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1 Aminobisphosphonates (aminoBPs) are potent inhibitors of bone resorption. However, they
cause undesirable in¯ammatory reactions, including fever, in humans. Intraperitoneal injection of
aminoBPs into mice also induces in¯ammatory reactions, including a prolonged elevation of the
activity of the histamine-forming enzyme, histidine decarboxylase (HDC). Because interleukin-1 (IL-
1) is a typical pyrogen and a strong inducer of HDC, we examined whether aminoBPs induce
in¯ammatory reactions in mice de®cient in genes for both IL-1a and IL-1b (IL-1-KO mice).

2 In control mice, aminoBPs induced an elevation of HDC activity and other in¯ammatory
reactions (enlargement of the spleen, atrophy of the thymus, exudate in the thorax and increase in
granulocytic cells in the peritoneal cavity). These responses were all weak or undetectable in IL-1-
KO mice.

3 We have previously shown that lipopolysaccharides (LPSs) from Escherichia coli and Prevotella
intermedia (a prevalent gram-negative bacterium both in periodontitis and endodontal infections) are
capable of inducing HDC activity in various tissues in mice. In control mice treated with an
aminoBP, the LPS-induced elevations of serum IL-1 (a and b) and tissue HDC activity were both
markedly augmented. However, such an augmentation of HDC activity was small or undetectable in
IL-1-KO mice.

4 These results, taken together with our previous ®ndings (i) suggest that IL-1 is involved in the
aminoBP-induced in¯ammatory reactions and (ii) lead us to think that under some conditions,
in¯ammatory reactions induced by gram-negative bacteria might be augmented in patients treated
with an aminoBP.

5 In this study, we also obtained a result suggesting that IL-1-de®ciency might be compensated by
a second, unidenti®ed, mechanism serving to induce HDC in response to LPS when IL-1 is lacking.
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Introduction

Bisphosphonates (BPs) with a nonhydrolysable P-C-P struc-
ture are analogues of pyrophosphonate. BPs strongly inhibit

bone resorption and many derivatives of BPs have been
developed for use against diseases involving enhanced bone
resorption, such as Paget's disease, tumoral osteolysis, tumoral

hypercalcaemia, osteoporosis and rheumatoid arthritis (Rodan
& Fleisch, 1996; Bonjour et al., 1994; Geddes et al., 1994).
Among these derivatives, the aminobisphosphonates (ami-

noBPs) exhibit particularly potent activity levels (Bonjour et
al., 1994; Geddes et al., 1994). However, undesirable
in¯ammatory reactions occur in human patients following

administration of aminoBPs, including an increase in acute-
phase proteins, fever (in 10 ± 50% of treated patients) and,
when they are given orally, gastrointestinal disturbances
(Adami et al., 1987; Sauty et al., 1996; ThieÂ baud et al., 1997;

Fleisch, 1997). In addition, in¯ammatory side e�ects have been
reported in the ®eld of ophthalmology (Siris, 1993; Macarol &
Frauenfelder, 1994).

BPs bind irreversibly to hydroxyapatite in bone, in which
they accumulate during repeated administration. In addition,

aminoBPs, but not non-aminoBPs, are deposited in signi®cant
amounts in the liver and spleen in mice (MoÈ nkkoÈ nen et al.,
1989). We found that in mice, a single intraperitoneal injection

at an experimental dose (larger than those used clinically in
mg/kg terms) of any one of the aminoBPs tested induced a
prolonged elevation of the activity of histidine decarboxylase

(HDC, the histamine-forming enzyme) in the liver, spleen, lung
and bone (tibia, femur and mandible), resulting in an increase
in histamine (Endo et al., 1993; Funayama et al., 2000). This

e�ect was not induced by non-aminoBPs. In addition,
aminoBPs induced hypertrophy of the spleen, atrophy of the
thymus, ascites, accumulation of exudate in the thorax and an
increase in the number of granulocytic cells in the peritoneal

exudate (Endo et al., 1993). Repeated daily injections of small
doses of aminoBPs also resulted in an elevation of HDC
activity (Endo et al., 1993), and weakly injections of small

doses exacerbated experimental arthritis in mice (Nakamura et
al., 1996).

Some years ago, we found that a macrophage cell line,

P388D1, can produce two IL-1-like factors capable of inducing*Author for correspondence.
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HDC in various tissues when injected into mice (Endo et al.,
1986). More recent studies have shown that HDC can be
induced by the recombinant cytokines IL-1(a and b), TNF(a
and b), G-CSF, GM-CSF and IL-3 (Endo et al., 1986; 1992b;
Endo, 1989; Lebel et al., 1990; Schneider et al., 1990; Dy et al.,
1993). In mice, recombinant IL-1 and TNF both induce HDC
activity in a number of tissues (Endo et al., 1995; 1998) but G-

CSF, GM-CSF and IL-3 induce it only in haematopoietic
organs (spleen and bone marrow).

Endotoxin, a mixture of constituents from the cell walls of

gram-negative bacteria, is involved in in¯ammatory reactions
following bacterial infection. The lipopolysaccharide (LPS)
component of endotoxin is thought to play important roles in

these reactions. The structure of the O-antigen of a typical
LPS ± as found in Enterobacteriaceae (Esherichia coli, Salmo-
nella and Klebsiella) ± is made of repeating units of oligosac-

charide (Reitschel et al., 1994). Black-pigmented bacteria, such
as Porphyromonas gingivalis and Prevotella intermedia, are the
dominant gram-negative bacteria in the periodontal pockets of
patients with periodontitis (Zambon et al., 1994). These

bacteria are also prevalent in endodontal and periapical
infections (Baumgartner & Falkler, 1991; Bae et al., 1997),
suggesting their contribution to the development of period-

ontitis and osteomyelitis (DahleÂ n & MoÈ ller, 1992). Interest-
ingly, LPSs from some black-pigmented bacteria (such as P.
intermedia) lack the repeating oligosaccharide structure seen in

typical Enterobacteriaceae LPSs (Takada et al., 1990). In
addition, the biological activities of oral bacterial LPSs are not
the same as those of enterobacterial LPSs (Wilson, 1995; Endo

et al., 1997). We have shown that an E. coli-LPS induces a
marked elevation of HDC activity in various mouse tissues
(Endo et al., 1995). Recently we showed that a P. intermedia
LPS also has the ability to induce HDC activity in various

tissues in mice, including the mandible, although its potency
was much smaller than that of E. coli LPS (Endo et al., 1997;
Funayama et al., 2000).

The elevation of HDC activity by IL-1 or by E. coli LPS
occurs through the formation of HDC-mRNA (Kikuchi et
al., 1997). Because various LPSs can stimulate the

production of the cytokines mentioned above, it is thought
that the cytokines may mediate the elevation of HDC
activity induced by LPSs. Among these cytokines, IL-1
seems to play a key role in the induction of HDC because

(i) IL-1 induces HDC in various organs as well as
haematopoietic organs; (ii) IL-1 is particularly potent at
inducing HDC activity, the e�ective dose being 100 ± 1000

times less than that of TNF (Endo, 1989); (iii) IL-1
augments the HDC-inducing e�ect of TNF (Endo, 1989);
(iv) in terms of time kinetics, the LPS-induced production of

IL-1 corresponds well to the elevation of HDC activity
(Endo & Kumagai, 1998); (v) alendronate, a typical
aminoBP, augments both the LPS-induced production of

IL-1 and the LPS-induced elevation of HDC activity
(Sugawara et al., 1998); and (vi) dichloromethylene bispho-
sphonate (clodronate), a typical non-aminoBP, reduces the
ability of aminoBPs to augment both the production of IL-1

and the elevation of HDC activity induced by LPS (Endo et
al., 1999).

In the present study, therefore, we examined the role of IL-1

in the in¯ammatory actions of aminoBPs, using mice de®cient
in genes for both IL-1a and IL-1b (IL-1-KO mice). In addition,
since, as mentioned above, the LPS-induced production of IL-

1 and elevation of HDC activity are both augmented in
aminoBP-treated mice, the combined e�ect of an aminoBP
plus LPS from either E. coli or P. intermedia was also
examined.

Methods

IL-1-de®cient and control mice

Homozygous BALB/cA mice de®cient in both IL-1a and IL-

1b (IL-1a/b double-knockout mice, IL-1-KO mice), originally
produced by Iwakura and his co-workers (Horai et al., 1998),
were bred in our laboratory. The de®ciency of the genes of IL-

1a and IL-1b was con®rmed by Northern blot hybridization
analysis of LPS-stimulated peritoneal macrophages prepared
from the IL-1-KO mice (Horai et al., 1998). The IL-1-KO

mice were fertile, and the pups were born healthy, although
previous studies have suggested that IL-1 is important in
gonadotropin release, oogenesis, testosterone synthesis and in

the maintenance of pregnancy (Hurwitz et al., 1991; De et al.,
1992). After birth, they developed normally in terms of their
increase in body weight (Horai et al., 1998). Control BALB/
cA mice (6 ± 7 weeks old) were obtained from the facility for

experimental animals in Tohoku University. Males of both the
control and IL-1-KO strains were used in the present study.
All experiments complied with the Guidelines for Care and

Use of Laboratory Animals in Tohoku University.

Reagents

4-Amino-1-hydroxybutylidene-1,1-bisphosphonic acid (AH-
BuBP, alendronate) was synthesized by us. Cycloheptyla-
minomethylene bisphosphonate (CHAMBP, incadronate)

and 3-(N-methyl-N-pentyl)amino-1-hydroxypropane-1,1-di-
phosphonic acid (MP-AHPrBP, ibandronate) were provided
by Yamano-uchi Pharmaceutical Co. (Tokyo, Japan) and

Boehringer Mannheim (Mannheim, Germany), respectively.
Each bisphosphonate was dissolved in sterile saline and
the pH adjusted to 7.0 with NaOH or HCl. A

lipopolysaccharide (LPS) from Escherichia coli O55:B5
prepared by Boivin's method was obtained from Difco

Figure 1 E�ects of aminoBPs on HDC activity in control and IL-1-
KO mice. Control BALB/cA mice or IL-1-KO BALB/cA mice were
sacri®ced 3 days after an injection of AHBuBP, CHAMBP, MP-
AHPrBP (each at 40 mmol kg71, i.p.) or saline. Each value is the
mean+s.d. from four mice. *P50.05 vs saline group.
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Laboratories (Detroit, MI, U.S.A.). An LPS from
Prevotella intermedia ATCC 25611 (P. intermedia) which
was prepared by the method of Galanos et al. (1969)

(phenol-chloroform-petroleum ether extraction) was kindly
provided by Dr H. Takada (Takada et al., 1990). Each
LPS was dissolved in sterile saline. The aminoBPs were
injected intraperitoneally (i.p.) and the LPSs intravenously

(i.v.). Each of the test solutions was injected in a volume
of 0.1 ml per 10 g body weight.

Assay of HDC activity

HDC activity was assayed by a previously described method
(Endo et al., 1992a). HDC activity in the liver, lung and
spleen is expressed as nmol of histamine formed in 1 h by

the enzyme contained in 1 g of each tissue (nmol h71 g71).
HDC activity in the mandible was also expressed as the
activity in 1 g of tissue, because the entire bone was assayed

for HDC activity.

Determination of cytokines in the serum

Blood was collected directly into test tubes following

decapitation. Serum was recovered by centrifugation at
20006 g at 48C, then stored at 7808C until used. The IL-1a
and IL-1b in the serum were assayed using ELISA kits

(Endogen, Cambridge, MA, U.S.A.), the assay procedures
being performed exactly as described by the manufacturer. The
amount of each cytokine is expressed as pg per ml serum.

Determination of exudate in thorax

After the thorax had been opened with scissors, the exudate

present in the thoracic cavity was absorbed using small pre-
weighed pieces of ®lter paper. The amount of exudate present
was measured as the increase in the weight of the ®lter paper.

Determination of the number of cells in the peritoneal
exudate

Cells from the peritoneal exudate were obtained as
follows. Sterile saline (10 ml) was injected into the
peritoneal cavity of ether-anaesthetized mice, and the
cavity was massaged. Then, a suspension of cells in saline

(5 ml) was recovered using a syringe and the number of
cells in the suspension was counted after appropriate
dilution.

Data analysis

Experimental values are given as mean+standard devia-
tion (s.d.). The statistical signi®cance of di�erences was
analysed using an unpaired t-test after ANOVA, P

values less than 0.05 being considered to indicate
signi®cance.

Results

E�ects of aminoBPs on HDC activity in control and
IL-1-KO mice

Since the maximal elevation of HDC activity (as well as

of other in¯ammatory reactions) occurs 3 ± 4 days after an
injection of a given aminoBP (Endo et al., 1993), the
e�ects of three aminoBPs on HDC activity in various

tissues were examined 3 days after their injection into
control BALB/cA and IL-1-KO BALB/cA mice (Figure 1).
Like AHBuBP, two other aminoBPs (CHAMBP and MP-
AHPrBP) also elevated HDC activity in liver, lung and

spleen in control BALB/cA mice. However, in IL-1-KO
mice, such an elevation was not detected with any of these
agents (Figure 1).

Figure 2 In¯ammatory reactions induced by aminoBPs in control
BALB/cA mice. Mice were sacri®ced 3 days after an injection of
AHBuBP, CHAMBP, MP-AHPrBP (each at 40 mmol kg71, i.p.) or
saline. Each value is the mean+s.d. from four mice. *P50.05 vs
saline group.

Figure 3 In¯ammatory reactions induced by aminoBPs in IL-1-KO
BALB/cA mice. Mice were sacri®ced 3 days after an injection of
AHBuBP, CHAMBP, MP-AHPrBP (each at 40 mmol kg71, i.p.) or
saline. Each value is the mean+s.d. from four mice. *P50.05 vs
saline group.
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In¯ammatory reactions to aminoBPs in control and
IL-1-KO mice

In addition to their e�ect on HDC activity, the three
aminoBPs all induced hypertrophy of the spleen, an
accumulation of exudate in the thorax, atrophy of the

thymus and an increase in the number of granulocytic cells
in the peritoneal cavity (Figure 2). None of these
in¯ammatory reactions were induced by aminoBPs in IL-1-
KO mice (Figure 3).

E�ects of AHBuBP on HDC activity and serum IL-1 in
control BALB/cA mice

As reported earlier (Sugawara et al., 1998; Endo et al., 1999),
in control BALB/cA mice the E. coli LPS-induced elevation of

HDC activity was markedly augmented in animals treated with
AHBuBP (Figure 4). In such AHBuBP-injected mice, the E.
coli LPS-induced elevation of the serum levels of both IL-1a
and IL-1b was also markedly augmented (Figure 5). In the

absence of LPS, the IL-1a and IL-1b in the serum were each
below the detectable level in both saline- and AHBuBP-
injected mice (see the values at time 0 in Figure 5). In this

study, we con®rmed that neither IL-1a nor IL-1b are
detectable in the serum of IL-1-KO mice (whether AHBuBP-
injected or not) even after injection of E. coli LPS (data not

shown).
The magnitudes of the elevations of both HDC activity and

serum IL-1 shown in the present study are markedly higher
than those reported in our previous paper (Sugawara et al.,

1998). This is due to that in the previous study LPS was

Figure 4 E�ects of AHBuBP on the E. coli LPS-induced elevation
of HDC activity in control BALB/cA mice. Control BALB/cA mice
were injected with saline or AHBuBP (40 mg kg71, i.p.). Three days
later, the same mice were injected with E. coli LPS (0.1 mg kg71,
i.v.), then killed at the times indicated. Each value is the mean+s.d.
from four mice. *P50.05 vs saline+LPS group. #P50.05 vs time 0.

Figure 5 E�ects of AHBuBP on the E. coli LPS-induced elevation in
the serum levels of IL-1a and IL-1b in control BALB/cA mice. The
blood of each mouse used for Figure 4 was assayed for IL-1a and IL-
1b. Each value is the mean+s.d. from four mice. *P50.05 vs
saline+LPS group. #P50.05 vs time 0.

Figure 6 E�ects of AHBuBP on the E. coli LPS-induced elevation
of HDC activity in IL-1-KO BALB/cA mice. Control and IL-1-KO
BALB/cA mice were injected with saline (S) or AHBuBP
(40 mmol kg71, i.p.). Three days later, they were injected with E.
coli LPS (0.1 mg kg71, i.v.) or saline and killed 4 h thereafter. Each
value is the mean+s.d. from four mice. *P50.05 vs S+LPS-injected
control BALB/cA mice. #P50.05 vs S+LPS-injected IL-1-KO
BALB/cA mice. @P50.05 vs corresponding value (S+LPS) in
control BALB/cA mice.

Figure 7 E�ects of AHBuBP and MP-AHPrBP on the P. intermedia
LPS-induced elevation of HDC activity in the mandible of control
and IL-1-KO BALB/cA mice. The data from two experiments are
shown in this ®gure. In each experiment, some control and IL-1-KO
BALB/cA mice were injected with saline (S) and others with
AHBuBP (40 mmol kg71, i.p.) (left panels) or MP-AHPrBP
(40 mmol kg71, i.p.) (right panels). Three days later, they were
injected with P. intermedia LPS (0.1 mg kg71 i.v.) or saline and killed
4 h thereafter. Each value is the mean+s.d. from four mice $P50.05
vs S+S. *P50.05 vs S+LPS and aminoBP+S. @P50.05 vs
corresponding value (S+LPS) in control BALB/cA mice.
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injected intraperitoneally, but in the present study LPS was

injected intravenously.

E�ects of AHBuBP on HDC activity in IL-1-KO mice

In control BALB/cA mice, as mentioned in the above sections,
E. coli LPS elevated HDC activity in all the tissues tested (liver,

spleen and lung) (Figure 6). AHBuBP itself also produced a
signi®cant elevation of HDC activity in these tissues (P50.05
vs S+S). In AHBuBP-treated mice, injection of the LPS

produced a marked augmentation of HDC elevation. In IL-1-
KO mice, the augmentation of HDC activity induced by
AHBuBP plus E. coli LPS was small or not detected: there was
only a small augmentation in the lung but not in the liver and

spleen (Figure 6).
Before this experiment, we expected that the LPS-induced

elevation of HDC activity seen in control BALB/cA mice

would be small or undetectable in IL-1-KO mice. However,
contrary to our expectations we found that E. coli LPS induced
a more elevation of HDC activity in IL-1-KO mice; indeed, in

the liver and lung this elevation was signi®cantly greater than
that seen in control BALB/cA mice.

E�ects of aminoBPs on the elevation of HDC activity
and production of IL-1 induce by P. intermedia LPS in
control and IL-1-KO mice

The e�ects of P. intermedia LPS were essentially the same as
those of E. coli LPS. Thus, as observed in the two experiments
shown in Figure 7, P. intermedia LPS elevated HDC activity in

the mandible of control mice. The HDC elevation induced by
P. intermedia LPS in IL-1-KO mice was higher than that
induced in control mice. AminoBPs (AHBuBP and MP-

AHPrBP) also elevated HDC activity in the mandible in
control mice but not in IL-1-KO mice. A combination of an
aminoBP with P. intermedia LPS led to an augmented
elevation of HDC activity in control mice but not in IL-1-

KO mice. Although serum IL-1b in control mice was not
elevated by either P. intermedia LPS or MP-AHPrBP at the
doses used, it was markedly elevated by a combination of the

two (Figure 8).

Discussion

In the present study, we found that while all the three

aminoBPs tested (40 mmol kg71, 13 ± 15 mg kg71) induced an
elevation of HDC activity and other in¯ammatory reactions
(enlargement of the spleen, exudate in the thorax, increased
number of cells in the peritoneal exudate and atrophy of the

thymus) in control BALB/cA mice, these responses were all
very weak or undetectable in IL-1-KO BALB/cA mice.
Moreover, while in control mice treatment with AHBuBP (a

typical aminoBP) strongly augmented the LPS-induced
elevations of both serum IL-1 (a and b) and tissue HDC
activity, in IL-1-KO mice this augmentation was much smaller

or undetectable. The in¯ammatory reactions induced by two
other aminoBPs were also small or undetectable in IL-1-KO
mice. In our earlier study (Sugawara et al., 1998), we found

that spleen cells, bone marrow cells and peritoneal exudate
cells taken from mice given AHBuBP spontaneously produced
a signi®cant amount of IL-1b and that they produced a larger
amount of IL-1b in response to LPS. Taken together with

these published results, our present ®ndings suggest that IL-1
(a and b subtypes) is responsible for both the elevation of
HDC activity and the in¯ammatory reactions induced by

aminoBPs. In this study, we unexpectedly found that the LPS-
induced elevation of HDC activity was higher in IL-1-KO mice
than in control BALB/cA mice. In the following sections, we

discuss these results.

E�ects of aminoBPs on the production of
proin¯ammatory cytokines

Recently, ThieÂ baud et al. (1997) showed, ®rstly, that AHPrBP
(pamidronate) increased the in vitro production of IL-6 and

TNFa by intact blood cells taken from healthy volunteers and,
secondly, that the serum levels of IL-1b, TNFa and IFNg in
patients showed a tendency to increase after a single

intravenous dose of this agent (60 mg per patient). Then,
Pietschmann et al. (1998) found that the in vitro production of
IL-1b, TNFa and IFNg and the expression of CD54

(intracellular adhesion molecule-1, ICAM-1) by mononuclear
cells from human peripheral blood were all increased by
AHBuBP. Although IL-6 and IFNg have no detectable ability
to elevate HDC activity, TNFa does have this property (Endo

et al., 1992b). In addition, IL-1 and TNF act synergistically to
elevate HDC activity (Endo, 1989), and IL-1b, TNFa and IFNg
are all pyrogens. Taken together, these results are consistent

with the idea that in addition to IL-1, other proin¯ammatory
cytokines may also contribute to the in¯ammatory action of
aminoBPs.

Unfortunately, the literature on the in vitro production of
proin¯ammatory cytokines contains many apparent incon-
sistencies. For example, EveÂ quoz et al. (1985) reported that

aminoBPs had no signi®cant e�ect on the production of an IL-
1-like substance by bone marrow cells, while Sansoni et al.
(1995) found that AHBuBP decreased the production of IL-1,
TNF and IL-6 by activated human blood mononuclear cells.

According to Sanders et al. (1998), IL-6 production by foetal
rat limb bone cultured with IL-1b was enhanced by AHBuBP
and a similar enhancement occurred in an osteoblast cell line

(UMR-106), but Giuliani et al. (1998) reported that AHBuBP
inhibited IL-6 production in an osteoblastic cell line (MG-63)
stimulated by IL-1+TNF. Further, Pennanen et al. (1995)

reported that at higher concentrations, pamidronate
(AHPrBP) inhibited the LPS-induced production of IL-1b by
a macrophage cell line, RAW 264, and that the production of
IL-6 was enhanced by lower concentrations of AHPrBP. By

Figure 8 E�ects of MP-AHPrBP on the P. intermedia LPS-induced
elevation of serum IL-1b in control BALB/cA mice. The mice were
injected with saline (S) or MP-AHPrBP (40 mmol kg71, i.p.). Three
days later, they were injected with P. intermedia LPS (0.1 mg kg71,
i.v.) or saline and killed 2 h thereafter. Each value is the mean+s.d.
from four mice. *P50.001 vs other groups.
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contrast, using the same experimental system, they recently
reported that ibandronate (MP-AHPrBP) did not inhibit but
instead markedly enhanced the LPS-induced secretion of IL-1b
(MoÈ nkkoÈ nen et al., 1998). On the basis of the data in the
literature, it is doubtful whether the e�ects of aminoBPs in
these in vitro experiments can explain the in vivo in¯ammatory
actions of aminoBPs.

Relevance to clinical side e�ects of aminoBPs

Single intraperitoneal injections of alendronate and pami-
dronate produce dose-dependent elevations of HDC activity
in mice at 5 ± 40 mmol kg71 (1.5 ± 12 mg kg71) (Endo et al.,

1993). There are some clinical data obtained from single
intravenous injections of aminoBPs in human patients. In
these studies, 10 ± 60 mg per patient (about 0.2 ±

1.2 mg kg71) of alendronate or pamidronate were slowly
infused into patients (with metastatic bone diseases, tumour-
induced hypercalcaemia, Paget's disease or osteoporosis)
(Adami et al., 1987; Sauty et al., 1996; ThieÂ baud et al.,

1997). Although the doses used in our animal experiments
are larger than those used in the clinical trials in mg kg71

terms, it should be noted that these clinical doses of

aminoBPs were su�cient to produce in¯ammatory responses
(fever, acute phase responses or serum elevation of
proin¯ammatory cytokines) in many patients. Repeated oral

administration of pamidronate or dimethylpamidronate
(200 ± 600 mg per patient per day) also produces fever
(Schweitzer et al., 1995; Harinck et al., 1987). Repeated

oral administration of aminoBPs in human patients, even at
low doses, produces gastrointestinal disturbances (Fleisch,
1997). These results suggest that human patients might be
more sensitive than mice to the in¯ammatory actions of

aminoBPs.
It should also be noted that BPs bind irreversibly to

hydroxyapatite in bone, in which they accumulate during

repeated administration (Geddes et al., 1994). However,
MoÈ nkkoÈ nen et al. (1989) showed that in addition to its
accumulation in bone, a large percentage of any

administered alendronate is deposited in the spleen and
liver of mice for more than 48 h, although it disappears
rapidly from the blood. Four successive daily injections of
a small dose of alendronate (0.32 mmol kg71 per day or

0.1 mg kg71 per day) into mice also resulted in an
elevation of HDC activity in the liver (Endo et al.,
1993), while weekly injections of 1.6 mmol kg71 of

incardronate of 8 mmol kg71 of alendronate exacerbated
experimental arthritis in mice (Nakamura et al., 1996). In
the latter study, we unexpectedly found a destruction of

the bone around the joints of the arthritic mice treated
with aminoBPs, although there was a strong inhibition of
physiological bone resorption. In the present study, we

found that the ability of P. intermedia LPS to elevate
HDC activity in the mandible was also markedly
augmented in mice treated with alendronate (AHBuBP)
or ibandronate (MP-AHPrBP). Previously, we observed

that the alendronate-induced elevation of HDC activity is
augmented in mice injected with inducers of experimental
arthritis (type II collagen plus Freund's complete adjuvant)

(Nakamura et al., 1996). These results lead us to think
that under some conditions, the in¯ammatory actions of
aminoBPs might be augmented in patients with in¯amma-

tory diseases such as periodontal diseases or rheumatoid
arthritis. Furthermore, it is also probable that the
in¯ammatory actions of LPS might be augmented in
patients treated with an aminoBP.

Mechanisms underlying the in¯ammatory action of
aminoBPs

Over the last 30 years, thousands of papers have reported the
inhibitory e�ect of BPs on bone resorption. Today, BPs, are
widely used as therapeutic agents and account for nearly $1
billion of the global pharmaceutical market (Rawls, 1998).

Unfortunately, however, there is still only a limited under-
standing of their mode of action. Amin et al. (1992; 1996)
found that aminoBPs, but not non-aminoBPs, inhibit

cholesterol biosynthesis in rat liver in vitro and ex vivo and
also in mouse macrophage J774 cells. Recent studies by other
groups have con®rmed their ®ndings and it is supposed that

the inhibitory e�ects of aminoBPs on bone resorption are due
to their inhibitory e�ects on the formation of mevalonate-
derived intermediates in the cholesterol biosynthesis pathway

(such as farnesyl diphosphate and geranylgeranyl diphosphate)
(Fisher et al., 1999; Van Beek et al., 1999a,b,c; Martin et al.,
1999; Keller & Fliesler, 1999). These intermediates play
important roles in cell physiology: prenylation (farnesylation

and geranylgeranylation) of various proteins, including G
proteins, are involved in the regulation of a variety of cell
functions (Glomset et al., 1992; Olkkonen & Stenmark, 1997).

In addition, they are also involved in the operation of nuclear
hormone receptors (Forman et al., 1997). The enzyme system
producing mevalonate-derived intermediates is thought to be

present widely in eucaryotic cells. If aminoBPs were selectively
incorporated into osteoclasts alone, their e�ects might be
restricted to bone. However, if they are in fact also

incorporated into other cells such as macrophages and
endothelial cells, a variety of unidenti®ed responses might be
expected to occur systemically. Indeed, aminoBPs induce
apoptosis through protein prenylation in macrophage-like

J774 cells (Benford et al., 1999). As the abilities of aminoBPs to
induce HDC are roughly parallel to their inhibitory actions on
bone resorption (Endo et al., 1993), the biochemical

mechanism underlying the aminoBPs-stimulated in vivo
production of IL-1 by macrophages or endothelial cells might
be similar to their inhibitory actions on osteoclasts.

Is IL-1 involved in the LPS-induced elevation of HDC
activity?

Our present in vivo study has clari®ed the involvement of IL-1
in the in¯ammatory actions of aminoBPs. However, it raises
another interesting problem. As described in Introduction, we

started out with the idea that IL-1 may play an important role
in the induction of HDC by LPS in normal mice. However,
contrary to our expectations the LPS-induced elevation of

HDC activity was not diminished in IL-1-KO mice; in fact, it
was enhanced. This result might be explained in one of two
ways: either (i) IL-1 does not contribute at all to the LPS-

induced elevation of HDC activity in normal mice or (ii) IL-1
does contribute to the HDC elevation in normal mice, but in
IL-1-KO mice a di�erent mechanism(s) may operate to induce
HDC activity. Although the present study cannot pretend to

solve this problem, we shall brie¯y discuss it in the following
paragraphs.

First, as described in Introduction, IL-1 seems to be a key

cytokine in the induction of HDC. Nevertheless, if the ®rst
possibility is true, we must conclude either that LPS directly
stimulates the cells in which HDC is induced or that a factor(s)

other than IL-1 mediates the induction of HDC. At present, we
cannot exclude either of these possibilities. However,
possibility (i) does not o�er any clue as to why the elevation
of HDC activity by LPS was greater in IL-1-KO mice than in
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control mice. To us, it seems unlikely that IL-1 does not
contribute at all to the induction of HDC by LPS.

If the second possibility were true, it would imply that a

second mechanism for the LPS-induced elevation of HDC
activity may be present in IL-1-KO mice and may e�ectively
compensate for the lack of IL-1 in these animals. As described
in Introduction, other cytokines such as TNF and haemato-

poietic cytokines (GM-CSF, G-CSF and IL-3) have the ability
to elevate HDC activity. However, Horai et al. (1998) found
no di�erence in the in vitro production of TNF between IL-1-

de®cient mice and control mice. Furthermore, we found no
signi®cant di�erence in the LPS-induced elevation of serum
TNFa levels between control mice and IL-1-KO mice (data

not shown). In mice de®cient in IL-1b converting enzyme, the
production of TNFa is suppressed or not changed (Li et al.,
1995; Kuida et al., 1995; Fantuzzi et al., 1996; Alheim et al.,

1997). Therefore, the involvement of TNFa in any second
HDC-inducing mechanism seems unlikely. The involvement of
the haematopoietic cytokines may also be excluded, because
they elevate HDC activity only in the spleen and bone

marrow, not in the liver and lung. Although Kozak et al.
(1995) reported that the febrile response to LPS was reduced
in IL-1b-de®cient mice, Alheim et al. (1997) found that IL-1b-
de®cient mice were hyperresponsive to LPS in terms of fever
development. The reason for this discrepancy is not yet clear,
but the latter ®nding is consistent with there being a

mechanism compensating for the lack of IL-1 in the de®cient
strain.

A few years ago, Okamura et al. (1995) discovered a new

proin¯ammatory cytokine, IL-18, which was initially identi®ed
as an IFNg-inducing factor. Interestingly, several similarities
have been found between IL-8 and IL-1 in terms of structure,
biological activity and signalling pathway (Bazan et al., 1996;

Torigoe et al., 1997; Dinallero et al., 1998). We found that IL-
18 is capable of elevating HDC activity with a time kinetic
similar to that of IL-1 (Yamaguchi et al., 2000). Therefore, one

speculative idea is that, with respect to HDC induction, IL-18
may compensate for the lack of IL-1 in IL-1-KO mice given
LPS. Clearly, additional experiments will be needed to

establish whether this might explain how HDC can be fully
induced by LPS in IL-1-KO mice.

Conclusion, proposal and problems remained to be
clari®ed

In conclusion, IL-1 is involved in the action by which
aminoBPs induce both HDC activity and many other
in¯ammatory reactions in mice. IL-1 has been shown to be
implicated in the development of various diseases in which the

immune system is involved, for example rheumatoid arthritis
(Alvaro-Gracia et al., 1991), diabetes (AndreÂ -Schmutz et al.,
1999), gastric ulcer (Noach et al., 1994; Endo & Kumagai,

1998) and various infectious diseases, including periodontitis
(Nair et al., 1996). For this reason, and assuming that our
results can be extrapolated to humans, when aminoBPs are

used clinically it should be remembered that these agents have
the ability to promote the production of IL-1.

Finally, it would be interesting to know what mechanism(s)

is involved in the stimulation of IL-1 production by aminoBPs.
In our previous study, we found that dichloromethylene
bisphosphonate (clodronate), a BP derivative without an
amino group, can suppress the in¯ammatory action of

aminoBPs (Endo et al, 1999). We feel that this ®nding may
provide a clue to the nature of the above mechanism(s). In
addition, as proposed in our previous paper, a combined

clinical use of an aminoBP and a non-aminoBP might be a
useful regimen in that it might produce much weaker
in¯ammatory side e�ects than use of an aminoBP alone (Endo

et al., 1999), although it is also possible that the strong
inhibitory action of aminoBPs on bone resorption might be
decreased by non-aminoBPs. The present study also raises the

interesting, but as yet unanswered question, as to whether IL-
1a/b-de®ciency can be compensated by a second mechanism
that does not involve IL-1 yet is capable of mediating the
in¯ammatory responses to LPS or gram-negative bacteria.

This work was supported in part by a grant-in-aid for Scienti®c
Research from the Ministry of Education of Japan (No. 05671567).
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