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Abstract Osteogenesis imperfecta (OI) is a hereditary
disease characterized by low bone mass, increased bone
fragility, short stature, and skeletal deformities. This study
focuses on OI type I, the mildest form of the disease. Bis-
phosphonates represent the prevailing standard of care in
patients with OI. Teriparatide (TPD) is a PTH analog with
bone-anabolic actions which has been approved for osteo-
porosis treatment. Thirteen postmenopausal women with
type I OI who had been on treatment with neridronate for at
least 2 years and who incurred new vertebral fracture during
treatment were treated with TPD for 18 months. Bone
mineral density (BMD) increased significantly over
18 months up to 3.5 % at the lumbar spine (p = 0.001),
while no significant changes were noted in hip BMD. Serum
markers of bone formation and of bone resorption increased
significantly during the treatment. The Wnt inhibitors serum
dickkopf-1 (DKK1) and sclerostin were also measured. A
nonsignificant increase was seen in serum sclerostin levels,
while serum DKKI1 rose gradually and significantly during
TPD treatment. In patients affected by type I OI, TPD
treatment is associated with a remarkable response in
markers of bone formation. This suggests a normal osteo-
blastic response to TPD. However, the observed increases in
BMD were somewhat lower than those in postmenopausal or
senile osteoporosis treated with TPD for the same lag time.
Our results open the possibility to develop TPD for the
treatment of adult type I OI, but particularly for the lack of a
control group, a properly designed controlled study is
warranted.
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Introduction

Osteogenesis imperfecta (OI) is a hereditary disease,
mostly autosomal and dominant due to collagen defects,
associated with mutations of the genes coding for the
chains of collagen type 1 gene (COLIAI or COLIA2). The
disorder is characterized by low bone mass, increased bone
fragility, short stature, and skeletal deformities. The most
important defect in adults with OI is the inability to acquire
an adequate thickness of the cortices of long bone and to
achieve or maintain normal trabecular density [1]. A
variety of OI types have been described, with considerable
differences in severity [2]. OI type I is the mildest form of
the disease and has a triad of features: recurrent fractures,
blue sclera, and hearing loss [2]. Fractures often begin with
ambulation, but the risk decreases after puberty and rises
again after the fourth to fifth decades of life [2]. Skeletal
deformities are moderate, and the stature is close to normal.
Patients with type I OI phenotype have a null COLIAI
allele with consequent type I collagen haploinsufficiency.
Thus, type I OI is a clinically and biochemically homog-
enous group and the only dominant OI form in which
structurally abnormal collagen is not present in the mature
bone tissue [2].

Bisphosphonates are antiresorptive compounds that are
widely used in patients with OI, and they represent the
currently prevailing standard of care for moderate to severe
forms of the disease, especially in children [3]. The only
bisphosphonate registered so far for the treatment of OI is
neridronate, which was studied in controlled trials both in
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children [4, 5] and in adults [6], with evidence of a sig-
nificant 64 % decrease in fracture number. In a recent
Cochrane review [7] to assess the effectiveness and safety
of bisphosphonates in people with OI, only two trials in
adult populations were identified. In the first study, 2 years
of treatment with neridronate [6] was associated with 6.9
and 5.8 % mean increases in spine and hip bone mineral
density (BMD), respectively. In the study by Chevrel et al.
[8] with alendronate given for 4 years, spine BMD rose by
10 % and hip BMD by 3.3 %.

The rationale for using bisphosphonates in OI is based
on the observation that bone turnover markers are often
found to be slightly increased [9]. However, the hallmark
of the pathophysiology of type I OI remains an inadequate
osteoblast synthesis of collagen type I associated with
inadequate bone formation.

Teriparatide (TPD, recombinant human PTH 1-34) is a
PTH analog with bone-anabolic actions, approved for
osteoporosis treatment both in postmenopausal women and
in men. Its administration is associated with a twofold
increase in markers of bone formation such as N-propep-
tide of type I collagen (P1NP), followed by an increase
also of markers of bone resorption [10]. Owing to its
bone-anabolic activity TPD might be effective also in OI,
but it remains to be understood whether the functionally
impaired osteoblasts of type I OI respond to TPD treat-
ment .

The identification of the Wnt/B-catenin signaling path-
way as a major promoter of bone formation has led to
considerable interest in potential crosstalk between this
pathway and osteoclastic bone resorption [11]. The Wnt
pathway influences bone formation through its effects on
osteoblast number, maturation, and progenitor differenti-
ation. In turn, these actions are opposed by various
intracellular and secreted factors [11]. The secreted Wnt
antagonists sclerostin and dickkopf-1 (DKK1) block Wnt
signaling by binding to Wnt coreceptors, such as low-
density lipoprotein receptor-related protein 5 (LRPS) and
LRP6, thus inhibiting the canonical Wnt/B-catenin sig-
naling pathway [11, 12]. Sclerostin is primarily, though
not exclusively [13], expressed by mature osteocytes,
where it appears to regulate bone mass in response to
mechanical loading [14]. DKK1 expression is widespread
in embryonic mice, while in adults it is almost exclusively
confined to osteoblasts and maturing osteocytes [15].
Recently, we showed that DKK1 and sclerostin are also
involved in the bone metabolic response to long-term
treatment with teriparatide [16], bisphosphonates [17], and
denosumab [18].

Here, we show the results of a pilot clinical trial with
TPD in postmenopausal women with type I OI previously
treated with neridronate, and we explore the Wnt func-
tionality in these patients.

Materials and Methods

The study population included 13 postmenopausal women
affected by type I OI. The disease was clinically diagnosed
by the presence of a family history of OI, blue sclerae, and
previous low-trauma fractures in childhood. A genetic
confirmation was available for eight patients. In three other
patients a genetic diagnosis was obtained from one of their
affected children.

All patients had been on treatment with neridronate
(100 mg infused intravenously for 30 min every 3 months)
[6] for at least 2 years, and no other osteoporosis medica-
tions had been taken before. All patients incurred a new
vertebral fracture during neridronate treatment. Thus, all
patients had at least one vertebral fracture at the thoracic
spine (eight subjects) and/or at the lumbar spine (five
women). Three patients had a history of bilateral hip
fractures, eight patients a previous Colles fracture, and four
a previous fracture of the tibia or fibula. The time elapsed
from the last fracture to initiation of TPD ranged
10-18 months.

All patients had their dietary calcium intake regularly
evaluated and maintained above 1,000 mg/day through diet
or additional supplementation. Vitamin D3 supplements
(=25,000 U monthly) were given if the serum 25(OH)
vitamin D levels fell below 20 ng/mL [19].

In all patients neridronate treatment was discontinued
and they were fully reassessed before commencing TPD
treatment within 1 month. The pens were distributed
directly by our center every 2 months, and the patients
returned the used pens.

Blood was collected at baseline and every 6 months
until the 18 month, when TPD administration was dis-
continued. Serum samples were stored at —50 °C until they
were assayed for PINP, bone alkaline phosphatase (bAP),
C-terminal telopeptide of type I collagen (CTX), DKKI,
and sclerostin in our laboratory.

Bone turnover markers were measured by the IDS-ISYS
Multi-Discipline automated analyzer (Immunodiagnostic
System, Boldon, UK) based on chemiluminescence tech-
nology. The coefficients of variation (CV, intra-assay)
measured in our laboratory were 4 % for PINP, 2.0 % for
bAP, and 3 % for CTX. Serum DKK1 and sclerostin were
measured by ELISA (Biomedica Medizinprodukte, Vienna,
Austria) with a sensitivity of 0.38 and 2.6 pmol/L and
intra-assay CV of 7 and 5 %, respectively. The interassays
were assessed on four separate occasions in four serum
samples, and the CV was 8.2 and 6.9 % for DKKI1 and
sclerostin, respectively.

BMD was measured in all patients by dual-energy X-ray
absorptiometry (DXA, QDR Delphi; Hologic, Waltham,
MA) at the lumbar spine (L1-L4) and at the total proximal
hip. Spine DXA measurements were collected for all
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patients, but one deformed vertebral body was excluded for
analysis in five patients. An appropriate hip evaluation
could not be obtained in three patients for previous bilateral
hip fractures. The CV of the procedure was 1.0 % for spine
and 1.2 % for hip BMD.

All statistical procedures were carried out using a
computer program (SPSS version 13.0; SPSS Inc., Chi-
cago, IL). Data are expressed as mean =+ standard devia-
tion (SD). Comparisons between baseline and follow-up
values at each time point were performed by paired ¢ test.
Significance was set at p < 0.05.

The study was approved by the institutional review
board of the Medical School of Verona. Written informed
consent was obtained from all the women.

Results

The mean age of the study population was 59.5 £ 6.6
years (range 52-72), and the duration of previous neridr-
onate treatment ranged 5-9 years (mean 7).

The mean values for each of the biochemical parameters
for all time points are listed in Table 1, while the percent
changes in biochemical parameters and in BMD are listed
in Table 2. All data were normally distributed. All patients
fully complied with treatment for 18 months. Mild nausea
was reported by seven patients immediately after the
injection, but this never led to treatment discontinuation.
BMD at the lumbar spine increased significantly through-
out the treatment, and at the end of the 18 month treatment
period vertebral bone mass increased by 3.5 % (p =
0.001), while no significant changes were noted in hip
BMD (Table 2).

Values for all biochemical parameters were detectable.
PINP, bAP, and serum CTX rose significantly during the
treatment with an apparent peak value at 12 months
(Table 2). A nonsignificant increase was observed in serum

Table 1 Baseline characteristics of the study population

n  Average = SD Minimum Maximum

Age (years) 13 595 £ 6.6 52 77

PINP (ng/mL) 13 156 £ 64 7.0 31.6
(nr = 27.7-127.6)

bAP (pg/L) 13 65+23 3.8 11.6
(nr = 8.5-17.9)

sCTX (ng/mL) 13 0.17 £ 0.07 0.08 0.31
(nr = 0.14-1.35)

DKKI1 (pmol/L) 13 30.8 £ 23,5 11.3 96.6
(nr = 25.7-65.7)

Sclerostin (pmol/L) 13 15.0 £ 8.1 5.3 29.6

(nr = 11.9-47.9)

nr Normal range
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sclerostin levels, while serum DKKI1 rose gradually and
significantly versus the baseline value, as early as the
6 month time point (Table 2).

The percentage changes in DKK1 were positively cor-
related with the percentage changes in PINP (r = 0.42,
p <0.01) and bAP (r =048, p <0.01) (results not
shown). None of the patients reported new fractures during
the treatment period.

Discussion

In this study we have shown for the first time that post-
menopausal women with type I OI respond to TPD treat-
ment as in postmenopausal osteoporosis in terms of
changes in bone turnover markers.

Mean baseline bone turnover markers were in the lower
part of the normal range, as expected for their previous
long-term therapy with neridronate. We have previously
shown [9] that in OI adult patients bone turnover markers
are clearly increased, and this provided a strong rationale
for the use of an antiresorbing agent in OI. Only serum
CTX levels were comparable to those found in healthy
controls, and we attributed this finding to a relative lack of
pyridinoline crosslinks at the C-terminal portion of colla-
gen type I in OI [9], envisaging a possible inadequate
response to anabolic agents. However, the two- and four-
fold increases in bAP and P1NP, respectively, suggest an
excellent osteoblastic response to TPD. With our results it
remains to be established whether the tremendous increase
we observed in PINP should be attributed to increased cell
number or also to cellular stimulation of collagen synthesis.

In this study we also measured the changes of two
antagonists of the Wnt pathway: serum DKKI1 and scle-
rostin. This evaluation of the WNT pathway was consid-
ered important in order to explain a possible lack of
response to TPD. Some of the effects on bone turnover of
bone active agents used for the treatment of osteoporosis
seem to be related to changes in the WNT/B-catenin sig-
naling [20]. Bisphosphonates directly suppress osteoclastic
activity, and this suppression of bone resorption is typically
associated with a later decrease also of bone formation.
Recently, we showed that chronic treatment with a bis-
phosphonate or denosumab is associated in osteoporotic
women with gradual increases in serum levels of sclerostin,
which mirrors the decline in bone formation markers [17,
18]. Even more important in the context of the present
study was our observation that the weaning of the positive
bone-anabolic effect of TPD in postmenopausal osteopo-
rosis after the first few months of treatment is related to an
increase in DKK1 [16].

All patients were ambulatory and with almost normal
physical activity and skeletal load. Baseline DKK1 and
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Table 2 Mean percent changes (£SD) versus baseline for BMD and bone markers after 6, 12, and 18 months of therapy

n 6 months 12 months 18 months
Spine BMD 13 +2.2 £ 2.5% +1.9 £ 2.4% +3.5 £ 2.8%*
Femoral neck BMD 10 —-1.6 £2.7 —03 +£34 —05+£56
PINP 13 +295.6 £ 151.2%* +452.5 £ 315.4%* +359.5 £ 245.2%*
bAP 13 +155.9 £ 106.6%** +248.0 £ 170.4%* +284.6 £ 164.1%*
CTX 13 +214.5 £ 301.8%* +247.7 £ 146.6%* +184.9 £ 116.9%*
DKK1 13 +21.3 £ 31.7% +31.5 £ 40.5% +51.6 £ 46.7%*
Sclerostin 13 +1.8 +£21.8 +8.9 £ 472 +18.1 £ 335

* p < 0.05, ** p < 0.005 versus baseline

sclerostin were at the lower part of the normal range and
significantly lower than those found in an age- and sex-
matched group derived from a parallel study (results not
shown). This cannot be explained by the previous neridr-
onate therapy since we showed that long-term treatment
with neridronate is rather associated with higher serum
levels of sclerostin and unchanged DKKI1 levels [17]. The
results of the present study might suggest that both Wnt
inhibitors are somewhat decreased in OI, suggesting a sort
of feedback between inadequate bone formation and a
compensatory mechanism leading to increased activation
of the Wnt pathway. Larger numbers of observations are
warranted in order to explore this hypothesis.

During TPD treatment a significant increase of serum
DKK1 was observed, confirming the results we observed in
osteoporotic subjects after the first year of treatment [16].
Here, the effect of TPD treatment on DKK1 levels seems to
be slightly more precocious, becoming statistically signif-
icant as early as after 6 months of therapy. This increase is
positively correlated with elevation of bone formation
markers, namely, bAP and PINP, but not with the increase
in a bone resorption marker such as CTX. This suggests
that chronic stimulation of osteoblasts by a PTH analogue
might trigger a homeostatic reaction, with oversecretion of
DKKI1 and consequent damping of the TPD effects.

The BMD changes were considerably lower than those
reported in postmenopausal osteoporosis after 18 months
of therapy with TPD: 43.5 versus +9-10 % at the spine
reported in the pivotal trial in postmenopausal osteoporosis
[21]. Tt has been reported that the BMD increase induced
by TPD treatment might be somewhat less robust for
patients previously treated with bisphosphonates [22], but
the changes observed in postmenopausal osteoporosis
previously treated with bisphosphonates [23] are still
considerably higher than those seen here. This point
remains to be clarified, even though we cannot exclude that
our results might have been influenced by the small number
of patients included in the study. Together with its
uncontrolled nature, this remains the main limitation of the
study. However, it should be pointed out that a trial with
TPD in growing individuals was not considered at the time

acceptable by our regulatory authorities for the oncological
risk and that before commencing this study TPD could not
be offered as a first-line therapy in postmenopausal type I
OL

In conclusion, we have observed that treatment of type I
OI with TPD is associated with a remarkable response in
P1INP and other markers of bone turnover. This suggests a
normal bone response in this disease characterized by an
inadequate osteoblast production of collagen type 1. The
observed increases in BMD are somewhat lower than those
seen in postmenopausal or senile osteoporosis. A larger
number of treatment-naive patients are needed before
drawing any conclusions, but the results of this pilot study
open the possibility to develop TPD for the treatment of
adult type I OI. Bisphosphonates remain the first-line
treatment in OI, but the results of this study open a new
option in those patients with type I OI in whom the positive
effects of bisphosphonate treatment appear to be clinically
suboptimal. A major limitation of our study is its uncon-
trolled nature. For the lack of a control group, a properly
designed controlled study remains warranted.
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