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Background and purpose: Bisphosphonates (BPs) are highly effective inhibitors of bone resorption. Nitrogen-containing
bisphosphonates (N-BPs), such as zoledronic acid, induce the formation of a novel ATP analogue (1-adenosin-5"-yl ester
3-(3-methylbut-3-enyl) ester triphosphoric acid; Apppl), as a consequence of the inhibition of farnesyl pyrophosphate synthase
and the accumulation of isopentenyl pyrophosphate (IPP). Apppl induces apoptosis, as do comparable metabolites of
non-nitrogen-containing bisphosphonates (non-N-BPs). In order to further evaluate a pharmacological role for Apppl, we
obtained more detailed data on IPP/Apppl formation in vivo and in vitro. Additionally, zoledronic acid-induced Apppl formation
from IPP was compared with the metabolism of clodronate (a non-N-BP) to adenosine 5'(8,y-dichloromethylene) triphosphate
(AppCClyp).

Experimental approach: After giving zoledronic acid in vivo to rabbits, IPP/Apppl formation and accumulation was assessed
in isolated osteoclasts. The formation of Apppl from IPP was compared with the metabolism of clodronate in MCF-7 cells
in vitro. IPP/Apppl and AppCCl.p levels in cell extracts were analysed by mass spectrometry.

Key results: Isopentenyl pyrophosphate/Apppl were formed in osteoclasts in vivo, after a single, clinically relevant dose of
zoledronic acid. Furthermore, exposure of MCF-7 cells in vitro to zoledronic acid at varying times and concentrations induced
time- and dose-dependent accumulation of IPP/Apppl. One hour pulse treatment was sufficient to cause IPP accumulation and
subsequent Apppl formation, or the metabolism of clodronate into AppCCl,p.

Conclusions and implications: This study provided the first conclusive evidence that pro-apoptotic Apppl is a biologically
significant molecule, and demonstrated that IPP/Apppl analysis is a sensitive tool for investigating pathways involved in BP action.
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Introduction

Bisphosphonates (BPs) are pyrophosphate analogues that
concentrate specifically in bone and are highly effective
inhibitors of bone resorption (Flanagan and Chambers, 1991;
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Rogers etal.,, 2000). Hence, these pharmacological com-
pounds are widely used in the treatment of skeletal diseases
associated with high osteoclast activity and accelerated bone
turnover, such as osteoporosis (Delmas, 2002) and Paget’s
disease (Roux and Dougados, 1999). Furthermore, BPs are
effective inhibitors of tumour-induced bone resorption and
have been shown to modify the progression of skeletal
metastasis in several forms of cancer, especially breast cancer
and myeloma (Coleman, 2004).

Bisphosphonates can be divided into two pharmacological
classes based on their chemical structure and their molecular
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mechanism of action: the non-nitrogen-containing bisphos-
phonates (non-N-BPs) are incorporated into cytotoxic ATP
analogues in cells, and the more potent nitrogen-containing
bisphosphonates (N-BPs) act through inhibition of the intra-
cellular mevalonate pathway. Specifically, low potency non-
N-BPs, such as clodronate, inhibit osteoclast function via
intracellular metabolism into non-hydrolyzable analogues
of ATP catalyzed by aminoacyl-tRNA synthetase enzymes
(Rogers et al., 1996; Auriola et al., 1997; Frith etal., 1997).
Consequently, accumulation of the ATP analogue within the
cytosol triggers apoptosis by inhibiting the mitochondrial
ADP/ATP translocase (Lehenkari et al., 2002). For N-BPs, the
primary intracellular target is the inhibition of the enzyme
farnesyl pyrophosphate synthase (FPPS) in the mevalonate
pathway (Luckman et al., 1998; Benford etfal., 1999). The
activity of FPPS is required for the post-translational prenyla-
tion of small GTPases, such as Ras and Rap. As prenylation is
required for the localization of these GTPases to subcellular
membranes, N-BPs disrupt the function of small GTPases that
are essential for osteoclast activity and survival. On the other
hand, recent studies suggest that the anti-resorptive effect of
N-BPs on osteoclasts may actually be due to accumulation of
unprenylated small GTPases in their active state, that is,
causing inappropriate activation of downstream signaling
pathways, rather than loss of the prenylated proteins
(Dunford et al., 2006; Russell et al., 2007).

Our recent research has revealed an additional effect of
N-BPs, combining both of the above mentioned mechanisms
of action (Monkkonen et al., 2006). We discovered that potent
N-BPs induce the intracellular formation of another ATP
analogue, 1-adenosin-5’-yl ester 3-(3-methylbut-3-enyl) ester
triphosphoric acid (Apppl), as a result of the inhibition of
FPPS in the mevalonate pathway and consequent accumula-
tion of intracellular isopentenyl pyrophosphate (IPP). Apppl
formation from IPP may be catalyzed by the same metabolic
pathway (i.e. aminoacyl-tRNA-synthetases) as the ATP ana-
logues of non-N-BPs (Monkkonen et al., 2008), but Apppl
does not contain a BP in its structure. As observed with the
metabolite of a non-N-BP, clodronate, adenosine 5’(B,y-
dichloromethylene) triphosphate (AppCCl,p; Lehenkari et al.,
2002), Apppl induced direct apoptosis through blockade
of mitochondrial adenine nucleotide translocase (ANT)
(Monkkonen et al., 2006).

Previously, we have detected Apppl formation following
N-BP treatment not only in macrophages, osteoclasts and
various cancer cells in vitro, but also in vivo in peritoneal
macrophages after local injection of high doses of zoledronic
acid (Monkkonen et al., 2006; 2007; 2008). However, in order
to establish the biological significance of Apppl, the primary
aim of this study was to elucidate whether it could be detected
in osteoclasts, the pharmacological target cell for BPs, after in
vivo administration of zoledronic acid at a clinically relevant
dose. Another aim was to further evaluate the pharmacologi-
cal role of Apppl by obtaining detailed data on its formation
in vitro. MCEF-7 cells, instead of osteoclasts, were selected for
in vitro studies as a cell model, because earlier we have used
this cell line to evaluate the role of pro-apoptotic ATP ana-
logues in the anti-tumour properties of BPs, and observed
abundant BP-induced IPP/Apppl or AppCCl,p accumulation
in these cells (M6nkkonen et al., 2008). We studied the depen-
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dence of IPP/Apppl formation on zoledronic acid concentra-
tion and the time course of IPP/Apppl formation after pulse
and continuous treatment with zoledronic acid. Furthermore,
as pro-apoptotic effects of Apppl seem to be similar to those of
other ANT-inhibiting ATP analogues, the formation of Apppl
from IPP induced by zoledronic acid was compared with the
metabolism of clodronate to its ATP analogue, AppCCl,p. The
data provide further evidence that the pro-apoptotic Apppl is
a biologically important molecule in the action of N-BPs.

Methods

IPP/Apppl accumulation in osteoclasts in vivo

All animal care and experimental procedures complied with
the NIH Guide for the Care and Use of Laboratory Animals.
Rabbit osteoclasts were used as they have successfully been
used to identify the formation of an methyleneadenosine
5’-triphosphate (AppCp) type metabolite of the non-N-BP clo-
dronate (AppCCLp) in vivo (Frith etal., 2001; Staal etal.,
2003). Three-day-old rabbits were injected subcutaneously
with 1 mg-kg™ or 100 ug-kg™" zoledronic acid in phosphate-
buffered saline (PBS), or an equivalent volume of PBS alone.
Each experiment involved one treated rabbit and one control
rabbit. The osteoclasts were isolated 24 or 48 h after injection
using a previously well-characterized method (Frith et al.,
2001; Staal etal., 2003). Briefly, the rabbits were killed by
overdose of halothane and long bones from each were
removed and cleaned and then minced in 25 mL of serum-
free a-MEM with L-glutamine (Life Technologies, Paisley, UK).
The osteoclasts were released from the bone fragments by
vortexing. The cell pellet was washed, resuspended in 1 mL of
o-MEM containing 3.3 ug-mL™" mouse anti-of; (23¢c6) anti-
body (Serotec AbD, Oxford, UK) and incubated at 37°C for
20 min. After incubation, the cells were washed twice in 1x
PBS containing 0.1% (w/v) of bovine serum albumin (BSA).
For separation of osteoclasts, the cell pellet was resuspended
in 0.1% BSA in 1x PBS containing 2 x 107 anti-mouse IgG
conjugated magnetic Dynal beads (Invitrogen, Paisley, UK),
and incubated, with rotation, at 4°C for 30 min. After incu-
bation, vitronectin receptor (VNR)-positive (osteoclast) and
VNR-negative (non-osteoclast) cells were separated using a
magnetic particle concentrator (Dynal). The erythrocytes
within the non-osteoclast-fraction were then lysed in BD
Pharm™ Lyse (BD Biosciences, Pharmingen, San Diego, CA,
USA). As in previous studies (Frith et al., 2001), the purity of
the osteoclast fraction was >90% multinucleated, VNR-
positive cells. Finally, the osteoclast cells (with Dynal beads
attached) and non-osteoclast cells were extracted with ice-
cold acetonitrile (400 puL) and water (200 uL), and centrifuged
at 14 000x g for 2 min at 4°C. The supernatants were trans-
ferred to fresh tubes and dried down in a SpeedVac concen-
trator (Stratech Scientific, London, UK) and stored at —70°C
until mass spectrometric analysis. The methods for IPP/Apppl
analysis and the protein content determinations are described
below.

IPP/Apppl and AppCClyp accumulation in MCF-7 cells in vitro
The experiments were performed using human oestrogen-
dependent breast cancer cell line, MCF-7, obtained from



the European Collection of Cell Cultures (Salisbury, UK).
Cells were cultured at 37°C in RPMI-1640 medium supple-
mented with 10% fetal bovine serum and 100 IU-mL™
penicillin-streptomycin in a 5% CO, atmosphere. Cells were
harvested using 0.25% trypsin. Following harvesting, cells
were seeded in 6-well plates at a density of 1 x 10° cells per
well and left to adhere overnight. Non-adherent cells were
then removed and medium was replaced with treatment
medium containing zoledronic acid or clodronate, or an
equivalent volume of sterile PBS. For dose-response assay
the cells were treated with 1, 10, 25, 50 or 100 pmol-L™
of zoledronic acid for 24 h. For time-course experiments,
two different treatment protocols were used: pulse and
continuous treatment. For pulse treatment, the cells were
exposed to BP for 1h only, after which the drug was
removed and replaced by fresh medium, and the samples
were collected at O, 1, 3, 6, 12, 18, 24 or 48 h. For continu-
ous treatment, the cells were treated continuously with
BP for 1, 3, 6, 12, 18, 24 or 48 h. Sample collection was
performed by carefully scraping the cultured cells off from
the wells and washing in ice-cold PBS. Cell extract prepara-
tions and protein content determinations were carried out
as previously described (Monkkonen et al., 2003). The viabil-
ity of MCF-7 cells in dose-response assay and after pulse
treatment with zoledronic acid was determined by the
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide
(MTT) test (Monkkonen et al., 2003).

For analysis, the evaporated cell extracts were redissolved
in 150-200 uL of water containing 5 umol-L™' internal stan-
dard (AppCp) to compensate for the variability in ionization,
and 0.25 mmol-L™' phosphatase inhibitors (sodium fluoride
and sodium orthovanadate) to prevent the degradation of
IPP/Apppl. The molar amounts of IPP, Apppl, and AppCCl,p
in cell extracts were determined by high pressure liquid
chromatography (HPLC) negative ion electrospray ionization
mass spectrometry (HPLC-ESI-MS) as previously described
(Monkkonen et al.,, 2007). Selected reaction monitoring
(SRM) was used for analysis of the compounds in the sample
and quantitation was based on the fragment ions character-
istic to each molecule. The following transitions were moni-
tored: m/z 245—159 for IPP, m/z 574—408 for Apppl, m/z
572225 and m/z 574—227 for AppCCl,p (*Cl & ¥Cl) and,
m/z 504—406 for internal standard. The pattern of fragmen-
tation for each sample was compared with that of the
authentic standard. Standards were constructed by adding
known amounts of synthetic IPP, Apppl or AppCCLp to
extracts from untreated cells. Quantitation was performed
with LCquan 2.0 software (Thermo Finnigan), using the stan-
dard curve and the transitions mentioned above. Results
shown are representative of at least three independent experi-
ments (mean *= SEM).

Cellular uptake of BPs in vitro

Differences in cellular uptake of BPs could be a critical factor
affecting formation of the ATP analogues. Therefore, in order
to compare the kinetic profiles of drug uptake with that of ATP
analogue formation in cells, the cellular uptake of ["“C]-
labelled BPs was assessed. The cells were treated with
25 umol-L™! [**C] zoledronic acid or 500 umol-L™* [*C] clodr-
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onate according to the two different time-course treatment
protocols described above, except that the 18 h time point was
excluded. After treatment, medium was recovered, the cells
were rinsed five times with PBS solution and all wash-solutions
were collected. Cell samples were harvested by carefully scrap-
ing the cells off the wells; two wells were pooled together, and
washed in ice-cold PBS. Cell extract preparations and protein
content determinations were carried out as previously
described (Monkkonen et al., 2003). For the radioactivity mea-
surements, the soluble acetonitrile/water extracts were evapo-
rated in a vacuum centrifuge and finally redissolved in 120 pl
of Milli-Q water. Radioactivity of the cell medium, washes and
cell extracts was determined by using liquid scintillation
counting (Wallac Microbeta™ TriLux) after mixing with
OptiPhase HiSase3 scintillation cocktail (Wallac). The level of
drug uptake was quantified as molar amount of drug per mg
protein. Results shown are representative of at least two inde-
pendent experiments (mean = SEM).

Statistical analysis

For dose-response and pulse treatment studies, one-way
ANOVA with Tukey’s multiple comparison tests was used to
assess significant differences in the cell viability or IPP/Apppl
formation.

Materials

Unlabelled and [**C]-labelled zoledronic acid [2-(imidazol-1-
yl)-hydroxy-ethylidene-1,1-bisphosphonic acid, disodium
salt, 4.75 hydrate] were kindly provided by Novartis Pharma
AG (Basel, Switzerland), and clodronate (dichloromethylene-
1,1-bisphosphonate) and ["*C]clodronate by Schering Oy
(Bayer Schering Pharma AG, Berlin, Germany). Stock solu-
tions of BPs were prepared in PBS (pH 7.4; Gibco, UK) and
solutions were filter-sterilized before use. The clodronate
metabolite (AppCCl,p) and Apppl were synthesized as previ-
ously described (Lehenkari efal., 2002; Monkkonen et al.,
2006). IPP and AppCp were purchased from Sigma (St. Louis,
MO, USA). Sodium fluoride was from Riedel-de-Haén
(Germany) and sodium orthovanadate from Sigma (St. Louis,
MO, USA). HPLC-grade methanol was from ].T. Baker (Deven-
ter, the Netherlands) and dimethylhexylamine was obtained
from Sigma Aldrich, (Milwaukee, WI, USA). Cell culture
reagents were from Biowhittaker (Cambrex Bio Science,
Verviers, Belgium). All the reagents used were of analytical
grade or better.

Results

Zoledronic acid induces IPP/Apppl formation in osteoclasts

in vivo

In this study, IPP and Apppl were monitored by MS/MS detec-
tion in osteoclasts following a clinically relevant dose of
zoledronic acid in vivo. Analysis was carried out on lysates
from osteoclasts that had been isolated and purified from
neonatal rabbits by immunomagnetic bead separation ex vivo
following subcutaneous injection with 1 mg-kg™" zoledronic
acid (for 24 and 48 h), or 100 ug-kg' zoledronic acid (for
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24 h). For detection, we have previously developed a highly
sensitive technique to identify ATP analogues in cell extracts,
combining HPLC and tandem MS (Auriola et al., 1997). Using
this procedure, the formation of IPP/Apppl was identified in
extracts by monitoring the daughter fragment ions in the
SRM mode. Typical SRM chromatograms of osteoclast extract
isolated from untreated rabbit, osteoclast extract isolated
from zoledronic acid-treated rabbit, and IPP and Apppl stan-
dards are shown in Figure 1. Major components were not
detected in the chromatogram of osteoclast extracts generated
from saline injected rabbits (Figure 1A and B). The peaks that
eluted at 6.47 min (IPP) and 6.49 min (Apppl) were detected
in SMR chromatograms of osteoclast extracts from zoledronic
acid-treated rabbits (Figure 1C and D). Similar peaks were
present in the chromatograms of osteoclast lysates from
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Figure 1 Identification of IPP and Apppl in rabbit osteoclasts in vivo.

Vitronectin receptor-positive osteoclasts were isolated by immuno-
magnetic bead separation from rabbit bone marrow 24 h after single
injection with 100 ug-kg™ zoledronic acid (ZOL). Acetonitrile cell
extracts were then analysed by HPLC-ESI-MS. Selective reaction
monitoring chromatogram of osteoclast extract isolated from a saline
injected rabbit (A, B), extract isolated from zoledronic acid-treated
rabbit (C, D), untreated rabbit osteoclast extract with added
37 nmol-mg™" protein IPP (E) and 11 nmol-mg™" protein Apppl (F).
The detection limits for IPP and Apppl are 2 pmol-mg™" protein and
0.2 pmol-mg™' protein respectively. No IPP or Apppl were detected in
the chromatogram of osteoclast extracts generated from saline
injected rabbits. The chromatograms are drawn on the same scale.
Apppl, triphosphoric acid 1-adenosin-5"-yl ester 3-(3-methylbut-3-
enyl) ester; ESI, electrospray ionization; HPLC, high pressure liquid
chromatography; IPP, isopentenyl pyrophosphate; MS, mass
spectrometry.
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untreated rabbits, with added synthesized IPP and Apppl
(Figure 1E and F).

Identical patterns of fragmentation obtained with authen-
tic IPP and Apppl were identified from lysates of osteoclasts
isolated from zoledronic acid-treated rabbits (Figure 2). The
molecular ions of IPP (m/z 245) and Apppl (m/z 574) were
fragmented, by CID, to form ions of m/z 79, 159, 177 and
227 (IPP) (Figure 2A and B), m/z 227 and 408 (Apppl)
(Figure 2B and C). For internal standard, AppCp, two major
fragment ions, m/z 486 and m/z 406 were observed (data not
shown). The quantitation of IPP and Apppl was based on
fragment ions, m/z 245—159 for IPP, m/z 574—408 for
Apppl. The molar amounts of IPP and Apppl in each osteo-
clast fraction are presented in Figure 3. The maximum
amount of IPP/Apppl that could be detected in osteoclast
extracts isolated after 24 h of single injection with the higher
dose (1 mgkg') of zoledronic acid, corresponding to
360 pmol-mg™ protein of IPP and 100 pmol-mg™ protein of
Apppl, followed by two and a half-fold decrease of IPP and
fourfold decrease of Apppl at 48 h post-injection. After 24 h,
21.7% of the IPP was converted to Apppl. In addition, the
same pattern was seen after treatment with a clinically rel-
evant dose (100 pg-kg™) of zoledronic acidedronic acid, cor-
responding to 21.5% conversion of IPP to Apppl. A minor
amount of IPP/Apppl could also be detected in the non-
osteoclast (VNR-negative) fractions (data not shown), prob-
ably due to contamination of this fraction with osteoclasts.
These data confirm that zoledronic acid induces IPP/Apppl
formation in osteoclasts in vivo after injection of a single
clinical dose, 100 pg-kg™’, roughly equivalent to the 4 mg
dose given to patients.

Zoledronic acid induces dose-dependent IPP/Apppl formation in
MCF-7 cells in vitro

To investigate the dependence of IPP/Apppl formation
on zoledronic acid concentration, MCF-7 cells were incu-
bated with 1-100 umol-L! zoledronic acid for 24 h. At
1-50 umol-L™ concentration, zoledronic acid induced dose-
dependent IPP accumulation and Apppl formation in cells
(Figure 4A). However, treatment of cells with 25 umol-L™!
zoledronic acid for 24 h resulted in a statistically non-
significant increase in IPP/Apppl formation compared with
the value after incubation with 10 pmol-L™ zoledronic acid.
In addition, zoledronic acid at a high concentration of
100 umol-L™' did not induce more IPP/Apppl compared
with 50 umol-L™ zoledronic acid, thus the maximum inhi-
bition of FPPS and subsequent IPP/Apppl accumulation in
cells was achieved with 50 pmol-L' of zoledronic acid.
However, both concentrations, 50 and 100 umol-L™!, signifi-
cantly (P < 0.001) reduced the viability of MCF-7 cells by
17% and 28%, respectively, when assessed by the MTT test
(Figure 4B).

IPP/ApppI and AppCClyp formation, and cellular uptake of [*C]
BPs in MCF-7 cells after pulse treatment in vitro

Zoledronic acid and clodronate were used to compare the
kinetics of formation of IPP/Apppl and AppCCLp respec-
tively. Pulse exposure to BP for 1h, either 25 umol-L"
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spectra of Apppl from the peak of Figure 1D (C) and Figure 1F (D). m/z = mass-to-charge ratio. Apppl, triphosphoric acid 1-adenosin-5"-yl ester
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Figure 3 IPP/Apppl concentrations (pmol-mg™" protein) in each
osteoclast fraction from zoledronic acid (ZOL)-treated rabbits.
Animals were injected subcutaneously with 100 pg-kg™ or 1 mg-kg™
zoledronic acid in PBS. The osteoclasts were isolated by immunomag-
netic bead separation 24 or 48 h after injection. The molar amounts
of IPP/Apppl in acetonitrile cell extracts were determined by HPLC-
ESI-MS. Apppl, triphosphoric acid 1-adenosin-5-yl ester 3-(3-
methylbut-3-enyl) ester; ESI, electrospray ionization; HPLC, high
pressure liquid chromatography; IPP, isopentenyl pyrophosphate;
MS, mass spectrometry; PBS, phosphate-buffered saline.

zoledronic acid or 500 umol-L™' clodronate, was sufficient to
induce IPP/Apppl or AppCCl,p accumulation, respectively, in
MCEF-7 breast cancer cells during the observation period of
0-48 h (Figure SA and B). Apppl levels correlated well with
the increase in the IPP concentration in cells, confirming that
Apppl is a result of IPP accumulation in cells after FPPS inhi-

bition. Apppl formation from IPP could be detected immedi-
ately after drug removal (0 h), although it was close to the
detection limit (0.2 pmol-mg™ protein). The amount of IPP
and Apppl increased gradually up to 12 h, and reached the
maximum level of IPP (49.2 pmol-mg™' protein) and Apppl
(8.7 pmol-mg™ protein), then decreased until end of the
experiment. The decrease in levels of IPP/Apppl after 12 h of
drug removal was not a consequence of cell death as treat-
ment did not affect the viability of confluent MCF-7 cells,
assessed by MTT assay (data not shown). By contrast to the
formation of IPP/Apppl, the metabolism of clodronate into
AppCCl,p in cells reached the maximum level (21 pmol-mg™
protein) immediately after drug removal, followed by a con-
siderable decrease of metabolite at 1 h after drug exposure
(Figure 5B). However, the amount of the metabolite increased
again up to 12 h and then decreased gradually until the end of
the experiment.

The maximum amount of ['*C]-labelled BPs (12 pmol-mg™
protein of zoledronic acid and 562 pmol-mg™" protein of
clodronate) was detected in cell extracts immediately after
drug removal (Figure 5C and D). After this, the amount of
zoledronic acid in cells decreased constantly until the end
of observation time at 48 h (Figure 5C). The cellular uptake of
clodronate after pulse treatment differed substantially from
the cellular uptake of zoledronic acid. This was illustrated
by the kinetic profile of the clodronate uptake, which was
closely similar to the profile seen in clodronate metabolism
(Figure 5B and D). Although, the differences between the time
points of 1-48 h were not significant. In both cases of BP
uptake, zoledronic acid and clodronate were still found in
cells after 48 h.

British Journal of Pharmacology (2009) 157 427-435
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Figure 4 Effect of 1-100 umol-L™" zoledronic acid (ZOL) on IPP/
Appp! formation (A), and the cell viability (B) of confluent MCF-7 cells
after 24 h, assessed by mass spectrometry and MTT test respectively.
(mean * SEM, n = 9).***P < 0.001 compared with control. Apppl,
triphosphoric acid 1-adenosin-5-yl ester 3-(3-methylbut-3-enyl)
ester; IPP, isopentenyl pyrophosphate; MTT, 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazoliumbromide.

IPP/ApppI and AppCClyp formation, and cellular uptake of [M*C]
BPs in MCF-7 cells after continuous treatment in vitro

For continuous drug treatment, the cells were treated with
25 umol-L™ zoledronic acid or 500 umol-L™ clodronate for
1-48 h. IPP and Apppl, and AppCCl,p were detectable after
1 h of exposure of the cells to BP, although the observed
amount of Apppl was around detection limit and thus
not visible in the figure (Figure 6A and B). The amount of
IPP/Apppl and AppCCl,p increased gradually and time-
dependently during the exposure. Therefore, the highest
intracellular concentrations were achieved at 48 h of BP expo-
sure, and corresponded to 1624 pmol-mg"' protein of IPP,
472 pmol-mg™ protein of Apppl and 758 pmol-mg™ protein
of AppCCl,p, in cells.

The amount of ["*C]-labelled BPs taken up by the cells
increased gradually during 1-48 h of continuous exposure
(Figure 6C and D). Therefore, the highest intracellular
amounts of zoledronic acid (170 pmol-mg™ protein) and clo-
dronate (1946 pmol-mg™ protein) were detected at 48 h, after
treatment with 25 umol-L™! zoledronic acid and 500 pmol-L™
clodronate respectively.
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Discussion

Bisphosphonates are the most potent inhibitors of bone
resorption and target selectively to bone mineral, where they
are released and internalized specifically by osteoclasts (Sato
et al., 1991; Frith et al., 2001). The non-N-BPs are incorpo-
rated into cytotoxic metabolites in cells (Auriola et al., 1997;
Frith et al., 1997), while the more potent N-BPs inhibit FPPS
in the intracellular mevalonate pathway (Amin et al., 1992),
both mechanisms ultimately leading to osteoclast apoptosis.
Recently, we discovered that N-BPs, such as zoledronic acid,
induce the formation of a novel ATP analogue Apppl as a
consequence of the inhibition of FPPS, and the subsequent
accumulation of IPP (Monkkoénen et al., 2006). As observed
for AppCClp, the comparable metabolite of clodronate,
Appp], is a pharmacologically active compound capable of
inducing apoptosis in osteoclasts and therefore we sought
more detailed data on its formation.

In this study, we show that Apppl was formed in rabbit
osteoclasts following a single dose of zoledronic acid in vivo.
Earlier, Apppl has been detected in peritoneal macrophages in
vivo after local injection of a high dose of zoledronic acid
(Monkkonen et al., 2007), but this is the first published study
to show the presence of pro-apoptotic Apppl in osteoclasts,
the pharmacological target cell for BPs, in vivo. Importantly,
Apppl formation was detected when zoledronic acid was
given at the dose of 100 ug-kg™!, roughly equivalent to a 4 mg
single dose given to patients (Daubine et al., 2007). Although
bone turnover and metabolism are different in humans and
rabbits, the result indicated that Apppl was formed in osteo-
clasts in vivo after a clinically relevant dose of zoledronic acid.
IPP/Apppl accumulation in osteoclasts was lower at 48 h post-
injection by comparison with that at 24 h post-injection,
perhaps due to possible changes in the activity of the metabo-
lizing enzymes in the mevalonate pathway, or to apoptosis of
Apppl-containing osteoclasts. Additionally, minor amounts
of IPP/Apppl were also detected in non-osteoclast cell frac-
tions (data not shown), which could have been a contamina-
tion from osteoclasts and thus not a true effect of zoledronic
acid on non-osteoclast cells. This hypothesis is also supported
by earlier in vivo data demonstrating that N-BPs have a very
low or no detectable effect on protein prenylation in non-
osteoclast bone cells when given in vivo at doses that cause a
robust inhibition of protein prenylation in osteoclasts (Frith
et al., 2001; Coxon et al., 2005). However, on the basis of this
study, the possibility that cell types other than osteoclasts in
the bone microenvironment can internalize BPs and conse-
quently accumulate IPP/Apppl cannot be excluded.

As shown earlier (Monkkonen et al., 2008), MCF-7 cells
produced high amounts of both IPP and Apppl, and were thus
an appropriate model to characterize the kinetics of Apppl
formation reliably. Treatment of MCF-7 cells with increasing
concentrations of zoledronic acid induced IPP/Apppl forma-
tion in a dose-dependent manner up to 50 pmol-L™! concen-
tration. However, as zoledronic acid at high concentrations
of 50 and 100 pumol-L"! reduced cell viability, 25 umol-L™
zoledronic acid was chosen for further time-course studies.
Time-course studies on the continuous treatment with
25 umol-L! zoledronic acid or 500 umol-L' clodronate
demonstrated that both BPs and IPP/Apppl or AppCCl.p



>

55
504 1 IPP 1
45{ EER Apppl
40+ 1
35+
304
25
20
154
10+ H
54
C nn T " -

0 1 3 6 12 18 24 48

Time after treatment (h)

pmol (mg-protein)™

@)

_
[8;]
]

I Uptake (ZOL)

-
o
1

pmol (mg-protein)”’
T

0 1 3 6 12 24 48
Time after treatment (h)

pmol (mg~protein)'1

ZOL-induced IPP/Apppl formation in vivo
J Raikkdnen et af

433

B

30+
Il AppCClyp
=
© 204
O
a
(o))
E
© i
2 10
o
0_
0 1 3 6 12 18 24 48
Time after treatment (h)
700-

Il Uptake (CLOD)

0 1 3 6 12 24 48
Time after treatment (h)

Figure 5 Zoledronic acid (ZOL)-induced IPP/Apppl formation (A), accumulation of AppCCl,p (B), the cellular uptake of zoledronic acid (C)
and clodronate (CLOD; D), in confluent MCF-7 cells after a pulse exposure to BPs. The MCF-7 cells were treated with 25 umol-L™" ZOL or
500 umol-L™" CLOD for 1 h, and the samples were collected 0-48 h after drug removal. The intracellular concentration of BPs was determined
by comparing the radioactivity of medium, washes and cell extracts relative to amount of protein in the cell extract. The molar amounts of
IPP/Apppl or AppCCl,p were determined in acetonitrile cell extracts by using HPLC-ESI-MS (mean = SEM, n =4-8). Apppl, triphosphoric acid
1-adenosin-5-yl ester 3-(3-methylbut-3-enyl) ester; AppCCl,p, adenosine 5(3,y-dichloromethylene) triphosphate; BP, bisphosphonate; ESI,
electrospray ionization; HPLC, high pressure liquid chromatography; IPP, isopentenyl pyrophosphate; MS, mass spectrometry.

accumulate in cells in a time-dependent manner. These results
together with the data obtained after in vivo treatment (with
1 mg-kg™' zoledronic acid) illustrate that after 24 h, approxi-
mately 20% of IPP was converted to Apppl in cells. Interest-
ingly, at the same time point, a similar amount (26%) of
internalized clodronate was metabolized to AppCCLp, sug-
gesting that the same metabolizing enzymes with same capac-
ity might be responsible for the Apppl formation from IPP,
and for clodronate metabolism. Additionally, time-course
results revealed that 1 h pulse treatment with BP was suffi-
cient to cause IPP accumulation and subsequent Apppl or
AppCCl,p formation in cells during the entire observation
time. However, the accumulation profile of AppCCLp after a
1 h exposure with clodronate differed from that seen with
zoledronic acid-induced IPP/Apppl accumulation. In contrast
to IPP/Appp], the formation of clodronate metabolite attained
the maximum intracellular amount immediately after drug
removal, but then unexpectedly decreased to the next obser-
vation time point. Differences between the profiles were to
some extent expected, as formation of AppCCl,p from clodr-
onate via aminoacyl-tRNA synthetases is more straightfor-
ward and more rapid than that of Apppl, which is formed
after inhibition of FPPS in the mevalonate pathway, by

zoledronic acid. As metabolism of clodronate depends on
cellular uptake, drug uptake was thought to account for the
abrupt reduction in accumulation profile of AppCCl,p.
Although the clodronate uptake profile was found to be
similar to that of the metabolite accumulation profile, it could
not reliably account for the observation, and thus warrants
further studies.

Similar formation profiles of IPP/Apppl were observed both
in vivo, after a single injection of 1 mg-kg™' zoledronic acid,
and in vitro after a pulse exposure. In these studies, IPP levels
were observed to decrease significantly after 24 h of treat-
ment, although cellular uptake studies in vitro showed that
there were still considerable amounts of zoledronic acid
present in cells 48 h after the initial exposure. This was a
rather surprising result, as IPP binds and further stabilizes the
inhibited FPPS-N-BP complex in a closed conformation,
leading to sustained inhibition of the enzyme (Rondeau et al.,
2006; Dunford et al., 2008). However, the results in this study
suggest that FPPS might be partly restored even in the pres-
ence of intracellular zoledronic acid. Previously, similar
results have been obtained in a cholesterol biosynthesis study
where 4 h treatment of PC-3 cells with 20 umol-L™! zoledronic
acid completely inhibited cholesterol biosynthesis, but as
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early as 24 h later, about 10% of the biosynthesis was rescued,
reaching 90% after 48 h (Goffinet et al., 2006). It is conceiv-
able that the expression of FPPS is elevated through increased
protein synthesis, or that feedback inhibition by IPP on
upstream enzymes leads to decreased flux through the meva-
lonate pathway (and hence decreased IPP synthesis). There
are no known alternative pathways for the production of FPP
from IPP in mammalian cells (Edwards and Ericsson, 1999).
However, some studies have postulated that IPP could be
recycled back to HMG-CoA and eventually to acetyl-CoA by a
sequence of reactions (Edmond and Popjak, 1974; Brown and
Goldstein, 1980).

In this study, we obtained more detailed information of
zoledronic acid-induced IPP/Apppl formation in vivo and
in vitro and provide the first conclusive evidence that pro-
apoptotic Apppl is formed in osteoclasts in vivo, even after a
single clinically relevant dose of zoledronic acid. This result is
of considerable importance, as it establishes the biological
significance of this molecule. Both in vivo and in vitro data
further support the proposition that Apppl formation results
from the accumulation of IPP after FPPS inhibition. However,
both studies reveal that some changes in the activity of the
metabolizing enzymes in the mevalonate pathway might
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occur fairly shortly after drug exposure. This observation
needs to be studied further, as it could indicate that in order
to achieve more efficacious treatment, such as in cancer
therapy, continuous or frequent pulse treatment with BPs is
needed. This hypothesis is supported by previous in vivo find-
ings demonstrating that treatment of animals with a single
clinical dose did not inhibit tumour burden, whereas a low
dose of zoledronic acid administered to animals on a daily or
weekly intermittent schedule not only inhibits bone destruc-
tion, but also exhibits anti-tumour effects (Daubine et al.,
2007; Stresing et al., 2007).

Isopentenyl pyrophosphate/Apppl analysis was shown to
be a useful and sensitive tool for investigating pathways
involved in BP action. In addition, identification of the
molecular mechanism of action of Apppl may help in further
understanding the differences and similarities between N-BPs
and non-N-BPs in general. Furthermore, Apppl studies have
revealed the potential of N-BPs to affect a wide range of
cellular processes via the inhibition of FPPS, and may also
help to explain the observed preclinical and clinical activity
of these compounds. Further studies to clarify the relation-
ship between IPP/Apppl, cancer cell apoptosis and v,5-T-cell
activation are in progress.
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