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The ovariectomized old cynomolgus monkey is a recognized model of human
osteoporosis, and the same species can be used for the assessment of the efficacy and
potential toxicity of agents intended to prevent or treat osteoporosis. Several assays have
been developed that can measure the same biochemical markers of bone turnover as are
used in human patients for the diagnosis and treatment follow-up of bone-related
diseases, including osteoporosis. The aim of the present study was to describe the results
obtained with these assays in normal control monkeys, their variations with age and sex,
and their sensitivity in monitoring the bone turnover induced by ovariectomy in old
skeletally mature cynomolgus monkeys. Seven old cynomolgus monkeys were bilaterally
ovariectomized and 13 age-matched monkeys were sham-operated. Bone mineral density
and biochemical markers were measured before and at regular intervals after surgery for
up to 20 months. Total alkaline phosphatase (total ALP), bone-specific alkaline
phosphatase isoenzyme (bone ALP) and osteocalcin (OC) were highly correlated to the
decrease in bone mineral density (BMD) induced by ovariectomy. Deoxypyridinoline
(DPD) measured by enzyme-linked immunoassay was insensitive to the bone resorption
induced by ovariectomy, but cross-linked N-telopeptide (NTX-I) was higher in
ovariectomized monkeys than in control monkeys. These results demonstrate that reliable
biochemical parameters are available to adequately monitor and provide insight into
osteoclastic bone resorption and osteoblastic bone formation, the two components of bone
turnover in this animal model, and can thus be used to assess the efficacy and toxicity of
potential therapeutic agents.

Keywords: monkey, osteoporosis, biochemical markers, bone mineral density, ovari-
ectomy.

Introduction

The osteopenic, ovariectomized, old cynomolgus monkey is a recognized model
of human osteoporosis (Brommage 2001) and has been used to investigate the
effects of anti-resorptive and anabolic potential therapeutic agents (Brommage
et al. 1999b, Jerome et al. 1999). The use of the same species for preclinical safety
assessment in a non-rodent species gives the unique opportunity to compare the
potential efficacy and adverse event profile of potential therapeutic agents. As in
humans, the trabecular and cortical parts of the bones of cynomolgus monkeys
undergo continuous bone turnover through sequential resorption and formation
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Table 1. Validated assays for biochemical parameters potentially used as markers of bone turnover in
laboratory animals.

Parameters Sample Rat Cynomolgus monkey Dog

Bone formation

Bone ALP Serum Ez EIA EIA
ocC Serum RIA EIA RIA
PICP Serum - EIA -
Bone resorption

Pyridinoline Serum - EIA EIA
ICTP Serum RIA RIA RIA
CTX-I Serum/urine - EIA -
Free DPD Urine EIA EIA EIA
NTX-I Urine EIA EIA -

Bone ALP, bone-specific alkaline phosphatase; CTX-I, C-telopeptide; DPD, deoxypyridinoline;
ICTP, C-terminal cross-linking telopeptide of type I collagen generated by matrix metalloproteinases;
NTX-I, N-telopeptide; OC, osteocalcin; PICP, procollagen type I C propeptide.

EIA, enzyme-linked immunoassay; Ez, enzymatic assay; RIA, radioimmunoassay;
available.

, No assay

within bone remodelling units (Bouvier and Hylander 1996). Several tools are
available to monitor the bone status of these animals, including the measurement
of the bone mineral density (BMD) by dual-energy X-ray absorptiometry (DXA)
(Jerome et al. 1997b) or peripheral quantitative computed tomography (pQC'T)
(Hotchkiss 1999) and the histomorphometric analysis of undecalcified bone biopsy
samples from the iliac crests and ribs (Goodwin and Jerome 1987). Blood and
urine biochemical parameters can be measured rapidly, relatively inexpensively
and repetitively and may provide a dynamic assessment of the skeleton (Calvo et al.
1996). Various assays are available to measure biochemical parameters that can be
potentially used as markers of bone turnover in laboratory animals, especially in
the cynomolgus monkeys, where specific enzyme-linked immunoassays (EIAs)
have been recently developed and validated (table 1). The nomenclature of the
bone biochemical markers currently available in humans has been recently
summarized by Delmas (2001). The objective of the present paper is to list
those markers that can currently be measured in animals, usually for the preclinical
assessment of the efficacy and safety of agents intended to prevent or treat
osteoporosis, their values in normal control cynomolgus monkeys, and their
correlation with bone turnover in normal and ovariectomized old cynomolgus
monkeys.

Materials and methods

Animals

The male and female cynomolgus monkeys of various ages that were used for this study came from
Mauritius. Young animals, 2-3 years old, were purpose-bred and served as control animals in various
toxicology studies. Old mature animals were originally obtained by capture, but they were kept in
breeding gangs for several years before inclusion in the study and their age was estimated to be older
than 10years based on their history, body weight and dentition. All animal manipulations were
performed under the guidelines of state laws, the French Ministry of Agriculture, and the institutional
animal care and use committee.
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Ovariectomy-induced osteopenia

Two groups of old female cynomolgus monkeys (mean weight 4 kg) were included in the study and
randomly allocated to two groups. For the surgical procedures and BMD measurements, the animals
were anaesthetized by an intramuscular injection of ketamine hydrochloride (Imalgéne®™ 20mgkg™!,
Meérial, Lyon, France) and xylazine hydrochloride (Rompun®, 0.3 ml/animal, Bayer Pharma, Puteaux,
France). The animals of the first group were sham-operated (SHAM, n = 13) and those of the second
group were ovariectomized (OVX, n=7). All monkeys were then kept in individual cages for
20 months, and fed a diet containing 0.95% calcium, 0.84% phosphorus and 2000 IUkg' vitamin Dj
throughout the study. The effectiveness of the ovariectomy procedure was assessed by an assay of serum
oestradiol and by the systematic macroscopic research of ectopic residual ovarian tissue at necropsy.

The development of osteopenia was monitored by sequential measurements of BMD, which is
considered to be a reliable marker of bone turnover. A QDR-2000 X-ray bone densitometer (Hologic,
France) was used to measure the in vivo BMD of the lumbar vertebrae. The bone mineral content
(BMC) and bone area of the lumbar L2-L5 vertebral block were measured from ventrodorsal
projections using the ‘spine’ scan mode (space between lines set at 0.1003 cm, and space resolution
set at 0.0965 cm). BMD was then calculated as the BMC divided by the projected bone area using the
‘low density spine’ scan option. The coefficient of variance of laboratory BMD measurements was 1.9%
(Fisch and Forster 1998a). The measurements were performed twice at each time for each animal before
surgery, and 3, 6, 9, 13, 16 and 20 months after surgery. The mean of the two measurements was
calculated for each animal at each time-point.

Biochemical parameters measured for osteopenia development

Blood and urine were collected from all animals three times before surgery (over a 10 day period),
and 3, 6, 9, 13, 16 and 20 months after surgery (twice on each occasion over a 5day period) for the
determination of serum and urinary biochemical markers. All blood samples were collected at the same
time of day, during the morning, to avoid circadian variations in the parameters. The animals were
deprived of food and water for an overnight period of at least 14 h before urine collection and blood
sampling. Total alkaline phosphatase activity (total ALP) was measured in the serum by an enzymatic
method (ALP, DGKC/30°C, Roche), creatinine was measured in the urine by Jaffé method (Roche). All
other parameters were quantified by EIAs using standardized procedures similar to those initially
described in humans (table 2) (Delmas et al. 1990, Robins et al. 1994). Osteocalcin (OC), procollagen I
carboxy-terminal propeptide (PICP), deoxypyridinoline (DPD) and N-terminal cross-linking telopep-
tide of type I collagen (N'TX-I) were measured by competitive immunoassays using murine monoclonal
antibodies (Tracy et al. 1990, Hanson et al. 1992, Seyedin et al. 1993). Bone-specific alkaline
phosphatase (bone ALP) was measured by a sandwich immunoassay using a murine monoclonal IgG
antibody (Price 1993). At each time, and for each biochemical parameter, the mean of the two measures
was calculated for each animal. The nomenclature and abbreviations used for bone markers are those
recommended by the committee of scientific advisors of the international osteoporosis foundation

(Delmas 2001).

Statistical analysis
All data are presented as the mean + SEM. They were tested for equality of variances.

Table 2. Enzyme-linked immunoassays used for the quantification of biochemical parameters in
cynomolgus monkeys.

Parameters Sample Immunoassay used in cynomolgus monkeys

Bone formation

Bone ALP Serum ® (Quidel)

oC Serum (Quidel)

PICP Serum Prolagen-C® (Quidel)

Bone resorption )

Pyridinoline Serum Pyrilinks™ (Quidel)

ICTP Serum RIA (Orion Diagnostica Pharmacia)
CTX-1I Serum/urine CrossLaps™ (Osteometer)
Free DPD Urine Pyrilinks-D" (Quidel)
NTX-I Urine Osteomark™ (Ostex)

Bone ALP, bone-specific alkaline phospatase; CTX-I, C-telopeptide; DPD, deoxypyridinoline;
ICTP, C-terminal cross-linking telopeptide of type I collagen generated by matrix metalloproteinases;
NTX-I, N-telopeptide; OC, osteocalcin; PICP, procollagen type I C propeptide.
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Longitudinal data (BMD, bone biomarkers) were analysed by repeated measures analysis of
covariance (ANCOVA), with baseline data as the covariates and multiple post-baseline data as the
repeated measures. If significant, ¢-tests were used to analyse the differences between OVX and SHAM
animals. The group effect (OVX versus SHAM) was considered to be significant for P values < 0.05.

In old OVX and SHAM animals, linear least squares regression analyses were performed between
total ALP and bone ALP, and total ALP and OC, using paired values for each animal at each sampling
time. In addition, linear regression analysis was also performed between changes in total ALP, OC and
BMD measured 6 months after surgery in these animals and expressed as a percentage of baseline (pre-
surgery) values.

Results

Biochemical parameter values in normal cynomolgus monkeys

The collection of data obtained in normal Mauritius cynomolgus monkeys and
summarized in table 3 was obtained using EIAs. Although enzymatic methods
have previously been used for the quantification of some parameters (i.e. bone
ALP, tartrate-resistant acid phosphatase), these assays were not reproducible and
did not provide reliable results. Some of the assays were made available only
recently and the database for these parameters in our laboratory was not large
enough to allow valuable analysis.

Except for urinary NTX-I and ICTP, which were not statistically different
between the two groups, all bone resorption (DPD, urinary CTX-I and serum
CTX-I) and bone formation (bone ALP, OC, PICP) parameters were statistically
higher in young male animals than in young female animals. In addition, except for
DPD, all resorption (NTX-I) and formation (bone ALP, OC, PICP) markers were
statistically higher in young than in old control female cynomolgus monkeys.

Osteopenia development after ovariectomy
The BMD of SHAM animals remained constant after surgery, whereas the
BMD of OVX animals decreased after ovariectomy to values that were statistically

Table 3. Biochemical parameters potentially used as markers of bone turnover: mean £+ SEM in
control cynomolgus monkeys.

Females

Young males Young Mature
Parameter Sample (2-3 years) (2-3 years) (> 10 years®)
Bone formation
Bone ALP (IU171) Serum 462+19 (n=72) 340+ 14 (n=24) 1114+6 (n=134)
OC (ngml™!) Serum 49+2 (n=186) 38+1 (n=142) 23+ 1 (n=665)
PICP (ngmlq) Serum 373+26 (n=81) 285+ 38 (n = 26) 115+4 (n = 564)
Bone resorption
Pyridinoline (nmol1~") Serum 2.55£0.01 (n = 48) - -
ICTP (mgl™!) Serum  23.0+£5.0 (n = 20) 24.1+1.0 (n = 20) -
CTX-I (nM171) Serum 13.1+0.8 (n = 30) 9.8+0.6 (n = 28) -
CTX-I (nM171) Urine  2045+998 (n=10) 1381+£153 (n=10) -
DPD (nMmM™) Urine 17.2£0.6 (n=181) 12.940.3 (n = 823)

NTX-I (aM ECOmM™") Urine 571454 (n = 20) 622+ 3 (n = 20) 116 £7 (n = 134)

Bone ALP, bone-specific alkaline phosphatase; CTX-I, C-telopeptide; DPD, deoxypyridinoline;
ICTP, C-terminal cross-linking telopeptide of type I collagen generated by matrix metalloproteinases;
NTX-I, N-telopeptide; OC, osteocalcin; PICP, procollagen type I C propeptide; —, no values available.

? Estimated age.
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Figure 1. BMD evolution in SHAM and OVX old female cynomolgus monkeys. **p < 0.01;
*¥%p < 0.001.

significantly lower than pre-ovariectomy and SHAM values from 6 months after
surgery. The decrease in BMD in ovariectomized animals was biphasic, with a
rapid onset reaching a nadir 9 months after surgery and then remaining approxi-
mately stable at 10% lower than SHAM or pre-ovariectomy BMD levels (figure 1).
The variations in the mean BMD observed at 13 and 20 months in this OVX group
are mainly due to erratic values obtained in two animals.

Biochemical parameters during osteopenia development after ovariectomy

Although the pre-surgery values of DPD were lower in SHAM than in OVX
animals, no statistically significant difference was observed for this parameter
between OVX and SHAM animals at any time after surgery (figure 2).

N'TX-I to creatinine urine ratios in SHAM animals did not change between the
two sampling times. The levels measured in ovariectomized animals were sig-
nificantly higher by approximately two-fold than those measured in SHAM
animals at both 16 and 20 months after surgery (figure 3).

Total ALP serum activity remained stable in SHAM monkeys throughout the
study. In OVX monkeys, this parameter increased dramatically by 3 months after
surgery to values statistically higher than SHAM values, and then remained stable
thereafter at the same high levels (figure 4).

OC serum levels remained stable in SHAM monkeys. In OVX animals, this
parameter increased sharply by 3 months after surgery, remained at the same high
level at 6 months after surgery, then slightly decreased by 9 months and remained
stable at this elevated level thereafter (figure 5).
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Figure 2. Urinary free DPD to creatinine ratio in SHAM and OVX old female cynomolgus monkeys.
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Figure 3. Urinary NTX-I in SHAM and OVX old cynomolgus monkeys 16 and 20 months after
surgery. *¥¥p < 0.001.
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Figure 4. Serum total ALP activity in SHAM and OVX old female cynomolgus monkeys.
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Figure 5. Serum OC in SHAM and OVX old female cynomolgus monkeys. **p < 0.01; **%*p < 0.001.
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Figure 6. Correlation between total ALP and bone ALP (bALP) activities in SHAM and OVX old
female cynomolgus monkeys.

PICP levels were not statistically different at any time between OVX and SHAM
animals. No change in PICP levels was observed in OVX animals after surgery.

Total ALP serum activity, measured by enzymatic assay, was highly linearly
correlated (R = 0.92, p < 0.0001) with bone ALP serum activity measured by
specific EIA in SHAM and OVX old female cynomolgus monkeys (figure 6).

Total ALP serum activity was also linearly correlated with serum OC (figure
7). However, the residual was high (R = 0.66), reflecting dispersion within the
high ranges.

When all parameters were expressed as a percentage of the pre-surgery value
for each animal, both OC and ALP changes at 6 months were statistically
(p < 0.001) inversely correlated to the BMD change at the same time (R = 0.81
and 0.74, respectively) (figures 8 and 9).

Discussion

Biochemical parameter values in normal cynomolgus monkeys

Although the circadian variations in most of the biochemical markers described
in humans have not been studied in cynomolgus monkeys, all samples were
taken approximately at the same period of the day to avoid any variability
linked to this possible bias. The high intra- (day-to-day) and inter-individual
variability that was observed for almost all parameters in cynomolgus monkeys
has previously been described in humans (Garnero et al. 1994, Panteghini et al.
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Figure 9. Individual correlation between BMD and total ALP changes at 6 months when compared
with pre-surgery values.

1995). For the urinary markers (DPD and N'TX-I) reported after normalization to
creatinine, this variability is probably exacerbated by the day-to-day variation in
creatinine in individual animals. However, even serum markers displayed great
intra- and inter-individual variations that resulted in high standard deviations
within the groups. As groups used for toxicology studies are usually limited to
three to four monkeys per sex and per dose, and as some markers display variations
between sexes, it may be useful to collect several samples from each animal over a
few days and average their values to reduce the problem of the intra-individual
variability.

Similarly to observations made in humans (Calvo et al. 1996) and in
rhesus monkeys (Cahoon et al. 1996), baseline values were higher in young
animals than in mature ones, reflecting the bone growth occurring in 2—
3 year old cynomolgus monkeys. This correlation with age should be kept in
mind when interpreting data obtained during toxicology studies, which are usually
conducted in young animals. One notable exception is DPD, when the mean values
did not differ between young and old female cynomolgus monkeys. However, as
discussed below, this parameter was found to be insensitive to the induction of
bone resorption in OVX cynomolgus monkeys and its validity in this species is
therefore not established.

Although this was not examined in the present study, the influence of the
menstrual cycle on bone turnover parameters should also be considered in intact
female cynomolgus monkeys (Hotchkiss and Brommage 2000).
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Osteopenia development after ovariectomy

The in vivo measurements of vertebral BMD in cynomolgus monkeys has been
shown to be correlated, although slightly understating, to the vertebral mineral
content measured by ash weight (Jayo et al. 1991). Animals with vertebral lesions
were excluded from the study by radiographic screening before surgery, and the
body weight evolution was similar between SHAM and OVX animals, excluding
any influence of the body fat content as a possible cause of the BMD difference
between the groups (Bolotin 1998). Although the animals were positioned for each
DXA examination according to standardized procedures, a slight rotation of the
vertebral column cannot be excluded and may have contributed to the intra-
individual variation in this parameter and to the isolated increase observed in the
OVX group at 13 and 16 months (Cheng et al. 2001). Excluding this isolated
variation, the BMD followed a biphasic decrease after ovariectomy that reflects an
abrupt change in the activation frequency of bone remodelling. Higher activation
frequency at trabecular sites (Jerome et al. 1994, 1997a) and higher cortical
porosity (Burr et al. 2001) have been reported in ovariectomized monkeys in
comparison with age-matched sham-operated controls using histomorphometry
analysis of bone samples 6 months to 2 years after surgery. The initial rapid drop in
the BMD after ovariectomy is likely to represent a transient state, as defined by
Parfitt (1980), where many new bone remodelling units are initiated, creating
many new resorption lacunae. This transient phase lasts for approximately
6 months, corresponding to approximately the duration of two bone remodelling
cycles, and is followed by a second phase where the BMD evolution apparently
stabilizes as a result of the differential between the new resorption formation
equilibrium. Similar patterns of BMD evolution have been observed when old,
skeletally mature, animals are ovariectomized (Jerome et al. 1995), but our study
demonstrated that a 10% decrease in BMD is achieved even when animals are fed a
high-calcium diet. These findings are also similar to those observed in women after
natural menopause or oophorectomy, when the BMD gradually decreases over a
5year period (Krolner and Nielsen 1982, Stepan et al. 1987, Hreshchyshyn et al.
1988). This true osteopenia development contrasts with the relative osteopenia
that is observed when younger animals (weighing 2.8-3.0 kg) are ovariectomized,
and is characterized by a stabilization of the vertebral BMD relative to sham-
operated animals, in which the vertebral BMD increases by approximately 10%
during the months following surgery (Brommage et al. 1999b, Itoh 2002). Using
such bone-growing animals may lead to misinterpretation of potential treatment
actions.

Biochemical parameters during osteopenia developbment after ovariectomy

Only four parameters were repeatedly measured before and up to 20 months
after surgery in the old female monkeys, namely total ALP, OC, PICP and DPD.
Two other parameters (bone ALP and NTX-I) were only measured 16 and
20 months after surgery. The others were not available at the time of this study
and remain to be validated in this model.

DPD is a small molecule that is released through the degradation of collagen
during bone resorption. The lack of difference between OVX and SHAM animals
after surgery is surprising as the BMD decrease clearly indicates an increase in
bone resorption. Increases in this parameter have been reported after ovariectomy
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in rhesus monkeys (Balena et al. 1993) and cynomolgus monkeys (Register and
Jerome 1996, Itoh 2002) when quantified using high performance liquid chroma-
tography (HPLC) (Black et al. 1988). Increases in DPD in rat urine samples were
also observed in ovariectomized rats in our laboratory, using the same EIA as the
one used in our study (Fisch et al. 1998b). However, no statistical difference
between ovariectomized and sham-operated cynomolgus monkeys were observed
for DPD when assessed by the EIA, although weak (p < 0.1) statistical significance
was reached by measuring this parameter by HPLC in the same samples (Register
and Jerome 1996). As DPD is a small molecule with the same chemical structure
across species, a lack of cross-reactivity with the EIA in cynomolgus monkeys is
unlikely, but this assay should be considered as insensitive for the detection of
bone resorption in this species. Similar discrepancies between the HPLC and ETA
measures of DPD have been reported in postmenopausal women, underlining the
relative insensitivity of the EIA assay (Calvo et al 1996).

In the present study, urinary N'TX-I was statistically higher in OVX monkeys
16 and 20 months after ovariectomy. As bone turnover is still higher at this time in
ovariectomized monkeys compared with age-matched sham-operated animals
(Jerome et al. 1994, 1997a), it is likely that this reflects increased bone resorption
in these animals. Although we did not measure C'TX-I in the urine of our OVX
monkeys, no statistical differences were observed between ovariectomized and
sham-operated cynomolgus monkeys 6 and 12 months after surgery by Hotchkiss
et al. (2001) in an experiment including 27 animals in each group, despite the
report by Register and Jerome (1996) of an earlier increase in this parameter after
ovariectomy.

Circulating ALP activity is derived from several cell types and tissues but is
mainly from liver hepatocytes and bone osteoblasts (Van Hoof and De Broe 1994).
In normal animals, whether ovariectomized or not, total ALP activity measured by
enzymatic assay is highly correlated to bone ALP activity measured by EIA. Both
markers strictly follow the changes in osteoblast activity and are therefore
equivalent markers of bone formation. However, discrepancies between total
ALP and bone ALP measurements have been reported by Brommage et al.
(1999a) in cynomolgus monkeys suffering liver diseases, since one ALP isoenzyme
is synthesized by the liver. The measurement of bone ALP activity may be more
reliable if the treatment administered to animals induces changes in the metabo-
lism of the liver, intestine or kidneys.

Both ALP and OC are proteins secreted by osteoblasts (Delmas 1993).
However, OC is subsequently incorporated into the bone matrix (Price et al.
1976). In cynomolgus monkeys, OC has been demonstrated by immunolocaliza-
tion to be restricted to bone cells and mineralized bone matrix and to be lacking in
non-calcified osteoid tissue (Carlson et al. 1993). Therefore, circulating OC may
come directly from osteoblast secretion or may be released during the resorption of
the matrix, and this parameter should be considered as a marker of global bone
turnover rather than a specific marker of bone formation (Khosla and Kleerekoper
1999). This may account for the relatively poor correlation of OC and ALP.
Statistically significant higher levels of OC (Weaver et al. 1994, Jerome and Lees
1996, Jerome et al. 1997b, Hotchkiss et al. 2001, Itoh et al. 2002), total ALP
(Weaver et al. 1994, Jerome and Lees 1996, Jerome et al. 1997b) and bone ALP
(Hotchkiss et al. 2001) have been previously reported in ovariectomized cynomol-
gus monkeys compared with sham-operated animals 6 months to 2years after
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surgery. Increased levels of OC have also been reported in female cynomolgus
monkeys 6 and 9 months after the start of chemical castration by a gonadotrophin-
releasing hormone (GnRH) agonist, with a return to normal pretreatment values
3 months after treatment cessation (Mann et al. 1992). Although this was not
observed in our study, it should be kept in mind that OC is excreted by the kidneys
and that elevated serum levels can occur secondary to spontaneous or drug-
induced renal failure.

The relative insensitivity of PICP to increases in bone turnover in ovariecto-
mized animals may be related to the lack of specificity of the assay, as it also
measures PICP and procollagen III carboxy-terminal propeptide (PIIICP) pro-
duced from soft tissue synthesis. In patients with osteoporosis, this parameter was
only poorly correlated with histomorphometric indices of bone formation and did
not correlate with spinal BMD (Hassager et al. 1991).

In our study, both total ALP and OC changes (expressed as a percentage of
baseline pre-surgery values) were highly correlated with BMD changes in OVX or
SHAM old monkeys, demonstrating that both parameters are reliable parameters
of bone turnover in this species.

Conclusion

The cynomolgus monkey is a unique animal model that may be used to assess
the potential toxicity and efficacy of drugs intended to prevent or treat human
osteoporosis in the same bone-remodelling species. Biochemical markers that can
be measured rapidly, reproducibly and relatively inexpensively in the cynomolgus
monkey are now available. They potentially provide an insight into osteoclastic
bone resorption and osteoblastic bone formation, the two components of bone
turnover, and can be similarly measured in humans. This is a significant advance
for the preclinical assessment of the efficacy and safety of potential therapeutic
agents. We have demonstrated that DPD measured by EIA was not sensitive
enough to monitor the bone resorption induced by ovariectomy in this animal
species. The large inter-individual variations observed for PICP makes this
parameter relatively insensitive to changes in bone turnover when small number
of animals are involved in the study. The bone turnover in ovariectomized old
cynomolgus monkeys developing true osteopenia may be adequately monitored by
the quantification of total ALP or bone ALP, OC and N'TX-I. Other new markers
have recently been made available but their usefulness remains to be validated.

References

Barena, R., Tooran, B. C., Suea, M., MarkaTos, A., Myers, E. R., Leg, S. C., Oras, E. E., SEEDOR,
J. G., Kuein, H., FraxkexnrieLbd, D., Quartuccio, H., FioravanTi, C., CrLaIR, J., Browy, E.,
Haves, W. C. and Ropan, G. A. 1993, The effects of 2-year treatment with the
aminobisphosphonate alendronate on bone metabolism, bone histomorphometry, and bone
strength in ovariectomized nonhuman primates. Journal of Clinical Investigation, 92, 2577-2586.

Brack, D. A., Duncan, A. and Rosins, S. 1988, Quantitative analysis of the pyridinium crosslinks of
urine using ion paired reverse phase HPLC. Analytical Biochemistry, 169, 197-203.

Borotin, H. H. 1998, A new perspective on the causal influence of soft tissue composition on DXA-
measured in vivo bone mineral density. Fournal of Bone and Mineral Research, 13, 1739-1746.

Bouvier, M. and HyLaxper, W. L. 1996, The mechanical or metabolic function of secondary osteonal
bone in the monkey Macaca fascicularis. Archives of Oral Biology, 41, 941-950.

RIGHTS

Ay



Biomarkers Downloaded from informahealthcare.com by Hacettepe Univ. on 11/18/12
For personal use only.

76 F-F. Legrand et al.

Brommace, R. 2001, Perspectives on using nonhuman primates to understand the etiology and
treatment of postmenopausal osteoporosis. Journal of Musculoskeletal and Neuronal Interaction,
1, 307-325.

Brommace, R., Aruison, C., Staviski, R. and Karran, J. 1999a, Measurement of serum bone-specific
alkaline phosphatase activity in cynomolgus macaques. Journal of Medical Primatology, 28, 329—
333.

Brommace, R., Horcukiss, C. E., Lees, C. J., StanciLL, M. W., Hock, J. M. and Jerome, C. P. 1999b,
Daily treatment with human recombinant parathyroid hormone-(1-34), 1.Y333334, for 1 year
increases bone mass in ovariectomized monkeys. Fournal of Clinical Endocrinology and
Metabolism, 84, 3757-3763.

Burr, D. B., Hirano, T., Turner, C. H., Horcukiss, C. E., BRommace, R. and Hock, J. M. 2001,
Intermittently administered human parathyroid hormone (1-34) treatment increases
intracortical bone turnover and porosity without reducing bone strength in the humerus of
ovariectomized cynomolgus monkeys. Journal of Bone and Mineral Research, 16, 157-165.

Canoon, S., Bopex, S. D., GourLp, K. G. and VarLas, A. C. 1996, Noninvasive markers of bone
metabolism in the rhesus monkey: normal effects of age and gender. Journal of Medical
Primatology, 25, 333-338.

Carvo, M. S., Evyrg, D. R. and Gunbpserg, C. M. 1996, Molecular basis and clinical application of
biological markers of bone turnover. Endocrine Reviews, 17, 333-368.

Carison, C. S., TurLi, H. M., Javo, M. J., LoEser, R. F., Tracy, R. P., Mann, K. G. and Apawms,
M. R. 1993, Immunolocalization of noncollagenous bone matrix proteins in lumbar vertebrae
from intact and surgically menopausal cynomolgus monkeys. Journal of Bone and Mineral
Research, 8, 71-81.

CueNg, J. C., Suer, H. L., Guo, X., Hu~ng, V. W. and Cueung, A. Y. 2001, The effect of vertebral
rotation of the lumbar spine on dual energy X-ray absorptiometry measurements: observational
study. Hong Kong Med Journal, 7, 241-245.

DeLmas, P. D. 1993, Biochemical markers of bone turnover for the clinical investigation of osteoporosis.
Osteoporosis International, 3, Supplement 1, S81-S86.

Dermas, P. D. 2001, Bone marker nomenclature. Bone, 28, 575-576.

DeLmas, P. D., ChristianseN, C., Mann, K. G. and Pricg, P. A. 1990, Bone gla protein (osteocalcin)
assay standardization report. Journal of Bone and Mineral Research, 5, 5-10.

Fisch, C. and ForsTER, R. 1998a, Bone mineral density assessment by DXA to assess efficacy and safety
of new drugs in rats and monkeys. Toxicology Letters, 95, Supplement 1, P3G167(abstract).

Fisch, C., L Bicor, J. F. and ForsTeR, R. 1998b, Bone studies in the ovariectomised rat. Effect of
ovariectomy and therapeutic treatments on bone in aged ovariectomised rats. Toxicological
Sciences, 42, Supplement 1, S828(abstract).

Garxero, P., Suin, W. J., Gineyrs, E., Karer, D. B. and DeLmas, P. D. 1994, Comparisons of new
biochemical markers of bone turnover in late postmenopausal osteoporotic women in response to
alendronate treatment. Journal of Clinical Endocrinology and Metabolism, 79, 1693-1700.

Goobpwin, B. T'. and Jerome, C. P. 1987, Iliac biopsy for histomorphometric analysis of trabecular bone
in cynomolgus monkeys and baboons. Laboratory Animal Science, 37, 213-216.

Haxson, D. A., Weis, M. A., BoLLeN, A. M., Mastan, S. L., SiNGeR, F. R. and Evrg, D. R. 1992, A
specific immunoassay for monitoring human bone resorption: quantification of type I collagen
cross-linked N-telopeptides in urine. Journal of Bone and Mineral Research, 7, 1251-1258.

Hassacer, C., Jensen, L., Jouanxsen, J., Rus, B., MevLkko, J., Popexeuant, J., Risteri, L.,
CuristianseN, C. and RisteLL, J. 1991, The carboxy-terminal propeptide of type I procollagen in
serum as a marker of bone formation: the effect of nandrolone decanoate and female sex
hormones. Metabolism, 40, 205-208.

Horcukiss, C. E. 1999, Use of peripheral quantitative computed tomography for densitometry of the
femoral neck and spine in cynomolgus monkeys (Macaca fascicularis). Bone, 24, 101-107.
Horcukiss, C. E. and Brommace, R. 2000, Changes in bone turnover during the menstrual cycle in

cynomolgus monkeys. Calcified Tissue International, 66, 224-228.

Horcukiss, C. E., Staviski, R., Nowak, J., Brommace, R., Lees, C. J. and Karran, J. 2001,
Levormeloxifene prevents increased bone turnover and vertebral bone loss following
ovariectomy in cynomolgus monkeys. Bone, 29, 7-15.

Hresucuysayn, M. M., Horkins, A., ZyLsTrA, S. and AxBar, M. 1988, Effects of natural menopause,
hysterectomy, and oophorectomy on lumbar spine and femoral neck bone densities. Obstetrics
and Gynecology, 72, 631-638.

Iton, F., Kojima, M., Furinara-Komatsu, H., Aovaci, S., Kusama, H., KomaTsu, H. and NakaMURA,
T. 2002, Reductions in bone mass, structure and strength in axial and appendicular skeletons
associated with increased turnover after ovariectomy in mature cynomolgus monkeys and
preventive effects of clodronate. Journal of Bone and Mineral Research, 17, 534—543.

Javo, M. J., Rankin, S. E., Weaver, D. S., Carrsoxn, C. S. and Crarkson, T. B. 1991, Accuracy and
precision of lumbar mineral content by dual-energy X-ray absorptiometry in live female
monkeys. Calcified Tissue International, 49, 438—440.

RIGHTS

.-,‘f



Biomarkers Downloaded from informahealthcare.com by Hacettepe Univ. on 11/18/12
For personal use only.

Biochemical biomarkers of bone turnover in cynomolgus monkeys 77

Jerome, C. P. and Lkges, C. J. 1996, Raloxifene increases bone mass and reduces bone turnover in
ovariectomized cynomolgus monkeys. Journal of Bone and Mineral Research, 11, Supplement 1,
S445(abstract).

Jerome, C. P., Carrson, C. S., Recister, T. C., Baix, F. T., Javo, M. J., WEaver, D. S. and Apawms,
M. R. 1994, Bone functional changes in intact, ovariectomized, and ovariectomized, hormone-
supplemented adult cynomolgus monkeys (Macaca fascicularis) evaluated by serum markers and
dynamic histomorphometry. Journal of Bone and Mineral Research, 9, 527-540.

Jerome, C. P., Lees, C. J. and Weaver D. S. 1995, Development of osteopenia in ovariectomized
cynomolgus monkeys (Macaca fascicularis). Bone, 17, Supplement 1, 4035-408S.

JeromE, C. P., Varar, H. T., Kaprax, M. and Karrax, K. 1997a, Structural histomorphometric analysis
of cortical, transitional and cancellous vertebral bone in intact, ovariectomized, and nandrolone-
treated cynomolgus monkeys (Macaca fascicularis). Fournal of Histotechnology, 20, 191-198.

Jerome, C. P., Turner, C. H. and Lggs, C. J. 1997b, Decreased bone mass and strength in
ovariectomized cynomolgus monkeys (Macaca fascicularis). Calcified Tissue International, 60,
265-270.

Jerome, C. P., Jounsoxn, C. S., Varar, H. T., Karran, K. C., BaiLey, J., CapweLL, B., Fraser, F.,
Hansen, L., Ramsay, H., Suapoan, M., Lees, C. J., THomseN, J. S. and MosexkiLpe, L. 1999,
Effect of treatment for 6 months with human parathyroid hormone (1-34) peptide in
ovariectomized cynomolgus monkeys (Macaca fascicularis). Bone, 25, 301-309.

Knosra, S. and KrLeerekorer, M. 1999, Biochemical markers of bone turnover. In: Primer on the
Metabolic Bone Diseases and Disorders of Mineral Metabolism, 4th edition, edited by M. J. Favus
(Lippincott Williams & Wilkins), Philadelphia, pp. 128-133.

KRroLNER, B. and NieLseN, S. P. 1982, Bone mineral content of lumbar spine in normal and osteoporotic
women: cross-sectional and longitudinal studies. Clinical Science, 62, 329-336.

Maxy, D. R., Rupmax, C. G., Akixsami, M. A. and GouLp, K. G. 1992, Preservation of bone mass in
hypogonadal female monkeys with recombinant human growth hormone administration. Journal
of Clinical Endocrinology and Metabolism, 74, 1263-1269.

PantecHiNi, M. and Pacani, F. 1995, Biological variation in bone-derived biochemical markers in
serum. Scandinavian Journal of Clinical and Laboratory Investigation, 55, 609-616.

Parrrrr, A. M. 1980, Morphologic basis of bone mineral measurements: transient and steady state
effects of treatment in osteoporosis. Mineral and Electrolyte Metabolism, 4, 273-287.

Price, C. P. 1993, Multiple forms of human serum alkaline phosphatase: detection and quantification.
Annals of Clinical Biochemistry, 30, 355-372.

Pricg, P., Orsuka, A., Poskir, J., Kristanronts, J. and Raman, N. 1976, Characterization of a gamma-
carboxyglutamic acid-containing protein from bone. Proceedings of the National Academy of
Sciences of the USA, 73, 1447-1451.

RecisteRr, T. C. and JeroMmE, C. P. 1996, Increased urinary markers of collagen degradation accompany
ovariectomy in skeletally mature cynomolgus monkeys. Journal of Bone and Mineral Research,
11, Supplement 1, S196(abstract).

Rosins, S. P., Worrce, H., HesLEy, R., Ju, J., SEvEDIN, S. and SeiseL, M. J. 1994, Direct enzyme-linked
immunoassay for urine deoxypyridinoline as a specific marker for measuring bone resorption.
Fournal of Bone and Mineral Research, 9, 1643-1649.

SevepIN, S. M., Ku~ng, V. T., Danicorr, Y. N., HesLey, R. P., GomEez, B., NieLseN, L. A., Rosen, H. N.
and Zuk, R. F. 1993, Immunoassay for urinary pyridinoline: the new marker of bone resorption.
Fournal of Bone and Mineral Research, 8, 635—641.

StEPAN, J. J., PospicHAL, J., PrEsL, J. and Pacovsky, V. 1987, Bone loss and biochemical indices of bone
remodeling in surgically induced postmenopausal women. Bone, 8, 279-284.

Tracy, R. P., ANpDriaNORIVO, A., RiGas, B. L. and Maxx, K. G. 1990, Comparison of monoclonal and
polyclonal antibody-based immunoassay osteocalcin: a study of sources of variation in assay
results. Journal of Bone and Mineral Research, 5, 451-461.

Van Hoor, V. O. and De Brog, M. E. 1994, Interpretation and clinical significance of alkaline
phosphatase isoenzyme patterns. Critical Reviews in Clinical Laboratory Sciences, 31, 197-293.

Weaver, D. S., Power, R. A., JeromEe, C. P., Parrer, B. M. and RecisTeR, T. C. 1994, The effects of
immediate and delayed treatment of ovariectomized cynomolgus monkeys with nandrolone
decanoate on densitometry, bone biomarkers, sex steroids and body weight. Journal of Bone and
Miner Research, 9, Supplement 1, S393(abstract).

RIGHTS

.-,‘f



	first

