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The bisphosphonate ibandronate stimulates reverse cholesterol
transport out of monocytoid cells by enhanced ABCAL1 transcription™
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Abstract

Nitrogen-containing bisphosphonates used in osteoporosis act by interference with pyrophosphorylated intermediates of the
sterol pathway and are internalized by monocytes/macrophages, key players in atherogenesis. We therefore studied the effects of
ibandronate on monocytic cholesterol homeostasis. In differentiated human MMG6 cells and freshly prepared human PBMCs li-
poprotein receptor transcription was quantified by real-time RT-PCR and receptor-mediated cellular cholesterol handling by li-
poprotein-driven uptake and efflux assays. Low nanomolar concentrations of ibandronate reduced cellular cholesterol content
despite reactive up-regulation of the LDL receptor. Simultaneously, the transcription of the cellular cholesterol exporter ABCA1
was severalfold stimulated, whereas the scavenger receptor CD36 was down-regulated. Thereby, ibandronate decreased the cellular
uptake of modified LDL and enhanced the efflux of cholesterol to delipidated HDL. Geranylgeraniol antagonized the stimulation of
ABCAL1 expression by ibandronate. Ibandronate in low pharmacologic concentrations redirects monocytic cholesterol handling

from favouring foam cell formation towards enhanced reverse cholesterol transport.
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Bisphosphonates are currently used in the treatment
of osteoporosis, metastatic, and Paget’s disease of bone.
Their chemical structure of two phosphate groups linked
by a hydroxy substituted carbon atom causes a high
avidity for calcium ions and a selective deposition in
bone mineral. Therefore, bisphosphonates withstand
degradation by phosphatases, but inhibit osteoclast-
mediated bone resorption by intracellular mechanisms
[1,2]. In contrast to their protective effect on bone
mineral content, bisphosphonates have long been
known to reduce and reverse calcifications in extraos-
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lipoprotein; oxLDL, oxidized LDL; acLDL, acetylated LDL.
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seous tissues [3-5]. Such calcifications are commonly
observed in advanced atherosclerotic lesions. Bis-
phosphonates are enriched in the atherosclerotic vessel
wall [6-8] and indeed, bisphosphonates have been shown
to attenuate and even reverse atherosclerotic lesions in
several animal models without affecting plasma choles-
terol levels [9-13].

Monocyte-derived macrophages and foam cells are
key cellular components of atherosclerotic lesions. They
accumulate lipids, secrete chemotactic, proinflamma-
tory, and growth factors that all contribute to plaque
progression. Finally, metalloproteinases secreted from
monocytes may destabilize the fibrous cap of atheromas
causing plaque rupture [14,15]. Monocytes/macrophages
readily take up bisphosphonates by endocytosis,
phagocytosis, or polyvalent transmembrane transport-
ers [16,17]. The high polarity of bisphosphonates limits
simple diffusion through the plasma membrane [2] and
therefore prevents uptake in most cells.

Two intracellular modes of action depending on the
molecular structure of bisphosphonates have recently
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been elucidated. Bisphosphonates without amino sub-
stitution can be incorporated into cytotoxic ATP ana-
logues that impair oxidative cell metabolism [1].
Osteoclasts, cells of monocytoid lineage, are exposed to
high concentrations of bisphosphonates released from
bone into their resorptive lacunae and are thought to be
inhibited by these toxic metabolites of bisphosphonates

[2].

In contrast, the most potent, nitrogen-containing
bisphosphonates (N-BP) interfere with the binding of
pyrophosphorylated isoprenoid intermediates of the
sterol pathway to key enzymes [1]. Thereby, N-BP di-
rectly inhibit cellular cholesterol synthesis [18] but also
interfere with protein prenylation, especially geranyl-
geranylation. Prenylation is essential for membrane
anchoring of proteins and involved in signalling cas-
cades of cell activation and cholesterol homeostasis
[2,19]. The targeting of N-BP to macrophages might
thus offer a new pharmacologic approach to selectively
inhibit foam cell activation and stimulate reverse cho-
lesterol transport out of the vessel wall. We therefore
studied how an N-BP affects monocytoid cholesterol
balance and the geranylgeranyl-dependent expression of
key receptors of cellular cholesterol handling.

Materials and methods

Ibandronate was a kind gift of Dr. F. Bauss, Roche Diagnostics
GmbH, Penzberg. Stock solutions (1, 10, and 100 uM) were prepared
in sterile NaCl and stored at 4°C. Geranylgeranyl pyrophosphate
(GGPP) and all other chemicals were purchased from Sigma unless
otherwise stated.

Cell preparation and culture. The highly differentiated monocytic
cell line MM6 [20] was cultured in supplemented, filter-sterilized RPMI
1640 medium [22]. Cells were seeded at a density of 0.2 x 10° cells/ml
and kept in 2ml medium in 24-well plastic culture dishes (Falcon).
Peripheral blood mononuclear cells (PBMCs) were isolated from blood
of healthy normolipidemic volunteer donors by Ficoll density-gradient
separation [21]. PBMCs were maintained at a density of 5 x 10° cells/
ml in RPMI 1640 medium with EDTA 5mM as non-adherent cells in
sterile 2ml cups (Eppendorf).

RN A-isolation and real-time reverse-transcription PCR. Total cel-
lular RNA was extracted from 2 x 10° MMG6 cells or 5 x 10° PBMCs
with the AquaPure RNA Isolation Kit (BioRad). RNA isolates were
treated with RQ1-DNAse (Promega) and the RNA concentration was
measured with the Gene Quant RNA/DNA Calculator (Amersham
Biotech). Quantitative real-time-RT-PCR was performed in an iCycler
(BioRad) using Ready-To-Go RT-PCR beads (Amersham) and the
double-stranded DNA-binding fluorescent dye SYBR Green I (Mo-
lecular Probes). The reaction mixture with a final volume of 50 pl
contained random hexamer primers for reverse transcription (BioRad),
MgCl, 2.5 or 3mM, specific primers 200 or 300nM and RNA 500 ng
(PBMCs) or 1000ng (MMS6). Primers were synthesized by Metabion
GmbH according to sequences established previously for the LDL
receptor [22], CD36 [23], ABCA1 [24], and GAPDH [24]. All Primers
were checked again by a GenBank sequences BLAST search and the
specificity of the amplicon was confirmed by melting curve analysis
and ethidium bromide stained gel electrophoresis [25,26].

In the real-time RT-PCR protocol reverse transcription was per-
formed at 42 °C for 30 min, denaturation at 95 °C for 5 min, followed by

40 cycles with annealing at 60 °C for 20s, elongation at 72 °C for 20s,
melting at 95°C for 30s, final elongation at 72°C for 10 min, and
melting curve analysis from 55 to 98 °C. Reactions were optimized for
every target and amplification efficiency was tested by serial dilution
(1:10 to 1:1000) standard curves [27]. Quantification was calculated
using the Cr (treshold cycle) [27] of the target signal relative to the
GAPDH signal in the same RNA sample. Effects were quantified and
expressed by the fold change method calculated as: Fold Change =
27A(ACT) with ACT = CT.largct - CT.GAPDH and A(ACT) = ACT.slimulalcd -
AC‘Tx:omml [28]

Flow cytometry. For assessing the surface expression of CD36
protein cells were washed with Hanks’ balanced salt solution (HBSS)
containing 10 mM Hepes, 1 mM MgCl,, 1 mM CaCl,, and 0.5% bovine
serum albumin. Unspecific binding was blocked with 5% human serum
in HBSS for 30 min at 4 °C, followed by 30 min incubation at 4 °C with
mouse IgGl isotype (MOPC21, Sigma) or mouse anti-human CD36
(Clone FA6, Immunotech) at a concentration of 2.5 pg/ml. The FITC-
conjugated goat anti-mouse secondary antibody (Dako) was added at
a concentration of 1pg/ml for 30min at 4°C. Cells were fixed with
formaldehyde 2% in FACS buffer and CD36 expression was deter-
mined as specific fluorescence relative to isotype control in a FACS
scanner (Becton—Dickinson).

Isolation and modification of lipoproteins. LDL and HDL were
isolated from plasma of healthy normolipidemic volunteers by 24 h
ultracentrifugation on a potassium bromide gradient [29]. OxLDL was
prepared by incubation of LDL with CuSO4 (5uM) for 20h in the
presence of oxygen [30]. Acetylation of LDL was performed with acetic
anhydride [31]. HDL was delipidated with methanol/ether as described
[32]. Protein concentrations were determined [33] for lipoprotein
quantification and samples were filter sterilized (0.22 um), stored at
4°C, and used within a week.

Cellular cholesterol content, loading, and efflux assay. For studying
effects on cellular cholesterol handling, cells were incubated for 48 h in
the presence of carrier control, ibandronate 0.8-1000nM or dHDL
100 pg/ml as positive control. Cells were washed twice with sterile PBS
(Pan Biotech) and counted to monitor growth. Total cellular choles-
terol was extracted with methanol/chloroform [34], dissolved with di-
oxan and buffer, and quantified by a cholesterol peroxidase based
enzymatic assay (Rolf Greiner Biochemica).

To investigate the effects on cellular cholesterol uptake and efflux
cells were preincubated for 24 h with carrier control or ibandronate
10nM. Then, oxLDL or acLDL 50 pg/ml was added for 48 h to allow for
cellular cholesterol accumulation. After the loading phase cells were
washed twice with sterile PBS and further incubated for 24h in the
presence of dHDL 20 pg/ml or carrier control to quantify HDL en-
hanced cholesterol efflux (modified from [34]). Throughout incubation
protocols carrier or ibandronate treatment was freshly added every 24 h.

Statistical analysis. Data are presented as means + SEM. Statistical
analysis was performed by comparison to concurrent controls using
Student’s ¢ test for paired samples with a P value <0.05 considered to
indicate significance.

Results

First, cells were incubated for 48 h with increasing
concentrations of ibandronate added every 24h to de-
termine the non-toxic range. Cell morphology, viability,
proliferation, and cellular protein content were not de-
tectably affected by ibandronate in concentrations up to
1 uM. Next, effects of ibandronate on cellular sterol
metabolism were monitored by measuring total
cellular cholesterol content after incubation with
ibandronate in increasing concentrations. Ibandronate
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dose-dependently reduced cellular cholesterol content by
up to 30%. A plateau effect on cellular cholesterol con-
tent was reached already at very low ibandronate con-
centrations between 4 and 20nM (Fig. 1). Therefore,
ibandronate 10 and 100nM were used in subsequent
experiments. For comparison, prolonged incubation of
cells with a high concentration of 100 pg/ml dHDL, a
massive stimulus of cellular cholesterol depletion, re-
duced cellular cholesterol content by about 40%.

The reduction of cellular cholesterol content induced
by ibandronate was reflected by increased cellular LDL-
receptor expression (Fig. 2A). Compared to control cells
incubated for 24-72h with carrier only, cells incubated
with ibandronate 10 nM had a highly significant increase
in LDL-receptor-specific mRNA levels. With ibandro-
nate added only once at time 0 the LDL-receptor up-
regulation peaked at 48h and was fully maintained at
72h with ibandronate 100nM. Therefore, increased
LDL-receptor expression as the physiologic cellular
counter-regulation to cholesterol depletion was not
disturbed by ibandronate incubation.

In addition to the apolipoprotein B-specific LDL-re-
ceptor, cells can also take up cholesterol by scavenger
receptors like CD36 binding modified lipoprotein par-
ticles. In contrast to the effects on the LDL-receptor,
ibandronate reduced cellular levels of CD36-specific
mRNA (Fig. 2B). This reduction in CD36 transcription
by about 50% was also achieved within 48 h and fully
maintained for at least 72h after a single addition of
ibandronate 10 or 100nM at time 0. We further mea-
sured the CD36 surface expression by FACS analysis.
Incubation with ibandronate 10 and 100nM signifi-
cantly reduced CD36 protein on MMG6 cells after 48 and
72h (Fig. 3).

In addition to the receptors involved in cholesterol
uptake, cellular cholesterol balance is determined by the
active cellular cholesterol exporter, ABCA1. The cellular
level of ABCAIl-specific mRNA was increased by
ibandronate in a concentration-dependent manner up to
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Fig. 1. Effects of ibandronate on cellular cholesterol content of MM6
cells. Cells were incubated for 48 h with ibandronate 0.8-100 nM added
every 24h or dHDL 100 pg/ml. Total cellular cholesterol in percentage
of control cells incubated with carrier only (means+ SEM; n = 5;
*p < 0.05).
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Fig. 2. Time course of effects of ibandronate 10 nM (grey symbols) and
100nM (dark symbols) on LDL-receptor (A), CD36 (B) ABCALI ex-
pression in MM6 cells incubated up to 72h (C), and ABCAI expres-
sion in freshly prepared PBMCs (D) incubated up to 24 h. Fold change
of specific receptor mRNA levels measured by real-time RT-PCR,
normalized to GAPDH and compared to levels in control cells (open
symbols) incubated with carrier control for the same time intervals.
Means + SEM; n = 7; *p < 0.05; **p < 0.01; ***p < 0.001.

2.5-fold and this increase was also maintained for more
than 72h (Fig. 2C). This stimulation of ABCAI tran-
scription by ibandronate persisted even after cholesterol
depletion of the cells. In a very similar pattern, ABCAI
transcription was also very rapidly stimulated by
ibandronate in freshly prepared PBMCs from healthy
donors (Fig. 2D). Therefore, ibandronate is taken up by
monocytes and stimulates ABCA1 even before full dif-
ferentiation to macrophages.

The functional relevance of the ibandronate effects on
ABCAl and CD36 transcription was tested in a
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Fig. 3. Effect of ibandronate 10nM (grey symbols) and 100nM
(dark symbols) on CD36 protein surface expression by FACS analysis
relative to control cells incubated with carrier only (open circles).
Means + SEM; n = 5; *p < 0.05; **p < 0.01.
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Fig. 4. Effect of incubation with ibandronate (Ib) 10nM on cellular
cholesterol content, cholesterol uptake from modified LDL particles
(mod. LDL) and cholesterol efflux to delipidated HDL (dHDL) par-
ticles at baseline or after cholesterol preloading. (A) Efflux to dHDL
20 pg/ml without previous cholesterol loading. (B) Cholesterol uptake
from acLDL and oxLDL 50 pg/ml. (C) Efflux to dHDL 20 pg/ml after
preloading with acLDL or oxLDL 50 pg/ml. Means+ SEM; n = 5;
*p < 0.05; **p < 0.01.

combined assay of ABCA1-mediated cellular cholesterol
efflux to dHDL before and after cellular cholesterol
loading with modified lipoproteins. Inclusion of dHDL
20 pg/ml as cholesterol acceptor in the incubation me-
dium significantly reduced cellular cholesterol content
by 25% (Fig. 4A). Ibandronate alone reduced cellular
cholesterol even in the absence of HDL. The simulta-
neous incubation of cells with dHDL and ibandronate
caused an overadditive reduction of cellular cholesterol,
demonstrating the functional relevance of ibandronate
stimulated ABCA1 expression.

Incubation with oxLDL or acLDL as modified LDL
particles internalized by cellular scavenger receptors
significantly increased cellular cholesterol content. This
increase was prevented by the simultaneous incubation
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Fig. 5. Effect of GGPP and ibandronate (Ib) incubation for 48 h on
ABCAI-specific mRNA expression. (A) Incubation with GGPP 3-
30 uM alone inhibited ABCA1 expression in a concentration-depen-
dent manner. (B) Incubation of cells with ibandronate 10-100nM
stimulated ABCA-expression. (C) Coincubation with GGPP 10 uM
antagonized the stimulation of ABCAI expression by ibandronate
10 and 100nM in a competitive manner. Means+SEM; n =35;
**p < 0.01; ***p < 0.001).
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of cells with nanomolar concentrations of ibandronate
(Fig. 3B). Moreover, ibandronate significantly reduced
cellular cholesterol content compared to control condi-
tions even in the presence of acetylated LDL particles
supporting the functional relevance of the ibandronate
induced reduction of CD36 and ABCA1 induction.

Finally cells were first cholesterol loaded by prein-
cubation with oxLDL or acLDL and then exposed to
dHDL to measure ABCAl-mediated cholesterol efflux
(Fig. 3C). The cholesterol accumulation of cells from
modified lipoproteins was both reversed by incubation
with dHDL and ibandronate alone. Again, coincubation
with dHDL and ibandronate caused an overadditive
cholesterol loss. Cells preloaded with cholesterol from
modified lipoproteins and incubated with ibandronate
showed a greater cholesterol depletion after addition of
dHDL compared to control cells. Therefore, ibandro-
nate enhanced HDL-dependent cellular cholesterol ef-
flux very effectively, especially in the presence of
modified lipoprotein particles.

To support the suspected role of GGPP depletion in
the ibandronate-induced ABCA1 stimulation, cells were
first incubated with GGPP. GGPP 3-30 uM suppressed
ABCALI transcription in a concentration-dependent
manner by up to 80% for at least 48h (Fig. 5A).
Ibandronate alone stimulated ABCAIl expression
(Fig. 5B) in a concentration-dependent way. Coincu-
bation of cells with ibandronate 10-100 nM and GGPP
10 uM reversed the inhibition of ABCAI1 expression
induced by GGPP alone in an obviously competitive
manner (Fig. 5C).

Discussion

We studied the mechanisms involved in the effects of
nitrogen-containing bisphosphonates on monocytoid
cholesterol handling. The major new findings were the
stimulated expression of the main cellular cholesterol
exporter ABCAI by ibandronate in very low concen-
trations, protecting cells from cholesterol accumulation
and maintaining cholesterol loading onto HDL particles
for reverse transport even after cellular cholesterol de-
pletion.

The differentiated human monocytoid cell line MM6
used in these experiments tolerated ibandronate in
concentrations up to 1 pM without signs of toxicity. In
the screening test of total cellular cholesterol content
first effects of ibandronate were detectable below a
concentration of 1nM and were already maximal be-
tween 4 and 20nM. Plasma levels of ibandronate in
humans after a single oral administration of 5mg have
been reported in the range of 3nM [35]. After intrave-
nous administration of 6 mg ibandronate, as used in the
therapy of tumour hypercalcemia, peak plasma levels up
to 1 uM can be reached [36]. Therefore, the concentra-

tions having profound effects on cellular cholesterol
metabolism in our experiments are well within the
therapeutic range tolerated without major side effects.
Previous experiments on N-BP effects in RAW 264
mouse macrophages had used much higher concentra-
tions of ibandronate (148 uM) [37], alendronate (10 M)
[38] or liposomal preparations of ibandronate (700 nM)
[37]. Species differences, the degree of monocytic differ-
entiation, and therefore efficiency of cellular ibandro-
nate uptake might account for this. Anyway, the
accumulation mechanisms for bisphosphonates appear
to be rather specific for monocytes/macrophages and
higher doses of bisphosphonates have successfully been
used for a selective in vivo ablation of monocytes/mac-
rophages without major toxic effects on other tissues
[39,40].

Increased LDL-receptor expression, the physiologic
cellular response to cholesterol depletion mediated by
the SREBP pathway [41], apparently remained intact
during ibandronate incubation. This argues against an
unspecific toxic effect of ibandronate at the very low
concentrations used. CD36, the quantitatively most
important scavenger receptor on monocytes/macro-
phages, was down-regulated by ibandronate. Involve-
ment of prenylated proteins in the transcriptional
regulation of CD36 has been discussed before [30]. The
protein surface expression of CD36 was also signifi-
cantly reduced, but to a lesser extent. This might be due
to large intracellular pools of intact CD36 protein that
have been demonstrated in monocytes/macrophages
[42]. However, a significant decrease in uptake of mod-
ified LDL was clearly seen confirming the functional
relevance of the reduction in CD36 surface expression.

Decreased uptake of acLDL by monocytes has been
reported previously in the presence of suprapharmaco-
logic concentrations of alendronate 10uM [38] or
liposomal preparations of bisphosphonates [43]. En-
capsulation into liposomes enhances the penetration of
bisphosphonates through the plasma membrane. Inhi-
bition of cellular uptake of oxLDL and acLDL by low
nanomolar concentrations of free ibandronate is re-
ported here for the first time. In contrast to acLDL,
oxLDL has been characterized as a pathophysiologically
relevant lipoprotein detectable in humans [44] and taken
up by cells via CD36. Uptake of acLDL has been shown
to be mediated mainly by scavenger receptor A [45], but
in MMG6 cells at least one further receptor mediating
uptake of acLDL was demonstrated [22,46]. AcLDL is
also a ligand for scavenger receptor B, MARCO, and
CD36 [47]. It is presently unknown whether other
scavenger receptors are down-regulated by ibandronate
in addition to CD36.

Despite increased LDL-R expression, monocytoid
cells exposed to ibandronate remained cholesterol de-
pleted for prolonged time intervals suggesting not only a
suppression of cholesterol uptake and de novo synthesis
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but also a continued enhancement of cellular cholesterol
export. ABCA1 has been characterized as the most im-
portant cellular cholesterol exporter loading cellular
cholesterol onto apoAl containing nascent HDL parti-
cles. In fact, ibandronate stimulated transcription of
ABCA1 in monocytoid cells severalfold. This finding
was confirmed in freshly isolated PBMCs supporting its
potential pharmacological relevance.

ABCALI is a target gene of the nuclear transcription
factor LXRa. Following activation, LXR heterodimer-
izes with the nuclear retinoic acid receptor RXR and
associates with the nuclear steroid receptor coactivator-
1 (SRC-1) [48-50]. This complex translocates to the
nucleus and initiates transcription of genes like ABCAL.
Recently, a dual mechanism of ABCAI1 regulation by
GGPP was described while other intermediate products
of the sterol pathway had no effect on ABCAI1 tran-
scription. GGPP directly inhibited the interaction of
LXR, RXR, and SRC-1 [51,52]. Additionally, Rho-
proteins activated by transfer of a geranylgeraniol group
were found to inhibit ABCAI1 expression via LXR [52].

In studies with macrophages and osteoclasts, N-BPs
decreased intracellular geranylgeraniol and the reduc-
tion of geranylgeranylated proteins was characterized as
the molecular mechanism underlying the effects on bone
metabolism [2]. In our experiments, enhanced ABCAI
expression stimulated by ibandronate could competi-
tively be reversed by GGPP coincubation. Increased
ABCALI transcription has previously been described as a
counter-regulatory response to cellular cholesterol
overloading [53]. Most remarkably, ABCA1 transcrip-
tion remained enhanced by ibandronate even after cel-
lular cholesterol depletion. Inhibition of the negative
GGPP signalling must have overcompensated signals of
decreased sterol stores. This ability of ibandronate to
stimulate and maintain enhanced ABCAI1 expression in
monocytes/macrophages independent of cellular cho-
lesterol stores is of special therapeutic interest. For the
regression of extracellular cholesterol accumulations in
atherosclerotic plaques, cholesterol has first to be taken
up by macrophages but then rapidly be transferred to
apoAl-containing particles via ABCA1 to channel it
into the reverse cholesterol transport and avoid foam
cell formation.

Only few data relating bisphosphonates to athero-
sclerosis in humans are available so far. Oral etidronate
for 1 year was reported to reduce intima media thickness
in patients with diabetes mellitus type II [54]. Interest-
ingly, a retrospective mortality analysis of 7900 osteo-
porosis patients enrolled in clinical trials with the N-BP
risedronate revealed a significant reduction in stroke
mortality [55]. Two trials from Italy found a small in-
crease in serum HDL and decrease in LDL at un-
changed total cholesterol levels during treatment with
various N-BP [56,57]. With the rapid clearance of N-BP
from the circulation, but their enrichment in the ath-

erosclerotic vessel wall and selective uptake into mac-
rophages, effects on peripheral lipoprotein metabolism
in the vessel wall rather than in the liver may be ex-
pected.

In summary, we describe several new aspects of N-BP
action on cholesterol handling in monocytoid cells. In
low pharmacological concentrations ibandronate in-
creased the expression of ABCAIl promoting the first
step of reverse cholesterol transport. These changes in
cellular lipoprotein receptor and transporter expression
were functionally relevant and consistently decreased
cellular cholesterol content. This fits well with previous
reports on a reduction of the monocytic accumulation of
cholesterol by N-BP [38,43]. Together with the inhibi-
tion of arterial calcification and smooth muscle cell ac-
tivation [58], these actions of N-BP on lipid handling at
the site of atherogenesis may provide an anti-athero-
sclerotic effect additive to lowering plasma lipid levels.
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