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Abstract

To evaluate the potential use of a combination of antiresorption
and bone formation-promoting agents as a treatment for post-
menopausal osteoporosis, we examined the effects of combined
and separate administration of estrogen ( 17,8-estradiol, 30 ;Lg/
kg per d, s.c.) and parathyroid hormone (rPTH 11-341, 40 ;&g/
kg per d, s.c.) on the proximal tibia of ovariectomized (Ovx)
rats. The treatments lasted for 4 wk and were initiated 1, 3, and
5 wk after surgery. Ovx resulted in rapid loss of cancellous
bone volume (Cn-BV/TV) as well as trabecular connectivity,
as determined by two dimensional strut analysis. Whenadmin-
istered in a preventive mode, treatment beginning I wk post-
Ovx, estrogen or PTH treatment alone preserved Cn-BV/TV
and trabecular connectivity, and combined estrogen and PTH
treatment caused a 40% increment in Cn-BV/TV while main-
taining comparable trabecular connectivity with that seen in the
Sham-operated animals. Whenadministered in a curative mode
to rats with established osteoporosis, treatments beginning 3 or
5 wk post-Ovx, estrogen or PTH treatment alone prevented
further loss of connectivity and Cn-BV/TV, whereas the com-
bined treatment resulted in as much as a 300% improvement in
one of the parameters of trabecular connectivity, node to node
strut length, and a 106% increase in Cn-BV/TV, with respect
to the bone status at the initiation of treatment. The beneficial
effects of this combined treatment derive from estrogen's abil-
ity to prevent accelerated bone resorption and, simultaneously,
PTH's promotion of bone formation. These data demonstrate,
in an animal model, that therapies can be devised to cure the
skeletal defects associated with established osteoporosis. (J.
Clin. Invest. 1993. 91:2479-2487.) Key words: bone formation
* bone mineral density * calcitriol - histomorphometry * osteo-
porosis

Introduction

Osteoporosis is a disease characterized by low bone mass, mi-
croarchitectural deterioration of bone tissue leading to en-
hanced bone fragility, and a consequent increase in fracture
risk ( 1 ). Two basic means of treatment have been proposed to
combat bone loss in osteoporosis, namely, inhibition of bone
resorption and promotion of bone formation. Estrogen (2),
calcitonin (3), and bisphosphonates (4) have been successful
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in preventing bone loss with small increments in bone mass but
can not cure established osteoporosis as they do little to restore
mass and trabecular connectivity. The ability to identify a regi-
men that can improve both bone mass and trabecular connec-
tivity would be an important advance in treatment of the estab-
lished disease. In humans, fluoride (5, 6), anabolic steroids
(7), and intermittent administration of PTH(8-1 1 ) have been
used with some success in improving cancellous bone mass. A
therapeutic regimen using a combination of an antiresorptive
agent, to prevent further bone loss, and an anabolic agent, to
promote new bone formation, is a theoretically attractive ap-
proach for restoring bone mass. This treatment has not been
rigorously tested in either humans or experimental animals.

Ovariectomy (Ovx)' induces osteoporosis in rats ( 12, 13)
by increasing bone turnover ( 14, 15) and the rat has been suc-
cessfully used as an animal model for postmenopausal osteopo-
rosis (16, 17). Estrogen prevents bone loss in this animal
model by reducing bone turnover (18-22) while PTH, given
intermittently, acts as an anabolic agent for bone formation
(23-29). In this study, we present data on changes in bone
mass, as well as trabecular connectivity, as a result of treatment
of Ovx animals with estrogen and/or PTH. In addition, similar
treatments were initiated at three different times after Ovx in
order to ascertain the effects of intervention in both preventive
and curative modes.

Methods

Animals and diets
Virgin female Sprague-Dawley rats were purchased from Harlan
Sprague-Dawley Inc. (Indianapolis, IN) and maintained at the Animal
Research Facility of the Helen Hayes Hospital for an additional month
before the start of the experiment. They were housed in a room main-
tained at 20'C on 12-h light/ 12-h dark cycles. Bilateral ovariectomy or
sham (Sham) operation were performed at the onset of the experiment
when the rats were 5 moof age (- 275 g). The Ovx animals were fed
15 g per rat per d of Purina laboratory rodent Chow (Ralston Purina
Co., St. Louis, MO), the mean food intake of the sham-operated ani-
mals, to prevent the hyperphagia associated with Ovx in rats. The exper-
imental protocol was approved by the IACUC at Helen Hayes Hos-
pital.

Experimental protocols
Treatment was started at three different time points: 1, 3, and 5 wk after
surgery. At each time point, five different treatment groups were estab-
lished: (a) sham-operated animals, treated with vehicle (5% ethanol in
corn oil and 1 mMHCI); (b) Ovx animals, treated with vehicle; (c)
Ovx animals, treated subcutaneously with 40 ,ig/kg per d of rat 1-34
PTH (24,800 IU/mg in an in vitro rat adenoid membrane adenylate
cyclase stimulation assay, Bachem Inc., Torrance, CA) dissolved in 1
mMof HCI; (d) Ovx animals, treated with 30 jg/kg per d of 17#-

1. Abbreviations used in this paper: Ovx, ovariectomy; Sham, sham-
operated.
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estradiol dissolved in 5%ethanol in corn oil (Sigma Chemical Co., St.
Louis, MO); (e) Ovx animals, treated with a combination of PTHand
estradiol. All rats were killed 4 wk after the initiation of treatment, i.e.,
5, 7, and 9 wk after surgery. Each treatment group consisted of eight
animals. Two doses of demeclocycline (Lederle, Pearl River, NY) at 10
mg/kg body weight were given to each animal 6 and 2 d before killing.
On the day immediately before killing, the rats were housed in individ-
ual metabolic cages and a 24-h urine sample was collected. 24 h after
the last PTH and/or estrogen injection, blood was collected via the
abdominal aorta, and right tibias and femurs were excised and fixed in
70% alcohol for histomorphometric evaluation and bone mineral den-
sity measurements, respectively.

Analytical procedures
Bone mineral density. Bone mineral density of entire excised femurs
was measured by dual-energy x-ray absorptiometry (QDR- 1000, Holo-
gic, Waltham, MA) under 5 cm of 70% alcohol with a 0.025-in. colli-
mator at the high resolution mode. Three regions of the scan from the
whole femur were analyzed separately. The areas represent proximal
and distal regions 25% each of total length, which contain significant
amounts of cancellous bone, and the diaphysis, which represents 50%
of the femoral length and is almost exclusively composed of cortical
bone. Triplicate determinations of five different femurs, with a new
placement after each determination, showed a coefficient of variation
of the measurements at 2.5%.

Blood and urine chemistry and vitamin Dmetabolite assays. Serum
and urine calcium, phosphorus, and creatinine concentrations were
measured by standard calorimetric methods as previously described.
Serum 1 713-estradiol was determined by radioimmunoassay using a kit
from Diagnostic Products Corp. (Los Angeles, CA). The osteocalcin
concentration was measured with a commercial radioimmunoassay kit
(Biomedical Technologies Inc. Stoughton, MA) using rat osteocalcin
as standard and a region specific domain of goat anti-rat osteocalcin
antibody. Vitamin Dmetabolites in serum were extracted with organic
solvents after chromatography on C18 Sep-Pak cartridges (Waters As-
sociates, Milford, MA) and further purified by chromatography on
silica Sep-Pak cartridges. 25(OH)D3 was measured by a competitive
protein-binding assay using rat serum depleted of vitamin D, as previ-
ously described (30). 1,25(OH)2D was assayed by a radioreceptor as-
say that uses a 1,25(OH)2D receptor protein isolated from bovine thy-
mus (Incstar, Stillwater, MN) (31 ).

Histomorphometry. Excised right tibias were dehydrated, embed-
ded undecalcified in methyl methacrylate and sectioned longitudinally
using a Jung Ultracut microtome (Reichert-Jung, Heidelberg, FRG).
From the center of the tibias, 4- and 10-pm nonconsecutive sections
were obtained. The 4-Am sections were stained by the Goldner's
trichrome method and the 10-pm sections were mounted unstained.
Osteoclast surface(OC/BS), single-labeled surface(sLS/BS), and dou-
ble-labeled surface (dLS/BS) in the secondary spongiosa, 1 mmaway
from the growth plate, from cortex to cortex, with a total area of - 2.9

2mm, were measured directly and expressed as a percentage of the bone
surface using a Merz eyepiece graticule at X400. Cancellous bone vol-
ume (Cn-BV/TV) and trabecular perimeter were measured using a
direct tracing method as detailed in the following section. Trabecular
thickness (Th.Th), number (Tb.N), and separation (Tb.Sp) were cal-
culated according to Parfitt et al. (32). Mineral apposition rate (MAR)
was calculated by dividing the directly measured distance between the
two tetracycline labels by the number of days between the labels. Bone
formation rate (BFR/BS) was calculated by MAR*( 1/2sLS/BS
+ dLS/BS).

Trabecular strut analysis. The stained sections were placed under a
microscope linked to an interactive measuring system (Optomax VIDS
IV, Analytical Measurement Systems, Optomax Inc., Hollis, NH) by a
television camera mounted on the microscope. Using an objective at a
magnification of 6.3, the section was viewed on the television screen at
a total magnification of 140. Two fields from each section, each field
1.34 mm2in area, situated equidistant from the cortex and 1 mmdistal
to the lowest point of the growth plate, were used in the measurements.

Two sections were measured from each rat. The measurements and
definitions of the parameters were a modification of those described
previously by Garrahan et al. (33) and Mellish et al. (34). They in-
cluded node number (N.Nd), terminus number (N.Tm), node to node
strut length (Nd.Nd), node to terminus strut length (Nd.Tm), and
terminus to terminus strut length (Tm.Tm), all . xpressed per square
millimeter of measured area. Each length measurement was also ex-
pressed as a percentage of the total strut length. This differed from
previous measurements in that each strut that extended to the border of
the field measured was given a designation of Nd.Nd, Nd.Tm, or
Tm.Tmbased on the identity of structures that were immediately out-
side the viewing field. Total strut length (TSL) is the sum of Nd.Nd,
Nd.Tm, and Tm.Tm.

Statistical analysis. Student's t test was used to compare the results
between Shamand Ovx + V groups. The effects of PTHand/or estro-
gen treatments in Ovx rats at each time point were analyzed by the
method of Duncan's procedure of analysis of variance using SAS soft-
ware (SAS Institute Inc., Cary, NC).

Results

Serum and urine parameters
Serum estradiol levels were 137±64 pmol/liter (mean±SD) in
sham-operated groups. As expected, serum estradiol levels
were 59±36 pmol/liter in Ovx rats that were not supplemented
with estradiol (Ovx + V and Ovx + P) while serum estradiol
levels were 636±432 pmol/liter in groups of ovariectomized
rats supplemented with 17fl-estradiol (Ovx + E and Ovx + P
+ E). There were no significant differences in serum calcium,
phosphorus, urine calcium, and phosphorus between any of
the groups (data not shown). Tubular reabsorption of phos-
phate was the same in all but one group; Ovx + E treated from
weeks 1 to 5 was lower (Table I).

Serum levels of 25 (OH)D3 were not significantly different
among all Ovx groups examined except that it was lower in one

group (Ovx + E, weeks 3-7). Serum levels of 1,25 (OH)2D
were decreased by 32-63% in estrogen treated groups. PTH
treatment of Ovx rats resulted in a highly significant 87-113%
increase in serum 1,25(OH)2D concentration in each of the
treatment periods. Combined PTHand estrogen treatment did
not result in an increase of 1,25 (OH)2D levels in the preventive
treatment periods but did stimulate 1,25 (OH )2D levels by 40-
120% over that of estrogen alone in the curative treatment pe-
riods. The circulating osteocalcin levels were elevated by Ovx
and decreased in Ovx + E groups by 22-40%. Among the Ovx
groups, osteocalcin was shown to be elevated in Ovx + P
groups by 24-58%, and unchanged in Ovx + P + E groups.

Histomorphometric parameters and bone mineral density
Structural parameters. As expected, cancellous bone volume
in Ovx + V groups was 50-75% lower than respective sham
groups (Table II). The estrogen treatment alone prevented fur-
ther bone loss. In these animals there was an increment of
cancellous bone volume of 163%, 126%, and 80% when com-
pared with respective Ovx + V groups. PTH treatment alone
also improved cancellous bone volume by 175%, 198%, and
165% when compared with respective Ovx + V groups at each
of the three time points. Cancellous bone volume in the Ovx
+ P + E group treated, in a preventive mode, from weeks 1 to 5
(Ovx + P + E, weeks 1-5) produced a significant 240% in-
crease of cancellous bone volume when compared with the
untreated group (Ovx + V, weeks 1-5) as well as a 40% in-
crease over and above the sham-operated group (Sham, weeks
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Table L Serum and Urine Parameters

Treatment period Treatment 25(0H)D3 1,25(OH)2D Tubular reabsorption of Pi Osteocalcin

nmol/liter pmol/liier % ng/ml

Weeks 1-5 Ovx + V 49.9±1.5 56.6±7.0* 93.2±1.0 26.2±2.3§"
Ovx + P 60.2±5.5 119.3±7.4* 90.0±2.6 32.8±2.6*
Ovx + E 54.4±1.7 31.9±3.6$§ 73.9±6.2 17.4±0.6*
Ovx + P + E 57.9±2.7 30.7±3.8t- 86.9±2.2 22.7±1.2§"
Sham 67.6±5.5 49.7±4.3 84.2± 1.8 23.6±0.9

Weeks 3-7 Ovx + V 60.7±4.01 54.5±7.4§ 87.3±2.8 19.7±1.2§"
Ovx + P 65.9±2.71 96.0±8.6* 88.3±1.8 30.5±2.0*
Ovx + E 48.9±3.5* 36.2±2.61 75.2±1.6 15.1±1.5*
Ovx + P + E 61.7±2.51" 50.6±6.2§ 74.6±6.1 21.2±1.3§w"
Sham 68.4±3.5 46.3±4.3 76.1±5.4 20.7±1.1

Weeks 5-9 Ovx + V 51.9±1.5 66.2±9.1w" 92.0±2.7 25.2±1.4*
Ovx + P 58.4±4.5 128.9±9.4* 87.6±1.8' 31.0±2.0*
Ovx + E 48.4±2.5 25.0±3.1* 90.1±1.4 15.1±0.9t§
Ovx + P + E 58.4±2.7 53.8±6.2t"1 95.6±0.8§ 18.6±2.0"§
Sham 64.1±4.5 42.0±7.4 93.2±1.3 20.3±1.1

Values for Shamgroups are given as a reference for comparison. P < 0.05, * vs. all other groups; vs. Ovx + V; § vs. Ovx + P; vs. Ovx + E;
' vs. Ovx + P + E.

1-5) (Table II). The group treated with the combination of in the Ovx + V, weeks 5-9 rats. Combined PTHand estrogen
PTHand estrogen, when administered in a curative mode from treatment resulted in improved cancellous bone volume when
weeks 5 to 9 (Ovx + P + E, weeks 5-9), showed a 225% in- compared with either PTHor estrogen treatment alone. How-
crease of cancellous bone volume when compared with the ever, the differences between Ovx + P + E and Ovx + P at
untreated Ovx + V group killed on the same date (Ovx + V, weeks 3-7 and 5-9 were not statistically significant. Mean tra-
weeks 5-9) (Table II) and a 106% increase when compared becular thickness was similar in Sham, Ovx + V, and Ovx + E
with the untreated Ovx + V group killed at the time of the groups. All PTHtreatments, whether Ovx + P or Ovx + P + E,
initiation of treatment for this group (Ovx + V, weeks 1-5) increased the trabecular thickness by 25-40% (Table II). The
(Table II and Fig. 1 a). Ovx + P + E through weeks 5-9 re- average number of trabecular plates per square millimeter
stored 84% of the cancellous bone volume relative to Sham, showed a time-dependent decrease in Ovx + V groups from 4.2
weeks 5-9, in contrast to a 74%loss of cancellous bone volume before surgery to 2.0, 1.9, and 1.2 at 5, 7, and 9 wk after surgery,

Table II. Effects of Treatments on Structural Parameters of Cancellous Bone

Treatment period Treatment Cn-BV/TV Th.Th Th.N Th.Sp

% Om JIm

Weeks 1-5 Ovx + V 8.2±1.1* 40.3±2.5* 2.0±0.1* 483±11*
Ovx + P 22.6±2.7$' 57.8±3.1t" 3.8±0.2* 210±24*
Ovx + E 21.6±1.4*1 49.7+3.3* 4.3±0.1* 181±8*
Ovx + P + E 27.9± 1.1 * 65.7±2.8$*Al 4.3±0.1 $ 171±12$
Sham 19.8± 1.1 43.4± 1.7 4.5±0.2 178±11

Weeks 3-7 Ovx + V 6.9±0.8* 35.7±2.4* 1.9±0.1* 519±60*
Ovx + P 20.6±0.7t" 56.5±1.5*tI 3.6±0.1* 219±9$
Ovx + E 15.6±1.5* 46.5±1.3* 3.3±0.3$ 273±34$
Ovx + P + E 20.6±1.4$tI 56.9±2.1 V1 3.6±0.2* 228±21*
Sham 20.3±0.9 46.4±1.8 4.3±0.1 182±7

Weeks 5-9 Ovx + V 5.2±2.0§' 40.8+3.5§' 1.2±0.3* 1343±462*
Ovx + P 13.8±1.9* 51.3±4.5*.I 2.6±0.2* 354+43t
Ovx + E 9.4±1.1' 38.5+1.8§' 2.4±0.2*' 398±47*
Ovx + P + E 16.9±1.5t11 51.4±1.5*.1I 3.2±0.2*11 269±25*
Sham 20.2±1.4 47.0±2.3 4.2±0.2 189±11

Values for Shamgroups are given as a reference for comparison. P < 0.05,
' vs. Ovx + P + E.

* vs. all other groups; t vs. Ovx + V; vs. Ovx + P; 11 vs. Ovx + E;
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Figure 1. Static and dynamic indi-
ces, before and after PTHand/or
estrogen treatments, in Ovx rats
with established osteopenia. 5-mo-
old virgin female rats were either
Sham-operated or ovariectomized.
Two groups of rats, Sham and Ovx,
were killed before the treatment and
at week 5 after the operations. Four
groups of Ovx rats were further
treated with vehicle, PTH, estrogen
or PTHplus estrogen from weeks
5 to 9. They were killed after the
treatment at week 9. One Sham
group was also killed at the same
time for comparison purpose. The
histomorphometric analysis, strut
analysis, and bone mineral density
measurement of the killed rats were
as described in the materials and
methods. (a) Cancellous bone vol-
ume; (b) node to node strut length;
(c) node number/terminus num-
ber; (d) percentage of terminus to
terminus strut length to total strut
length; (e) bone formation rate; (f)
osteoclast surface; (g) bone mineral
density of the distal femur; (h) bone
mineral density of the diaphyseal
femur.

respectively. Each of the treatment groups showed significant
preservation of plate number (Table II). For example, Ovx + P
+ E, weeks 5-9 showed a 166% increase when compared with
Ovx + V, weeks 5-9 and a 60% increase when compared with
the Ovx + V group killed at the time of the initiation of treat-
ment for this treatment group (Ovx + V, weeks 1-5). Con-
versely, average plate separation increased rapidly with time in
all Ovx + V from 189 ,um before surgery to 483, 519, and 1,343
Amat 5, 7, and 9 wk after surgery, respectively. Each treatment
group displayed a lower degree of plate separation than the Ovx
+ V groups; the combined treatment with PTH and estrogen

group showed the lowest degree of separation at all time points
(Table II).

Trabecular strut analysis. Three parameters which reflect
trabecular connectivity, node to node strut length, node num-

ber, and node to terminus ratio, showed a significant decrease
after ovariectomy (Table III). In Ovx + V rats, only 11%, 4%,

and 6%of node to node strut length were retained when com-

pared to Shamat weeks 5, 7, and 9, respectively. PTHor estro-
gen alone helped to retain more node to node strut length (Ovx
+ P: 71%, 77%, and 23%; Ovx + E: 91%, 38%, and 10%at each
of the time points, respectively). Rats treated with combined
PTHand estrogen (Ovx + P + E, weeks 1-5), given in a pre-
ventive mode, retained 137% of their node to node strut length,

a 1,100% improvement when compared with Ovx + V, weeks
1-5. When rats were treated with PTHand estrogen in a cura-

tive mode (Ovx + P + E, weeks 5-9), they retained 52% of
their node to node strut length. This is an improvement of
700%when compared with Ovx + V killed after the same dura-
tion after Ovx (Ovx + V, weeks 5-9) and a 300% increase when
compared with Ovx + V killed at the time of initiation of treat-
ment (Ovx + V, weeks 1-5) (Table III and Fig. b). The other
connectivity parameters, node number and ratio of node num-

ber to terminus number, showed a similar pattern (Table III
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Table III. Effects of Treatments on Trabecular Connectivity

Connectivity indices
Disconnectivity indices:

Treatment period Treatment Nd to Nd length Node number Nd to Tm ratio Tm.Tm/TSL

mm/mm2 No./mm2 %

Weeks 1-5 Ovx + V 0.4±0.2* 1.4±0.5* 0.10±.04* 59+7*
Ovx + P 2.5+0.6*' 5.8+0.7*$ 0.36±.05$' 30±5*
Ovx + E 3.2+0.7$" 7.1±0.8* 0.41±.06$' 24±7*
Ovx + P + E 4.8±0.6* 7.7+0.6*' 0.65±.06* 8±1*
Sham 3.5±0.6 8.9±1.3 0.42±.06 21±2

Weeks 3-7 Ovx + V 0.1±0.1* 0.9±0.2* 0.06±.01* 69±4*
Ovx + P 2.0±0.2*.I 3.7±0.4$ 0.26±.03* 33±2*
Ovx + E 1.0±0.3$§ 3.3±0.5$ 0.21±.03*1 39+5$
Ovx + P + E 1.8±0.4* 4.2±0.8* 0.32±.05t41 29±3*
Sham 2.6±0.5 6.0±0.9 0.30±.05 31±4

Weeks 5-9 Ovx + V 0.2±0.11 0.6+0.3§ 0.06±.03§" 79±9§'
Ovx + P 0.7±0.4' 2.3±0.5* 0.21±.05t-11 43+5*
Ovx + E 0.3±0.2' 1.4±0.2' 0.09±.02§" 61±6'
Ovx + P + E 1.6±0.3* 3.7±0.7tII 0.27±.05tt 33+±l.II
Sham 3.1±0.5 6.6±0.9 0.41±.05 19±5

Values for Shamgroups are given as a reference for comparison. P < 0.05, * vs. all other groups; * vs. Ovx + V; § vs. Ovx + P; vs. Ovx + E;
' vs. Ovx + P + E.

and Fig. 1 c). The parameter most reflecting loss of connectiv- and 82% higher than Sham at weeks 5, 7, and 9, respectively)
ity, percentage terminus to terminus strut length to total strut and estrogen reversed this increase (-71%, -56%, and -71% of
length, showed an increase of 81%, 123%, and 140% after ovar- Ovx + V at weeks 5, 7, and 9, respectively). PTH treatment
iectomy when compared with the Sham groups at each time alone did not further elevate osteoclast surface in Ovx rats nor
point, respectively (Table III and Fig. 1 d). Each of the treat- did it override the suppressive effects of estrogen (-64%, -72%
ment groups displayed a greater degree of connectivity in tra- and -64% at weeks 5, 7, and 9, respectively) (Table IV). The
becular structure. The combined PTHand estrogen treatment combined PTHand estrogen was similar to estrogen treatment
was the most effective in improving connectivity. alone.

Cellular activity parameters. Osteoclast surface, as a per- The bone formation rate was elevated after ovariectomy
centage of bone surface, was elevated after Ovx (1 12%, 87%, (1 39%, 186%, and 324% at weeks 5, 7, and 9, respectively)

Table IV. Effects of Treatments on Cellular Activities

Osteoclast surface Total labeling surface
Treatment period Treatment (OC/BS%) (TLS/BS) Mineral apposition rate Bone formation rate

gm/d 4m3/J12 per d

Weeks 1-5 Ovx + V 13.8±1.1* 25.5±1.51" 1.477±0.106" 36.4±3.71"'
Ovx + P 9.2±0.7* 34.5±5.411 1.513±0.054" 50.8±7.1t11
Ovx + E 4.0±0.4*§ 8.5±1.1" 1.156±0.059*' 9.7±1.1*
Ovx + P + E 5.0±0.5*§ 34.1±2.5* 1.386±0.061" 46.8±2.8"
Sham 6.5±0.9 12.4±1.2 1.191±0.066 15.2±2.2

Weeks 3-7 Ovx + V 12.7+1.511' 24.7±1.8" 1.055±0.086§' 26.0±3.5*
Ovx + P 1 1.0+2.5"-" 27.2±3.2" 1.540±0.152* 42.8±8.3*$1
Ovx + E 5.6±1.0$t§ 8.3±1.2* 1.288±0.075 11.6±0.9*
Ovx + P + E 3.5±0.7*§ 27.1±1.6" 1.478±0.095* 39.7±2.9*.l
Sham 6.8±1.9 7.2±1.6 1.318±0.096 9.1±2.5

Weeks 5-9 Ovx + V 14.2+1.4111 26.9±1.61" 1.172±0.115 30.5±2.3"
Ovx + P 14.1+1.9l1" 28.3±6.6" 1.325±0.100 43.9±9.411
Ovx + E 4.1±0.5$§ 9.0±1.4* 1.107±0.069 9.7±1.6*
Ovx + P + E 5.1±0.6$§ 23.3±2.7" 1.315±0.133 30.5±2.5"
Sham 7.8±0.7 6.8±0.7 1.075±0.087 7.2±0.5

Values for Shamgroups are given as a reference for comparison. P < 0.05,
' vs. Ovx + P + E.

* vs. all other groups; * vs. Ovx + V; § vs. Ovx + P; 11 vs. Ovx + E;
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when compared to Shams and severely inhibited by estrogen
replacement when compared with Ovx + V (-72%, -55%, and
-68% at weeks 5, 7, and 9, respectively) (Table IV). PTH
increased the bone formation rate in Ovx animals, when give
alone, by 40%, 65%, and 44% when compared with Ovx + V
groups. Administration of PTHwith estrogen dramatically in-
creased bone formation rate by 382%, 242%, and 214% when
compared with estrogen alone. The changes in bone formation
rate were mainly affected by the changes in total labeled sur-
face. There was an indication of a small increase in bone min-
eral apposition rate by PTH treatment but the trend was not
consistent. There were no noticeable differences in the pattern
of changes in bone formation rate or osteoclast surface whether
the treatment was given in a preventive or curative mode. The
cellular activity before and after treatments from 5 to 9 wk are
shown in Fig. 1, e andf.

Bone mineral density. Bone mineral density measurements
of the distal region of the femurs, enriched with cancellous
bone, paralleled the cancellous bone volume results obtained
from the proximal tibia (Table V and Fig. 1 g). As expected,
bone mineral density of the distal femurs in Ovx + V groups
was 11-17% lower than respective Sham groups (Table V).
PTH treatment alone improved bone mineral density by 9%,
13%, and 15%when compared with respective Ovx + V groups
at each of the three time points, respectively. The estrogen
treatment alone prevented further bone loss and resulted in an
increment of bone mineral density at the distal femur of 12%,
15%, and 16% when compared with respective Ovx + V
groups. Bone mineral density of the distal femur in the Ovx + P
+ E group, treated in a preventive mode, from weeks 1 to 5
(Ovx + P + E, weeks 1-5), exhibited a 36% increase in bone
mineral density when compared with the untreated group
(Ovx + V, weeks 1-5). The Ovx + P + E groups treated in a

Table V. Effects of Treatments on Bone Mineral Density
of the Femurs

Bone mineral density
Treatment

period Treatment Distal region Diaphyseal region

g/cm2

Weeks 1-5 Ovx + V 0.2142±0.0051* 0.2148±0.0054
Ovx + P 0.2339+0.0032$' 0.2110±0.0044
Ovx + E 0.2400+0.0051$ 0.2115±0.0036
Ovx + P + E 0.2579±0.0054* 0.2018±0.0055
Sham 0.2404±0.0047 0.2105±0.0045

Weeks 3-7 Ovx + V 0.2007±0.0048* 0.2007±0.0027
Ovx + P 0.2275+0.0023*' 0.2056±0.0023
Ovx + E 0.2317+0.0046$ ' 0.2041±0.0031
Ovx + P + E 0.2543±0.0038* 0.2059±0.0029
Sham 0.2348±0.0041 0.2084±0.0062

Weeks 5-9 Ovx + V 0.1940±0.0042* 0.1950±0.0024*
Ovx + P 0.2237+0.0056t' 0.2122±0.0053*
Ovx + E 0.2250+0.0040t' 0.2158±0.0045$
Ovx + P + E 0.2566±0.0038* 0.2215±0.0047$
Sham 0.2346±0.0034 0.2059±0.0046

Values for Sham groups are given as a reference for comparison. P
< 0.05, * vs. all other groups; $ vs. Ovx + V; § vs. Ovx + P; 1l vs.
Ovx+E; ' vs. Ovx + P + E.

curative mode, from weeks 5 to 9 (Ovx + P + E, weeks 5-9),
showed a 32% increase of bone mineral density at the distal
femur when compared with untreated Ovx + V groups sacri-
ficed on the same date (Ovx + V, weeks 5-9) and a 29% in-
crease when compared with untreated Ovx + V group sacri-
ficed at the time of initiation of treatment for this group (Ovx
+ V, weeks 1-5) (Table V and Fig. 1 g). Combined PTHand
estrogen treatment resulted in a significantly improved bone
mineral density of the distal femur when compared with either
PTH or estrogen treatment alone (Table V). The diaphyseal
region of the femurs, enriched with cortical bone, showed little
change in bone mineral density regardless of the time and type
of treatment (Table V).

Discussion

The importance of developing a therapeutic regimen that re-
stores lost bone mass and trabecular structure in postmeno-
pausal osteoporosis cannot be overly stressed. Whereas human
studies to this end are tedious and time consuming, one can
more rapidly and safely explore new therapeutic regimens by
performing controlled animal studies. While there are some
differences in the effects of estrogen deficiency on the skeleton
of humans and rats, there are sufficient similarities between the
responses of the two species to warrant use of this model to
provide preliminary evaluation of a potential therapeutic ap-
proach ( 16, 17). In this study, we have evaluated the effects of
administering 1 7/3-estradiol, intermittent PTH, or a combina-
tion of both agents on bone mass and structure in ovariecto-
mized rats. WhenPTHand estrogen were given in a preventive
(from week 1) or curative (from week 3 or 5 post-Ovx) mode,
both prevented estrogen deficiency-induced bone loss. The
combination of PTH and estrogen treatment was superior to
the use of either agent alone to increase mass and improve bone
structure. The most dramatic impact of combined PTH and
estrogen treatment was seen when they were given in a curative
mode to rats with established osteoporosis. Our results demon-
strate the possibility of a significant restoration of both cancel-
lous bone volume and trabecular connectivity with combined
use of PTH and estrogen.

Blood and urine chemistry were found to be nondiscrimi-
nating, as is the case in human studies. Although the differ-
ences among groups did not reach statistical difference, the
tubular reabsorption of phosphate, in general, is higher in Ovx
rats and lower in estrogen-treated Ovx rats, a situation similar
to that reported in humans (35). The reason for the lack of
phosphaturic effect of the PTH injection is probably due to the
long interval between PTH administration and urine collec-
tion. Increased 1,25 (OH )2D levels after estrogen treatment in
postmenopausal women has been proposed to be a possible
mechanism of estrogen action in the prevention of bone loss
(35, 36). In ovariectomized rats, estrogen treatment resulted in
either no change or inhibitory effects on the serum levels of
1,25(OH)2D while loss of bone mass was prevented (37).
Thus, our results and others (37) indicate that, whereas the rat
model mimics some of the sex steroid effects on bone, it is not
ideal for studying the possible role of 1,25 (OH)2D in mediat-
ing the positive effects of estrogen on the skeleton. As expected,
PTH treatment alone increased 1,25 (OH)2D above that of
Sham or Ovx + V groups. 1,25 (OH)2D levels were higher in
the combined treatment groups than in the estrogen treatment
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groups, presumably the result of the administration of PTH.
Increased levels of 1,25 (OH )2D have also been proposed to be
related to the anabolic action of PTH(38) but a direct cause-
effect relationship cannot be determined at this time. The pat-
tern of osteocalcin expression appears to be related to the bone
formation rate in our study. This is not surprising as it has been
shown that the level of osteocalcin is positively correlated with
the bone formation rate in humans (39, 40). Increased osteo-
calcin has been linked to increased turnover in rats after Ovx as
well (41, 42). Whether the increased osteocalcin in PTH-
treated groups is the result of increased 1,25 (OH)2D cannot be
determined but 1,25(OH)2D has been shown to stimulate os-
teocalcin expression in vitro (43).

Bone loss resulting from estrogen deficiency has been stud-
ied by bone mineral density and histomorphometric methods
in rats and humans. Weand others have previously shown by
conventional methods of bone mass measurement, in humans
and rats, that estrogen can prevent such bone loss. Wehave
confirmed these observations by showing that estrogen can pre-
vent further bone loss whether given early, in a preventive
mode, or late, in a curative mode.

Whereas the total cancellous bone mass is important, the
infrastructure of the cancellous bone lattice, or its degree of
connectivity, may be equally or more important in determin-
ing its mechanical competence. Several techniques are now in
use to analyze trabecular microarchitecture. Direct (44, 45)
and indirect (32, 46) measurement of trabecular plate thick-
ness, separation, and number have been used extensively. Less
common methods to measure marrow and trabecular star vol-
ume (47) and trabecular bone pattern factors (48) are also
available. Recently, a method for the analysis of two-dimen-
sional trabecular structure was described by Garrahan et al.
(33), and adapted to a manual method in our laboratory (34).
Amongst the parameters measured, node number, node to
node strut length, and node to terminus ratio are measures of
connectivity of the trabecular plates while terminus to ter-
minus strut length, as a percentage of total strut length, is an
indicator of loss of connectivity (49). Wehad demonstrated
that ovariectomy (Ovx + V) reduces all indices of connectivity
and increases the indices of disconnectivity and that estrogen
replacement in these animals is capable of preventing the loss
of connectivity. Based on the assumption that loss ofconnectiv-
ity precedes the loss of bone mass, such structural measure-
ments would be a more sensitive indicator of bone destruction
than bone mass measurements. This concept is supported by
our findings that changes in connectivity parameters are more
rapid and, thus, more severe than changes in bone mass param-
eters in Ovx animals.

Although the continuous elevation of PTHhas been consid-
ered catabolic in nature, the intermittent administration of
PTH has been shown, by conventional bone mass measure-
ments, to illicit an anabolic response in controlled rat (24, 26,
28, 29, 38, 50-52) and uncontrolled human (53-55) studies.
Wehave similarly found that administration of PTHincreased
the bone formation rate and moderately increased trabecular
thickness without affecting the osteoclast surface. The net re-
sult of these actions is the preservation of bone mass. The com-
bination of PTH and estrogen showed the most dramatic im-
provement in cancellous bone volume. This was achieved by
the simultaneous maintenance of a high bone formation rate,
through the anabolic action of PTH, and a marked inhibition
of bone resorption by estrogen. The success of this combined

treatment in improving bone mass, whether the treatment was

initiated immediately after ovariectomy, as a preventive mea-

sure, or after significant bone loss had occurred, as a curative
measure, has demonstrated the possible clinical utility of this
treatment regimen. This regimen may be extremely useful in
the clinical setting as patients often present themselves only
after significant bone loss has occurred.

While PTH (Ovx + P) and estrogen (Ovx + E) treatment
alone preserved trabecular connectivity, the parameters of con-

nectivity were significantly improved by combined PTH and
estrogen administration (Ovx + P + E), when compared with
the vehicle-treated group killed at the same time or the vehicle-
treated group killed before treatment. This result implies that
the additional bone mass accrued by PTHand estrogen treat-
ment is not simply due to trabecular thickening or to de novo

synthesis of isolated trabeculae, a situation where one might
find increased trabecular number or thickness without in-
creased node number and node to node strut length. The mech-
anism of trabecular reconnection is currently under investiga-
tion. Whether the new bone growth resulted in the same trabec-
ular configuration and equivalent mechanical competence as

that presented before the bone loss still requires to be deter-
mined. The mechanical competence of rat vertebral bodies
treated with PTH alone has been reported to increase signifi-
cantly when compared to vertebrae in untreated rats (56) and,
thus, it is likely that the mechanical integrity of the new bone
will be retained in rats treated with PTH plus estrogen. The
improvement in cancellous bone volume is corroborated by an

improvement of the bone mineral density in the cancellous
bone-enriched distal region, but not the cortical-bone enriched
diaphyseal region, of the femurs. Although our results were

derived from long bones, there have been reports of compara-
ble observations in cancellous bone of the axial skeleton, such
as the vertebra, both in estrogen- or PTH-treated animals (51,
56, 57). Therefore, it is likely that our findings may be valid for
other trabecular sites as well, although this awaits confirma-
tion.

One concern regarding the use of PTHas an anabolic agent
for cancellous bone is that the increase in cancellous bone vol-
ume could be achieved at the expense of cortical bone, as sug-
gested in a previous human study (10). Slovik et al. (54) theo-
rized that if a person does not have a robust 1,25-(OH)2-D
response to PTH, intestinal calcium absorption will not in-
crease appropriately, and the calcium demands for trabecular
bone formation will be met at the expense of cortical bone.
Thus, in ensuing studies, 1 ,25-(OH )2D was given together with
PTH to prevent the possible loss of cortical bone. As an alterna-
tive to the above approach, we decided to combine an antire-
sorber, estrogen, with PTH in order to protect against cortical
bone loss. This takes advantage of the idea that estrogen has
been shown to be very effective in preventing cortical bone loss
(2) and also increases l,25-(OH)2-D levels in humans (35). In
short-term rat studies by Gunness-Hey and Hock (24), PTH
has been shown to increase cancellous bone without reducing
cortical bone. Wehave confirmed their findings in this study.
The rat model may differ from humans because of the high
calcium content in the diet, an exuberant 1,25-(OH)2D re-

sponse to PTH and the better efficiency of intestinal calcium
absorption due to the relatively young age of the animals. A
similar study with aged animals, given a moderate calcium
diet, may be more appropriate in deciphering the role of 1,25-
(OH)2D and/or estrogen in preventing cortical bone loss.
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Although our findings are exciting, these experiments only
address some of the important issues and many questions re-
main to be answered. For example, what are the prolonged
effects of such combined treatment, does bone restored by
combined treatment remain structurally intact after the treat-
ment is terminated, or will continued estrogen supplementa-
tion alone will be sufficient to maintain the restored bone?
Nevertheless, our results strongly support the possibility of re-
storing bone health in established postmenopausal osteopo-
rotic subjects with a combined PTHand estrogen treatment. A
controlled clinical trial using the combination of estrogen and
PTH is clearly well warranted.
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