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Abstract Bisphosphonates have been shown to attenuate
ectopic calcification in experimental uremia. While they are
known to reduce bone turnover, the effects on endochondral
bone formation have not yet been addressed. To address
this issue, we administered male Sprague-Dawley rats
weekly subcutaneous injections of either vehicle or ibandr-
onate (1.25 ug/kg body weight) for a total of 10 weeks. The
rats were randomly allocated into one of four groups: (1)
vehicle-treated, sham-operated rats; (2) ibandronate-treated,
sham-operated rats; (3) vehicle-treated, 5/6 nephrectomized
rats; (4) ibandronate-treated, 5/6 nephrectomized rats.
Bones were double labeled with tetracycline and demeclo-
cycline in vivo, and tibiae were removed for analysis.
Weight gain was similar in all groups. Ibandronate reduced
body length gain and tibial growth rate in the sham-
operated animals but not in the rats showing chronic renal
failure (CRF). The height of the proliferative zone of the
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epiphyseal growth plate was reduced in the ibandronate-
treated controls and tended to be reduced in CRF rats. A
significant correlation between tibial growth rate and height
of the proliferative zone was observed. Mineral apposition
rates were significantly reduced in ibandronate-treated,
sham-operated rats and tended to be reduced in CRF rats.
In conclusion, ibandronate interferes with tibial growth and
bone mineralization in young rats with normal and reduced
renal function.

Keywords Experimental uremia - Rat - Bisphosphonate -
Ibandronate - Growth plate morphology

Introduction

In patients suffering from chronic kidney disease, impaired
mineral metabolism is strongly associated with both renal
osteodystrophy and ectopic vascular calcification. The term
chronic kidney disease-mineral bone disorder (CKD-MBD)
was coined recently to highlight this association [1, 2]. The
metabolism of calcium and phosphorous is under the tight
control of three interwired endocrine circuits regulated by
fibroblast-growth factor-23, vitamin D, and parathormone
(PTH), while the skeleton serves as buffer and repository
[3, 4]. Whereas this system under normal conditions is
sufficiently stable and tolerant with respect to an acute
excess or demand of calcium and/or phosphorus, it is
directly affected by a declining kidney function. It has
recently been shown that the skeleton and the vasculature
are already affected in the early phase of CKD-MBD [5]. In
addition, the prevalence of osteoporosis is rather high in
CKD patients and even in the general population a strong
association between atherosclerosis and osteoporosis has
been shown [6].
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Bisphosphonates are non-hydrolyzable pyrophosphate
analogs that are able to interfere with osteoclast activation
and bone resorption. Consequently, these compounds are
widely prescribed in adults for the treatment of osteoporo-
sis, bone metastases, and other conditions of osteoclast-
mediated bone loss [7, 8]. Non-nitrogen containing
bisphosphonates, such as etidronate, compete with ATP.
By contrast, nitrogen-containing compounds, such as
pamidronate and ibandronate, inhibit farnesyl pyrophos-
phate synthase, which is essential for posttranslational
modification of small GTP-binding proteins [9]. Beyond
this, individual bisphosphonates of either class differ with
respect to the biological half-life, route of administration,
side effects, and relative potencies to inhibit bone resorp-
tion and formation [7]. In this context it is worth
mentioning that a recent study in experimental chronic
uremia revealed that the etidronate dosage required to
prevent arterial calcification also impaired bone minerali-
zation [10]. In a more recent animal study, etidronate and
pamidronate were shown to attenuate ectopic calcification
and to reduce bone formation while leaving bone resorption
virtually unaffected [11, 12]. Likewise, ibandronate has
been shown to prevent arterial calcification in experimental
uremia at dosages sufficient to prevent bone resorption,
although the latter effect was assessed from previous
experiments and not proven in the same animals [13—16].
In two other studies, ibandronate prevented the increase in
erosion depth and bone turnover in nephrectomized rats,
and olpadronate was able to lessen the decrease in bone
mineral density (BMD) associated with high-turnover bone
disease in uremic animals [17, 18].

Based on these results, it is likely that bisphosphonates
interfere with endochondral ossification and thus longitu-
dinal growth. This is of special importance in pediatric
CKD patients since these patients are already prone to
growth retardation. In the study reported here, we investi-
gated the long-term effects of ibandronate on longitudinal
growth and bone mineralization in young growing rats with
normal and reduced renal function.

Materials and methods
Animals and experimental protocol

All animal handling and experiments outlined in this study
were in accordance with the accepted principles of welfare
of animals used in science and were approved by the
regulatory authority. The time schedule and design of the
experiment is given in Fig. 1. Male Sprague Dawley (Crl:
CD) rats (n=41) weighing 60—80 g were purchased from
Charles River Laboratories, Sulzfeld, Germany and housed
pair-wise at constant room temperature under a 12/12-
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h (light/dark) cycle. Rats underwent either 5/6 nephrectomy
(n=22) to induce chronic renal failure (CRF) or sham
surgery (n=19) under ketamine/xylanzine anesthesia (ket-
amine 10%; Essex Pharma, Munich, Germany; Rompune
2%, Bayer Vital, Leverkusen, Germany) essentially as
described [19]. During post-operative recovery (3 days),
the animals received metamizol via the drinking water.
Animals were randomly allocated to receive weekly
subcutaneous injections of either vehicle (0.9% saline) or
ibandronate (Bondronate; Roche Diagnostics, Mannheim,
Germany; 1.25 pg/kg body weight) for a total of 10 weeks.
This dosage was selected since it was shown to be well
tolerated in uremic rats and can be given once weekly [17,
20, 21]. Four groups were included in the study: (1)
vehicle-treated, sham-operated rats; (2) ibandronate-treated,
sham-operated rats; (3) vehicle-treated CRF rats; (4)
ibandronate-treated CRF rats. Individual drug dosages were
adjusted to the most recently recorded body weight.
Animals received a commercial diet (Ssniff Spezialdiéten,
Soest, Germany) containing 0.75% phosphorus, 1.01%
calcium, 19% crude protein, and 1,000 IU/kg 25-hydroxy-
cholecalciferol. All animals had access to the same amount
of food as determined from the spontaneous food intake of
the CRF rats receiving vehicle (pair-feeding), i.e. approx-
imately 20 g per day. All animals had free access to
drinking water throughout the study.

Rats were weighed twice weekly, the dietary intake was
monitored daily, and blood was drawn (tail vein) at three
time points (prior to treatment onset, during week 5, and at
the end of the treatment period) to monitor serum
creatinine, calcium, and phosphate. Blood pressure was
measured by the tail-cuff method using a sphygmomanom-
eter (TSE Systems, Bad Homburg, Germany) after 5 weeks
of treatment [19]. For the assessment of longitudinal growth
and mineral apposition rates, rats received tetracycline
(30 mg/kg body weight) and demeclocycline (25 mg/kg
body weight) 7 and 3 days, respectively, before sacrifice
[22]. For the collection of urine, rats were housed in
metabolic cages for 24 h before the end of the experiment.
Animals were sacrificed by exsanguination through the
abdominal aorta after ketamine/xylazine anesthesia 7 days
after receiving the last treatment dosages. Tibiac were
removed, dissected free of soft tissue, and transferred to
70% ethanol until further processing.

Methods

Blood and urine chemistry

Serum creatinine, calcium, and phosphate and urinary
creatinine levels were determined with kinetic color tests

(Diasys Diagnostic Systems/Greiner Biochemica, Flacht,
Germany). The tests were performed manually and adapted
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to microtiter plate format; all samples were assayed in
duplicate. Urinary 24-h creatinine clearances were calculat-
ed using the standard formula. PTH serum levels were
measured by an immuno-assay specific for rat intact PTH
(Immutopics, San Clemente, CA).

Histomorphometric analysis

The tibiae were dissected parallel to the sagittal plane,
dehydrated in an ascending series of ethanol, and embedded
in a glycol methacrylate resin (Technovit 7200 VLC;
Heracus Kulzer, Wehrheim, Germany) according to the
technique of Donath and Breuner [23]. After polymeriza-
tion, the tibiae were sawed into approximately 200-pm
specimens parallel to the long axis and ground down to
approximately 20 pm.

The unstained slides were investigated using an inverted
fluorescence microscope (Leica DMI 4000) equipped with
digital cameras [DFC 320 R2 (color) and DFC 350 Fx (black
& white); Leica, Wetzlar, Germany] and corresponding
software for data acquisition (Leica Application Suite,
LAF6000). Images (100x magnification) were taken, and
the interlabel distance was determined to calculate daily
cortical mineral apposition rates and longitudinal growth,
respectively [24, 25]. To assess the mean daily cortical
mineral apposition rates, images were taken at the cortical
periphery distal from the growth plate, and at least 60
measurements were performed per sample. Calculation of
mean longitudinal growth per tibia is based on at least 80
measurements derived from three randomly selected images
of the entire growth plate [24, 25].

The same sections were then etched with 1% formic acid
(30 s) and stained with toluidine blue (0.7% in 0.1 M
NaH,PO,/Na,HPO, pH 7.2), as recently described [26].
Slides were viewed at a magnification of 100%, and images
of the entire growth plate were taken to determine heights
of the hypertrophic and proliferative zone. Established

——
normal diet (0.7% P, 1% Ca); pair feeding

morphological criteria were applied to discriminate between
hypertrophic and proliferative zones [27, 28]. At least 30
measurements per sample were taken. As the resting zone
was almost absent in the vast majority of animals, the sum
of the heights from the hypertrophic and proliferative zone
was taken as the total height of the growth plate.

Statistical analysis

Data were analyzed using SPSS statistical package 15.0
(SPSS. Chicago, IL). Descriptive statistics, including the
mean and standard deviation (SD), for continuous variables
were computed. The Kolmogorov—Smirnov test was ap-
plied to assess normal distribution. Because hypotheses of
normality were not rejected in any case, differences in
continuous variables between the four groups were inves-
tigated using one-way analysis of variance (ANOVA) with
Fisher's least significant difference (LSD) post-hoc tests.
All p values resulted from two-sided statistical tests, and p
<0.05 was considered to be significant.

Results

Throughout the experiment, renal function was reduced by
approximately 50% in CRF rats compared to controls,
irrespective of ibandronate treatment (Table 1).
Ibandronate-treated CRF rats experienced significantly
elevated PTH serum levels compared to vehicle- or
ibandronate-treated controls (each p<0.05). In contrast,
serum calcium and phosphate levels as well as mean blood
pressure were quite comparable between groups (Table 1
and data not shown). Cumulative weight gain and daily
food consumption (approx. 20 g per rat and day) were
similar in all groups (Table 2 and data not shown).
Ibandronate significantly reduced body length gain and
tibial growth rate in sham-operated animals but not in CRF
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Table 1 Serum biochemistry in
sham-operated controls and 5/6
nephrectomized rats receiving

Serum chemistry results

Sham-surgery

5/6 Nephrectomy

weekly subcutaneous injections Vehicle Ibandronate Vehicle Ibandronate
of vehicle (0.9% saline) or
ibandronate (1.25 pg/kg body Creatinine (mg/dl)
weight) for a period of 10 weeks At onset of treatment 0.49+0.06 a 0.43+0.03 b 0.87+0.12 a,b 0.81+0.12 a,b
At 5 weeks of treatment 0.54+0.08 a 0.56+£0.09 b 0.80+0.13 a,b 0.80+0.13 a,b
At end of treatment 0.57+0.13 a 0.60+0.05 b 0.74+0.17 a,b 0.81+0.10 a,b
Urea (mg/dl)
At onset of treatment 27.2+3.14 a 26.2+£297 b 75.8£16.7 a,b 67.4+£19.7 a,b
At 5 weeks of treatment 29.8+3.52 a 29.0+4.64 b 70.9+11.9 a,b 61.7+13.1 a,b
At end of treatment 46.4+9.92 a 46.8+6.83 b 82.7+£12.6 a,b 72.5+£20.1 a,b
Calcium [Ca] (mmol/l)
At onset of treatment 2.01£0.12 1.77+0.25 2.01+0.18 2.08+0.21
At 5 weeks of treatment 1.92+0.18 1.93+0.18 2.06+0.18 2.16£0.27
At end of treatment 2.33+0.18 2.17+0.18 2.23+0.18 2.32+0.18
Phosphate [P] (mmol/l)
At onset of treatment 3.38+1.02 3.62+1.07 2.98+1.06 2.77+0.77
At 5 weeks of treatment 2.12+0.31 2.06+0.19 2.10+£0.43 2.11+0.30
At end of treatment 3.60+0.52 3.39+0.54 3.33+0.56 3.51+0.63
[CaxP] (mmol*/I%)
At onset of treatment 7.16+£2.23 6.08+1.72 5.87+1.97 5.71£1.50
At 5 weeks of treatment 4.08+0.80 3.96+0.42 4.29+0.74 4.55+0.85
PTH, Parathyroid hormone At end of treatment 8.45+1.87 7.40+0.89 7.37+£1.26 8.11+1.41
. Creatinine clearance (ml/min)
Data are given as the mean +
standard deviation (SD). Values At end of treatment 1.79+0.80 a 1.95+1.24 b 1.02+0.43 a,b 0.95+0.51 a,b
followed by the same lowercase PTH (pg/ml)
letters denote significant differ- At end of treatment 135£92.6 a 186+78.8 b 221+147 343+216 ab

ences between groups (p<0.05)

rats (Table 2, Fig. 2a). Accordingly, the height of the
proliferative zone of the epiphyseal growth plate was
significantly reduced in ibandronate-treated, sham-
operated animals and tended to be reduced in CRF rats
compared to the respective control animals (Table 2).
Regardless of treatment and renal function, tibial growth
rate and height of the proliferative zone of the growth plate
were significantly correlated (Fig. 3). Total height of the
growth plate and height of the hypertrophic zone were
similar in all groups. In general, the mineral apposition rate

was reduced by ibandronate, although this did not reach
statistical significance in CRF rats (Fig. 2b).

Discussion

Pediatric and adult CKD patients are prone to develop
ectopic calcifications and envisage a tremendously in-
creased risk for cardiovascular morbidity and mortality
[29-31]. Furthermore, vascular calcifications and impaired

Table 2 Cumulative gains in weight and length and growth plate morphology in sham-operated controls and 5/6 nephrectomized rats receiving
weekly subcutaneous injections of vehicle (0.9% saline) or ibandronate (1.25 pg/kg body weight) for a period of 10 weeks

Height/weight gains/growth plate morphology Sham-surgery

5/6 Nephrectomy

Vehicle Ibandronate Vehicle Ibandronate
Body length gain (cm) 13.0£2.62 a,b,c 10.3£1.50 a 1041717 b 10.1£1.45% ¢
Height of
Growth plate (um) 180.9+21.6 168.4+13.3 182.3+17.5 176.4£11.5
Proliferative zone (pm) 127.0£13.0 a 112.4+109 a, b 1247£17.8 b 119.5+8.46
Hypertrophic zone (pm) 52.14+6.1 55.28+7.56 59.02+8.61 58.64+7.32

Data are given as the mean + SD. Values followed by the same lowercase letters denote significant differences between groups (p<0.05; * p<0.01)
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Fig. 2 Tibial growth rates (a) and mineral apposition rates (b) in
sham-operated rats and 5/6 nephrectomized (5/6 SNx) rats after 10
weeks of treatment with weekly subcutaneous injections of vehicle
(0.9% saline) or ibandronate (1.25 ug/kg body weight). Asterisk
Significant differences between groups (p<0.05)

bone mineralization are significantly associated, not only in
CKD patients but also in the general population [1, 6, 32].
While there is still no possibility to resolve firmly
established vascular calcifications, bisphosphonates have
emerged as a powerful tool for the treatment of osteopo-
rosis and other conditions associated with increased
osteoclast-mediated bone resorption [9]. The structure of
this type of drugs closely resembles that of pyrophosphates,
i.e. two phosphonate groups bound to a -C(OH)R moiety,
with R representing the organic side chain. Both phospho-
nate groups together with the OH-group are responsible for
the tight adherence to bone and the strong interaction with
calcium and hydroxyapatite. The chemical nature of R
mainly determines the pharmacological properties, such as
the mode of action, relative efficacy with respect to

40
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Tibial growth rate [um/d]
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PRTERT YN YT S W U U WA U W (TS W SN N Y U W

20 100 110 120 130 140 150

Height of proliferative zone [um]

Fig. 3 Tibial growth rate as a function of the height of the
proliferative zone of the growth plate. Data for vehicle (filled circle)
and ibandronate (open circle) treated rats are given. A linear
relationship between tibial growth rate and height of the proliferative
zone is observed (#=0.671, p<0.001, Equation: tibial growth rate=
0.23 xheight of the proliferative zone+ 0.71)

degradation and formation of bone, intestinal absorption,
biological half life, among others [8, 9, 33].

Ibandronate has been shown to prevent vascular calcifi-
cation in various animal models, including adenine-induced
CREF [13-15, 34]. The prevention of vascular calcification
is of special interest in pediatric patients, as these are
especially prone to suffer from this complication already at
a young age [29, 35]. Moreover, this population only rarely
presents with additional "classical" risk factors (e.g.
smoking, obesity, and metabolic syndrome), which other-
wise are serious confounders. Although the utilization of
ibandronate for this purpose is appealing in general, this
drug may interfere with endochondral bone formation and
longitudinal growth. In fact, growth failure is a serious
complication in pediatric CKD patients and may occur even
in early stages of CKD [36, 37]. Therefore, we have
investigated growth plate morphology, tibial growth rate,
and mineral apposition rate in rats with preserved and
moderately reduced renal function receiving long-term
(10 weeks) ibandronate treatment, with therapy starting at
8 weeks of age. We selected a rather low dose of
ibandronate and applied this once weekly. The moderate
reduction in kidney function translated into quiet subtle
aberrations of growth plate morphology, a (not yet
significant) suppression of tibial growth rate, and a discrete
reduction of the mineral apposition rate. A clear and
significant reduction in each of these parameters was
observed in ibandronate-treated controls, whereas in CRF
rats an aggravation of the pre-existing pathological con-
ditions was barely detectable. We cannot exclude the
possibility that, in rats with more severe renal failure and
thus advanced renal osteodystrophy, long-term ibandronate
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may exert more deleterious effects on bone mineralization.
Growth plate morphology was analyzed at the end of a 10-
week treatment period, i.e., at an age when growth rates
were already declining. Although the duration (10 weeks)
of treatment may have masked the early effects of
ibandronate on endochondral growth, distinct and signifi-
cant differences between the ibandronate-treated and non-
treated animals were observed. Thus, our findings indicate
that ibandronate has the capability to interfere with
endochondral ossification and mineralization in the grow-
ing skeleton. On the other hand, in this model of mild
chronic uremia, the negative effects of ibandronate beyond
those induced by the underlying renal failure were
marginal. It is rather unlikely that these effects were due
to an impaired function of the osteoblasts, since the
concentration of ibandronate required to inhibit bone
mineralization is several orders of magnitude beyond that
required to inhibit bone resorption [9]. Rather, the effects
most likely reflect the interference of ibandronate with the
growth of hydroxyapatite crystals, i.e. the apposition of
new mineral. In fact, the biological action of bisphospho-
nates is due to both a physicochemical interaction with
hydroxyapatite, in which bisphosphonates may act as
inhibitors of hydroxyapatite formation, and intracellular
biochemical interactions secondary to endocytotic uptake.
The latter occur preferentially in osteoclasts, leading
unequivocally to apoptosis and thus suppression of bone
resorption. However, at the same time, the drug is released,
sticking to the skeleton as before and available for another
round of uptake and release after the induction of apoptotic
cell death. Thus, inhibition of bone resorption is mainly due
to the cellular action of bisphosphonates, whereas physico-
chemical properties are mostly responsible for the interfer-
ence with bone formation. Several bisphosphonates
currently used in the clinical setting have been shown to
attenuate the growth of hydroxyapatite crystals in vitro, and
there is no reason why this should not happen in vivo [38].
In fact, the significantly reduced mineral apposition rates in
ibandronate-treated rats observed in our study support this
notion. Etidronate and pamidronate have recently been
shown to prevent vascular calcification in uremic rats and,
concomitantly, to affect bone formation and mineralization
[10, 11]. Although a comparison of these studies, including
the present one, is hampered by different experimental
designs (e.g. procedures for installation of chronic renal
failure, dosage and type of bisphosphonates, and duration
of therapy), the results do indicate that the utilization of
bisphosphonates in CKD patients interferes with bone
mineralization and may substantially inhibit bone turnover.
Thus, bisphosphonate treatment is likely to have a bi-phasic
effect on vascular calcification: vascular calcification will
initially be decelerated or even prevented through a
decreased bone resorption, but it will accelerate once
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adynamic bone has been established and calcium and
phosphate are no longer incorporated into the bone,
resulting in high circulation levels of these minerals. [12].
Given the long biological half-life, the different relative
potencies for inhibition of bone resorption, and the
physicochemical properties of bisphosphonates, the dura-
tion of treatment and dosage should perhaps be much lower
than thus far anticipated.

Finally, clinical data on long-term bisphosphonate usage
and bone quality are inconclusive. In patients without
CKD, the reduction in bone turnover caused by bisphosph-
onates contributes to improved mineral apposition and an
increase in BMD [33]. However, it remains to be elucidated
if long-term bisphosphonate usage results in improved bone
quality and resistance to fracture in CKD patients.

In conclusion, ibandronate interferes with tibial growth
and bone mineralization even in young rats with normal
renal function. Although, bisphosphonates may be a
promising therapy for the prevention of ectopic calcifica-
tions in CKD, carefully designed pre-clinical studies are
required to define the optimal therapeutic window, partic-
ularly when these agents are being used in pediatric
patients.
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