from arthritic mice is illustrated in
Figure 5. The number of bone trabeculae was markedly in-
creased in the groups treated with either CHAMBP (Figure 5b)

Table 3 Effects of CHAMBP administered 3 weeks after
1st sensitization on arthritis and histidine decarboxylase
(HDC) activity in the tibia

Incidence
of

arthritis

Normal mice
Sensitized mice

Saline
CHAMBP

Mean
arthritis
score

HDC activity
in the tibia

(nmolh-4g+

1.4+0.5

0/5 0 2.3O0.2*
5/5 4.6+ 1.3 4.9+0.4#

The method used to induce arthritis was the same as in the
experiment shown in Figure 2. The injection sequence using
CHAMBP (1.6 pmol kg') or saline was started 3 weeks
after the 1st sensitization and they were injected once every
7 days. Six weeks after the 1st sensitization, the incidence
and scores were each determined and tibias were assayed
for histidine decarboxylase (HDC) activity. Each value is
the mean+s.d. from 5 mice. *P<0.05 vs normal mice,
#P<0.05 vs saline group (unpaired t tests).

or C12MBP (Figure 5c). In addition, there was a club-shaped
hypertrophy of the metaphysis in the tibias of these groups
(seen in the experiment shown in Table 1 as an increase in
weight). These results indicate that CHAMBP and C12MBP
strongly inhibited the physiological bone resorption which is
mediated by osteoclasts.

Discussion

AHBuBP and AHPrBP each have a free amino group in their
molecule, and we have previously shown that they induce
prolonged elevation of HDC activity in various tissues in-
cluding spleen and bone marrow, and an increase in macro-
phages and granulocytes (Endo et al., 1993). Although the
amino group of CHAMBP is cycloheptylated, the present
study indicates that this agent also had essentially the same
actions. Conversely, non-aminoBPs did not show such actions
even at higher doses.

The reported effects of various bisphosphonates (BPs) on
experimental arthritis and on human rheumatoid arthritis are
summarized in Table 4. In the table, we note that BPs other
than aminoBPs are effective in suppressing experimental ar-
thritis. In our present study, C12MBP was also shown to have
such a suppressive effect. However, both CHAMBP and AH-
BuBP, i.e. aminoBPs, were clearly shown to have an exacer-
bating effect on the development of the arthritis. The data on
AHPrBP and N-dimethylAHPrBP reported by Markusse et al.
(1990) indicate that these aminoBPs are also ineffective on, or
may worsen, arthritis induced in rats. Therefore, with regard to
experimental arthritis, and in contrast to non-aminoBPs,
aminoBPs seem either not to affect it or to worsen it.

Francis et al. (1989) have proposed two phases in the de-
velopment of experimental arthritis: (i) initial inflammation in
periarticular soft tissues, and (ii) magnification of the in-
flammation by calcium released by osteolysis, leading ulti-
mately to destruction of the joint. They suggest that BPs
suppress the second phase by inhibiting bone resorption.
However, our doses of CHAMBP or AHBuBP as well as the
doses of AHPrBP and N-dimethylAHPrBP used by Markusse
et al. (1990) (4 ,umol kg-' given daily by s.c. injection for 3
weeks) are sufficient to inhibit physiological bone resorption
(Miihlbauer et al., 1991). Indeed, our morphological observa-
tions confirmed their strong inhibition of bone resorption in
the growth plate. Therefore, the contrast between the sup-

Table 4 Reported effects of bisphosphonates on arthritis

Bisphosphonate

Non-AminoBPs
HEBP (etidronate)
C12MBP (clodronate)

SR41319 (tildronate)
Pyridine-BP
NE-58095 (risedronate)

Pyrazoline-BPs

Amino-BPs
AHPrBP (pamidronate)

N-dimethylAHPrBP
CHAMBP (YM-175)
AHBuBP (alendronate)

Arthritis

rat AA
rat AA
mouse AA
rat AA

rat AA
rat AA
mouse CA

rat CA
human RA
human RA
rat CA
mouse CA
mouse CA

Effects

E
E
E
E

References

1,2
2,6
6,12
3

E
E
E

NE
NE
E
NE or W
NE or W
NE or W

4
5,6
5,6

7
8,9

10,11
7
12
12

AA, adjuvant-induced arthritis; CA, collagen-induced arthritis; RA, rheumatoid arthritis; E, effective; NE, not effective; W, worsening.
References: (1) Francis et al., 1972; (2) Flora, 1979; (3) Babier et al., 1986; (4) Francis et al., 1989; (5) Nugent et al., 1993; (6) Dunn et
al., 1993a; (7) Markusse et al., 1990; (8) Ralston et al., 1989; (9) Tan et al., 1989; (10) Bijvoet et al., 1980; (11) Maccagno et al., 1994;
(12) present results.
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Figure 4 Haematoxylin-eosin staining of the area around the heel of normal and score-3-arthritic hind paw joints in the experiment of Figure
1. Joints of (a) normal mouse, (b) arthritic mouse from the saline group, (c) arthritic mouse from the CHAMBP group, (d) arthritic mouse from
the C12MBP group. In arthritic joints, pannus formation (*), erosion of articular cartilage (arrow) and bone destruction (arrow head) are
evident. Bar= 300 gm.

Figure 5 Haematoxylin-eosin staining of tibial growth plates from score-3-arthritic joints in the experiment of Figure 1. Tibias are from
arthritic mice of (a) saline group, (b) CHAMBP group, and (c) C12MBP group. A marked increase in trabecular bone is evident in the growth
plates of CHAMBP and C12MBP groups, indicating a strong inhibiton of osteoclast-mediated bone resorption. Bar=60 jym.
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pressive effect of non-aminoBPs and the ineffectiveness of
aminoBPs on arthritis cannot be attributable to effects on bone
resorption.

In DBA/1 mice treated with the mixture of Freund's com-
plete adjuvant and type II collagen (i.e. sensitized in respect of
the arthritis), a single i.p. injection of CHAMBP
(1.6 ymol kg-') or AHBuBP (8 umol kg-') elevated HDC
activity in both bone and spleen. In these experiments,
C12MBP was inactive in elevating HDC activity. In our study,
weekly injections of CHAMBP and AHBuBP, at doses of 1.6
and 8 pmol kg-', respectively, worsened the arthritis. These
results suggest that the ability of aminoBPs to induce HDC
activity may be related to their worsening effect on arthritis.

As described above, aminoBPs have the ability to increase
macrophages and granulocytes. They can even increase os-
teoclasts, although the activity and morphological properties
of these osteoclasts are impaired (Endo et al., 1993).
BM21.0955, an N-alkyl derivative of ABHuBP and the most
potent BP in terms of its ability to inhibit bone resorption, also
increases osteoclasts (Muhlbauer et al., 1991). Because the
precursor cells of osteoclasts, macrophages and granulocytes
are known to be identical, these results suggest that aminoBPs
may stimulate the precursor cells.

As described in the Introduction, histamine may be in-
volved in haematopoiesis, including the formation of macro-
phages and granulocytes. Substances with adjuvant activity
such as lipopolysaccarides and SEPS can also increase HDC
activity in the bone marrow and spleen (Endo et al., 1992b;
Ando et al., 1984). Freund's complete adjuvant also increases
HDC activity in these organs (data not shown). Therefore, it is
likely that the enhanced HDC activity (leading to enhanced
histamine formation) induced by aminoBPs or by their com-
bination with substances capable of inducing HDC, activity,
may be responsible, at least in part, for the stimulation of the
precursor cells described above. This would promote the for-
mation of macrophages and granulocytes, contributing to an
enhanced inflammatory reaction.
C12MBP has been shown to be highly cytotoxic to macro-

phages and osteoclasts in the presence of bone particles in vitro
(Chambers, 1980; Flanagan & Chambers, 1989). Moreover,
intravenous injection of C12MBP encapsulated in liposomes
can eliminate macrophages (Van Rooijen & Nieuwmegen,
1984; Van Rooijen et al., 1990; Endo et al., 1995). Reitsma et al.
(1982) have demonstrated that the cytotoxicity of C12MBP is
greater than that of AHPrBP, and the ability of liposome-en-
capsulated C12MBP to decrease macrophages is far greater
than that of AHPrBP (Van Rooijen & Kors, 1989). However,
the inhibitory action of C12MBP on bone resorption is 1/10 or
less that of AHPrBP (Miihlbauer et al., 1991). Therefore, in
addition to its inhibition of bone resorption, it seems possible
that the cytotoxic action of C12MBP may be involved in its
suppressive effect on arthritis. For example, C12MBP (a
strongly acidic substance) might conceivably bind to basic
components such as histones (or their fragments) derived from
degraded cells around arthritic tissues or to other basic mate-
rials, and such complexes might then be ingested by phagoctyic

macrophages or granulocytes with a cytotoxic effect on these
cells. Dunn et al. (1993a, b) proposed a similar idea; namely,
that the antiinflammatory action ofC12MBP may be related to
a prevention of the development and subsequent recruitment of
monocytes (i.e. macrophages).

As to the effects of BPs on human rheumatoid arthritis, only
that of AHPrBP has been reported (Table 4). Ralston et al.
(1989) and Tan et al. (1989) have found that it is not effective
in restricting the progression of periarticular bone erosion,
although the bone resorption was suppressed. These results
seem to be in agreement with those of our animal experiments.
On the other hand, Bijvoet et al. (1980) and Maccagno et al.
(1994) reported AHPrBP was effective in suppressing rheu-
matoid arthritis. By way of an explanation for this dis-
crepancy, Maccagno et al. (1994) pointed out differences
between the groups in terms of dose and period of adminis-
tration. However, we think it is more relevant that the former
two groups used intravenous infusion of a small dose, whereas
the latter two groups used oral administration of a large dose.
Indeed, Adami et al. (1987) have shown that intravenous in-
jection of aminoBPs, but not of C12MBP, induces in-
flammatory responses in human patients. We, therefore,
suspect that the de-aminated metabolites ofAHPrBP (i.e. non-
aminoBPs), possibly produced in the liver after a large dose
given by the oral route, may be involved in the reported sup-
pression of the arthritis.

Unexpectedly, in the present study there was a severe de-
struction of the bone around the joints of the arthritic mice
treated with CHAMPB, AHBuBP or even C12MBP. It is of
considerable interest why such bone destruction occurs, even
where there is a strong inhibition of physiological bone re-
sorption in the growth plate. Ralston et al. (1989) discussed the
possibility that cells other than osteoclasts might be involved in
the erosion of the bone in rheumatoid arthritis. We suggest
that macrophages and/or granulocytes, in addition to their
inflammatory roles in soft tissues, may also have a role in the
destruction of bone.

Finally, in the clinical application of aminoBPs, the closest
attention must be paid to their inflammatory actions, since
these could exacerbate autoimmune diseases, such as rheu-
matoid arthritis. Moreover, it should also be noted that bi-
sphosphonates accumulate in the bone almost irreversibly (Lin
et al., 1991). Therefore, clinical doses must be lowered as low
as possible. Fortunately, some aminoBPs can suppress bone
resorption at much lower doses than those used in the present
study (Mfihlbauer et al., 1991), and recently it was shown that
oral administration of low doses of AHBuBP is effective in
suppressing bone resorption in patients with osteoporosis
(Liberman et al., 1995).

This work was supported in part by Grants-in-Aid for Scientific
Research from the Ministry of Education of Japan (No. 05671567
and 06454530).

References

ADAMI, S., BHALLA, A.K., DORIZZI, R., MONTESANI, F., ROSINI, S.,
SALVAGNO, G. & LOCASCIO, V. (1987). The acute phase response
after biphosphonate administration. Calcif. Tissue Int., 41, 326-
331.

ANDO, T., ENDO, Y., ABE, M. & KUMAGAI, K. (1994). Stimulation of
the synthesis of histamine and putrescine in mice by a
peptidoglycan of Gram-positive bacteria. Microbiol. Immunol.,
38, 209-215.

BARBIER, A., BRELIER, J.C., REMANDET, B. & RONCUCCI, R.
(1986). Studies on the chronic phase of adjuvant arthritis: Effect
of SR 41319, a new diphosphonate. Ann. Rheumatic Dis., 45, 67-
74.

BIJOVET, O.L.M., FRIJLINK, W.B., JIE, K., VAN DER LINDEN, H.,
MEIJER, C.J.L.M., MULDER, H., VAN PAASSEN, H.C., REITSMA,
P.H., TE VELDE, J., DE VRIES, E. & VANDER WAY, J.P. (1980). APD
in Paget's disease of bone: role of the mononuclear phagocyte
system. Arthritis Rheumatism, 23, 1193- 1204.

BONJOUR, J.P., RIZZOLI, R., AMMANN, P. & CHAVALLEY, T. (1994).
Bisphosphonates in clinical medicine. In Bone and Mineral
Research, Vol.8, ed. Heershe, N.M. & Kanis, J.K. pp. 205-
264. Amsterdam: Elsevier Science BV.

BYRON, J.W. (1977). Mechanism for histamine H2-receptor induced
cell-cycle changes in the bone marrow stem cell. Agents Actions,
7, 209-213.



212 Y. Endo et al Inflammatory actions of aminobisphosphonates

CHAMBERS, T.J. (1980). Diphosphonates inhibit bone resorption by
macrophages in vitro. J. Pathol., 132, 255-262.

DUNN, C.J., GALINET, L.A., WU, H., NUGENT, R.A., SCHLACHTER,
S.T., STAITE, N.D., ASPAR, D.G., ELIOTT, G.A., ESSANI, N.A.,
ROHLOFF, N.A. & SMITH, R.J. (1993a). Demonstration of novel
anti-arthritic and anti-inflammatory effects on diphosphonates.
J. Pharmacol. Exp. Ther., 266, 1691-1698.

DUNN, C.J., DOYLE, D.V. & WILLOUGHBY, D.A. (1993b). Investiga-
tion of the acute and chronic anti-inflammatory properties of
diphosphonates using a broad spectrum of immune and non-
immune inflammatory reactions. Drug Develop. Res., 28, 47 - 55.

DY, M., MACHAVOINE, F., LEBEL, B., ICHIKAWA, A., GASTINEL,
L.N. & SCHNEIDER, E. (1993). Interleukin 3 promotes histamine
synthesis in hematopoietic progenitors by increasing histidine
decarboxylase mRNA expression. Biochem. Biophys. Res.
Commun., 192, 167-173.

ENDO, Y. (1983). A simple method for the determination of
polyamines and histamine and its application to the assay of
ornithine and histidine decarboxylase activities. Method.
Enzymol., 94, 42-47.

ENDO, Y. (1989). Induction of histidine and ornithine decarboxylase
activities in mouse tissues by recombinant interleukin- 1 and
tumor necrosis factor. Biochem. Pharmacol., 38, 1287- 1292.

ENDO, Y., KIKUCHI, T., NAKAMURA, M. & SHINODA, H. (1992a).
Determination of histamine and polyamines in calcified tissues of
mice: contribution of mast cells and histidine decarboxylase to
the amount of histamine in the bone. Calcif. Tissue Int., 51, 67-
71.

ENDO, Y., KIKUCHI, T., TAKEDA, Y., NITTA, Y., RIKIISHI, H. &
KUMAGAI, K. (1992b). GM-CSF and G-CSF stimulate and
synthesis of histamine and petrescine in the hematopoietic organs
in vivo. Immunol. Lett., 33, 9- 14.

ENDO, Y., NAKAMURA, N., KIKUCHI, T., SHODA, H., TAKEDA, K.,
NITTA, Y. & KUMAGAI, K. (1993). Aminoalkylbisphophonates,
potent inhibitors of bone resorption, induce a prolonged
stimulation of histamine synthesis and increase macrophages,
granulocytes, and osteoclasts in vivo. Calcif. Tissue Int., 52,248 -
254.

ENDO, Y., NAKAMURA, M., NITTA, Y. & KUMAGAI, K. (1995).
Effect of macrophage depletion on the induction of histidine
decarboxylase by lipopolysaccharide, interleukin-1 and tumour
necrosis factor. Br. J. Pharmacol., 114, 187-193.

FLANAGAN, A.M. & CHAMBERS, T.J. (1989). Dichloromethylenebi-
sphosphonate (C12MBP) inhibits bone resorption through injury
to osteoclasts that resorb C12MBP-coated bone. Bone Mineral, 6,
33-43.

FLORA, L. (1979). Comparative anti-inflammatory and bone
protective effects of two diphosphonates in adjuvant arthritis.
Arthritis Rheumatism, 22, 340-346.

FRANCIS, M.D., FLORA, L. & KING, W.R. (1972). The effects of
disodium ethan-1-hydroxy-1,1-diphosphonate on adjuvant ar-
thritis in rats. Calcif. Tissue Res., 9, 109- 121.

FRANCIS, M.D., HOVANCIK, K. & BOYCE, R.W. (1989). NE-58095: A
diphosphonate which prevents bone erosion and preserves joint
architecture in experimental arthritis. Int. J. Tiss. Reac., XI,
239-252.

FUJIMOTO, R., NII, O., OKAZAKI, A., MIKI, H. & KAWASHIMA, H.
(1990). Effect of disodium dihydrogen (cycloheptylamino)
methylene biphosphonate (YM-175) on the bone resorption in
rats and dogs. Histological examination. XIth Annu. Meeting Am.
Soc. Bone Mineral Res., August 28 - 31, Atlanta, Georgia, U.S.A.

GEDDES, A.D., D SOUZA, S.M., EBENTINO, F.H. & KENNETH, J.I.
(1994). Biphosphonates: structure-activity relationships and
therapeutic implications. In Bone and Mineral Research, Vol. 8.
ed. Heershe, N.M. & Kanis, J.K. pp. 265-306. Amsterdam:
Elsevier Science BV.

GREEN, J.R., MULLER, G.K. & JAEGGI, K.A. (1994). Preclinical
pharmacology of CGP 42'446, a new, potent, heterocyclic
bisphosphonate compound. J. Bone Mineral Res., 9, 745-751.

ISOMURA, Y., TAKEUCHI, M., KAWAMUKI, K., KUDO, M., ABE, T.,
FUJITA, S., KAWASHIMA, H. & MURASE, K. (1990). The rational
design of new bisphosphonates. J. Bone Mineral Res., 5, S234.

KAWATA, S., TAKEMURA, T., YOKOGAWA, K. & KOTANI, S. (1984).
Isolation of bacteriolytic endopeptidase from a strain of
Cytophaga and its application to preparation of hydrosoluble
polysaccharide peptide from Staphylococcus epidermidis
peptidoglycan. Arg. Biol. Chem., 48, 2253-2263.

LEBEL, B., SCHNEIDER, E., PIQUET-PELLORCE, C., MACHAVOINE,
F., KINDER, V., LUFFAU, G. & DY, M. (1990). Antigenic challenge
of immunized mice induces endogenous production of IL-3 that
increases histamine synthesis in hematopoietic organs. J.
Immunol., 145, 1222- 1226.

LIBERMAN, U.A., WEISS, S.R., BROLL, J., MINNE, H.W., QUAN, H.,
BELL, N.H., RODORIGUEZ-PORTALES, J., DOWNS, R.W. JR.,
DEQUEKER, J., FAVUS, M., SEEMAN, E., RECKER, R.R.,
CAPIZZI, T., SANTORA II, A.C., ROMBARDI, A., SHAH, R.V.,
HIRSCH, L.J. & KARPF, D.B. (1995). Effect of oral alendronate on
bone mineral density and the incidence of fractures in
postmenopausal osteoporosis. N. Engl. J. Med., 333, 1437-1443.

LIN, J.H., DUGGAN, D.E., CHEN, I-W. & ELLSWORTH, R.L. (1991).
Physiological disposition of alendronate, a potent anti-osteolytic
biphosphonate, in laboratory animals. Drug Metab. Dispos., 19,
926-932.

MACCAGNO, A., DI GIORGIO, E., ROLDAN, E.J.A., CABALLERO,
L.E. & LLORET, A.P. (1994). Double blind radiological assessment
of continuous oral pamidronic acid in patients with rheumatoid
arthritis. Scand. J. Rheumatol., 23, 211-214.

MARKUSSE, H.M., LAFEBER, G.J.M. & BREEDVELD, F.C. (1990).
Bisphosphonates in collagen arthritis. Rheumatol. Int., 9, 281-
283.

MUHLBAUER, R.C., BAUSS, F., SCHENK, R., JANNER, M., BOSIES,
E., STREIN, K. & FLEISCH, H. (1991). BM21.0955, a new
bisphosphonate to inhibit bone resorption. J. Bone Mineral
Res., 6, 1003 -1011.

NAKAYA, N. & TASAKA, K. (1988). The influence of histamine on
precursors of granulocytic leukocytes in murine bone marrow.
Life Sci., 42, 999- 1010.

NUGENT, R.A., MURPHY, M., SCHLACHTER, S.T., DUNN, C.J.,
SMITH, R.J., STAITE, N.D., GALINET, L.A., SHEILDS, S.K.,
ASPAR, D.G., RICHARD, K.A. & ROHLOFF, N.A. (1993). Pyrazo-
line bisphosphonate esters as novel anti-inflammatory and anti-
arthritic agents. J. Med. Chem., 36, 134- 139.

RALSTON, S.H., HACKING, L., WILLOCKS, L., BRUCE, F. &
PITKEATHLY, D.A. (1989). Clinical, biochemical, and radio-
graphic effects of aminohydroxypropylidene bisphosphonate
treatment in rheumatoid arthritis. Ann. Rheum. Dis., 48, 396-
399.

REITSMA, P.H., TEITELBAUM, S.L., BIJVOET, O.L.M. & KAHN, A.J.
(1982). Differential action of the bisphosphonates (3-amino-l-
hydroxpropylidene)- 1,1-bisphosphonate (APD) and disodium
dichloromethylidene bisphosphonate (C12MDP) on rat macro-
phage-mediated bone resorption in vitro. J. Clin. Invest., 70,
927-933.

SCHNEIDER, E., PIQUET-PELLFORCE, C. & DY, M. (1990). New role
for histamine in interleukin-3-induced proliferation of hemato-
poietic stem cells J. Cell. Physiol., 143, 337-343.

SHOUNAN, Y. & YOU-HENG, X. (1988). The influence of histamine at
various concentrations on the cell cycle state of hematopoietic
stem cells (CFU-s). Int. J. Cell Cloning, 6, 290-295.

TAN, P.L.H., AMES, R., YEOMAN, S., IBBERTSON, H.K. & CAUGHEY,
D.E. (1989). Effects of amino bisphosphonates infusion on
biochemical indices of bone metabolism in rheumatoid
arthritis. Br. J. Rheumatol., 28, 325-328.

VAN ROOIJEN, N. & KORS, N. (1989). Effects of intracellular
disphosphonates on cells of the mononuclear phagocyte system.
In vivo effects of liposome-encapsulated disphosphonates on
different macrophage subpopulation in the spleen. Calcif. Tissue
Int., 45, 153 - 156.

VAN ROOIJEN, N. & NIEUWMEGEN, R.V. (1984). Elimination of
phagocytic cells in the spleen after intravenous injection of
liposome-encapsulated dichloromethylene disphosphonates. Cell
Tissue Res., 238, 355-358.

VAN ROOIJEN, N., KORS, N., ENDE, M. & DIJKSTRA, C.D. (1990).
Depletion and repopulation ofmacrophages in spleen and liver of
rat after intravenous treatment with liposome-encapsulated
dichloromethylene disphosphonate. Cell Tissue Res., 260, 215-
222.

WOOD, F.D., PEARSON, C.M., & TANAKA, A. (1969). Capacity of
mycobacterial wax D and its subfractions to induce adjuvant
arthritis in rats. Int. Arch. Allergy, 35, 456-467.

YAM, L.T., LI, C.Y. & CROSBY, W.H. (1971). Cytochemical
identification of monocytes and granulocytes. Am. J. Clin.
Pathol., 55, 283-290.

(Received March 5, 1996
Revised March 24, 1996

Accepted April 11, 1996)


