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Abstract

Autosomal Dominant Osteopetrosis type II (ADQ?2) is a rare bone disease of impaired osteoclastic bone resorption that usu-
ally results from heterozygous missense mutations in the chloride channel 7 (CLCN7) gene. We previously created mouse
models of ADO2 (p.G213R) with one of the most common mutations (G215R) as found in humans and demonstrated that
this mutation in mice phenocopies the human disease of ADO2. Previous studies have shown that roflumilast (RF), a selective
phosphodiesterase 4 (PDE4) inhibitor that regulates the cAMP pathway, can increase osteoclast activity. We also observed
that RF increased bone resorption in both wild-type and ADO2 heterozygous osteoclasts in vitro, suggesting it might rescue
bone phenotypes in ADO2 mice. To test this hypothesis, we administered RF-treated diets (0, 20 and 100 mg/kg) to 8-week-
old ADO2 mice for 6 months. We evaluated bone mineral density and bone micro-architecture using longitudinal in-vivo
DXA and micro-CT at baseline, and 6-, 12-, 18-, and 24-week post-baseline time points. Additionally, we analyzed serum
bone biomarkers (CTX, TRAP, and P1NP) at baseline, 12-, and 24-week post-baseline. Our findings revealed that RF treat-
ment did not improve aBMD (whole body, femur, and spine) and trabecular BV/TV (distal femur) in ADO2 mice compared
to the control group treated with a normal diet. Furthermore, we did not observe any significant changes in serum levels of
bone biomarkers due to RF treatment in these mice. Overall, our results indicate that RF does not rescue the osteopetrotic
bone phenotypes in ADO2 heterozygous mice.
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Introduction

Autosomal Dominant Osteopetrosis type I (ADO?2) is a rare
bone disease of impaired osteoclastic bone resorption that
usually results from heterozygous missense mutations in the
chloride channel 7 (CLCN7) gene [1-5]. To understand the
pathophysiology of ADO2 and to identify novel treatment
strategies of this disease, we developed mouse models of
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ADO?2 by introducing a knock-in (p.G213R) mutation in
the Clcn7 gene, which is analogous to one of the common
mutations (G215R) found in humans [6]. We found that the
homozygous mice (ADO2~'7) carrying the mutation exhib-
ited severe osteopetrosis and these mice usually die within
a month after birth [6]. On the other hand, the heterozygous
mice (ADO2%7) displayed mild-to-moderate osteopetrosis
and the phenotypic variability depends on their genetic back-
grounds [6].

Previously, we demonstrated that osteoclasts derived from
ADO2 heterozygous mice formed larger multinucleated
cells with attenuated bone resorption capacity compared
to osteoclasts from wild-type (WT) control mice [6]. Simi-
larly, in-vitro studies using human osteoclasts derived from
peripheral blood of ADO2 patients revealed that these osteo-
clasts exhibited reduced bone resorption compared to normal
individuals (or asymptomatic carrier) [7]. These findings
indicate that osteoclast dysfunction, rather than the bone
microenvironment, is primarily responsible for the ADO2.
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Consequently, the identification of drugs or molecules that
can increase osteoclast activity, restore osteoclast function,
and promote bone resorption may be targeted as potential
therapies for ADO2.

Roflumilast (RF), a selective phosphodiesterase 4 (PDE4)
inhibitor and an FDA-approved drug, is currently used for
treating chronic obstructive pulmonary disease (COPD) in
people [8, 9]. RF increases intracellular cyclic adenosine
monophosphate (cAMP) levels by inhibiting the PDE4 iso-
enzyme, and cAMP activation has been shown to play an
important role in lysosomal acidification in osteoclasts [10,
11] and to enhance osteoclastogenesis and bone resorption
[12, 13]. Additionally, studies have reported that disease-
causing mutations in CLCN7 interfere with the process of
endosomal-lysosomal transport and impede the acidifica-
tion of osteoclasts, resulting in a reduction of bone resorp-
tion [14—17]. Our in-vitro results also demonstrated that RF
promoted the differentiation and bone resorption activity of
both WT and ADO2 osteoclasts, which was described in
detail in a separate manuscript submitted in the same journal
[18, 19]. Therefore, we hypothesized that RF might enhance
ADO?2 osteoclast differentiation and function in vivo, and
thereby rescue the bone phenotypes in ADO2 heterozygous
mice. To test this hypothesis, we administered RF in 8-week-
old male and female ADO2%/~ mice via diet at two different
doses (20 mg/kg; low dose and 100 mg/kg; high dose) for
a duration of 6 months. We analyzed bone mineral density
and bone micro-architecture using longitudinal in-vivo DXA
and micro-CT, while serum bone biomarkers were meas-
ured by ELISA. The results indicate that despite in-vitro data
demonstrating that treatment of ADO?2 osteoclasts with RF
significantly increased osteoclast bone resorption activity,
the administration of RF in vivo did not improve the osteo-
petrotic phenotype in ADO2 heterozygous mice.

Materials and Methods
Experimental Animals

For the bone phenotype study, we used a total of 66 mice,
consisting of 35 male and 31 female (10 WT and 56 ADO2
heterozygous) mice. Mice were randomly assigned to dif-
ferent groups: WT control male (n=15), ADO2 control male
(n=10), ADO2 RF dose 1 (20 mg/kg) male (n=10), ADO2
RF dose 2 (100 mg/kg) male (n=10), WT control female
(n=5), ADO2 control female (n=8), ADO2 RF dose 1
(20 mg/kg) female (n=38), and ADO2 RF dose 2 (100 mg/
kg) female (n=10). At 8 weeks of age, both male and female
WT control mice were fed a regular diet, whereas ADO2
heterozygous mice in both sexes received either a regular
diet as control or two different doses (20 and 100 mg/kg)
of RF-treated diet for the duration of up to 6 months. The
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doses were calculated based on the mice’s approximate body
weight of 25 g and their daily food intake of 4 g per mouse.
The amount of RF (Sigma-Aldrich, St. Louis, MO) required
for the low- and high-dose groups for a total of 20 mice com-
prising 10 male and 10 female for each dose for the duration
of 6 months was calculated (288 and 1440 mg for low dose
and high dose, respectively). In addition, the amount of food
necessary for 20 mice for the entire study duration per dose
was determined (14.4 kg). Subsequently, RF was mixed with
14.4 kg diet (Teklad custom diet, Envigo, Indianapolis, IN)
separately for each dose and stored at a controlled tempera-
ture of 4 °C. Mice in each dose and sex groups were housed
separately in individual cages and provided with fresh regu-
lar diet or RF-treated diet weekly. In addition, to determine
the levels of roflumilast (RF) in both serum and bone tissue,
we performed a small pharmacokinetic study in female WT
mice at 8 weeks of age. Mice were fed with normal diet
without RF as well as RF dose 1 (20 mg/kg) and RF dose 2
(100 mg/kg) diets (n=4/group) for 1 week followed by the
collection of serum and femur bone tissues on day 8 from
these mice. All mice were generated and maintained at Indi-
ana University. Mice were housed in polycarbonate cages in
a vivarium maintained on a 12-h light and 12-h dark cycle
and were fed a regular or RF-treated diet and water ad libi-
tum. The procedures performed throughout the experiment
followed the guidelines of the Indiana University Animal
Care and Use committee (IACUC).

Euthanasia and Specimen Collection

Mice were euthanized at 32 weeks of age, which corre-
sponds to 24 weeks of post-baseline age. Subsequently,
the lower limbs were dissected from these animals, and the
femora were stripped of muscle tissue. The femora were
then transferred to 70% ethyl alcohol and stored at 4 °C for
densitometry analyses. Furthermore, to monitor longitudinal
bone biomarkers, we collected serum from peripheral blood
(facial vein) at baseline, and 12- and 24-week post-baseline
time points from these mice. In addition, we obtained serum
from cardiac blood at sacrifice for serum biochemistry anal-
ysis. All collected sera were promptly stored at —80 °C until
further analysis. For the pharmacokinetic study, after 1 week
of administration of diet we collected serum and femur bone
tissues and measured the levels of RF and its metabolite RF
N-oxide in these samples using HPLC-MS/MS (ABSciex
5500 MS/MS).

In-vivo Dual-energy X-ray Absorptiometry (DXA)
Analysis

The whole body, femur, and lumbar vertebrae 3 through
5 (L3-5) of both WT and ADO2 heterozygous mice were
scanned using DXA (PIXImus II mouse densitometer;
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Lunar Corp., Madison, WI, USA) with ultra-high resolu-
tion (0.18 X 0.18 mm/pixel) as described previously [6].
These scans were performed at baseline (8 weeks) and at 6-,
12-, 18-, and 24-week post-baseline time points. The global
window for the whole body was defined as the whole-body
image minus calvarium, mandible, and teeth. After comple-
tion of the scan of each bone, mutually exclusive region of
interest (ROI) boxes were drawn around the femur and spine
(L3-5). Finally, aBMD (g/cmz) and BMC (g) measurements
were obtained from these scans.

In-vivo Micro-computer Tomography (uCT) Analysis

The femora of both WT and ADO2 heterozygous mice
at baseline (8 weeks) and at 6-, 12-, 18-, and 24-week
post-baseline were scanned using pCT scanner (Skyscan
1176, Bruker, MA) with an isotropic voxel size of 9 pm3
as described previously [6]. In brief, using cross-sectional
images within CT analyzer software, the growth plate loca-
tion was identified and trabecular bone measurements con-
sisting of 222 slices (2 mm) were determined from about
0.5 mm proximal to the growth plate. Finally, 3D and 2D
morphometric evaluations were performed for the trabecular
bone from each scan, and bone volume over total volume
(BV/TV) and structural parameters (trabecular number,
Tb.N; trabecular thickness Tb.Th; trabecular separation,
Tb.Sp) were determined. The use of the nomenclature, sym-
bols, and units were followed as described in Dempster DW
et al. [20].

Serum Biochemistry and Bone Biomarker Analysis

Serum levels of mouse pro-collagen 1 intact N-terminal
(PINP), carboxy-terminal collagen crosslinks (CTX), and
tartrate-resistant acid phosphatase 5, isoform b (TRAcP5b)
of WT and ADO?2 heterozygous mice at baseline (8 weeks)
and at 12- and 24-week post-baseline were measured by
Enzyme-Linked ImmunoSorbent Assay (ELISA) kits
(Immunodiagnostics Systems, Mountain Lakes, NJ, USA
and Biomedical Technologies Inc., MA, USA) according to
the manufacturers’ instructions. Serum calcium (Ca), phos-
phorus (Phos), creatinine (CREA), and alkaline phosphatase
(ALP) were measured at 24-week post-baseline using the
Randox Rx kit (Daytona Analyzer, WV, USA).

Statistical Analysis

Quantitative data were expressed as mean + SD unless oth-
erwise indicated. One-way analysis of variance (ANOVA)
was used to identify mean differences for variables among
control and experimental groups at baseline, 6-, 12-, 18-, and
24-week post-baseline. The Fisher’s protected least signifi-
cant difference (PLSD) was used for all pairwise post hoc

comparisons. All statistical analysis was performed using
the statistical software package StatView (Abacus Con-
cepts, Inc., Berkeley, CA). The level of significance was set
at p<0.05.

Results

Concentrations of Roflumilast (RF) and Its
Metabolite RF N-oxide in Serum and Bone Tissue
in Mice

The concentrations of RF in the serum were 0.7 +0.2 and
11.1+7.8 ng/mL for the low and high doses (20 and 100 mg/
kg) of RF groups, respectively. In addition, the concentra-
tions of RF N-oxide for the low and high doses of RF groups
in the serum were 5.9 +0.7 and 57.6 + 38.2 ng/mL, respec-
tively. As expected, the control group had no detectable
levels of RF and RF N-oxide in the serum. In addition, the
concentrations of both RF and RF N-oxide in bone tissue
(femur) were below the detectable threshold (0.1 ng/mL) for
all groups—control, low, and high RF doses.

Roflumilast Treatment Had No Influence
on the Body Weight in ADO2 Mice

Mice body weights were recorded at baseline and every
6 weeks thereafter up to 6 months. Throughout the study,
body weights of both WT and ADO?2 heterozygous mice
fed with either a normal diet or RF-treated diet gradually
increased from baseline values in both male and female
mice (Table 1). No significant differences in body weight
were observed between WT and ADO2 control mice fed a
normal diet for both sexes up to the duration of 6 months.
In addition, ADO2 mice fed with either a normal diet or RF-
treated diet at both low and high doses showed no significant
differences in body weight compared to the control group
at 6-, 12-, 18-, and 24-week post-baseline (Table 1). These
findings suggest that RF treatment had no influence on body
mass in ADO2 heterozygous mice in both male and female.

Roflumilast Treatment Did Not Improve the Whole
Body, Femur, and Spinal aBMD Phenotypes in ADO2
Mice

As expected, the whole-body areal BMD values were signifi-
cantly (p <0.05) higher in ADO2 control group compared
to the WT control mice at baseline and at 6-, 12-, 18-, and
24-week post-baseline time points in male mice (Fig. 1a). In
contrast, the male ADO2 mice treated with low-dose (20 mg/
kg) RF diet showed no significant differences in whole-body
aBMD values compared to the ADO2 control mice at base-
line and all post-baseline time points (Fig. 1a). Similarly,
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Table 1 Comparison of body weight between male and female WT and ADO2 mice in both control and RF-treated groups at baseline and 6-,

12-, 18-, and 24-week post-baseline

Group Baseline 6 weeks post-baseline 12 weeks post-baseline 18 weeks post-baseline 24 weeks post-baseline
WT control (Male) 2222+15 26.08+1.0 27.70+1.3 28.30+1.1 28.50+1.6
ADO?2 control (Male) 2287+1.0 25.63+0.8 28.44+1.1 29.10+£1.0 30.07+£1.5
ADO?2 RF20 (Male) 2236+1.5 2543+23 2790+2.3 28.19+2.1 29.08+24
ADO2 RF100 (Male) 2285+1.1 2589+1.2 27.88+1.3 28.65+1.1 28.92+1.1
WT control (Female) 18.20+1.0 20.60+0.8 22.14+0.9 23.10+1.0 2426+1.3
ADO?2 control (Female) 18.90+2.2 20.93+2.2 23.11+1.8 23.76+2.0 24.98+2.5
ADO?2 RF20 (Female) 18.06+1.5 2030+1.2 22.18+1.1 23.33+£09 2385+1.1
ADO2 RF100 (Female) 19.55+1.1 21.76+1.2 23.50+0.8 24.61+15 2481+14
WT Wild-type, RF20 roflumilast diet 20 mg/kg; RF100 roflumilast diet 100 mg/kg
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Fig. 1 Whole body, femur, and spine (L3-5) aBMD measured by in-
vivo DXA in male and female mice. WT and ADO2 mice treated
with a normal diet (WT and ADO?2 control, respectively) and ADO2
mice treated with 2 doses of RF, low dose—20 mg/kg (ADO2 RF20)
and high dose—100 mg/kg (ADO2 RF100), via diet for the period
of 6 months in both sexes. Measurements of aBMD were performed

the male ADO2 mice administered with the high dose of
RF (100 mg/kg) did not exhibit significant differences in
whole-body aBMD compared to the ADO2 control mice at
baseline, and at 12- and 18-week post-baseline time points
(Fig. 1a). However, high-dose RF-treated male ADO2 mice
displayed significantly higher (p <0.05) aBMD values at 6
and 24 weeks of post-baseline age compared to the ADO2
control group (Fig. 1a).
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in vivo at baseline (8 weeks), and at 6-, 12-, 18-, and 24-week post-
baseline time points. Values are given as mean +SD *p <0.05 vs. WT
control and {p<0.05 vs. ADO2 control. aBMD areal bone mineral
density, BL baseline, 6W 6 weeks, I12W 12 weeks, /8W 18 weeks,
24W 24 weeks

In female, the whole-body aBMD were significantly
(p <0.05) higher in ADO2 control group compared to WT
control mice at 6-, 12-, 18-, and 24-week post-baseline time
points (Fig. 1d). In contrast, female ADO2 mice treated
with both low-dose and high-dose RF diets did not exhibit
significant differences in whole-body aBMD values com-
pared to the ADO2 control group at any post-baseline ages
(Fig. 1d). These data indicate that both low and high doses
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of RF treatment in ADO2 mice for up to 6 months from
baseline age did not prevent the gain of whole-body bone
mineral density in both male and female mice.

Femur aBMD values were slightly higher in ADO2 con-
trol mice compared to WT control group at baseline and
all post-baseline periods in both male and female mice.
However, this difference was not significant except for sig-
nificantly higher (p <0.05) aBMD values at 6- and 24-week
post-baseline in ADO2 control mice compared to the WT
control group in female mice (Figs. 1b and e). Furthermore,
compared to ADO?2 control mice, low-dose treated ADO2
mice exhibited no significant differences in femur aBMD
values at baseline and all post-baseline time points in both
sexes (Figs. 1b and e). For ADO2 mice treated with a high
dose of RF, femur aBMD values were similar to those of
ADO?2 control mice at all post-baseline time points in both
male and female mice except femur aBMD was significantly
higher (p <0.05) in RF-treated mice at 6- and 12-week post-
baseline periods in male mice (Figs. 1b and e).

Spine aBMD values were significantly higher (p <0.05)
in the ADO2 control mice at baseline and all post-baseline
time points compared to WT control group in both male
and female mice except aBMD at this site was similar for
both WT and ADO2 control mice at baseline in female mice
(Figs. Ic and f). No significant differences of spine aBMD
were observed between low-dose RF-treated ADO2 mice
and normal diet-treated ADO2 control mice in both sexes at
all time points tested in this study (Figs. 1c and f). Similarly,
spine aBMD values were similar between ADO2 control
and high-dose RF-treated mice at 12-, 18-, and 24-week
post-baseline periods in male mice and all post-baseline
periods in female mice (Figs. 1c and f). In contrast, ADO2
mice treated with high-dose RF showed significant higher
(p <0.05) values for spine aBMD at 6 weeks of post-base-
line in male compared to the ADO2 control group (Fig. 1c¢).
Spine aBMD was significantly lower (p <0.05) in low-dose
RF-treated female ADO2 mice compared to the ADO2 con-
trol group only at 24 weeks of post-baseline period (Fig. 1f).
All together, these data indicate that both low and high doses
of RF treatment up to 6 months from baseline age did not
mitigate the gain of femur and spine bone mineral density
in ADO2 mice in either sex.

Roflumilast Treatment Did Not Prevent
the Trabecular Bone Mass Gain at Distal Femur
in ADO2 Mice

To identify whether RF has any effect on trabecular bone
gain in ADO2 mice, we conducted longitudinal assessments
of bone mass and micro-architectural parameters at the dis-
tal femur, which is predominantly composed of trabecular
bone. As expected, trabecular BV/TV and Tb.N values were
significantly higher (p <0.005 and p <0.05 in male and

female, respectively) in ADO2 control group compared to
WT control mice at baseline as well as at 6-, 12-, 18-, and
24-week post-baseline time points (Figs. 2a and b; Figs. 3a
and b). However, no significant differences of BV/TV and
Tb.N were observed between ADO2 mice treated with a
normal diet and those treated with a low-dose (20 mg/kg) RF
diet at baseline and any post-baseline periods throughout the
6-month study period in both sexes (Figs. 2a and b; Figs. 3a
and b). High-dose RF-treated ADO2 mice displayed sig-
nificantly higher BV/TV and Tb.N compared to the ADO2
control mice only at 6- and 12-week post-baseline periods
in male mice (Figs. 2a and b). Similarly, as expected Tb.Th
values were significantly higher (p <0.005 in both sexes),
whereas Tb.Sp values were significantly lower (p <0.005
and p <0.05, in male and female, respectively) in ADO2
control mice compared to WT control group at baseline and
all post-baseline time points (Figs. 2¢ and d; Figs. 3c and d).
No significant differences of Tb.Th were observed between
ADO?2 control and RF-treated mice for low and high doses
in both sexes at baseline and all post-baseline time points,
except the high-dose RF-treated ADO2 mice exhibited sig-
nificantly lower (p <0.05) Tb.Th at 12-week post-baseline
in female mice only, compared to the ADO2 control mice
(Figs. 2c and 3c). Additionally, high-dose RF-treated ADO2
mice showed significantly lower (p <0.05) Tb.Sp at 6-week
post-baseline in male mice and at 18-week post-baseline in
female mice, compared to ADO2 mice treated with a normal
diet (Figs. 2d and 3d). Overall, these data indicate that treat-
ment of ADO2 heterozygous mice with either low or high
doses of RF diet for up to 6 months did not attenuate tra-
becular bone mass gain and did not significantly alter micro-
architectural parameters in both male and female mice.

Serum Levels of Bone Biomarkers Were Similar
Between Normal Diet and Roflumilast-Treated ADO2
Mice

At baseline, the level of serum CTX was significantly higher
compared to those values at 12- and 24-week post-baseline
for all groups (Figs. 4a and e). In addition, serum CTX levels
in ADO2 mice treated with both low and high doses of RF
diet were comparable to those in ADO2 mice on a normal
diet at 12- and 24-week post-baseline in both sexes, except
CTX level was significantly higher (p <0.05) in low-dose
RF-treated ADO2 mice compared to the control ADO2
group in male mice (Figs. 4a and e).

As expected, serum TRAP level at baseline was slightly
higher in male ADO2 mice and significantly higher
(p <0.05) in female ADO2 mice, compared to the WT
control mice. However, surprisingly, serum TRAP level
was significantly higher (p <0.05) in high-dose RF group
in male mice and significantly lower (p < 0.05) in low-dose
RF group in female mice at baseline compared to those
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Fig.2 Trabecular bone morphometry at distal femur measured by
in-vivo micro-CT in male mice. WT and ADO2 mice treated with a
normal diet (WT and ADO?2 control, respectively) and ADO2 mice
treated with 2 doses of RF, low dose—20 mg/kg (ADO2 RF20) and
high dose—100 mg/kg (ADO2 RF100), via diet for the period of
6 months in male mice. Measurement of trabecular BV/TV, Tb.N,
Tb.Th, and Tb.Sp at distal femur were performed in vivo at baseline

of sex-matched ADO2 control mice (Figs. 4b and f). In
addition, serum TRAP values were significantly higher
(p <0.05) at 12- and 24-week post-baseline periods in
ADO?2 control mice compared to the WT control mice in
both sexes, however, RF treatment did not cause any sig-
nificant changes in TRAP levels at these post-baseline time
points in either sex (Figs. 4b and f). Serum CTX/TRAP
ratios were mostly similar among different groups at base-
line except ADO2 control group had a significantly higher
ratio (p <0.05) compared to high-dose RF group in male
mice and significantly lower ratio (p <0.05) compared to
WT control group in female mice (Figs. 4c and g). Addi-
tionally, the ADO?2 control group displayed significantly
lower CTX/TRAP ratio at 12- and 24-week post-baseline
compared to WT control group in male mice. However,
the serum CTX/TRAP ratios remained similar between
ADO?2 control mice and RF-treated ADO2 mice (both low
and high doses) at 12- and 24-week post-baseline periods
in both male and female mice (Figs. 4c and g). At base-
line, serum PINP values were higher (non-significant) in
ADO?2 groups compared to WT control mice in both sexes
(Figs. 4d and h). However, serum P1NP levels were not
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(8 weeks), and at 6-, 12-, 18-, and 24-week post-baseline time points.
Values are given as mean+SD **p<0.005 vs. WT control and
qp <0.05 vs. ADO2 control. BV/TV bone volume over tissue volume,
Tbh.N trabecular number, 7b.Th trabecular thickness, 7b.Sp trabecular
separation, BL baseline, 6W 6 weeks, 12W 12 weeks, 18W 18 weeks,
24W 24 weeks

significantly affected by RF treatment for both low and
high doses in ADO2 mice compared to ADO2 mice on a
normal diet at all post-baseline time points (Figs. 4d and
h). Together, these data indicate that RF treatment did not
exert a significant influence on bone formation and resorp-
tion markers up to 6 months of post-baseline periods in
ADO?2 mice.

Serum Biochemistry Was Mostly Similar Between
Control and Roflumilast-Treated ADO2 Mice

Serum levels of calcium (Ca), phosphorus (P), creatinine
(CREA), and alkaline phosphatase (ALP) were similar in
all WT and ADO2 control mice and RF-treated ADO2
mice for both low and high doses at 24-week post-baseline
period in male mice. Serum Ca, P, CREA, and ALP levels
were also similar in the female WT and ADO2 control
mice and RF-treated ADO2 mice for low dose, however,
Ca and CREA levels were significantly higher in the
ADO?2 mice treated with high dose of RF compared to the
ADO?2 control mice in female mice (Table 2).
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Fig.3 Trabecular bone morphometry at distal femur measured by in-
vivo micro-CT in female mice. WT and ADO2 mice treated with a
normal diet (WT and ADO2 control, respectively) and ADO2 mice
treated with 2 doses of RF, low dose—20 mg/kg (ADO2 RF20), and
high dose—100 mg/kg (ADO2 RF100), via diet for the period of
6 months in female mice. Measurement of trabecular BV/TV, Tb.N,
Tb.Th, and Tb.Sp at distal femur were performed in vivo at baseline

Discussion

In this study, we investigated the effect of roflumilast on
bone phenotypes in both male and female ADO2 hete-
rozygous mice for the duration of 6 months. Our findings
revealed that RF treatment did not lead to any improvements
in bone mineral density in the whole body, spine, and femur
of ADO2 mice in both sexes. In addition, RF treatment did
not attenuate the gain of trabecular bone mass at the distal
femur in ADO2 mice. Furthermore, we did not observe any
significant influences of RF on serum bone turnover mark-
ers in both male and female ADO2 mice. Overall, these data
indicate that RF, at the doses examined in this study, does
not rescue the osteopetrotic bone phenotypes in ADO2 het-
erozygous mice.

Roflumilast is commonly prescribed for treating COPD
in humans [8, 9], and it is also used for the treatment of
asthma, psoriasis, and inflammatory bowel diseases [9,
21, 22]. The principal mechanism of action of RF involves
increasing intracellular cAMP concentration by inhibit-
ing PDE4, the isoenzyme that catalyzes the breakdown of
cAMP to AMP [21]. cAMP plays a crucial role as a second-
ary messenger for intracellular signal transduction in many

(8 weeks), and at 6-, 12-, 18-, and 24-week post-baseline time points.
Values are given as mean+SD *p<0.05 and **p<0.005 vs. WT
control and {p<0.05 vs. ADO2 control. BV/TV bone volume over
tissue volume, 7h.N trabecular number, 7b.Th trabecular thickness,
Tb.Sp trabecular separation, BL baseline, 6W 6 weeks, 12W 12 weeks,
18W 18 weeks, 24W 24 weeks

biological processes. In lung tissues, RF has been shown to
restore cystic fibrosis transmembrane conductance regulator
activity, inhibit the production of cytokines and release of
inflammatory mediators, reduce cell proliferation, migra-
tion, and chemotaxis, thereby improving lung function [9].
In bone cells, cAMP influences a wide range of intracellular
processes, mainly through activation of cAMP-dependent
protein kinase (PKA) [10, 23, 24]. For instance, the effect
of parathyroid hormone (PTH) on bone cells through the
cAMP-PKA pathway can produce two distinct effects: tran-
sient increases in cAMP have a positive effect on osteoblasts
and increase bone density, whereas chronic increases in
cAMP, as observed in continuous PTH treatment, promote
osteoclastogenesis and, consequently, bone loss [23-26].
Several in-vitro studies have provided evidence that
cAMP activation leads to augmented osteoclastogenesis
by up-regulating the nuclear factor of activated T cells 1
(NFATc1), a master regulator of osteoclastogenesis [12, 13,
27, 28]. This process is mediated through the cAMP > CREB
pathway as well as cAMP-mediated regulation of cathepsin
K processing in osteoclasts [12, 28]. Our cell culture stud-
ies, detailed in a separate manuscript submitted in the same
journal, involving both wild-type and ADO?2 osteoclasts also
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Fig.4 Bone turnover markers measured by ELISA in male and
female mice. WT and ADO2 mice treated with a normal diet (WT
and ADO2 control, respectively) and ADO2 mice treated with 2
doses of RF, low dose—20 mg/kg (ADO2 RF20), and high dose—
100 mg/kg (ADO2 RF100), via diet for the period of 6 months in
both sexes. Measurement of serum CTX, TRAP, CTX/TRAP ratios,

and PINP levels were performed in vivo at baseline (8 weeks), and
12- and 24-week post-baseline time points. Values are given as
mean=+SD *p<0.05 vs. WT control and {p<0.05 vs. ADO2 con-
trol. CTX carboxy-terminal collagen, TRAP tartrate-resistant acid
phosphatase 5, isoform b, PINP pro-collagen 1 intact N-terminal, BL
baseline, 12W 12 weeks, 24W 24 weeks

Table 2 Comparison of serum

; . Calcium (mg/dL)  Phosphorus (mg/dL) Creatinine (mg/dL) ALP (IU/L)

biochemistry between male and

femali wT anld ADO2 mice WT control (Male) 9.50+0.3 6.15+1.0 0.37+0.07 40.0+4.2

in both control and RF-treated ADO2 control (Male) ~ 9.43+0.7 6.78+1.4 0.36+0.04 4204106

groups at 24 weeks post-

baseline ADO2 RF20 (Male) 9.37+0.7 7.73+2.5 0.37:+£0.03 47.5+123
ADO2 RF100 (Male) 9.35+0.6 6.63+0.9 0.36+0.04 445+7.6
WT control (Female) 9.42+0.2 5.16+0.9 0.46+0.07 79.8+8.6
ADO?2 control (Female) 8.82+1.1 526+1.3 0.35+0.04 87.1+28.1
ADO2 RF20 (Female) 8.89+1.1 5.89+2.1 0.36+0.07 70.5+25.6
ADO2 RF100 (Female) 9.74+0.2 4.80+0.9 0.39+0.03 79.4+18.3

WT Wild-type, RF20 roflumilast diet 20 mg/kg; RF100 roflumilast diet 100 mg/kg
Bold represents significant difference versus sex-matched ADO2 control

revealed that RF treatment increased osteoclast formation
at the concentration of 50—-100 nM [18]. Furthermore, we
found that RF treatment even at lower concentration (10 and
25 nM) as well as up to as high as 150 nM concentration sig-
nificantly enhanced the pit resorption of ADO?2 osteoclasts,
which prompted us to test this drug in our ADO2 mouse
model. For the experiments in mice, we selected a low dose
of RF at 20 mg/kg, based on the clinical dose of RF (500 pg
per day) used for COPD patients in adults and its mouse

@ Springer

equivalent dose published in previous studies [29-31]. The
high dose was selected to be five times higher than the low
dose, considering the higher metabolic rate and body surface
area in mice compared to humans.

Previously, several studies have reported the pharma-
cokinetic (PK) profile of RF in both humans and rodents.
For humans, the time to reach peak plasma concentration
of RF when given orally is approximately one hour (rang-
ing from 0.5 to 2 h) with an average elimination half-life
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of 17 h (ranging between 7 and 25 h) [32, 33]. In addition,
steady-state concentration of RF is typically achieved about
3—4 days following once-daily dosing in humans. In rodents,
the time it takes to achieve peak concentration of RF is simi-
lar to that in humans, whereas the half-life of RF ranges
between 6 and 10 h before reaching baseline levels within
about 24 h [34]. The administration of RF via diet in the pre-
sent study was designed based on this PK profile in rodents.

As for the effects of PDE4 inhibitors on bone and mineral
metabolism, previously published studies yielded somewhat
controversial results. The only human clinical trial (clinical-
trials.gov identifier: NCT(01745848) examining the effect of
RF on markers of bone metabolism in 20 adults, with the
drug administered 500 pg per day for 30 days, found negli-
gible changes in serum CTX and P1NP levels from baseline.
Conversely, several in-vitro and in-vivo animal studies dem-
onstrated that osteoclastogenesis was decreased and bone
density was increased or bone loss was prevented due to
the treatment of various PDE4 inhibitors including RF [27,
35-38]. In contrast, other studies showed that RF increased
osteoclast differentiation [28], regulated cathepsin K matura-
tion in osteoclasts [12], and promoted osteoclast formation
[13]. Similar effects have been observed with other PDE4
inhibitors such as rolipram and pentoxifylline, which have
shown both increased bone density [38] and stimulated
TRANCE-mediated osteoclast formation [39, 40]. These
varying results could be attributed to differences in dose,
duration, frequency, and route of drug administration, as
well as species-specific differences related to these studies.

In our in-vitro experiments, we observed that RF treat-
ment significantly increased osteoclast bone resorption
activity. However, when administered in vivo, RF did not
improve the osteopetrotic phenotype in ADO2 heterozygous
mice. Several factors could explain these contrasting out-
comes. The high dose of RF used in-vivo study, although
five times higher than the clinical dose for COPD patients,
might not have been optimal to produce substantial changes
in bone phenotypes in ADO2 mice. Additionally, we found
the concentrations of the RF and its metabolite RF N-oxide
vary significantly between serum and bone tissue in mice.
We identified the serum RF concentrations of 0.7 +£0.2 and
11.1+7.8 ng/mL for mice treated with low and high doses
(20 and 100 mg/kg) of RF via diet, respectively. Based on
the molecular weight of RF (403.2), these concentrations
are equivalent to 1.74 and 27.53 nM for the low and high
doses, respectively. Our cell culture studies showed higher
osteoclast activity for both WT and ADO2 osteoclasts at
concentration as low as 10 nM of RF. While this level of RF
was not achieved in the serum with the low dose of RF diet
in vivo, the high-dose regimen yielded a serum concentra-
tion of approximately 2.5 times higher than the minimum
RF concentration necessary for improved osteoclast function
in vitro. In contrast, the concentration of RF in the bone

tissue, even for the high dose of RF diet group, was below
the detection threshold of 0.1 ng/mL, indicating very low
drug exposure in skeletal tissue. The very low RF concen-
tration in bone tissue likely accounts for the absence of any
significant changes of bone phenotypes over the 6 months
of study period in ADO2 mice. Further investigation is thus
needed to determine the effective dose and mode of admin-
istration for RF in vivo.

Efficient delivery of pharmaceutical drugs in the skeletal
tissue is a major challenge for the treatment of bone and
mineral disorders. This is due to lower blood flow in bone
compared to other tissues, coupled with the sequestration
and utilization of drugs by other organs before their acces-
sibility to the skeleton. In addition, a substantial proportion
of drugs undergo excretion from the body prior to reaching
the bone tissue. Consequently, often higher or more frequent
doses are required to achieve the requisite drug concentra-
tion in the bone for optimal effectiveness, however, this
leads to adverse cytotoxic effects in non-target tissues. To
overcome these challenges, adopting a bone-targeting drug
delivery using various strategies could be undertaken for
higher efficacy with reduced toxicity in the future studies.

To the best of our knowledge, the current study is the
first study to investigate the effect of RF on bone density
and micro-architecture when administered in mice for a
period of up to 6 months. To assess the overall effect of RF
on bone mineral density, we conducted whole-body DXA
analysis. Further, femur and spine DXA analysis was per-
formed to determine site-specific effects of RF in ADO2
mice. However, both low and high doses of RF treatment
up to 6 months from baseline age did not rescue the whole
body, femur, and spine bone density in ADO2 mice in both
sexes (Fig. 1). To minimize radiation effects on bone pheno-
types in mice, we measured micro-CT at baseline (8 weeks)
and every 6-week post-baseline thereafter, up to 6 months.
Our data indicate that treatment of ADO?2 heterozygous mice
with either low or high doses of RF diet for up to 6 months
did not attenuate trabecular bone mass gain and did not sig-
nificantly alter micro-architectural parameters in both male
and female mice (Figs. 2 and 3). In addition, we collected
serum from facial vein every 12-week post-baseline to longi-
tudinally monitor changes in bone resorption markers. How-
ever, throughout the 12- and 24-week post-baseline periods,
RF treatment did not significantly alter CTX, TRAP, CTX/
TRAP ratios, and PINP levels in ADO2 mice (Fig. 4). The
total duration of RF treatment for 6 months was selected
as sufficient time for the drug to produce any noticeable
changes in bone phenotypes considering the average life
span of mice is about 2 years. Overall, our findings indicate
that RF at both low and high doses did not ameliorate the
osteopetrotic bone phenotypes in ADO2 mice.

There are several limitations in this study. We only
administered 2 doses (low and high) of RF via diet in ADO2
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mice. Further investigations with different doses and admin-
istration routes are necessary to determine if these would
lead to different outcomes for ADO2 bone phenotypes.
Additionally, we estimated in-vivo doses based on previ-
ous published studies in these mice. Moreover, we measured
serum biochemistry for all control and RF-treated groups at
6-month post-baseline only, which limits the detection of
temporal changes in bone metabolism markers.

In conclusion, our results indicate that RF, at the doses
tested in this study, was unable to improve bone phenotypes
in ADO?2 heterozygous mice. Further studies are necessary
to determine the mechanism of increased ADO2 osteoclast
activity due to RF treatment in vitro, as this could potentially
lead to the development of novel treatment strategies for
ADQO?2 patients.
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