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Abstract
Selective androgen receptor modulators (SARMs) have shown beneficial effects on muscle wasting, general physical func-
tion and bone properties in male mammals. However, data on the effects of SARMs in postmenopausal osteoporotic bone 
are scarce. We evaluated the effects of the SARM drug ostarine on postmenopausal osteoporotic bone in a rat osteoporosis 
model. Ovariectomy was performed on 46 of 56 3-month-old female Sprague–Dawley rats. Eight weeks after ovariectomy, 
ostarine was orally administered daily for 5 weeks in dosages of 0.04 (low, OVX + Ost. 0.04), 0.4 (intermediate, OVX + Ost. 
0.4), and 4 mg/kg (high, OVX + Ost. 4) body weight. Another ovariectomized group received no ostarine. Lumbar vertebrae 
and femora were removed for biomechanical, gene expression, ashing, and computer tomography analyses. Low dose showed 
no effects. The effects of intermediate and high doses were comparable overall. Improvements were mainly seen in structural 
properties such as bone mineral density and bone volume density. However, the effects in femora were superior to effects 
in vertebrae. Ostarine treatment for 5 weeks did not improve significantly biomechanical properties. mRNA expression of 
the receptor activator of NF-κB ligand decreased after treatment, and uterine weight increased. Serum levels of phosphorus 
increased following ostarine treatment in intermediate and high-dose groups. Short-term treatment of osteoporotic bone with 
ostarine leads to improvement of several microstructural bone indices. While we did not observe changes in biomechanics, it 
is conceivable that longer treatment may also improve biomechanical properties. Further studies are needed to characterize 
longer time effects and side effects of ostarine in osteoporosis.
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Introduction

Postmenopausal osteoporosis is a widespread but underes-
timated and under-served disease [1]. Several studies pre-
dict a notable rise in the prevalence of typical osteoporotic 
fractures over the next decades as the population ages [2]. 
In spite of improved treatment options currently available to 
patients, e.g., bisphosphonates as first-line therapy, treatment 
for postmenopausal osteoporosis is still a challenge [3].

Because of severe side effects, including an increased 
risk of cancer, stroke, and arteriosclerosis, the use of estro-
gen in postmenopausal osteoporosis has been considerably 
restricted [4, 5]. An alternative treatment option is the use 
of selective estrogen receptor modulators (SERMs) such as 
raloxifene. The drug exerts estrogen-like effects on bone and 
anti-estrogenic effects on the uterus and breast [6]. Ralox-
ifene prevents vertebral fractures to a considerable extent, 
but there is little evidence for its role in preventing non-ver-
tebral fractures [7, 8]. Furthermore, raloxifene increases the 
risk of deep vein thrombosis and pulmonary embolism, and 
can cause unpleasant side effects such as cramps, hot flashes, 
sinusitis, and edema [9]. A drug exerting osteoanabolic 
effects without affecting estrogen-dependent tissue would 
be preferable. Therefore, new therapy options are needed.

The beneficial effects of androgens on the skeletal sys-
tem and bones were demonstrated in various studies over 
the past years [10–14], although the mechanisms of action 
of androgens and androgen receptors on bones are still not 
fully understood [15]. Their use has been limited because 
of their side effects, such as on the skin and prostate. Selec-
tive androgen receptor modulators (SARMs) have no tes-
tosterone steroid ring and were developed to exert anabolic 
effects on bone and muscle in males with minimal effects 
on other testosterone-dependent tissue. One of the SARM 
compounds is ostarine, also known as GTx-024, S-22, or 
enobosarm. In several studies, a positive effect of ostarine 
was shown for total lean body mass and physical function 
[16–18]. These studies focused on patients with cancer-
induced muscle wasting and elderly men. Also in postmeno-
pausal women, ostarine had a significant effect on physical 
function [17]. However, published data on ostarine’s effects 
in bone are scarce and only available on male patients [17, 
19]. For andarine (S-4) and LGD-3303, two other SARMs, 
bone-protective effects have already been shown in female 
rats [20–22]. These findings imply that SARMs appear 
to be a promising treatment option for postmenopausal 
osteoporosis.

The aim of the present study was to evaluate ostarine’s 
effects on postmenopausal osteoporotic bone. We used the 
ovariectomized rat, which is the standard animal model in 
basic research of osteoporosis, to investigate ostarine in 
postmenopausal osteoporosis [23].

Materials and methods

General procedures

All procedures were approved by the local Institutional Ani-
mal Care and Use Committee (district authorities of Olden-
burg, Oldenburg, Germany). We used the ovariectomized 
rat, which is the standard animal model for osteoporosis 
studies. Experiments were performed with 56 3-month-old 
female Sprague–Dawley rats (Fa. Winkelmann, Borchen, 
Germany). All rats were maintained according to German 
animal protection laws and fed a soy-free diet throughout the 
experiment (ssniff Special Diet, Soest, Germany).

Ten rats received no therapy and represent the healthy 
control group (intact group, n = 10). They did not develop 
any osteoporotic changes in bone. The remaining 46 rats 
were ovariectomized at 3 months of age (OVX).

Eight weeks after ovariectomy, the ovariectomized rats 
developed osteoporosis. At that time, ostarine treatment 
commenced (MK-2866, ShangHaiBiochempartner Co., 
Ltd., Shanghai, China) (Fig. 1). Ostarine was added to the 
chow (OVX) in three different concentrations. One group 
received a low dose of 0.04 mg/kg body weight (BW)/
day (OVX + Ost. 0.04, n = 12), a second group received an 
intermediate dose of 0.4 mg/kg BW/day (OVX + Ost. 0.4, 
n = 12), and a third group received a high dose of 4 mg/kg 
BW/day (OVX + Ost. 4, n = 12) (Fig. 1). A fourth group of 
ovariectomized rats received no treatment (OVX, n = 10). 
Ostarine was administered for 5 weeks. We selected a dose 
of 0.04 mg/kg BW as low dose due to evidence for improve-
ments of total lean body mass and physical function in this 
human-equivalent dose [17]. To investigate a dose-depend-
ent effect we increased the dose 10-fold and 100-fold.

Thirteen weeks after ovariectomy, all animals were killed 
under CO2 anesthesia. Femora, vertebrae and serum sam-
ples were collected for analysis. Gastrocnemius and soleus 
muscles were weighed. We used the first lumbar vertebra 
and right femur for micro-computed tomography, the sec-
ond vertebra and left femur for ashing and mineral content 
analysis, the third vertebra and left femur for biomechanical 
testing, and the sixth vertebra for gene expression analysis. 
Vertebrae and femora were stored at − 20 °C until analysis. 
For gene expression analysis, the samples were stored at 
− 80 °C.

Biomechanical assessment

The biomechanical test was designed according to the pro-
cedure described by Sehmisch et al. and Tezval et al. [24, 
25]. We utilized a Zwick mechanical testing instrument (type 
145 660 Z020/TND, Zwick, Ulm, Germany) to perform a 
resistance test of the third lumbar vertebrae. The defrosted 
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bones were fixed to the lower plate of the testing machine 
and a stamp was lowered. The stamp had a driving force 
of 1 N with a speed of 50 mm/min. The test results were 
obtained with a relative accuracy of 0.2–0.4% over the range 
of 2–500 N. The test machine stopped automatically when 
the line of the curve declined more than 10 N. Through-
out the test process, the compressive force was measured 
every 0.1 mm by the testXpert software. Femora were tested 
similarly using a three-point-bending mechanical test as 
described by Tezval et al. [25].

Following the biomechanical test described previously 
[25, 26], we analyzed the maximum load (Fmax) and stiff-
ness (S). For vertebrae, we also measured the yield load 
(yL). Maximum load is the maximum force that the bone can 
withstand. Stiffness represents the elasticity of the bone, and 
the yield load represents the inflection point demarcating 
elastic and plastic deformation. In femora, the yield point 
at the femoral neck is usually very close to the maximum 
load; therefore, we did not analyze the yield point for our 
specimens.

Micro‑computed tomography (CT)

To measure bone mineral density (BMD), bone volume den-
sity (BV/TV), and other morphological bone properties, we 
used the Quantum FX micro-CT (Caliper Life Sciences, 
Hopkinton, MA, USA) at 70 kVp and 200 μA, resulting 
in a 40 × 40 × 40 μm3 voxel size. In every scan, a phantom 
block with several known mineral densities was included. 

We used the 3DOsteo Analyze software (developed in our 
laboratory) to calculate bone parameters according to the 
American Society for Bone and Mineral Research (ASBMR) 
[27]. Furthermore, the cortical area (mm2) was measured at 
the dorsal and ventral side of the vertebral body, cut sagit-
tally on 3D images.

To obtain additional morphological data, we performed 
structural analyses on 2D images of micro-CT scans (Fig. 1). 
Four images of sagittally cut vertebrae and femora were 
analyzed with the MetaMorph Basic Acquisition Software 
(Leica MikrosystemeVertrieb GmbH, Wetzlar, Germany). 
Collected data were trabecular nodes (N.Nd), trabecular 
connectivity (N.Nd/mm2), cortical and trabecular density, 
trabecular bone area, and trabecular thickness (Tb.Wi).

Ashing

We used ashing to measure the mass of mineralized bone. 
The left femora and the second lumbar vertebrae were heated 
in an oven at 750 °C for 30 min. Before and after ashing, the 
bones were weighed to the nearest 0.00001 g. The mineral 
content (ash weight) was expressed relative to the wet weight 
of each bone (%).

The calcium content was assessed using an atomic 
absorption spectrometer (4100, PerkinElmer, Waltham, MA, 
USA) [28]. Orthophosphate content was measured using 
a colorimetric method (spectral photometer DM4, Zeiss, 
Oberkochen Germany) [29, 30].

Fig. 1   Study was performed 
with 3-month-old Sprague–
Dawley rats. Intact rats 
received no ovariectomy and 
no treatment. Eight weeks 
after ovariectomy ostarine was 
administered orally for 5 weeks 
in low, intermediate and high 
dose. The control group (OVX) 
received no therapy. 13 weeks 
after ovariectomy all rats were 
killed

OVX

8 weeks after OVX
Start treatment

with ostarine
oral application

Sacrificing of all groups

13 weeks 

Treatment for 
5 weeks 

Group Treatment

Intact No ovariectomy, no treatment

OVX Ovariectomy, no treatment

OVX + Ost. 0.04 Low dose, 0.04mg/kg bw/day

OVX + Ost. 0.4 Intermediate dose, 0.4mg/kg bw/day

OVX + Ost. 4 High dose, 4mg/kg bw/day
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Gene expression analysis

The sixth lumbar vertebrae were used for gene expression 
analysis. The bones were homogenized with a micro-dis-
membrator (Sartorius, Goettingen, Germany). The RNeasy 
Mini Kit (Qiagen, Hilden, Germany) was utilized for RNA 
extraction. Afterwards, the RNA was reverse-transcribed 
with Superscript RNase H-reverse transcriptase (Pro-
mega, Fitchburg, USA). The expression levels of alka-
line phosphatase (ALP) (Qiagen, Hilden, Germany, Cat. 
no: QT00190680), androgen receptor (Qiagen, Hilden, 
Germany, Cat. no: QT 00184394) and estrogen recep-
tor α (Qiagen, Hilden, Germany, Cat. no: QT01595013), 
receptor activator of nuclear factor κB ligand (RANKL) 
(Qiagen, Hilden, Germany Cat. no: QT00195125), osteo-
calcin (Qiagen, Hilden, Germany Cat. no: QT01084573), 
and osteoprotegerin (OPG) (Qiagen, Hilden, Germany, 
Cat. no: QT00177170) were measured using quantitative 
real-time polymerase chain reaction (qRT-PCR) based on 
SYBR green detection (QuantiTect SYBR Green PCR Kit, 
Qiagen,Venlo, Netherlands) in an iCycler (CFX96, Bio-
Rad Laboratories, Hercules, USA). Ready-to-use prim-
ers from Qiagen were used and qRT-PCR was performed 
according to the manufacturer’s instructions. Gene expres-
sion was calculated using the 2ΔΔCT method, and the results 
were normalized to gene expression levels in untreated 
female rats (Intact). The reference gene was β2 microglob-
ulin (Qiagen, Hilden, Germany, Cat. no: QT00176295) 
[31].

Muscle analyses

After killing the rats, gastrocnemius and soleus muscles 
were removed. Both muscles were weighed directly after 
removal. Weight of muscles is presented proportional to 
body weight to avoid false-positive differences due to 
weight gain.

Serum analysis

ALP, estradiol, calcium and phosphorus were measured 
using an Architect c16000 analyzer (Abbott, Chicago, 
USA) at the Department of Clinical Chemistry, University 
of Goettingen. ALP activity was measured by the para-
nitrophenyl phosphate method at 404 nm, and calcium was 
quantified by arsenazo III dye (Abbott) at 660 nm using 
commercially available reagents according to the manu-
facturer’s instructions [32]. For measurement of serum 
estradiol levels we used a commercial analysis kit (Abbot, 
Prod.-No: B7K721 Chicago, USA).

Statistical analysis

Differences between groups were analyzed by one-way 
ANOVA with a Tukey–Kramer post hoc test (GraphPad 
Prism, La Jolla, CA, USA). p values < 0.05 were considered 
significant. Data are presented as the mean and standard 
deviation (SD).

Results

Ostarine has no influence on bodyweight

Rats across the different treatment groups had similar BW 
at the beginning of the study (248 ± 8 g). After the ova-
riectomies were performed, typical metabolic changes 
occurred that induced increases in bodyweight. In the con-
text of normal growth, intact rats gained weight as well, but 
significantly less than that gained by ovariectomized rats. 
Treatment with ostarine in ovariectomized rats did not sig-
nificantly affect BW (Fig. 2a, b).

Uterine wet weight is increased after ostarine 
treatment in ovariectomized rats

Uterine wet weight decreased significantly after ovariec-
tomy, compared with wet weight in intact animals (intact 
group: 522.2 ± 99.4 mg; OVX group: 104.4 ± 39.7 mg) 
(Fig.  2c). The groups which received intermediate and 
high-ostarine doses displayed significantly increased uter-
ine wet weight compared with untreated ovariectomized rats 
(OVX: 104.4 ± 39.7 mg; OVX + Ost. 0.4: 327 ± 59.5 mg; 
OVX + Ost. 4: 394.5 ± 60.6 mg). Treatment with a low dose 
of ostarine did not result in a significant increase in uterine 
wet weight (Fig. 2c). To test, if the increased uterine wet 
weight can be explained by changes in estrogen levels in the 
rats, we measured E2 in the serum. We found a significantly 
decreased level of E2 in all ovariectomized rats in compari-
son with intact rats, but no significant change due to ostarine 
treatment irrespective of the doses (Fig. 2d).

Morphological bone properties in micro‑CT are 
improved after ostarine treatment in intermediate 
and high dose

BMD and BV/TV increased significantly in femora after 
ostarine treatment in the intermediate and high-dose groups 
compared with values in untreated ovariectomized rats 
(Fig. 3a). Indeed, ostarine treatment in intermediate- and 
high-dose groups showed similar results as intact rats. 
Untreated ovariectomized rats had the lowest BMD and 
BV/TV (Fig. 3a). In vertebrae, both parameters increased 
significantly in the intermediate-dose group (Fig.  3b). 
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Treatment with ostarine in intermediate dose showed com-
parable results with intact rats. Untreated ovariectomized 
rats and ovariectomized rats treated with ostarine in high 
dose showed lowest levels of BMD and BV/TV in vertebrae 
(Fig. 3b). Other morphological bone parameters such as tra-
becular spacing (Tb.Sp) and thickness (Tb.th) did not differ 
significantly between ostarine-treated groups and untreated 
ovariectomized rats in femora and vertebrae as shown in 
Table 1. Intact rats had the highest values.

Analysis of 2D images in femora showed a significant 
improvement following intermediate- and high-dose ostarine 
treatment in trabecular nodes (N.Nd.), trabecular density, 
trabecular bone area, and cortical density compared with 
untreated ovariectomized rats (Figs. 4, 5). The trabecular 

connectivity increased significantly in femora after high-
dose ostarine treatment. Similar results were observed for 
trabecular thickness (Tb.Wi) between intact rats without 
osteoporosis and after rats were treated with intermediate 
and high doses of ostarine (Fig. 4). Intact rats showed high-
est values in all trabecular properties and were significantly 
superior to any ostarine treatment in N.Nd., trabecular den-
sity and trabecular connectivity. Values of intact rats and 
ovariectomized rats treated with ostarine were similar in 
trabecular bone area after treatment with the intermediate 
dose and in trabecular thickness after intermediate and high 
dose. Cortical density in femora was increased after ostarine 
treatment in low and intermediate dose compared with intact 
rats and untreated ovariectomized rats (Fig. 4).
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Fig. 2   a The figure shows the BW after killing 13 weeks after ova-
riectomy. Due to ovariectomy the rats gained weight because of typi-
cal metabolic changes. Application of ostarine in ovariectomized rats 
showed no difference in body weight compared with untreated rats. b 
Changes in bodyweight over time. The BW increased in all groups. 
Intact rats also increased in BW in context of normal growth, but 
significantly lower than ovariectomized rats. Application of ostarine 
showed no influence on body weight. c Treatment with ostarine in 

intermediate (0.4 mg/kg BW/day) and high (4 mg/kg BW/day) dose 
resulted in a significantly increased uterine wet weight compared 
with untreated ovariectomized rats. The increase was independent of 
serum estradiol level (d). d All ovariectomized rats showed signifi-
cantly decreased levels of estradiol in serum 13 weeks after ovariec-
tomy compared with intact rats. Ostarine had no influence in estradiol 
level in ovariectomized rats. *p < 0.05 versus OVX, #p < 0.05 versus 
intact
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In vertebrae, similar trends after ostarine treatment were 
observed for trabecular and cortical properties, but without 
statistical significance (Table 1). In most trabecular proper-
ties intact rats showed significant superior values compared 
with all ovariectomized rats (Table 1). In cortical bone area 
no significant differences between intact and ovariectomized 
rats were found in vertebrae (Table 1).

Ostarine has influence on mineral content in femora 
and vertebrae

Mineral content in vertebrae increased significantly after 
ostarine treatment in the intermediate- and high-dose 
groups, and was greater than mineral content in vertebrae 
of intact animals (Fig. 6). In femora, higher mineral con-
tent was recorded in the high-dose group than in untreated 
ovariectomized rats. Untreated ovariectomized rats and rats 
treated with ostarine in low and intermediate dose showed 

significant lower mineral content compared with intact rats 
(Fig. 6).

Biomechanical properties were not improved 
by ostarine

In vertebrae significant lower maximum load and yield 
load was observed following high-dose ostarine treatment, 
whereas stiffness was significantly diminished in the low-
dose group compared with intact rats (Fig. 7). Intact rats 
showed significant higher levels in all biomechanical prop-
erties in vertebrae compared with untreated ovariectomized 
rats (Fig. 7).

In femora, no changes were observed between untreated 
ovariectomized rats and ovariectomized rats treated with 
ostarine (Fig.  7). Intact rats showed superior results in 
maximum load compared with all other groups. Stiffness 
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Fig. 3   a The BMD and BV/TV was significantly increased in femora 
after treatment with ostarine in intermediate and high dose compared 
with untreated ovariectomized rats and similar to values in intact 
rats. Application of ostarine in low dose showed no significant effect 
on femora in ovariectomized rats. b In vertebrae BMD and BV/TV 

parameters were significantly increased after application of ostarine 
in intermediate dose and were comparable with intact rats. Appli-
cation of ostarine in low and high dose did not show a significant 
improvement in vertebrae. *p < 0.05 versus OVX, #p < 0.05 versus 
intact
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of femora did not differ significantly between the treatment 
groups (Fig. 7).

Slight, non‑significant influence of ostarine 
on muscle weight

The mean muscle weights corrected by body weight showed 
lower values in untreated ovariectomized rats compared with 
intact rats, but these differences were not significant. Ova-
riectomized rats treated with ostarine showed same muscle 
weight like intact rats (Fig. 8a, b).

RANKL expression is suppressed after ostarine 
treatment in intermediate and high dose

RANKL mRNA expression decreased significantly after 
treatment with intermediate and high doses, compared with 
expression in untreated ovariectomized rats (Table 2). The 
differences in OPG mRNA expression were non-significant 
between the groups (Table 2).

ALP mRNA levels increased significantly in the interme-
diate-dose group. However, neither low-dose nor high-dose 
treatment led to a difference in ALP mRNA levels compared 
with levels in the control groups (Table 2).

No significant changes were observed in osteocalcin 
mRNA expression following ostarine treatment.

Expression of androgen and estrogen receptor α (ERα) 
did not differ between the groups (Table 2).

Ostarine influences serum phosphorus and ALP 
levels

Ovariectomized rats treated with intermediate and high 
doses of ostarine displayed significantly higher levels of 
ALP than intact rats (Table 2). Levels were also higher than 
in untreated ovariectomized rats, but with no statistical sig-
nificance. The serum phosphorus levels increased signifi-
cantly in the intermediate- and high-dose groups compared 
with intact rats, untreated ovariectomized rats and ovariec-
tomized rats treated with ostarine in low dose. Changes in 
serum calcium levels in serum were not observed (Table 2).

Discussion

Studies of the effects of SARMs on bone are few, par-
ticularly in the case of postmenopausal osteoporosis. 
Previous studies on ostarine investigated either effects on 

Table 1   µCT analyses in vertebrae and femora after treatment with 
Ostarine in three different doses: trabecular spacing (Tb.Sp) and 
thickness (Tb.th) did not differ significantly between ostarine-treated 

groups and untreated ovariectomized rats in femora and vertebrae in 
contrast to differences in BMD and BV/TV (Fig. 3)

Analysis of 2D images of vertebrae showed only non-significant improvements after ostarine therapy
a p < 0.05 versus OVX
b p < 0.05 versus inact
c p < 0.05 versus OVX + Ost. 0.04

Intact OVX OVX + Ost. 0.04 OVX + Ost. 0.4 OVX + Ost. 4

Sample size 10 9 11 10 11

Mean SD Mean SD Mean SD Mean SD Mean SD

μCT vertebrae
 Trabecular Thickness (Tb.th) (mm) 0.1681a 0.0461 0.0618b 0.0145 0.0780b 0.0147 0.0824b 0.0254 0.0917b 0.0295
 Trabecular spacing (Tb.Sp) (mm) 0.3864a 0.0843 0.3247b 0.0275 0.3267b 0.0354 0.3137b 0.0329 0.3004b 0.0172

μCT analysis femora
 Trabecular Thickness (Tb.th) (mm) 0.0875a 0.0296 0.0283b 0.0091 0.0490b 0.022 0.0431b 0.015 0.0498b 0.0211
 Trabecular spacing (Tb.Sp) (mm) 0.2816a 0.0258 0.2158b 0.0154 0.2541 0.0346 0.2458 0.0325 0.2293 0.0710

2D analysis of vertebrae
 Trabecular nodes (N. Nd.) (n) 27.4a 9.0 16.4b 10.3 16.4b 8.0 17.0b 7.0 14.6b 7.4
 Trabecular connectivity (N/mm2) 8.6 1.7 7.8 2.0 7.8 1.8 7.3 2.0 7.1b 2.2
 Corticl density (%) 86.9 6.0 85.4 6.2 86.8 7.0 88.4 3.6 88.1 5.6
 Trabecular density (%) 22.7a 9.1 12.2b 6.3 12.3b 4.5 14.0b 4.5 13.6b 5.1
 Trabecular thickness (Tb Wi) (μm) 123a 62 73b 16 75b 23 71b 12 71b 17
 Trabecular bone area (mm2) 3.275a 1.354 2.005b 0.988 2.042b 0.795 2.283b 0.671 1.955b 0.680
 Cortical bone area (mm2) 2.209 0.471 2.016 0.532 1.947 0.373 2.305c 0.446 2.084 0.411

2D analysis of femora
 Trabecular bone area (mm2) 4.08a 0.75 2.57b 0.72 2.89b 0.79 3.68a,c 1.35 3.53a 1.13
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muscle wasting and physical function or effects on bone in 
male mammals [16–19]. Conclusive data on the effects of 
SARMs in general and ostarine in particular on postmeno-
pausal metabolism and osteoporotic bones are still lacking.

In our experiments, BW increased in all groups. Intact 
rats gained weight as part of normal growth; the gain was 
less pronounced than in ovariectomized rats. In this study, 
ostarine had no apparent effect on BW in ovariectomized 
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Fig. 4   Analysis of 2D images in femora: significant improvement in 
intermediate and high dosage in trabecular nodes (N.Nd.), trabecular 
density, trabecular bone area and cortical density. Trabecular connec-
tivity was increased at high dose. The trabecular thickness (Tb.Wi) 
showed similar results between intact rats without osteoporosis and 

after treatment with ostarine in intermediate and high dose. Intact rats 
showed highest values in all trabecular properties. Results for corti-
cal density after ostarine treatment in low and intermediate dose were 
superior to intact rats. *p < 0.05 versus OVX, #p < 0.05 versus intact, 
+ versus OVX + Ost. 0.04

Intact OVX OVX + Ost. 0.04 OVX + Ost. 0.4 OVX + Ost. 4

Fig. 5   2D images of micro-CT scans of femora. The images show the 
structural changes in trabecular and cortical bone 13 weeks after ova-
riectomy. Treatment with ostarine in a low dose showed no improve-

ments. Groups which received intermediate- and high-ostarine doses 
showed improvements in trabecular and cortical properties
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Fig. 6   The mineral content in vertebrae was significantly increased after treatment with ostarine at intermediate and high dose, and was even 
superior to intact animal. In femora the mineral content was improved after high dosage. *p < 0.05 versus OVX, #p < 0.05 versus intact
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Fig. 7   In vertebrae only slight but non-significant improvement of 
maximum load and yield load were seen after low and intermediate 
ostarine dose compared with untreated ovariectomized rats. There 
was no difference to intact animals detectable at these doses. In con-
trast to OVX alone and ostarine at low-dose treatment, stiffness was 
not significantly distinct from intact after intermediate- and high-
dose ostarine treatment. Compared with intact rats, maximum load 

and yield load were significant lower following ostarine treatment 
in high dose, whereas stiffness was significantly diminished in low-
dose group. In femora no changes were observed after treatment with 
ostarine after 5  weeks. Intact rats showed superior results in maxi-
mum load compared with all other groups. Stiffness did not differ 
significantly between intact and ovariectomized rats. *p < 0.05 versus 
OVX, #p < 0.05 versus intact
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rats. Vajda et  al. showed increasing effects on BW by 
the SARM LGD-3303, whereas Kearbey et al. could not 
demonstrate weight gain following treatment with S-4 [20, 
22]. Thus, an influence on BW would appear to depend on 
the individual SARM drug. Furthermore, the influence of 
SARMs on muscles can affect BW. In our study we could 
show slight, non-significant effects on muscle growth 

by ostarine. Stronger effects on muscle growth by other 
SARMs can have more influence on bodyweight.

In this study, we demonstrated considerable and statisti-
cally significant improvements in cortical and trabecular 
bone by ostarine treatment in primary affected osteoporo-
tic bones.

The positive effects of ostarine were mainly shown in 
the structural properties of vertebrae and femora. However, 
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Fig. 8   Weight of gastrocnemius (a) and soleus (b) muscles. Muscle 
weight is presented proportional to bodyweight to avoid false-positive 
differences due to gain weight after ovariectomy. Untreated ovariecto-

mized rats showed the lowest muscle weight values but with no statis-
tically significant difference to the other groups

Table 2   Gene expression analysis in vertebrae: RANKL mRNA decreased significantly after treatment with intermediate and high doses

The differences in OPG mRNA expression were non-significant between the groups. ALP mRNA increased significantly in the intermediate-
dose group. Serum analysis: rats treated with intermediate and high doses of ostarine displayed significantly higher levels of ALP than intact 
rats. Serum phosphorus levels increased significantly in the intermediate- and high-dose groups compared with all other groups
ALP alkaline phosphatase, OPG osteoprotegerin, RANKL receptor activator of NF-κB ligand, TRAP tartrate-resistant acid phosphatase
a p < 0.05 versus OVX
b p < 0.05 versus intact
c p < 0.05 versus OVX + Ost. 0.04
d p < 0.05 versus OVX + Ost. 4

Intact OVX OVX + Ost. 0.04 OVX + Ost. 0.4 OVX + Ost. 4

Sample size 10 9 11 10 11

Mean SD Mean SD Mean SD Mean SD Mean SD

Gene expression
 ALP 1.159 0.569 1.096 0.633 1.571 0.601 2.152a,b,d 0.825 1.189 0.754
 Osteocalcin 1.313 0.893 4.042 4.242 3.647 3.194 3.294 3.281 4.126 3.757
 RANKL 1.045 0.370 1.616 0.638 1.439 0.431 1.010a 0.477 0.758a,c 0.270
 OPG 1.111 0.538 0.868 0.246 1.108 0.373 0.849 0.233 0.746 0.441
 TRAP 1.221 0.864 0.913 0.364 1.023 0.611 0.916 0.616 0.934 0.553
 Androgen receptor 0.940 0.359 1.094 0.353 1.134 0.461 0.893 0.217 1.330 0.393
 Estrogen receptor alpha 1.148 0.514 1.201 0.705 1.670 0.679 1.221 0.722 1.340 0.393

Serum analysis
 Phosphorus mmol/l 1.60 0.33 1.73 0.28 1.68 0.21 2.12a,b,c 0.26 2.12a,b,c 0.32
 Calcium mmol/l 2.09 0.16 2.00 0.13 1.92 0.16 2.10 0.14 2.08 0.22
 ALP (U/I) 87.6 16.8 135.0 38.4 104.7 25.9 141.4b 54.9 168.3b,c 49.3
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the effects in femora were superior to those in vertebrae, 
particularly in the analysis of 2D images. This is probably 
due to the heterogeneous changes of different skeletal parts 
in case of osteoporosis [33–35]. Not all bones are affected 
with the same strength by osteoporosis. Trabecular bone loss 
differs between different bones [33]. Previous studies also 
demonstrated different effects between femora and vertebrae 
following anti-osteoporotic treatment [36]. Mineral content 
increased after treatment with ostarine in both femora and 
vertebrae. mRNA expression of the osteoclast activator 
RANKL decreased following treatment. However, mRNA 
expression of ALP, a marker for increased bone turnover, 
was only significantly elevated after treatment with an inter-
mediate-range dose of ostarine. The increase in serum ALP 
levels in the intermediate- and high-dose groups was non-
significant. Biomechanical properties did not show statisti-
cally significant improvements in comparison with ovariec-
tomized rats without ostarine treatment; however, in some 
of the treatment groups there was no significant difference 
to intact bones detectable.

Overall, the low dose of 0.04 mg/kg BW/day showed 
no effects. The effects of the intermediate (0.4 mg/kg BW/
day) and high (4 mg/kg BW/day) doses were comparable. 
Parameters such as BV/TV and BMD in femora improved 
following high-dose ostarine treatment, but the intermediate 
dose often yielded equal or superior results. A tenfold higher 
dose must show distinctly improved results to be acceptable; 
therefore, treatment with the intermediate dose of ostarine 
would appear to be more reasonable.

Our results on the osteoprotective effects of ostarine 
in cortical and trabecular osteoporotic bone are in gen-
eral consistent with published data on other SARM drugs 
(S-4, LGD-3303) in postmenopausal osteoporotic bones 
[20–22]. However, in contrast with our study, those stud-
ies also demonstrated a substantial improvement in biome-
chanical properties after SARM treatment. It may be that 
biomechanical properties would have improved in our study 
had we administered ostarine longer than 5 weeks. In the 
aforementioned studies, SARMs were administered longer 
than 10 weeks [20–22]. Furthermore, the observed effects 
may have been the result of varying drug properties. In con-
trast to the present study, a previous study by Dalton et al. 
in elderly men showed no changes in BMD after treatment 
with ostarine. This difference is probably due to a consider-
ably variation of ostarine dosage [17]. The highest dosage 
for elderly men was 0.04 mg/kg BW. This represents the 
low-dose group in our study. However, we have to consider 
different equivalent doses for rats due to different body sur-
faces and specific physiology [37]. But even with respect to 
the equivalent dose (0.04 mg/kg BW in human represents 
around 0.25 mg/kg BW in rats [38]), the dose in the study 
of Dalton et al. is between the low and intermediate dose in 
our study. From the authors point of view, an improvement 

in BMD in humans would be, therefore, also possible when 
ostarine was given in a higher dose. On the other hand it is 
conceivable that a decrease in RANKL leads to decreased 
osteoclastic resorption which is necessary for bone remod-
eling. If bone remodeling is suppressed, the non-remodeled 
bone accumulates mineral and microcracks. This then leads 
to increased stiffness and decreased fracture toughness, 
respectively, which would be consistent with our observa-
tions. Thus, it may be possible that suppressed osteoclastic 
resorption plays a role for the phenotype of ostarine-treated 
bone. Unfortunately, due to the preprocessing of our bones 
we were not able to perform cellular histomorphometry to 
support this hypothesis.

Uterine tissue is an estrogen- and androgen-responsive 
tissue; therefore, the effects of ostarine on the uterus were 
investigated. We found an increase in uterine wet weight 
in ovariectomized rats following ostarine treatment which 
was independent of serum estradiol levels. This can be an 
important safety limitation in the drug’s use in postmeno-
pausal osteoporosis, even if ostarine treatment did not reach 
the uterine wet weight of intact rats. Ostarine and SARMs in 
general can only offer a promising new treatment option for 
postmenopausal osteoporosis if they do not cause cancer. An 
increase in uterine weight has already been shown in other 
SARMs [39–41]. However, in studies which found beneficial 
effects of the SARMs S-4 and LGD-3303 in postmenopausal 
bone, uterine weight was not considered [20, 22]. Thus, the 
risks of short-term and long-term ostarine use and develop-
ment of endometrial cancer should be investigated in future 
studies. Perhaps only a short-term ostarine regimen is rea-
sonable in cases of severe osteoporosis or fracture healing; 
this question was not settled in the present study.

We demonstrated a significant increase in serum levels 
of phosphorus after treatment with ostarine in intermedi-
ate- and high-dose groups. To our knowledge, there are no 
former studies investigating phosphorus level after ostar-
ine treatment or SARM treatment in general. High levels of 
serum phosphorus are associated with vascular calcification 
and endothelial dysfunction [42]. This can be another safety 
limitation of ostarine in treatment of postmenopausal osteo-
porosis. However, this was not under investigation in the pre-
sent study and further studies are needed to analyze potential 
cardiovascular side effects following ostarine treatment.

In conclusion, ostarine treatment in a rat model of post-
menopausal osteoporosis showed a significant improvement 
in cortical and trabecular bone after 5 weeks. Only minor 
differences were observed in effects of intermediate and 
high doses. Further improvements in biomechanical prop-
erties are conceivable, if the ostarine treatment duration is 
extended. A limitation of ostarine use in postmenopausal 
osteoporosis is the significant increase in uterine weight 
we observed. Further studies are needed to characterize 
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the effects of ostarine on fracture healing in osteoporosis-
affected bones, as well as the risk of endometrial cancer and 
cardiovascular events.
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