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1 Aminobisphosphonates (aminoBPs), potent inhibitors of bone resorption, have been reported to
induce in¯ammatory reactions such as fever and an increase in acute phase proteins in human patients,
and to induce the histamine-forming enzyme, histidine decarboxylase, in mice. In the present study, we
examined the e�ect of aminoBP, 4-amino-1-hydroxybutylidene-1,1-bisphosphonic acid (AHBuBP), on
the production of the pro-in¯ammatory cytokines, IL-1 and TNFa, in mice.

2 Intraperitoneal injection of AHBuBP did not itself produce detectable levels of IL-1 (a and b) and
TNFa in the serum. However, the elevation of serum IL-1 induced by lipopolysaccharide (LPS) was
greatly augmented in mice injected with AHBuBP 3 days before the LPS injection, whereas the LPS-
induced elevation of serum TNFa was almost completely abolished.

3 Spleen and bone marrow cells taken from mice injected with AHBuBP produced IL-1b in vitro
spontaneously, and the production was augmented following the addition of LPS. Cells that
accumulated in the peritoneal cavity in response to AHBuBP produced a particularly large amount of
IL-1b. However, AHBuBP treatment of mice did not lead to an impairment of the in vitro production of
TNFa by these three types of cells.

4 Liposomes encapsulating dichloromethylene bisphosphonate (a non-amino BP) selectively deplete
phagocytic macrophages. When an intraperitoneal injection of these liposomes was given 2 days after an
injection of AHBuBP, there was a marked decrease in the LPS-induced elevation of serum IL-1 (a and b)
(LPS being injected 3 days after the injection of AHBuBP).

5 These results indicate that AHBuBP has contrasting e�ects on the in vivo LPS-induced production of
IL-1 and TNFa in mice, enhancing the production of IL-1 by phagocytic macrophages and suppressing
the production of TNFa, although underling mechanisms remain to be clari®ed.
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Introduction

Bisphosphonates (BPs) strongly inhibit bone resorption, and a
variety of derivatives of BPs have been developed in the search
for treatments for enhanced bone resorption, such as occurs in

Paget's disease, tumoral osteolysis, tumoral hypercalcaemia,
osteoporosis and rheumatoid arthritis (Bonjour et al., 1994;
Geddes et al., 1994). Among these derivatives, the aminobi-

sphosphonates (aminoBPs) exhibit a particularly strong activity
level. However, undesirable in¯ammatory reactions, including
fever, occur in human patients after administration of

aminoBPs (Adami et al., 1987). Indeed, fever has been
documented inmany papers and involvement of some cytokines
has been suggested (see References in Sauty et al., 1996).

We have reported that a single intraperitoneal injection of

aminoBPs into mice, admittedly in doses larger than those
used clinically, induces an elevation of the activity of the
histamine-forming enzyme, histidine decarboxylase (HDC),

and an increase in the number of granulocytes and
macrophages in the blood, spleen, bone marrow and peritoneal
cavity (Endo et al., 1993; Nakamura et al., 1996).

Interleukin-1 (IL-1) and tumour necrosis factor a (TNFa)
are endogenous pyrogens (Dinarello, 1991) and are both
capable of inducing HDC activity in mice (Endo et al., 1986;

1992; Endo, 1989; Endo & Nakamura, 1992). In the present

study, we examined the e�ect of 4-amino-1-hydroxybutyli-
dene-1, 1-bisphosphonic acid (AHBuBP), a typical aminoBP,
on the in vivo production of IL-1a, IL-1b and TNFa in mice.

Methods

Mice and reagents

Male BALB/c mice (6 ± 7 weeks old) were obtained from the
Mouse Centre of our University. All experiments complied
with the Guidelines for Care and Use of Laboratory Animals
in Tohoku University. 4-Amino-1-hydroxybutylidene-1,1-bi-

sphosphonic acid (AHBuBP) and dichloromethylene bispho-
sphonate (C12MBP) were synthesized by ourselves and
dissolved in sterile saline. The pH of the solutions of AHBuBP

was adjusted to 7.0 with NaOH, the solutions were passed
through a ®lter (0.4 mm), and they were injected intraper-
itoneally (0.1 ml 10 g71). Lipopolyseccharide (LPS) from

Escherichia coli O55:B5, prepared by Boivin's method, was
purchased from Difco Lab. (Detroit, MI, U.S.A.). The lethal
dose of AHBuBP and the dose needed to induce maximum

HDC activity are approximately 160 mmol kg71 (52 mg kg71)
and 40 mmol kg71, respectively (Endo et al., 1993). In the
present study, therefore, we examined the e�ect of this agent at
40 mmol kg71.4Author for correspondence.
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Assay of HDC activity

HDC activity was assayed by a previously described method

(Endo et al., 1993). HDC activity in each tissue was expressed
as nmol of histamine formed h71 by the enzyme contained in
1 g of the tissue (nmol h71 g71). HDC activity in the bone
marrow was expressed as the activity in 1 g of the tibia plus

femur, because both these bones were subjected to the assay
for HDC activity (Endo et al., 1993).

Determination of cytokines by ELISA

Preparation of serum Blood was collected directly into test

tubes following decapitation of mice. Serum was recovered by
centrifugation at 20006g at 48C, then stored at 7808C until
used.

Preparation of culture supernatant Spleen and bone marrow
cells were prepared by a method currently in common use
(Dennert et al., 1990). In brief, spleens were minced in

phosphate bu�ered saline (PBS) and ®ltered through cotton
gauzes to obtain single cell suspensions. Bone marrow cells
were collected by ¯ushing femur and tibia with PBS. Peritoneal

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

recovered. Cells were centrifuged and re-suspended in RPMI
1640 medium (56106 cells ml71) supplemented with 10%
foetal calf serum, 561075

M 2-mercaptoethanol, 0.2 mM

glutamine, 0.1 mM non-essential amino acids, 100 iu ml71

penicillin and 100 mg ml71 streptomycin, with or without LPS
(10 mg ml71). The cell suspension was distributed into 96-well
¯at-bottomed plates (0.2 ml71 per well, 16106 cells per well).

After incubation at 378C for the indicated times in a
humidi®ed atmosphere containing 5% CO2, the culture
medium was centrifuged at 10,0006g at 48C. The supernatant
was collected and stored at 7808C until used.

Determination of cytokines IL-1a, IL-1b and TNFa were

assayed using ELISA kits (Endogen, Cambridge, MA,
U.S.A.), the assay procedures being performed exactly as
described by the manufacturer. The assay of each sample was
carried out in duplicate. The amount of each cytokine was

expressed as pg or ng ml71 of serum or culture medium.

Depletion of macrophages

Van Rooijen and his co-workers developed a macrophage
`suicide' technique, using liposomes encapsulating Cl2MBP

(Van Rooijen & Sanders, 1994). This method has been shown
to be speci®c for phagocytic cells of the mononuclear
phagocyte system and, within a day or two of the intravenous

injection of such liposomes into mice or rats, phagocytic
macrophages have been depleted almost completely (Van
Rooijen & Sanders, 1994, 1996; Salkowski et al., 1995). A
suspension of liposomes encapsulating Cl2MBP (Cl2MBP-

liposomes) was prepared by a method similar to that used by
Van Rooijen & Sanders (1994), as described previously (Endo
et al., 1995). Brie¯y, 75 mg of phosphatidylcholine and 11 mg

of cholesterol were dissolved in chloroform in a round-
bottomed ¯ask. The thin ®lm that formed on the walls of the
¯ask after rotary evaporation at 378C was dispersed by gentle

shaking for 10 min in 10 ml of Cl2MBP solution
(200 mg ml71) in 10 mM sodium phosphate bu�er (pH 7.4).
This suspension was kept for 2 h at room temperature, then
sonicated for 3 min (50 Hz) and kept for another 2 h. To the

resulting suspension of liposomes, PBS was added to give a
®nal volume 50 ml and mixed gently. Then, the suspension was
centrifuged at 20006g for 5 min. The precipitated liposomes

were ®nally suspended in 4 ml of PBS. We have con®rmed that
within 24 h of a single intravenous injection of 0.2 ml of this
suspension, a complete depletion of F4/80 positive cells
(mature macrophages) occurs in the liver and splenic red pulp,

though these cells are not signi®cantly a�ected in the lung
(Endo et al., 1995).

Data analysis

Experimental values are given as means+s.d. The statistical

signi®cance of di�erences was analysed using Dunnett's
multiple comparison test, and P values less than 0.05 were
considered to be signi®cant.

Results

Potentiation of LPS-induced HDC activity in
AHBuBP-injected mice

As described in our previous study (Endo et al., 1993),
AHBuBP produces a long-lasting elevation of HDC activity,
the maximum elevation occurring about 3 days after the i.p.

injection of AHBuBP. However, we could not detect IL-1
(both a and b) or TNFa in the serum of control mice or of mice
given an i.p. injection of AHBuBP, even after 3 days (data not

shown).
Next, we decided to examine the e�ect of AHBuBP on the

LPS-induced production of IL-1 and TNFa, because LPS is a
potent inducer of these cytokines and HDC activity. By

measuring HDC activity as an index, we tried to establish the
time at which the production of these cytokines might be
augmented. It should be noted that in contrast to the e�ect of

AHBuBP, the induction of HDC by LPS is transient, the
maximum elevation occurring about 4 h after the injection of
LPS (Endo, 1989). The value shown with a closed circle at time

0 in Figure 1 is the elevated HDC activity at 4 h after the
injection of LPS alone. As also shown in Figure 1, HDC
activity (measured at 4 h after the injection of LPS) was greatly
augmented in AHBuBP-injected mice, the e�ect being at its

Figure 1 E�ect of interval after AHBuBP injection on the LPS-
induced elevation of HDC activity in the liver. AHBuBP (40 mmol
(13 mg) kg71) was injected i.p. At various times after this injection
(abscissa), LPS (100 mg kg71) was injected i.p. into one group of
mice and they were sacri®ced 4 h later. Each value is the mean+s.d.
from four mice. *P50.01 vs time 0.
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greatest when LPS was injected 2 or 3 days after the injection
of AHBuBP. This corresponds to the time at which the
elevation of HDC activity induced by AHBuBP is itself at a

maximum (Figure 1 and Endo et al., 1993). In the next set of
experiments, therefore, we examined the e�ect of AHBuBP on
the LPS-induced production of IL-1 and TNFa at 3 days after
the injection of AHBuBP.

Potentiation of LPS-induced IL-1 production and
impairment of the production of TNFa in AHBuBP-
injected mice

As mentioned above, IL-1 and TNFa were below detectable

levels in the serum of both control unstimulated mice and
AHBuBP-injected mice. However, their levels in control mice
were elevated within a few h of an LPS injection, as shown in

Figure 2 (broken lines), the levels being elevated to about 30 pg
of IL-1b at 4 h and to about 700 pg of TNFa at 2 h. In
AHBuBP-injected mice (solid lines), the LPS-induced elevation
of IL-1b was greatly augmented, the maximum elevation (to

120 pg) occurring at 2 h after the injection of LPS. In contrast,
the LPS-induced elevation of TNFa was largely abolished
(decreased to about 100 pg) in AHBuBP-injected mice.

Production of IL-1 and TNFa in vitro by cells from
AHBuBP-injected mice

To try to identify the cells responsible for the production of IL-
1 in AHBuBP-injected mice, the production of IL-1 by the cells

of the spleen, bone marrow and peritoneal cavity was
examined in vitro (Figure 3). The spleen cells and bone
marrow cells from mice injected with AHBuBP spontaneously
produced a slightly higher level of IL-1b than cells from

control saline-injected mice (left-hand panels, Figure 3).
Further, as shown in the right-hand panels in Figure 3, in
response to LPS these cells all produced a larger amount of IL-

1b, the cells from AHBuBP-injected mice producing a
markedly higher level of IL-1b than cells from the control
saline-injected mice when both were stimulated by LPS.

As mentioned previously (Endo et al., 1993), i.p. injection of
AHBuBP into mice results in an accumulation of granulocytes
and macrophages in the peritoneal cavity; a total of 2 ± 36107

cells per mouse are recovered. In the present study, it was

found that the cells that accumulated in the peritoneal cavity
produced an extremely high level of IL-1b both spontaneously

and in response to LPS (Figure 3). In this study, we did not
carry out this experiment using peritoneal cavity cells from
control mice, because very few cells (less than 16106

cells per mouse) were recovered.
As mentioned above, the LPS-induced elevation of TNFa in

the serum was suppressed almost completely in AHBuBP-
injected mice (Figure 2). However, there was no evidence of

such a suppression by AHBuBP of the in vitro production of
TNFa by the cells from the three sources; that is to say, there
was no marked di�erence between saline-injected and

AHBuBP-injected mice (data not shown).

E�ect of macrophage depletion on the LPS-induced
production of IL-1 and TNFa in control and AHBuBP-
injected mice

Figure 4 shows the e�ect of Cl2MBP-liposomes (which deplete
phagocytic macrophages) on the production of IL-1a, IL-1b
and TNFa in control mice. The LPS-induced production of IL-
1a and TNFa was reduced by an i.p. injection of the liposomes
24 h before the LPS injection, but the LPS-induced production
of IL-1b was not reduced.

In AHBuBP-injected mice, the intraperitoneal injection of

Cl2MBP-liposomes caused a decrease in the LPS-induced
production of both IL-1a and IL-1b (Figure 5). In these
experiments, it was also con®rmed that the LPS-induced

Figure 2 E�ects of LPS on the levels of IL-1b and TNFa in the
serum of normal and AHBuBP-injected mice. LPS (100 mg kg71) was
injected i.p. into mice 3 days after injection of AHBuBP (40 mmol
(13 mg) kg71) and blood was collected at the indicated times (solid
line). Control mice received LPS without a prior injection of
AHBuBP (broken line). Each value is the mean+s.d. from three
mice. *P50.05; **P50.01 vs time 0.

Figure 3 In vitro production of IL-1b by spleen cells, bone marrow
cells and peritoneal exudate cells (PEC). Cells were taken from saline-
injected (control) or AHBuBP-injected mice and incubated with
(right-hand panels) or without (left-hand panels) LPS. The experi-
ment was carried out as described in Methods. Each value is the
mean+s.d. from three mice. Note di�erent vertical scales. *P50.01
vs time 0.
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production of IL-1 was greatly augmented in AHBuBP-
injected mice: from about 25 pg ± 130 pg for IL-1a and from
about 15 pg ± 85 pg for IL-1b (data in Figures 4 and 5).

In these experiments, the almost complete prevention by
AHBuBP of the LPS-induced production of TNFa (see Figure
2) was also con®rmed. In fact, the LPS-induced levels of TNFa
were about 950 pg (Figure 4) in control mice and only about

40 pg (Figure 5) in AHBuBP-injected mice. In AHBuBP-
injected mice, Cl2MBP-liposomes caused a recovery in the
LPS-induced TNFa production: from about 40 pg ± 230 pg

(Figure 5). In fact, this value was approximately the same as
that seen in control mice treated with Cl2MBP-liposomes and
then with LPS (compare Figure 5 with Figure 4).

Discussion

In the present study, we found that the LPS-induced

elevation of serum IL-1 (both a and b) was markedly
augmented in AHBuBP-injected mice. By contrast, the LPS-
induced elevation of serum TNFa was almost completely
prevented in AHBuBP-injected mice. In vitro experiments

using cells from the spleen, bone marrow and peritoneal
cavity showed that there was a slight spontaneous
production of IL-1b by these cells in AHBuBP-injected mice

and that their production of IL-1b was greatly augmented by
LPS. In particular, the cells that had accumulated in the
peritoneal cavity of AHBuBP-injected mice produced a

Figure 4 E�ect of a depletor of phagocytic macrophages on the
LPS-induced production of cytokines in normal mice. Cl2MBP-
liposomes (Lip) or saline (S) was injected i.p. (0.2 ml per mouse). The
next day, LPS (100 mg kg71) or S was injected i.p. into the mice,
blood was collected 2 h later, and serum cytokines were assayed.
Each value is the mean+s.d. from three mice. *P50.001 vs S+S,
#P50.01 vs S+LPS.

Figure 5 E�ect of a depletor of phagocytic macrophages on the
LPS-induced production of cytokines in AHBuBP-treated mice. On
day 0, AHBuBP (40 mmol (13 mg) kg71) was injected i.p. into all
groups. Two days later (day 2), Cl2MBP-liposomes (Lip) or saline (S)
was injected i.p. (0.2 ml71 mouse). On day 3, LPS (100 mg kg71) or
S was injected i.p.into the mice, blood was collected 2 h later, and
serum cytokines were assayed. Each value is the mean+s.d. from
three mice. *P50.01 vs S+S, #P50.01 vs S+LPS.
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remarkably large amount of IL-1b both spontaneously and
in response to LPS.

As shown in Figure 4, in control mice (not treated with

AHBuBP), the elevations of both IL-1a and TNFa induced by
the i.p. injection of LPS were markedly decreased by i.p.
injection of Cl2MBP-liposomes (which speci®cally deplete
phagocytic macrophages). This result suggests that the

production of these cytokines induced by i.p. injection of LPS
was mainly a function of phagocytic macrophages. On the
other hand, the production of IL-1b seen in response to LPS in
control mice seems to be from di�erent cells, because its
production was not reduced by the injection of Cl2MBP-
liposomes.

In mice treated with AHBuBP, a large number of cells
accumulated in the peritoneal cavity, and these cells produced
a high level of IL-1b in vitro when they were stimulated with

LPS. The time course of the change in the serum level of IL-1b
in vivo did not correspond to that observed in in vitro
experiments, possibly because (a) the in vivo level of IL-1b is
determined by both the rates of its formation and degradation,

and (b) the in vitro data in the present study is likely to
represent an accumulation of IL-1b. Therefore, the ®ndings
that (i) an extremely high production of IL-1b by the

peritoneal cells, (ii) an accumulation of a large number of
these cells (2 ± 36107 cells per mouse) and (iii) a marked e�ect
of i.p injection of Cl2MBP-liposomes in decreasing IL-1 (a and
b) in mice treated with AHBuBP, support the idea that the
increased population of phagocytic macrophages in the
peritoneal cavity in AHBuBP-treated mice may be responsible

for the production of both IL-1a and IL-1b.
Intravenous injection of LPS into AHBuBP-treated mice

resulted in an elevation of serum IL-1 (both a and b) that was
2 ± 3 times greater than that induced by its i.p. injection into

such mice (data not shown). In the former case, spleen cells
and bone marrow cells, in addition to the cells in peritoneal
cavity, may also have been involved in the marked production

of IL-1, because, in the in vitro experiment, these cells showed
that they produced a larger amount of IL-1 in AHBuBP-
injected mice than in control mice.

The suppression of TNFa production by AHBuBP in vivo
was not reproduced in the in vitro experiments on cells taken
from mice treated with AHBuBP. Therefore, it seems likely
that the suppressive e�ect seen in vivo is indirect, or possibly an

unknown factor is involved in this action of AHBuBP,
although we have no additional data explaining this
phenomenon. In addition, at present, we cannot explain why

Cl2MBP-liposomes caused a recovery in LPS-induced TNFa
production in AHBuBP-injected mice (Figure 5).

In mice, aminoBPs induce in¯ammatory reactions and a

prolonged elevation of HDC activity. IL-1 and TNFa are

widely recognized as pro-in¯ammatory cytokines, and we have
shown that these cytokines are capable of inducing HDC in
various tissues in mice (Endo, 1989; Endo et al., 1992). In

addition, we have recently reported that repeated injections of
a smaller dose of aminoBPs, including AHBuBP, exacerbate
the arthritis induced in DBA/1 mice by a type II collagen
(Nakamura et al., 1996). Interestingly, Hom et al. (1988, 1990)

have reported that prolonged treatment with IL-1b accelerates
the development of the arthritis induced by collagen in DBA/1
mice or in MRL/lpr mice. These results strongly suggest that a

prolonged production of IL-1 might be an important under-
lying cause of the aminoBP-induced in¯ammation and
exacerbation of arthritis as well as of the increased HDC

activity. In the present study, however, we could not detect IL-
1 and TNFa in the serum of mice injected with AHBuBP
alone. On this basis, the in¯ammatory actions of AHBuBP

cannot be attributed to these cytokines. However, the
observation that cells taken from AHBuBP-injected mice
produced IL-1 spontaneously might suggest that a very slight
but prolonged elevation of IL-1 in vivo is responsible for the

in¯ammatory actions of AHBuBP. To clarify these issues, we
are now trying to detect the mRNAs of these cytokines and we
are conducting experiments using IL-1 de®cient mice. Our

preliminary results suggest that IL-1 is the key cytokine
responsible for the in¯ammatory actions of aminoBPs
(including AHBuBP).

Recently, Sauty et al. (1996) showed that there is a very
slight increase in the plasma levels of IL-6 and TNFa in
patients treated with aminoBPs, suggesting that these

cytokines may be causally involved in the fever and increase
in acute phase proteins induced in human patients by
aminoBPs. Although we cannot explain the di�erence between
their results and ours, the two studies indicate that aminoBPs

do have an e�ect on the production of pro-in¯ammatory
cytokines in human patients and mice.

In conclusion, our results indicate that AHBuBP has

contrasting e�ects on the in vivo production of IL-1 and TNFa
in mice, enhancing the production of IL-1 by phagocytic
macrophages and suppressing the production of TNFa,
although the mechanisms remain to be clari®ed.

Note added in proof
The ®nding described in this paper had been reported by Sugawara
et al. at the 4th Conference of the International Endotoxin Society,
October 22 ± 25, 1996, Nagoya, Japan. Abstracts in J. Endotoxin
Res. 3-S1:55, 1996.

This work was supported in part by Grants-in-Aid for Scienti®c
Research from the Ministry of Education of Japan (No. 05671567,
06454530 and 09470409).
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