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Abstract Previous studies reported that statins showed

positive effects on bone in both human and animal models.

This study aimed to investigate the effects of atorvastatin

on the prevention of osteoporosis and dyslipidemia in

ovariectomized rats fed with high-fat emulsion. The

3-month-old female rats were subjected to either sham

operations (n = 8) or ovariectomized operations (OVX,

n = 24). The OVX rats were orally administered deionized

water (n = 8) or standardized high-fat emulsion without

(n = 8) or with atorvastatin (n = 8). All rats were injected

twice with calcein before sacrificed for the purpose of

double in vivo labeling. After 12 weeks, all rats were

sacrificed under anesthesia. Biochemistry, histomor-

phometry, mechanical test, micro-computed tomography

analysis, mechanical test, histology, and component ana-

lysis were performed. We found that high-fat emulsion

significantly decreased body weight, bone formation, col-

lagen content of bone, and bone biomechanics, while in-

creased blood, liver, and bone marrow lipids. Atorvastatin

treatment prevented dyslipidemia, reversed hepatic steato-

sis, optimized composition of bone, and improved bone

mechanical properties. The current study provided further

evidence that atorvastatin might be useful for the treatment

of osteoporotic patients with dyslipidemia.
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Introduction

The incidence of osteoporosis-related fractures in China is

increasing dramatically [1]. Cooper et al. estimated that

51 % of the world’s hip fractures would occur in Asia by

2050 due to a large aging population [2]. However, apart

from aging, there are still some other factors contributed to

the osteoporosis-related fracture, such as nutrition, espe-

cially high-fat diets [3]. Currently, fast food culture and

globalization have taken over during the increasing urban-

ization in China. Dyslipidemia due to high-fat diet is also

highly prevalent in postmenopausal women. There were rare

data to show the effect on the osteoporosis with dyslipidemia

with current treatment. However, bisphosphonates and sta-

tinswere regarded as the first-line drugs for anti-osteoporosis

and anti-dyslipidemia in clinical settings, respectively.
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Certain bisphosphonates (i.e., nitrogen-containing bis-

phosphonates) act predominantly to decrease bone resorp-

tion by inhibiting activation of farnesyl diphosphate synthase

in the mevalonate pathway [4, 5]. Interestingly, 3-hydroxy-

3-methylglutarylcoenzyme A (HMG-CoA) reductase in-

hibitors statins which inhibit the same pathway and lower the

blood cholesterol level have been shown to inhibit osteo-

clastic bone resorption in a fashion similar to bisphospho-

nates [6, 7]. The question is whether statins could attenuate

both dyslipidemia and osteoporosis in the same animal

model. Could we kill two birds with one stone?

Bisphosphonates are the most widely used anti-resorp-

tive agents because they are effective and inexpensive.

Although these agents reduce the incidence of fractures,

they do not increase bone formation. Furthermore, long-

term use of bisphosphonates showed some adverse effects,

such as subtrochanteric femoral fractures, osteonecrosis of

the jaw, esophageal irritation, etc., which had negative

impact on patients’ compliance [8].

Apart from the inhibitory effect on osteoclasts differ-

entiation [9], statins also activated osteoblasts by inducing

synthesis of bone morphogenetic protein-2 [10, 11].

Similar results were also reported in clinical studies

showing beneficial effects on blood lipids disorders, os-

teoporosis, and fracture prevention [12–18]. Meta-analysis

of clinical studies showed that statins possessed positive

effect on bone mineral density (BMD) in multiple bone

sites and reduced hip fracture risk [19, 20]. However, the

effect of statin on bone turnover was still controversial in

other clinical trial on postmenopausal women with modest

elevations of low-density lipoprotein (LDL) cholesterol

[21]. Hence, it is worthy to investigate the effects of statins

on the prevention of osteoporosis and dyslipidemia in

controlled animal model.

This study aimed to investigate the effects and the un-

derlying mechanisms of statins on the prevention of osteo-

porosis and dyslipidemia in ovariectomized rats fed with

high-fat emulsion. Body weight observation, biochemistry,

histomorphometry, mechanical test, micro-computed to-

mography (micro-CT), histology, and component analysis

were performed. Atorvastatin (AT)was used in current study

because it is themost widely prescribed statins in clinics. The

routine clinical dosage of AT is range from 10 to 80 mg each

day. The highest dosage 80 mg was chosen in this study,

which was equivalent to 3.6 mg/kg in rats [22, 23].

Materials and Methods

Animals and Treatments

This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of Guangdong Laboratory Animal

Monitoring Institute, the National Laboratory Animal

Monitoring Institute of China. All procedures performed in

this studies involving animals were in accordance with the

ethical standards of the Academic Committee on the Ethics

of Animal Experiments of the Guangdong Medical Col-

lege. 3-month-old Sprague–Dawley female rats were ac-

climated to local vivarium conditions (temperature 24–

26 �C, humidity 67 %) and allowed free access to water

and diets containing 1.11 % calcium, 0.74 % phosphorus.

All rats received subcutaneous injections with calcein

(10 mg/kg, Sigma-Aldrich, St. Louis, MO, USA) on days

14, days 13, days 4 and 3 before sacrifice.

The rats were subjected to either sham operation (n = 8)

or bilaterally ovariectomized operation (n = 24) as previ-

ously described [25]. After a 3-day postoperative recovery

period, both the sham-operated rats (CON, n = 8) and 8

OVX rats (OVX, n = 8) were orally administered deion-

ized water. The remaining OVX rats (n = 16) were orally

administered 5 ml/kg/day high-fat emulsion containing

50 % lard oil (local fresh market), 10 % cholesterol (China

Xinxing Chemical Institute, Shanghai, China), 2 % sodium

cholate (China Xinxing Chemical Institute, Shanghai,

China), and 1 % propylthiouracil (Jinghua Pharmaceutical

Co., Nantong, Jiangsu, China) without addition (n = 8,

OVX ? fat) or with 3.6 mg/kg AT (Pfizer Pharmaceutical

Co., Shanghai, China; n = 8, OVX ? fat ? At). All the

rats were treated for 12 weeks post operation.

Sample Collection and Applications

Rats were weighed weekly. At the endpoint, the rats were

sacrificed by cardiac puncture under anesthesia using

overdose of sodium pentobarbitone. The serum was col-

lected for biochemical assays. The uteri and livers were

isolated, weighed, and normalized by body weights. The

4th lumbar vertebras (LV4) were dissected for measure-

ment of trabecular micro-CT analysis. The left proximal

tibial metaphysis (PTM) and left tibial shaft (TS) were

performed in undecalcified sections for the analysis of bone

histomorphometry. The 6th lumbar vertebras (LV6) were

performed in decalcified sections for the measurement of

fat tissue in bone marrow. The right femora and 5th lumbar

vertebras (LV5) were dissected for measurement of

biomechanics. The uteri, livers, and thoracic aortas were

collected for histological analysis.

Serum Markers Assays

Blood was collected in specimen tubes and kept at 25 �C
for 40–50 min in a vertical position until complete clotting.

And then the serum was separated by centrifuging at

10009g for 10 min and stored at -80 �C for biochemical
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markers assays. Serum levels of total cholesterol (TC),

triglyceride (TG), LDL cholesterol, and high-density

lipoprotein (HDL) cholesterol were determined by colori-

metric assays based on the enzyme-driven reaction with

commercial kits (Nanjing Jiancheng Biological Bioengi-

neering, Nanjing, Jiangsu, China) using ELX800 Mi-

croplate Reader (Bio-Tek Instruments, Winooski, VT,

USA) according to the protocols attached.

Bone Histomorphometry

The left PTM and TS were collected and trimmed with

IsoMet� precision bone saw (Buehler, Lake Bluff, IL,

USA), and then were fixed in 10 % buffered formalin for

24 h, followed by gradient alcohol dehydration, xylene

defatting, and embedded in methyl methacrylate. The

frontal PTM tissue was cut into 9- and 5-lm-thick sections

with the RM2155 hard tissue microtome (Leica, Wetzlar,

Germany), respectively. The unstained 9-lm sections were

used for dynamic histomorphometric analysis. The 5-lm
sections were stained with trichrome masson goldner for

static histomorphometric measurements. TS was cut using

IsoMet� precision bone saw, and sections were mounted on

plastic slides, ground, and polished for histomorphometry.

A semi-automatic digitizing image analysis system (Os-

teoMetrics, Atlanta, GA, USA) was used for quantitative

bone histomorphometry measurements [24–26].

The measurement region of PTM was cancellous bone

between 1 and 4 mm distal to the growth plate-epiphyseal

junction. The measurement region of interest for cortical

bone analyses included the cross section of mid-tibial shaft.

The quantitative analysis was performed on each sample,

with one section each. Dynamic histomorphometry and

bone cell measurement were performed under magnifica-

tions of 9100 and 9400, respectively. The histomorpho-

metric measurements were done on the cancellous (Cn) and

cortical (Ct) bone. The abbreviations of the bone histo-

morphometric parameters used were recommended by the

ASBMR Histomorphometric Nomenclature Committee

[27]. All measured thicknesses (except cortical thickness)

were multiplied by p/4. Structural parameters were tissue

volume (TV), bone volume (BV), marrow volume (Ma.V),

bone surface (BS), cortical thickness (Ct.Th), marrow di-

ameter (Ma.Dm), periosteal surface (Ps.S), and endocorti-

cal surface (Ec.S). Dynamic measurement parameters were

single-labeled surface (sL.S), double-labeled surface

(dL.S), and label thickness (L.Th). Bone formation or re-

sorption were assessed with measurements of osteoblast

surfaces (Ob.S/BS) or osteoclast surface (Oc.S/BS). The

mineral apposition rate (MAR), the ratio of mineralizing

surface to bone surface (MS/BS, calculated as double plus

half of single-labeled surfaces), bone formation rate per

unit of bone surface (BFR/BS), and bone formation rate per

unit of bone volume (BFR/BV) were analyzed on unstained

sections under ultraviolet light.

Biomechanical Test

The right femora and LV5s were used to determine the

bone mechanical properties through three-point bending or

compression test using material testing machine (H25KS

Hounsfield Test Equipment Ltd., UK) with 25 N load cell.

Before mechanical testing, the femora and LV5s were

taken out from the freezer and thawed overnight at air-

conditioned room temperature. The vertebral bodies were

isolated from the intervertebral disks and the vertebral

pedicles. Our specimen preparation assured parallel supe-

rior and inferior surfaces of the vertebral body. The femora

were positioned horizontally to the base with the anterior

surface upward, and centered on the supports with 10 mm

apart. The LV5s were positioned vertically to the base.

Load was applied on the mid-shaft of femur or LV5 con-

stantly with the displacement rate of 5 mm/min. After

failure, the load versus displacement curves were recorded.

The maximum load and the energy to failure (energy re-

sorption) were calculated using built-in software (QMAT

Professional; Tinius Olsen, Inc. Horsham, PA, USA).

Micro-computed Tomography (micro-CT) Scanning

The LV4s were scanned using a desktop preclinical spe-

cimen micro-CT (lCT-40, Scanco Medical, Bassersdorf,

Switzerland). Briefly, the vertebral bodies were aligned

perpendicularly to the scanning axis for a total scanning

length of 6.0 mm at custom isotropic resolution of 8-lm
isometric voxel size with a voltage of 70 kV p and a cur-

rent of 114 lA. Three-dimensional (3D) reconstructions of

mineralized tissues were performed by an application of a

global threshold (211 mg hydroxyapatite/cm3), and a

Gaussian filter (sigma = 0.8, support = 2) was used to

suppress noise. A volume of interest (VOI) containing

only trabecular bone within the vertebral body extracted

from the cortical bone with 1.80-mm thick (150 slices)

was acquired 1.0–1.2 mm from both cranial and caudal

growth plate-metaphyseal junctions. The three-dimensional

reconstructed images were used directly to quantify mi-

croarchitecture, and the morphometric parameters includ-

ing bone volume fraction (BV/TV), trabecular number

(Tb.N, 1/mm), trabecular thickness (Tb.Th, mm), tra-

becular separation (Tb.Sp, mm), structure model index

(SMI, 1), and connective density (Conn.D, 1/mm3) were

calculated with the image analysis program of the micro-

CT workstation (Image Processing Language v4.29d,

Scanco Medical, Switzerland) [28].
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Histological Examination

The bone marrow cavity of LV6 was exposed and decal-

cified at room temperature in 10 % buffered EDTA for

5 weeks. Then the bone samples, uteri, livers, and thoracic

aortas were dehydrated and paraffin embedded. 5-lm-thick

sections were prepared then followed with hematoxylin

and eosin staining (H&E) as previously described [26].

Five fields under a magnification of 9100 were randomly

selected for the evaluation of each sample; the mean value

of all fields measured for each animal was taken for sta-

tistical analysis. Percentages of fat area in bone marrow

(fat cells area divided by tissue area in the examined re-

gions) and liver were evaluated with imaging process

software, Image-Pro-Plus 6.0 (Media Cybernetics Inc.,

Bethesda, MD, USA) [26]. The thicknesses of uteri and

tunica media of thoracic aortas were also measured with

the semi-automatic digitizing image analysis system (Os-

teoMetrics, Atlanta, GA, USA).

Sample Digestion and Component Analysis

After subjected to mechanical test, the femora were di-

gested and subjected to component analysis as previously

report [29]. Briefly, samples were weighed before and

after placing at 80 �C oven for 72 h. Then the desiccant

bones were digested with 6 mol/l hydrochloric acid in

10-ml ampoule bottles at 108 �C oven for 24 h. Calcium

and phosphorus in bone samples were determined by

Inductively Coupled Plasma emission spectrometer (ICP-

IRIS/AP, Thermo Jarrell Ash, Franklin, MA, USA). In-

strument operating conditions applied for calcium and

phosphorus determined were as follows: gas (plasma)

24 l/min, gas flow (auxiliary) 0.5 l/min, RF power

1150 W, sample aspiration rate 1.48 ml/min, and pres-

sure 30 psi. Standard calcium (Sigma-Aldrich, St. Louis,

MO, USA) and phosphorus (Sigma-Aldrich, St. Louis,

MO, USA) at concentrations of 10 and 50 lg/ml were

taken as controls, respectively. Hydroxyproline in bone

digestive solution was determined by colorimetric

(550 nm) assays according to the manufacturer’s in-

structions (Nanjing Jiancheng Biological Bioengineering,

Nanjing, Jiangsu, China).

Statistical Analysis

Data were presented as mean ± SD, and analyzed using

SPSS16.0 software for Windows (SPSS, Chicago, IL, US).

The statistical differences among groups were analyzed by

ANOVA with post hoc Turkey’s HSD. Probabilities

(P) less than 0.05 were considered significant.

Results

Body and Organ Weight Changes

As shown in Fig. 1a, mean body weight of the OVX rats

increased (P\ 0.01) at the endpoint. High-fat feeding

significantly decreased the body weight (P\ 0.01) of the

OVX rats, while AT could only slightly increase body

weight (P[ 0.05) of the OVX rats fed with high-fat

emulsion (Fig. 1a).

Results (Fig. 1b, c) showed that high-fat feeding also

significantly increased liver weight (P\ 0.01) of the OVX

rats, while AT significantly decreased liver weight

(P\ 0.01). There was no effect on the uterus weight in the

high-fat feeding animals treated with or without AT

(Fig. 1c).

Serum Markers

There was no significant change in the serum lipids (TG,

TC, LDL, and HDL) after ovariectomy (Fig. 2). However,

high-fat feeding significantly increased serum TC and LDL

level and decreased serum TG level (Fig. 2). AT sig-

nificantly decreased TC level and increased HDL level in

the OVX rats fed with high-fat emulsion (Fig. 2).

Microarchitecture of Trabecular Bone

Trabecular microarchitecture of 4th vertebral bodies was

analyzed by micro-CT, and the representative 3D images

are shown in Fig. 3a. The quantitative data showed that

BV/TV (P\ 0.01) and Tb.N (P\ 0.01) were significantly

decreased, while Tb.Sp (P\ 0.01) and SMI (P\ 0.01)

were significantly increased in the OVX rats (Fig. 3). Ex-

cept for the changes in Con.D, Tb.Sp, and SMI, no sig-

nificant change in BV/TV, Tb.N and Tb.Th was found in

the OVX rats fed with high-fat emulsion (Fig. 3). When

compared with OVX rats treated with deionized water, AT

significantly increased BV/TV (P\ 0.05), Tb.N (P\
0.05), and Con.D (P\ 0.05), while decreased Tb.Sp

(P\ 0.01) and SMI (P\ 0.01) (Fig. 3). Although there

was an increasing trend in BV/TV, Tb.N, Tb.Th, and

Con.D with a decreasing trend in Tb.Sp and SMI in the

AT-treated rats, there was no significant difference in the

microarchitecture between the high-fat feeding animals

treated with water or AT (Fig. 3).

Bone Histomorphometry

Histomorphometric data showed that MS/BS (P\ 0.05),

BFR/BV (P\ 0.05), and Oc.S/BS (P\ 0.05) were sig-

nificantly increased in the OVX rats versus sham-operated
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controls (Fig. 4; Table 1). High-fat feeding significantly

decreased MS/BS (P\ 0.01), MAR (P\ 0.05), BFR/BS

(P\ 0.05), BFR/BV (P\ 0.05), and Ob.S/BS (P\ 0.05)

(Fig. 4; Table 1). AT treatment significantly increased MS/

BS (P\ 0.01), while slightly increased MAR, BFR/BS,

BFR/BV, Ob.S/BS, and decreased Oc.S/BS without sta-

tistical significant difference (Fig. 4; Table 1). For the

cortical bone, dynamic histomorphometric data showed

that high-fat feeding significantly decreased Ps-MS/BS

(P\ 0.05), Ps-MAR (P\ 0.05), and Ec-MS/BS (P\
0.05) (Fig. 4; Table 2). Our results also showed that AT

treatment significantly increased Ps-MS/BS (P\ 0.05) and

Ec-MS/BS (P\ 0.05) (Fig. 4; Table 2).

Bone Biomechanics

At the endpoint, high-fat feeding significantly decreased

maximum load (P\0.01) and energy absorption (P\0.05)

Fig. 1 Body weight

measurements (a) during the

experimental period and

endpoint liver (b) and uterus

weight:body weight ratio

(c) from sham-operated controls

(CON), ovariectomized rats

treated with deionized water

(OVX) or high-fat emulsion

(OVX ? fat) without addition

or with atorvastatin

(OVX ? fat ? AT).
mmP\ 0.01 versus CON;

**P\ 0.01, versus OVX;
##P\ 0.01 versus OVX ? fat

Fig. 2 Endpoint levels of

serum biochemical markers

(a TG, b TC, c LDL,

d HDL).*P\ 0.05, **P\ 0.01,

versus OVX; #P\ 0.05,
##P\ 0.01 versus OVX ? fat
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in the femora and decreased maximum load (P\ 0.01) and

Young’s modulus (P\ 0.05) in the LV5s (Fig. 5). AT

significantly increased the maximum load (P\ 0.05) and

energy absorption (P\ 0.05) in the femora and maximum

load (P\ 0.05) in the LV5s (Fig. 5).

Histological Analysis

Histological data showed that fat tissue area in the marrow

cavity of calcified LV6 was significantly increased and

hepatic steatosis also happened in the OVX rats fed with

high-fat emulsion (Fig. 6). This lipid accumulation in bone

and liver could be reversed by the treatment of AT (Fig. 6).

Uterus atrophy was observed in the OVX rats, while there

was no effect on the uterus thickness in the high-fat feeding

animals treated with or without AT (Fig. 6). There was no

pathological change in the thoracic aorta of all the animals

(Fig. 6).

Chemical Compositions of Bone

As shown in Table 3, the contents of calcium and hy-

droxyproline were significantly decreased (P\ 0.05 and

P\ 0.05) in the OVX rats. High-fat feeding significantly

decreased the contents of phosphorus (P\ 0.05) and hy-

droxyproline (P\ 0.05). AT significantly increased the

content of hydroxyproline (P\ 0.05).

Fig. 3 The representative

images (a) and trabecular

microarchitecture (b BV/TV,

c Tb.N, d Tb.Th, e Conn.D,

f Tb.Sp, g SMI) of LV4.
mmP\ 0.01 versus CON;

*P\ 0.05, **P\ 0.01, versus

OVX
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Discussion

We report here that low body weight was observed in the

high-fat feeding OVX rats. This result might be due to the

loss of appetite caused by oral administration of high-fat

emulsion. And the administration of fat in this study is oral

gavage, which is considered to be a compulsive way. It has

been well established that the interaction of dietary fat with

the small intestine induces potent effects on gastrointestinal

function that contribute to the suppression of hunger and

energy intake [30].

However, dyslipidemia including high TC and LDL

level and low TG level was presented in addition to lipid

accumulation in the livers in high-fat feeding animals.

Even though dyslipidemia was found in the high-fat feed-

ing rats, atherosclerosis was not detected in the thoracic

aortas. A decrease in serum TG and hepatic steatosis was

also previously observed in high-fat feeding OVX rats,

Fig. 4 Histomorphometric images of proximal tibial metaphyses

(PTM) and tibial shaft (TS) structure and mineral bone formation.

Arrows point to the double calcein labels. Quantitative measurements

of histomorphometric parameters of PTM and TS are shown in

Tables 1 and 2, respectively. (Upper two panels, Goldner’s Trichrome

stain; lower two panels, fluorescent images of trabecular bone and

cortical bone)

Table 1 Histomorphometric results of proximal tibial metaphysis cancellous bone dynamic parameters, osteoblast, and osteoclast surface

Group MS/BS (%) MAR (lm/d) BFR/BS (lm/d 9 100) BFR/BV (%/year) Ob.S/BS (%) Oc.S/BS (%)

CON 21.3 ± 4.1 1.0 ± 0.21 18.5 ± 7.3 231.3 ± 52.4 1.8 ± 0.4 0.32 ± 0.13

OVX 34.3 ± 7.7m 1.4 ± 0.40 26.4 ± 6.6 346.4 ± 141.7m 2.5 ± 0.7 0.54 ± 0.27m

OVX ? fat 12.2 ± 5.1** 0.7 ± 0.25* 12.2 ± 4.8* 185.9 ± 94.2* 1.0 ± 0.3* 0.45 ± 0.25

OVX ? fat ? At 19.5 ± 3.9# 1.1 ± 0.32 17.9 ± 6.7 210.7 ± 80.1 1.5 ± 0.5 0.39 ± 0.17*

m P\ 0.05 versus CON; * P\ 0.05, ** P\ 0.01 versus OVX; # P\ 0.05 versus (OVX ? fat)
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indicating that the absence of a normal estrogenic status

synergistically favors fat accumulation in liver when

combined to high-fat feeding [31]. Our study, however,

indicated that AT may play a role in the prevention of

dyslipidemia and hepatic steatosis caused by high-fat

feeding in OVX rats. The underlying mechanism of lipid

metabolism regulated by statins has been fully demon-

strated by previous publications, which will not be ad-

dressed in this study [32–34].

High-fat feeding and ovariectomy led to a status of low

bone formation, low mechanical properties, abnormal

composition of bone, and high lipid accumulation in bone

marrow. However, no significant bone loss happened in

these models. Although previous studies suggested that

high-fat diet reduced bone mineralization, trabecular bone

mass and increased bone turnover in normal animals [3,

35–37], we demonstrate that these changes would not

happen in OVX animals. Current data showed that high-fat

feeding did not reduce bone mass but decreased bone

formation and collagen content (hydroxyproline) of bone in

OVX rats, which indicated that dietary fat might not result

in bone lost but changes composition of bone in OVX

animals, thus reducing bone mechanical properties.

Our histomorphometric data showed that AT sig-

nificantly increased mineral surface ratio (MS/BS), and

slightly, but not significantly, increased MAR, BFR/BS,

Table 2 Histomorphometric results of cortical bone of tibia shaft (TS) dynamic parameters

Group Ps-MS/BS

(%)

Ps-MAR

(lm/d)

Ps-BFR/BS

(lm/d 9 100)

Ec-MS/BS

(%)

Ec-MA

(lm/d)

Ec-BFR/BS

(lm/d 9 100)

CON 38.7 ± 8.4 0.8 ± 0.2 373.3 ± 120.5 91.3 ± 35.7 2.6 ± 0.4 223.5 ± 96.0

OVX 52.8 ± 12.7m 1.1 ± 0.4 382.4 ± 119.2 92.1 ± 21.7 2.7 ± 0.6 240.4 ± 89.8

OVX ? fat 24.3 ± 6.9* 0.6 ± 0.2* 278.7 ± 80.5 58.9 ± 34.8* 2.1 ± 0.3 198.1 ± 76.7

OVX ? fat ? At 35.5 ± 7.8# 0.7 ± 0.3 323.9 ± 89.7 80.7 ± 24.4# 2.3 ± 0.5 218.9 ± 79.1

m P\ 0.05 versus CON; * P\ 0.05 versus OVX; # P\ 0.05 versus (OVX ? fat)

Fig. 5 Results of three-point

bending test on femora

(a Maximum load, b Energy

absorption, c Young’s modulus)

or compressive loading test on

5th lumbar vertebral bodies

(LV5) (d Maximum load,

e Young’s modulus).

*P\ 0.05, **P\ 0.01, versus

OVX; #P\ 0.05 versus

OVX ? fat
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Fig. 6 The representative histological images (a) and quantitative

data of percentage fatty tissue in liver (b), percentage fatty tissue in

bone marrow (c), tunica media thickness (d), and uterus thickness (e).

Hematoxylin and eosin stain. Arrows point to the fat tissue area. Scale

bar = 50 lm. mP\ 0.05, mmP\ 0.01 versus CON; **P\ 0.01

versus OVX; ##P\ 0.01 versus OVX ? fat
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and BFR/BV both in trabecular and cortical bone. How-

ever, there was no significant increase in Ob.S/BS or re-

duction in Oc.S/BS happened in the rats treated with AT,

which might result in no significant increase in bone mass

(BV/TV). Interestingly, AT treatment significantly im-

proved bone maximum load both in femur and lumbar

vertebra, and increased energy to failure (energy absorp-

tion) in femur. Furthermore, AT significantly increased

collagen content of bone. A double-blind, placebo-con-

trolled, dose-ranging trial has been performed to evaluate

the effect of AT in 626 postmenopausal women with low-

density lipoprotein cholesterol levels on osteoporosis [21].

Results revealed that the clinically relevant doses of AT

that lower lipid levels had no effect on BMD or bio-

chemical indices of bone metabolism after treated for

52 weeks [21]. This clinical trial, however, has not re-

ported any data on the fracture risk assessment. The ability

of bone to provide mechanical support and resist fracture

depends on both bone structure and material composition

of bone, both of which must be actively maintained in

response to mechanical loading [38]. Bone is composed of

type I collagen stiffened by crystals of calcium hydrox-

yapatite to resist deformation. An increase in content of

bone calcium and collagen increases the stiffness and

flexibility of bone. Our results indicated that a clinically

relevant dose of AT not only decreased serum lipid levels

but also promoted bone biomechanics and increased col-

lagen content of bone in our model, which was consistent

with clinical findings described above [12–18]. Although

we have no evidence to show the exact mechanism of

statins regulating bone metabolism, previous data indicated

that statins not only activated the osteoblast function by

increasing synthesis of bone morphogenetic protein-2 [10,

11], but also antagonized the osteoclasts and reduced the

production of osteoclasts [39, 40].

In conclusion, our results confirmed the beneficial role

of AT which acts as a double therapeutic weapon in an

animal model. We revealed that AT may not only nor-

malize cholesterol level and prevent liver lipids accumu-

lation, but also increase bone formation and optimize

composition of bone, then improve bone biomechanics. It

is indicated that statin has the potential of preventing os-

teoporotic fracture and normalizing blood lipids in post-

menopausal women. Further clinical studies are needed to

determine the role of statins in the treatment of post-

menopausal osteoporosis with dyslipidemia.
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