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Introduction

Osteoporosis, a disease of bone fragility, is defined as low
bone mass leading to vertebral and hip fractures1. Most cur-

rent therapies involve the uses of anti-resorptive agents that
slow bone turnover rates and result in a reduced remodeling
space2-4. This method of therapy maintains bone mass at the
existing level or increases bone mass up to approximately 10
percent. Larger increases in bone mass can be attained by
using anabolic agents such as parathyroid hormone (PTH),
sodium fluoride and prostaglandin E2 (PGE2) and basic
fibroblast growth factor (bFGF)5-7. However, the use of these
agents is limited by their side effects and/or the cumbersome
mode of administration. Thus there is a need to search for
new bone anabolic agents in addition to PTH that are easy
to administer, have a good safety profile and are able to
reduce fracture incidence beyond the level seen with cur-
rently available anti-resorptive treatment.
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Abstract

Cyclic AMP (cAMP) is a continually produced nucleotide inactivated by hydrolysis to 5'AMP via phosphodiesterase (PDE)
enzymes. Rolipram is a selective PDE4 inhibitor reported to have anti-inflammatory effects and used in the treatment of asthma and
chronic obstructive pulmonary disease (COPD). The current study was designed to determine whether Rolipram could prevent and
restore bone loss in ovariectomized (OVX) rats. Six-month-old Sprague Dawley rats underwent either sham-operated or bilateral
ovariectomy, and were left untreated for 60 days to develop osteopenia. Then they were treated with vehicle, 6 mg/kg PGE2, 3 Ìg/kg
Alendronate or 0.1-1.0 mg/kg Rolipram for 60 days. At sacrifice, the right tibiae were processed for quantitative bone histomorpho-
metric measurements. The right femurs were measured by dual energy Ã-ray absorptiometry and the 5th lumbar vertebrae were sub-
jected to micro-computed tomography to access bone mass and architecture changes. Our results indicated that OVX induced nega-
tive bone balance in all five bone sites we tested, with bone resorption exceeding bone formation. Rolipram at 0.1-0.6 mg/kg dose lev-
els prevented while at 1 mg/kg restored ovariectomy-induced cancellous and cortical bone loss in the tibia, femur and lumbar verte-
bra. Dynamic bone histomorphometry suggested that these beneficial effects were achieved by partially maintaining the elevated bone
formation at the trabecular bone surface and increasing bone formation at the periosteal bone surface of the cortex. Furthermore, it
reduced bone turnover at the trabecular and the endocortical bone surfaces. The prevention of further bone loss effects were com-
parable to those of an anti-resorption agent (Alendronate) but were not as great as those of an anabolic agent (PGE2). In addition,
Rolipram treatment increased body and muscle weights compared to the vehicle-treated OVX rats. In conclusion, our study in an
osteopenic rat model suggested that a selective PDE4 inhibitor may be used for the treatment of established osteoporosis.
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Phosphodiesterase (PDE) catalyzes the hydrolysis of
cAMP and cGMP in cells8,9. Since prostaglandins and other
anabolic agents such as PGE2 and PTH stimulate an increase
in intracellular cAMP synthesis, decreasing the hydrolysis
rate of these intracellular mediators might then increase
cAMP level and result in a net increase in bone volume10-14.
There are 11 known isozymes of PDE15. Variants in the gene
encoding PDE4 account for some of the genetic contribu-
tions to bone mineral density variation in humans16. Recent
studies suggested that using inhibitors of PDE4 increased
bone volume in young rats, prevented bone loss in rats bear-
ing carcinosarcoma or induced by estrogen-deficiency and
added bone to growing mice17-19,21. In vitro studies have sug-
gested that PDE4 inhibitors act by inhibiting osteoclast-like
cell formation and increasing osteoblast expressing RANKL
mRNA and osteoblastogenesis20,21. However, these few stud-
ies were limited to intact young growing mice or 6-8 week old
rats. Questions arise whether the PDE4 inhibitor has the

same beneficial effects on the older rat skeleton (8-month-
old) with established osteopenia following estrogen deple-
tion. To address this issue, the current study was designed to
test one of the PDE4 inhibitors, Rolipram, in rats that were 8
months of age and 2 months post-ovariectomy at the begin-
ning of the treatment. Multiple skeletal sites including meta-
physis and diaphysis of long and axial bones were evaluated
in order to study if Rolipram might serve as a potential can-
didate for treatment of OVX-induced bone loss. In addition,
we also compared the effects of Rolipram to an anti-resorp-
tive agent, Alendronate and an anabolic agent, PGE2.

Materials and methods

Experimental protocol

Sixty-eight female 3-month-old Sprague Dawley rats
(Simonsen Laboratories, Gilroy, GA) were acclimated to
local vivarium conditions. They were pair-fed in cages with the
room temperature maintained at 72oF and 12:12 light/dark
cycles. The rats were allowed free access to water and pellet-
ed commercial natural diet (Teklad Rodent Laboratory Chow
#8604, Harlan Teklad, Madison, WI) that contains 1.46% cal-
cium, 0.99% phosphorus and 4.96 IU/g of vitamin D3. Sham or
bilateral ovariectomy was performed at 6 months of age. The
rats were divided into 11 body weight-matched groups with 6
rats in each group (Table 1). Beginning 60 days after OVX
operation, the rats were treated daily for 60 days with subcu-
taneous (sc.) 6 mg/kg PGE2 injection (Cayman Chemicals,
Ann Arbor, Michigan) that served as a positive anabolic con-
trol, sc. 3 Ìg/kg of Alendronate (Starks Associate, Inc.,
Buffalo, NY), sc., that served as a positive anti-resorptive con-
trol, or sc. 0.1-1.0 mg/kg of Rolipram (Research Biochemical
International, Cincinnati, OH). Rolipram dose ranges were
based on the HARBS/PDE4 ratio of prototype compounds,
with references to the published papers on Rolipram19-21. We
chose to use lower Rolipram doses for the study to evaluate if
we could achieve similar effects in this established osteopenic
rat model. Two percent methyl cellulose at pH 7.4 phosphate
buffered saline with 2% TWEEN 80 was used as vehicle injec-
tion. All the rats received 90 mg/kg of Xylenol Orange and 10
mg/kg of Calcein (Sigma Chemical Co., St. Louis, MO) on 14
and 4 days before sacrifice. At necropsy, the rats were anes-
thetized by an intraperitoneal injection of Ketamine (50
mg/kg) and Xylazine (10 mg/kg) and sacrificed by cardiac
puncture. The right tibiae, femurs and the 5th lumbar verte-
brae were harvested and analyzed by bone histomorphometry,
by dual energy Ã-ray absorptiometer and micro-computed
tomography, respectively.

Bone histomorphometry

The right proximal tibiae and the middle-third of the right
tibiae were stained with Villanueva bone stain, dehydrated in
graded concentrations of ethanol, defatted in acetone, and
embedded in methyl methacrylate (Fisher Scientific, Fairlawn,

Groups Animal # Treatment Dose

1 6 Baseline control (Basal) N/A
2 6 Pre-treatment intact (60d-Sham) N/A
3 6 Final intact (120d-Sham) Vehicle 
4 6 Pre-treatment OVX (60d-OVX) N/A
5 6 Final OVX (120d-OVX) Vehicle 
6 6 OVX+PGE2 6.0 mg/kg/d
7 6 OVX+Alendronate (Ale) 3.0 Ìg/kg/d
8 6 OVX+Rolipram (Rol-0.1) 0.1 mg/kg/d
9 6 OVX+Rolipram (Rol-0.3) 0.3 mg/kg/d
10 6 OVX+Rolipram (Rol-0.6) 0.6 mg/kg/d
11 6 OVX+Rolipram (Rol-1.0) 1.0 mg/kg/d

Table 1. Experimental design.

Groups Gastrocnemius Weight (g)

Basal a1.75±0.10
60d-Sham a1.75±0.09
120d-Sham a1.78±0.10 
60d-OVX 1.95±0.09
120d-OVX 1.96±0.07 
OVX+PGE2 1.78±0.14
OVX+Ale 1.81±0.25
OVX+Rol-0.1 2.12±0.11
OVX+Rol-0.3 abc2.17±0.17
OVX+Rol-0.6 abc2.35±0.12
OVX+Rol-1.0 abc2.25±0.14

Ale, Alendronate; Rol, Rolipram 0.1-1.0 mg/kg; a=p<0.05
from 60d-OVX and 120d-OVX; b=p<0.05 from PGE2; and
c=p<0.05 from Ale group.

Table 2. Muscle weight.
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NJ). Longitudinal sections of proximal tibiae (PT) and cross-
sections at the tibiofibular junction of the tibial shafts (TX)
were cut to 230 Ìm thickness using a low speed metallurgical
saw and then ground to 20 Ìm (PT) and 30 Ìm (TX) for histo-
morphometric measurement. Histomorphometry was done
with a semi-automatic image analysis system (OsteoMeasure,
OsteoMetrics Inc., Decatur, GA) linked to a microscope
equipped with transmission and fluorescence light.

The region of the proximal tibial metaphysis studied was
from 1 mm to 4 mm distal to the growth plate-metaphyseal
junction. Static measurements included total tissue area
(T.Ar), bone area (B.Ar) and bone perimeter (B.Pm).
Dynamic measurements included single- (sL.Pm) and dou-
ble-labeled perimeter (dL.Pm), eroded perimeter (E.Pm),
and interlabel width (Ir.L.Wi). These indices were used to
calculate percentage trabecular bone area (B.Ar/T.Ar), tra-
becular number (Tb.N), trabecular width (Tb.Wi) and tra-
becular separation (Tb.Sp), percentage eroded perimeter
(%E.Pm/B.Pm), mineral apposition rate (MAR), bone for-
mation rate per unit of bone area (BFR/B.Ar), of total tissue
area (BFR/T.Ar), of bone surface (BFR/B.Pm) and activa-
tion frequency (Ac.f) according to Parfitt et al.22,23.

Cortical bone measurements included total cross-sectional
area (Tt.Ar), marrow area (Ma.Ar), eroded perimeter
(E.Pm), single- and double-labeled perimeter (sL.Pm,
dL.Pm), and interlabeled width (Ir.L.Wi). These parameters
were used to calculate the cortical bone area (Ct.Ar), per-
centage cortical area (%Ct.Ar), percentage marrow area
(%Ma.Ar), mineral apposition rate (MAR) and bone forma-
tion rate per bone surface (BFR/B.Pm) of the periosteal (Ps)
and endocortical (Ec) bone surfaces according to Jee et al.24.

Micro-computed tomography (ÌCT)

The 5th lumbar vertebral bodies were removed from all ani-
mals and were cleaned of soft tissue. The processes were
removed and the vertebral bodies placed in 70% ethanol. Each
lumbar vertebral body was imaged using a micro-computed
tomography system (ÌCT 20, serial # 96-2004, Scanco Medical
AG). The caudal end of the vertebra was placed on the left side
of the holder alignment line to aid in consistent positioning of
the bone. The samples were separated by a sponge material
moistened with 70% ethanol, which acts to secure the vertebra
in position and keeps the sample moist. Image acquisition
parameters for the vertebra included standard resolution (300
projections), 26 Ìm slice increment, and 150 msec integration
time. Approximately 186 slices were scanned per vertebra. Once
acquisition was complete, the images were sent to a SGI Octane
Workstation for all subsequent analyses. The image analysis
involved: (a) setting the threshold of the images to bone and
background; (b) determining of the volume of interest (VOI);
(c) separating of the cortical from the trabecular bone; and (d)
measuring of structural parameters, as described previously25.
Measurements made on the 3-D datasets included trabecular
bone volume, trabecular thickness, trabecular number, trabecu-
lar separation, connectivity density, cortical thickness, star vol-
ume and percentage of plate-like trabeculae (% plate derived).

Dual energy X-ray absorptiometry (DEXA)

Bone mineral density (BMD) and bone mineral content
(BMC) of the right femurs were determined ex vivo utilizing a
dual-energy X-ray absorptiometer (DEXA), Hologic® QDR-

Figure 1. Body weight changes for the study. Body weights were higher in the ovariectomized (OVX) animals than in Sham-operated ones. PGE2

and Alendronate (Ale) had similar body weights with the OVX animals. From 30 days after the treatment was initiated, Rolipram (Rol) at 0.6 mg
and 1mg doses significantly increased body weights compared to OVX animals. *=p<0.05 compared to the OVX group at the same timepoint.
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2000 plus bone densitometer (Hologic®, Inc., Waltham, MA).
The scanning of small animal bones requires the use of the
regional high-resolution software (with 0.0100 inch line spac-
ing and 0.00499 inch point resolution). This software auto-
matically selects a small X-ray source collimator (0.05 cm
diameter) and employs a high-resolution protocol. Each sam-
ple was placed in an acrylic box fitted with ridges to aid in con-
stant positioning of the bone. Water was added to a depth of
one inch to simulate an equivalent soft tissue thickness. The
mid-femur region of interest was approximately 3.0 mm in
length (based on magnification estimates) and 1.76 cm from
the distal edge of the femur. The distal femur region of inter-
est included the distal 7.3 mm of the bone. The co-efficient of
variation for repeated measurements on the same bone for
mid- and distal femur BMD was ≤1.5%.

Results are presented as means ± SD. The statistical analy-
ses were performed using Statview 5.0 statistical software (SAS
Institute Inc., Cary, NC). Analysis of variance with Fisher’s
protected two-sided Least Significance Difference (LSD) test
was used to perform comparisons between groups using body
weights as a co-variate. p<0.05 was considered significant.

Results

General observations

There were no unexpected animal deaths during this
study. PGE2 caused diarrhea and lethargy immediately after
injection and these symptoms lasted for about two hours.
Rats receiving Rolipram at all dose levels exhibited reduced
activities for approximately 2 hours post-dosing after which
they returned to normal activity levels.

Body and muscle weights (Figure 1 and Table 2)

Compared to the sham-operated rats, body and muscle
weights were higher after 60 days of OVX. PGE2 and
Alendronate-treated rats had similar body and muscle
weights as those of OVX animals. From 30 days to the end
of the study, Rolipram 0.3-1.0 mg increased body and mus-
cle weights by about 10% compared to OVX rats.

Histomorphometry observations

The results are summarized as follows: (1) aging effects; (2)
ovariectomy effects; (3) prostaglandin E2 effects; (4) Alendronate
effects; and (5) graded doses of Rolipram effects. The latter three
responses are compared to terminal 120 day-OVX, 120 day-
Sham, and pre-treatment 60 day-OVX controls (Tables 3-8).

Response of the proximal tibial metaphysis (PTM)

Aging effects (Table 3). There were no significant aging
changes between 6 (basal), 8 (60d-Sham) and 10 months
(120d-Sham) controls.

Ovariectomy effects (Table 4). Sixty days post-OVX

resulted in cancellous bone loss, poorer architecture
(decreased Tb.N and increased Tb.Sp) coupled with stimu-
lated resorption (eroded perimeter), bone surface-based
bone formation rate and remodeling (activation frequency).
After 120 days OVX, there was further cancellous bone loss
along with the similar select dynamic histomorphometric
profiles as in 60 days post-OVX.

Prostaglandin E2 (PGE2) effects (Table 5). Sixty days
treatment with PGE2 resulted in increased cancellous bone
mass and improved architecture (increased Tb.Wi, Tb.N,
and decreased Tb.Sp) along with increased BFR/T.Ar,
decreased E.Pm/B.Pm and activation frequency, compared
to 120d-OVX controls. When comparing the PGE2 group
with 120d-Sham controls, the PGE2 treated rats had a non-
significant increased cancellous bone mass, but significantly
increased bone formation (BFR/T.Ar and BFR/B.Pm) and
activation frequency (Ac.f).

Alendronate (Ale) effects (Table 5). Sixty days of treat-
ment with Alendronate showed increased cancellous bone
and improved architecture (increased Tb.Wi and Tb. N and
decreased Tb.Sp) accompanied by lower bone resorption
(%E.Pm/B.Pm), bone turnover (BFR/B.Ar) and remodeling
(Ac.f) compared to 120d-OVX controls.

Changes were limited to significantly decreased trabecular
bone formation (BFR/B.Pm), resorption (%E.Pm/B.Pm),
bone turnover (BFR/B.Ar) and remodeling (Ac.f) compared
to 60d-OVX controls.

Rolipram (Rol) effects (Table 5). All doses of Rolipram
exhibited more cancellous bone and better architecture
(increased Tb.N and decreased Tb.Sp), a higher bone for-
mation rate (BFR/T.Ar) along with lower %E.Pm/B.Pm and
Ac.f compared to 120d-OVX controls.

When compared to 120d-Sham controls, except for the
highest dose (1.0 mg/kg), cancellous bone area was lower at
the other 3 lower doses (0.1, 0.3 and 0.6 mg/kg). Trabecular
numbers were decreased and trabecular separations were
higher at all dose levels.

The 1.0 mg/kg Rolipram dose induced a non-significantly
increased cancellous bone mass and improved architecture
accompanied by lower BFR/B.Ar, BFR/B.Pm, %E.Pm/B.Pm
and Ac.f compared to 120d-OVX group.

Rolipram versus PGE2 (Table 5). The 3 lower doses of
Rolipram showed significantly less cancellous bone while the
1.0 mg/kg Rolipram showed a non-significant 22% reduction
in bone mass compared to PGE2 treatment.

Rolipram versus Alendronate (Table 5). The 1.0 mg/kg
Rolipram treatment caused a non-significant 80% increase
in cancellous bone mass existing while all other select histo-
morphometric parameters showed, also showed non-signifi-
cant changes except for higher %E.Pm/B.Pm.

Response of the tibial shaft (TX)

Aging effects (Table 6). At 10 months of age, a total shut-
down of periosteal bone formation (Ps-BFR/B.Pm) and acti-
vation of endocortical bone formation occurred compared to
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Groups Age B.Ar/T.Ar Tb.Wi Tb.N Tb.Sp BFR/T.Ar BFR/B.Ar BFR/B.Pm E.Pm/B.Pm Ac.f
mos. % Ìm #/mm Ìm %/y %/y Ìm3/Ìm2/d×100 % cycle/y

Basal 6 11.00±1.72 39.57±0.54 2.80±0.43 323.68±52.92 36.83±2.03 335.86±31.92 21.83±2.08 4.00±0.93 0.57±0.25
60d-Sham 8 10.70±2.11 42.10±3.73 2.53±0.41 360.11±65.10 35.15±6.66 333.07±63.36 23.02±4.87 6.04±1.92 0.64±0.33
120d-Sham 10 9.29±1.76 38.59±2.40 2.39±0.32 385.57±60.43 28.74±7.37 308.52±54.31 19.54±3.45 6.10±2.13 0.40±0.15

B.Ar, bone area; T.Ar, total tissue area; Tb.Wi, trabecular width; Tb.N, trabecular number; Tb.Sp, trabecular separation; BFR, bone formation rate; B.Pm,
bone perimeter; E.Pm, eroded perimeter; Ac.f, activation frequency.

Table 3. Select aging changes of the proximal tibial metaphysis (PTM).

Groups Age B.Ar/T.Ar Tb.Wi Tb.N Tb.Sp BFR/T.Ar BFR/B.Ar BFR/B.Pm E.Pm/B.Pm Ac.f
mos. % Ìm #/mm Ìm %/y %/y Ìm3/mm2/d×100 % cycle/y

Basal 6 11.00±1.72 39.57±0.54 2.80±0.43 323.68±52.92 36.83±2.03 335.86±31.92 21.83±2.08 4.00±0.93 0.57±0.25
60d-OVX 8 a5.44±1.58 46.99±12.41 a1.17±0.29 a859.97±294.39 a25.04±6.74 469.57±88.39 a34.92±3.38 a16.64±3.67 a2.26±0.95
120d-OVX 10 ab0.71±0.32 ab29.84±4.04 ab0.23±0.09 ab4858.44±2093.98 ab4.02±1.92 587.69±214.06 28.24±8.14 a18.33±6.07 a3.91±2.29
a=p<0.05 from basal group; b=p<0.05 from 60 day-OVX group.

Table 4. Select ovariectomized (OVX) changes of the proximal tibial metaphysis (PTM).

Groups B.Ar/T.Ar Tb.Wi Tb.N Tb.Sp BFR/T.Ar BFR/B.Ar BFR/B.Pm E.Pm/B.Pm Ac.f
% Ìm #/mm Ìm %/y %/y Ìm3/mm2/d×100 % cycle/y

120d-Sham ab9.29±1.76 b38.59±2.40 ab2.39±0.32 ab385.57±60.43 b28.74±7.37 ab308.52±54.31 a19.54±3.45 ab6.10±2.13 ab0.40±0.15
60d-OVX 5.44±1.58 46.99±12.41 1.17±0.29 859.97±294.39 25.04±6.74 469.57±88.39 34.92±3.38 16.64±3.67 2.26±0.95
120d-OVX a0.71±0.32 a29.84±4.04 a0.23±0.09 a4858.44±2093.98 a4.02±1.92 587.69±214.06 28.24±8.14 18.33±6.07 3.91±2.29
OVX+PGE2

ab13.24±3.19 bc69.07±11.37 ab1.91±0.35 b466.12±91.59 abc45.64±8.78 a359.28±101.16 c39.54±7.83 ab6.55±1.85 bc1.03±0.34
OVX+Ale b5.73±3.25 b42.78±3.87 bc1.29±0.62 b874.74±400.95 b12.68±13.52 ab183.19±84.77 a13.20±7.22 ab2.89±1.37 ab0.27±0.08
OVX+Rol-0.1 bcd4.52±2.18 bd44.16±9.63 bcd1.01±0.44 bcd1113.48±503.53 bd15.83±7.61 e362.85±84.73 ade25.42±3.64 be11.04±3.93 b1.01±0.69
OVX+Rol-0.3 bcd4.58±1.51 bd41.20±4.81 bcd1.09±0.26 bcd931.14±294.01 bcd17.38±5.11 be385.62±37.25 acde25.88±1.57 de11.93±3.06 abd0.80±0.33
OVX+Rol-0.6 bcd6.61±0.74 bc52.40±9.33 bcd1.27±0.14 bcd738.53±89.64 bcd16.94±3.92 ab254.87±42.59 ad21.78±4.25 abe9.06±1.92 ab0.87±0.53
OVX+Rol-1.0 b10.31±4.12 68.24±38.77 bc1.59±0.28 bcd576.32±90.51 bd18.79±5.70 ab208.03±86.01 ad19.46±5.27 abe7.99±3.67 ab0.69±0.41

Ale, Alendronate; Rol, Rolipram 0.1, 0.3, 0.6, 1.0 mg/kg/d, respectively; B.Ar, bone area; T.Ar, total tissue area; Tb.Wi, trabecular width; Tb.N, trabecular
number; Tb.Sp, trabecular separation; BFR, bone formation rate; B.Pm, bone perimeter; E.Pm, eroded perimeter; Ac.f, activation frequency; a=p<0.05 from
60d-OVX; b=p<0.05 from 120d-OVX; c=p<0.05 from 120d-Sham; d=p<0.05 between Rolipram and PGE2 group; e=p<0.05 between Rolipram and
Alendronate group.

Table 5. Select histomorphometric changes of the proximal tibial metaphysis (PTM) in prostaglandin E2 (PGE2), Alendronate (Ale) and
Rolipram (Rol)-treated ovariectomized (OVX) rats.

Groups Age Tt.Ar Ma.Ar %Ct.Ar Ps-MAR Ps-BFR/B.Pm Ec-MAR Ec-BFR/B.Pm Ec-E.Pm/B.Pm
mos. mm2 mm2 % Ìm/d Ìm/d×100 Ìm/d Ìm×100 %

Basal 6 4.61±0.20 0.84±0.09 81.84±2.27 0.51±0.42 12.86±10.17 0.00±0.00 0.00±0.00 4.29±0.90
60d-Sham 8 4.75±0.32 0.79±0.16 83.60±2.47 0.46±0.42 17.84±17.12 0.00±0.00 0.00±0.00 6.75±2.55
120d-Sham 10 4.86±0.22 0.93±0.17 80.86±3.00 ab0.00±0.00 ab0.00±0.00 ab0.11±0.26 ab3.05±7.48 5.75±2.42

Tt.Ar, total cross-sectional area; Ma.Ar, marrow area; Ct.Ar, cortical bone area; MAR, mineral apposition rate; BFR, bone formation rate; B.Pm, bone
perimeter; E.Pm, eroded perimenter; Ps, periosteal surface; Ec, endocortical surface; a=p<0.05 from basal group; b=p<0.05 from 60 day-Sham group.

Table 6. Select aging changes of the tibial diaphysis (TX).
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6 months (basal or beginning control) and 8 months (60d-
Sham controls).

Ovariectomy (OVX) effects (Table 7). At 60 days post-
ovariectomy (60d-OVX), the tibial shaft exhibited signifi-
cantly increased periosteal and endocortical bone formation
(Ps- Ec-BRF/B.Pm) and endocortical resorption (%Ec-

E.Pm/B.Pm) but no change in architectural parameters.
At 120 days post-ovariectomy (120d-OVX), there was a

decrease in cortical bone (%Ct.Ar) and increases in marrow
cavity (Ma.Ar) along with increases in endocortical bone
resorption (Ec-E.Pm/B.Pm), reactivation of endosteal bone
formation, and decreases in periosteal bone formation (Ps-

Groups Age Tt.Ar Ma.Ar %Ct.Ar Ps-MAR Ps-BFR/B.Pm Ec-MAR Ec-BFR/B.Pm Ec-E.Pm/B.Pm
mos. mm2 mm2 % Ìm/d Ìm/d×100 Ìm/d Ìm×100 %

Basal 6 4.61±0.20 0.84±0.09 81.84±2.27 0.51±0.42 12.86±10.17 0.00±0.00 0.00±0.00 4.29±0.90
60d-OVX 8 4.91±0.38 0.93±0.14 81.06±1.70 a1.14±0.21 a83.22±36.85 a0.62±0.50 a11.63±11.51 a15.43±5.50
120d-OVX 10 a5.16±0.27 ab1.19±0.12 a76.91±2.66 b0.13±0.32 b3.23±7.92 a0.72±0.24 a19.32±9.55 a13.04±5.10
a=p<0.05 from basal group; b=p<0.05 from 60 day-ovx group.

Table 7. Select ovariectomy (OVX) changes of the tibial diaphysis (TX).

Groups Tt.Ar Ma.Ar %Ct.Ar Ps-MAR Ps-BFR/B.Pm Ec-MAR Ec-BFR/B.Pm Ec-E.Pm/B.Pm
mm2 mm2 % Ìm/d Ìm/d×100 Ìm/d Ìm×100 %

120d-Sham 4.86±0.22 0.93±0.17 80.86±3.00 ab0.00±0.00 ab0.00±0.00 b0.11±0.26 3.05±7.48 a5.75±2.42
60d-OVX 4.91±0.38 0.93±0.14 81.06±1.70 1.14±0.21 83.22±36.85 0.62±0.50 11.63±11.51 15.43±5.50
120d-OVX 5.16±0.27 a1.19±0.12 76.91±2.66 a0.13±0.32 a3.23±7.92 0.72±0.24 19.32±9.55 13.04±5.10
OVX+PGE2 5.16±0.41 b0.70±0.28 b86.57±5.05 bc0.84±0.16 bc41.24±13.00 c0.99±0.09 abc47.62±10.99 abc1.42±1.59
OVX+Ale 4.96±0.27 b0.89±0.11 b82.07±1.47 bc0.73±0.27 bc34.83±26.37 0.45±0.37 12.58±12.12 ab3.75±2.02
OVX+Rol-0.1 c5.36±0.20 1.00±0.11 b81.41±1.66 abc0.63±0.66 abc25.10±9.62 0.63±0.36 20.49±13.99 a5.75±2.86
OVX+Rol-0.3 5.19±0.17 b0.96±0.06 b81.60±1.05 abc0.65±0.12 abc26.59±7.44 cd0.68±0.08 c22.07±8.01 a5.11±4.66
OVX+Rol-0.6 5.18±0.24 b0.98±0.09 81.10±1.71 abc0.63±0.09 abc23.21±9.33 cd0.60±0.10 cd15.93±2.72 ab4.71±2.18
OVX+Rol-1.0 5.02±0.25 0.96±1.47 bd80.82±0.08 abc0.69±0.02 abc24.16±5.08 cd0.68±0.14 c16.07±6.62 ab3.85±1.37

Ale, Alendronate; Rol, Rolipram 0.1, 0.3, 0.6, 1.0 mg/kg/d, respectively; Tt.Ar, total cross-sectional area; Ma.Ar, marrow area; Ct.Ar, cortical bone area;
MAR, mineral apposition rate; BFR, bone formation rate; B.Pm, bone perimeter; E.Pm, eroded perimenter; Ps, periosteal surface; Ec, endocortical sur-
face; a=p<0.05 from 60d-OVX; b=p<0.05 from 120d-OVX; c=p<0.05 from 120d-sham; d=p<0.05 between Rolipram and PGE2 group.

Table 8. Select histomorphometric changes of the tibial diaphysis (TX) in prostaglandin E2 (PGE2), Alendronate (Ale) and Rolipram (Rol)-
treated ovariectomized (OVX) rats.

Groups Bone volume/ Trabecular Trabecular Trabecular Connectivity Cortical Star Plate
tissue volume thickness number separation Density Thickness Volume Derived

% Ìm 1/mm Ìm mm-3 Ìm mm3 %

Basal b39.84±1.54 73.29±2.44 b5.44±0.21 b110.82±6.46 b95.10 ±10.30 b118.83 ±15.93 b0.13±0.04 37.38±1.82
60d-Sham b39.32±1.41 b75.55±3.69 b5.21±0.18 b116.58±4.77 82.06±13.70 b187.80±11.01 b0.15±0.04 36.85±2.42
120d-Sham b38.40±1.58 b74.97±4.70 b5.13±0.22 b120.23±5.50 77.79±17.1 b189.67±15.28 b0.18±0.04 36.32±1.95
60d-OVX b34.46±2.23 71.41±2.67 4.83±0.32 136.41±12.99 83.44±15.50 167.83±5.04 0.30±0.09 36.58±2.41
120d-OVX 31.17±3.37 70.23±5.63 4.44±0.30 155.98±17.31 72.40±14.20 160.60±18.74 0.38±0.17 37.01±1.73
OVX+PGE2

b45.56±3.53 ab94.12±5.11 b4.84±0.21 a112.88±11.26 a53.00±5.70 ab200.67±11.24 a0.10±0.02 a41.71±1.40
OVX+Ale b36.24±3.19 b75.70±2.22 b4.78±0.34 b134.24±16.29 66.40±8.34 b180.50±5.32 b0.25±0.08 38.40±1.92
OVX+Rol-0.1 b35.05±2.94 bc74.35±2.62 b4.71±0.26 b138.51±13.34 70.64±6.40 bc174.00±5.14 bc0.25±0.06 37.22±1.67
OVX+Rol-0.3 b36.00±1.50 bc75.87±2.73 b4.75±0.27 b135.17±9.90 70.08±9.71 bc178.80±8.01 bc0.21±0.07 37.87±1.35
OVX+Rol-0.6 b36.92±2.46 bc77.26±3.91 b4.78±0.17 b132.28±9.30 69.42±6.84 bc171.40±16.65 bc0.21±0.04 38.70±1.70
OVX+Rol-1.0 b38.74±2.65 ab81.05±3.07 b4.78±0.26 b128.65±12.02 67.86±10.50 bc174.60±17.77 a0.16±0.03 ab40.32±2.41

Ale, Alendronate; Rol, Rolipram 0.1, 0.3, 0.6, 1.0 mg/kg/d, respectively; a=p<0.05 from 60d-OVX; b=p<0.05 from 120d-OVX; and c=p<0.05 between
Rolipram and PGE2.

Table 9. Select ÌCT changes of the lumbar vertebrae (LV).
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BFR/B.Pm) compared to basal or beginning controls.
Prostaglandin E2 (PGE2) effects (Table 8). Sixty days of

PGE2 to 60d-OVX rats induced significantly increased corti-
cal bone (%Ct.Ar) and decreased marrow cavity (Ma.Ar)
with a decrease in endocortical resorption (Ec-E.Pm/B.Pm)
and increases in perisoteal and endocortical bone formation
compared to 120d-OVX controls.

The PGE2-treated tibial shaft differed from the 120d-Sham
controls with elevated periosteal and endocortical formation
rates and decreased endocortical bone resorption.

Compared to 60d-OVX controls, the PGE2-treated tibial
shafts showed elevated endocortical bone formation and
reduced bone resorption.

Alendronate (Ale) effects (Table 8). Alendronate treat-
ment resulted in higher cortical bone area and smaller mar-
row cavity to exist in association with increased periosteal
bone formation and reduced endocortical bone resorption
compared to 120d-OVX controls.

A comparison to 120d-Sham controls found Ale differed
in activating periosteal bone formation.

When compared with pre-treatment OVX’d (60d-OVX)
controls, Alendronate treatment only significantly depressed
endocortical bone resorption.

Rolipram (Rol) effects (Table 8). Sixty days’ treatment
with all doses of Rolipram found more cortical bone and less
marrow area together with increased periosteal bone forma-
tion and decreased endocortical bone resorption compared
to 120d-OVX controls.

Compared to 120d-Sham controls, Rolipram treatment
differed by increasing periosteal and endocortical bone for-
mation. Rolipram significantly decreased periosteal bone
formation compared to 60d-OVX controls.

Rolipram versus PGE2 (Table 8). Rolipram differed only in
significantly reduced endocortical bone formation. There was a
significant 7% reduction in cortical bone mass with Rolipram.

Rolipram versus Alendronate (Table 8). No differences
were found between the two treatments.

Lumbar vertebral ÌCT (Table 9)

One hundred and twenty days of ovariectomy significant-
ly decreased trabecular bone volume, trabecular number,
and cortical thickness compared to all sham control groups.
PGE2 treatment significantly increased trabecular and corti-
cal thickness compared to the 60d and 120d-OVX groups.
Alendronate treatment had similar bone volume compared
to the 60d-OVX group. Rolipram treatment at 0.1-0.6 mg
dose levels had similar trabecular bone volume and trabecu-
lar thickness compared to the 60d-OVX group. Trabecular
thickness and plate-like trabeculae were increased in the 1.0
mg Rolipram dose group compared to the 60d-OVX group. 

Femur DEXA (Figures 2 and 3)

Ovariectomy significantly decreased distal femur areal
BMD and BMC compared to the sham control groups. PGE2

significantly increased mid- and distal femur areal BMD and
BMC compared to OVX groups. Alendronate had similar
areal BMD and BMC in the mid- and distal femur as the
60d-OVX group. Rolipram had similar areal BMD and
BMC at the distal femur as the 60d-OVX group. At the 1 mg
dose level, Rolipram significantly increased mid-femur
BMD compared to the 120d-OVX group. At all doses,
Rolipram had lower areal BMD level than PGE2 at both the
mid- and distal femur.

Discussion

The results of this study indicated that daily administra-
tion of Rolipram, a PDE4-specific inhibitor, prevented fur-
ther bone loss in an adult established osteopenia model.
These findings were consistent in five skeletal sites that were
measured: tibial metaphysis and diaphysis, lumbar vertebra
body, distal femur metaphysis and femoral diaphysis. A
dose-response effect was seen in the trabecular bone com-
partments in the proximal tibial metaphysis and the lumbar
vertebral body. Dynamic bone histomorphometry suggested
that these beneficial effects were achieved by partially main-
taining the elevated bone formation at the trabecular bone
surface and at the periosteal bone surface. Furthermore, it
decreased bone turnover and at the 0.6 and 1.0 mg/kg
Rolipram dose levels on the trabecular surfaces and at all
dose levels on the endocortical bone surfaces. The preven-
tion of further effects of bone loss were comparable to those
of an antiresorption agent (Alendronate) but were not as
great as those of an anabolic agent (PGE2).

In contrast to the relative high doses (1-30 mg/kg) used in
other studies19,21, we chose to lower Rolipram doses to eval-
uate if we could prevent further bone loss or restore cancel-
lous bone in rats with established osteopenia. Bone histo-
morphometry performed at the tibial metaphysis and diaph-
ysis clearly showed that Rolipram affected both the
periosteal and endosteal envelopes. Rolipram was effective
in preventing further cancellous bone loss associated with
estrogen-depletion started from the lowest dose level. It
maintained all the static parameters (bone mass and archi-
tecture) at the pre-treatment level accompanied by slightly
decreasing bone formation and decreasing the elevated bone
resorption, bone turnover and remodeling induced by
ovariectomy. Both animal studies and human data tend to
support that there is an inverse relationship between bone
mass and bone turnover, and decreased bone strength
and/or fractures are likely linked to increased bone
turnover26-29. We suspect that decreased bone turnover and
remodeling could contribute to increased bone strength and
decreased fracture risk. Although Rolipram treatment was
not as potent as those of PGE2 in restoring bone mass, it was
comparable to those of Alendronate with regard to the pre-
vention of further OVX-induced bone loss when the dose
was used at a level greater than 0.6 mg/kg.

When rats are ovariectomized at the age of 3 to 10
months, periosteal bone modeling drifts are usually
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Figure 2. Bone mineral density (BMD, A) and bone mineral content (BMC, B) of the mid-femur. PGE2, Alendronate and Rolipram at 1.0
mg/kg increased BMD compared to final OVX group. Only PGE2 increased BMC. a=p<0.05 from 60d-OVX; b=p<0.05 from 120d-OVX;
and c=p<0.05 between Rolipram and PGE2 group.

Figure 3. Bone mineral density (BMD, A) and bone mineral content (BMC, B) of the distal femur. Ovariectomy decreased distal femur BMD
and BMC. PGE2 increased both BMD and BMC. Alendronate prevented the decease of BMD. Rolipram at all doses prevented further
decreases of BMD and BMC. a=p<0.05 from 60d-OVX; b=p<0.05 from 120d-OVX; and c=p<0.05 between Rolipram and PGE2 group.
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enhanced or reactivated. This increased periosteal expan-
sion will compensate for the endocortical bone loss and
results in no decrease in cortical thickness at least for 6
months post-OVX. As expected, we found that OVX
induced a transient increase in periosteal apposition but
returned to near aging control level in 4 months. Cortical
bone area began to decrease by the end of the study (Table 7).
However, in the Rolipram-treated ovariectomized animals,
periosteal bone formation was enhanced at a level that was
above aging control level. As a result, cortical bone area and
cortical thickness did not decrease (Figure 4). The periosteal
mineral apposition rates were partially sustained while the
endocortical apposition rates were maintained by Rolipram
treatment. This may result in an increase in bone strength as
the new bone is added to the periosteal surface where it has
the greater biomechanical impact.

Micro-CT measurement not only allowed us to observe
bone volume, but also allowed us to follow the changes of
bone architecture. Trabecular architecture deteriorations
were found after 4 months of estrogen depletion in the lum-
bar vertebral bodies of the rats as shown by the decreases of
bone volume, trabecular number, thickness and increases of
trabecular separation and star volume. Cortical bone thick-
ness was also found to be decreased after OVX. Rolipram
prevented OVX-induced decrease of the trabecular number,
and the lower trabecular separation and star volume pointed
to its ability to preserve bone connectivity. It also increased
trabecular thickness, inducing more plate-like trabeculae,
which may increase the lumbar load-bearing strength as tra-
becular thickness correlated well with ultimate compressive

strength in the lumbar vertebrae30-32. Furthermore, because
cortical bone may play a larger role in determining the
strength of the lumbar vertebra than the trabecular bone32,33,
Rolipram treatment may presumably prevent the decrease in
bone biomechanical properties following OVX by prevent-
ing cortical bone loss in the lumbar vertebrae. However, we
will need to perform additional whole bone biomechanical
testing to verify our speculations.

DEXA measurements on the femur demonstrated, that
like Alendronate, Rolipram increased bone density without
affecting bone mineral content of the mid-shaft when
employed at the highest dose level (1.0 mg/kg). This suggests
that the effects of Rolipram on this bone site were anti-
resorptive. In the distal femur, a site dominated by cancel-
lous bone, Rolipram maintained both bone mineral density
and content at pre-treatment levels. Although bone mineral
density of the Rolipram-treated groups was similar to that of
Alendronate-treated group, they had higher bone mineral
content than that of Alendronate, suggesting Rolipram
employed at the level of 1.0 mg/kg might have better anti-
resorptive effects compared to that of Alendronate.

It was reported that the deterioration of trabecular bone
structure in long bone (proximal tibia) following estrogen
depletion results from the conversion of plate to rod elements
due to the perforation of the trabecular plates and the loss of
bone connectivity34. This loss of connectivity was irreversible
even if bone volume was restored to the baseline level with
estrogen replacement or with anabolic treatment. However, the
vertebral ÌCT data indicated that OVX did not induce the loss
of connectivity density despite the losses of trabecular bone vol-

Figure 4. Cortical bone of the tibial diaphysis at 120 days. Ovariectomy increased endocortical bone eroded (white arrows) and periosteal bone
formation. Alendronate inhibited endocortical bone resorption as is evident by the decrease of eroded surface and preservation of the pre-
treatment Xylenol Orange label (orange label, white arrows). PGE2 increased double labels at both the periosteal and endocortical surfaces;
cortical width was increased. Rolipram at all four doses had similar periosteal labeling as the OVX group but had less endocortical bone erod-
ed surface. Pre-treatment Xylenol Orange label (arrows) could be seen in the two highest dose groups. Original magnification: 60×.
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ume and number; PGE2, Alendronate and Rolipram treat-
ments tended to have lower connectivity density than ovariec-
tomized animals, even though these treatments restored the
trabecular bone volume. The discrepancy of initial change of
bone connectivity between the proximal tibial and the vertebra
may be due to the presence of more plate-like trabecular struc-
ture in the vertebra than in the proximal tibia. The initial
response to estrogen depletion in the vertebra is fenestration of
plates followed by their progressive enlargement that converted
plates to rods, resulting in an increase in connectivity density.
As three-dimensional measurements of connectivity quantity
the holes in the trabecular lattice, fenestration of a plate
increases the number of holes, while anabolic treatments could
fill in small plate fenestrations. As a result, OVX may seem to
initially increase the connectivity density while the anti-resorp-
tive and anabolic agents may do the opposite in this particular
bone site35-39. But we have to keep in mind that bone loss occurs
at a slower rate in the vertebra than in the tibia: four months of
ovariectomy only induced 20% loss of cancellous bone in the
vertebra versus over 80% in the proximal tibia40-41. If the exper-
imental period were prolonged so that the vertebra developed
severe osteopenia, it would be possible that we could see the
loss of trabecular connectivity density in this bone site.

One unexpected but interesting finding in this study is that
higher doses of Rolipram rapidly increased body weights
when it was initiated and increased muscle weights (Figure 1
and Table 2) without significantly affecting other organ
weights (data not shown). The mechanisms underlining these
changes were unknown. It has been proposed and seems to
be true that muscle force is the main determinant of the post-
natal and whole-bone strength and bone "mass"42-44. In our
previous studies, we found that the loss of muscle weight pre-
ceded the bone loss and the recovery of muscle preceded the
recovery of bone mass45. Similar results also occur in
humans46-48. The increases in muscle and body weight by
Rolipram may contribute to maintaining the elevated
periosteal bone formation and inhibit endosteal bone resorp-
tion. Further evaluations on the function of the muscles are
necessary before we could substantiate this conclusion.

Inhibitors of PDE4 act by increasing intracellular concen-
trations of cyclic AMP, which have a broad range of anti-
inflammatory effects on various key effector cells involved in
asthma and chronic obstructive pulmonary disease (COPD).
The therapeutic ratio for PDE4 inhibitors is thought to be
determined by selectivity on receptor subtypes for the rela-
tive effects on PDE4B (anti-inflammatory) and PDE4D
(emesis). The main side effects of PDE4 inhibitors include
central nervous and gastrointestinal side effects, which have
limited their clinical application49. Since rats in general do
not vomit, we are not surprised to see the lack of emesis fol-
lowing Rolipram administration. Further toxicology study in
larger animals will be necessary for this purpose.

In summary, the present study has shown that Rolipram, a
PDE4 inhibitor, prevented OVX-induced bone loss at all five
skeletal sites tested. A dose-response effect was seen in the tra-
becular bone compartments in the proximal tibial metaphysis

and the lumbar vertebral body. Maintaining the ovariectomy-
elevated bone formation at both the periosteal and endosteal
surfaces but inhibiting endosteal bone resorption and lowering
bone turnover may account for the static changes. The preven-
tion of further bone loss effects of Rolipram were comparable
to those of Alendronate with regards to bone mass and bone
resorption. Developing a PDE4 analog that could eliminate
their unpleasant side effects but would sustain its beneficial
effects on the skeleton is an attractive idea of drug development
for the treatment of osteoporosis.
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